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INTRODUCTION

The United Nations Conference on New Sources
of Energy was held in Rome from 21 to 31 August
196L A brief review of the proceedings, of the papers
sub.r.itted to the Conference and of the related
disce.ssions has been printed in New Sources of
En! and Energy Development: Report on the

Nations Conference on New Sources of Energy,':
Thc r.ame publication also contains the agenda and
tLc',.3ts of participants and conference officers, as
weL,s lists of all the papers and reports.

"} ~: Proceedings of the Conference comprise seven
voh rnes as follows:

\'<lume 1. General sessions.
V'lume 2. Geothermal energy: 1.
\:lume 3. Geothermal energy: II.
'·';,lume 4. Solar energy: I.
\:l]ume 5. Solar energy: II.
\ »lume 6. Solar energy: III.
'c" ilume 7. Wind power.

i';.i: present volume, "Solar energy: I", contains
th- papers and reports relating to the following
ag'"h items: I1.C.1. Use of solar energy for me
eh .cal power and electricity production: (a) by
mc,s of piston engines and turbines; (b) by direct
cc 'crsion to electricity: (i) by means of therm?
el. ,;ric converters; (ii) by means of photo-electric
eel i III.A. Solar energy availability and instruments

','uited Nations publication, Sales No.: 62,1.21.

Hi

for measurement; I11.B. New materials in solar
energy utilization.

The rapporteurs' general reports and their summa
tions of the proceedings in connexion with each
agenda item or sub-item are given in full in both
English and French, as are those individual papers
that were submitted to the Conference in both
languages. With a few exceptions, all the papers
are summarized in both English and French.

Within each agenda item or sub-item, the papers
are printed in the alphabetical order of the authors'
names. References supplied by the authors are listed
after the text. As a rule, they are numbered con
secutively throughout each paper and are indicated
bv Arabic figures in parentheses.

- The reports and papers are printed in the form in
which they were presented to the Confere~ce,and the
affiliations of the participants are those m effect at
the time. Corrections to the papers have been incor
porated; some of the figures have been rearranged;
and minor editorial changes have been made.

The views and opinions expressed are those of the
individual authors and do not imply the expression
of any opinion on the part of the Secretariat of the
United Nations.

The symbols appearing after the titles of the pa
pers and reports, and in reference to them in the text,
correspond to the symbols under which they were
presented at the Conference. They have been abbre
viated by the elimination of the prefix "EjCONF.35j",
which should be included in all full references.



INTRODUCTION

La Conference des Nations Unies sur les sources
nouvelles d'energie s'est tenue a Rome du 21 au
31 aout 1961. Le document intitule Sources nouvelles
d'energie et production d'energie : Rapport sur les
travaux de la Conference des Nations Unies sur les
sources nouvelles d'energie 1 donne un apen;u des
travaux, des mernoires soumis a la Conference et des
debats dont ceux-ci ont fait l'objet. Il contient en
outre l'ordre du jour, la liste des membres du Bureau
et des autres personnes ayant pris part a la Confe
rence, ainsi qu'une liste de tous les memoires et
rapports presentes,

Les Actes officiels de la Conference comprennent
les sept volumes suivants :

Volume 1. Sessions generales.
Volume 2. Energie geothermique : 1.
Volume 3. Energie geothermique : Il.
Volume 4. Energie solaire : 1.
Volume 5. Energie solaire : ll.
Volume 6. Energie solaire : Ill.
Volume 7. Energie eolienne.

Le present volume, « Energie solaire : I », groupe
les memoires et rapports ayant trait aux points
suivants de l'ordre du jour: 11.C.1. Utilisation de
l'energie solaire pour la production d'energie meca
nique et d'electricite : a) Au moyen de moteurs
alternatifs et de turbines; b) Par conversion directe
en electricite : i) au moyen de convertisseurs thermo
electriques ; ii) au moyen de cellules photo-electriques ;
Ill.A. Energie solaire disponible et instruments de

1 Publication des Nations Unies, numero de vente: 62.1.21.

Iv

mesure; II1.B. Matieres nouvelles employees dans
l'utilisation de l'energie solaire.

Les rapports generaux des rapporteurs ,t le
resume des debats sur chaque point ou subdivision
de l'ordre du jour qui a Me etabli par le rapport cur
interesse sont donnes integralement, en anglaic; et
en francais, ainsi que les memoires qui ont ete sournis
a la Conference dans les deux langues. Sa uf quo: ues
exceptions, ils sont tous resumes en anglais e: en
francais,

Pour chaque point ou subdivision de l'ordn- du
jour, les mernoires sont classes dans l'ordre al;l;la
betique des noms d'auteurs. La liste des refertrl~eS

fournies par les auteurs figure a la suite du kte.
D'une facon generale elles sont numerotces cons. cu
tivement pour chaque mernoire, et sont indiq- ees
par des chiffres arabes entre parentheses.

En regle generale, les rapports et memoiresont
publies sous la forme dans laqueIle ils ont Me prcs-.ites
ala Conference, et les fonctions indiquees pour c1uque
participant sont celles qu'il occupait a cette cpoque.
Toutefois, les corrections necessaires ont cte appor
tees et certaines figures ont ete rernaniees: des modi
fications de redaction mineures ont de mernr de
faites.

Les vues exprimees n'engagent que leur auieur
et n'impliquent aucune prise de position de la part
du Secretariat de 1'0rganisation des Nations Uiies.

Les cotes indiquees apres les titres des mernc.ires
et des rapports, ainsi que dans les renvois qui y -ont
faits dans le texte, correspondent aux cotes utili sees
pour la Conference. On les a cependant abregec, en
eliminant « EjCONF.35 », qui doit etre main tenu
dans les cas oil la reference complete est doinee
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EXPLANATORY NOTE

The following symbols have been used in this volume:
A full stop (.) is used to indicate decimals; spaces are inserted to

distinguish thousands and millions.
In most cases abbreviations used by the authors have been retained.
For conversion factors to be used in obtaining metric equivalents of

British units, or British equivalents of metric units, see World Weights and
Measures, prepared by the Statistical Office of the United Nations in collabora
tion with the Food and Agriculture Organization of the United Nations
(Statistical Papers: Series M, No. 21; United Nations publication, Sales
No.: 55.XVII.2).

NOTE EXPLICATIVE

Les signes suivants ont ete employes dans ce volume :
La virgule (,) indique les decimales ; les espaces entre les chiffres dis

tinguent les milliers et les millions.
Dans la plupart des cas, les abreviations utilisees par les auteurs ont

ete retenues.
Pour la conversion des mesures metriques en mesures anglaises et pour

l'operation inverse, consulter la brochure World Weights and Measures, que
le Bureau de statistique des Nations Unies a etabli avec le concours de l'Orga
nisation des Nations Unies pour l'alimentation et l'agriculture (Etudes
statistiques : serie 1\'[, n? 21; publication des Nations Unies, nv de vente :
55.XVII.2).
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GENERAL REPORT - RAPPORT GENERAL

Agenda item II.C;l (a)

GR/9 (5)

USE OF SOLAR ENERGY FOR MECHANICAL POWER AND ELECTRICITY

PHODUCTION BY MEANS OF PISTON ENGINES AND TURBINES

0, all the goals in solar energy utilisation, it
apF,'-s that the most sought after has been me
char . :11 and electrical power. It is, of course, neces
sary 'l add that the power produced must be reason
ablj :"iced. A number of technically successful solar
pmy;installations have been reported in the last
hun.. ',cl years, but none of them would be considered
satisfrtory today from the economic point of view.
Adn. ',~cdly the cost of solar power need not be as
low: t he cost of conventional power produced in
higL'iciency central power stations in industrial
areas, {fT the solar power may be required in remote
area', ,here a large central supply is neither avail
able ,',,' practical. But even in such areas there is
a lin': eo what the consumer is prepared to pay
for s: " power. If the price is too high he may prefer
to gc .thout, or to utilise some other source such
as h:~'ks, windmills, steam engines burning waste
prod·,,', small gasoline or diesel engines.

W';l thus consider the present state of the art
witL' r.ial reference to the likely cost of solar
PO\H"

Three ranges of size

Sola: ;nwer units may be roughly divided into
three C';'3Si'S : the midget, the small and the large,
the firr. : 'I)resenting power supplies of a few watts,
the sec:",; being in the kilowatt range, Le. from a
fraction :'1 a kW to several kW, and the third in the
megawatt range.

WATT RANGE

For a few watts of power it is almost certain that
a mechanical heat engine would not be considered
and only "static" systems (Le. with no moving
parts) would come into question. These include
photo-electric cells and thermoelectric and thermionic
generators, and as such are dealt with elsewhere
in this conference and will not be considered further
in this section.

KILOWATT AND MEGAWATT UNITS

These have certain common problems as well as
some rather fundamental differences.

* Director, National Physical Laboratory of Israel, Jerusalem.

The differences

(a) Megawatt units mean central power production
and a power distribution network. This contradicts
the philosophical principle that as power distribution
has to be paid for whereas solar energy distribution
is free, then solar energy should be collected and
transformed at the point of use.

(b) Megawatt units involve very large areas of
solar collection, so that if any conventional collector
is considered, the maintenance problem may be
insuperable.

(c) Because the megawatt unit involves a distri
bution system, the cost of power at the bus-bars
must be considerably lower than for a kilowatt unit
that may be located in any remote place. Also
megawatt units imply advanced and probably
industrialised communities which still further lowers
the price that can be charged for power.

(d) Storage, to provide a firm supply, is a virtual
necessity for a megawatt unit (except in the rare
case of it being coupled to a grid also fed from conven
tional power stations) whereas the kilowatt unit
may be used in many cases without storage, as, for
example, when used for water pumping.

Because of these differences, most proposals for
solar power units have been in the kilowatt class
with only a very few suggestions in the megawatt
sizes. In some of the latter, the differences enumerated
above have not always been fully appreciated. For
example, paper S/15 describes a power system involv
ing a horizontal collector of one square mile in size
covered with a plastic cover in one piece. There is no
indication of how the plastic would be cleaned
(except by rain) whilst, if damaged, repair could
be very difficult.

The similarities

We now consider some of the problems and ap
proaches common to both the kilowatt and mega
watt sizes. These include maintenance and lifetime of
the components, the operating temperature, efficiency
and cost, the kind of heat engine, and the kind of
collector.

(a) Maintenance and life-time of the components
As solar plants have no fuel costs, the entire

power cost is made up of fixed charges (interest and
3
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amortisation) and running costs. It follows therefore
that much attention has to be paid to the longevity
of the component parts (in relation to their cost) and
to the maintenance expenses as part of the running
costs.

(b) The operating temperature

The engine and collector are interconnected pri
marily through the choice of operating temperature.
The following guide lines give an approximate view
of the present state of the art.

For operating temperatures below 100°C it is
possible to consider stationary non-focusing collec
tors. Apart from the advantages of being stationary
and having no mirror surfaces that might distort
or deteriorate, these collectors exploit diffuse (sky)
radiation as well as the direct solar radiation.

For operating temperatures between about 100
200°C, stationary focusing collectors of low concen
tration power are required. Such collectors require
their tilt to be varied to suit the seasons, but this
is far less of a complication than a sun-tracking
mechanism. '

For operating temperatures above 200°C, focusing
collectors which track the sun are required and at
temperatures much above 200°C the mirror must
be paraboloidal rather than cylindrical parabolic
(more generally, it must be a double curvature
surface, not a single curvature surface). Tracking
collectors have the advantage that they "see" more
sunshine than a fixed collector (about 40 per cent
more) bu~ the tracking mechanism for a large-area
collector IS extremely expensive because of the wind
forces. poub.le curvature mirrors are so expensive
that ~hlS wnter does not believe they will ever be
practical for terrestrial power application except in
the midget sizes.

(c) Efficiency and cost

. The interconnection between engine and collector
~s further related to a fundamental policy question,
i.e., w~ether t.o have a high efficiency system with
expensive engme and collectors or a low efficiency
system with low-cost components. 1

The policy question is brought out in two of the
papers dealing wit~ kilowatt plants. In paper S/54,
the authors recognise that the collector is likely to
be the most e~pensive item. They therefore coneen
trat~ on ~akmg the heat engine as efficient as
pOSSIble WIth a moderate operating temperature,
m ~rder to k~ep .the size of the collector down. A
stationary cylm~ncalparabolic collector is envisaged
and the operatmg temperature is 150-200°C On
the o~her hand, in paper S/99, the author expresses
the vle~ that ~he cheapest possible collector should
be .consldered, r.e., one without cover glass or insu
lation and°therefo~e operatin~ at a low temperature
(say 40-50 C). It IS not possible to make a proper

1 !or space app!ications there is almost no choice; the high
effiCle~cy syst:m IS needed to reduce dimension, weight and
heat-sink reqUIrements,

comparison between these different viewpoints as
the latter paper has insufficient cost data, but it is
clear that the collector must be extremely cheap
(per unit area) in the la~ter case ~s the heat ('ngine
is likely to be only one-third as effiCIent as that quoted
in the former paper.

At the other end of the scale, paper S/'27 deals
with a very efficient system (accurate paraboloidn]
sun-tracking mirror producing high temper .tures
for liquid-metal turbine), but as this is a power,' .ipply
for space vehicles the cost is high-about all 'Irder
of magnitude higher than that considered ; ': the
other papers-and it is by no means clear ho " by
relaxing for terrestrial application some ( the
special requirements of power supplies in :lace,
this cost could be reduced substantially. 2

In the final analysis the correct policy i that
which leads to the lowest power costs, and hese
can be determined only by following through CO!' .lete
designs first on paper and subsequently on i .oto
types.

In the megawatt range the policy qucst ioi has
virtually been settled. The only exponent (,: I,ligh
efficiency collectors and high temperature .: mes
has been the Russian research group (1), ani! .heir
proposal led to costs of about ~2 000 per kW in, .lled
(2) so that it has not been further pursued. (Ither
papers dealing with megawatt units consid. ex
tensive low cost non-focusing collectors with (>; 'rat-
ing temperatures below 100°C. '

(d) The heat engine

This is almost the only item where the kil .vatt
unit is at a serious disadvantage vis-a-vis the T,'ga
watt unit. For the latter, turbines-usually ",'am
turbines-can be built that reach 60 per cent I' the
Carnot efficiency or better, whatever temper. lure
rang~ is. considered. But small steam engine- and
tur.bmes m the kilowatt size are notoriously ineff , .cnt.
!hlS matter ha.s been studied in paper S/54 wh 'e it
IS shown that, If high molecular weight fluids ha :ing
certain specific characteristics are employed in" cad
of steam, .there ~s every chance of producing :.jlo
watt turbines WIth almost the same efficicnc: as
megawatt units. With operating temperatun ' of
150-200°C, turbine efficiencies of 15-20 per cent- -for
a 2-10 kW unit-are anticipated. 3 Assuminr; a
cylindrical parabolic collector to be 40 per cent
efficient and to cost $20 per sq m leads to power
~osts of under 5 D.S. cents per kWh taking 6 per cent
interest charges and a collector life of only six years.

2 The ~apital cost is over U,S,$7000 per k\V installed for a
15 kW unit. If t~e c?mponents are amortised at 6 per cent interest
and 6,per cent sinking fund for their various estimated lifetimes
and the. plant works at full output for 8 640 hours per year,
the capital cost component in the price of each k\Vh is over
14 cents.

3 This relatively high efficiency permits the turbine to be
fuel-operated economi~ally during the cloudy season; where low
temperatu:e, low ~fficIency engines or turbines have been pro
posed, theIr.operah?n by.fuel during cloudy weather or collector
breakdown IS very inefficient and a second fuel-operated prime
mover may be nec<::ss(\ry.,
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This development of an efficient small prime-mover
operating at moderate temperatures may represent
a major step forward in the realisation of practical
kilowatt solar energy power packages.

(e) The collector .
On the subject of solar collectors for kilowatt

units, not too much progress is reported. Most studies
on the conventional :flat plate collector have been
concerned with their use as heating devices. For
power applications the proposals have nearly all
been tor focusing collectors with, in many cases,
a recocnition that it would be highly desirable to
avoidmntracking mountings. In this latter field of
endeav.ur there have, unfortunately, been some
errors ,'I concept, optical systems having been pro
poscd;hich cannot possibly do what their prota
gonist clairn.!

The '·,"csent writer demonstrated theoretically (3)
that a •.itionary mirror system, with periodic seasonal
tilt a';:, .stment, could give an optical concentration
of ab.. j three times whilst if completely fixed,
i.e., \\' 11 no seasonal tilt adjustments, no useful
optic. 1 ;';mcentration is possible. Experience with
practic..' collectors would appear to confirm these
theor«.« :.1 conclusions. An improvement in optical
concern j " (ion can be obtained by the principle of
the "j';:t-iime" mirror, i.e., a mirror constructed
so tha: ,,; different times of the day different parts
contrit» {' to the image formation (whilst the re
maind-r If the mirror is "inactive"). Where the
percent , y of inactive mirrors is large the economics
will gl:J i ally prove to be unattractive. The prin
ciple o- !;, "part-time" mirror can be used, but only
to a s.. 'I.~ ~ «xtent, by extending the area of a 100 per
cent """" mirror (the extensions being less than
100 pe, . nt active). It is relatively easy to compute
wheth-r ; ~ it, extended areas of mirror pay for them
selves : \' •iie extra sunshine, averaged over a year,
that th., ,;l'1iver at the focus.

SUggl',,; irn.s for solar collectors for the megawatt
units Li".· been, and for understandable reasons,
almost i!; i concerned. with horizontal non-focusing
systems:',,\,O papers in this section deal with this
a~pect. 1~ third (unpublished) paper proposed conven
tional fla: plate collectors floating on the sea and
providing hot water as the heat source for a low
t~mperatHre turbine, the sea providing the cold
sink, The proximity of the hot and cold water
supplies reduces the pumping problems that were
encountered in the Claude-Boucherot proposals for
obtaining power from the oceans. If one takes into
account present day costs for flat plate collectors,
the net cost of power from such a system would
appear to be of an order of magnitude greater
than the cost of' power from conventional power
plants.

Paper Sjl5 proposes a shallow water surface of the
order of ] sq mile in area, covered with plastic

4 This discrepancy, in some cases, has been due to using a
cru:Ie two-dimensional diagram to represent a three-dimensional
optIcal problem.

covers, and the author proposes an ingenious system
whereby the top cover will be fitted as a single piece.
The system is intended to produce distilled water
as well as power, and this is a characteristic of most
of the megawatt low-temperature water-operated
solar power units. In such double-purpose units,
the cost of power depends on the price charged for
the distilled water; where fresh water is scarce and
therefore permits sufficiently high price, the power
can be reckoned as free. This is not an economically
sound method of calculation or of comparison be
tween alternative systems, and the water-pricing
policy must therefore be very carefully examined.
In truth, if the water is reasonably priced, it will
have only a small effect on the price of the power.
For example, a combined steam power unit with
single effect condensation of steam to provide fresh
water, operating at 90°C upper temperature and
condensing at 30°C will yield about 14 litres of
water for each kWhr of power produced," or say a
ton of water (c. 250 US gals) for 70 kWh. The water
is only worth a few cents whereas the power is
worth around 70 cents. It is therefore probably
sounder, at least as a first approximation in compar
ing systems, to compute the price of the power from
the costs of the system, treating the water as a
free bonus, rather than the other way round. From
the figures given in the paper, the cost of power
should be about 3.5 cents and the matter is open to
discussion today as to whether the system as pro
posed is feasible and practical. One point already
mentioned is that the design of such a large area
without subdividing walls would pose serious prob
lems in keeping the plastic cover clean and in
good repair.

The other paper in this group (Sj47) starts with
the hypothesis that one should try to avoid plastics,
glass and metal for megawatt collector units and
that therefore only a large body of water (either
an ocean or an artificial lake) can be considered
for large-area collectors. The "solar pond", as pro
posed, is black-bottomed, about a metre or so deep,
and convection is suppressed by maintaining a density
gradient in the pond by means of dissolved salt,
having high concentration at the bottom and low
at the top. Under such circumstances a metre of
water is quite a good thermal insulator and tempera
tures in excess of 90°C are reported. The author
points out three technical problems now under
study: the maintenance of the density gradient,
i.e., that it shall not be disturbed by waves or by
the heat extraction process, the extraction of heat
from the bottom of the pond and the removal of
dirt falling into the pond. These three problems have
not yet been solved in an entirely satisfactory manner,
but are of the type that human ingenuity ought to
be able to solve without unduly complicating the
construction of the pond. Under such circumstances,
power could be produced for around 1 US cent per

5 This yield is for 60°C temperature difference. At higher
temperature differences the water yield is proportionately lower
and vice versa.
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kWh and there is sufficient built-in storage to ensure
a supply of power for a number of consecutive
sunless days. Because of the salt requirements and
the need for large flat areas, the solar pond would
seem to be limited in application to seaboard or
salt-lake areas of which, however, there are many
in the under-developed areas of the world.

Basic economics

For most solar energy installations the maintenance
and running cost must be low, for if this is not so,
and we remember the large areas of collector in
volved, the over-all cost becomes unbearable. For
units in the kilowatt sizes the areas are manageable
and, provided there are no serious mechanical break
downs, the routine maintenance will usually not be
charged to the cost of power. The vital factor in cost
is, therefore, the annual charges on capital invest
ment.

The calculation of this cost is indicated in paper
S/54 and a condensed treatment is given here because
it highlights the extreme difficulty in getting a low
unit power cost for any thermal solar energy power
device.

If Q = total annual solar incidence on unit area
of collector, kWh/m2 ;

A e = area of collector, m":
E; = mean weighted efficiency of collector;
Et = mean weighted efficiency of turbine or

engine;
C = cost of unit area of collector, $ per m2

(this includes all other costs that are
proportional to collector area such as
ground preparation, plumbing, etc.);

T = Cost of turbine and other fixed costs, $ per
m2 (this includes all costs of items whose
size is scarcely dependent upon collector
area but only on power rating of unit);

I = Annual charges on capital, expressed as a
fraction. le applies to collector item,
IT applies to turbine item;

X = Utilisation factor.
Then power produced per year = QEcETA e (kWh)

Power utilised per year = XQEeETA e (kWh)
Capital cost . = CA e + T ($)
Annual charges on capital = CAele + TIT ($)

. C h CAcle + TIT
.. ostperkW = XQEeETA e

1 [C TIT]
= XQ' le EeE T+ AeEeET X le

In almost every case mentioned in the literature
the second term in the square bracket is small
compared with the first," i.e., the collector is the

6 In megawatt units the items must be about equal if they
are to compete with conventional power units since in the latter
case the fuel component is of the order of half the power cost
(see paper 5/54).

major capital item of cost and we will thus pay
particular attention to it.

When the manner in which all the variables
C, E c, Et, IT, le, A e vary with temperature of
operation and type of collector construction is
known, it is possible to optimise the cost equation
on a computer. But it is more instructive to the
layman to treat the matter more simply by a few
initial assumptions.

We assume that the turbine cost item is small and
can be omitted at this stage. We assume that the
operating temperature for a g~ven-type. collector and
turbine has been chosen to gIve the highest over-all
efficiency EtE e. It may be shown that, in t:2 tem
perature ranges considered, the optimum op-.ration
temperature is that at which nearly half the .,nergy
reaching the receiver is lost by heat losses," ::" that
the collection efficiency will be about 0.4 for col 'ectors
in which 70-80 per cent of the incident ra.riation
reaches the receiver. E e can therefore be tal, -n, at
the optimum operating point, as about 0.4 for ~~l real
collectors of good design, with the exception :-f the
solar pond where less than half the sunshine !.~ aches
the bottom (the "receiver") and E e will be O. F -0.20.

For a given site Q is fixed. 8 X depends up n the
skill of the owner of the plant and every effor. must
be made to get X to approach unity.

We now see that the key item in determining

power cost is le it'
The value of le depends upon the current rate

of interest charged on capital and the expected
lifetime of the collector. Values of I are gi' en in
appendix 2 of paper S/54. For example, at (i per
cent interest and a sinking fund carrying 6 pc cent
interest, the value of I is 0.203 for a six-year Iif: and
0.103 for fifteen years. Where plastics are us-d in
collector constructions to get prices down, ' six
year life is probably the best that can be exp-cted
in the present state of the art. Collectors empl.-ying
more durable materials (metal, glass, etc.) could
probably be amortised over fifteen years whilst some
collectors suggested for solar stills which in .olve
only concrete, glass and asphalt could be amor .ised
over much longer periods.

We now consider some typical values:

X = 1 (ideal!);
Q = 2000 kWh per m-, a value corresponding to

a very sunny area and a stationary collector;
E e = 0.4 as indicated above;
Et = 0.15, corresponding to a heavy vapour

turbine operating at 150°C. This value is
several times greater than those given for
low temperature engines in the literature;

7 This is analogous to the internal losses in a battery coupled
to the optimum load for maximum energy yield.

S This is related to the type of collector; a sun-tracking collector
will "see" more sunshine than a fixed one.
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c = $20 per m2 (stationary focusing collector). mirrors or special materials can easily raise
This appears to be about as Iowa price as this price several times;
anyone has dared to suggest in the kilowatt le = 0.203- i.e., assumes six-year life for the col-
range of power units and almost certainly lector and 6 per cent interest charges.
involves the use of plastics. Complicated Then the collector component in the power cost is:

}Q .I»: E~Et = lX~EJ (J;~) = 3.4 US cents per kWh

As the items in the square brackets are invariable
(unless we go from a fixed to a sun-tracking collector)
the only hopes for getting a lower. price lie in the
terms le, C and Et. Clearly a large increase in Et
is not to be expected since even a high temperature
plant will helve a value of less than 0.3. Also as le
is decreased by having a longer lifetime for the
collector, C will tend to rise.

From tl'l: it becomes patently clear that for solar
power unit ~ ,.:;ing conventional collectors, the chances
of getting :' "per much below about 5 cents per kWh
is small. ('le breakthrough in really cheap long
lived collec.: IS is needed before the situation will be
radically" red. Some clues in this direction appear
in the mes ""tt collectors. For the solar pond (paper
5/47) a cos 'of SI per m2 is postulated, and putting
E« = O.lS = 0.10, le = 0.0872 (20 years) the
collector C:':[l0nent of power cost is 0.29 cents per
kWh. For tJJ plastic-covered pond (paper S/15), the an
nualchargvs "n the collector are given as $885 178 (per
sqmile) anri :he annual power yield as 29 055 840kWh.
This gives ~'LE' collector component of the power
price as .·oximate. This high value is because
the authori '.« given a le value of 0.313 to the plastic
parts of th« ,~(;llector, i.e., a realistic 3-4 year life."

The rep: '''<'ntative example given above which
assumes Et 0.15 shows that any move to simplify
the collect.': with consequent operation at lower
temperatur;:md leading to lower turbine efficiencies
must be ':;"~.,mpanied by a radical reduction in
collector C:'. Thus for Et of the order of 0.05 due
to low o,,~;, ting temperature (paper S/99), the
collectors",;':d have to fall to a third.!? the price
given in Lil.bove example to result in the same
collector .. -onent in the power price.

Conclusions

For sizes ;:1 the range of a few kilowatts, there are
good prospects of getting solar power in the near

9 Since this report was written. R. L. Hummel, author of
paper SjI5, has pointed out an error in determining the power
yield of his 1 ,q mile collector. He assumes an average daily
heat yield of 400 BTU per sq ft which, fed into a turbine as
proposed by the General Electric Company taking 44 000 BTU
per kWh (full load) would yield 92 X 106 kWh per year and
not the 29 X 106 given in his paper S/I5, and quoted in this
report.. [Note that this corrected yield is now much closer to
that estimated for a I sq km "solar pond" - in paper S/47
- o~ 30 X 11)6 kWh: 1 sq mile = 2.59 sq km.]

With this correction, the collector component of capital cost
for the system proposed by R. L. Hummel becomes 1 cent and
not 3 cents as stated above.

10 This is not quite true: the low temperature collectors are
non-focusing. so the Q value is higher,

future at around 5 US cents per kWh in a sunny
climate, using realistic interest and amortisation
charges but omitting maintenance and operating
costs. This implies the use of high efficiency heavy
vapour turbines and collectors operating at about
150-200°C, with collector costs around $20 per m2

or collectors operating at lower temperatures but
costing correspondingly less. Lower power costs

. can only come if the longevity of the collectors can
be increased without a corresponding increase in
their capital cost. If, for example, the collectors
amortised over six years could be amortised over
fifteen years the power cost would fall by nearly
2 cents per kWh.

Many consumers would consider 5 cents per kWh
a reasonable price to pay for power in isolated com
munities, so the prospects for kilowatt power packages
are quite good.

For large central power units in the megawatt
class, a lower power price is essential and completely
different types of collector, of an order of magnitude
cheaper per unit area, must be evolved. Two sugges
tions have been forthcoming: one using plastic
covers and hence having a high amortisation rate
and one, the solar pond, using no plastics and amor
tised over a longer period. The solar pond still requires
the solution of some serious problems. An extensive
research programme is being actively pursued in
Israel on this proj ect and if successful could result
in power costs of the order of 1 cent per kWh.

Topics proposed for discussion

(a) The papers as published. Validity of the
authors' assumptions. Practicality of the proposals.
New suggestions to correct errors in concept by the
authors;

(b) Contributions (ideas, methods, concepts) to
power production so far not proposed in the printed
papers on collectors, on prime-movers, on energy
exploitation (to match energy supply);

(c) Needs of under-developed countries. Kind of
power supplies, for what purposes, in what sizes.
Is continuous power essential in certain cases?
What would be night load compared to day load?
Should plant be suitable also for operation with fuel
(during cloudy seasons) and what kind of fuels are
available locally? In what cases will mechanical
power suffice? When is electricity required? If
only electricity is provided (so that mechanical power
is obtained from electric motors) how much does
this impede use of solar machines?
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Is cooling water available-Le., what condensing
temperatures?

(d) Maintenance and longevity of plant. Ability of
local populations to maintain a solar plant. Cleaning
of collectors, maintenance of engines, initial erection.

Effect of climate, wind, storms, rain, erosion, corrosion.
Effect of interference by wild animals, termites, etc.;

(e) Possibilities of local manufacture in part or
in whole. Problems of transportation from point
of manufacture to point of use.
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PRODUCTION D'ENERGIE
MOTEURS ALTERNATIFS ET

UTILISATION DE L'ENERGIE SOLAIRE POUR LA
MECANIQUE ET D'ELECTRICITE AU MOYEN DE
DE TURBINES

(Traduction du rapport precedent) .

Harry Tabor*

Parmi tous les buts de l'utilisation de l'energie
solaire, il semble que le plus recherche ait Me la
production d' energie mecanique et electrique. Il est
,.~videmment necessaire d'ajouter que l'energie pro
duite doit I' etre a un prix raisonnable. Un certain
nombre d'installations d'energie solaire reussies du
paint de vue technique ont ete signalees dans des
rapports au cours du dernier siecle, mais aucune
d'elles ne serait consideree satisfaisante aujourd'hui
du point de vue economique. Il faut admettre que
le prix de revient de l'energie solaire n'a pas besoin
d'etre aussi bas que celui de l'energie classique pro
duite dans des centrales a haut rendement dans
des regions industrielles, car l'energie solaire peut
etre necessaire dans des regions eloignees OU une
alimentation centrale importante n'est ni disponible
ni pratique. Mais, meme dans de telles regions, le
prix auquelle consommateur est pret a payer l'ener
gie solaire ne peut depasser certaines limites. Si le
»rix est trop eleve, il peut preferer s'en passer ou uti
:~ser quelque autre source (bceufs, eoliennes, moteurs
~" vapeur brfilant des dechets, petits moteurs a
«sence ou diesel, etc.).

Nous examinerons par consequent l'etat actuel
':l\~ la question en nous referant specialement au prix
(;~ revient probable de l'energie solaire.

Trois gammes de puissance

Les groupes solaires (groupes generateurs d'energie
mecanique a partir de l'energie solaire) peuvent etre
grosso modo divises en trois classes : les miniatures,
les petits et les gros; les premiers representant une
production de puissance de quelques watts, les
seconds etant de l'ordre des kilowatts, c'est-a-dire
d'une fraction de kilowatt a plusieurs kilowatts,
et les troisiemes de l'ordre du megawatt.

GROUPES SOLAIRES DE L'ORDRE DU WATT

Pour quelques watts, il est a peu pres certaip
qu'on n'envisagera pas de moteur thermique, mais
uniquement des systemes « statiques » (c'est-a-dire
sans piece en mouvement). Ceux-ci comprennent les

* Directeur, Laboratoire national de physique d'Tsrael, Jeru
salem.

cellules photoelectriques et les generateurs thermo
electriques et thermo-ioniques, Comme ils sont traites
dans d'autres rapports de cette Conference, nous ne
les etudierons pas dans cette section.

GROUPES DE L'ORDRE DU KILOWATT ET DU MEGAWATT

Ils ont certains problemes communs, mais pre
sentent par ailleurs des differences fondamentales.

Differences

a) Les generateurs de l'ordre du megawatt corres
pondent a une production d'energie centralisee et
aun reseau de distribution. Cela est en contradiction
avec le principe selon lequel, puisqu'une distribution
d'energie doit en general etre payee, alors que la dis
tribution d' energie solaire est libre, l'energie solaire
doit par consequent etre captee et transformee au
point d'utilisation.

b) Les groupes de 1'ordre du megawatt exigent
une tres grande zone de captage d'energie solaire,
de sorte que, pour tout collecteur classique, le pro
blerne de l'entretien peut devenir insurmontable.

c) Etant donne que les groupes de l'ordre du
megawatt impliquent un reseau de distribution, le
prix de revient de l'energie aux barres omnibus doit
etre considerablement inferieur a celui d'un groupe
de l'ordre du kilowatt qui peut etre situe en n'importe
quel point eloigne. Par consequent, les groupes de
l'ordre du megawatt impliquent l'existence de
collectivites evoluees et probablement industrialisees,
ce qui abaisse encore davantage le prix qui peut etre
facture pour l' energie.

d) L'accumulation en vue d'assurer une alimen
tation reguliere est une necessite pour les groupes de
1'ordre du megawatt (sauf dans les rares cas OU ils
sont couples a un reseau alimente egalement par
des centrales classiques), alors que les groupes de
1'ordre du kilowatt peuvent etre utilises dans de
nombreux cas sans accumulation, comme par exemple
pour le pompage de 1'eau.

C'est a cause de ces differences que de tres nom
breuses propositions ant ete faites pour des groupes
solaires de la classe du kilowatt, alors que de tres
rares suggestions ant ete faites pour la classe du
megawatt. Dans certaines de ces suggestions, les
differences enumerees ci-dessus ri'ont pas toujours

9
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ete pleinement appreciees, Par exemple, le mernoire
S/15 decrit un systeme comprenant un colIecteur
horizontal d'un mille carre (2,6 km-) recouvert d'une
couverture plastique d'une seule piece. On n'indique
pas comment le plastique serait nettoye (sauf par la
pluie), et en cas d'avarie les reparations pourraient
etre tres difficiles.

Similitudes

Nous alIons maintenant examiner quelques-uns
des problemes et des solutions qui sont communs
tant aux groupes de l'ordre du kilowatt qu'a ceux
de l'ordre du megawatt. Citons l'entretien et la duree
de vie des elements constituants, la temperature de
fonctionnement, le rendement et le prix de revient,
la nature du moteur thermique, la nature du collec
teur,

a) Entretien et duree de vie des elements consiiiuants

Une centrale solaire n'entraine pas de frais de
combustible; le prix de revient de l'energie est
constitue entierement des frais fixes (interet et
amortissement) et des frais d'exploitation. Il s'ensuit
qu'il faut accorder une tres grande attention a la
longevite des elements constituants (en relation
avec leur cout) et aux frais d'entretien, qui font
partie des frais d'exploitation.

b) Temperature de fonctionnement
Le moteur et le collecteur sont lies principalement

par le choix de la temperature de fonctionnement.
Les principes suivants donneront une idee approxi
mative de l'etat actuel de la question.

Pour les temperatures de fonctionnement infe
rieures a 100°C, il est possible d'envisager des
colIecteurs stationnaires non convergents. A part
les avantages d'etre stationnaires et de ne pas avoir
de surfaces reflechissantes susceptibles de se defor
mer ou de se deteriorer, ces colIecteurs exploitent
le rayonnement diffus (ciel) aussi bien que le rayon
nement solaire direct.

Pour les temperatures de fonctionnement comprises
entre environ 100 et 200°C, les collecteurs conver
gents stationnaires a faible concentration s'imposent.
De tels collecteurs doivent pouvoir etre inclines ades
angles differents selon les saisons, mais cela est une
complication beaucoup moins grande que les meca
nismes d'orientation destines a suivre le cours du
solei!.
. Pour ~es te~peratures de fonctionnernent supe
n~ures a 200 C, des collecteurs orientables, qui
suivent le cours du soleil, sont necessaires, et pour
les temperatures nettement au-dessus de 200°C
le .miroir doh etre un paraboloide plutot qu'un
~ylm?reA parabolique (d'une maniere plus generale,
11 doit etre une surfacce a double courbure et non
Ul~e surface a simple courbure). Les « coilecteurs
onenta~les », presentent l'avantage de « voir» plus
de soleil qu un collecteur fixe (environ 40 p. 100
de plus), mais le mecanisme d'orientation d'un
collecteur de grande surface est extremernent cofiteux
par suite des sollicitations dues au vent. Les miroirs

a double courbure sont si couteux que nous ne
pensons pas qu'ils soient jamais rentables pour des
applications a la production d'energie terrestrc, sauf
dans le cas des generateurs miniatures.

c) Rendement et prix de reoient

L'interconnexion entre le moteur et le colkcteur
est en outre liee a une question de principe, {l savoi
au desir de realiser soit un systeme a. grand rends,
ment avec un moteur et des colIecteurs cc' tteux
soit un systeme afaible rendement avec des el, ;nent~
constituants peu cofrteux 1.

Cette question de principe est etudiee dan: deux
des memoires qui traitent des groupes de l'or,c du
kilowatt. Dans le mernoire 5/54, les auteurs .con
naissent que le collecteur sera probablem .t le
poste le plus cofiteux : ils s'efforcent en COnSe( .ence
de realiser un moteur thermique de rendemen ,tussi
eleve que possible fonctionnant a. une tempo .ture
moderee, en vue de limiter la dimension du .llec,
teur : ils envisagent comrne collccteur un cv . ndre
parabolique, la temperature de fonctionnemen-ttant
de 150 a 200°C. D'autre part, dans le mcmoir. '';/99,
l'auteur estime qu'il Iaut envisager le collect-vir le
moins eher possible, c' est-a-dire sans couv.: :ture
de verre ou isolant, et par consequent Ionctior.nant
a basse temperature (de 40 a. 50°C par exci.rple).
11 n'est pas possible d'etablir une veritable c'inpa
raison entre ces differents points de vue, ( ir le
dernier mernoire ne fournit pas suffisamrnc.: t de
donnees sur les prix de revient : mais il est cIa. . que
le colIecteur doit etre extrerncmcnt bon n irche
(par unite de surface) dans le dernier cas, \ ir le
moteur therrnique n'aura probablement qu'un nde
ment du tiers de celui indique dans le m, .uoire
precedent.

A l'autre bout de l'echelle, le mernoire 5/27 raite
d'un systerne a. tres haut rendement (mire" en
parabolcide precis, oriente pour suivre le ileil,
produisant de hautes temperatures pour une tl bine
a metal liquide), mais, comme il s'agit d'ur ali
mentation en energie pour vehicules interplanct ires,
le prix en est eleve (superieur d'un ordre de grill deur
en,,:"iron a celui considere dans les autres rap1 .rts),
et 11 n'e~t p~s du tout sur qu'en assouplissant pour
les applications terrestres certains des impo atifs
~peciaux de .l'aliment.ation en energie dans I'cspace
interplanetaire, ce pnx de revient puisse etre neau
coup reduit 2.

En derniere analyse, la politique correcte est celle
q~i conduit au prix de revient de l'energie le plus
faible, et cela ne peut etre determine qu'en etudiant

1 Pour les applications aux engins interplanetaires, il n'y a
pour ainsi dire pas de choix : le systeme it fort rendemcnt est
necessaire pour reduire les exigences de dimensions de poidS
et de puits it chaleur. '

2 Le prix de revient depasse 7 000 dollars par kilowatt installe
pour un groupe de 15 kilowatts. Si ces elements constituants
sont amortis it 6 p. 100 d'Iriteret et 6 p. 100 d'amortissement
proprement dit pour leurs differentes longevites estimees et si
l:i,n~tallation. fonctio~ne it pl~ine charge 8 640 heures p~r an.
I element frais de capital du pnx de chaque kilowattheure depasse
14 cents U.S.
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les projets dans le detail, d'abord sur plan, puis sur
prototype. Le seul partisan des collecteurs a rende
ment eleve et des moteurs a haute temperature
a ete le groupe de recherche russe (1), et sa propo
sition implique des prix de revient d'environ
2 000 dollars par kilowatt installe (2), de sorte que ce
projet n'a pas ete poursuivi. D'autres rnemoires
traitant de groupes de 1'ordre du megawatt envisa
gent des collecteurs de grande taille non convergents,
pell couteux et ayant des temperatures de fonction
DCiOJCnt inferieures a 100°C.

Le moteur thermique
C 2:3t a peu pres le seul poste OU le groupe de

l',;~:e du kilowatt est serieusement desavantage
vis·,-vis du groupe de 1'ordre du megawatt. Pour ce
der.. er, les turbines (generalement des turbines a
va ~"dr) peuvent atteindre 60 p. 100 du rendement de
C<3'Jt, ou meme davantage, quelle que soit la gamme
d, :.:mperature consideree, Par contre, on sait que
let: 'ctits moteurs et turbines avapeur de 1'ordre du
ki. 'i,ltt ont un mauvais rendement. Cette question
a, etudiee dans le memoire S/54, OU 1'auteur
m. ::'2 que si 1'on emploie, au lieu de vapeur, des
flU"n)S de fort poids moleculaire, ayant certaines
C8i ,r ;\.' r ist iques speciales, on a toutes chances de
fai;i}.[Uer des turbines de 1'ordre du kilowatt ayant
a r..: 'j pres le meme rendement que celles de l'ordre
dUi,,\~gawatt. Avec des temperatures de fonction
nen.-nt de 150 a 200°C, on pense obtenir des rende
rn"t;::; de l'ordre de 15 a 20 p. 100 des groupes de
1'0:, ,~'C de 2 a 10 kilowatts 3. Si 1'on suppose que le
cc;Jdeur est un cylindre parabolique ayant un
rei-u. ment de 40 p. 100 et cofrtant 20 dollars par
mi. cane, on obtient un prix d'energie inferieur
a ;, cents par kilowattheure, en admettant un
tau. ,l'interet de 6 p. 100 et une duree de vie du
coll. 'eur de six ans seulement. Cette mise au point
d'n ;,etit moteur a grand rendement fonctionnant
a (1 .cmperatures rnoderees peut faire grandement
prG; ',.er la realisation de groupes prefabriques
pru,Ljtes produisant de l'energie a base d' energie
solaii c, de l'ordre du kilowatt.

e)C: collecteur
En cc qui concerne les collecteurs solaires pour

gro"rec; de l'ordre du kilowatt, les memoires ne font
pas ~c2L de grands progres, La majorite des etudes
sur le collecteur plan classique portent sur son utili
sation en tant que dispositif de chauffage. Pour les
applicdions en vue de la production d'energie, presque
toutes lcs propositions envisagent des collecteurs
convergcuts, et dans de nombreux cas on a reconnu
qu'il serait tres souhaitable d'eviter les dispositifs
d' orientation destines a suivre le soleil. Dans ce
dernier domaine de recherche, il y a eu malheureu
sement quelques erreurs de conception, car on a

3 Ce rendement relativement eleve permet d'exploiter econo
miquement la turbine avec des combustibles classiques pendant
~a s<l;ison nuageuse : lorsqu'on a propose des moteurs ou turbines
a fa.iblo temperature et faible rendement, leur exploitation au
combustible pendant les saisons nuageuses ou pendant les pannes
de collecteur a un mauvais rendement, et un second moteur
fonctionnant au combustible traditionnel peut etre necessaire.

propose des systernes optiques qui sont dans I'impos
sibilite de faire ce que proclament leurs protago
nistes 4.

L'auteur du present rapport a demontre theori
quement (3) qu'un systeme de miroir stationnaire
avec un ajustement saisonnier periodique par bas
culement peut donner une concentration optique
d'environ trois fois, alors que lorsqu'il est comple
tement fixe, c'est-a-dire sans ajustement saisonnier
par basculement, il ne peut donner aucune concen
tration optique utile. L'experience des collecteurs
pratiques semble confirmer ces conclusions theo
riques. On peut obtenir une amelioration de la
concentration optique par le principe du miroir
a « temps partiel », c'est-a-dire d'un miroir constrnit
de maniere qu'aux differentes heures de la journee
des parties differentes contribuent a la formation
de 1'image (pendant que le reste du miroir reste
« inactif »). Lorsque le pourcentage de miroir inactif
est important, les considerations economiques
prouvent generalement que ce systeme ne presente
pas d'interet. Le principe du miroir a« temps partiel »
peut etre utilise, mais seulement dans une faible
mesure, en etendant la surface d'un miroir actif
a 100 p. 100 (cette extension etant inferieure a
100 p. 100 de la partie active), et il est relativement
aise de calculer si la partie etendue du miroir se
trouve remboursee par le rayonnement solaire sup ple
mentaire (moyenne sur un an) qu'elle foumit au
foyer.

Les suggestions visant les collecteurs solaires pour
groupes de 1'ordre du megawatt ont (pour des raisons
comprehensibles) porte presque toutes sur les sys
temes horizontaux non convergents. Deux memoires
de cette section traitent de cet aspect. Un troisieme
mernoire (non public) a propose des callecteurs
classiques plans flottant sur la mer et foumissant de
1'eau chaude a la source chaude pour une turbine
a faible temperature, la mer constituant la source
froide. La proximite de la source froide et de la
source chaude reduit les problemes de pompage
auxquels s'est heurte le projet Claude-Boucherot
pour extraire de I'energie des oceans. Si 1'on applique
les prix de revient actuels des collecteurs a plaques
planes, le prix net de I'energie fournie par un tel
systerne semble etre superieur d'environ un ordre
de grandeur au prix de l'energie foumie par les
centrales classiques.

Le mernoire S/15 propose un plan d'eau peu
profond d'une surface de 1'ordre d'un mille cane
(2,6 krns) couvert d'une couverture en plastique,
et 1'auteur propose un systeme ingenieux permettant
d'adapter cette couverture, d'une seule piece. Ce
systeme a pour but de produire de l'eau distillee
ainsi que de l'energie, et cela est la caracteristique
de la majorite des groupes solaires fonctionnant
avec de l'eau a basse temperature. Dans de tels
groupes a double fin, le cout de l'energie depend
du prix auquel on fait payer 1'eau distillee : lorsque

4 Dans certains cas, ce desaccord est du it l'utilisation de
simples diagrammes it deux dimensions pour representer un
problerne optique it trois dimensions.
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seque est suffisante pour assurer la Iourniture d'ener
gie pendant un certain nombre de jours consecutifs
sans ensoleillement. Etant donne les besoins en sel
et ceux de grandes surfaces planes, la piscine solaire
semble devoir se limiter dans ses applications aux
regions des bords de la mer ou des lacs '~:lles ou
salines, dont il existe du reste un granl\ nombrs
dans les regions sous-developpees du mond. .

me-

CAele + TIt (dollars)

dukWh

Considerations economiques fondam«: .ales

Pour la majorite des installations it energiolaire,
les frais d' entretien et d' exploitation doi- "t etre
faibles car si tel n'est pas le cas, et nous noi :appe
Ions les grandes surfaces de collecteur mise: .-n jeu,
le total des frais devient inadmissible. i,lr les
groupes de 1'ordre du kilowatt, lcs surf" - sont
maniables et, pourvu qu'il n'y ait pas clclcuses
pannes mecaniques, l'entretien methodique . sera
generalement pas impute au prix de re": .it de
l'energie. Le facteur vital des frais est, par con :uent,
constitue par les charges annuelles du capital ;\'esti.

Le calcul de ces frais est indique dans
moire Sj54, et un calcul resume est donne ci-. isous,
car il met en relief la difficulte extreme q' 1'on
eprouve a obtenir un faible prix de rcvicnt de l'<-~rgie

pour n'importe quel generateur d'encrgie till'! uque
a base d'energie solaire,

Si Q = 1'ensoleillement annuel total sur !' unite
de surface du collecteur, exprime Cl; kWh
par m2,

A e = la surface du collecteur cn m",
E e = le rendement moyen ponderc du coll. I cur,
Et = le rendement moyen pondere de la tt: bine

ou du moteur,
C = le prix de revient de I'unite de su :ace

du collecteur en dollars par m2 (eel:.i-ci
comprend tous les autres prix qui : mt
proportionnels a la surface du collectc ur,
tels que la preparation du sol, la tuyr.u
terie, etc.),

T = le prix de la turbine et les autres frais
fixes en dollars par m- (celui-ci compr-nd
tous les frais des postes dont I'importvnce
ne depend pas de la surface du collectcur,
mais exclusivement de la puissance norni
nale du generateur),

I = charges annuelles de capital, exprimees
sous forme d'une fraction (fe s'applique
aux collecteurs, et It a. la turbine),

X = coefficient d'utilisation,
alors l'energie produite

par an QEeEtA e (kWh)
l'energie utilisee par an = XQEeEtA e (kWh)
les frais de capital = CA e + T (dollars)
les charges annuelles

de capital
.'. le prix de revient

_ CAcle + TIt
- XQEeEtA e

1 [ C TIt]
= XQ . le EeE t + AeEeEt' le

l'eau douce est rare et permet par consequent des
prix suffisamment eleves, l'energie peut etre consi
deree comme gratuite. Cela n'est cependant pas une
methode economiquement saine de calcul ou de
comparaison des differentes variantes, et la politique
de fixation des prix de l'eau doit par consequent etre
examinee tres soigneusement. En verite, si le prix
de 1'eau est fixe raisonnablement, il n'aura qu'un
faible effet sur le prix de l'energie. Par exemple,
un generateur combine d'energie et de vapeur
avec une condensation a simple effet de la vapeur
pour fournir de 1'eau douce, fonctionnant a une
temperature de source chaude de 90 QC et condensant
a 30 QC, rapportera environ 14 litres d'eau par
kilowattheure d'energie produite 5" soit une tonne
d'eau (environ 250 gallons des Etats-Unis) pour
70 kWh. L'eau ne vaut que quelques cents, alors
que l'energie vaut environ 70 cents. I1 est done
probablement plus juste (tout au moins en premiere
approximation lorsqu'on compare les systernes)
de calculer le prix de l'energie d'apres le prix de
revient du systeme, en traitant 1'eau comme une
prime gratuite, plutot que de faire 1'inverse. D'apres
les chiffres donnes dans ce mernoire, le prix de
revient de l'energie pourrait etre d'environ 3,5 cents,
et la question est de savoir si le systerne tel qu'il
est envisage est applicable et pratique. Autre point
deja mentionne : la conception d'une surface aussi
grande sans murs de subdivision poserait de graves
problemes pour ce qui est du maintien de la couver
ture plastique propre et en bon etat.

L'autre mernoire de ce groupe (Sj47) commence
par l'hypothese que 1'on doit s'efforcer d'eviter
les plastiques, le verre et le metal pour les collecteurs
de l'ordre du megawatt, et que, par consequent,
seuls des grands plans d'eau (un ocean ou un lac
artificiel) peuvent etre envisages comme collecteurs
de grande surface. La « piscine solaire » telle qu'il
la propose a un fond noir, une profondeur de l'ordre
du metre, et la convexion y est supprimee en main
tenant un gradient de densite dans la piscine au
moyen de sel dissous ayant une concentration forte
au fond et faible a. la surface. Dans de telles condi
tions, un metre d'eau constitue un bon isolant
thermique, et le rapport indique des temperatures
depassant 90 QC. L'auteur signale trois problemes
techniques actuellement en cours d' etude : le
maintien du gradient de densite, c' est-a-dire que
celui-ci ne doit pas etre trouble par les vagues ou
par la methode d'extraction de chaleur; l'extraction
de chaleur du fond de la piscine; et l'evacuation
des saletes tombant dans la piscine. Ces trois pro
blemes n'ont pas encore ete resolus d'une maniere
entierement satisfaisante, mais sont du type que
I'ingeniosite humaine est capable de resoudre sans
compliquer d'une facon extreme la construction de
la piscine. Dans de telles conditions, I'energie pourrait
etre produite a environ 1 cent des Etats-Unis par
kilowattheure, et la capacite d'accumulation intrin-

5 Ce chiffre s'applique pour des differences de temperature de
60° C. Pour des differences superieures, la production d'eau est
proportionnellement basse et vice versa.
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Dans presque tous les cas mentionnes dans les
memoires, le second terme entre crochets est faible
compare au premier 6, c'est-a-dire que le collecteur
constitue le poste principal de capital du prix de
revient, et nous lui accordons en consequence une
attention particuliere,

Lorsqu'on connait la maniere dont varient toutes
les variables C,.Ec, Et, It, le, A e, en fonction de la
tcm.perature de fonctionnement et du type de
con,~truction du collecteur, il est possible d'optimiser
l'enGation des frais sur une calculatrice. Mais il est
p'~':, instructif pour le profane de traiter la question
ph,.; simplement a I'aide de quelques hypotheses
ir. t:.Jes.

'<us supposerons que le poste prix de la turbine
es i iaible et peut etre neglige a ce stade. Nous
Sl.lj' -oserons que pour un type donne de collecteur
et.ie turbine la temperature de fonctionnement
a t' '.0 choisie pour donner le rendement total EtEe
le us eleve, On peut montrer que, dans les gammes
dt .cmperature considerees, la temperature optimale
die :' -nctionnement est celle pour laquelle a peu pres
h1:oitie de I'energie incidente sur le recepteur est
pt:' .ue par les pertes de chaleur", de sorte que le
rer:dement du collecteur sera d'environ 0,4 pour les
cc; i,'deurs dans lesquels 70 a 80 p. 100 du rayonne
n"·.,t incident atteignent le recepteur. Au point
(1., fonctionnement optimal, on peut admettre en
u ;,·."quence, pour Es, une valeur d'environ 0,4 pour
to:' les collecteurs reels bien concus, a l'exception
d.. piscine solaire, ou moins de la moitie du rayon
TJ':,,;nt solaire atteint le fond (le « recepteur »),
ej f:, sera de 0,15 a 0,20.

i 'our un site donne, Q est fixe 8, X depend de la
eo: ::Jetence de l'exploitant du groupe solaire, et
tou- les efforts doivent tendre a obtenir un X se
r8fJ 1,,'ochant de l'unite.

;':ll1S voyons maintenant que le poste cle deter-

mir..mt le prix de revient de l'energie est le it'
L: valeur de le depend du taux des interets

gre\',mt le capital et la duree de vie probable du

collecteur. Les valeurs de I sont donnees dans
l'annexe 2 du memoire 5/54. Pour un taux d'interet
de 6 p. 100 et un fonds d'amortissement portant
interet a 6 p. 100, par exemple, la valeur de I est
de 0,203 pour une duree de vie de six ans et de
0,103 pour 15 ans. Lorsqu'on utilise des matieres
plastiques dans la construction des collecteurs pour
reduire les prix, une duree de vie de six ans est
probablement la meilleure que l'on puisse attendre
dans l'etat actuel de la technologie. Les collecteurs

. employant des materiaux plus durables (metal,
verre, etc.) peuvent probablement etre amortis
sur 15 ans, alors que certains collecteurs proposes
pour des alambics solaires, qui sont composes
uniquement de beton, de verre et d'asphalte,
peuvent etre amortis sur des periodes beaucoup plus
longues.

Considerons maintenant quelques valeurs typiques :
X 1 (ideal l}:
Q 2000 kWh par m", valeur correspondant

a une region tres ensoleillee et a un collec
teur stationnaire;

E; 0,4, comme indique ci-dessus ;
Et 0,15, correspondant a une turbine a

vapeur lourde fonctionnant a 150°C. Cette
valeur est plusieurs fois plus elevee que
celle donnee dans les memoires pour les
moteurs a basse temperature;

C 20 dollars par m2 (collecteur stationnaire
convergent). Cela semble etre le prix le
plus bas qu'on ait ose suggerer pour
les groupes solaires de 1'ordre du kilowatt,
et il suppose certainement 1'utilisation
de matieres plastiques. Les miroirs compli
ques ou les materiaux speciaux peuvent
facilement multiplier plusieurs fois ce
prix;

le 0,203, c'est-a-dire suppose une duree de
vie de six ans pour le collecteur et des
charges de 6 p. 100 d'interet.

Le poste collecteur du prix de revient de I'energie
devient alors :

1 C [1 1(leC)XQ . le . EeEt = XQE
c

, Et = 3,4 cents E.-V. par kWh

, Comme les postes compris dans les crochets sont
mvariables (a moins que nous ne passions d'un collec
teur fixe a un collecteur orientable suivant le soleil),
le seul espoir d'obtenir un faible prix reside dans
les termes le, C et Et. II est clair qu'il n'y a pas

6 Dans les groupes de l'ordre du megawatt, ces termes doivent
etre sensiblement egaux pour permettre la concurrence avec les
generateurs denergte classique, car, dans ce dernier cas, le poste
I( combustible \l est de l'ordre de la moitie du prix de revient
de I'energie (voir mernoire 5/54),

7 Cela est analogue aux pertes internes dans une batterie
couplee a la charge optimale pour la production denergie maxi
male.

8 Celui-ci est fonction du type de collecteur : un collecteur
orientable suivant le solei! « verra » plus de rayonnement solaire
qu'un collecteur fixe.

a attendre une forte augmentation de Et, car merne
les installations a temperature elevee auront une
valeur inferieure a 30 p. 100. Ainsi, lorsque le
est reduit par suite de I'augmentation de la duree
de vie du collecteur, C fend a augmenter.

On en deduit clairement que pour les groupes
solaires utilisant des collecteurs traditionnels on
a peu de chance de produire de l'energie bien en
dessous de 5 cents par kilowattheure. Vne reduction
tres importante du prix des colleeteurs a longue
duree de vie est necessaire avant que la situation
se modifie radicalement. Quelques indices dans ce
sens apparaissent dans le domaine des collecteurs de
1'ordre du megawatt. Pour la piscine solaire (me
moire 5/47), on envisage un prix C de 1 dollar par
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metre carre et en posant Ee= 0,15, Et = 0,10, le =
0,0872 (20 'ans), le poste « collecteur » du prix de
revient de l' energie represente environ 0,29 cent
par kilowattheure. Pour la piscine couverte de
plastique (memoire S/15), on indique des charges
annuelles de collecteur de 885 178 dollars (par mille
carre) et une production annuelle d' energie de
29055840 kWh. Cela donne un poste « collecteur »
du prix de l'energie d'environ 3 cents. Cette valeur
elevee provient du fait que l'auteur a don ne une
valeur le de 0,313 a la partie « matiere plastique »

du collecteur, c'est-a-dire une vie reelle de trois
a quatre ans 9.

L' exemple typique donne ci-dessus et qui sup
posait Et = 0,15 montre que toute modification
en vue de simplifier le collecteur, entrainant une
exploitation a de faibles temperatures et reduisant
le rendement de la turbine, doit etre accompagnee
d'une reduction radicale du prix du collecteur.
Ainsi pour Et de l'ordre de 0,05, du a la faible tem
perature de fonctionnement (memoire S/99), il
faudrait reduire le prix des collecteurs au tiers 10

des valeurs indiquees dans l'exemple ci-dessus pour
obtenir le merne poste « collecteur » dans le prix de
l'energie,

Conclusions

Pour les groupes solaires de l' ordre de quelques
kilowatts, on a de bonnes perspectives d'obtenir
de l'energie d'origine solaire dans le proche avenir
a environ 5 cents E.-D. par kilowattheure, dans
un climat ensoleille, en utilisant des charges d'interet
et d'amortissement raisonnables, mais sans tenir
compte de I'entretien et des frais d' exploitation.
Cela implique l'utilisation de turbines a vapeur
et collecteurs lourds a haut rendement fonctionnant
a environ 150-200°C, avec des prix de collecteur
de l' ordre de 20 dollars par metre carre ou des
collecteurs fonctionnant a des temperatures plus
basses, mais coutant en consequence moins cher.
On ne pourra obtenir des prix de revient inferieurs
de I'energie que si l'on peut accroitre la longevite
des collecteurs sans augmenter en consequence
leur prix d'installation. Si, par exemple, les collec
teurs amortis sur six ans pouvaient etre amortis

9 Depuis la redaction de ce rapport, R. L. Hnmmel, auteur
du mernoire Sj15, a releve une erreur dans la determination
de I'energie produite par son collecteur de 1 mille carre, II suppose
un apport journalier moyen de chaleur de 400 Btu par pied
carre (1 080 Kcal par m2) qui, errvoye dans une turbine comme
propose par la General Electric Company en comptant 44 000 Btu
par kilowattheure (ll 000 Kcal par kWh) a pleine charge pro
duirait 92 X 106 kWh par an, et non les 29 X 106 donnes dans
son mernoire et rappeles dans le present rapport.

II faut noter que cette production corrigee est maintenant
beaucoup plus proche de celle estimee pour une « piscine solaire »
de 1 mille carre dans le mernoire Sj47, de 30 X 106 kilowatt
heure (1 mille carre = 2,59 kilometres carres).

Avec cette correction, le poste « collecteur » des frais de capital
du systeme propose par R. L. Hummel devient de 1 cent et non
3 cents comme indique plus haut dans ce rapport.

10 Cela n'est pas tout 'a fait exact; les collecteurs a basse tem
perature n'etant pas convergents, la valeur Q est plus elevee,

sur 15 ans, le prix de l'energie baisserait d'environ
2 cents par kilowattheure.

De nombreux consommateurs considereraient que
5 cents par kilowattheure constituent un prix raj.
sonnable pour l'energie dans les collectivites isolees
de sorte que les perspectives sont assez bonnes pou;
les centrales autonomes prefabriquees d- l'ordre
du kilowatt.

Pour les grandes centrales de la classe du n:,~gawatt,

un prix inferieur de l'energie est essentie., et l'on
doit mettre au point des types completemcrt diffs,
rents de collecteurs moins chers d'un ,dre de
grandeur par unite de surface. Deux sr» ;estions
ont ete faites, l'une utilisant des couvc: ures en
matieres plastique, et ayant par consc..: ?nt un
taux eleve d'amortissement, et l'autrc (1: piscine
solaire) n'utilisant pas de plastique et am tie sur
une periode plus longue. La piscine solair: ,c peut
etre realisee que si l'on res out certains Fi')lemes
serieux : les chercheurs israeliens ont land -n pro
gramme de recherche a cette fin, et, s'il reu It, cela
pourrait permettre d'obtenir des prix ('nergie
de l'ordre de 1 cent par kilowattheure.

Sujets de discussion proposes

a) Examen des memoires publies : les hyj- theses
des auteurs sont-elles valables? Leurs prop' .itions
sont-elles pratiques? De nouvelles suggestio: ; per
mettent-elles de corriger des erreurs de con -ption
des auteurs ?

b) Contributions (idees, methodes, concc,tions)
ala production de l' energie qui n' ont pas ete pr< »osees
jusqu'ici dans les mernoires imprimes : 'sur lee, 'oHee
teurs, sur les moteurs, sur l'exploitation de l' :1ergie
(venant completer la fourniture d'energie).

c) Besoins des pays sous-developpes 1uelle
sorte de fourniture cl'energie, a quelles fi'3, de
quelles puissances ? Une fourniture continuellc r : 'ener
gie est-elle indispensable dans certains cas? (~uelle

serait la charge de nuit comparee a la char..e de
jour? Les installations devraient-elles pOUVOl' ega
lement etre actionnees au combustible tradit.onnel
(pendant les saisons nuageuses), et de quelle sorte
de combustible dispose-t-on localement? Quand
l'electricite serait-elle necessaire ? Dans quels cas
l'energie mecanique suffirait-elle ? Si l'on ne fournit
que de l' electricite (de sorte que l' energie mec~tl1ique

devrait etre obtenue apartir de moteurs electriques].
dans quelle mesure cela fait-il obstacle a l'utilisation
des machines solaires ?

Dispose-t-on d'eau de refroidissement (c'est-a-dirs
quelles sont les temperatures de condensation ?).

d) Entretien et longevite de l'installation : les
populations locales peuvent-elles entretenir une
installation solaire (nettoyage des collecteurs, entre
tien des moteurs, montage initial)? Effet du climat
(vent, ternpetes, pluie, erosion, corrosion); effet des
animaux sauvages, termites, etc.

e) Possibilites de fabrication locale partielle ou
totale: problemes de transport du point de fabrica
tion au point d'utilisation.
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USE OF SOLAR ENERGY FOR MECHANICAL POWER AND ELECTRICITY
PRODUCTION BY MEANS OF PISTON ENGINES AND TURBINES

Rapporteur's summation

The conversion of heat to power is such an old
technology, and so much has been done in this
field, that new breakthroughs are hardly to be
expected. This is in contrast with the direct con
version systems covered in agenda item H.C.l (b)
that follows.

In the discussion of agenda item H.C.l (a), it
appeared that all we can hope to do is to chose
optimum conditions for the operation of machines
by sunshine, using known principles, such as hot
air engines, vapour turbines, and the like. Clearly
the question arises: With what does the solar power
machine have to compete? Is there local timber
or other fuel; can fuel oil be brought in at a reason
able price; is there an electricity network? One
of the good features of the discussion in the technical
session was that these questions were discussed in
relation to under-developed countries, and the
vital necessity of assessing the power needs of small
communities was stressed. A delegate from Burma
said that power in his country-in the remote areas
costs 15 cents per kWh, and this price could, in
my view, easily be matched by a solar machine
even with what is known today. As mentioned in
earlier discussions, it depends on what the power
is wanted for.

The discussion, and the papers submitted, divided
power units into small units of, say, one to 10 kW,
and larger units in the megawatt class. In the latter
case these would almost certainly have to compete
with conventional power units; the electric power
cost would therefore have to be low (below one cent
per kWh), and two papers discussed the interesting
possibilities of large-area collectors. Probably neither
of these authors would undertake to build such a
plant at this time, but the ideas expressed were
certainly interesting, both from a scientific and
from a technological point of view.

The emphasis in the discussion was clearly on
small units for the supply of limited amounts of
power to areas generally not connected to an electric
grid, where conventional fuels were either non
existent or extremely expensive. The thought seemed
to be that units were needed in the range of one
(or possibly 0.5) kW to about 10 kW, with somewhat
larger units (25-50 kW) for larger communities.'

The question, "What would these units be used
for?" is important in deciding what to construct.

lOne delegate thought 25 kW would supply the needs of up
to 1 000 persons.

Water pumping seemed an obvious use, with clectri
light not far behind. No one see!?ed too ''.'orrierl
about long-term storage guaranteeing a co.' mucus
supply, particularly in areas of under-ernpl "ment,
so that looms or other machines for local i: dustry
would work when there was sunshine; but a Cl ~~ree of
storage able to give, say, five hou:s of Jectric
lighting in the evening seemed ?~slrable -r the
social progress of many communities.

From the technical point of view, there wre the
traditional arguments: whether to have .. high
efficiency system operating at elevated tempt atures
and using an expensive collector system, art low
temperature, lower efficiency device using . .mpler
collectors. The final answers may come onI, ' when
we have built the prototypes of various kill '~ and
tried them out; paper studies are often decepi ve,

In determining the size of a unit, not 01 :y are
local needs to be studied but also the probl-rns of
transport and geographical location. One (i,legate
pointed out that in his country there we' ' very
poor roads between villages - indeed they w'. re not
roads but tracks - so that a solar plant neec!c", to be
easily transportable. In hilly country, ithould
be designed in small units, since there might iot he
a large enough area to accommodate a large c... ector,

There was not much discussion of solar eo cctors
for power since this subject had been di.ussed
in other sessions on collectors, and the pT' blems
are the same after working temperature ha been
decided. There was considerable discussion, hr.vever,
of new engine development; it included two \) 'man
strations.

Hot air engines were discussed, and an extr':mely
interesting small power model was exhibited. The
efficiency can be very high, and the only difflCulty
appears to be that it operates best at high tempera
tures, using solar energy concentrated directly into
the piston head. This would tend to limit the size
of device of this kind that can be solar opf'rated,

A vapour turbine operating at moderate temper~

tures was also described and demonstrated. This
turbine shows satisfactory efficiency (in relation to
the temperature of operation) and requires a rela
tively simple collector. This appeared to be the only
proposal for which even an approximate guess at
costs could be made, and the picture is quite en
couraging.s

2 This particular exhibit was an experimental model, designed
to show the lines of thinking and working; it is still quite a
long way from a prototype commercial installation.
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Rapporteur's summation 17

In the session on solar cooling, some sociological
difficulties were presented in attempts to get accep
tance of solar devices, such as solar cookers, that
may interfere with the individual habits of the
household or housewife, or of solar refrigerators
and air conditioners, which represent a new concept
in many cases. It seems unlikely, however, that the
solar power unit would meet with this kind of
resistance: everyone is familiar with other sources
of nower, such as the ubiquitous gasolene engine.
In'this respect, the task of introduction is much
easi- r.

Tr- usefulness of a power source in any community
- V::icularly if it does not require imported fuel
can ','e; recognized by almost any community leader
ship and certainly by governments. Thus, if the
price ;3 right and financing is possible, solar power
unir if technically satisfactory - a point stressed by
G. C. G. Lof - constitute an area of solar energy
utiliration having a future.

What are the prospects of practical solar power?
For large units: to produce centralized power at
a price competitive with large thermal or hydro
electric stations, we can say that there are some
ideas, but a great deal of work still has to be done
before there is any certainty of the economic and
technical viability of the proposed schemes. For small
units: the future appears bright; there is a range of
power prices with which the solar machine has to
compete, so that it is probably possible to get into
the top end of the range, i.e., a small area of the
potential market, even with what is known today.

As research proceeds and the capital cost can be
reduced, we can hope for an increase in the area
where solar power units are competitive. It is not
clear that we will progress to the point of satisfying
everyone's needs, but my personal feeling is that
a considerable and widening area of justifiable
applicability is in view if the present research pro
grammes are continued and expanded.



classiques sont introuvables ou extremernent chers,
II semble, de 1'avis general, qu'il faille conv.ruirs
des installations ayant une puissance de I'ordr- de 1
(ou peut-etre 0,5) jusqu'a environ 10 kW, ail ,1 que
des installations un peu plus importantes '% a
50 kW) pour les grandes collectivites 1.

II y a lieu de se demander, quand il s'at de
decider ce que 1'on va construire, a quoi servirr.i.t les
installations. Le pompage de l'eau est apparu c.-rnrne
une utilisation evidente de l' energie solai..', la
production d'electricite venant ensuite. Nl1 n'a
semble s'inquieter outre mesure de la conserx .ition
de l'energie pendant une longue pericde, ce qui ecSSU

rerait la continuite de 1'approvisionnement, notam
ment dans les regions de sous-emploi, de sort: que
les metiers ou autres machines utilises par I'indnstrie
locale continueraient a fonctionner meme en .'ab
sence de soleil; mais il a semble souhaitablc pc'r le
progres social de nombreuses collectivites de pm voir
accumuler l'energie solaire de maniere a for..nir,
par exemple, cinq heures de courant pour I'ecla rage
pendant la soiree.

Du point de vue technique, on a precede .l la
discussion classique, en se demandant si un sys. ,:~me

de grand rendement fonctionnant ades temperat ires
elevees et utilisant un collecteur couteux est ,IT(~

Ierable a une installation de moindre rendenent
fonctionnant a basse temperature et utilisant un
collecteur plus simple. On ne pourra donner une
reponse definitive qu'apres avoir construit et ex] eri
mente divers prototypes, car les etudes theori, ues
sont souvent trompeuses.

Quand on determine les dimensions d'une instal
lation, il faut etudier non seulement les besoins
locaux, mais encore les problernes de transport et la
situation geographique. Un participant a fait observer
que dans son pays les villages n'etaient relies entre
eux que par des routes tres mauvaises - ou plutot
des pistes -, de sorte qu'il fallait qu'une installation
solaire soit .facilement transportable. En pays acci
dente, les installations doivent etre concues sous
forme de petites unites, car il se pourrait qu'on n'y
trouve pas une surface assez etendue pour implanter
un grand collecteur.

La question des collecteurs d'energie solaire n'a
pas ete etudiee longuement : elle 1'avait ete an cours
d'autres seances speciales, et les problemes sont les

UTILISATION DE L'ENERGIE SOLAIRE POUR LA PRODUCTION D'ENERGIE
MECANIQUE ET D'ELECTRICITE AU MOYEN DE MOTEURS ALTERNATIFS

ET DE TURBINES

Resume du Rapporteur

La conversion de la chaleur en energie est une
technique si ancienne et qni a fait 1'objet de tant de
travaux qu'on ne doit guere s'attendre a de grandes
decouvertes nouvelles; la situation est inverse en
ce qui concerne les systemes de conversion directe
de l'energie dont traite le point H.C.I, b, de 1'ordre
du jour.

Au cours de 1'examen du point H.C.I, a, de 1'ordre
du jour, il est apparu que tout ce que 1'on peut
esperer est de choisir les conditions optimales de
fonctionnement d'appareils solaires dont le principe
est deja connu : moteurs a air chaud, turbines
a vapeur, etc. Manifestement, la question se pose
de savoir avec quoi la machine solaire devra entrer
en competition. Trouve-t-on sur place du bois ou
un autre combustible? Le petrole peut-il etre amene
a un prix raisonnable? Existe-t-il un reseau de
distribution d'electricite ? Un des avantages de la
discussion en seance technique est que 1'on a examine
ces questions du point de vue des pays sous-develop
pes et souligne la necessite vitale d' evaluer les
besoins energetiques des petites collectivites. Un
participant birman a dit que dans son pays - tout
au moins dans les regions isolees - l'energie cofrte
15 cents le kilowattheure, tarif qui pourrait, a mon
avis, etre facilement concurrence par celui de I'elec
tricite solaire, meme en l'etat actuel des connais
sances. Comme on 1'a dit precedemment, cela depend
de 1'emploi que 1'on veut faire de I'electricite.

Au cours de la discussion, et dans les memoires
presentee a la Conference, on a distingue parmi les
installations energetiques les petites installations
d'une puissance de 1 a 10 kW environ et les grandes
installations d'une puissance de 1'ordre du megawatt.
Ces dernieres devraient presque a coup sur entrer
en competition avec les centrales classiques; il
faudrait done que le cofrt de l'electricite soit peu
eleve (inferieur a 1 cent par kilowattheure), et deux
memoires ont examine les possibilites interessantes
qu'offrent les collecteurs de grande superficie. Sans
doute ni 1'un ni I'autre auteur ne voudrait-il entre
prendre la construction d'une pareille installation
a1'heure actuelle, mais les idees qu'ils ont avancees
presentent un interet certain, aussi bien du point
de vue scientifique que du point de vue technique.

Au cours de la discussion, on a mis tres nettement
au premier plan les petites installations cap abIes
de produire des quantites limitees d'electricite dans
des regions qui ne sont generalement pas reliees . . . .,. ." istributi . 1 Un participant a estime qu une puissance de 25 kW couvn-
a un reseau de distri ution et ou les combustibles rait les besoins d'un millier de personnes.
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Resume du rapporteur 19

memes une fois qu'on a pris une decision quant a la
temperature de fonctionnement. Mais on a longue
ment parle, en revanche, de progres concernant de
nouveaux moteurs, et deux demonstrations ont Me
faites.

Les moteurs a air chaud ont fait l'objet d'un
debat, et un modele de petite puissance extremernent
interessant a ete expose. Le rendement de ces moteurs
peut etre tres eleve ; leur seul inconvenient, semble-t-il,
est quils fonctionnent le mieux aux temperatures
elevees ',I on concentre l' energie solaire directement
sur la tete du piston. Cet inconvenient aurait pour
effet de limiter les dimensions d'un appareil de ce
genre rr: Cl par l' energie solaire.

Une ..irbine a vapeur fonctionnant a des ternpe
rature- oyennes a ete egalement decrite et exposee.
Elle a x.n rendement satisfaisant (compte tenu de la
temper .ure de fonctionnement) et ne necessite
qu'un '</ecteur relativement simple. Cet appareil
est, se:.xle-t-il, le seul pour lequel on a donne ne
ffrt-ce (" 'une idee approximative du prix eventuel,
et les<;ispectives sont tres encourageantes 2.

Au c,rs de la seance consacree a la production
de froi-: ':ar l' energie solaire, on a signale les diffi
cu1tes~'nrdre sociologique auxquelles on s'est
heurte Lrsqu'on a voulu faire accepter l'utilisation
d'appa-rils solaires, tels que des cuisinieres, propres
a modi: :~r les habitudes d'un menage ou d'une
rnenagi :, ou des refrigerateurs et climatiseurs qui
sont .: bien des cas des innovations. Mais il
para:il, ',: vraisemblable que l'installation d'ap-
pareils oroduction d' electricite solaire rencontre
ce gee resistance, car tout le monde connait
d'autr.. ,](~rateurs delectricite, comme le moteur

2 L'aF:::.:,;] expose ri'ctait qu'un modele experimental destine
a faire L ;~1Cmstration de la conception et du fonctionnement;
ce n'est Pc's, loin s'en faut, un prototype d'installation commer
ciale,

a essence que l'on trouve partout. A cet e15~rd, le
travail de presentation devient bien plus aise,

L'utilite d'une source d' energie dans une collec
tivite - notamment si cette source ne necessite
pas l'importation de combustible - peut etre
admise par presque tous les chefs de collectivite,
et a coup sur par les gouvernements. Ainsi done,
si le prix est raisonnable et le financement possible,
les generateurs solaires, a condition d' etre satis
faisants du point de vue technique - aspect sur
lequel G. O. G. LOf a insiste -, sont une categoric
d'appareils qui donnent a l'utilisation de l'energie
solaire un avenir certain.

Quelles sont les perspectives d'utilisation de
l'energie solaire? Pour les grandes installations, il
s'agit de produire de l'electricite a un prix qui
permette la concurrence avec les grandes centrales
thermiques ou hydro-electriques: on peut dire que
les idees sont la, mais il reste fort a faire avant de
garantir avec certitude la rentabilite econornique
et technique des projets proposes. Pour les petites
installations, l'avenir apparait brillant : I'eventail
des prix de l' electricite est tres ouvert et les gene
rateurs solaires doivent pouvoir fournir de I'elec
tricite a un prix competitif, probablement au haut
de l'echelle des tarifs, c'est-a-dire dans un petit
secteur du marche futur, meme en l' etat actuel des
connaissances.

Au fur et a mesure que les recherches se poursuivent
et que les frais d'equipement diminuent, on peut
esperer elargir le secteur dans lequel les installa
tions solaire sont competitives, Nul ne sait si les
progres seront tels qu'ils permettront de satisfaire
les besoins de chacun, mais, a man avis, il est pos
sible d' envisager un secteur considerable et qui ira
s'elargissant, dans lequel il est justifie de mettre
en ceuvre des techniques d'exploitation de l'energie
solaire, a condition de poursuivre et d'intensifier
les programmes actuels de recherche.
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THERMAL MACHINES FOR THE CONVERSION OF SOLAR ENERGY
INTO MECHANICAL POWER

Luigi D'Amelio*

(as used hereafter, the expression "solar m;,chine"
indicates a steam or hot-air thermal machine) has
not been constructed. It can also be safelv stated
that, with the very rare exception of 11;;chines
having a limited power output (fractions of ;; horse
power), no specimen is at present in OpCE,; .on on
an industrial basis, in the commonly et. cepted
meaning of those words. It may be therefore worth
while to investigate the cause of the failure in the
development and adoption of solar machine..

Recent models of solar machines with con -entra
tion of solar radiation do not show any appr-ciable
difference especially when examining the boiler
section, from the model developed by lI.~mchot

(1886-1872) or the one developed by Frank Se .uman
(1913, Meady, Egypt) which succeeded in prc.iucing
63 bhp, though it had to be provided with 1 2<:: I sq ill

of insolated surface with a concentratioi. ratio
of 4.5 to 1. Among the solar machines ., ithout
concentration of solar radiation, one of tl1 most
interesting is still the model developed by Frank
Schuman, which had a 3 hp output and an f: sq ill

insolated surface. Shall we then be led to L: con
clusion that half a century of intense progr· -s has
had no influence in this field?

It may be stated that in some respects, 1 Jgress
itself has hindered solar machine develo: ment,
inasmuch as it has contributed to an ever-in. :.asing
distribution of electric energy or energy produr.d by
small internal combustion engines at ever-cl-creas
ing cost, thereby making competition ext cmely
difficult.

However, though limiting the adoption of solar
machines to the areas mentioned above and to
comparable ones, it might be questioned whether
solar machine design has fully utilized the progress
that has been achieved today. In my opinion,
solar machine design has failed to utilize the means
that progress, from time to time, has made available
to it.

If we study solar machines with concentration
type collectors made of parabolic mirrors or parabolJc
troughs composed of several flat mirrors arranged
on a parabolic framework, we notice that researchers
have devoted their efforts to increase the thermo
dynamic efficiency of the machine by augmenting
the concentration ratio and raising the collection
temperature, trying at the same time to reduce
heat losses in the boiler located in the focus of the
concentrator. The brilliant and ingenious solutions
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While methods for the direct conversion of solar
energy arriving on the earth into electric energy
are being developed, or even better, while methods
presently in use for such con version are brought
to acceptable economical levels, the old solar machine,
i.e., the steam or hot-air thermal machine fed by
solar heat collected either by concentration of solar
radiation on surfaces of limited extension or by
direct insolation of flat surfaces exposed to sun-rays,
may still prove useful, especially in areas where
lack of widespread distribution of traditional type
energies, electric or fuel-born, makes energy pro
curement difficult and expensive, and where solar
energy is available at a convenient intensity and
with suitable presence diagram (Arizona, California,
India, North Africa, etc.).

Objectively, any conception that a solar machine,
specifically a thermal machine driven by solar heat,
may economically compete with traditional type
energies wherever they are available at normal costs,
would prove illusory inasmuch as solar energy
presents conspicuous disadvantages with respect to
the former, such as intermittence in its present
diagram and storage problems, over and above
the economical factors which, independently of
the specific type of energy considered, burden all
self-producers of small quantities of energy.

The solar machine may therefore be beneficially
employed, especially when no operational continuity
is required, i.e., for irrigational purposes in areas
where water is to be raised from limited depth.
Solar energy, however, together with wind energy,
offers a great advantage as compared with traditional
type energies: it is available at no cost and neither
requires a distribution system nor necessitates
transportation from source. In other words, it can
effectively substitute for other forms of energy
wherever distribution costs to the site of the latter
become prohibitive.

However, it is imperative that solar machines
become positively practical and the cost of the unit
of energy produced, inclusive of all ordinary and
emergency maintenance charges, settles at a level
comparable with that of traditional type energies
furnished on site and inclusive of all the aforesaid
factors.

At this point, it would be advisable to remark
that, as of today, a truly practical solar machine
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devised so far, while leading to even more efficient
models, have resulted in the construction of machines
that are more suitable for laboratory than for
industrial utilization and that are complicated
and have high ordinary and emergency maintenance
costs, limited life and, above all, ever-increasing
operational difficulties.

In order to spread the use of solar machines,
the economical factor, i.e., the cost of ready-for-use
energy inclusive of all economical burdens, should be
given utmost consideration. In my opinion, this
cost, as determined by the employment of COn
centrakr-collector systems, cannot be brought down
to acceptable levels, especially because of mirror
wear-- and glass mirrors wear rapidly-of mirror
delicacy and maintenance and of the necessity for
expensive orientation during insolation hours and
because of the problems resulting from fully auto
matic oi·eration.

The fiat collector systems, utilizing fiat, glass-top
boxes directly exposed to sun-rays, appear to be
free from many of the disadvantages listed for
concentrator-collector systems, but on the other hand,
because qf the smaller temperature drop between
hot and cold sources, they require, of necessity,
a larger, although less expensive insolated surface.

It mav be noted that the difference between the
two systems lies in the following: with reference
to the 11l1i t of energy produced, the first system
requires smaller insolated surfaces at a higher unit
cost, while the second requires larger insolated
surfaces a I smaller unit cost.

A corn parison between the two final products
is fundamentally important: in concentrator-collector
systems, I he insolated surface is progressively reduced
w~i~e tl:e concentration ratio is increased, thereby
ralSlng tL: initial temperature. The cost of the final
product per unit of energy and under identical
condition., of insolation, air transparency, tempera
ture, etc., has definitely increased, while the solar
m~~hine has constantly drawn away from economical
ut~lIzatic)i and acceptable operating conditions.
WIth respect to the fiat collector system, it can be
affirmed that the same end results have been attained
during th''Se past years. Attempts have been made
to reduce heat losses from fiat boxes directly exposed
to su~-rays by encasing them in thermally insulated
contamers. Heat losses through the side facing the
sun .have also been reduced through the application
of smgle or double glass tops. Furthermore, systems
have been developed to have the boxes continuously
o.nentated in such a manner as to keep the insolated
SIde p~rpendicular to sun-rays. Finally, and this is,
very likely, the most serious mistake that has been
mad~, consideration has been given to the problem of
n:akmg the unit mobile, thereby developing expen
srve steel-bearing structures. It may be safely stated
that through the addition of these various features,
the ~ost of one sq m of insolated surface doubles
or tnples the cost of an equal size surface of a simple,
flat box, exposed to solar radiation, with no thermal

insulation, no glass tops, no orientators, and fixed.
Such an increase occurs without the "active" surface,
intended to produce more energy under the conditions
indicated above, being proportionally reduced. The
installation cost per unit of energy has therefore
increased while the economical convenience has,
of necessity, decreased.

As a result of all the above, the effective utiliza
tion of solar machines has become more remote
and industrial applications almost obliterated. It
may be added that, in order to make a solar plant
acceptable, or rather, to make its cost acceptable,
the trend is towards small power output installations,
i.e. fractions of a horsepower, sometimes down to
hundredths of a horsepower. It is evident that on
this scale, the cost of a power unit, though obtained
from traditional fuels, becomes prohibitive and
plant operation absurd, especially if it requires the
services of one person.

We are now faced with the following question:
is it at present possible to construct a 2 or 3 hp
solar machine that, under the above-mentioned
conditions and in areas of limited electric energy
distribution, may produce energy at economically
acceptable levels?

Whoever has lived in the countryside, on farms
located away from electric power distribution lines,
knows by direct experience how useful it may prove
to have, even for a few hours a day, a small power
capacity to employ for irrigation purposes, to produce
limited quantities of electric energy to be stored
for farm use, etc. To realize this fact, one may
recall the several thousands of wind-driven motors
installed in areas where the diagram of wind presence
indicates fairly constant conditions. It should be
noted that an economical size wind-driven motor,
of current model, with a wind-speed of 5 to 7 metres
per second, and with a 6-metre diameter propeller,
furnishes for a few hours per day a power output of
less than 1 hp. It should also be noted that the power
output diagram of such a motor is highly irregular
and that costly storage facilities have to be installed
if energy is drawn at a constant rate. In addition
to that, a wind-driven motor is very expensive
and leads, especially in hurricane areas, to very
high maintenance expenses.

As compared with wind-driven motors, solar
machines, installed in suitable areas, offer the
advantages of continuous reliable operation, though
limited to four or five hours a day, and of not being
endangered by energy paroxysms which often
destroy complete installations. The field of appli
cation of solar machines is therefore considerably
wide and it is worth studying the problems connected
to them with the intent of finding solutions econo
mically acceptable.

As a result of the foregoing, the solution, in my
opinion, is to be found in a solar machine reduced
to its most simple expression, with respect to instal
lation costs, maintenance expenses and operational
features.

2
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Flat collector solar machine

It may be usefui to recall, at this point and in
very general terms, the operation of a flat collector
solar machine. The machine is made of several
components which may be examined separately:

(a) A flat surface, exposed to solar r.adiation and
oriented in such a manner as to remam as long as
possible perpendicular to sun-rays. This sur~ace
absorbs the solar heat while its temperature rises
to the value Tl;

(b) A boiler, operating at temperatures slightly
different from surrounding values. It receives the
collected heat and utilizes it to evaporate a suitable
type fluid at a temperature T2 and a pressure p2;

(c) A steam engine, normally of a recipr~cating

type, which utilizes the vapour produced m the
boiler and discharges it at a temperature T3 and a
pressure p2;

(d) A condenser, in which the vapour conv~rts

back into liquid form ready for re-use in the boiler.
The condenser is fed by a cooling medium, air or
water, at a temperature T4.

COLLECTION

Flat surface

A flat surface, exposed to solar radiation, absorbs
a certain quantity of heat which is determined by the
value of the temperature attained and the heat
losses. These losses, in turn, depend upon the thermal
insulation of the surface considered, both from radia
tion and conduction-convection. The difference Q
between the collected heat and the heat losses is the
quantity of heat available for utilization in the
machine.

Under equal values of insolation and thermal
insulation, and under equal surrounding conditions,
Q is determined by the temperature of the flat
collector and decreases rapidly as the temperature
rises. At a certain value Te of the temperature, the
heat losses will balance the input. Under these
conditions, Q becomes zero and therefore, notwith
standing the maximum temperature drop between
the collector and the condenser which results in the
maximum thermodynamic efficiency, the mechanical
work attainable from the engine is zero, this being
the value of the quantity of heat available for the
cycle.

Similarly, if the collection is made at the same
temperature of the condenser T3, the quantity Q
of heat available for the cycle would be the maximum,
but no mechanical work would result, the tem
perature drop being zero.

Between these two limits, the optimum tempera
ture Tm may be placed, by experiment, depending
upon the location and the type of machine used, and
noting that the maximum theoretical work is

T2-T3
L =427 Q X --y'2-

where Ts are absolute temperatures. The engine
follows a Rankine rather than a Carnot cycle, but
in the case of close temperature values, like those
under consideration, differences between economical
coefficients and the two cycles are negligible.

It should be noted that the engine operates be
tween the isothermal lines T2 and Tl during evapo
ration and T3 and T4 during condensation; its
maximum theoretical efficiency is as indicated above.
T2 should therefore be close to Tl, and T:, to Ts,

Boiler

The heat collected may be conveyed to th. boiler
in several ways. It may be conveyed direr dy, by
welding on the back of the flat plate exp, sed to
solar radiation a flat coil containing the Ir.iid to
evaporate; or it may be conveyed indirec v. by
transferring the heat to a medium-water- which
conveys the heat to the boiler where the ;·,at is
released to the fluid to evaporate through the boiler
walls. In this case, the insolated flat plate cor.-ritutes
the upper surface of a sealed box where wrter is
circulated.

It should be noted that the advantages \-ffered
by the first system are only apparent; the coil \ elded
to the flat plate acts like a finned tube which ('ntails
taking into account the efficiency of the fin, i. ., the
fact that the heat collected by the fin cannot be
transferred to the foot of the same-the welding v-and
hence to the coil, but by conduction along he fin
itself. The average collector temperature must
therefore be higher than that of the coil and d the
liquid to evaporate. The resulting temperatur drop
cannot be neglected.

On the other hand, in the case of heat tr insfer
through a water medium, because of the higl. wall
water thermal conductivity and the limited .hick
ness of the wall, the water covers the entire ins lated
surface and its temperature becomes very ck se to
the collector's temperature with no apprc, iable
resulting temperature drop.

The water conveyed to the boiler will r.Iease
its heat to the fluid through the boiler walls, thereby
originating a temperature drop.

In properly designed machines, both systems,
coil and water transfer, are, with respect to tempera
ture drops, practically equivalent. This is not the
case when air is used as a transfer medium. The low
wall-air thermal conductivity determines a far greater
temperature drop.

When considering that a solar machine of the
type described requires approximately 40 sq m of
exposed surface per horsepower during hours of
optimum insolation, it can be easily imagined what
complications will result in a plant whose boiler,
though made of a simple finned coil, extends on a
surface which, for a 3 hp output, would be approxim
ately 100 sq m. Being, of necessity, made in sections,
its installation would require numerous vapour-tight
couplings and joints, with the impending threat of
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possible leaks of an expensive and not readily
available item.

The coupling of boxes containing water at a
pressure close to surrounding values is easier and
simpler.

As water boxes are more commonly used, it may
be worth while examining their structure. As men
tioned above, there are two trends in water-box
construction. The first calls for a thermal insulation
of the generally short and rectangularly shaped
box, to be effected, on the five unexposed sides, by
means of a wooden casing containing the thermal
[nsulation, and on the insolated surface, by a double
glass tC;' with an air chamber which acts as a heat
trap. Tl. second trend, surprisingly almost ignored,
calls fo: he simplification of all components, cur
tailing' ',:'fmal insulation, and prescribing the laying
of water boxes on straw beds or directly on soil, in
still air ,:i,'as or where suitable protection from wind
. 'I !'IS avau., 31e.

It is 'c .rident that with the latter arrangement,
the eq; librium temperature Te, the optimum
ternpera.r rt Tm and the available heat Q all decrease;
in other .ords, the efficiency per square metre of
insolated surface decreases. For example, with an
assumc.i c-mdenser temperature of 20°C, experiments
made ;;l Tripoli and Bengasi, in areas protected
from win.i action, indicated that a simple water
box had :'. thermodynamic efficiency slightly over
one-half [Ild of a water box thermally insulated on
five siclt.:~. and covered by a double glass top on the
insolated surface, Specifically, while under experi
mental (,lnditions, 30 sq m of insulated water
boxes '-'.\.~ required for each hp output, 50 sq m
were rec, r.rod when using simple boxes. However,
it shoui.. h: noted that the 50 sq m of simple water
boxes \\.~' considerably less expensive than the
30 sq n. ,.. f insulated boxes.

It is .dent that, on account of the extensive
insolate.: . La-face, the application of orientators to
solar m";:;l1l:s of this kind is not feasible, if no
excessivei ,ctallation costs are to be incurred. However,
:vith a. Gc.:ee] orientation during hours of optimum
insolation. the lack of continuous orientation has a
limited i.nuortance.

Great :t,lvantages may be obtained through the
use of plastic material in water-box manufacture.
The low thermal conductivity of this material gives
It, though partially, thermal insulating properties.
Because of the workability of plastics, the manufac
ture of boxes with strengthening ribs constitutes no
problem.

In plastic boxes the surface exposed to solar
radiation is either made of a metal sheet suitably
~tt~d to the box, or by a transparent plastic sheet
sI~Ilar to the one used in the Schuman plant at
PhIladelphia (1909).

The employment of plastics may constitute one
of the most important innovations made possible
by progress.
. Selective surfaces may also be utilized as collectors,
III aCcordance with more recent trends. At present

neither the efficiency nor the cost of selective surfaces
is fully known. These surfaces, however, have to
be protected by glass.

It is my opinion that flat collector solar machines
may undergo practical development when plastic
water boxes and selective surfaces are made available.
Selective paints should be also mentioned at this
point; they offer the advantages of easy renovation
and low cost, but they also have to be subjected
to further development.

To conclude, a solar machine thus designed may
be considered a warm water engine of the type
developed and widely employed with good results
in other fields (thermal waters, waste waters, etc.}

The delivery of heat from the collector to the
boiler is effected by water. It should be noted that
effective water circulation will result in a heat
transfer at a higher average temperature. It is
emphasized, however, that certain limits should
not be exceeded on account of friction losses.

Heat transfer at the boiler is made through its
walls. In order to reduce the temperature drop for
a given quantity of transferred heat, the contact
surface will have to be increased. This increase will
result in a larger amount of evaporating fluid being
required to cover the contact surface with a minimum
thickness. The cost of the fluid charge may therefore
become very high, if not prohibitive. Furthermore,
because these machines will be employed mostly in
the countryside, a possible breakdown may cause
the entire charge to leak out. In thermal-water
engines, which operate within the same temperature
range, this inconvenience has been eliminated in a
very simple manner whose adoption in solar machines
is recommended.

The plant boiler, of necessity large in volume,'
instead of being filled with fluid, is filled with water,
hereafter designated as "water support". The heat
is therefore transferred from the water circulating
in the collectors to the water support through the
boiler walls. The water support may be utilized
at high pressure values. Because of the extent of the
contact surface, the heat transfer is effected with
a small temperature drop.

The fluid is introduced as a spray jet into the
water support inside the boiler. The fluid should not
be mixable with water; because of its low boiling
point, ethyl chloride may be used. On account of
the vast contact surface, the heat exchange between
the water support and the fluid drops takes place
with no appreciable temperature drop. The evapora
tion of the fluid inside the water activates an intense
circulation of the latter inside the boiler, thereby
augmenting the thermal conductivity between the
collector water and the water support.

The vapour thus obtained is a mixture of steam
and ethyl chloride vapour, in quantities inversely
proportional to their pressures. Because of the
pressure values, the mixture contains almost exclu
sively ethyl chloride vapour, and acts practically
as ethyl chloride vapour.
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Engine

With respect to the reciprocating eng.ine, ~he
progress in the technique of small refnge:atm~

plants has led to so many improvements ~nd simpli
fications in the shaft egress seal that designers have
been completely relieved of the worry of fluid
leaks; the same applies to the fluid feed pump.
Such an installation may operate with a fluid charge
of a few kilogrammes only, while the machine requires
several tens of kilograms per hour.

Condenser

The condenser is a common surface-type condenser;
it should be noted however, that the cooling water
comes from the well and is raised by the machine;
it is thus not available when starting the machine.
An auxiliary cold water storage tank is therefore
required.

Conclusions

The above notes are not intended to furnish the
solution of the difficult problem concerning the

development of a solar ma.chine ac.ceptable on both
an industrial and economIcal baSIS In areas par
ticularly favoure.d by insolation. T~e 'p'urpose of these
notes is to indicate that a pOSSIbIlIty of such a
development exists and to illustrate a line to follow.

Much remains to be done through studies and
experiments prior to attaining practical results: the
utilization of plastics to obtain economical, strong
and heat-saving boxes; the manufacture of flat
collectors consisting of selective surfaces truly
efficient, economical and durable; the utilization of
selective paints which can be easily applied to
surfaces exposed to solar radiation; the reduction of
temperature drops in heat exchanges; the fluid
charge in connexion with the development of ~ngines

run by vapour admixtures of unmixable liquids;
the. employment of recent-type seals for steam
engines.

Simple machines, easy to operate and maintain >

this should be the fundamental trend. Research has
still a long way to go, but economical solutions are
feasible and can be achieved. It is hoped that this
conference will constitute an incentive towards more
efficient and productive research.

Summary

The direct conversion of solar energy into electric
energy, successfully experimented with during the past
years, is still very far from having economically
acceptable applications on an industrial basis. While
awaiting further developments which, we hope,
will make such a conversion economically possible,
the old solar machine, consisting of a thermal engine
run by steam or hot air, may still be usefully employed
in areas where a good insolation diagram can be
obtained and where a widespread distribution of
traditional-type energies, such as electric energy
and energy produced by internal combustion engines,
is not available.

Wind-driven motors can furnish limited amounts
of energy in windy areas. However, their output
diagram is very irregular. By contrast, solar machines
present, during insolation period, very regular dia
grams and, as compared with wind-driven motors,
offer the advantage of not being damaged or de
stroyed when wind energy becomes abnormal, i.e.,
during hurricanes.

Solar machines, with or without concentration
of solar radiation, have failed, so far, to reach a stage
where true economical and industrial applications
are possible. An investigation of the cause of this
failure reveals that it has been determined by eco
nomical convenience, rather than by thermodynamic
considerations.

Solar machines have been equipped with concen
trating mirrors of ever-increasing cost or with flat
collectors whose glass tops and accurate thermal
insulation have greatly contributed to raise installa
tion costs per unit of power and per unit of energy

to exceptionally high levels which become definitely
prohibitive when charges for ordinary and -mer
gency type maintenance, operating personnel, etc.,
are added.

The problem should therefore be examined from
a different angle, by investigating the possibil ity of
simplifying solar machines and reducing their costs
through the utilization of the new material I) that
progress has made available.

In view of the fact that concentrator-collector
systems are not likely to fall within the established
economic limitations, mainly because of n.irror
maintenance and wear and of expensive orientotors,
attention should be devoted to flat collector systems.

By proper utilization of plastics, it would be
possible to obtain collectors which do not require
thermal insulation-thereby eliminating the costly
insulating casings-and which can be laid directly
on the ground, with no orientators.

Similarly, by eliminating glass tops, it would be
possible to obtain collectors which, though less
efficient, would furnish a power unit which would
entail a larger insolated surface but would be obtained
at a lesser over-all installation cost as a result of the
decreased unit cost of the insolated surface.

Insolated surfaces may consist of selective surfaces
which greatly improve collector efficiency and reduce
the area required per power unit. .

Insolated surfaces may also be coated with selec
tive type paints with improved economical results.

Unfortunately, both selective surfaces and paints
are not at present available on open markets, nor
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are their cost and efficiency known. It is hoped that
both items may soon become available at reasonable
costs, since the development of flat collector solar
machines is dependent, to a great extent, on this
factor.

Without taking into consideration systems whose
boiler consists of a finned tube (i.e., one which contains
the fluid to evaporate and is directly exposed to
solar radiation and which, because of the extent of
the coil, leads to large-size units requiring great
quantities of expensive and not readily available
fluid, which, should any leakage occur, as often
happens ill this size boiler, is lost), attention should
be drawn to flat box collectors where circulating
water conveys the collected heat to a compact and
strong boil,') and releases it to the fluid by conduc
tion throu ,;h the boiler walls.

To reduce the fluid charge and the possibility of
costly lea 1.::iges, the use of machines run by vapour
mixtures of unmixable liquids is recommended.
In this case, the boiler is filled with water, designated
as "water -upport", to which heat is transferred
by the \YZ,t"! circulating through the collector. The
fluid to cv.iporate is spray-injected into the water
support and evaporates with no appreciable tempera
ture drop. The fluid to be used should not be mixable
with water and, at temperatures ranging from
40°C to 5(1('C, should present high-pressure values of
saturated V:1lJOur. Ethyl chloride, for example, meets
these requirements. If ethyl chloride is used, the
vapour obtained, which is a mixture of steam and
ethyl chloride vapour in quantities directly propor
tioned to tlicir pressures, contains almost exclusively

ethyl chloride vapour and acts practically as such.
Under these conditions, a fluid charge of only a few
kilogrammes may be sufficient to operate a machine
which requires a few hundred kilogrammes of
vapour per hour. In other words, with respect to
ethyl chloride, the boiler may be considered an
instant vaporization type unit. Many other fluids
may be used in lieu of ethyl chloride.

The steam engine may be of the reciprocating
type, and good use should be made of vapour seals
recently developed for. small refrigerating plants,
which have now reached high performance standards.

The condenser should be of the surface type.
Sizes of boiler and condenser heat transfer surfaces
should be large enough to reduce temperature drops.
I t would be necessary to provide the condenser with
an auxiliary cold-water storage tank to make starting
operations possible. During normal operation, the
condenser is fed by the water pumped from the well.

By adopting the recommendations outlined above,
a strong solar machine offering sound economical
prospects could be developed, though it would
require rather large insolated surfaces (from 40 to
50 sq m per horse-power).

A machine manufactured in accordance with the
above-mentioned criteria may prove useful in areas
of good insolation (Arizona, India, Africa, etc.),
especially with respect to irrigation problems. Power
output should not exceed 2 or 3 hp. Unit costs of
energy thus obtained may successfully compete with
unit costs of traditional type energies which, of
necessity, differ considerably from current values
in areas with widespread power distribution.

MACfHNES THERMIQUES POUR LA CONVERSION DE L'ENERGIE SOLAIRE
EN ENERGIE MECANIQUE

Resume

La conversion directe d'energie solaire en energie
electriquc. sur Iaquelle on a fait des experiences avec
succes au cours de ces dernieres annees, est encore
tres loin cl'en etre ades applications economiquement
acceptablcs sur une base industrielle. En attendant
que de nouveaux progres rendent une telle conversion
ecoil.01.niqucmcnt possible, ainsi que nous l'esperons,
la vieillo machine solaire constituee par un moteur
!hermique, ;\ vapeur ou a air chaud, peut encore
e!re.utiliser, avec succes dans les regions all on peut
re~hser un bon diagramme d' ensoleillement et ou
f~~t de~aut une distribution generalisee des types
d energle classiques, comme I'energie electrique et
l~ fo:ce motrice produite par les moteurs a combus
tIon interne.

. ~e~ moteurs eoliens peuvent fournir des quantites
l1l11Itees d'energie dans les regions all il y a beaucoup
de vent. Leur production est cependant tres irregu-

liere. Par contre, les machines solaires presentent
pendant la periode d'insolation des diagrammes tres
reguliers si on les compare aux eoliennes ; eUes offrent
l'avantage de ne pas etre endommagees ou detruites
quand I'energie eolienne devient anormale, c'est-a
dire pendant les ouragans.

Les machines solaires, avec ou sans concentration
du rayonnement, n'ont pas encore atteint jusqu'a
present le stade all des applications veritablement
economiques et industrielles sont possibles. Une
etude des causes de cet echec montre que ce sont
des questions d'ordre economique plutot que des
considerations thermodynamiques qui l'expliquent.

Les machines solaires ont He dotees de miroirs de
concentration, de plus en plus cofrteux, ou de collec
teurs plats dont les couvertures en verre et l'isolement
thermique complet ant beaucoup contribue a aug
menter le cmIt d'installation par unite de puissance



Piston en~ines and turbinesn.c.! (a)

et par unite d'energi~, p~ur le~ port.er a des niveaux
exceptionnellement eleves qu~ devIennen~ fr~nche
ment prohibitifs quand on y ajoute l~s frais d ~ntre
tien ordinaires et d'urgence, ceux qm sont afferents
au personnel d'exploitation, etc.

11 convient done d'examiner le probleme sous un
angle different, en .etudiant ~a pos,sib~lite de simplifier
les machines solaires et d en redmre les frais par
l'utilisation de nouveaux materiaux que les progres
ont rendus disponibles.

Etant donne que les systemes concentrateurs
collecteurs ne tomberont probablement pas dans le
cadre des limites dictees par des considerations
economiques, principalement en raison de l'entretien
et de 1'usure des miroirs et des dispositifs d'orienta
tion, qui sont fort cofrteux, on s'attachera a l'etude
des collecteurs plats.

En faisant judicieusement appel aux matieres
plastiques, il serait possible de realiser des collecteurs
n'exigeant pas d'isolement thermique (ce qui elimi
nerait les cuvelages isolants couteux) que 1'on pour
rait poser directement sur le sol sans dispositif
d'orientation. De merne, en elirninant les couvertures
en verre, il serait possible de realiser des collecteurs
qui, tout en ayant un moindre rendement, fourni
raient des unites de puissance comportant une plus
grande surface ensoleillee, mais s'acheteraient a de
moindres prix d' ensemble par suite de la diminution
du prix unitaire de la surface ensoleillee.

Les aires ensoleillees peuvent etre constituees par
des surfaces selectives qui augmentent beaucoup le
rendement du collecteur et reduisent la surface
necessaire par unite de puissance.

Les surfaces ensoleillees peuvent egalement etre
recouvertes de peinture d'un type selectif, avec une
nette amelioration des resultats economiques,

Malheureusement, ni les surfaces selectives ni les
peintures selectives ne sont actuellement disponibles
sur le marche libre; d'autre part, leur prix et leur
rendement sont inconnus. Il est a souhaiter que ces
surfaces et peintures soient bientot disponibles a des
prix raisonnables, car la mise au point de machines
solaires a collecteur plat en depend dans une grande
mesure.

11 convient de laisser de cote les systemes dont le
bouilleur est constitue par un tube a ailettes conte
nant le fiuide a evaporer et expose directement au
rayonnement solaire. (En raison de la longueur du
serpentin, cela entraine l'etablissement d'unites de
grandes dimensions exigeant des quantites impor
tantes d'un fluide eher et qui n' est pas disponible
facilement, lequel est perdu s'il y a des fuites, comme
cela arrive souvent dans des bouilleurs de cette
taille.) Par contre, on attirera 1'attention sur les
collecteurs a boite plate dans lesquels l'eau de circu
lation transporte la chaleur accumulee aun bouilleur

de faibles dimensions et resistant, pour la degager
dans le fluide par la conduction des parois du bouilleur.

Pour n~duire la charge de fluide et la possibilite de
fuites cofiteuses, l'emploi de machines u~ilisant des
melanges de vapeurs de Iiquides non. mIscible.s est
recornmande. Dans ce cas, on rernplit le bomlleur
d'eau, que 1'on appel~e le « s~pport.-eau ». ;\ laquelle
la chaleur est transrmse par 1eau circulant ;l travers
le collecteur. Le fluide a evaporer est injectc clans le
support-eau et s'evapore sans chute de temperature
appreciable. Le fiuide a employer ne doit pas etre
miscible avec 1'eau et, a des temperatures ,;:1ant de
40 QC a 50 QC, doit presenter de grandcs \.-nsions
de vapeur saturee. Le chlo~ure d'ethyle, par ~ xr-rnpls,
satisfait ces exigences. SI on se sert de . hlorure
d'ethyle, la vapeur obtenue, qui est un m('·; .;1gC de
vapeur d'eau et de. chlomrc, d'ethyle en. ' iantite
directement proportlOnnclle a leurs tcnsic..» par
tielles, contient presque exclusivement de l.: vapeur
de chlorure d'ethyle et agit pratiqucmcnt ·'omme
sil en etait ainsi. Dans ces conditions, UIh '.:harge
de fluide ne depassant pas quclques kilot;~ .mmes
peut suffire a faire fonctionner unc mach 1.C qui
exige quelques centaines de kg de vapeur ;\ I heure,
En d'autres termes, en ce qui conccrnc le cl.lorure
d'ethyle, le bouilleur peut ctre considcrc commc une
unite a vaporisation instantance. Nombre .I'nutres
fluides peuvent etre employcs ,\ la place du eh lorure
d'cthyle.

Le moteur a vapeur peut ctre du type all rnatif
et on devra faire bon usage des garniturcs (;'ctan
cheite qui ont Ctc mises au point rcccmnu-n ' pour
les petites usines de refrigeration, lcsquellcs d'llnent
maintenant d'excellents rcsultats,

Le condenseur doit etrc du type ;t surfac . Les
dimensions des surfaces de transmission de la ( -aleur
du bouilleur et du condenseur seront asscz i:' .mdes
pour reduire les chutes de temperature. Il scra ncces
saire de fournir au condenseur un reservoir au- liaire
d'eau froide pour permettre le demurrage. P~ldant
le fonctionnement normal, le condenseur est al i:nente
par de I'eau pornpee du puits.

En tenant compte des recornmandations v cscn
tees ci-dessus, on pourrait mettre au point une
puissante machine solaire avec de bonnes perspectives
economiques. Mais elle exigerait des surfaces cnso
leillees assez grandes (de 40 a 50 m2 par CV).

Une machine fabriquee conformement aux critcres
mentionnes ci-dessus pourra s'averer utile dans les
regions de bon ensoleillement (Arizona, Inde, Afrique,
etc.), particulierernent pour les problemes d'irriga
tion. Le debit d'energie ne doit pas depasser 2 ou
3 CV. Les prix unitaires de I'energie ainsi realisee
pourront faire concurrence avec succes aux prix
unitaires des energies classiques qui, necessaircment.
s' ecartent beaucoup des valeurs courantes dans les
regions ou I'energie est amplement repartie.
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POWER AS A BY-PRODUCT OF COMPETITIVE SOLAR DISTILLATION

Richard L. Hummel*

using the light-collecting properties of Cambrian
ferns and the baking conditions of the earth's interior
in the collection and transport of the energy. For
that matter, coal's chief competitor in electric
generation, hydroelectric power, is also a solar pro
cess of higher but still minute over-all efficiency.

The key to the costs of the system lies in a mul
tiple cover sea water distillation still capable of
covering huge heat collection areas at a reasonable
cost. Used on an arid seacoast or saline lake, it is
planned to collect an average of 400 Btujft2jday

into water at a temperature ranging from 160°F
to 210°F. Considerably more heat will enter the
basin, but the majority of this heat will be lost
directly. This loss, however, will result in the pro
duction of a considerable quantity of water to be
sold in conjunction with the power. For heat collec
tion at 180°F, the over-all conversion efficiency
should be 2.7 per cent, or roughly one-fifth of the
reversible Carnot efficiency. A power system (1)
developed in 1954 to operate on 200° liquid water
by General Electric in a study for the Hanford
Works was used as a guide in this design. A one
square mile heat collecting basin would produce an
average of 88000 kWhjday with water storage
provided to maintain output at this level over a

-"---

SoleU radiation is used as an energy source for the
follO\\',:g reasons: (a) because it is the only energy
source available (in space or on the beach); (b) because
it is ;:"ailable at a high temperature (solar furnaces) ;
(c) b':,,<:use it is the cheapest source of energy; and
(d) b(:,>'.use of novelty or misapplication. The third
case 'us the greatest potential for application, but
the cl'lte nature of the solar radiation and the very
large ,T('as required to collect commercial quantities
of enr,"v make it difficult to apply and keep it cheap.

Fa' l,ower use and, in particular, for generating
electricity in commercial quantities, energy concen
tratio-: is required. The possibilities include: (a) con
vertin.r solar energy to electrical energy directly and
over :) iarge area and then collecting the electricity;
(b) concentrating the radiation by means of reflectors
coveri Ilg a large area to a high flux at the point
of con version: and (c) collecting and concentrating
the :c{)Llr energy into a cheap fluid over a large
area' ::cl moving the fluid and its collected energy
to the i'"int of conversion. Direct conversion to elec
tricit-, .. .ffers the highest conversion efficiency and
the .: ':'test convenience, but it does not offer
com',:;:';'nt energy storage and is prohibitively ex
pensi ,' The concentration of the solar radiation
by m... n3 of reflectors would allow high temperature
stean '() be produced and is the approach most
inve",::_"tors have felt to be the most promising.
The ,':'erience in commercial power plants that
the L /lcr efficiency of high temperature, high
pressu.- systems leads to greatest economy, supports
this ap):'oach. As yet, however, the reflectors designed
have i;:cen too expensive to make this approach
competitive for commercial power. The third pros
pe~t, collecting heat in a cheap fluid and transporting
t~Is to a central location, is by far the least efficient.
EIther the heat must be collected in a fluid at rela
tively low temperatures which offer, at best, low re
versible heat to work conversion efficiencies and
much lower practical efficiencies, or the heat must be
collected at slightly higher temperatures (possibly
21~OF) at a greatly reduced collection efficiency.
This is the approach that this paper will present as
having prospects at present of producing power
competitively, for efficiency is but part of the story
when dealing with an energy source which costs
nothing itself. That greater efficiency leads to greater
economy in a coal heated generating system does
not change the fact that such a system is a solar
energy conversion system of microscopic efficiency

.-: ..
---
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Figure 1. Heat-collecting basin
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Figure 2. Plastic fabrication

four day period of bad weather if preceded by clear
weather. Assuming a nonindustrial load having a
peak hour, during the hottest days of the summer, of
2.7 X the average load, the generator and turbine
were sized at 10 000 kWh. At present, the unit cost
was calculated to be roughly 2.3/kWh, of which 0.48
was the cost of the conversion equipment and 1.7
was the cost of not producing 61 gal of water. Duffie
and Lof indicate that 3/kWh would be competitive
in the United States for a plant of this size (1).
Improvements in plastic cost and/or plastic life
expectancy will reduce this cost considerably.

The solar distillation still has been previously
described by Hummel and Rudd (2), by Hummel
(3, 4), and in another paper presented at this con
ference (5). I t is shown in figure 1. The key to its reason
able cost lies to a large extent in the mechanical
fabrication, on site, of the upper cover from standard
long rolls of high-strength plastic into huge sheets

requiring a minrmum of labor for fabrication and
erection. The cumulative strength of the surface
comes primarily from steel wires fabricated into
each seam between the strips from the original rolls.
Handling of such huge sheets is possible only because
of these wires and because the area of the basin can
be flooded with sea water prior to fabrication and
erection. The water will not only support the plastic
and allow it to be moved easily without abrasion,
but maintains it free of wind flutter. To lift a section
of plastic an inch, the wind must statically support
the greater weight of one inch of water plus over
coming the dynamic inertia of much greater masses
of water. Fabrication is shown in figure 2, with a
U.S. $250 000 fabricator overlapping and heat sealing
a number of rolls of plastic at a time. For most of the
basin cover, it is planned to use two strips of plastic
in each panel, with the reinforcing wire also acting
as a spacer. This will not slow down the fabrication
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and will only slightly complicate the fabricator.
Our sewing-machine companies provide us with an
idea of the complex things that can be done in seams
and insertions by means of simple guides.

The remainder of the basin below this upper
surface resembles a conventional still, except that
the semicylinder surfaces covering the evaporation
basins directly are 50' to 100' wide. After all, there
is no wind below the upper cover.

A pro?,ram for the calculation of the dynamic
behavior of an operating still has been written for
an IB:\I104 computer. Previous writers, Hottel and
Woertz, ",lve shown that theoretically valid calcula
tions wii: be in excellent agreement with experiment
(6). A ,~~culation of the dynamic behavior is not
onlv ill' J.'C: informative as to still operation but is
indeed . "pIer, for the temperatures of the water and
of the C' -und depend only upon past heat accumu-

lation and not at all upon present heat fiuxes. This
allows each mechanism of heat transport between
surfaces to be evaluated independently by the best
equation, regardless of complexity. A short trial
and error loop is required to set the lowest cover
temperature to the value giving the correct outside
air temperature, but this converges simply and
rapidly." Conventional relationships were used for
the radiant transfer of heat (7) and natural convection
of heat (8) between dry surfaces, and heat transfer
coefficients are chosen for forced convection to the
wind. For convection transfer from the hot water
surface, it was recognized that both heat and mass
transfer contribute to the bouyancy causing the
circulation of the air. The bouyancy effect between
two elements of air at temperatures T and TII =
T + !::It and mole fractions water vapor, y and YH =
Y + !::ly is equal to

At Mvl-- -+--
T ave ' M av e

where c " the density at these temperatures given
and 1'1'i~ the molecular weight of the gas mixture.
For hear .r.msfer alone, the equivalent term would
be !1t(1 ,. " which, due to the interrelationship of
over-all trmperature difference, !::IT, microscopic
temperau cc difference, !::It, and h/pCP, is replaced
in the C; .ishof number by the term, !::IT/T = !::lT~.

By mc:',\~; of the analogy between heat, mass and
momenu-:r, transport, a similar replacement of the
Ay by a n over-all difference in equilibrium water
mole fra ~. ons, !::l Y, is possible, assuming only that
At ~ L\; ·'.nd that !::ly ~ !::l Y. This permits correla
tions de "'-,iled between heat transfer and Grashof
number' ;' hat plates to be used for combined heat
and rnu : transfer, providing that an empirical
constant '•. added to correct for the effect of goemetry
other tr.z. flat plates upon the circulation and thus
the coeft. ;"nts. Further, since both the remainder
of the C c'0hof number and the heat conductivity
of the ;,; changed markedly with temperature, it
was conve.uent to use the relationship

:.:J (q;~t)= 1.3392 X 106/T1.9854

which I found fitted the data given by McAdams (7)
to less than 3 per cent over the range -300° F to
1 200°F and to less than 1 per cent over the range
-300°F to 500°F. Incidentally, the relationship

pi~t = 6.5886 X 1018/p.663

is almost as good over a more limited temperature
range.

. In the heat transfer from surface to surface, it was
Important to distinguish between absorption and
reflection of the sunlight, for the absorption in any
layer at all will increase the !::It from that surface on
out. It was found that the optical effects of the sur
faces, including the bottom black surface, could be

reduced algebraically to two or at most three coeffi
cients per surface, of which only one varied from
hour to hour with sun position. At present, adequate
data are not available to fully handle the Mylar Wl
and Mylar proposed for this still.

Heat transfer into the ground was calculated by
the "Schmidt method" (7) (finite difference form of
the time-dependent heat transfer equation in one
dimension) for sufficient layers (107) as to give a
t response time of one year.

At the time of this writing, I have received from
l\IURA a single set of nine calculations intended to
give a rough picture of the geometric correction
constant and upon operation of the solar still men
tioned above (5). In a few weeks, I shall have more
and, by August, an adequate amount. The calcula
tions for a single cover and various constants have
been compared with the limited data of Bloemer,
Collins, and Eibling (9) and seem to indicate a
constant between 1 and 2 2 but closer to 2 for the
Lof still.

These preliminary calculations for the three cover
still indicate an average daily operating temperature
of roughly 145°F at low solar incidence of 1 300
Btu/h ft2 day and of roughly 170°F at a solar inci
dence of 2 000 Btu/h ft2 day with no heat being re
covered. The temperatures would be lowered by heat
recovery. How then can this still collect 400 Btu/day
at temperatures from 160°F-210°F, as proposed for
power generation? The simplest solution is to reduce
the ruinous night-time heat losses by collecting the
majority of the hottest water in a limited area at
night, since the heat losses are proportional to area.
The remaining water will drop to temperatures of

1 Simple prc-estimation speeds this convergence.
2 Unfortunately my vision is not good enough to read the

data from the very small graph published with sufficient accuracy
to fix the constant and a better fit will have to wait until more
detailed data are received from them or other investigators.

2*
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low loss. Redistribution of the hot water in the morn
ing will at least in part displace the cooled water,
giving a gradient of water temperatures, including
a large area of high temperature water to collect
more heat. Trial calculations, supported by the
machine calculations and previously based upon
experimental and theoretical studies of flat plate
collection (10) indicate that this step would be more
than sufficient to attain the heat recovery and tem
peratures desired. Considerably more can be done,
however, to increase the heat recovery or the tem
peratures.

Absorption and partial return of the radiant losses
by IR absorbing gas between the upper and lower
covers can offer an efficient way to reduce the radia
tion loss, which is the largest path of heat loss. It
will not reflect or absorb solar radiation and offers
a continuous thermal gradient and continuous ab
sorption and partial return, and it can thus be more
efficient than another layer of plastic. IR absorbing
CO2 and water vapor can be obtained at a nominal
cost in huge quantities from the scrubbed and heat
extracted exhaust of engines if diesel or natural gas
motors are used to power the pumps and blowers.
Additional organic materials, either in the exhaust
or otherwise added, could help fill the windows in
the CO2, H 20 spectrum.

Additional plastic surfaces are another means of
increasing the operating temperature by adding
resistance to the heat loss, but this alone is not too
effective, for the proportionate gain per surface
becomes less and less while the cost rapidly mounts

and increasing quantities of solar radiation are lost.
Creating a smaller heat collecting basin with one
or more covers of its own under the lower cover of
a larger heat-collecting basin is, however, a different
matter. A smaller area of plastic would be used and
the temperature and heat recovery combination of
the interior still with, let us say, two surfaces would
be considerably higher than a similar area isolated
but supplied with five covers. The reason is that the
heat loss flux through the upper three surfaces will
be greater than through the lower two sur-aces if
such a system is used, for the difference W'.' .ild be
supplied from the heat recovered in the sUl-r"lnding
lower temperature basin. Another advantage ,s that
part of the solar radiation loss from the c, ers of
the hot basin can be used for evaporation in the
surrounding basin.

A simpler and cheaper way to use the sa;·' idea
is to have the basin under a lower cover parv.: ioned
into two sections, one of which is covered '" ith a
layer of oil to prevent its evaporation. DOll:~ this
in an unpartitioned basin would raise the tci.pera
ture for power production, although pre\ nting
the use of the lost heat in water productioi: but
doing it in a partitioned basin gives higher tem
peratures yet, and gives water production also.
Additional plastic surfaces and an oil film en, of
course, be combined.

The complete absence of wind under the ,lpper
surface makes possible an extremely inexpensive
reflector to concentrate the solar radiation into
certain of the channels. This can be done by hilging
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Figure 3. Turbine for solar distillation' plant
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Figure 4. The floating syphons

a plastic . .cet vertically just north of the channel
from an e.t: .-wcst wire just under the cover. Ordinary
plastic wiF reflect that half of the radiation of the
correct p .larization. and aluminized plastic will
reflect all of it.

A .better system yet, if the basin can naturally
provid., deep sections, is to employ Tabor's idea (ll)
and maintain a very hot concentrated, dense brine
III the depths and a cooler sea water above it. Water
pr?duction would supply all the hot concentrated
brine that could be used in this scheme, and if a
continuous concentration gradient were maintained,
the temperatures in the depths could be considerable.
Radiant heat transfer would have such a short mean
fre~ path as to be negligible with regard to water
radIatIon itself, convection would be prevented by
the density gradient, conduction would be low, and
the hydrostatic head would permit temperatures
~bove normal boiling to be developed. Also, all

d~at loss upward would be available for water
Istillation.

This effort for higher temperatures is justified
by the higher efficiency to be gained, which increases
more rapidly than the Carnot efficiency and is often
worth a reasonable drop in total energy collected.
This is especially true since heat in multiple-effect
evaporation maintains efficiency better at reduced
temperatures than power generation.

To convert the stored heat in the water to steam
for turbine operation, General Electric proposed
spraying the water into two staged flashing chambers.
Their system is shown in figure 3. The disadvantage
is that at least 20-30 feet of water head would be
thrown away, requiring considerable pumps and
pumping. I would propose to use the system shown
in figure 4, where there is no spraying head loss and
the flow head loss is kept low by large channels.
The hot brine is forced to the top of the flashing
chamber by a membrane barrier extending to the
floor and to the walls and maintained at the proper
height by floats. There will be a small irreversible ~t

needed to nucleate the vaporization and flashing
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carbon would then be sprayed into the water vapor
from the turbines to condense it. To reduce pumping
work, it is likely that Bromley's string guides would
be used rather than spray nozzles.

These changes should reduce the design costs
slightly for the power generation segment of this
design. The smaller size will increase it. For the
present, however, G.E.'s figure of US ;,; 1DO per
installed kW will be used. For 10 000 kW m.ixirnun,
capacity, the cost would be $1 900 000, ;;ving a
twenty-year amortized annual cost of ~ L10 600.
Adding the annual cost of the heat collecti: ,1 basin
as developed in table 1, the following is L und to
apply:

Annual cost = US $1 025 778
Power produced = 29055840 kWhjyear
Water produced = 1 353 000000 galjyr.
The following combination of prices could c used

to pay the expenses (in U.S. dollars) :

Piston engines and turbines

from the shallow liquid that may not have been
present in the spray towers with their high surface
area, but this design permits the passage of much
more brine for the same or less pumping work and
thus less temperature loss between final vapor and
entering liquid temperatures and improvement of
over-all flashing efficiency. Flashing is a volumetric
phenomenon, and apparently provides huge heat
transfer coefficients. Dr. Othmer is studying the
matter further.

The remainder of General Electric's suggestions
are quite conventional, including a two-pass tube
and shell heat exchanger operating on 60°F cooling
water. It is unlikely that 60° water will be available,
and a better condenser system is possible. A solution
would be to spray sea water (to approach wet bulb
temperatures) into a spray pond filled with high
boiling hydrocarbon so as to cool the hydrocarbon
by liquid-liquid extraction of heat. Woodward (12)
studied liquid-liquid extraction of heat in a spray
column and found coefficients of up to 8 000 to
11 000 Btujft3;CFjh, but he used the hydrocarbon
as the dispersed phase. Coefficients should be higher
with water as the dispersed phase. The cooled hydro-

32 n.c.! (a)

Power

O.OI/kWh
0.02/kWh
0.03/kWh
0,0353/kWh

U'ater

0,54/1000 gal
0.32.8/1 000 g:'
0.114/1000 g";
0.00/1 000 gal

Table 1. Cost estimate

A mort izaiion An111ld. ost
(%) (U.S )

7.4 4 ~ :f)

7.4 148 I "11

7.4 14,', ,'I

31.3 242 : ;)

31.3 100 (
31.3 151 2

31.3 !J4 (,,)
7.4 f) (; ,'I

7.4 18,) )

31.3 f)2 ·t: J

885 C ,~

773 850
321 600
483200
300000

80000

Total cost
(U.S. $)

64000
2000000

200000

200000
4673 450

I 353 000 000 gallons per year
$ 0.65 ger I 000 gallons

lOO/acre

3.85/lb
1.60/lb
1.60/lb
0,12/lb

80/cu yd

Unit price
(U.S. $)Use and description

Mylar WI - 28 000 000 ft 2, 201000 lb.
Mylar - 28 000 000 ft2, 201000 lb.
Mylar - 42 000 000 ft 2, 302 000 lb.
Steel - 2 500 000 Ib, . . . . . .
Concrete supports - 1 000 cu. yd.
Fabrication unit... , ... , .
Labor (equipped) - 100 man-months
Total costs . . . . . . . . . . .

Annual production (330 days/year)
Unit water costs . . . . . . . . .

Covers

Heat-collecting basins

Land cost - 640 acres. . . . . . . . . . . . . .
Land preparation -levelling, troughs, and blackening
Pumps and piping. . . . . . . . . . . . . . . .

Addendum

POWER PLANT STUDY FOR SOLAR HEAT COLLECTING BASIN*

A January 24th letter from Mr. Richard L. Hummel, Iowa
State University, Ames, Iowa, enclosed his paper dealing with
the design and operation of a solar distillation plant. He has
asked for assistance in appraising the power generation possi
bilities if the heat collecting basin was used to generate low
pressure steam,

We were fortunate to find that in 1954 our Large Steam Turbine
Department made complete power plant cost estimates for operat
ing conditions very similar to those proposed by Mr. Hummel.
This has permitted us to bring the cost data up to date and give
a realistic picture of a power application that would apply within
the range suggested.

* J. W. Mann.

The maximum rating of the turbine generator is 50 0110 kW
and the heat consumption is 2.3 billion Btu/hour, which is at
the rate of 56 billion Btu per 24o-hour day. This is roughly one
half the maximum range of heat input specified, yet may be
about the maximum size power plant that should be considered
We expect that consideration of capital investment would limit
the power plant rating to near the seasonal average input, which
we assume would be a fraction of that specified, Somewhat
larger rated turbines are conceivable; however, cost data would
not be readily available. Obviously, smaller plants are feasible,
but the cost per kW would increase as rating is reduced and
such plants are less likely to be economically practical.

Water from the heat-collecting basin is expected to range
in temperature from 160 0 to 200°F. The one-mile-square basin
is covered, suggesting the availability of vapor at these tempera
tures; however, we suspect that problems with noncondensable

gases mixed with this vapor would make it impractical to maintain
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8650000

U.S. $

3 160000
940000

1200000
1800000

675000
740000
135000

Turbine-generator (56 000 kVA, .85 PF)
Evaporator and piping. . . . . . . .
Condenser (150 000 sq. ft, 2 pass, 60°F) .
Circulating water and supply works.
Foundation, crane, buildings .
Switchgear. . . . . . . . .
Control board, instrumentation

V 2 = 99 cu.ft./#

F
2

= W (1 _ FI ) hI - h2

W H 2 - h2

141 - 117
= 500 X 79000 X .973 ----- .95 X 106 #/hr'

1126-117
F 2 = 4.95 X 106 (P2/v2) · 5

(
.95 X 106)2

Check: P 2 = 4.95 X 106 X 99 = 3.65 psia and T 2 = 149 0

Available energy to 1.5" Hg = 1 126 - 1028 = 98 Btu/#,
.72 X 98 X .95 X 106

Shaft input = 3413 = 19600 kW

Generator output = 97 (30600 + 19600) = 48600 kW

Heat input = 2.02 X 106 (117 - 53) + 500
X 79000 (168 - 117)= 2.15 X 109 Btu/hr

The costs estimated for this power plant, adjusted to present
day levels including freight and erection costs, are as follows:

Assuming 5000 kW pumping and auxiliary load, the net
plant output would be 45000 kW with installed cost at $190
per kW net. Conventional power plants of this net rating are
usually reported to cost $150 to $175 per kW. Considering power
generation as a by-product to fresh-water production, and no
fuel costs, the estimated costs appear quite reasonable. Main
tenance and operating costs for the power plant equipment are
estimated at $100000 and $165000 per year respectively.

1.07 X 106 #/hr

= 30600 kW

ho = 168 Btu/#

H 2 = 1 126 Btu/#

0.272

;,.put =Shafl

Inlet -,' ,,~cr temp., To

1st eVe; ..·.'lOn stage:

Flas,uperature, T I = 173°F (assumed)
PI' " ~'2 psia HI = 1 135.5 Btu/# hI = 141 Btu/#
VI cc:.l cu.ft./#
FI~' \' X 106(P

I /vl ) · 5 = 3.22

X106 ('6.42).5
58.1

F l - hl 168 - 141
._-- -

TV - ",'- hl 1135.5 - 141
1 ','; X 106

W ~ .----- = 79 000 GPM
\1;:;2 X 500

Avai!.i ' ;" energy to 1.5" Hg abs. = 1135.5 - 1 002 = 133.5
.73 X 133.5 X 1.07 X 106

3413

2nd C1'a t. rnt ion. stage:

Flashmperature, T 2 = 149 0 (trial)
P 2 =,' .') psia h2 = 117 Btu/#

sufficient operation on vapor drawn directly from the basin.
We are proposing that heated water be drawn from the basin
and sprayed into a tank where it would be permitted to produce
steam by flashing.

Figure 3 above is a cross-section view of the proposed turbine
design. This ingenious design provides two stages of flashing
which m" ke possible a significant improvement in thermal
efficiency r clat.ive to that obtainable'with a single flash. Steam
generated in the higher pressure flash stage passes through
two stage. of turbine blading, while steam from the low pressure
flash tanl: passes through a single turbine stage. These parallel
steam pat>·: exhaust into a single condenser through side outlets
in the exr. ust hoods.

Figures Cl and 6 present curves describing the performance
in terms 'heat input and available basin water temperature.
The folk ·i"g is a sample calculation for one point on these
curves.
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Summary

It has been recently proposed that a multiple
layer: transparent cover of steel-wire-reinforced
plastIc film can be mechanically fabricated and
erected in very large sections and at an exceedingly
low per area cost by the use of a flooded basin of
large dimension to provide water support and control

of the huge sheets during the fabrication and
erection. The wind cannot pick up and whip to
pieces a plastic surface that is resting upon and
wetted by water. As a huge area capable of being
flooded is a necessary prerequisite to large-scale
solar distillation, it was then proposed that solar
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stills could be constructed to convert sea water to
fresh water at a competitive cost. Since such a solar
still would operate with its heat collecting sea water
at relatively high temperatures, the possibility that
power could be obtained as a by-product to the
water was explored in this paper.

The basic solar still, covering an area of 1 square
mile, consists of black-bottomed basins 50' to lOO'
wide and probably on the order of 1 mile long, which
are separated by condensate collecting troughs
and immediately covered by a single flimsy condens
ing cover, referred to as the lower cover. The upper
cover, separating the entire area from the outside
and its winds, is dual-layered and is stretched taut
and reasonably flat by the steel reinforcing wires
every four feet, which also serve as a spacer between
layers.

An IBM-704 program was written to calculate
the hour-by-hour performance of a solar still from its
operating parameters and from actual or simulated
weather data. Combined mass and heat transfer
were theoretically related to natural convection heat
transfer alone, and a single correction factor per
transfer region was used to allow for the difference
in convection pattern between actual stills and flat
horizontal surfaces. This factor is evaluated from
experimental data. Solar radiation absorbed in
each transparent layer is not only treated as a loss
to the absorbing layer, but its contribution to the
total !:J.t is included. Heat transfer into and out of
the ground is also included.

Various means of raising the temperature at
which heat for power generation is absorbed are
considered. Storing a majority of the water at
night or in bad weather within a restricted area
preferably an area covered by a radiation reflector
is quite effective. Dumping scrubbed motor exhaust
gas into the huge space between upper and lower
covers provides CO2 to reduce radiation loss. An oil

L'ENERGIE, SOUS-PRODUIT DES INSTALLATIONS ECONOMIQUES
DE DISTILLATION SOLAIRE

Resume

On a recemment propose la fabrication mecanique
d'une pellicule en composition plastique transpa
rente faite de plusieurs couches et renforcee par du
fil metallique, que l'on pourrait alors monter en
tres grands panneaux a un cout extremement
modique par unite de surface, en se servant d'un
vaste bassin plein d'eau qui servirait de support a
ces enormes feuilles et les tiendrait en place pendant
leur fabrication et leur pose. Le vent ne peut pas
enlever une feuille de composition plastique et la
dechiqueter si elle repose sur de I' eau qui en merne
temps la mouille. Pour autant qu'une enorrne aire
susceptible d'etre couverte d' eau est une condition
preliminaire necessaire a la distillation solaire a

grande echelle, on a done propose que des bassins de
distillation solaire soient construits pour convertit
l'eau de mer en eau douce dans des conditions ccono
miques permettant au precede de faire utilement
concurrence aux autres. Dans la mesure ou une telle
installation sOlaire de distillation fonctionnerait
avec une masse d'eau de mer recueillant la chaleur
a une temperature relativement elevee, la possibilite
de recuperer de I'energie comme sous-produit de
I'eau fait l'objet d'un examen dans la presente commu
nication.

L'installation de base, qui couvre une surface de
1 mille carre, est constituee par des bassins a fond
noir d'une largeur de 50 a 100 pieds et d'une longueur
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de l'ordre de 1 mille, separes par des auges de recu
peration des produits de condensation et directement
couverts par une couverture de condensation mince
unique qui sera appelee la couverture inferieure.
La couverture superieure, qui separe l'ensemble
de l'aire de distillation de l'exterieur et la protege
des vents, est a deux couches. Elle est tendue et
maintcnue assez plate par des fils de renfort en acier
taus Ire: quatre pieds, fils qui servent egalement
d'entrctoises pour separer les deux couches.

On ;; mis au point un programme destine a une
rnachi: a calculer IBM 704, dans le but de deter
miner I' fonctionnement d'un alambic solaire d'heure
en heu:: ~i partir de ses parametres et de donnees
meteor o,giques reelles ou simulees, Un rapport
theori.« fut etabli entre la masse et la transmission
de eh. .'1" combinees et la transmission de chaleur
nature': par convection seule; on fit usage d'un
facteur', correction unique pour chaque region de
transn: :cion, pour tenir compte de la difference
dans ;, !,~gime de convection entre les alambics
reels ,"!. :-; surfaces plates horizontales. On a cvalue
cet elf> :11t a partir de certaines donnees experi
mental: .. Le rayonnement solaire absorbe dans
chaque "q:che transparente est traite non seulement
commc Y.int une perte au profit de la couche absor
bante, 1';"" aussi en ce qui concerne la fraction du b..t
global (: ii l represente. Les transmissions de chaleur
vers le er Jl et en provenance du sol sont egalement
prises ('" (unsideration.

L'autv.r envisage plusieurs moyens d'elever la
tempera ..re alaquelle la chaleur destinee ala produc
tion d'.' .rgie est absorbee, Le fait de mettre la
majeure :,;utie de l'eau en reserve la nuit ou par
mauvai ,'lipS dans une zone limitee - de prefe
rence cc 'ctte par un refiecteur de rayonnement 
donne (:' 'res bons resultats. Le refoulement des gaz
d'echa]!lent de moteurs laves dans I'irnmense
espace, ~)onible entre les couvertures superieure
et infe. . e fournit du C02 qui vient reduire les
pertes i', rayonnement. Une pellicule d'huile sur
l'eau :,':it monter sa temperature au detriment
de la I" '.nuction d'eau par la chaleur « perdue ».
L'emplo; de couvertures en composition plastique
supplerc,'Haires fait monter la temperature davan
tage, m" is it un prix tres superieur. Prises separement

ou en combinaison, ces deux mesures sont beaucoup
plus efficaces quand on les applique a une fraction du
bassin situee sous une seule couverture de conden
sation, car la chaleur est alors recuperee aune tempe
rature assez elevee, dans le reste du bassin, et « sacri
fiee » a la couverture de condensation, pour reduire
la perte de chaleur de la fraction plus chaude du
bassin qui est enferrnee. L'espace abrite du vent
qui se trouve sous la couverture superieure permet la
suspension fort economique des grandes feuilles d'un
compose plastique revetu dalnminium dans un
plan est-ouest, de maniere a concentrer le rayonne
ment solaire sur certaines zones du bassin. Si on
deplacait les points d'accrochage du fil qui soutient
la composition plastique a la tombee de la nuit au
dessus de la couverture inferieure, le reflecteur se
draperait sur la surface de cette derniere et reduirait
les pertes de chaleur.

Les plus hautes temperatures de l'eau peuvent
etre produites en utilisant des bassins profonds qui
contiennent de la saumure concentree pres du fond
et de I'eau de mer plus legere au-dessus, ainsi que
le suggere Tabor.

Une fois chauffee, I'eau est vaporisee tres rapide
ment pour produire de la vapeur, soit dans une tour
de pulverisation a vide, ainsi que le preconise la
General Electric, soit an moyen d'un « siphon flot
tant )) ainsi que le decrit le present mernoire. Le
maintien du vide ne pose pas de probleme pour
l'enceinte de vaporisation rapide, mais seulement
pour la chambre de condensation. On utilise des
turbines, des generateurs, des tableaux de commu
tation, etc., du type classique, ainsi que le recom
mande la General Electric. Pour la condensation,
cependant, on recornmande l'emploi d'un bassin de
pulverisation a trois phases qui fait intervenir
l'eau de mer, le vent et un hydrocarbure, de maniere
a fournir de l'hydrocarbure refroidi pour assurer la
condensation par pulverisation du produit de conden
sation en provenance de la turbine.

Les frais globaux peuvent etre repartis arbitraire
ment entre I'energie et l'eau. Avec une capacite
nominale maxima de 10000 kW, cette repartition
pourrait etre de 2,2 cents le kilowatt pour l'energie
et 29 cents les mille gallons pour l'eau.
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THE DEVELOPMENT OF A I5-KW (el) SOLAR MECHANICAL ENGINE FOR SPACE
APPLICATION AND ITS RELATIONSHIP TO THE FABRICATION OF SThULAR
ENGINES FOR TERRESTRIAL USAGE

B. T. Macauley*

Much effort is presently being expended on the
development of solar thermal-mechanical conversion
systems designed to produce electrical power for
space vehicle applications. Although these costly
research and development programs are still in their
early phases of progress, they are, nevertheless,
attacking numerous difficult component and sub
system design problems whose successful solution
will certainly assist those programs aimed at the
practical use of solar energy for terrestrial mechanical
power and electricity production,

The most obvious early economic contribution
to terrestrial solar power generation applications
which these ambitious space solar power system
programs can make will be in the direction of ad
vancing the state-of-the-art of solar technology along
many broad lines of investigation. Much in the same
manner that government-sponsored work on high
temperature materials research, advance design
concepts, extensive component testing and develop
ment, etc., in support of mobile or flyable nuclear
reactors, has immeasurably aided the progress of
commercial nuclear power application programs,
so will the extensive amount of investigations into
developing highly accurate solar' concentrators,
highly efficient and reliable power conversion and
generation components, new working fluids, new
materials and fabrication techniques, etc., significant
ly bring closer the day when terrestrial solar power
generation systems will be available in economic
form.

To illustrate the design, development, and economic
relationships between solar mechanical engines for
space application and solar power generation systems
for terrestrial uses, a specific research and develop
ment program, involving the design study of the
largest known solar mechanical engine for use on
space vehicles, has been chosen for discussion. The
program to be described, called the 15 kW Solar
Mechanical Engine Program, is an applied research
and development effort aimed at providing for the
growth and advancement in the state-of-the-art
technology of dynamic solar conversion systems
using high temperature working fluids and operating
at relatively high power levels. Sundstrand Aviation,
Denver, Division of the Sundstrand Corporation, is

* Sundstrand Aviation, Denver Division of Sundstrand
Corporation, Denver, Colorado.

conducting for the government a research an.: .leve
lopment program aimed at the eventual pro.'v.ction
of a flyable, long duration solar thermal-meet .nical
power conversion system for use in space a;'lica
tions.'

General description of the 15-kW Soh,
Mechanical Engine Program

The specific objectives of the 15-kW Solar Me. hani
cal Engine Program are to reveal and solve the c: itical
component problems associated with advanced -olar
mechanical power concepts. In order to meet .hese
objectives, since the development of a sjv.cific
system is not yet called for, general prelim nary
design specifications of a dynamic solar conv. rsion
system were created by the government in ord-r to
permit an optimum system design to be established,
hardware to be assembled for test, and re: arch
experiments to be defined and performed.

The major general preliminary system (::sign
specifications are as follows:

(a) Payload power: 15 kW of continuous ele. :Tical
power at 3 200 cps, 120/208 volts, 3 11>;

(b) System weight (max.): 1000 lb (66.6 Ib',;W);
(c) Operating life cycle: one year continuous

operation during an orbit period having 60 rni.rutes
of sunlight and 40 minutes of shadow time;

(d) Launch and environmental conditions: riaxi
mum launch acceleration of 10 g along the longitudi
nal axis of the vehicle, 2 g along the lateral axis;
zero gravity, vacuum, temperature, meteorite bom
bardment, cosmic radiation and Van Alien radiation
as found at operational orbital altitudes.

To meet the above objectives, several areas can be
immediately defined which require investigation in
order to develop a light-weight dynamic solar con
version system having the capability to operate
reliably and unattended for more than a year. These
areas are as follows:

(a) Solar concentrator: configuration and fabrica
tion concepts;

(b) Solar boiler-heat storage unit: configuration
and materials for heat storage;

1 Work performed under Air Force Contract AF33(616)7128.
Cognizant agency: Flight Accessories Laboratory, \Vright Air
Development Division, Ohio,
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p. ~nre 1. Mirror skin removed from die

(c) (\,.;1" and .working fluid: temperature levels
for cycle operation, choice of working fluids, e.g.
liquid mr [ills, sulfur, bromides, etc.;

(d) P,'W,'T conversion unit: turbine design, bearing
selection, alternator type, etc.;

(e) Pi! !i;: tor-condenser: configuration and mate
rials of ," .istruction :

(I) Pavload-power system integration: storage
of concentrator, relative location of major com
ponents, i tc.

Each of! ':' above areas will be briefly discussed.

..-: :LAR CONCENTRATOR SUB-SYSTE~1:

The rlitude of the problem of fabricating solar
concentr-: 'r shapes which lend themselves to
reasonab' ,. compactness for storage and eventual
deploym'::,i' with acceptable resultant accuracy
was est at 1: shed by an extensive survey which showed
that, whi: c: no limit existed with regard to the number
~f concepts for the design of storable, deployable,
hght-wc'l~llL solar concentrators, little or no demon
strated state-of-the-art knowledge existed with
respect t» the actual fabrication of such devices
having good optical accuracy. Hence, it was decided
that two general approaches to the design and
fabrication of large, ultra-light-weight, storable,
deployable and optically accurate solar concentrators
would be investigated in considerable detail.

The two fabrication concepts in question were
(a) l~ght-weight rigid shapes (plastic or metal skins)
fabncated into segments suitable for storage and
deployment and (b) inflatable shapes (made of
mylar-type materials) which could be compactly
stored and subsequently inflated and rigidized (by
~oam-in-place processes) to maintain contour accuracy
III space for long periods of time.

Two firms were chosen from industry as having
demonstrated fabrication ability in ultra-light-weight

structures, and each was assigned the task of demon
strating the feasibility and practicality of building a
flight prototype solar concentrator, constructing
ID-foot demonstration models of a selected prototype
configuration. A competition was established be
tween the two subcontractors with each being given
the following design 0 bj ectives :

(a) Concentrator shape: paraboloid;
(b) Test concentrator diameter: 10 feet;
(c) Concentrator rim angle (em): 60 degrees;
(d) Concentrator system specific weight (including

mirror surface, backing structure, deployment and
sun-orientation sub-system): 0.30 Ib/£12 of mirror
proj ected area;

(e) Surface reflectivity: 0.93 or better;
(f) Surface optical accuracy (following deploy

ment): 98 per cent of the mirror's surface to reflect
light rays corresponding to a tangential surface error
(relative to a perfect paraboloid) of not more than
± .:l0

4, •

Ryan Aerospace, a division of Ryan Aeronautical
Company, San Diego, California, was assigned the
task of fabricating a ID-foot experimental concen
trator made of aluminum. Figures 1, 2, 3 and 4
show various steps in the Ryan fabrication process
for a petal-type concentrator.

Goodyear Aircraft, Akron, Ohio, was assigned
the task of fabricating a ID-foot experimental
concentrator made of flexible materials (mylar,
teslar, etc.) which could be inflated to shape and
subsequently foam rigidized to hold contour. Fig
ures 5, 6, 7 and 8 show the general steps involved
in the fabrication of inflatable devices.

Following nine months of effort, during which
the two types of mirror were fabricated and delivered
to Sundstrand for optical testing, the inflatable
design concept developed by Goodyear Aircraft was
finally chosen for further development in larger sizes

Figure 2. Welding lattice details into a blanket
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Figure 3. Locating blade details

(up to 50 feet in diameter). Figure 9 shows the
flux pattern determined from optical measurement
for the Ryan l O-foot concentrator, and figure ] 0
shows the flux pattern obtained from optical measure
ments for the Goodyear infiatable-rigidized experi
mental mirror.s

In order to achieve the concentration efficiency
which was felt to be necessary for a practical flight
prototype solar dynamic power conversion system,
an optical device called a Flux Trap 3 was developed,
from basic studies, which has the property of being
able to shrink the "fringe circle" in the mirror's focal
plane into a smaller area (an area in size equivalent
to the "solar spot" of an imperfect mirror). Its
chief practical advantage is the fact that, for high
temperature systems where re-radiated energy from
a solar radiation receiver is an important system
loss consideration, the size of the solar radiation
receiver can be reduced appreciably.. Without a
Flux Trap device, inaccurate concentrators, having
generalized focal plane fluxes similar to those shown
in figure 11, would have to be inordinately large
in diameter when used with high temperature
solar energy receivers since, to minimize the re-

2 Over 12000 light ray measurements were taken on the two
delivered test mirrors, five zones per mirror at every i degree
interval and at three positions of mirror attitude to check
gravity effects on contour.

3 Trade mark of Sundstrand. Patent applied for.

Figure 4. Completed blades

radiation losses from high temperature recr -vers,
the solar energy receivers would have to be ~ept

small and, by being reduced in size, would i.ril to
absorb all of the power reflected into the focal. .lane,
(For further Flux Trap details, see references 1 ;~ ,d 2.)

Figure 12 is a picture of an experimental Flux
Trap specifically designed for use with a l,i·foot
concentrator having a 60-degree rim angle and
having no surface tangential error greater than
± 1°. This particular Flux Trap is comr-only
called a "back-to-back" configuration since i1 uses
two reflecting sides of the developed configur.ition
to re-direct "error" rays coming from the ill 1rror.
This configuration requires a double cavity. to
receive all of the focal plane flux. Other configurations
have also been investigated. Figure 13 shows an
early configuration developed for a mirror having
a rim angle of 45° and a surface accuracy such that
no point of the mirror has a tangential error greater
than ± 1 of a degree. This configuration is com
monly called a "forward facing" Flux Trap, since one
compound curved surface is required and it "sees"
all of the primary mirror's surface. 4

By way of illustrating the fringe circle reduction
available from, say, a 44.5-foot mirror (flight proto
type size) with a rim angle of (a) 60 degrees and
(b) 45 degrees and having no surface tangentIal

4 While the Flux Trap was initially developed around a
paraboloid shape, its principles will also apply to parabolic
cylindrical shaped concentrators.
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ti; { tan? }
dn = 2 tan 6/2

The inner favity area is found to be equal to 2.383 ft2
or only :}7.d per cent of the fringe circle area.

In bo:;; of the above cases, each of the cavity
areas rt'(: l ired with a Flux Trap is much less than the
area of t l n: mirror fringe circles, regardless of wheth~r
or not ~ relatively long or short focal length IS
chosen.' 'le only major difference between case I
and II j '1 the size and contour of the Flux Trap
required. 0 date, experimental work is underway
for maki: both radiometer measurements of resul
tant foe, plane (cavity) fluxes and calorime.ter
measurer: :JltS of mirror-Flux Trap concentration
efficienci:

error greater than ± 1 of a degree, consider the
following:

Case 1. 44.5-foot mirror, Om = 60°, an = ± r
The diameter of the fringe circle, df e is calculable

from:

d = o; { sm q> }
t» sin 6 cos (6 + q»

where? cC::O 2 an + rx/2 (rx = .0093 radians).

For this case, df e = 3.348 feet and the correspond
ing area, A f e = 8.806 ft2. For this large rim angle,
a back-'c-back Flux Trap configuration must be
used. T;l\:~ total receiver (double cavity) areas,
ApT fa: f his Flux Trap configuration, can be shown
to be 2.:"·!l1 ft2, or only 29.4 per cent of the original
fringe cl:de area.

Case; ; 44.5-foot mirror, Om = 43°, On = ± 1°
For t:·:, case, the area of the fringe circle can be

calculat '.: in the same manner as for case I and is
equal L C.3036 fF. However, for this exa!ilple, a
forward -, ing Flux Trap would be used. I ts diameter,
hence Cl,: .v area, can be calculated from:

World,
system

iLAR BOILER-HEAT STORAGE UNIT

ill conjunction with the power conversion
analysis, concentrator-Flux Trap evalua-

tion turbine design studies etc. a somewhat unique
sola; energy receiver d~sign' configuration was
evolved. This configuration, commonly referred. to
as a double boiler, permits enlarging the openmg
of a cavity-type energy receiver without the atten
dant increase in cavity re-radiation losses normally
encountered in designing large-size, single-cavity
configurations. This double boiler system, demon
strated by actual test, when combined with the
Flux Trap device, permits the attainment of very
high concentrator system efficiencies which ar~ not
possible to obtain in practice by conventlO?al
design methods. Figure 14 shows. a layout draw~ng

of the double-cavity energy recerver configuration
chosen for development.

Based upon design and test programs, .a near
optimum design of an integrated solar boiler-heat
storage unit has been established. Two. feature~ of
the developed design are worthy of special mention,
First, the heat storage unit is a two-zone system
(see figure 14). That is, the first portion of the P?w~r

cycle, in which the low t.emp~ra~ure cycl~ flUl~ IS
boiled, is accomplished usmg lithium hydnde (LIH)
as the heat storage material, while the latter stages
of the heat input to the cycle, i.e., superheat and re
heat stages, are accomplished using sodium fluoride
(NaF). Cycle optimization stu~ies have show? that
this approach permits the attamment of the hght.est
possible component weight in comparison to usmg
only one heat storage material for the general
component design.

The second design feature of the heat storage unit
consists of a mixture of lithium hydride, approxi
mately 95 per cent by weight, and lithium metal,
approximately 5 per cent by weight, as the low
temperature heat storage material. !his approach
makes a significant improvement m component
weight reduction since the addition of lithiu.m metal
to the hydride compound increases substantially t?e
thermal conductivity of the heat storage matenal
and, hence, allows a reduction in component size
through an increase in heat transfer perforn:an~e.

A further advantage is obtained by the LI-LIH
material approach to heat storage design: the mixture
prevents the occurrence of a difficult design situation
in which the working fluid passages could be warped,

Figure 5. Details of construction of the to-foot mold
showing lay-up of plaster foam

Figure 6. Finished to-foot plaster mold ready for lay-up
of milar gores
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Figure 7. Inflated spherical balloon with parabolic end
cap ready for rigidization

or even crushed to destruction, by use of only the
single material, LiH, as it solidifies and melts
during system operation between sunlight and
darkness cycles of the orbit period.

A similar advantage is expected to be gained by
using a mixture of NaF and Na for the high tem
perature portion of the heat storage cycle, and tests
are being conducted to determine the feasibility of
this approach.

CYCLE AND WORKING FLUID SOLUTION

At the outset of the program, a closed Rankine
cycle was specified by the government for use with
the 15-kW Solar Mechanical Engine. Thus, only the
choice of working fluid and cycle states remained
to be established. Taking into account all of the
aforementioned design considerations, rubidium was
chosen for the cycle working fluid, over potassium,
mercury, aluminum bromide, sodium, and sulfur.
The cycle conditions selected for the chosen working
fluid are as follows:

Boil at 12000P; superheat to 1 7500P; expand
to zero per cent moisture; reheat to 1 600°P; expand
to 1.50 per cent moisture; reheat to 1 450°F; expand
to 0.1 psi back pressure in a 25 per cent reaction
turbine.

This cycle, which utilizes a nearly constant degree
of superheat· and reheat, is slightly less efficient
than one using constant superheat and reheat
temperature. However, it is superior from a solar
boiler-heat storage unit design standpoint. The
chosen cycle is 26.5 per cent efficient.

Figure 15 shows the temperature entropy diagram
for the chosen cycle, and figure 16 shows the cycle
schematic, including the temperatures and pressures
of the fluid at each point in the cycle.

POWER CONVERSION UNIT

The power conversion unit, commonly referred
to as the combined power unit, consists of a three
stage turbine, a homopolar inductor alternator,
liquid metal hydrodynamic bearings, and a boiler
feed pump, all assembled on a single Sh81T • All
turbines are axial and full admission. The fir.r; and
second stages are impulse turbines and th- third
a reaction turbine.

Figure 17 is an inboard profile of the corr.bined
power unit (CPU) showing the relative location of
the aforementioned components. Figure 18 S!.:iWS a
cutaway isometric layout of the combined ~:'ower

unit.

RADIATOR-CONDENSER

For space applications, since the only av.ulable
means of rejecting cycle waste heat is by surface
radiation to space, a special radiator con.'...-nser
design must be considered. The design selected is an
advanced concept, yet simple to fabricate and
assemble.

The entire radiator-condenser is located a'. the
circular end area of the available 10-foot diameter
payload-cylinder, as shown in figure 19. Figue 20
shows how the 360-degree turbine diffuser at a
20-inch diameter is used as the vapor manifold,
with the flow direction essentially radially out ward
to a liquid collector at the circumference on ;':1 81
foot circle. This symmetrical configuration 11:., no
unbalanced torques. Figure 20 also shows the . ross
sectional variation along any radial channel frc:» the
turbine diffuser exit to the manifold. The ti: rbine
diffuser reduces the vapor velocity to a value of
253 ft/sec at the entry to the condenser cha: -nels.

Figure 8. Finished experimental IO-foot mirror
with foam backing following removal from form
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Table 1. 15-kW Solar Mechanical Engine design characteristics

(a) General parameters

Working fluid ...
Cycle efficiency. .
Sunlight-shadow ratio
Furnace factor .
Mirror rim angle . .

rubidium
26.5
60 min/40 min
77359
60 0

(b) Component size and weights
Dimensions

TOTAL SYSTEM WEIGHT

Weight

402.001b
406.931b

Total weight = llO.OO Ib
64.201b
13.501b
7.001b
5.001b

1 008.63 Ib

1st wheel = 6.87 in; 2nd wheel = 7.34
in; 3rd wheel = 11.20 in

Dia. = 8.25 ft

1. Solar concentrator sub-
system Dia. = 43.838 ft; f = 18.982 ft

2. Boiler-heat storage unit. Dia. = 26.0 in; length = 27.5 in
3. Combined power unit

(24 000 rpm-32 000
cycle output)

4. Condenser
5. Controls .
6. Plumbing.
7. Fluid hold-up.
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These channels in the plane of the Si-foot circle
are curved, resembling an assembly of centrifugal
blower vanes. The cross-sectional area of each iden
tical channel decreases in the ratio of approximately
4.5 : 1 from turbine to liquid collector. This is achieved
by decreasing the height parallel to the turbine axis
at a rate exceeding the increase of channel width
due to the increase in radius. The annular face
remote from the turbine is plane and is exposed to
the sun, -vhile the other side is pointed at the solar
mirror. Radiating surfaces, therefore, consist of two
annuli p to Si feet in diameter), having a total
geometrical area of 92i square feet, counting both
surfaces, The radiating surfaces consist of beryllium
sheets, U. i 077 inches thick for the outer and 0.020
inches fnr the inner annulus. Condenser tubes and
radiator are thus combined into one structure.
The divi.vrs are made up of honeycomb-type mate
rial. Thi- is a framework entirely surrounded by a
skin, so : '::It each curved portion represents a mono
coque st: ,;cture and serves to spread the two radiator
surfaces '!1:<Ht in an axial direction. The condensation
takes ph~(' during the chiefly radial, but curved
flow. Before the liquid enters the circular collector,
it passes through flow-equalizing, accurately sized
orifices. At tour points, high pressure liquid rubidium,
after bcuu; used for alternator cooling, enters a jet
pump wh-re it accelerates to low pressure condensate
by ejector action. The combined liquid streams then
flow throurrh four lines to the centrifugal pump inlet.
The collector, having a wall thickness of 0.020 and
0.1077 inches, is constructed of beryllium, as are the
distributic: lines to the pump, which have an equi
valent t:);d flow area of about i square inch.

The entire external radiating surfaces, including
the liquid fuel collector, jet pumps and distribution
lines, are coated with 0.001 inch thickness of zinc
oxide.

INTEGRATED SYSTEM SUMMARY

Based upon configuration studies of means of
integrating the 15-kW solar dynamic power genera
tion system with various payload bodies, an optimum
configuration, shown in figures 21 and 22, was selected.
As shown here, the inflatable mirror is folded and
stored in a container in front of the rear plane-face of
the radiator-condenser. The mirror is deployed by,
first, the removal of the storage container by "blow
away" action, second, the inflation of the balloon
paraboloid as shown in figure 22, and third, t~e foam
rigidizing of the back side of the paraboloid ::fter
which time the balloon is separated from the mirror
and allowed to float away, free in space.

The concentrator and power package are aligned
by moving the mirror on extension support struts
back over the power package as indicated by the
phantom lines in figure 22. Following these steps,
the power plant is ready for operation and will have
a final configuration similar to that shown in the
artist's drawing (figure 23). Table 1 lists a summary
of the major design parameters for the 15-kW Solar
Mechanical Engine.

State-of-the-art interrelationship between space
and terrestrial solar engine programs

Owing to the fact that space solar engines m~st be
designed to be ultra-light-weight, capable of mainten
ance free operation, ultra-reliable, and capa?l.e of
operating under severe environmental conditions,
their design objectives are, more often than not,
considerably much more difficult, technically speak-

Figure 12. Solar mechanical engine flux trap.
Back-to-back flux trap configuration for a 600 rim angle

mirror
Figure 13. Forward facing flux trap for a 45° rim angle

mirror
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Figure 14. Boiler, super-heater and heat storage (cross-section)

ing, than are those normally established for terrestrial
systems. However, it is just for this reason that space
solar engine programs can make such significant
contributions to developing a state-of-the-art techno
logy for terrestrial engine programs. As was pointed
out in the introduction, there are numerous examples
of a program within one technological field having
design objectives for one type of application which
are much more stringent than those required for a
different application within the same field of techno
logy. Also, as -progress in the more ambitious pro
gram is made, the goals of the less difficult pro
gram are oftentimes achieved, in a sense, almost
automatically.

It is believed' that the numerous space solar
engine programs (the 15-kW Solar Mechanical
Engine being one special case) will, in their research
and development investigations, solve many of the
problems which developers of terrestrial solar engines
will face. Probably the strongest support of this
viewpoint, to date, stems from the state-of-the-art
progress currently being made in the areas of (a) solar
concentrator development; (b) Flux Trap develop-

ment; (c) low specific speed turbomachinery (~velop

ment ; and (d) orientation and control ','stems
development.

Terrestrial solar engines aimed at com.nercial
applications naturally necessitate the consideration
of economic factors in all component and sub-system
design approaches. Thus, the over-all system con
figuration for terrestrial solar engines will probably
not closely duplicate those configurations developed
for space solar dynamic systems in which compact
ness and light weight are important design criteria
In many other aspects, however, there may eXist
close similarity between the components utilized
by both of the solar engine applications. One example
of this would be the solar concentrator.

Doubt has been expressed concerning the relative
economic competitiveness of sun-tracking collector'
when compared with semi-orientated fixed-pov
tioned collector installations. This writer believes,
however, that the lowest total system cost can only
be achieved by designing into the system the highest
efficiency possible, much in the same manner t~at
present-day conventional fueled central statiOn
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power plant~ are des.igned. To achieve this objective,
high working fluid temperatures are needed,
which, for solar power plants, require that focusing
collectors be used and that they be continuously
sun oriented, to keep their size and hence cost to a
minimum. Thus, solar collectors for terrestrial solar
power plants could very well be much the same as
those developed for space power plants.

From a system cost viewpoint, the solar collector
concept being developed by Goodyear Aircraft for
the Sundstrand I5-kW Solar Mechanical Engine
Program has much to offer. First, the cost of the
materials used-coated mylar, foams, etc.-are
minimal, even for collectors 60 feet or more in dia
meter. Fe·' this type of collector, the main cost is in the
labor re. .iired to lay up the gores. Once the basic
tooling been fabricated for large diameter con
figurations (which the I5-kW Solar Mechanical
Engine~3r(Jject will very shortly provide), any
desired «Uector size, up to the limits of the tooling
(50-60 fe;'.), can be fabricated at reasonable cost.

A second cost advantage stems from the fact that
the Good-.. .ir type of collector can be mass-produced
at a plant site, folded and packaged in a small
shipping container (either vacuum sealed or contain
ing an inert atmosphere), and easily and economically

shipped to any remote part of the world along
with the liquids required for foam rigidizing the
mirror at the power plant site. Once at the site, the
mirror can be positioned on the tracking rig, inflated
and subsequently rigidized to hold its shape. This is
an obvious advantage over solid plastic or metal
formed mirror segments which would have to be
carefully packaged and handled during shipment.
Experience gained to date with the latter type of
concentrator proved the extreme handling care
which this type must be given at all times in order
to avoid surface damage.

In discussion with Goodyear Aircraft, it appears
reasonable to believe that following the development
and test of three or more flight-prototype-size solar
collectors for space power system use, and by estab
lishing production procedures for the manufacture
of a large number of gore panels, foam mixes, etc.,
the cost of mirrors in the size range of 60 feet in
diameter could be held to approximately D.S.
$20000, or may be less, if 800-1 000 units are to be
produced.

If a nominal 30 000 hour life is assumed for ground
type mirrors, then for a I5-kW ground solar power
plant, the prorated installed cost would approximate
4.44 D.S. centsjkWh.

"11 _39.1+45.7+52.4
'( c.v - 448 + 32.3 +38

=26.50/'0

140° 1
(

i
I

u.. 1 10PSIA
0 1200 !
I

Il£J '?IT =.86
~ 25% REACTION
::>

~
[ 3.0

er 1000
w
Q.
~ 0.7
l£J
t-

800

0.1

600

I
t

1800!

!
1600 !

I

.32 .36 .40 .44 Aa .52 .56
RUBIDIUM ENTROPY - BTU/ LB OF

15KW- 3 STAGE TURBINE CYCLE
NCVCLE. = 26.5

.60 .64 .68



48 1I.C.l (a) Piston engines and turbines

RADIANT
ENERGY
INPUT

HEAT RECEIVER I
I

N"F STORAGE

1
I RADIATIO

'--__....,.. L- .,.- ....L- -r-r- J~N.
LIH STORAGE

BOILER
1200"F 10P51A

t== SUPER HEAT

1750"f I 1150"F t
10PSIA t 3~IA

Vt::::-

1ST REHEAT

IbOO"F 920°F
3 PSIA ~ O.7PSIJ t
~~

/ I---

2N·REHEAT

1450°F
O.1PSIA~

/!--V

67S"F
O.lPSIA ;1.1

!'

lIT STAGE 2"" STAGE 3'· STA.GE1------------- 1------ f-- T - -

I
I
I

l::.!tArT) 120,007 KW

I

PUMP.....

1

LEGEND
~ THERMAL FLUX
~ e:u;CTRICAL LINES

LIQUID UNES
• 9 VAPOR LINES
--- MECHANICAL

-
CONTROLS
:725 KW

ALTERNATOR

r--

!1.0*/SEC {
~-'---

RADIATOR
,./ 4

1
(

REJECTED
ENERGY

LOAD
!5KW

Figure 16. IS-kW cycle schematic diagram



Solar mechanical engine for space application S/27 Macauley 49

ALTERNATOR
ROTOR

COOLANT
OUT

n STAGE TURBINE

I STAGE
INLET

THRUST BEARING

EXHAUST MANIFOLD

LUBRICANT IN

EXHAUST MANIFOLD

EXCITING COIL
STATIONARY

LUBRICANT IN

EXHA UST MANIFOLD
TO CONDENSER

o HEAT

RECEIVER,
ALTERNATOR
AND BEARING

IN

FROM
CONDENSER

JET
PUMPS

Figure 17. IS-kW solar power supply turbine alternator pump assembly

Today an automatic tracking rig which is capable
of handling concentrators up to 34 feet in diameter
ca!l be bought for U.S. $36000 (see figure 24). This
pnce is for one-of-a-kind delivery and would be
c?~siderably reduced by production of large quan
tities, Under mass production, it is believed that
tracking rigs capable of handling 60-70-foot-diameter
tntrrors could be obtained for $70000-75000. If,
~ef~re a major overhaul is performed, a ten-year
Me IS assumed for a tracking rig, its prorated installed
cost for a I5-kW power plant would be about
5.71 cents/kWh.

Under similar production conditions, high-speed
rotatmg assemblies (turbine, bearings and boiler
feed pump) could be marketed for approximately
U.S. $8 500 if either a closed Rankine or a closed
Br~yton cycle, using somewhat conventional working
flUIds (water, argon, Dowtherrn-A, freon, etc.) is
aSSumed. With non-corrosive media used. the rotating
assembly which would be developed from the
10000-hour life, I5-kW Solar Mechanical Engine
Program, could be made reliable for a life of approxi-

mately 30 000 hours, since some routine maintenance
is possible under terrestrial operating conditions.
For some time now, gas turbines have been used in
oil field applications which have run more than
17 000 hours between overhaul periods. These units
encounter life problems due to the corrosiveness of
their products of combustion, whereas closed cycle
systems for terrestrial power applications would not
necessarily encounter any severe corrosion problems.
For the assumed lifetime, mentioned earlier, and for
a 15 kW power plant, the prorated installed
cost of the rotating assembly could be as low as
1.89 centsjkWh.

Since, for terrestrial applications, either low
frequency A. C. or D. C. power will probably be
required, conventional industrial generators with
gearboxes to permit their being driven -by high
speed turbomachinery will more than likely be
used. Hence, in this respect, the configuration of the
terrestrial solar power plant will differ from its
parent system, the space solar power plant. Under
quantity production conditions, 60-cycle alternators
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could probably be purchased for no more than
U.S. $1 100 and their associated gearboxes (24000
3 600 rpm speed reduction) could be sold for approxi
mately $450. Assuming their life span to be the same
as that used for the previously described rotating
assembly, the summed prorated installed costs for
these two units would be about 0.344 centsjk'Wh.

The radiator and/or condenser for the terrestrial
power plant will be significantly different from its
space counterpart. Since cycle waste heat can be
rejected by either natural of forced convection means,
the terrestrial radiator-condenser can be compact
and simple in its design. Under production conditions,
quantities of these units can be obtained for U.S.
$500-$700 apiece. Little or no corrosion problems are
expected for this component; therefore, it should be
good for at least five years before having to be
replaced. Hence, for a 15-kW power plant, the
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JET PUMPS -----I

III STAGE TURBI:"E

EXCITIl';G COIL-
STATIO:"ARY

TO CO:-lDE:-ISER

ALTER:-IATOR
STATOR

LAMINATIO!l:S

prorated installed cost of one of these units would
come to about 0.11 cents/kWh.

The control system for a terrestrial solar pOWer
plant can easily be built around the .control system
technology developed for long duration space solar
power plants. There is an advantage to be accrued
from doing this if a terrestrial solar power plant is
to be used in remote or underdeveloped cmntries.
First, a completely automatic control system of the
type used in a space solar power plant will be devel
oped as a fully integrated system, i.e., one in which
sun tracking operations, temperature and speed
control operations are completely interwoven, and
hence will require a minimum of operating j"Tsonne]
to monitor and run the solar power plant. Lkewise,
the number of highly trained specialists reqiired to
run the ground solar power plant will be mi: imized,
if not omitted altogether.

TO REHEAT

"
---I STAGE IN LET

Figure 18. Isometric layout of the assembled combined power unit
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INNER-CAVITY IRIS
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Figure 19. Installation of the circular radiator condenser in the payload vehicle

Based 1: ,m the rapid price reductions already
accruing j ,;;ty for solid state devices planned for
use on COl! [01 loops, it is estimated that the neces
sa~y contrci , to orient the collector, maintain design
point temperature levels and control component
speeds car: be obtained, in production quantities,
for approx1inately D.S. $1000, and hence, for an
ass1?'med mean time to failure (mtf) of 30000 hours,
theIr prorated installed cost would be around
0.22 cents/kWh.

Not yet discussed is the heat receiver unit. For
a terrestrial solar power plant whenever high temper
ature heat storage is desired to be incorporated into
the system design, the solar radiation receiver will
more than likely be separated, component-wise.
from the boiling and heat storage phase of system
operation. In other words, the solar radiation receiver
Would have its thermal energy transferred, by a h~at

transfer loop, into a separate component which
Would integrate both the energy storage phase and
tide working fluid boiling and/or heating phases.

ue to the large weights involved with the high
temperature heat storage materials for ground

BACK SKIN

JET PUMP REfURN LlNE

Figure 20. Isometric layout of the radiator condenser
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Figure 21. Packaging of Goodyear prototype solar concentrator

systems, it would not be feasible to fully integrate
the boiling and heat storage process into one func
tional component, i.e. heat receiver-boiler-heat storage
unit. However, the solarheat receiver for the terrestrial
application would still look much like the component
designed for space use (see figure 14).For high-temper-

ature system operation, it would still be a double
cavity design and its inner configuration would
closely resemble that previously described in firure 14,
except that no heat storage material would be in
stalled and the flow passages would contain cl non
boiling heat transfer fluid (Hg, NaK, etc.). Experi-
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Figure 22. Deployment sequence of Goodyear inflatable solar concentrator



mental double cavity radiation-receiver-heat transfer
sub-systems of the type described have been built
for very little cost (approximately D.S. $3 500) and
have been tested. In production quantities, these
radiation receiver-loop sub-systems could be obtained
for approximately $1500 and should be good for
five years of useful life. Thus, their prorated installed
cost would be of the order of 0.23 centsjkWh.

The .cost to affect high temperature thermal
storage is difficult to assess without some detailed
knowledge of the load profile dictated by consumer

Figure 24. Automatic tracking rig
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Figure 2,,,. ,:'tist's concept of operational 15-kW Solar
Mechanical Engine

Table 2. Estimated prorated operating cost of a 15-kW terrestrial solar power plant
(US cents/kWh)

No energy 1200 kWh 2400 kWh
Component!Sub-system storage of energy of energy

capability storage storage

Solar concentrator sub-system. 4.4 4.4 4.4
Tracking rig 5.7 5.7 5.7
Turbo machinery 1.9 1.9 1.9
Al terna tor-gearbox 0.34 0.34 0.34
Controls (seeker, temp., and speed) 0.22 0.30 0.30
Radiator (-condenser) 0.1 0.1 0.1
Heat receiver loop. 0.23 0.23 0.23
Thermal storage - boiler unit . 0.0094(a) 0.017 (b)

TOTAL COSTS 12.89 13.83 14.59

NOTE: Heat storage material costs based on a latent heat of fusion value of 1075 Btujlb for lithium hydride.
(a) Based upon 2031 pounds of LiH used and 5-year life for the heat storage-boiler unit.
(b) Based upon 4062 pounds of LiH used and 5-year life for the heat storage-boiler unit.
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Conclusion

1\s can be seen from table 2, the prorated installed
cost estimates of terrestrial solar power plants are
rather high by comparison to conventional-fueled
or nuclear-fueled control station power plant costs
(3-10 mills/kWh], and these cost figures do not incluj,
nominal amortization charges, land, building, etc.
Until prototype terrestrial plants of the type dis
cussed in this paper are built and tested to gain
operational and cost experience, there is no way,
at this time, to affect great reductions in rhe cost
picture presented herein.

If the cost figures presented are reasonable, the
terrestrial solar power systems discussed v Tl have
to be considered for use in those parts of L,;~ world
where more conventional fuel resources a; either
unavailable for power generation or wh.re the
remoteness of the region is such that oth-.. forms
of power production present logistic problen • either
too costly or too inconvenient to be 0',. rcorne,
Certainly, the ease of packaging a solar Po\\· r plant
for shipment to practically any part of H" world
(where adequate sunlight is available for eo:.version
into useful power) is an attractive feature lir such
systems. Furthermore, the ability of the solr power

.1 15 .20 "Z5 . 28
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ALTERNATOR EFFICIENCY _ 0.85

Figure 25. Cycle efficiency (1)CY) mirror diameter vs cycle
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Figure 26. Cycle efficiency (1)CY) mirror diameter vs cycle
efficiency
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living patterns. In other words, the amount of thermal
energy to be stored at high temperature for later
use at night-time or during low quality sunlight
periods will be closely tied to the high and low
periods of power requirements associated with a
given community. Optimization studies may well
show that the lowest system cost could be achieved
by a split between thermal energy storage and elec
trical energy storage. Such an anlysis is beyond the
scope of this paper.

To give some feeling for final prorate dinstalled
costs of a 15-kW terrestrial solar power plant designed
around the technology available from a space system,
table 1 has been prepared, which summarizes cost
estimates in cents/kwh, for a solar plant with
(a) no energy storage capability, (b) 15 kW output
in daylight periods and 7.5 kW output from stored
thermal energy during night-time operation, and
(c) 15 kW output in both daylight and night-time
periods. For cases (b) and (c) two assumptions were
made, namely, that thermal energy was stored at a
fairly high temperature (1 250°F) by using lithium
hydride as the storage material, and that, within
the next few years, the price of LiH would be ap
proximately U.S. $I/lb in large-quantity orders
(today the price of LiH in small pound lots is about
$IO/lb).
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plant to be essentially a self-contained system lends
it to being, relatively speaking, quick to assemble
for operation and, if designed along the same opera
tional lines as the space power system discussed
earlier, would be simple to operate or maintain over
long periods of time.

The ability of industry to bring the operational
costs of terrestrial solar power lower than presently
estimated will not only depend upon the advances
made in the state-of-the-art technology via the
numerous :,pace solar power plant programs, but also
very much upon the market potential for such
systems. .learly then, an extensive world-wide
survey is i.icded to develop a market picture relative
to terresi. . 1 solar power plants so that developers
of these S3', .erns can more fully exploit the advances
being ma in solar technology as it is developed
by the cn: nt space power programs.

Eig'ure 28. Direct solar insolence Btu/hr/ft'
efficiency vs direct solar insolence ('I)Cy)
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(c) Generator efficiency . . . . . . . . .

(d) Mechanical losses (bearings, pump, etc.).

(e) Power required for tracker drive, controls,
instrumentation, etc. . . . . . . . . . .

(I) Direct solar insolence (taken as representing
good sun climates, e.g., the south-western

. United States). . . . . . . . . . .. . .

In order to assess the operational costs of a terrestrial solar
dynamic power generation system which is based upon the
developed (or soon to be developed) state-of-the-art technology
of space-type solar dynamic engines, a study was made of the
size required for mirrors, tracking rigs, heat storage-boiler units,
etc., under varying conditions of solar insolence and system
cycle efficiency. Figures 25-28 show the typical plots developed
from IBM computer analysis upon which component sizing and
eventually cost estimates were based.

The general design parameters finally chosen as a basis of
evaluating the most probable component design trends and hence
operational costs were as follows:

(a) Cycle efficiency (including turbine stage
cfficiencies) . . . . . . . . . . . . . . 0.252

(b) Turbine (and pump for Rankine systems)
speed. . . . . . .

.25 .2.26.15

Fi~ure 27. Cycle efficiency ('I)Cy) mirror diameter vs cycle
efficiency
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Summary

Much effort is presently being expended on the
development of solar thermal-mechanical conversion
systems designed to produce electrical power for
space vehicle applications. Although these costly
research and development programs are still in
their early phases of progress, they are, nevertheless,
attacking numerous difficult component and sub
system design problems whose successful solution
will certainly assist those programs aimed at the
practical use of solar energy for terrestrial mechanical
power and electricity production.

The most obvious early economic contribution
to terrestrial solar power generation applications
which these ambitious space solar power system
programs can make will be in the direction of
advancing the state-of-the-art of solar technology
along many broad lines of investigation. Much in
the same manner that government-sponsored work
on high-temperature materials research, advance
design concepts, extensive component testing and
development, etc., in support of mobile or flyable
nuclear reactors, has immeasurably aided the pro
gress of commercial nuclear power application pro
grams, so will the extensive amount of investi
gations into developing highly accurate solar concen
trators, highly efficient and reliable power conversion
and generation components, new working fluids,
new materials and fabrication techniques, etc.,
significantly bring closer the day when terrestrial
solar power generation systems will be available
in economic form.

To illustrate the design, development and economic
relationships between solar mechanical engines for
space application and solar power generation systems
for terrestrial uses, a specific research and develop
ment program, involving the design study of the
largest known solar mechanical engine for use on
space vehicles, has been chosen for discussion.
The program to be described, called the 15-kW
Solar Mechanical Engine Program, is an applied
research and development effort aimed at providing
for the growth and advancement in the state-of
the-art technology of dynamic solar conversion
systems using high-temperature working fluid and
operating at relatively high power levels. Sundstrand

Aviation-Denver, Division of the SurIstrand
Corporation, is conducting for the goven..nent a
research and development program airneo at the
eventual production of a flyable, long (: .iration
solar thermal-mechanical power conversion system
for use in space applications.

The specific objectives of the 15-kW Solar Mecha
nical Engine Program are to reveal and se,! ve the
critical component problems associated with advanced
solar mechanical power concepts. In order to meet
these objectives, since the development of a specific
system is not yet called for, general preli.ninary
design specifications of a dynamic solar conversion
system were created by the government ir order
to permit an optimum system design to be estai .lished,
hardware to be assembled for test and re search
experiments to be defined and performed.

The major, general preliminary system design
specifications are as follows:

(a) Payload power: 15 kW of continuous elctrical
power at 3 200 cps, 120/208 volts, 3$;

(b) System weight (max.): 1 000 lb (66.6 l1/kW);
(c) Operating life cycle: One year coninuous

operation during an orbit period having 60 ninutes
of sunlight and 40 minutes of shadow time;

(d) Launch and environmental conditions: :.\laxi
mum launch acceleration of 10 g along the longi
tudinal axis of the vehicle, 2 g along the lateral axis;
zero gravity, vacuum, temperature, meteorite bom
bardment, cosmic radiation, and Van AlIen radiation
as found at operational orbital altitudes.

To meet the above objectives, a system design
was established which has the following general
component or sub-system features:

(a) Solar concentrator: 44.5-foot diameter para-·
boloid concentrator fabricated from plyable materials.
The concentrator is inflated to shape and subse
quently foam rigidized to hold its contour;

(b) Solar boiler-heat storage unit: a double cavity
type boiler is used which has both rubidium boiling,
superheat and reheat passages and provision for
LiH heat storage material for low temperature
(1 257°F) energy storage and NaF for high tempera
ture (1 875°F) energy storage;
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(c) Cycle and working fluid: a Rankine cycle
with rubidium as the working fluid has been selected;

(d) power conversion uni~: A t~ree-stage turbine
rotating at 24 000 rpm which dnves a homopolar
inductor-type alternator. All rotating parts are
integrated with liquid metal lubricated bearings,
and all sub-assemblies are mounted on a single
rotating shaft. No gears or seals are required.

(e) Radiator-condenser: A ~isc-s~ape.d radiator
condenser has been chosen. ThIS umt will be made
of berylliti:n and, under zero-g conditions, will
condense i he Rb vapor, which discharges from the
last nrrbir.: stage.

The coi..ponent sizes, efficiencies and weights,
as presentj,- developed during the design phase of
the 15-k\V 30lar Mechanical Engine' Program, are
summariz('i;n table 1.

Using the general state-of-the-art currently deve
loped, or soon to be achieved, by the 15-kW Solar
Mechanical Engine Program which has been estab
lished to serve space-vehicle power needs, a study
of the most probable cost of converting space solar
engine technology into terrestrial solar engine appli
cations was made. Table 2 lists a summary of the
economic analysis performed for a 15-kW terrestrial
solar power plant wherein (a) no provision for heat
storage was made, (b) provision was made for 15 kW
electrical output for an eight-hour period and 7.5 kW
electrical output for a sixteen-hour period, by the
use of high-temperature heat-storage materials,
and (c) continuous operation over a twenty-four-hour
period at a rated electrical output of 15 kW was
provided through the use of a high-temperature
heat-storage material (LiH).

MISE At) POINT D'UN MOTEUR HELIOMECANIQUE DE 15 KW (MESURES EN ELEC
TRICr!; ',) DESTINE AUX APPLICATIONS INTERPLANETAIRES. SES RAPPORTS AVEC
LA CO;'.;:;;TRUCTION DE MOTEURS ANALOGUES DESTINES A DES APPLICATIONS
TERRE~;'TRES

Resume

On consacre actuellement des efforts considerables
it la mise au point de systemes de conversion thermo
mecanique ,1,: l'energie solaire, destines a subvenir
aux besoin-, en electricite des vehicules interplane
taires de 1'. '-enir. Bien que ces programmes onereux
de rechercr es et de mise en oeuvre de dispositifs
inedits en . »ient encore aux premieres phases de
leur develo..pcment, il n'en reste pas moins vrai
qu'ils s'at i« .uent a la resolution de nombre de
problernes '~dus ayant trait a la conception de
certains ('tr': elements et des groupes d'elements
constitutits .ie ces dispositifs. Leur succes ne saurait
manquer ,\', ;Jporter une aide appreciable aux pro
grammes rJ"; s' efforcent de donner des applications
terrestres j;':ttiques a I'energie solaire pour la pro
duction d'(:'"rgie mecanique et electrique.

L'appor: rconomique presque immediat le plus
evident de i~CS programmes visant a la realisation
de systemes de production de force motrice alimentes
par 1'energic solaire en plein espace interplanetaire
peut fairc orienter la technologie solaire actuelle
vers plusicurs domaines de recherches generales.
Les travaux finances par le gouvernement sur le
plan des recherches relatives au comportement des
materiaux aux temperatures elevees, des conceptions
ultra modernes des essais et de la mise au point
d; divers groupes destines a et re utilises dans des
~eacteurs nucleaires mobiles ou susceptibles d'etre
lllstalles a bord d'un engin, ont joue un role dont
on ne saurait trop souligner 1'importance quant a
la realisation des programmes visant a 1'application
C?~merciale de I'energie nucleaire, C'est d'une rna
llIere entierement analogue que les nombreuses
recherches menees sur la mise au point de concentra
teurs d' energie solaire erninemment precis, les groupes

a tres haut rendement et d'un fonctionnement sur
pour la conversion et la production de force motrice,
les nouveaux fluides de travail, les materiaux
inedits et les techniques de fabrication originales
rapprocheront beaucoup le jour ou les systemes
terrestres de production de force motrice, a partir
de l'energie solaire, seront disponibles dans des
conditions economiques acceptables.

Pour illustrer la conception et la mise au point
des moteurs heliomecaniques destines a des appli
cations interplanetaires et celles des systernes ter
restres de production de force motrice actionnes
par I'energie solaire, ainsi que leurs rapports econo
miques, on a choisi, aux fins de demonstration,
un programme particulier de ce genre (recherches
et mises au point) qui comporte les etudes prelimi
naires a la realisation du plus puissant moteur helio
mecanique connu, destine a etre utilise a bord de
vehicules interplanetaires. Le programme qui sera
decrit, appele programme du moteur heliomecanique
de 15 kW, est constitue par des travaux de recherches
et de science appliquee, visant a assurer le develop
pement et le perfectionnement de la technologie
des systernes dynamiques de conversion de l'energie
solaire qui utilisent un fluide de travail a haute
temperature et fonctionnent a des niveaux de puis
sance relativement eleves. La Sundstrand Aviation,
Division de Denver de la Sundstrand Corporation,
execute actuellement pour le gouvernement un pro
gramme de ce genre, dont 1'objectif est, en fin de
compte, la production d'un systeme de conversion
thermo-mecanique de l'energie solaire a longue duree
de fonctionnement capable d' etre installe a bord
d'un engin et destine a recevoir des applications
in terplanetaires.
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Les objectifs specifiques du programme de mise
au point d'un moteur heliornecanique de 15 kW
s'attachent a mettre en lumiere et a resoudre les
problemes critiques qui se posent dans la realisation
des pieces et des groupes des dispositifs destines
a la mise en ceuvre pratique des points de vue les
plus modernes sur les machines heliomecaniques.
Pour realiser de tels objectifs, dans la mesure ou
le moment n'est pas encore venu de mettre un systeme
donne au point, le gouvernement a presente les
cahiers des charges preliminaires applicables a un
systeme dynamique de conversion de l'energie solaire,
pour permettre l'etablissernent d'une conception
optimale et de proceder au montage des pieces et
groupes necessaires aux fins des essais et experiences
de recherches a decrire et a executer.

Les specifications preliminaires principales sont
les suivantes :

a) Puissance a foumir, dans les limites imposees
par la charge payante : 15 kW d'energie electrique
en marche continue a 3 200 pps, sous 120/208 v.
en triphase ; .

b) Poids du systerne (maximum) 1 000 livres
(66,6 livres par kW);

c) Cycle pendant la duree de fonctionnement
utile : un an de fonctionnement continu sur une
periode qui, le long de I'orbite, comporte 60 minutes
au soleil et 40 a l'ombre;

d) Conditions au lancement et caracteristiques
du milieu : acceleration maximum au lancement,
10 g suivant I'axe longitudinal du vehicule et 2 g
suivant son axe transversal; annulation de la pesan
teur; degre de vide, temperature, bombardement
par meteorites, radiations cosmiques et de Van AlIen
tels qu'on les rencontre aux altitudes prevues pour
l'orbite,

Pour remplir les objectifs enurneres ci-dessus,
il a ete mis au point une formule, pour le systeme,
qui se caracterise par les points generaux suivants
quant aux elements constitutifs et aux groupes :

a) Concentrateur d'energie solaire : groupe parabo
Ioide de 44,5 pieds de diametre fabrique avec des
materiaux souples. Il se gonfle pour prendre la forme
voulue puis est rendu rigide par une mousse appro
priee de rnaniere a rnaintenir sa forme;

b) Bouilleur solaire - Accumulateur : on fera
usage d'un bouilleur a double cavite dote de passages

pour l'ebullition du rubidium, sa surchauffe et Son
rechauffage, avec les moyens de faire usage d'un
materiau accumulateur de chaleur a l'hydrure de
lithium pour les temperatures relativement basses
(1.257 OF) et au fluorure de sodium pour l'accumu.
lation d'energie aux temperatures elevees (1 875 OF);

c) Cycle, fluide de travail : on a choisi le cycle
de Rankine et le rubidium comme fluide de travail;

d) Groupe de conversion de I'energie : une turbine
a trois et ages tournant a 24000 tlm entrains un
alternateur du type a inducteurs homo] .. olaires.
Toutes les pieces tournantes sont reliees a dc-. paliers
lubrifies au metal liquide de maniere a f" ire bloc I

avec eux. Tous les sous-groupes sont montc. sur un I
seul arbre tournant. Pas de roues dentees ou de .
joints d'etancheite ;

e) Radiateur-condenseur: on a choisi un radiatsnr,
condenseur en forme de disque. Ce groupe -era en
beryllium et, dans des conditions ou la peanteur
est nulle, il assurera la condensation de la vapeur
de rubidium s'echappant du dernier etage de la
turbine.

Le tableau 1 donne un resume des cotes de, pieces
et groupes, des rendements envisages et de la recette
des poids, tels qu'ils ont Me arretes pendant h phase
de mise au point des plans dans le cadre du programme
d'execution du projet de moteur heliomec.mique
de 15 kW.

Dans I'etat de la technologie tel qu'il se prosente
actuelIement ou tel qu'il sera avant peu pem les
fins de ce projet, etabli pour faire face aux besoins
energetiques d'un vehicule interplanetaire, on a
precede a une etude des frais les plus probablcs de
conversion de la technologie applicable au noteur
ainsi concu aux besoins des applications i' des
moteurs solaires terrestres. Le tableau 2 repr.sente
un resume de l'analyse economique ainsi faitc pour
une centrale de 15 kW a energie solaire instailee it
terre dans laquelle : a) il n'est pas prevu de disj.ositif
d'emmagasinage de la chaleur; b) on envisacc un
debit d'energie electrique de 15 kW pour une pcriode
de huit heures et de 7,5 kW pour seize heures, en
se servant de materiaux d'accumulation de I'energie
a haute temperature; cl le fonctionnement continu
sur une periode de 24 heures au debit electrique
nominal de 15 kW a ete assure par l'emploi d'un
materiau d'accumulation de la chaleur a haute
temperature (LiH).
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LARGE-AREA SOLAR COLLECTORS (SOLAR PONDS) FOR POWER PRODUCTION

H. Tabor*

A very short description of the solar pond project
was given in May 1959 (1) When the experiments
were just (\lnmencing. A further account was
presented a t the Rehovot Conference on "Science
for the Adv,'>:'t~ment of New States" in August 1960.

The present paper is an amplification of the latter
account and provides a more detailed picture of
the problem:i,nvolved, and the economic prospects.

Background

THE CLASSICi~j~ PROBLEM. "INTENSIVE" COLLECTORS

The possihi1i ty of building large central solar
power stations, in the megawatt class, using solar
collectors of conventional type, seems very remote.

Four exann.les will illustrate the extreme difficulty
in trying to produce power from solar energy at
the world pr ::,~ of less than 1 US cent per kWh,
not to menti:» i the formidable maintenance problems.

Consider :t ] .cliostatically mounted paraboloidal
mirror collcct-r, the most efficient type known.
If we assume ,\ collector efficiency of 70 per cent,
a turbogener. d or efficiency of 35 per cent, and a
sunny climat.: (3000 kWh per sq m per year),
the annual :' .,'lcl will be 735 kWh per sq m. For
power at O.G··'.'; cents per kWh, the fuel contribution
is about 0.:) 1"Jts, This makes the annual value of
the collector ":' a fuel saver about $2.2 per sq m
or say $2, aJk:ing 20 cents a year for maintenance.
Taking capit.' charges as 13.6 per cent (6 per cent
interest and i:n-year sinking fund) the collector
plus accesso-:-i,'~ (but without power plant) must
cost less than :.; 15 per sq m, which is almost one order
of magnitude less than the present cost of a fully
automatic hcliostatic paraboloidal collector of reason
able size.

For the second example we consider a simpler
collect?r, such as a very good flat plate collector
or a SImple stationary cylindrical parabolic mirror
tYP,e, working at a moderate temperature in the
region of ][iO°C. Under optimum conditions, the
over-ap conversion efficiency will be at best 8 per
chent, l.e., .a third of that in the first example, and
t e sunshme "seen" will be only about i of that
for a heliostatic collector. Thus the collector system
must cost less than i of the cost in the first example,
~,e" less than $3.3 per m2• This is about fr of the
tOh~est cost, $20jm2, so far considered feasible for

IS type of collector.

------* N tia tonal Physical Laboratory of Israel.
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Baum has presented the only detailed scheme
for a large solar power installation (2). He has
described a station to produce 11-13 tons of steam
an hour or 20 000 tons per year at 400°C capable
of producing 1 200 kW with a back pressure tur
bine or 2 200 kW with a condensing turbine,
using 1293 mirrors 15 sq m mounted on carriages
rotating about a central boiler. At the Mont Louis
symposium (1958) Baum gave the estimated cost
as 18000 000 rubles, i.e., about $4500000. This
makes a cost of over $2000 per kW installed, for
the condensing unit, and the load factor is only
26 per cent.' The cost of the collector system is
seen to be over $200 per sq m. Taking annual charges
on capital as 10 per cent, the cost per kWh produced
is 9 cents excluding running costs.

A final example is the photoelectric solar cell.
Assuming a conversion efficiency of 10 per cent
and 2400 kWh of sunshine per year per sq m and
some new and cheap system of electrical energy
storage and allowing some costs for the electrical
equipment, the annual worth of the collector, for
power at 0.6-0.8 cents per kWh, will be about $1.2
1.5 per sq m. With capital charges at 7.8 per cent
(25 years, 6 per cent) the permitted investment
is about $20 per m2• Present-day costs are about
200 times this figure.

The above examples have been given to accentuate
the extreme difficulty in getting cheap (competitive)
electric power on a large scale using conventional
solar collector systems. If this goal is ever to be
achieved, the collectors must be at least an order
of magnitude cheaper than any known present-day
collectors and the maintenance cost of vast collector
areas must be virtually zero.

THE "EXTENSIVE" APPROACH

Claude (3) and his French colleagues recognised
the ocean as the cheapest form of solar collector.
Temperature differences between surface and deep
waters of 20°C were noted (4). Whilst such tempera
tures are adequate to operate special turbines built
for the purpose, the amount of energy consumed
by the auxiliaries is very large. To improve the
situation, French scientists suggested running the
surface waters into shallow black-bottomed pans
where the water would be further heated by the sun.
A rise of only a few degrees was obtained even when

1 Assumes 250 kWh produced per ton of steam: 5000000 k\Vh
per year.
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a heavy oil (mazoute) was used on the surface
to reduce losses by evaporation (5).

The reason for the small rise in temperature in
the pans is that the heated water at the bottom
rises to the top by convection and the heat is quite
rapidly dissipated to the surroundings.

In 1948, Rudolph Bloch suggested that an effective
solar collector could be created by avoiding convec
tion in a stratified salt solution, i.e., by creating
a density gradient in a pond, as it had been observ
ed (6) that in a certain saline lake in Hungary an
increase in temperature with depth occurred (together
with an increase in density) opposite to what is
observed in the oceans. Because stationary water
is a good insulator, a non-convecting black-bottomed
pond should act as an efficient solar trap.

It was not until 1958 that this laboratory had
the funds to inaugurate a research project on this
idea. The initial experiments were not successful
- our understanding of the problems was too naIve
but subsequent field experiments gave temperatures
exceeding 90°C. This led to a much closer study
of the physics of the problem and the possible
economic viability.

Basic problems of the solar pond 2

(a) Some of the major problems are as follows:
1. How much of the solar energy reaches the

bottom and what happens to energy absorbed on
the way down to the bottom.

2. How, and with what time variations, does
energy enter the ground under the pond. To what
extent does the ground provide heat storage in
addition to the storage provided by the water.

3. What are the conditions for stability (i.e., no
convection) in the pond.

4. What is the rate of diffusion of salt from
the bottom (high concentration) to the top (low
concentration) of the pond and what measures
are to be taken to maintain a density gradient
once achieved. How is the gradient achieved initially.

5. How is the heat to be extracted from the bottom
of the pond without causing convection which would
destroy the stability of the pond.

6. What is the effect of wind-induced waves on
the surface of the pond. Will this cause "mixing".

7. What is the effect of evaporation from the
surface. Can this cause local density gradients
which might cause mixing.

8. What is the effect of dirt and dust falling
into the pond. What measures are needed to keep
the pond clean.

9. What are the optimum operating conditions
for the pond as a source of heat or for producing
mechanical power, i.e., temperature of operating
and time-table of heat extraction. What is the
expected annual yield per unit area.

2 Detailed mathematical analyses will not be given here but
will be published elsewhere.

(b) Answers, as far as they are known to date,
are as follows:

1. The salt solutions used to date (mainly magne_
sium chloride), if clean, behave very much like pure
water as far as optical absorption is concerned.
However, if they are slightly dirty or contain sus
pended matter, the transmissivity can be much
lower. Treating the solution as water, we know
that about half the solar spectrum (that 1'2rt above
about 0.7 microns), is absorbed in the first iew cm,
after which the absorption is very slight. The' greater
the depth the less energy will reach the bottom
but the greater the insulating effect of th, upper
water upon the heated lower portions. The \,:,timum
depth depends very much upon the cleanlii.vss and
whether the pond is suitable for supplyii-z heat
or power. For power applications it is c,- [mated
that the optimum depth will be between i and 2
metres, but it will be some time before tll' exact
optimum can be computed. The effect of t!,e heat
absorbed on the way down is to change the tv.npera
ture gradient so that the pond behaves, as far
as heat loss from the bottom is concerncri. as if
it were slightly deeper than its actual deptl.,

2. For a small pond, the heat losses fr: m the
boundaries are excessive. As the pond is made
larger, the effect of the peripheral losses decreases
and the heat loss from the bottom vanishes completely
if the pond is given enough time to heat up (:l year
or more). H. Weinberger has shown that a small
pond gives a lower ultimate temperature ris.: than

an infinite pond by a factor approximately (1 .- 2
dh)

where h is the depth and d is the diameter. This
means that, for a pond 1 m deep if it is mor. than
20 m diameter it will approach within 90 pc; cent
of an infinite pond.

Figure 1 shows, by calculations, how the l;clttom
of an infinite pond will warm up if started i~l the
spring or in the autumn, assuming that the gound
under the pond has a thermal diffusivity 'qual
to that of water, the pond is 1 m deep and the
solution has properties similar to water. (Clear sun
shine conditions at 32° latitude). No heat is extracted
and it is assumed that - by some means - the
solution does not boil. The curves show the effect
of annual variation of solar intensity superimposed
on an exponential type "soaking" curve for the
ground. Calculations now in progress show that the
ground provides a considerable storage effect. It
cannot provide a constant power output for the whole
year (except by running so hot in the summer that
a great deal of energy is wasted), but periods of no
sunshine for many days will pass almost unnoticed.
This "built-in" storage is one of the attractions of
the. solar pond.

3. When a homogeneous horizontal layer of fluid
is heated from below, convection will occur if the
Grasshof-Prandtl product exceeds about 2000. For
liquids, this means that even a temperature difference
of a fraction of a degree will cause convection.



120

Large-area solar collectors (solar ponds) 8/47 Tabor

I I I I I I ! I I I I I I r I I I I I IT I I

-

-
I I I I I

61

so 1/
I

v ~o
/

40 so 120 160 200 240 280 320 400 420 440

Figure 1. Days after completion of filling

If a densit: ~;radient dp/dh exists in the fluid before

heating SUC~l that ~~ > 0 (h measured from the top

downward" and after heating this gradient is not
reversed a t any time or place, no convection will
?ccur. If tL' heating at the lower face of the layer
~s very rapi.i. then a high local temperature gradient
IS possiblr l.ecause of the low thermal diffusivity
of stationary liquids and this temperature gradient
ca~ses a Ligh change in local density gradient
which can reverse the original gradient and cause
conv~ctiOl:1. Thus the original density gradient
reqUIred IS a function not only of the depth and
temperature differences expected but also of the
rate of heat input at the bottom. If, as is shown later,
a convecting or "mixing" zone exists at the bottom
of the pond, rapid local changes of temperature
are not possible and a lower dp/dh is adequate.

4. The rate of molecular salt diffusion is remarkably
small and experimental ponds have been operated
for months with no action being taken to correct
for the diffusion. Thus for a magnesium chloride
~ond with a density of 1.0 at the. top and 300 gm/
htre MgCl2 at the bottom (depth 1.3 m), with a
temperature difference of 50°C and the concentration
gradient such that the diffusion rate is the same
at each level in the pond, the rate is about 50 gm
per sq m per day. To maintain the gradient, a concen-

trated solution is injected into the bottom of the
pond from time to time. The top of the pond is
washed with fresh water or weak solution (sea water)
with some overflow. Whatever the rate of overflow
an equilibrium concentration will be created at
the top such that the salt carried away in the overflow
equals the salt diffusing upwards through the pond.
Methods of setting up the density gradient initially
are described in section 4.

5. The extraction of heat is one of the most
interesting (and difficult) aspects of the solar pond.
The obvious solution - to lay an array of pipes
in the bottom through which a heat exchange. fluid
(probably water) is pumped - is not very practical
for large ponds. (We are thinking in terms of ponds
of 1 sq km.) Apart from the cost of the pipes and
the pumping, it is an a priori condition for a heat
exchanger that convection, either natural or forced,
shall take place outside the pipes, yet convection
is to be avoided in the pond. Thus, if there is no
convection, the heat extraction will be very poor.
If convection occurs, however, will it be limited
to a layer at the bottom of the pond (and a little
thicker than the diameter of the pipes) or will it
gradually permeate the whole pond, thereby destroy
ing the stability?

A more logical method is to "decant" a layer
of liquid from the bottom of the pond, pass it over

3*
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an external heat exchanger and then return the
liquid to the pond. Because of the density gradient
it is, in fact, known that a layer can be removed
without causing mixing of the pond, but the situation
is complicated in the present application by the need
to .return the extracted fluid which will then be
well mixed. This yields a pond with a density gradient
in the upper portions and a homogeneous (convecting)
zone at the bottom. There will be a tendency for
this zone to grow in height, and the matter is now
being studied with the help of glass tanks.

6. We have, at present, no answer to this question
and both theoretical and experimental studies are
in progress. That the effect of waves can be reduced
to negligible proportions is almost certain, but if
this means providing wind breaks at every few cm
the cost and the loss in solar transmission may be
prohibitive.

7. Evaporation at the surface can cause a local
concentration of salt and possibly local reversal
of the density gradient. (Upper layer mixing in
an experimental pond was believed to be caused
by evaporation.) If the p~nd surface is "washed"
as indicated above it is thought that evaporation
will not cause any difficulties.

8. The problem of keeping the pond clean is
a serious one, though probably far simpler than
trying to keep equally vast areas of glass or mirror
clean. Dirt will be of four types :

(a) Particles that float on the surface. These may
be blown to one side by the wind or possibly removed
in the surface washing process.

(b) Particles that sink to the bottom. These cause
no problem (if they sink fairly quickly) except
that they may reduce the effective blackness of
the bottom.

(c) Particles that remain suspended in the pond
because of their small size or because their density
corresponds to that of a certain level in the pond.
This problem has not been solved and two approaches
are being studied: a periodic horizontal "sweeping"
of the pond with a vertical filter, and a slow move
ment of the entire pond involving passage through
filters.

(d) Biological growth. It is believed that this
can be adequately suppressed by chemical means.
. 9. Calculation of the optimum operating conditions
IS an extremely complex matter, as the number
of variables is considerable: depth of pond, trans
parency, extraction temperature, thermal properties
of the ground, latitude and solar insulation, time
table of energy extraction, etc. The possibilities of
~sing an analogue computer (resistance-capacity
simulator) are now being studied so that a high
speed model of the pond can be set up.

Figure 2 shows a computation of the yield of the
pond in terms of depth, transparency, temperature
of extraction, based upon mean conditions, i.e.,
ignoring the cyclic variations of most of the variables
and ignoring the slight benefit from heat absorbed
in the upper portions of the pond. (The temperature

rise of the pond above ambient is assumed to be
the same as the temperature difference across the
turbine; for each degree C that the former is greater
than the latter there is a loss of output of 1-2 per
cent of the output. As a first approximation we take
a 20 per cent loss due to unavoidable temperature
drops in the system.)

For pure water the mean transmission 15 will be
slightly over 0.4 for the depths considered: a real
pond will have a lower transmission. If we assume
B '"'" 0.32 then a pond 1 m deep has an o.rtimun,
temperature rise of 50°C and the over-all corversion
efficiency is 2 t % X C where C is the factor 1,~ which
a real turbine departs from a Carnot l:' ;lchine.
For C 0.67 the over-all efficiency is 1.67 1 -r cent
or 1.33 per cent allowing for temperatur- losses.
If the pond were increased in depth to 1. C metres
and the transmission dropped, say, to O.~':, then
the over-all efficiency is 3.250 per cent, i.; about
2.2 per cent or 1.76 per cent with temx raturs
losses, with the optimum temperature rise ( . about
72°C. A deeper pond is more expensive to cr.rstruct
and maintain and this has to be taken into i.ccount
in deciding the optimum depth."

The example given in figure 2 is for the c.:~c of a
mean solar insolation of 4,650 Kcalsjm- per cb v, i.e.,
1.97 X 109 kWh of heat per sq km per year.' 1: about
1 t per cent of this is converted to electric power
the annual yield is 30 X 106 kWh per sq krr., (This
is gross yield from which the power for auxi liaries
has to be deducted.) For a 58 per cent armu... load
factor (i.e., 5000 hours) the installed capacity is
thus 6 000 kW per sq km.

Experimental results and technique.

The first experiments with solar ponds wen con
ducted with sodium chloride solutions and the; -sults
were negative. It was subsequently shown matierna
tically that, due to the low solubility of co.nmon
salt even at elevated temperatures, it is difficult to
mainta~n stability for a pond with a bottom Sc' bjeet
to vanable heat fluxes. If a mixing zone l'xists
at the bottom - which was not the case in the carlv
experiments - stability is improved. "

Subsequent experiments were conducted with
magnesium chloride, carnalite or the end-brines
from potash production at the Dead Sea (predomi
nantly magnesium chloride). The end brines of any
plant producing salt by solar evaporation could be
used.

Outdoor experiments on small ponds - of the
order of 1 X 1 m or 2 X 2 m - confirmed that no
convection occurred despite the hotter fluid at the
bottom. A check on the migration of salt from the

3 The depths referred to here apply to the non-convecting
layer. If there are mixing zones at the top or bottom of the
pond, these call for a physically deeper pond which subtracts
from rather than adds to the efficiency.

4 Measured value for Jerusalem is about 10 per cent greater
than this.
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bottom to the top (by titrating the overflow) showed
this to be fairly close to the computed value for mole
cular diffusion, i.e., no macromolecular motion could
be occurring. The best temperature rise recorded
was 35°C (from 25°C at the top to 60°Cat the bottom).
Small ponds have large edge losses even when some
attempt is made to insulate the side walls. Further
more, the incoming radiation is reduced due to the
shadow of the walls at all but very high solar altitudes.

In September 1959, a 25 X 25-metre pond was
put into commission. This was an old experimental
evaporation pond at the Dead Sea Works Ltd.
built some 25 years ago. The depth was 1 metre
and was thus filled to only 80 cm. This pond was
chosen because it existed and because, being at
the Dead Sea, all the salt solutions needed were
at hand. (As it turned out, it might have been better
to have started with a new pond, but the cost would
have been considerable.)

The pond was filled as follows: a mixing tank
of 1 cu metre was mounted at the side of the pond
so that water from a supply line and concentrated
brine from another line could be mixed together
before discharging into the pond. Flow meters in
the lines indicated the amount of water and brine
added. At four points in the pond, slightly in from
the four corners, four wooden boards 1 m X 1 m
were floated and held in position by cables which
allowed them to rise and fall but to remain approxi
mately in place. On the boards were I" plastic
tubes so arranged that solution coming out of the
tube was dispersed horizontally over the board.
The four tubes were connected together (in parallel
formation) to the exit of the mixing tank. In this
way the gradient could be built up, starting from
the bottom with the highest concentration, and
gradually reducing the concentration, the added
solution floating on the heavier. The concentration
was changed 8 times and the filling of 500 cu metres
of solution was completed in 12 days. By the end
of the filling, the steps in the density gradient had
virtually vanished.

Because of technical difficulties, no washing of
the surface was carried out, but about once a week
water was added to make up for loss by evaporation.
It was subsequently observed that the density

. gradient at the top of the pond was being lost at
the rate of about 1 cm per week, i.e., a "mixing"
or convecting zone appeared at the top. It was
realised too late that failure to wash the surface
was a serious error and it is possible that had this
been done the upper layer mixing zone would not
have appeared, or would have been much slower.
It is believed that this zone is caused by evaporation
or wind-induced waves, or a combination of both.
Experiments are now planned to try to establish
the share of each of these causes.

In April 1960, the walls of the pond sprang a leak
and the pond was emptied for a few days whilst
the walls were repaired and later refilled. The experi
ment was terminated in August 1960 when the upper
zone mixing exceeded half the depth of the pond.

The temperature m~asured at the bottom of the
pond is shown superimposed on figure 1 to Show
the similarity to the theoretical curve. That the
temperature reached only 92°C is attributed to the
reduced static depth of the pond and the fact that
the solution became dirty owing to disintegration
of the old wooden walls of the pond. A series of
samples of solution taken from various depths at
the end of the experiment showed that almost no
sunshine was reaching the bottom.

Despite the faults and disappointments of this
experiment, the results are very encouraging. That
thermal stability with a bottom temperature of 92°C
(which is about the temperature at which a full-size
pond should be operated) and a surface term.eratur
of 28-32°C can be obtained in practice, is ii-spiring,

Engineering aspects

It is too early to discuss the over-all engineering
design of a solar pond used to create power. Points
of study include:

(a) Surface condensers - which will provide
fresh water as a by-product to the power (about
500000 tons per sq km per year) - as an alternative
to the cheaper jet condensers.

(b) Flash evaporation from the pond brines,
(c) Low-temperature turbines designed for variable

input temperature.
The solar pond may be used to produce 10\\1 tem

perature heat, i.e., below 100°C, for the chemical
industry and other purposes. As seen in the next
section, the pond should provide low-temperature
calories at a price far below that obtained from fuel.

Economic perspectives

If a solar pond were a simple pond constructed
on flat ground, with a suitable embankment, a free
source of concentrated brine available, it is estimated
that the cost, under local conditions, would be
about $250 000 for a one sq km size, i.e. 25 cents
per sq m, or two orders of magnitude lower than
the cheapest present-day solar collectors. It may
readily be shown that under these conditions the
power produced would be the cheapest in the world
and, if used as a source of low-temperature calories,
the pond would pay for itself twice over in the first
year 5 (after the initial heating-up period).

We know, of course, that a real solar pond will be
more complicated than this because of the three
major technological problems: the extraction of
heat w~thout disturbing the density gradient, the
prevention of upper layer mixing due to waves
and the maintenance of cleanliness in the pond.

5 Because of heat losses, the useful energy extracted is only
about half that reaching the bottom, at the operating tempera
ture of 8?-90'C. The collection efficiency is thus 15-20 per ce~t
?r th~ YIeld about 30 X 1010 Kcals per year per sq km. TIllS
IS equivalent to 36 000 tons of fuel burnt at 85 per cent efficiencY'
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Conclusions

6 This is a low sea-board price. In under-developed areas it
is not unusual to find the price delivered to the site to be $80-100
per ton.

If the pond is used to provide low-grade heat, the
net annual worth is $540000, taking the cost of
fuel at the site as $15 a ton."

If the solar station is situated in an area where
fuel is expensive, the competitive cost of power is
greater than 1 cent.

3

8.04.5

Production cost of power (cents)
Permissible cost of pond of 1 sq km in

millions of V.S. dollars. . . . . .. 1.08

The solar pond holds out promise for being the
cheapest known method of exploiting solar energy
and is particularly suitable for large installations.
It incorporates a considerable degree of built-in
storage. A square km in a sunny climate should
yield 30 X 106 kWh of power, equivalent to 6 000 kW
installed and a 58 per cent load factor, or alter
natively about 30 X 1010 Kcals of heat at tempera
tures around 80-90°C, equivalent to 36 000 tons of
fuel burnt at 85 per cent efficiency. Three major
problems require to be solved in a reasonable manner
to make the solar pond practical and economic.
These are: the extraction of heat from the bottom
without disturbing the density gradient, the suppres
sion of upper zone mixing due to the wind and
methods for keeping the pond clean. An intense
effort is being made to solve these problems.
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We do not know the measures that have to be taken,
but clearly there is a very great incentive to find
reasonable solutions to these problems. The following
calculation indicates the orders of magnitude in
volved.

The production cost of power in the local fuel
fired station is approximately 1 cent per kWh.
Of this, the fuel component is 48 per cent, the
capital charges 32 per cent and the operating and
maintenance costs 20 per cent. A comparison of
the cost of the power generating equipment (for
a 10 mW unit) shows that the solar plant will cost
about the same as the fuel-fired plant. This is because
whilst the solar plant has no boiler it has larger
condensers and the low-temperature, low-pressure
turbine will be physically larger than the fuel-fired
unit. Not included are all the machinery, pumps,
filters, etc. nssociated with the pond.

A 1 sq km pond operating at It per cent over-all
conversion efficiency will, under local conditions,
produce 30 million kWh of electricity. At 1 cent
per kWh the annual value is S300000. Of this,
52 per cent is required to cover the capital charges
and the operating costs of the station. This leaves
$144000 net value. A generous allowance for the
cost of maintaining the pond and its machinery is
$50 000 per year. The net value is reduced to
$94000. This is the return of the pond investment
if the power cost is to be the same as that for a fuel
fired station.

. If the pond is amortised over 20 years at 6 per cent
interest and () per cent sinking fund the annual
charges on capital are 8.72 per cent and the pond
can cost up to :)1 080 000. .

. This calculu tion shows that even if the pond and
Its associated equipment cost up to four times
t~e co~t of a ..bare" pond, the cost of power produced
will still be competitive with power produced from
fuel. This is wry encouraging. If fresh water is at
a premium, the situation is even better. About 500 000
cu metres per year (125 million US gallons) of water
are obtained for the difference in cost between
surface condensers and jet condensers. This difference
may be of the order of 880-100000 extra investment
or under SJ0000 per year capital charges. If the
water can be sold for more than 2 cents per ton
(? cents per 1 000 US gallons) this provides an addi
tional source of income. At 40 cents per 1000 US
gall~ns, the lowest price at present considered
POSSible for desalinated water the net annual value
of the pond is raised from $94 000 to $134 000.
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Summary

Four examples of classical "intensive" collectors
(three thermal and one photoelectric) show that
costs must be reduced by at least one order of
magnitude in order to be able to produce power
on a large scale at a competitive price of I D.S. cent per
kWh at the bus-bars. Maintenance costs must also
be reduced to a negligible figure.

This calls for collectors of a different type such
as open bodies of water. As originally suggested
by Claude, oceans can be used but the temperature
differences available are small, and the use of black
bottomed solar heating pans to augment the tem
perature difference adds only a few degrees.

Stationary water is a good (and cheap) insulator,
so that if convection can be suppressed a possibility
for a large-area cheap solar collector exists.

The "solar pond" is an artificial black-bottomed
pond or lake about 1-2 m deep in which convection
is prevented by having a strong density gradient
from the bottom to the top. The gradient is obtained
by having a high concentration of suitable salts,
such as magnesium chloride, at the bottom of the
pond and a negligible concentration at the top.
Molecular diffusion is extremely slow. Extra salt
is added periodically at the bottom and the surface
of the pond is washed to keep the top density
low.

Small ponds have serious peripheral losses but
in large ponds these are negligible, though it may
take six months or more for the ground under the
pond to soak up sufficient water to maintain the
operating temperature.

The water, and particularly the ground under
the pond, provides considerable built-in storage.
Whilst the pond cannot store efficiently from summer
to winter, normal interruptions of sunshine, even
of many consecutive days, will scarcely affect the
performance.

An experimental pond, 25 X 25 m, which reached
temperatures of over 90°C at the bottom, is described.
Because of infra-red absorption, less than half the
incident solar energy can reach the bottom and,
for power production purposes, the heat losses at
the optimum operating temperature brings the
collector efficiency down to 15-20 per cent. The
optimum temperature rise (which depends on many
factors) is 50-70°C and leads to a computed oyer-all
conversion efficiency with a real turbine of about
1i per cent. For a sunny climate with an rnnual
incidence of 2000 kWh per sq m a pond of I "q km
should yield 30 X 106 kWh equivalent to 6 OWl kW
installed at 58 per cent load factor. If the pored can
be built for about $1 000000,7 the power pro.luced
will cost less than I cent per kWh. At a powe. cost
of 2 cents, the pond may cost up to $4 500 (no. A
limited amount of distilled water (about 50000') tons
per year per sq km) can be produced as a by-pI::Jduct
for about 2 cents per ton, or the initial investment
in the pond may be increased if the water is sold at
more than 2 cents. .

The physical problems associated with the pond
are discussed. Three major scientific and technological
problems have to be solved, and at a reasonable
cost, before the solar pond becomes practical. These
are: the extraction of heat without disturbing the
density gradient; the prevention of mixing by wind
induced waves, and the maintenance of a clean
pond. These are not easy matters, but the economic
prospects are so attractive that an all-out effort
is called for in seeking to solve them.

Because of the salt and flat land area requirements,
the solar pond concept appears, at present, to be
limited to areas that are, or could be, salt producing.

7 If there were no technological problems as discussed later,
the pond could be built at suitable site for about $250 000.
Interest charges are taken as 6 per cent and sinking fund cal
culated for 20 years.
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COLLECTEURS SOLAIRES A GRANDE SURFACE (PISCINES SOLAIRES) POUR LA
PRODUCTION D'ENERGIE

Resume

Quatre e-o.:,;mples de collecteurs classiques « inten
sifs » (tr,,:s thermiques et un photo-electrique)
permetten. de demontrer qu'il faut redui re les
prix d'un i"ire de grandeur au moins pour pouvoir
produire c;,: grosses quantites d'energie a des prix
capables d-:,,'aire concurrence a ceux des autres
sources a } '-,on de 1 cent de dollar E.D. par kWh
aux barrc. ..rnnibus. Les frais d'entretien doivent
egalement ':c ramenes a un chiffre negligeable.

Ceci exi; des collecteurs d'un type different de
celui qui c'; .I'ernploi courant, tels que des masses
d'eau. Ain-r que Claude I'avait suggere il y a long
temps, on l' -ut utiliser les oceans, mais les differences
de tempera: 1 ~es qu'ils offrent sont faibles et l'utili
sation de Lsins de chauffage solaire a fond noirci
pour augn,: ::ter la difference de temperature n'y
ajoute que ',uclques degres. '

Les rnas.rs d' eaux stagnantes constituent un
isolant satisfaisant et peu couteux, Il est done pos
sible de disp 'ci(,r ainsi de collecteurs solaires de grande
surface et ;\ 1.on marche si I'on parvient a eliminer
la convection.

La cc pisu'le solaire » est une piscine artificielle
ou un lac ~ f"nd noirci d'une profondeur d'un metre
ou deux, d;'~:·; laquelle la convection est evitee par
le moyen (l'·; ,'.(: forte variation de densite en allant
du fond vZ'" la surface. Cette variation se realise
en etablis-': + une concentration elevee de sels
appropries, . ls que le chlorure de magnesium, au
fo~d de la : .scine et une concentration negligeable
pres de la ': rlace. La diffusion moleculaire est tres
lente .: on c' : »ite periodiquement du sel au fond et
on f~lt coulrr de 1'eau en surface pour maintenir
la faibls d:;;·,ite superficielle.
,~es ~etiv ..; piscines ont d'importantes pertes

penphenguc'-;, mais ces memes pertes sont negli
geables dan-, lcs grandes piscines; pourtant, il se
peut .que six mois ou plus s'ecoulent avant que le
sol situe au-dessous de la piscine soit porte a la
temperature de fonctionnement.
~'eau - avec, plus particulierement, le terrain

q~l est au-dessous de la piscine - constituent
d Importants moyens naturels de mise d'energie
en reserve. Bien que la piscine ne puisse servir d'ac
f.u~ulateur de maniere satisfaisante de l'ete a
hiver, les interruptions normales de I'ensoleille

rnenr -: mems pendant plusieurs jours consecutifs 
ne Se repercutent pour ainsi dire pas sur son rende
lllent.

L'auteur decrit une plscme experimentale de
25 X 25 m qui atteint des temperatures de plus de
90 DC pres de son fond. En raison de 1'absorption
de l'infra-rouge, c'est moins de la moitie de l'energie
solaire incidente qui parvient jusqu'a ce fond de
piscine et, pour les besoins de la production d' energie,
les pertes de chaleur a la temperature de fonctionne
ment optimale reduisent le rendement du collecteur
aun chiffre compris entre 15 et 20 p. 100. La montee
optimale de temperature (conditionnee par nombre
d'elernents) est de 50 a 70 DC, donnant un rendement
global de conversion, calcule au moyen d'une turbine
reelle, d'environ It p. 100. Pour un climat ensoleille
ayant une incidence annuelle de 2000 kWh/m2

,

une piscine de 1 km2 doit dormer 30 X 106 kWh
correspondant a 6000 kW installes avec un facteur
de charge de 58 p. 100. Si on peut construire la
piscine pour environ 1 000000 de dollars 8, l'energie
produite cofrtera moins d'un cent par kWh. Si on
porte le prix de I'energie a 2 cents, la piscine peut
cofiter jusqu'a 4500000 dollars. Une quantite
Iimitee d'eau distillee (environ 500000 tonnes par
an et par km-) peut et re foumie comme sous-produit
a raison d'environ 2 cents par tonne; ce qui veut
dire que si 1'eau peut etre vendue a plus de 2 cents,
il n'y a aucun inconvenient a augmenter les somrnes
investies au debut.

L'auteur passe en revue les problernes physiques
relatifs a la piscine. On doit resoudre trois princi
paux problemes scientifiques et technologiques,
et ceci a un prix raisonnable avant que la piscine
solaire devienne utilisable. Ce sont 1'extraction de
la chaleur sans nuire a la variation de la densite,
le moyen d'eviter les melanges dus aux vagues
provoquees par le vent, et le maintien de la proprete
de la piscine. Ces questions ne sont pas simples,
mais les perspectives economiques en sont si
attrayantes qu'il , faut tout mettre en ceuvre pour
tenter de les resoudre.

Compte tenu des exigences quant aux sels et a la
surface plate de terrain necessaire, le concept de
la piscine solaire semble actuellement etre lirnite
a des regions qui produisent, ou pourraient produi re
du sel.

8 En l'absence de problernes technologiques tels que ceux qui
seront passes en revue plus bas, on pourrait construire la piscine,
en un lieu approprie, pour environ 250 000 dollars. On calcule
les interets a 6 p. 100 et le fond d'amortissement comme devant
se repartir sur vingt ans.
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SMALL TURBINE FOR SOLAR ENERGY POWER PACKAGE

H. Tabor and L. Bronicki*

Part 1. The turbine

BASIS OF PRESENT RESEARCH

AND DEVELOPMENT PROGRAMME

The history of solar energy utilisation research
and development work has shown that a most
interesting. and attractive goal is the small solar
power package of a few horsepower capacity. Whilst
large solar power stations are not attractive because
of the very large collector areas involved, small
units could have wide applicability if they were
efficient.

Over the years many attempts have been made
to build solar power plants in small sizes, from a
fraction of a horsepower to a maximum of one
hundred horsepower. In all cases of practical impor
tance the prime-mover has been a reciprocating
engine operated either from steam or from some
lower boiling-point fluid. The use of engines rather
than turbines stemmed from the recognition that
turbines are generally considered superior to engines
only in larger sizes (i.e., from 500 hp upwards).

For reasons enumerated below it was thought
that, for the specific case of solar operated prime
movers where only very moderate boiler temperatures
are available, a turbine might be more suitable
than a reciprocating engine.

Turbine versus engine

Dealing in the main with steam prime-movers,
since this is the field in which most experience has
been accumulated, the advantages of the turbine
over the reciprocating engine are:

1. Low maintenance and high reliability.
2. Easy regulation.
3. No internal lubrication other than the main

bearings.
4. Possibility of large expansion to the condenser

pressure and temperature.
5. High efficiency in large sizes.

The major disadvantages are:
1. In small sizes the efficiency is very low if a

single wheel type is used, as in the De Laval type.
2. Multiple wheel or re-entry types are more

efficient than the De Laval type but are relatively
expensive owing to the high precision required in
small sizes.

* National Physical Laboratory of Israel.

3. Unless superheating is employed, there is the
risk of too high a moisture content in the ex~)anded

.vapour, resulting in blade erosion and low effi
ciency.

With the rather low temperatures likely to be
obtained from solar collectors, the prime-mov-e
will be of the condensing type. Under con-tensing
conditions a reciprocating engine operatiru with
low-pressure steam must be of very large dimensions,
so that if the disadvantages of the small virbine
could be overcome, this would be a further factor
favouring the turbine. As will be shown, b:. using
a carefully selected working fluid other than water,
a small turbine can be made nearly as efficient as a
large unit working under the same conditions.

Turbine characteristics

When steam, even at comparatively low tempera
ture, is expanded through a single nozzle to .: con
denser at ambient temperature, the velocity of
efflux is over 1 000 metres per second, which calls
for a bucket speed of 500 metres per second in a
single wheel. Such speeds are about two to three
times the practical limit, so that all single wheel
type condensing turbines work with a poor bucket
velocity ratio, resulting in poor efficiency The
introduction of additional wheels overcome' this
difficulty but results in high costs for small turbines,
Furthermore, the disc friction of a small turbine
can consume a considerable fraction of the total
power.

However, as pointed out by D'Amelio.! when a
"heavy" vapour is used in a turbine in place of steam,
the velocity of efflux is reduced approximately
as the square root of the molecular weight increases,
so that a vapour some 5-10 times as heavy as steam
would make possible a single wheel turbine with a
proper bucket velocity ratio. Furthermore, because
the enthalpy per kgm is less for the heavy vapours
than for steam (approximately in inverse proportion
to the molecular weight) more vapour must be
passed through the turbine for the same. power
output. Whilst this would be disadvantageous in
large turbines, it is a great advantage in small
turbines since it allows the blades to be larger and
would bring the nozzles nearer to full admission.
The larger Reynold's numbers resulting from the

1 L. D'Amelio, A steam engine using a mixture of vapours
from non-miscible fluids as a solar engine with flat plate collectors.
Contribution to the Conference on Solar Energy-The Scientift?
Basis. Tucson, Arizona, November 1955.

68
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T

Figure 2. CCl z type

T

a certain amount it can cause erosion of the turbine
blades.'

The T-S diagram for CC14 (figure 2) shows the
vapour-mixture boundary almost vertical so that
saturated vapour at A remains saturated (but not
wet) after expansion to B:

The T-S diagram for many hydrocarbons-such
as pentane, heptane, octane, shows a positive slope
for the vapour-mixture boundary (figure 3). Thus
when saturated vapour is expanded from the pres
sure corresponding to Th (upper temperature) to
the pressure corresponding to T e (condenser tem
perature) the final condition of the vapour is super
heated. This is good as far as the turbine blades
are concerned, but bad for the cycle efficiency, for
it can readily be demonstrated that the useful
enthalpy drop is considerably less in figure 3 than
in figure 2.

Consequently fluids were sought which had a
nearly vertical vapour-mixture boundary. Yet as
higher molecular weight fluids were examined, the

~~ slope seemed to get more positive, which was to be

avoided.

A theoretical study by Dr. M. Goldstein then
showed the very interesting fact that the slope of
the vapour-mixture boundary is, to a first approxi
mation, a function only of the number of atoms
in the molecule, not of their weight or character,
so that molecules with a small number of atoms
would have T-S diagrams similar in shape to that
of water (figure 1), whereas molecules with a large
number of atoms would have a shape like that for
CBRI 8 (figure 3). A shape like figure 2 would call
for a rather small number of atoms, say 5-10.

s

Li'luld<Vopour

greater mas. .low and large dimensions mean that
nozzle and i" ;('ket efficiencies will be better than
one might t- r"ct in a small turbine. The vapour
may be cho-«:.. so that the pressure in the condenser
results in a 'l:":C loss lower than that occurring with
steam.

As regard, chc problem of excess moisture in the
expanded vaF iur, it is interesting to note that many
organic compounds 2 have a saturation curve (tern
perature-entru ,y) of positive slope (on the mixture
vapour side), -vhercas steam has a negative slope.
As a conseq l:' nee, isentropic expansion of saturated
vapour resui ::; in slight superheating rather than
in slight pre.q.itation, so that the problem of liquid
droplets ew;ii1i< the bucket blades does not exist.

SCIE:\'! ;, i C AND ENGINEERING ASPECTS 3

The workinr: .':llid

1. Molecu:u} weight. It may be shown that, to
a first appn.x .mation, the velocity of efflux of a
vapour after ,'xpansion in nozzles is inversely pro
po~tional to '!,' square root of the molecular weight.
ThIS leads to the requirement that, for a single
wheel turbine the molecular weight should be over
a hundred, preferably several hundred.

2. Tempereiure entropy diagram. The T-S diagram
for water shows that the slope of the boundary
between the liquid plus vapour phase and the pure
v~pour phase (which we shall call the vapour
mIxture boundary) is negative, i.e. :

?S, < 0
dT

. This means that when saturated steam expands
Isentropically from point A to point B (figure 1)
the steam becomes wet. If this wetness exceeds-2H

exane, pentane isobutane etc
3 I ' , " ,

th' n VIew of the accent of this conference on practIcal matters
IS section is condensed and will be given in full elsewhere,

4 In practical steam turbines the steam supply is always
superheated and care is taken that point B represents not more
than a small per cent of wetness, In solar installations, super
heating presents serious difficulties and is usually impracticable,
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A small number of atoms for a high molecular
weight requires molecules with heavy atoms such
as chlorine and bromine, and such fluids have been
considered despite the possibilities of trouble due to
decomposition and corrosion.

3. Boiling point (bP). ·The boiling point of the
working fluid has a considerable influence on its
performance in a turbine. The most important influ
ence is the disc and blade friction of the wheel.

For a single wheel condensing impulse turbine,
with all expansion taking place in the nozzles, the
wheel rotates in an environment of vapour at con
denser pressure, i.e., at approximately the vapour
pressure of the working fluid at ambient temperatures.

It may be shown that the disc friction Nr will be
given approximately by:

pO.8

Nr = B Ml.S n1.8

where B a constant
P condenser pressure in mm Hg
M molecular weight
n revolutions per minute

The disc friction can therefore be reduced by hav
ing a low vapour pressure, i.e., a high bp. However,
there are limits to this because a very low vapour
pressure means an abnormally large expansion ratio
in the nozzles and, even more important, practical
difficulties in maintaining the vacuum in the con
denser. Where the molecular weight is high, a higher
vapour pressure can be tolerated. Note that n cannot
be increased indefinitely (by using a smaller disc
diameter) because of increased bearing losses (pro
portional to n 3) and gear box troubles.

In the turbine we are considering, calculation
gives the disc loss as 0.1 hp for monochlorobenzene
(M = 112.5, bp = 132°C) and 0.22 hp for iso-octane
(M = 114, bp = 100°C). For a 10 hp turbine these
losses are small, but for a 1 hp unit they are large, in
fact unacceptable in the case of the iso-octane,

T

T~ ~ -I

s

TEMPERATURE

Figure 4. Entropy S

particularly as blade friction from partial ad mission
must be added.

It thus appears that, as a rough guide, the bp
should be above 100°C to keep the friction losser
down and below 150°C to avoid very low condense!
pressure.

4. Stability and corrosivity. A practical '\orking
fluid must be stable against decomposition and
corrosion effects under prolonged heating in contact
with conventional constructional material" Some
sixteen fluids (appendix 1) selected for their molecular
weight and boiling point were subject to Cl ·rrosion
tests at 250°C (as against an expected "orking
temperature of 150°C) in contact with steel,:opper,
aluminium, and mineral oils. Of these, nit.c were
satisfactory. Of these only monochlorobenzcne and
1,2,dichlorobenzene were considered suitable ;;ecause
of the shape of the T-S diagram, which i- nearly
vertical on the vapour-mixture boundarv. The
dichlorobenzene has a very low vapour ]Jfessure
(bp = 180) and is intended only for smaller size
turbines with air-cooled condensers. Monochlorv
benzene has been taken as the material for g'eneral
use.

Minor requirements of the fluids are that they
shall not be too inflammable nor very toxic, but as
the system is always out of doors and (supposedly)
sealed these requirements are less rigid.

Summarising, we see that the ideal fluid should
be chemically stable, have a high molecular weight,
well over a hundred and preferably several hundred,
a boiling point in the range of lOO-150°C and a
small number of atoms in the molecule. These four
simultaneous conditions greatly limit the choice
and, indeed, only one fluid (C6HsCI) has been found
to satisfy these requirements. As shown in the
next section, the last requirement-a small number
of atoms in the molecule-can be discarded, thuS
widening the choice of working fluids.
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New cycle

In the previous section it was shown that a high
olecular weight fluid was desirable, but that, in

~neral this led to a bad T-S diagram unless the
~umbe; of atoms in the molecule could be kept
low. In the course of the work it was found that a
bad T-S diagram of the. typ~ of figure 3 could .be
"corrected" by a modification of the Rankine
cycle.

Consider cl Rankine cycle for the fluid in figure 4
(the abscissi1, :is at T = OOK). Li9uid at temperature
To, point A, is heated to T h , point B, evaporated to
point C and then allow~d to expand and do w~rk

in a turbine If the turbine were Ideal the end-point
would be 2.' D (constant entropy) but in a real
turbine the '- nd point would be F, D and F being
on the conr',.'2ser pressure isobar. The vapour then
passes into t.1<' condenser whe~e it is desuperheated to
point E and r ondensed to pomt A.

We have: hi·, supplied to fluid Hi = area IABC2
be ::1 delivered as power output H oo
{Pi ideal case = area ABCDE
IH : ~ delivered as power output for real
Cl"> Ho = area ABCD E

= area DF23
= H oo. 1)8

where 1)8 is tt", stage efficiency.

The turbine. efficiency 1)t is then

Ho tt;
''it' H---; = 1)s X Hi = 1)s • 1)to

where 1)to is ~ 1,(: ideal turbine efficiency.

Now it is .1!';erved that, because of the positive
dS
dT slope on ~I!e vapour-mixture boundary and the

position oft>c isobars, the end points D and F
represent superheated vapour, i.e., the temperature
of the emer;. -nt vapour is above the con~enser
temperature. ~'t follows therefore that the rejected
super-heat e-n: be used to preheat the liquid on its
path from P'~;:lt A to point B.

Thus by me-ans of a counterflow heat exchanger,
referred to a'; a feedback heat exchanger, the heat
that the boiler has to supply to reach the point C
~an be reduced by the amount fed back. For an
Ideal exchanger, the whole energy in the area
4EF3 can be fed back to provide the equal area
1 AG5, provided G is at a lower temperature than F,
which is found to be the case because of the slopes
of the isobars. .

The heat input from the boiler HiB becomes

Rtb ==:: Hi - area 4EF3
= Hi - area 2DF3 - area 4ED2
= Hi - H oo (1 - 1)s) - H s

Where Hs is the area 4ED2 resulting from the positive
dS
dT'

The turbine efficiency with feedback 1)tf becomes

Ho 1)s • H oo
1)tf = - =

Hib Hi - H oo (1 - 1)s) - H;

= 1)s 1)to [ 1 H ]

1 - 1)to (1 - 1)s) - H:

The bracket shows that the efficiency is improved
by two effects: the re-use of the heat H, and the
re-use of part of the internal stage losses in 1)s.

It is found that the feedback improves the cycle
in such a manner that the result is very nearly
the same whatever fluid is used, whereas without
the feedback the T-S shape has a large effect on
Rankine cycle efficiency. (This point stands out
when working near the critical point.)

I t is thus possible, by use of the feedback heat
exchanger, largely to ignore the shape of the. T-S
diagram and to select a fluid only oJ.! the baSIS ?f
chemical stability, high molecular weight and boil
ing point in the correct range. Thus recently ~ new
fluorine compound has been announced WIth a
molecular weight over 400 and a bp of 100°C: The
T-S diagram shows that 50 per cent of the input
energy can be provided by the feedback and the re
sulting efficiency is almost identical to that for mono
chlorobenzene where only 5 per cent to 6 per cent
is provided by feedback. (The high molecular weight
would permit much lower speeds, thus greatly
simplifying the mechanical design problems.)

This energy feedback should not be confused with
the regenerative feed heating used.in large steam
turbines. In these systems steam IS bled. off the
turbine at various points during the expanSIOn and
used to preheat the feed water. In that case ~he

steam bled off does not continue through the turbine
so that it does not do all the mechanical work it
could.

In the present system only exhaust vapour is
used, i.e., vapour which has already done all the
mechanical work possible.

It will be noted that, in addition to improving
the cycle shape because of the HslHi terJ.l1' some of
the internal losses are recouped. In a single stage
turbine (where there is no reheat factor) this can be
important. For example, in a case where 1)to = 0.15:
1)s = 0.7 and HslHi = 0.40 the square bracket

1 1 1
-~'-~

H, = 1-.05-.40 0.60-.05
1 - 1)to (l-1)s) - H

i

or the recuperation of part of the internal losses
increases over-all efficiency by 8 per cent.

DESIGN CONSIDERATIONS

Choice oj fluid

As already indicated, some sixteen fluids were
considered, but only one, monochlorobenzene (mcb)
was found to satisfy the four conditions of high
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stability, good Rankine efficiency even without
the feedback heat exchanger described above (with
the possibility of using the exchanger if the stage
efficiency is low), reasonable molecular weight,
and suitable condenser pressure. 111 addition, mcb
is not too inflammable (comparable to kerosene),
is available in high commercial purity and is low
in price.

The use of some new fluorinated compounds of
very high molecular weight, but relatively low
boiling point, is being studied and their T-S diagrams
have been prepared. They are very attractive, but
the present costs are very high (about twenty
times that of mcb) so that special low volume
condensers, boilers and feedback heat exchangers
must be designed. This work has been postponed
and the present programme has been confined to
mcb.

Operating temperature

The optimum temperature of operation of a
solar turbine is that at which the product of the
collector efficiency and turbine efficiency is a maxi
mum. For heliostatically mounted collectors with
a high concentration ratio the collection efficiency
decreases only slowly with increasing temperature
so that the optimum temperature is high and usually
limited by other factors. However, it was assumed
a priori that the present turbine would be operated
from a stationary low concentration type collector
since rotating collectors are very expensive. Under
these circumstances the optimum temperature of
operation is between about 140-200°C, dependent
upon the detailed performance of the collector.
Preliminary designs were based upon 150°C.

Size of unit

The first model has been designed to cover the
range 2-10 kW with a single turbine, fewer nozzles
being used for the smaller sizes than for the larger.
Below about 2 kW the internal losses become a
very serious fraction of the total power delivered.
(T~ere is no difficulty whatever in making larger
umts up to several hundred kW with a single disc,
and even larger sizes with multiple discs.)

Engineering design

All the usual engineering features have had to
be studied. As a compromise for a number of factors
the disc diameter was chosen as 22 cm and the

speed of rotation as approximately 18 000 rpm.
A 6 .: 1 gear box reduces the spe~d to 3 ~OO rpm.
Studies were made on such questions as vIbrations
in shaft and blades, flow in blades, and high Mach
numbers. It turns out that the Mach number is
of the order of 3, considerably higher than for steam
turbines, bearings, seals, ejector for maintaining
the vacuum, etc.

The first model has been constructed with all the
parts separated out to facilitate detailed studies
and design improvements. A dual purpose boiler
has been constructed that can be heated by steam
from a solar collector (it was not considered advis
able or practical to have mcb in the collector) or
by electrical heating elements which make possible
the determination of turbine thermodynamic effi
ciencies. No controls are fitted to this model, the
control being exerted by the electrical dynernomsn
used to measure and absorb the power output.

At the time of writing, a second model is being
designed as a complete and compact unit including
an experimental heat storage unit.

PERFORMANCE

Efficiencies have been computed for the case of a
10 kW unit with ten nozzles and 100 per cent admis
sion, and the same unit used as a 2 kW turbine with
two nozzles and 20 per cent admission. The fluid
used is mcb and the nozzle-blade stage efficiency
is taken as 0.77. The condenser temperature is
taken as 30°C.

The losses other than the nozzle and blade losses
are approximately:

10 kW unit 2 k!; unit

Disc-friction 74 W 71W
Windage loss 0 «:
Bearings 5 high speed shaft 150 Hi"

low speed shaft
(including seal) 20 211

Gears 200 411

TOTAL 444 34./

Per cent of full power output 4.5 per cent 17.25 p-r cent
Per cent of half load (half

number of nozzles). !J.S per cent 35.2 per cent

5 This is with oil lubrication, the oil being necessary to lubricate
the internal gear box. If the gear box is eliminated or made
external, mbc will be used for lubrication of the high speed
bearing. and these losses will be reduced to less than half.

We obtain the following table for over-all turbine efficiency (generator
losses not included) :

10 kW 2kW
Temperature range

Full load Hall load Full load Hall load

140'C-30'C .165 .158 .147 .128
160'C-30'C .181 .173 .162 .141
180'C-30'C .196 .187 .175 .152
200'C-30'C .215 .205 .192 .166



Small turbine power package S/54 Tabor and Bronicki 73

Thus in the 160-180°C range, the efficiencies are
of the order of 15-20 per cent with somewhat higher
values at 200°C and lower values at 140°C.

At the time of writing, practical tests on the
experimental turbine mounted on a dynamometer
bench have just been started. Complete figures are
not yet available, but it appears that in practice
efficiencies close to the computed values are obtained.

COSTS

No attempt has been made at this stage to make
an accurate estimate of the cost of the turbine,
but some indications are available.

The expe:imental model, with the disc made
from a solid .iiduminium (aluminium alloy) forging
with the bl.dcs milled from the solid, cost $900
including pr,.;;ision ground gears (which were several
times oversized) and the housing and bearings.
(Feed and lubrication pumps were not included.)

Discussion with the manufacturer showed that on
batch production the cost would be expected to
fall to about $200. (For large scale mass production,
as in gasoline engines, still lower prices would result.)
To this must be added the cost of pumps, air ejector
and controls. In part 2 the complete turbine is
assumed to cost $500, which should be a safe upper
figure.

CONCLUSIONS TO PART 1

It is seen that, by using a heavy fluid instead of
steam, a single wheel condensing turbine in the
2-10 kW range can be built for operation at tempera
tures -of 150-200°C, with efficiencies of the order of
15-20 per cent. This is very encouraging since such
efficiencies are several times better than those of
other engines of small size, thus reducing the size of the
solar collectors needed. As shown in part 2, such
efficiencies make small solar power packages econo
mically attractive.

Appendix 1

CORROSION TESTS

Tests were conducted at 250°C for 100 hours first in dehydrated and evacuated vessels,
then in presence of air and humidity, in contact with steel, copper, aluminium and mineral
oils. Fluids tested were:

x». i.Vame M.W. B.P.OC

l. Carbon tetrachloride CCI4 153.8 76.8
.) Tetrachloroethylene co.cci.. 165.9 121.2 .

:1. 1-2 Dibromoethylenc CHEr-CHEr. 185.9 llO
~. Diethyl cellosolve CzHsOCHzCl\IzOCzHs . . . ll8.4 121.4
s. Butyl propionate CHaCH zCOOC 4HD 130.2 145.4
G. Diacetone alcohol CHaCOCHzC(OH) (CI-la)z ll6.2 165
t. Ethyleneglycol monomethyl

ether acetate CHaCOOCHzCHzOCHa n s.t 143

8. Butyl ether CH3(CHz)aO(CHz)CHa· 102.2 91.4

H. Orthoxylene C8HlO . 106.2 144.4-

10. Diethyl carbonate (CzI-ls)zCOa· 1I8.1 125.8

Il. Methyl amyl alcohol (CHalzCHCHzCH(OH)CHa . 102.2 149.5

12. 2,2,4, trimethyl pentane
(iso-octane) C8H18 • ll4.2 99.3

13. (Mono) chlorobenzene (lVlCB) C6HsCI ll2.6 132

l~. Dichlorobenzene C6H4Clz . 147.0 180.0

15. Butyl acetate CH aCOOC 4Hg ll6.2 126.5

16. Ethyl benzene C6HsCzHs 106.2 136.1

The first seven fluids were decomposed or attacked· the metals. The last nine passed the tests
satisfactorily. (l\Ionobromobenzene was also found to be satisfactory, but was rejected because
it has almost the same physical properties as dichlorobenzene, but is much more expensive.)

Part 2. Economic aspects of the small power
package

!,he prospects for producing solar power at a
frIce competitive with that of power produced at
arge central fuel-fired or nuclear power stations,

;here the power costs are under one V.S. cent per
eWh,. ~re very poor. However, the price paid for
le~trIClty on farms and other non-industrialised

reglOns is much higher and it is with this figure

that the small local solar energy power package has
to compete.

Lof and Duffle have shown that the price paid
for electricity in remote areas varies from 2-17 cents.
The lower end of this range is for centrally produced
power delivered to the consumer. For locally produced
power the price is higher up the range.

We will now show that a solar energy power
package should produce power at a price near the
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lower end of this 2-17 cents price-range. Seven
factors contribute to this price: the amount of
sunshine available, the collector efficiency, the
turbine efficiency, the load factor (dependent upon
storage capacity), costs of the components and the
interest and depreciation charges thereon, and
running costs. A final factor is the exploitation
factor x, i.e., the degree to which all the power
produced is consumed. It is an a priori condition
of solar devices that the exploitation factor shall be
as near unity as possible, and we assume this to be
the case.

SUNSHINE AVAILABILITY

Measurements in Jerusalem show that about
2 180 kWh of heat fall on each square metre of
ground per year, from which it can be estimated
that about 2400 kWh fall on a square metre facing
south and tilted at 32° to the horizontal, and about
2 600 kWh if the tilt is adjusted to suit the seasons.

These values include diffuse (sky) radiation. For
focusing collectors (mirrors) the diffuse radiation is
not collected and an approximate estimate of this
(for Jerusalem) is about 15 per cent of the total.
This reduces the total insolation from 2 600 to
2200 kWh heat per year. To be on the safe side
we take 2000 kWh heat per m2 per year, and this
value is used in the present calculations.

The solar insolation value for Jerusalem is fairly
representative of other sunny dry regions, though
tropical areas with more cloud will have lower
values.

As will be seen later, the results given below for
Jerusalem sunshine can be used for any other site if,
for the actual collector cost C (dollars per m2) we
substitute C' QilQs in the various formulas, where
Qj is the annual solar insolation on an adjustably
tilted plate in Jerusalem (taken as 2000 kWh heat
per m2

) and Qs is the corresponding solar insolation
at the given site.

CONVERSION EFFICIENCIES

As seen in part 1, turbine efficiencies of the order
of 15-20 per cent can readily be achieved with
turbines in the 2-10 kW range. The smaller sizes
will show a considerable drop in efficiency at partial
load due to the disc, blade and bearing friction,
whereas this drop is small in the larger sizes. For
the purpose of the present discussion, we assume
mean efficiencies of 18 per cent for the 10 kW unit
and 14 per cent for the 2 kW unit.

The efficiency of the collector cannot be known
until its construction has been defined and to a
slight extent its average efficiency is a function of
the sunshine pattern. A good collector will have an
efficiency of collection of 40-45 per cent at the
optimum working ternperature.s but it is not neces-

6 It can be proved that the optimum operating temperature
for a collector connected to a turbine is that at which the "reten
tion" efficiency is about 0.55-0.6. To obtain the collection effi
ciency, this value is multiplied by the absorption-transmission
coefficient, which may have a value about 0.7.

sary, at this stage, to know the efficiency. This is
because, as will be seen, the efficiency E c only
appears together with the cost C per square metre
so that it is the ratio ClEc which has to be known
for a real collector.

COMPUTATION

Let Q = annual insolation on 1 m 2 of collector,
kWh

E c = efficiency of collection (weighted mean)
E b = efficiency of turbine or turbine-

generator
A = area of collector, square metres
K = rated power of unit in kW
Y = the number of hours per year of

equivalent 100 per cent ovration,
i.e., KY = total kWh produ- ed per

Y
year:. 8 640 = load factor

D = Cost of condenser per 1 000 ~\:cal/hr

of heat condensed
B = Cost of heat storage system per

1 000 Kcal of heat stored
H = Number of hours of heat storage

capacity required
i.e., BH = cost of heat storage system per l 000 H

Rcal stored
G = cost of electric generator prT kW

capacity
] = charges on capital, interest plus depre

ciation
T = cost of turbine
C = cost of collector, per sq m (of effec

tive aperture)
p = cost of kWh produced (capita: com

ponent)

Then power produced per year = QAT rEt =
KY (1)

Capital cost of system = cost of turbine
plus condenser, ph]'; heat
storage
plus electric generZ! tor (if
used)
plus collector. 7

i.e., Capital cost = T + 0.86 (1 - Et) KD8
Et

0.86 (2)+ Et K EH + GK + CA.

Using equation (1) for A and remembering that
the total number of kWh per year is KY, we get,
for investment costs only~

7 Cost of preparing the ground is omitted. It can be incorporated
in the unit cost C of the collector.

sAl kW turbine of efficiency Et requires ~ k\V of heat
Et

. l-~.input of which 1 kW is converted to power t and __ 1S

Et
rejected in the condenser. Other losses such as the generator
are ignored or can be lumped in Et. Factor 0.86 represents
860 Kcal per kWh. (D and B are for 1 000 Kcal.)
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0 10 20 ~O 40 50 60 70 SO QO
examples:

C COST OF COLLECTOR $/M2

Ec EFFICIENCY OF COLLECTOR

(4) Figure 5

(6)

(5)

interest r, the value of 1 for 14-16 years is approxi
mately half that for 6 years.

If we assume le to represent the annual charges
on capital for the collector, and reckon the annual
charges on the rest of the plant as 0.5 1c, the equa
tions (4)-(7) become:

Case I 10 kW, 5 000 hours

P = t. (0.0282 + 36;EJ (4')

Case 2 10 kW, 2500 hours

P = le (0.0331 + 36;EJ (5')

Case 3 2 kW, 5000 hours

P = le (0.0545 + 28;EJ (6')

Case 4 2 kW, 2500 hours

P = le (0.0795 + 28;EJ (7')

The values of PIle (multiplied by 100 to convert P
from dollars to cents) have been plotted against f
in fig. 5. (This form of presentation makes a single
graph suitable whatever values of [», C or E e are
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Cost per kWh produced, p = /x (capital cost) i.e. :

_LIT + 0.86 (I - Et) D + BH K
P- YK Et

- + GK + CYK]
QEtEc,

_ I r~, + 086 (I - Et) D + BH + C
- LYK' YEt Y

+ Q~EJ .. (3)

We consider two sizes, 10 kW and 2 kW and two
load factors :

(I) when J:' = 5000 hours per year (57 per cent
load factor)vhich means that the heat storage
should be about 18 hours (H = 18), i.e., to
"stretch" t;,c>unshine over the full 24-hour period;

(2) when / = 2500 hours, i.e., no operation at
night, with .. .ew hours' storage capacity to flatten
the daily :-;,:,:;hine curve to a reasonable degree
(H,..., 6 ho» "

We assuru- the following values:

Q = 2 on; k\Vh heat per year
Et = 0.15 1,)r 10 kW: 0.14 for 2 kW
D = $10:::-r 1 000 Kcal condensed per hour
B = $2 p, 1 000 Kcal stored 9

G = $20 J ,r kW
T = $50(;'

Equation (::: then gives for the four

Case 1 10 iv 5000 hours

_,10 = 1 (00565 + ~C_). . 360 E c

Case 2 10 ~_ ',', 2 500 hours

= 1 (0.0663 + 36;EJ

Case 3 2 L", 5 000 hours

l = 1 (0.109 + 28;EJ

Case 4 2 k', ':, 2 500 hours

f = 1 (0.159 + 28;EJ (7)

In the form of the equation given above, the
amortisation and interest charges 1 are the same
for the whole plant. In practice it can be assumed
that the life of the collector will be far less than
that of the turbine, condenser, etc. This requires a
separat.e calculation for every case. However, an
approxImation permits generalized curves to be
u.sed. We assume a useful life for the collector of
SIX years whereas for the turbine and other parts
15 years or more is readily achieved. From the table
of appendix 2 we see that, whatever the rate of--9 H thesiti ypo esis : heat storage svstem not fully established at
Ime of writing. -

10 P is in $ per kWh.
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taken and even a different solar intensity Qs than
that used in the calculations can be accounted for

by substituting for the actual C the value 2 o~~.C.
The graphs clearly show that the collector cost,
unless extremely low, is the dominant cost item.

In the work on solar collectors in this laboratory,
we have set ourselves a target price of about $20
per square metre for the collector, a figure which
seems achievable with rational modern design and
materials.

Taking the collector efficiency E e as 0.40 and the
collector cost C = $20 per sq m, we obtain, for the
four cases treated, Pile = 16.77, 17.22, 23.25 and
25.73 cents. Or taking ] e = 0.203, corresponding
to 6 per cent annual interest plus six years sinking
fund bearing the same interest (appendix 2), we
obtain for the cost per kWh the values P = 3.4,
3.5, 4.7 and 5.2 cents. These values are extremely
encouraging since, for small units on farms, the
running costs - cleaning and maintenance - are
unlikely to be reckoned at all. Mechanical break
downs and parts replacement costs should be negli
gible for the turbine considered here because of
the low temperatures and the absence of reciprocating

parts. By comparison, maintenance on small diesel
and gasolene engines is one of the main items in
the cost of power produced from such units.

For the purpose of seeing what effect various
items of cost exert on the final price of the pOWer
table 1 shows the percentage of total power cost i~
equations (4')-(7'). The following points emerge
from this table and an examination of equation (3).

(1) Except for the collector, whose size is propor
tional to the total annual collection, all the other
items become, relatively, less expensive as Y,' the
number of equivalent hours of operation, is increasoj

(2) As the turbine cost T has been taken as the
same whether used for 2 kW or 10 kW (only the
number of nozzles is changed), the turbine component
of the cost is less for the larger units.

(3) Where the collector is the dominant cost item,
as in the examples given, the price per kWh produced
is scarcely dependent upon the number of hours of
use Y, i.e., on the amount of heat storage unless
the cost of storage B is excessive.

(4) Because of the dominant cost of the collector>
large errors in estimating the other items will have
only a slight effect on the price of power. Unly the

B = boiler,' C = diffuser to condenser,' D = dvnamometer ; F = line from feedpumps,' G = gearbox,' T = turbine ;. 5 = tachometer

Figure 6. Experimental turbine set-up
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Table 1. Cost of power showing contribution of components

Case 1 Case 2 Case 3 Case 4
10 kW. 5000 hr. 10 kW. 2500 hr. 2 kW. 5000 hr. 2 kW. 2500 hr,

p, cost per k\Vh, cents a. 3.4 3.5 4.7 5.2
Per cent of power cost b.

Turbine. 3.0 5.8 10.7 19.4
Condenser. 2.4 4.5 2.3 4.1
Storage. 10.3 6.6 9.5 5.7
Generator. 1.2 2.3 0.9 1.6

:~llb-total 16.9 19.2 23.4 30.8
;'oIlector c . 83.1 80.8 76.4 69.2

TOTAL. 100 100 100 100

!nstalled cost per kW ($) 980 513 1435 842

a Based upon J c = 0.203, i.e., six years collector life and 6 per cent interest. If a different value of J c is taken the
';t!JCT rO\,,"'5 arc unaffected. If the interest rate were 8 per cent the costs are increased by the factor 1064.

I) Capital charges on first four items taken as half those on the collector. See text.
C l?'ased upon a collector with CIEe = $50 or C = $20, E c = 0.40. If a different collector cost or efficiency is taken

, nc ratio between the sub-total row and the collector row will be altered. The relative costs of the turbine. condenser,
_,t ornge and generator are unaffected.

turbine, in (' <e 4, has much effect on the cost
(19.4 per cent), The price of $500 is an upper value;
a mass-prod» '.'cl unit would be far cheaper.

(5) The ins';,lled cost per kW is higher than for
other prime 1"O\'Crs, a result characteristic of solar
installations. :'()f the 2 kW unit the assumed price
of $500, i.e., S250 per kW for the turbine, is a
considerable ir.iction of the whole.

It should h noted that the prices of 3.4-5.2 cents
per kWh gl".J do not include the effect of the
exploitation r rtor X. This can be serious if the
owner of th ..· .lant is not skilful in using all the
power that L <un supplies, for the cost is increased
by the factor ,X. Fo rexample, if he uses only 80
percent, the C,' per k\Vh is increased by 25 per cent.

The costs, solar power as determined in this
rerort are cc:· ;'arable with costs from other small
pn~e-mover~:,uch as gasolene and diesel engines.
ThIS. encourar lJg result is primarily due to the
relatIvely hiFl~:.urbine efficiency; the efficiencies of
other heat en:::'Ies of small size proposed for solar
en~rgy have L:C'n much lower. Four very simple
units tested ir; \Visconsin gave efficiencies of 1-2 per
cent; the 100 hp engine (used at 50-50 hp) of the
Shuman ~olar plant in Egypt in 1913 gave 10 per
cent efficIency; the Italian Somor solar engine of
1-5 hp has an estimated cycle efficiency of about

6 per cent and an actual efficiency of perhaps half
this; a thermoelectric engine operating at 400°C
was expected to give 7 per cent, but actually gave
4 per cent (reported by Professor Baum of the
USSR at the Mont Louis Solar Energy Conference
in 1958).

The costs given do not include selling and erection
costs.

CONCLUSIONS TO PART 2

For turbine units of 10 kW and 2 kW with storage
arranged to give either 5 000 hours or 2 500 hours
of full output per year, and operating in a climate
similar to that of Jerusalem, the fixed charges
component of the price of power produced is from
3.4-5.2 cents per kWh. This assumes a life of six
years for the collector (and about 15 years for the
other components) and interest rates of 6 per cent.
The collector is assumed to be 40 per cent efficient
and to cost $20 per sq m. About 70-80 per cent of
this power cost is due to the collector and the price
of the power is correspondingly affected by changes
in the cost or efficiency of the collector. Maintenance
and running costs are assumed to be very low.
These power costs compare very favourably with
power produced by other small-size prime-movers.

Appendix 2

Capital charges. In installations of the type considered the capital charges may be put
as interest on the initial cost plus a sinking fund which will provide the replaeement capital
when the equipment becomes valueless. It is reasonable to assume that the sinking fund can
bear the same interest rate as that paid on the capital (i.e., the current local interest rate). The
following table gives the value] for the capital charges as

where r is the interest rate in per cent
tt is the number of years for the sinking fund.
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r= 4 5 6 7 8%

n= 6 .191 .197 .203 .210 .216

8 .149 .155 .161 .167 .174

10 .123 .130 .136 .142 .149

12 .107 .113 .119 .126 .133

14 .095 .101 .108 .114 .121

16 .086 .092 .099 .106 .111

Summary

Part 1. The turbine

A small power unit, of a few horsepower capacity,
operated by sunshine, is a highly desirable goal.
Steam engines and turbines in these sizes are all of
very low efficiency, usually less than 5 per cent,
resulting in the need for very large collectors. Small
steam turbines are inefficient because of small
dimensions and high disc losses, whilst small engines
cannot exploit the full expansion of the steam.

Following D'Amelio, who pointed out the advan
tages of using a high molecular weight fluid in place
of steam, the question of efficiency has been given
special study.

It is shown that whilst with steam at moderate
temperature, say 150-200°C, it is not possible to
make a small turbine efficient as the use of heavy
fluids makes high efficiency possible. The reasons for
choosing a turbine rather than an engine are given.
It is shown that the turbine can be a simple single
wheel impulse type.

The working fluid should satisfy four conditions:
(1) The molecular weight should be over a hundred

and preferably several hundred.

(2) The boiling point should be between lOO-150°C.
This is largely a consequence of the need to keep the
disc friction low whilst avoiding too high a vacuum
in the condenser.

The fourth condition can be discarded by llse of a
new cycle, a modification of the Rankine cycle.
Expansion in nozzles of saturated vapour of a
fluid with a positive slope results in excessix ,c super
heating. The superheat can be used to prel ,'at the
feed to the boiler by means of a feed-back counter
flow heat exchanger. It is shown that the r"ultant
cycle is largely independent of the fluid ';0 that
fluids with very bad T-S diagrams can b~ used.
In some cases as much as 50 per cent of the {,,,d heat
is supplied from the feed-back. In addition to
"correcting" the shape of the T-S diagram, the
feed-back also recoups part of the interr-al heat
losses.

A turbine in the 2-10 kWll range has been designed,
in the first instance for monochlorbenzene where
the feedback heat exchanger adds only 5 per i ent to
the efficiency and has therefore been omitte L Disc
speed is 18 000 rpm with a 6 : 1 reduction gear.
Design temperature 150°C. (The use of a much heavier
fluid, with the feedback heat exchanger, which will
result in lower speeds and possibly eliminate t!,~ gear
box will be studied later.)

Calculated losses, other than nozzle am', blade
losses, are 4.5 per cent for the 10 kW unit and 17 per
cent for the 2 kW unit, both at full load. Takng the
nozzle-blade efficiency as 0.77, the following coiu puted
efficiencies are obtained:

10 kW

Full loadHalf load
(3) The fluid should be chemically stable and non- Temperature range - _

corrosive. Full load Ih,1j load

(4) The temperature-entropy diagram should be
the correct shape. In this respect it is shown that
whereas water shows a negative slope on the boun
dary between the liquid plus vapour phase and the
pure vapour phase, hydrocarbons show a positive
slope that seems to increase with increased mole
cular weight. This results in a low cycle efficiency.
An ideal fluid should have an almost zero slope.
A few liquids such as carbon tetrachloride and
monochlorobenzene approach the ideal shape. It
appears that the shape is predominantly a function
of the number of atoms in the molecule (not of
their kind) and that this should be about 5-10.

Of sixteen fluids studied as possibilities, only one
satisfies all the above conditions, i.e., monochloro
benzene-which is also cheap. (Dichlorbenzene is
preferable for very small turbines because its higher
builing point (180°C) gives lower disc losses.)

140'C-30°C . .165 .158 .147 ,128
160'C-30°C . .181 .173 .162 .141
180'C-30'C . .196 .187 .175 .152
200'C-30'C . .215 .205 .192 .166....

Thus efficiencies of the order of ] 5-20 per cent are
obtained in the middle temperature range. Inital
tests just commenced on the first experimental model
show that efficiencies close to the computed valueS
are to be expected. (A second model, as part of.a
complete power package including heat storage, is
now in design.)

These efficiencies, with the moderate input temper
ature of 150°C, are several times better than those

11 The 10 kW unit has 10 nozzles and 100 per cent admission.
The 2 kW unit is identical but has only 2 nozzles.
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Part 2. Economic aspects of the small power
package '

Seven fact: ';"S contribute to the cost of power from
a solar po'/?r package, i.e., amount of sunshine,
collector efficiency, turbine efficiency, load factor,
capital ch,lq~,-:s on the cost of .the. components,
maintenance I:OStS and the exploitation factor X,
i.e., the fra 'ion all the power produced that is
consumed. "~j,~ last is assumed to be unity; for
any other ,-, 'I' the cost of solar power is increased

by the factor \. Maintenance costs are omitted fro~
' ..

the calculaL. , as are selling and erection costs.
Formulae' , ~' set up for computing the cost of the

power due L .he first five factors and assuming that
the capital c' .,"ges on the turbine and other mechan
icalparts an ":df those on the collector. For example
the collector 'i Ie is taken as six years with 14-16
years for th« ,.ther components.

A linear rrlationship exists between ~ and ie
where pis th- cost of power, le is the annual capital
charges rate, (' is the cost of the collector per sq m
and Ec is thc vollector efficiency. This form of pre
sentation 111;, le,s a single graph suitable whatever
values of le ,: or E c are taken. Only if the cost of
some compo!>, l'll, such as the storage unit, or the

turbine efficiency is changed is a new graph required.
Allowance for annual solar insolation Qs other
than the assumed value of 2 000 kWh per sq m
is made by substituting for the actual cost of the
collector C the quantity 2 000 C/Qs.

Four examples are considered: 10 kW and 2 kW
units with heat storage facilities for 5 000 hours
per year of equivalent 100 per cent output, i.e.,
58 per cent annual load factor and 2 500 hours. From
part 1 the turbine efficiencies are taken as 18 per cent
for the 10 kW unit and 14 per cent for the 2 kW
unit. '

Making reasonable assumptions for the cost of the
components and allowing an arbitrary $2 per 1 000
Real for heat storage, the costs of power for the four
cases 10 kW, 5 000 hours, 10 kW, 2 500 hours;
2 kW, 5000 hours, and 2 kW, 2500 hours are:
3.4, 3.5, 4.7 and 5.2 D.S. cents per kWh, assuming a
collector cost of $20 per sq m and 40 per cent collector
efficiency. The costs per kW installed are $980,
$513, $1 435 and $842 respectively. The collector
component of the power cost is 83 percent, 81 percent,
76 per cent and 69 per cent respectively showing the
importance of high turbine efficiency. For the 5 000
hour units the heat storage contributes 10 per cent
to the power cost, so if the heat storage unit were
six times as expensive as assumed, the power cost
would increase 50 per cent. These costs assume a six
year life for the collectors and 6 per cent interest
charges. (For 8 per cent interest charges the costs
are 6.4 per cent higher.)

The power costs given compare very favourably
with power produced by other small size prime movers.

PET :'E TURBINE POUR CENTRALE AUTONOME A ENERGIE SOLAIRE

Resume

La turbine

Un petit g",qpe ayant une capacite de quelques
chevaux et dont I'energie est fournie par le soleil
est d'une realisation eminemment souhaitable. Tous
le.s moteurs cl toutes les turbines a vapeur de ces
dImensions ont un bien faible rendement, habituelle
merit moins de [) p. 100, ce qui exige l'emploi de
colle:teurs de tres grandes dimensions. Les petites
turbInes a vapour doivent ce mauvais rendement a
lenrs faibles dimensions et aux pertes considerables
au rota:, tandis que les petits moteurs ne peuvent
pas plelllement exploiter la detente de la vapeur.

l' Apre? d'Amelio, qui a souligne les avantages de
emplOI d'un liquide a poids moleculaire eleve a la

Pjlace de la vapeur d'eau on a particulierement etudie
a' ,questIon du rendement.
d L'auteur montre que, lorsque l'on travaille avec
e la vapeur d'eau a des temperatures moderees

(~ntre 150 et 200 0 q , il est impossible de ti~er un
g and rendement d'une petite turbine, tandis que

l'emploi de fluides lourds permet d'augmenter ce
rendement. L'auteur examine les raisons qui militent
en faveur d'une turbine, plutot que d'un moteur a
piston. Il montre que la turbine peut etre du type
simple, a impulsion et a un seul rotor.

Le fluide de travail doit remplir quatre conditions:
1) Son poids moleculaire doit depasser une centaine

d'unites et, de preference, atteindre plusieurs cen
taines d'unites ;

2) Son point d'ebullition doit etre compris entre
100 et 150 DC. Ceci, dans une large mesure, est une
consequence du besoin de maintenir au minimum le
frottement du rotor tout en evitant d'avoir un vide
trop pousse dans le condenseur;

3) Le fluide employe doit etre chimiquement
stable et non corrosif;

4) Le diagramme qui donne l'entropie en fonction
de la temperature doit avoir la forme appropriee,
A cet egard, l'auteur montre que, tandis que l'eau
fait apparaitre une pente negative sur la ligne qui
separe la phase liquide plus vapeur de la phase
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10 Le groupe de 10 kW a 10 tuyeres et 100 p. 100 d'admission;
le groupe de 2 k\V est identique, mais u'a que deux tuyeres,

vapeur pure, les hydrocarbures donnent une pente
positive, qui semble augmenter avec le poids mole
culaire. Ceci donne un faible rendement pour le
cycle. Un fluide ideal doit avoir une pente presque
nulIe; rares sont les liquides qui, a l'instar du tetra
chlorure de carbone et du monochlorobenzene, s'appro
chent de la forme ideale, 11 semble que la forme du
diagramme soit essentiellement fonction du nombre
des atomes qui en constituent la molecule (et non pas
de leur nature), nombre qui doit etre de l'ordre de
5 a 10.

Sur un total de seize fluides etudies quant a leurs
possibilites, un seul remplit toutes les conditions
mentionnees ci-dessus, a savoir le monochloro
benzene, lequel est egalement bon marche. (Le
dichlorobenzene est a preferer pour les tres petites
turbines, et ant donne que son point d'ebullition plus
eleve, 180 DC, permet de reduire les pertes dans le
rotor.)

La quatrieme condition peut etre eliminee en se
servant d'un cycle nouveau ou modifie de Rankine.
La detente d'une vapeur saturee d'un liquide a
pente positive par des tuyeres provoque une sur
chauffe excessive. On peut l'exploiter pour le rechauf
fage du liquide d'alimentation a la chaudiere au
moyen d'un echangeur de chaleur a contre courant
et a retour. On demontre que le cycle qui en resulte
est dans une large mesure independant du fluide,
permettant l'emploi de ceux dont le diagramme
T-S est tres mauvais. Dans certains cas, la fraction
de chaleur fournie par retour atteint 50 p. 100. Ne se
limitant pas a corriger la forme du diagramme T-S,
l'operation permet de recuperer egalement une partie
de la chaleur perdue a l'interieur du systeme,

On a realise une turbine dans la gamme allant de
2 a 10 kW 10, d'abord pour du monochlorobenzene,
cas ou l'echangeur de chaleur a retour n'ajoute que
5 p. 100 au rendement et a donc ete laisse de cote.
La vitesse du rotor est de 18000 tjm, avec un train
reducteur 6: 1. La temperature nominale de fonc
tionnement est de 150 "C. (L'emploi d'un fluide
beaucoup plus lourd, avec I'echangeur de chaleur a
retour, qui donnera de moindres vitesses et eliminera
peut-etre le train reducteur, sera etudie par la suite.)

Les pertes calculees, autres que celIes dans les
tuyeres et l'aubage, atteignent 4,5 p. 100 pour le
groupe de 10 kW et 17 p. 100 pour le groupe de 2 kW,
l'un et l'autre a pleine charge. Si l'on admet que
le rendement du systeme tuyeres-aubes est de 0,77,
le calcul donne les rendements globaux suivants :

10 kW

. Pleine charge Demi-charge

Aspect economfque de I'Installatlc '.~

Sept facteurs interviennent dans l'etabJi~sement

du prix de revient de l'energie fournie par un systeme
solaire : la quantite de soleil, le rendement d« collec
teur, celui de la turbine, le facteur de charge, les
investissements en capital representes par le prix
des elements constitutifs du systerne, les fro is d'en
tretien et le facteur d'exploitation X, c'est-a-dire
la fraction de I'energie produite qui est consornmee,
Cette derniere est supposee egale a l'unite : pour
toute autre valeur, on multiplie le cout de l'(nergie

solaire par un faeteur ~. Les frais d'entreticn sont

laisses de cote dans les calculs, ainsi que ],S frais
de vente et de construction.

On etablit des formules pour le calcul du ! fix de
revient de l'energie dans la mesure ou il est deter
mine par les cinq premiers facteurs et en adr..ettant
que les investissements de capitaux au titr« de la
turbine et des autres pieces mecaniques sont moitie
de ceux qui correspondent au colIecteur. Par exemple,
la duree de service de ce dernier est suppos-e etre
de six ans, et celIe des autres elements de 14 a [6 ans.

11 . t t li , . P Cexis e un rappor meaire entre ] c et E~' expres-

sions dans lesquelIes p est le prix de l'energie, le
represente les frais annuels qui grevent les capitaux,
C le prix du colIeeteur par metre carre et E, le
rendement du colIecteur. Cette forme de presentation
permet l'emploi d'un graphique unique, quelles que
soient les valeurs de ] c, C ou Es. Ce n'est que si l~
prix d'un element quelconque, tel que celui qUI
correspond a l'accumulation, ou le rendement de la
turbine, est modifie, qu'il faut un nouveau graphique.
On peut envisager une insolation annuelIe Qs diffe
rente de la valeur supposee de 2 000 kWhjm2 en
substituant la quantite 2 000 CjQs au prix reel du
colIecteur C.

On envisage quatre exemples : des groupes de
10 kW et 2 kW avec des moyens d'emmagasiner l.a
chaleur pendant 5 000 heures par an d'un debIt
equivalant a 100 p. 100 c'est-a-dire, un facteur
annuel de charge de 58 p. 100, et 2 500 heures. On

On realise done ainsi des rendements de l'ordre
de 15 a 20 p. 100 dans la gamme des temperatures
moyennes. Les premiers essais ont juste ete comrns-;
ces sur le premier modele experimental et revelent
que des rendements voisins de ceux qui ont ete
calcules peuvent et re prevus. (Un deuxierne modele
qui fait partie d'une installation complete, ave~
accumulation de chaleur, est aetuelIement a l'etude.)

Ces rendements, pour une temperature d',lllmission
moderee de 150 DC, sont de plusieurs fois superieu-,
a ceux d'autres petits moteurs thermiques.

Comme l'auteur l'indique plus bas, ces ren-lemenn
donnent un caractere econorniquement a: ,'rayant
aux petits groupes a energie solaire.

0,128
0,141
0,152
0,166

2kW

0,147
0,162
0,175
0,192

Pleine charge Demi-ch arge

0,158
0,173
0,187
0,205

0,165
0,181
0,196
0,215

Gamme de
temperatures

140 oC-30 °C
160 oC-30 -c
180 cC-30 QC
200 cC-30 -c
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represente 83, 81, 76 et 69 p. 100 des frais respecti
vement, ce qui souligne l'importance d'un fort rende
ment pour la turbine. Pour les groupes a5 000 heures,
l'emm~gasinage de la chaleur represente 10 p. 100
des frais d'energie, de sorte que, si le groupe d'ernrna
gas inage de la chaleur cofrtait six fois plus cher qu'il
ri'a ete suppose, les frais de production d'energie
augmenteraient de 50 p. 100. Ces frais supposent une
duree de service utile de 6 ans pour les collecteurs
et des interets annuels de 6 p. 100. (Pour un interet
de 8 p. 100, les frais monteraient de 6,4 p. 100).

Les prix donnes pour cette energie peuvent soute
nir une comparaison tres favorable avec celles que
produisent d'autres petits groupes.
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ETUDE ECONOMIQUE DU FONCTIONNEMENT AU SAHARA
DES INSOLATEURS A AIR

M. Touchais*

Le rayonnement solaire est une energie non degra
dee : sa transformation en chaleur en vue de l.a
convertir ensuite en d'autres formes d'energie doit
evidemment se faire a la plus haute temperature
possible. Mais 1'obtention de temperatures elevees
suppose la concentration prealable du rayonnement,
mettant en ceuvre des miroirs et des mecanismes
d'orientation dont le eout peut apparaitre, a priori,
comme devant etre assez eleve,

Mais on sait qu'il est possible de trouver des
besoins thermiques importants a assez faible tempe
rature. La transformation du rayonnement solaire
en chaleur peut alors s'operer dans de simples inso
lateurs plats, de position invariable, que 1'on s'efforce
de realiser le plus economiquement possible.

En ce qui concerne 1'Institut de I'energie solaire,
qui se preoccupe plus particulierement du Sahara,
le chauffage de fluides, d'eau ou d'air, pour des
usages divers dont le but essentiel est de modifier
les conditions de vie du desert, lui apparait etre
un probleme important dont il convient de chercher
une solution au moyen de la transformation de la
radiation solaire, qui est tres abondante dans les
regions subtropicales.

De nombreuses realisations de chauffage d'eau ou
d'air existent de par le monde, et de nombreux
chercheurs ou experimentateurs se sont penches sur
la question. Nous n'avons pas 1'intention d'innover
en la matiere, Mais ces realisations ont generalement
ete concues a relativement petite echelle. Or nous
pensons que 1'utilisation de l'energie solaire ne peut
presenter d'interet que si l'on envisage les transfor
mations de quantites tres importantes de rayonne
ment ou, ce qui revient exactement au meme, que si
I'on envisage l'implantation de surfaces insolees
tres etendues. Nous nous proposons en consequence
de travailler, non pas a I'echelle du metre carre,
mais de 1'hectare. Les problernes technologiques se
posent alors d'une toute autre Iacon.

Nous limiterons volontairement le probleme a la
seule production d'air chaud. Tout d'abord, parce
que 1'utilisation de 1'air chaud est immediate pour :

Le chauffage d'hiver des locaux;
La circulation d'air rafraichi par humidification

I'ete:
La constitution de la source fraide au moyen d'une

circulation d'air pour d'eventuelles machines ther-

* Ingenieur charge de recherches, Institut de l'energie solaire
de I'Universite d'Alger.

miques (machines a combustion ou gl';_~rateurs

thermo-electriques) .
C'est merne cette derniere utilisation (;':i est a

1'origine des travaux que nous desirous exposer
aujourd'hui. Mais nous nous sommes fa, .dement
apercu que ce probleme particulier nous ,c, enait a
traiter le probleme general.

Pour etre complet, on peut ajouter que i , trans
formation du rayonnement solaire en ener[~;e cine
tique de 1'air peut donner lieu a une transfc.: rnation
secondaire en energie mecanique dont il F ut ctre
interessant de connaitre la valeur et les li: f I tes,

Nous nous sommes limites ensuite a ], seule
production d'air chaud, parce que, 1'inertie th.rmique
des insolateurs a air etant relativement faible,
l'experimentation, soit directe, soit par ;: nalogie
electrique, est simple et rapide.

11 faut noter d'autre part que les resultats ,'btenus
pour les insolateurs a air peuvent servir cl' base,
dans l'etude des rechauffeurs d'eau et des evapo
rateurs a basse temperature.

Nous nous sommes decides a conduire noti . etude
de la maniere suivante. Les resultats deja ( btenus
par d'autres chercheurs peuvent nous orienter .mme
diatement vers un type particulier d'insola ':ur de
performances moyennes, avec un prix de cc .struc
tion pas trap eleve. Il nous suffira done d':tudier
dans le detail le fonctionnement technique ' t eco
nomique de grands insolateurs de ce type, et de
comparer les caracteristiques de cet insolateur avee
ceIles d'autres types, sans pour autant etre u_bliges
de reprendre une etude economique pour (l1aC~n

d'eux. Notre travail comporte done deux par~les

presque independantes : I) Etude d'une installatlOn
complete a grande surface d'insolateurs a air, d'.un
type determine; 2) Etude experimentale comparative
de divers types d'insolateur a air.

Afin d'eliminer, dans la premiere partie, les para
metres qui n'interessent pas directement le sujet,
mais dont 1'intervention au point de vue economique
peut neanmoins etre importante, nous avons convenu
de soumettre notre etude aux exigences d'une implan
tation bien defmie mais entierement arbitraire, a
savoir (figure I) 1'instaIlation en un point situe au
Sahara sur le plateau du Tademait a 670 m d'altitude,
par 28° 48' de latitude Nord et 2° 32' de longitude
Est, sur la piste d' Alger a In-Salah, a distance a peu
pres egale d'EI Golea, Timimoun et In Salah. C'est
un point situe en plein desert a une distance moyenne
d'Alger, d'un acces relativement facile, presentant

82
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Figure 1

un bon ensol: .cment, et entoure de stations meteo
rologiques as:« ., proches qui permettent d'interpoler
facilement lr. - caracteristiques climatologiques a
utiliser.

Ces caract«. .stiques sont

1) Temper1ifi'YCS QC :
M,,;-_ Min. Moy.

Amplitude Moyenne
[ournaliere annuelle

]anvier In 2,3 9,5 14,5 }]uillet. 40 24,5 32 16
22,1

2) Humiditc . La tension partielle moyenne de
la vapeur d'ean est t = 3 mm, en hauteur de mer
cure.

3) Facteur d'ensoleillemeni moyen : (J = 0,843.
~our la Iacilite de l'expose, nous appellerons desor

malS ce point arbitraire, le point X.
, Nous avons admis d'autre part que les surfaceslUsl' , , .

o ees pouvaient servir a deux fins : a) Insolation
ro~rement dite generatrice d'air chaud; b) Pro
ect~on contre le solei! et les intemperies qu'offre

uu lUsolateur utilise en couverture.

Pour nous exprimer autrement, la fonction de
l'ins~lateur etant inseparable de l'utilisation, laquelle
requiert la presence de batiments, nous supposons
que les frais reels d'installation des insolateurs ont a
etre diminues du cout reel des batiments couvrant
la meme surface et couverts par les moyens habituels.

Ce point de vue est evidemment specifique du
climat saharien, et il efrt Me inexact de ri'en pas
tenir compte dans l'evaluation des frais. Un premier
avantage de cette Iacon de voir est d'eliminer l'inci
dence sur le prix de la necessite de construire les
insolateurs en elevation pour eviter l'effet nefaste
des vents de sable decapants. A 3 metres en effet
au-dessus du sol, les appareils ri'ont a subir que des
vents de poussiere, Nous avons admis en consequence
que les entraits de la charpente support des inso
lateurs etaient a 3 metres au-dessus du sol. Toute
hauteur differente serait imputable au batirnent en
soi, et non au champ d'insolateurs.

Nous avons encore admis que les insolateurs de
vaient etre places face au Sud et inclines sur le plan
horizontal d'un angle sensiblement egal a la latitude
du lieu, qui est l'angle optimum dans le site choisi,
ou la nebulosite et l'absorption atmospherique sont
relativement faibles.

L'insolation est en moyenne plus importante pour
les insolateurs inclines, et la pente facilite le net
toyage des surfaces. Ce probleme du maintien des
surfaces en bon etat de proprete est d'ailleurs l'une
des plus grosses difficultes de l'emploi des insolateurs
au Sahara. I1 en resulte des frais d'exploitation
relativement importants dont nous tiendrons compte.

En ce qui concerne l'utilisation de I'air, on peut
envisager trois possibilites :

1) Utilisation de l'air chauffe au conditionnement
des locaux abrites par les insolateurs. Chauffage
l'hiver et refroidissement par humidification l'ete
sans intervention d'aucun systeme accessoire (chau
dieres, groupes de compression, etc.).

2) Utilisation du mouvement de l'air provoque
par le tirage d'une cheminee pour le refroidissement
de machines thermiques et plus specialement pour le
refroidissement des generateurs thermo-electriques,

3) Accessoirement, utilisation de I'energie cine
tique de l'air ainsi mis en rnouvernent.

Dlagramme de fonctionnement des insolateurs
a air

Notations:

I, largeur du canal: m.

L, longueur insolee du canal: m. L peut varier avec la saison
suivant les dispositions adoptees. La surface insolee est
L I: m 2,

h, hauteur du canal: m, supposee constante.
La section du canal est 1h : m",

,t", abcisse de la section etudice a partir du debut de la partie
insolee ; x varie de 0 a L.

~,t", element d'insolateur de largeur 1 m, a I'abcisse ,t".

Ts, temperature de I'air a I'entree de la section a I'abcisse ,t";

(T x + ~Tx) est la temperature a la sortie de l'element.
Ta; varie de Tea T s de l'entree ala sortie.
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(12)

(Il)

(13)Y = fm Qie (x),

La methode consiste a soutirer un COt1::'1t repre
sentant qu au nceud qui represen te la ;; me d'air
chauffe, On y arrive en introduisant eritr le nceud
et la masse representant le milieu ambir..u : 1) la
resistance LlRx ; 2) un generateur auxilia i. qui sert
a regler le potentiel devant representor tempe
rature T x .

On divise l'insolateur en un nombre n. cl, .ractions
LlX1 ,LlXz, ... LlXn , qui ne sont pas nece., iirement
egales. On choisit une valeur de la radia ion inci
dente qie, un debit m a I'entree de I'insol., teur. On
commence par la fraction d'entree de Iong.ieur !lXI'
pour laquelle on a T1 = T e, avec la resisr.mce

LlR = Llx!..
1 mCp

et on determine experimentalernent LlTI .

On recommence avec la fraction suiv nte, en
partant de T z = T1 + LlT1, etc... On releve L·; tempe
ratures, ainsi que les differents flux them'.' lues, et
l'on obtient des courbes de la forme

en posant

chaleur sont lineaires pour les intervalles de tempe_
rature qu'il y a a considerer 1.

Le fonctionnement en regime permanent de
l'element LlX peut etre represents electriquement
par le schema de la figure 2.

De (6) on tire

ou plus exactement des lignes polygonal," qui se
rapprochent d'autant plus des courbes reles que
l'on prend des Llx plus petits. Mais le nr..nbre de
fractions, et par suite la duree des mesures, ' .iccrois
sent en proportion inverse.

Le regime de fonctionnement au point d '. bcisse X

ou la temperature de l'air est T x correspond ,\ !lx ~°et LlRx = 0. Il suffit, pour l'obtenir sur l; circuit
analogique, de remplacer LlRx par un court circuit,
et de regler la tension du noeud au moyen nu gen,e
rateur auxiliaire a la valeur T x. Ainsi qu'on le VOlt,

le regime de fonctionnement dans la section d'ab
cisse x ne depend que de la temperature T a: de cette
section. En particulier, on a a l'entree T 1 = T;
Les ordonnees a l'origine des courbes Y = fmQie (xl
sont independantes de m.

(1)

(2)

(3)

(4)

de la partie

(5)

(6)

(7)

(8)

(9)

(10)

p = 0,4645 T ') 3
e + _7

echauffement de l'air : Wfm2

qu:= qa:- qp

vitesse de I'air a l'entree de la partie isolee : mfs; le debit
en volume est v I h : m3{s.

vitesse du vent: m{s.

etat hygrometrique de I'air.

masse specifique de I'air a l'entree : kgfm3 ; on a pour I'air sec

Fa

radiation totale perdue

Qp = f~ s» dx

Fa etant la pression atrnospheriquo, soit au lieu choisi
Fa = 706 mm de Hg.

chaleur specifique de l'air : J{kg -C.

debit masse de l'air : kg{s; on a a I'entree
insolee

m=plhv

ou encore
ar; s«
--;L; = m Cp

radiation totale recue par la surface reccptrice

et

temperature de I'atrnosphere ambiante au-dessus de la
couverture.

temperature de I'atmosphere interieure au-dessous du fond
isole.

temperature de la voUte celeste. On prenda id systemati
quement Tv, = 0 vC.

radiation incidente : Wfm2 •

radiation absorbee par les surfaces qui transforrnent le
rayonnement en chaleur : Wfm2

(rxs est le facteur d'absorption des surfaces receptrices,
't'v est le facteur de transmission de la couverture, que l'on
supposera a peu pres independant de la hauteur du solei!.)

puissance calorifique perdue par la couverture : Wfm2•

puissance calorifique perdue par le fond de l'insolateur :
Wfm2

•

puissance calorifique perdue par l'insolateur.

echauffcment total de I'air a la sortie

e,

m,

v,

v,

p,

T i ,

T v c'

L'insolateur est suppose en regime permanent.
L'etude analytique du fonctionnement de l'inso

lateur est rendue difficile par la presence de coeffi
cients de transfert de chaleur non lineaires. Il faut
soit experimenter directement, ce qui presente de
serieuses difficultes, soit utiliser une methode ana
logique en admettant que les lois de transfert de

S,

N,

surface occupee totale sur le terrain.

nombre d'insolateurs. La surface totale insolee est NIL. Resttltats des mesures effectuees sur l'insolateur experi
mental choisi

L'insolateur experiments repond aux caracteris
tiques suivantes, Iegerement differerites toutefois 1e
celles de l'insolateur qui a ete definitivement choist '
l = 1 m, L = 5 m, h = 0,05 m. D'ou lh = 0,05 1ll

2
,

1 Voir Bulletin 3, Institut de l'energie solaire, Universite
d'Alger.
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T = f(x), qp = rp(x) , qu = \j;(x) ,

Couverture forrnee d'un verre double et d'un verre
simple, avec lame d'air interposee de 5 mm. "t"v = 0,79.
Fond isole ; resistance thermique : I°CjW.m2

•

Coefficient de transfert par convection entre parois
et air

Facteur d'emission de la surface receptrice :
E = 1; le facteur d'absorption a cependant ete pris
egal it rf.s = 0,95.

Les mesures ont ete effectuees en adoptant des
I1x de 0,10 m pour les premieres fractions et de 1 m
pour les dernieres. On a releve les courbes

(19)

(18)

(16)

(17)

o. may = ~Ju

6 = Ts-Te

60 = To - Te

M=mXp
avec

Les mesures etant assez longnes, J "us avons
cherche a etablir une forme analytiqu : pouvant
representer les experiences avec l~ne. '\. -ez ?OD?e
approximation, nous permett~n~ a111S1 (: ." red~lfe

le nombre, ce qui nous a conduit a adoptci la relation

! = 1 - e-k x (20)
00

----11 s' agit d'etablir la fonction caracteristique de
l'insolateur :

F = (Qu, Qie, r.. r; r; Ti' r; m, e, r; L, V) = 0(15)

qui permet d'etud~er toutes ,1es. particularites de
fonctionnement, mars nous en reduirons la complexitt
en nous limitant au cas defini par lcs conditions

Pa ~ 706 mm, h = 0 p. lOO, V = 0 ta]«, TIle = O°C,
T; = T; = T; = 22,1 °C.

On a alars :

p = 1,11I, c, = 1006 Jlkg °C (soi! 0,240t~ ;;cal/kg 0q,
mCp = 1 1I8 phv = 55,9 v '0.'/ C

et nous posons

(14)

n.c.! a)

A = 2,55 I1T 0.25 W/m2 • °C.

pour des vitesses de I'ordre de 0,20 m et 1 m par
seconde, pour 'I« = 800 W/m2, et enfin pour T; = Ta.
11 a ete releve en outre, pour differentes valeurs de
q«, les ordonnees it l'origine des courbes preceden~es

et la courbe des temperatures statiques, c'est-a-dire
pour v = O.

Dans le cas on I'on a T'; =1= Ta, on est rarnene au
cas precedent par une translation des abcisses :
l'arigine de l'insolateur vient it I'abcisse X e de l'inso
lateur primitif, pour laquelle la temperature de l'air
est T x = T';

86

(23)

(22)

(21)

d' l'elemenl

KLM = quo
60

d6
dx

o

[d6] =---=!f.:<.."- = 00 k
dx 0 LM

D'oll

et pour x

ou k est defini par le fonctionnement
origine. On a

v
V

~----+-----1~-r=tlI.i'-----+-7-----l----1---I

:/
I---+~-+---+~-+-~r--T /-+----1~-+-~+----

J

Figure 3

/
I

V

(25)[
a,il qa- 39,62]

Qu may = 1.11 60 I - e MOo = M 0

La fonction caracteristiqus pent alars se metlre
sous la farme plus simple

F (Qu moy , t-: 6, M) = 0 (26)

La figure 3 donne la courbe representative de la
temperature statique To en fonction de qa. ~etle
courbe et le systerne (25) permettent d'etabbr le
diagramme de la figure 4, qui donne Qu moY en
fonction de la radiation absorbee qa pour M = (le
et pour 6 = Cte. Le diagramme comporte egale11lent

Les reIeves experirnentaux sur le cirt 'lit analo
gique montrent que quo est it tres pen pres line fono
tion lineaire de qa :

(2±)quo = 0,71 qa - 39,62

d'ou finalement la relation cherchee/
V

/
V

/
V
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!es lignes d','-Ll rendement qui sont des droites
Issues de l'0]'; i, ine.

, Une observation importante peut Ctre faite a
I examen de ,',; diagramme : le gain relatif de la
chaleur extra.to de l'insolateur decroit rapidement
avec M. C'est-a-dire avec la vitesse a I'entree, On
voit qu'il ri'y a pas interet a depasser une valeur de
Jl;~ de ~'ordre de 15 W/moC et par suite des vitesses
d entree de l'ordre du m/so

11 resulte de cette observation que les pertes de
charge a l'interieur de 1'insolateur sont generalement
negligeables.

f Sclon l'utilisation que I'on a en vue, on peut desirer
~~nchonner, soit a T.. = Cte, soit a 8 = Cte, soit a
~ . = Cte, soit plus generalement de facon a satis-
aire une certaine condition

f (8, M) = 0 (27)

Nous n b . . , 't diIf' ous ornerons, dans ce qui suit, a e u ier
e onctlOnnement de 1'insolateur a 8 = Cte.

Etude de la production d'air chaud a 8 = Cte

La determination de la quantite totale de chaleur
extraite de l'insolateur pendant une periode donnee,
exige en general les operations suivantes :

1) Etablir pour toutes les journees j = 1, 2, ... n
de la periode consideree, les diagrammes types de la
radiation absorbee qa. On peut ne pas tenir compte,
dans une premiere approximation, de la radiation
diffuse. 11 faut alors determiner la projection qiE) de
la radiation directe sur la normale au plan de l'inso
lateur. On a

(28)

qa est alors donne par (1).

Le plus souvent, le diagramme de la radiation est
inconnu. On pourra alors partir d'un diagramme type
obtenu en extrapolant, pour la station choisie, les
donnees c1imatologiques des stations meteorologiques
environnantes, en particulier en determinant la
tension moyenne de la vapeur d'eau et le facteur



moyen d'ensoleillement, ce qui permet d'etablir les
diagrammes types de la radiation directe pour le
point choisi.

2) Sur le diagramme de fonctionnement de l'inso
lateur etabli pour les temperatures Ta et Tv, donnees,
et sur la courbe 6 = Cte choisie, determiner pour
chaque valeur de qa la valeur correspondante de
Q« moy et etablir le diagramme journalier des cha
leurs moyennes extraites.

Ce diagramme definit des limites inferieures et
superieures T 1 et T 2 de l'angle horaire, hors desquelles
l'insolateur ne peut plus fonctionner a l'ecart de
temperatures 6 impose.·

3) Determiner pour chacune des joumees de la
periode la longueur insolee L. La production jour
naliere de chaleur de 1 m de largeur de l'insolateur
est

-----4) Calculer la production totale de chaleur da
la periode donnee et pour la surface insolee N~

N<~ L~('. o, moy it (30)

Un tel calcul est tres long et ne convient guere
pour un avant-projet. Force est done d'admettre
certaines simplifications pour diminuer les calculi
Nous avons admis qu'une valeur approches de I~
production annuelle pouvait etre ob-cnue en Se
placant dans les conditions definies pi ~i::: haut, dan,
la section intitulee « Diagramme de fu:,dionnement
des insolateurs aair », et en adoptant dc-. diagramme!
journaliers moyens, soit par decades, sui: par moi, ..
etc. Il suffit alors d' etablir le diagram.i -, journalie;
equivalent de la radiation absorbee qa d~~:,s la periode
donnee, d'en deduire le diagramme c . respondant
Qu moy- La production totale de chal: .r est alOls

365 NfL may (I, Qu moy dt
J I,

(29)

Moteurs alternatifs et turbines------------n.C.1 a)

j
' l

L 'Qu mov dt
I,
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Nous aVOl';kctue ce calcul pour 8 = 40°C, qui
est une va l r industriellement assez basse, et
6 = 70°C I" ·:orrespond it une temperature T, =
92°C, un pel fcrieure it celle de I'ebnllition de l'eau
it l'altitude c.... ideree. Nous avons adopte les valeurs
suivantes :

e = 0,545 li'

Lmi n = 3,21'; l.'.< 1 431 L 537 m etv.. ~moy = , m, max =, ,

pour 1 hectare, nous avons pris

N ~~ ;, -120, soit 40 sheds de 50 m de long,
S = I i 400 m-. (Voir figures 6 et 7)

~a figure f) donneIe diagramme monotone jour
nalrer equivalent de la radiation absorbee qa en
~V/m2 pour le lieu choisi et l'inc1inaison donnee des
lllsolatetirs. L'energie annuelle absorbee, calculee
en planimetrant le diagramme, est de 16,4 X 103

~ .kcal, ce qui correspond a une energie annuelle
lllcrdente de 21,8 X 103 M kcal.

En utilisant le diagramme de la figure 4, on obtient :

Pour 6 = 40°C Q« an = 5,62 X 103 M kcal,
m max = 101 kg/s;

pour 8 = 70°C Q« an = 3,24 X 103 M kcal,
m max = 44,5 kg/s

Si la merne quantite de chaleur avait ete produite
par combustion d'un fuel industriel (fuel nv 2 par
exemple, de pouvoir calorifique inferieur, suppose
egal it 10 500 kcal/kg}, la consommation annuelle
de combustible et les frais d'achat et d'acheminement
it raison de 283 NF par tonne 2, seraient respective
ment de

669 T pour 8 = 40°C, soit 189 327 NF,
386 T pour 8 = 70°C, soit 109 238 NF.

en supposant un rendement global de la combustion
et des echanges de 80 p. 100 (rendement defavorable
it la solution solaire).

Il est it noter que l'installation complete de chauf
fage utilisant le fuel comme combustible couterait,
pour un materiel monte en ordre de marche au point
choisi, 350000 NF.

Cette installation comporterait trois generateurs
d'air chaud, d'un type commercial monobloc, de
puissance moyenne unitaire 700 000 kcal/H, avec
brfileurs, ventilateurs de soufflage et cherninees de
15 metres, et accessoires d'installation : filtres,
appareillage electrique et raccordements, appareils

2 Ce prix s'entend pour une livraison en grande quantite.
En petite quantite, le prix du fuel peut s'elever jusqu'a 440 NF
par tonne.
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de conduite et de controle automatique, trois cuves
de stockage de 30 m", nourrice de 500 litres, pompes
de transvasement, vannes et tuyauteries, ainsi que
les travaux de genie civil. La puissance electrique
necessaire serait de l'ordre de 55 cv.

Il faut bien entendu ne considerer le prix de cette
installation que comme un ordre de grandeur, car
il est susceptible de varier avec l'application exacte
que I'on aura en vue.

Etude en avant-projet d'une installation
complete

Le point X choisi pour edifier les insolateurs est
situe a 230 km environ d'El Golea, sur une piste
qui, bien que non revetue, est accessible aux trans
ports lourds. El Golea est une oasis assez importante
qui possede un aerodrome. On dispose d'autre part
d'eau potable a Fort Miribel, qui est a 100 km
environ au nord du point X.

Le sol, qui est celui du plateau du Tadernait, est
dur, ce qui permet d'envisager des fondations peu
volumineuses.

Les travaux etant assez eloignes des grands centres
(1 130 km environ d' Alger, les problemes de trans
port et de main-dceuvre sont preporiderents, Le
cout d'un transport de 20 tonnes (ou 25 m 3) approche
6 000 NF, toutes charges comprises.

Par ailleurs, il faut prevoir independamment des
salaires et des periodes de repos par roulement, une
depense de I'ordre de 80 NF par homrne-jour, avec
en outre un voyage aerien de 500 NF par homme.

CHARPENTE

La charpente metallique apparait avr evidence
comme la solution la plus rationnelle "1 Sahara.
Le metal est en effet relativement legei pour nne
meme resistance; de plus, la tenue a l' ox.dation est
excellente dans ces climats tres secs.

Cependant la solution traditionnelle <le ferme
en treillis est a rejeter parce qu'onereus. de trans
port et de montage. Il faut done s'en t -nir it des
elements porteurs rectilignes tels que profiles it froid
tales pliees ou profiles courants assembles t boulan
nes sur poteaux H et poutres de contn cntemeni
en IPN.

Les necessites de l'exposition optimum des inso
lateurs conduisent a adopter une toitur. en shed
dont la pente est tournee vers le sud.

L' air est arnene par une gaine isolee in! 'rieure; il
circule de bas en haut dans les insolatrvrs et est
recueilli chaud, dans une gaine isolee .,:perieure
Les figures 6 et 7 donnent tous les details de construe
tion. A remarquer les dispositions prcv.ies pour

630

Chassis de 5laine eYl
c.ov\isse U.S.856 l'ZOj40j3
l= 1'2.00 develo ee ,
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t'Linex:' Brn.m

double vi~rc51a.

lot 70 x5

bcnde d 'aluminium

d: 8 mm
Figure 7
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b

c

eviter de' .diff' conshtuer des ponts thermiques entre les
L'e:;en~.es par~ies de l'insolateur et de la charperite.
sup' '. llllsolahon est totale; l'hiver, seule la partie
l'o~~leure de la couverture est insolee. Cela tient a
Si l'ore q~e. c~aque shed porte sur le shed suivant.
l'an ,n ~eslra1t avoir une insolation totale toute

nee, 11 y aurait lieu de separer les batiments

par un intervalle suffisant, mais cette disposition
creerait des difficultes de contreventement et des
supplements de murs.

Les sheds peuvent avoir les dispositions represen
tees sur la figure 8. La forme (a), qui est la plus
economique, est celle qui a ete adoptee dans le
present travail. La forme (b) occupe davantage
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INSOLATEURS

plafond en (c linex )) (materiau
fibre de lin et de resine synthe
8 mm, visse sous les ailes

de surface, mais les insolateurs sont constamment
ensoleilles. La forme (c) occupe un peu mains de
surface que la precedents, et permet, pendant la
periode estivale, le renforcement du rayonnement
sur 1'insolateur. La face nord des sheds peut en
effet, dans ce cas, etre recouverte d'elernents refle
chissants en aluminium, ou plus economiquement en
plastique alurnine.

Il est evident que, pratiquement, les insolateurs
n'occuperont jamais toute la surface couverte. Mais
ces surfaces perdues pour la transformation en cha
leur du rayonnement solaire sont aprendre en compte
dans les frais imputables au batiment lui-rneme.
Nos calculs du prix de revient seront done pessima.
La mise en place des diverses parties des insolateurs,
I'entretien et le nettoyage, sont Iacilites par des
passerelles d' entretien, roulant sur les lignes faitieres
de deux sheds voisins.

Une distance de 5 a 6 metres entre sheds parait
convenable pour avoir une bonne rigidite des supports
rectilignes et une bonne tenue des vitrages, dont il
faut eviter le bris sous les effets alternes du vent.
Cette dimension permet en outre de limiter les hau
teurs de sheds a 3 metres environ.

En ce qui concerne les sheds, il parait avantageux
de Ies realiser verticaux, afin d'obtenir des poutres
de grande hauteur, d'assurer un contreventement
efficace entre poteaux, et d'avoir eventuellement
des travees plus longues quepourrait exiger la
destination industrielle de certains batiments. Le
bardage de la partie verticale des sheds peut etre
realise au moyen de plaques ondulees de polyester
arrne de fibres de verre.

Une evaluation approchee du prix de revient
a montre que les transports intervenaient pour envi
ran 10 p. 100 du total, et les frais d'hebergement de
la main-d'ceuvre pour 20 p. 100. Il Y a done interet
a constituer des elements entiers de couverture
prefabriques, groupant pannes et gaines chauffantes,
mais vitrages bien entendu exclus. Le prix du trans
port s'en trouvera Iegerement augments, mais la
main-d'ceuvre de montage sera notablernent reduite,
car il n'y aura plus qu'un assemblage rapide par
boulons a faire sur place.

Les insolateurs formant a la fois elements de
charpente, sont constituos de gaines prefabriquees
comportant (voir figure 7) :

Deux longerons profiles en U a froid, entretoises
aux extrernites:

Un element de
isolant a base de
tique), epaisseur
inferieures ;

Des ouvertures aux extremites pour I'arrivee et
le depart de I'air ;

Une isolation du fond et une isolation Iaterale,
en feutre de fibre de verre (Isover), epaisseur 75 mm.

Les surfaces receptrices de rayonnement son]
formees de bandes de tale mince noircie, pliees en
accordeon aux angles de 30°, et maintenues en
place par des fils metalliques. Ce system» presente
de nombreux avantages. Tout d'abord, la surface
d'echange est multipliee par 2/cos 15° = 774
L'ecart entre la temperature de 1'air et celle d~ l~
surface receptrice est moins grand. Ensuite, le
fond is01ant est a une temperature infericure a celle
de la surface receptrice, diminuant ainsi les pertes
par I'arriere ; de plus, le facteur dabsorption de la
surface receptrice est augmente, Cette S1;' ~ace peut
etre noircie, mais si l'on ne craint pas I'enclssement
par les poussieres, eHe peut etre aussi rel,,~'ue selec
tive; en fin, les bandes etant d'une asrcz faible
largeur (5 cm), les ondulations sont del' ;ces d'un
demi pas d'une bande a sa voisine, et le "oefficient
de transfert par convection s' en trouve ne .ablement
accru.

La couverture transparente est forrnee cl :11 double
vitrage du type « Thermopane )) ou simi.uire. Les
elements, de 0,60 m par 1,80 m, d'epaiss.ur totale
21 mm, presentent un encadrement r.aallique
etanche, enfermant une lame d'air desh, [rate de
12 mm; les dimensions adoptees sont les P:;iS econo
miques, mais elles exigent 1'emploi de trois :,mgueurs
par insolateur; l'assemblage est realise ~: I[ moyen
de joints plastiques; le poids de ces eau", d ures est
de 20 kg/m 2•

La mise en place des couvertures se fait par mas
ticage, un fer pIat est, a cet effet, insere r. .tre deux
longerons voisins, pour former te avitrage. j .i qualite
du mastic a une grosse importance, car il do: conser
ver son elasticite clans des conditions cl natiqnes
tres dures. D'autre part, il faut observ que la
toiture est soumise a des depressions pouvart attein
dre 90 kg/m 2

, c'est-a-dire superieures au : oids d~s

couvertures. Il est prevu d'utiliser soit :. mastic
« Stop Stora », qui a deja fait ses preuves a.: Sahara,
soit un ciment elastique a base de thio:: il (PRC
serie 250). Une protection supplernentaire (11 mastic
doit etre realisee par le collage d'une ban..c mince
d'aluminium.

Les longerons ainsi que le masticage dc" couver
tures font perdre environ 9 cm d'ensoleillernent par
insolateur, soit un peu moins de 15 p. 100 de la
surface totale.

EVALUATION

Frais de premier etablissement

Nous donnons ci-apres les resultats de l'etude
detaillee des prix de la fourniture et de la main
d'ceuvre, tontes charges et taxes comprises, ramenes
au metre carre. Ne sont pas compris, les mUTS de
facades et leurs Iondations, les peintures et .les
amenagements qui dependent de la destinatlon
definitive des batiments, qui sont independants du
mode de production de I'air chaud, et qui, en
tout etat de cause, appartiennent au batimen1
lui-meme,
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Evalttation des sheds avec insolateurs : prix att m2 par une couverture en film plastique, Reprenons
l'evaluation dans cette hypothese.

Fondations
Dallage ..
Charpente .
Vitrages
Isolation des gaines .
Bardage sheds , ' ,
PJafond, ,
Gaines de ra: Cl .r.lcment

CMneaux
Deseentes d', ,\1\

Regards, ,
Buses egoub,

NFfm'

8
55

140
125
90
16,5
26
(iO

12,3
1,7
4,2

16

Fonclations
Dallage , ,
Charpente ,
Cou verture
Isolation des gaines .
Bardage sheds , . .
Plafond . , . , . ,
Gaines de raccordement ,
Chcneaux
Descentes cl'eau
Regards . . .
Buses egouts . .

NFJm'

8
55

125
35
80
16,5
26
60
12,3

1,7
4,2

16

Total, 554,70 couvert 439,7

soit pour surface totale prise comme exemple
soit pour la surface totale : 5 012 580 NF.

s : : J 100 m 2 Prix : 6 323 580 NF. Dans le cas de la couverture traditionnelle, on
aurait :

Dans le de I'edification des memes batiments
en couvert». traditionnelle aluminium ondule, et
isolation en', utre de fibre de verre, les modifications
de prix ser.» :1t :

En deduction Charpente
Couverture
Isolation .
Gaines de raccordement

NFJm'

15 NF
35 NF
80 NF
60 NF

En deduction "harpente 140-100
vit rages
!solat.ion
(,;,incs de raccordement.

NFfm' NFftn'

40
125
90
60

En supplement . . .

soit une plus-value de
et pour la surface totale : 855 000 NF,

190
ll5

75 NF

315

En supplement Toiture aluminium , . . . .. 60
Lsolation Isover + linex montes

sur place y eompris feutres
speciaux pour condensations, 55

Dans ce cas, le supplement de depenses occasionne
par 1'installation d'insolateurs ne serait, pour la
surface totale, que de

855 000 - 355 000 = 500 000 NF.

Le supplement de depenses ressort finalement a. 1 935 000 NF

b Des economies substantielles pourraient proba
llement etre apportees si 1'on pouvait remplacer
a couverture de verre qui est assez lourde (20 kgjm2

)

soit une moins-value de ,

Ainsi le sup..'. .ucnt de depenses
cccasionns par:', rstallation d'inso
lateurs pour PICh' .ri ro de I'air chaud,
serait pour la surface totale de ..

Frais d' exploitation

On peut admettre en premiere approximation
que les frais de main-d'ceuvre pour le nettoyage
et l'entretien des insolateurs sont a peu pres equi
valents aux frais occasionnes par la conduite et
l'entretien de l'installation de chauffe au mazout.
Il est prudent toutefois de compter sur le remplace
ment de 1 p. 100 environ des couvertures de verre,
brisees pour des raisons diverses, La aussi, on peut
admettre que ces frais de remplacement sont du
meme ordre de grandeur que les frais de reparation
et de rechange du rnateriel de chauffage par combus
tible. L' economie annuelle est done en definitive
constituee par la valeur du combustible que l'on
aurait du brfiler pour la merne production de chaleur.
Cette economie varie de 110 000 a 190 000 NF
environ, suivant les caracteristiques de la production,
ainsi que nous l'avons indique plus haut.

Nous n'ignorons pas combien doivent etre nuan
cees les conclusions que 1'on peut tirer de ces evalua
tions. Nous nous contenterons de faire observer
qu'il apparait avantageux d'utiliser l'energie solaire
lorsqu'il s'agit d'un chauffage d'air ne necessitant
pas de temperatures elevees, Une experimentation a
grande echelle parait, dans ce cas, devoir etre tout a

ll5

200

345000 NF

2280000 NF

,e de
;"solateur.

Il faut :

1) Ajouter it r ette somme le prix
des passen,j]cs dentretien et
accessoires de nettoyage que
nou~ avons cvalues a. . .. 5000 NF

2) Deduire le cout de I'installa
tion du chauffage-fuel prece-
demment evalucc , , . . , 350 000 NF

soit une plus
pour la solu u..

4*



94- H.C.l a) Moteurs alternatifs et turbines

fait legitime. D'autant plus que nous avons volon
tairement conduit nos calculs dans les hypotheses
les plus defavorables pour l'utilisation du rayonne
ment solaire.

L'interet de l'analyse alaquelle nous nous somrnes
livres se trouve dans les valeurs relatives des differents
postes de depenses, Des 'ameliorations importantes,
on l'a vu, peuvent sans doute etre apportees au
projet tel que nous venons de l'exposer. Ainsi, la
suppression de la couverture en verre et son rem
placement par une couverture en film plastique,
ainsi que I'allegement des surfaces d'echange, peuvent
avoir une incidence directe sur les prix des postes
correspondants, mais apporter egalement une reduc
tion sensible du poids de la charpente.

D'autre part, le rendernent thermique des insola
teurs du type adopte sera tres certainement, dans la
pratique, notablement superieur a celui que nous
avons suppose pour rester pessimistes.

Etude comparative de divers types d'insolateurs

Les insolateurs a air peuvent se classer en deux
·grands groupes selon qu'ils fonctionnent avec ou sans
effet de serre.

INsoLATEURS AVEC EFFET DE SERRE

La couverture transparente peut etre de verre et
comporter une ou plusieurs lames d'air. L'experience
montre qu'il n'y a pas interet, sauf dans des cas
particuliers, a depasser deux lames d'air, soit une
couverture transparente et deux sous-couvertures,
La couverture doit pouvoir resister aux efforts du
v~nt, qui souffle d'une maniere particulierement
violente au Sahara. On est conduit a adopter pour
la couverture le verre double (3,6 mm d'epaisseur) de
0,50 m a0,60 m de large, et pour les sous-couvertures
des yerres simples (1,8 mm depaisseur}. Si la manu~
tention est organisee mecaniquement, il y a interet

Figure 9

INSOLATEURS SANS EFFET DE SERRE
C . stici1i

es lllsolateurs sont d'une plus grande ru f rP
que les precedents et le nettoyage des s,?" aor'e p' .' . d'JlIlPx osees aux intemperies presente mOIllS
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Figure 10

~~nce. On ne peut guere envisager que des surfaces
eceptnces non selectives, l'encrassement ayant pour

fffet de rendre la selectivite inoperante ; d' autre part,JS surfaces selectives sont toujours delicates et
emandent a etre protegees.
Le rendement des insolateurs sans effet de serre

est ne .ce eces.sa1rement beaucoup plus faible que celui de
ux qui sont munis d'une couverture opaque au

rayonnement infra-rouge; d'autre part, il est neces
saire que la chaleur traverse par conduction la
surface receptrice, afin de pouvoir chauffer l'air qui
circule sur l'autre face. Cela exige que les surfaces
receptrices soient metalliques, La face inferieure en
contact avec l'air peut etre munie d'ailettes pour
faciliter les transferts de chaleur par convection.
La surface receptrice doit en principe etre plane,
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tairement conduit nos calculs dans les hypotheses
les plus defavorables pour l'utilisation du rayonne
ment solaire.

L'interet de l'analyse alaquelle nous nous sommes
livres se trouve dans les valeurs relatives des differents
postes de depenses. Des 'ameliorations importantes,
on l'a vu, peuvent sans doute etre apportees au
projet tel que nous venons de l'exposer. Ainsi, la
suppression de la couverture en verre et son rem
placement par une couverture en film plastique,
ainsi que l'allegement des surfaces d'echange, peuvent
avoir une incidence directe sur les prix des postes
correspondants, mais apporter egalement une reduc
tion sensible du poids de la charpente.

D'autre part, le rendement thermique des insola
teurs du type adopte sera tres certainement, dans la
pratique, notablement superieur a celui que nous
avons suppose pour rester pessimistes.

Etude comparative de divers types d'insolateurs

Les insolateurs a air peuvent se classer en deux
-grands groupes selon qu'ils fonctionnent avec ou sans
effet de serre.

INSOLATEURS AVEC EFFET DE SERRE

La couverture transparente peut etre de verre et
comporter une ou plusieurs lames d'air. L'experience
montre qu'il n'y a pas interet, sauf dans des cas
particuliers, a depasser deux lames d'air, soit une
couverture transparente et deux sous-couvertures.
La couverture doit pouvoir resister aux efforts du
v~nt, qui souffle d'une maniere particulierement
violente au Sahara. On est conduit a adopter pour
la couverture le verre double (3,6 mm d'epaisseur) de
0,50 m a0,60 m de large, et pour les sous-couvertures,
des verres simples (1,8 mm d'epaisseur). Si la manu
tention est organisee mecaniquement, il y a interet

Figure 9

a utiliser des panneaux prefabriques tels que I
« Thermopane » de St-Gobain ce qui reduit le risqu:
de casse. La couverture de verre est assez lourde et
cO,nstitue la partie la pl~s one;euse de l'insolateur.
D autre part, elle se salit facilement et exige des
travaux de nettoyage frequents.

Des couvertures en plastique transparent peuvent
etre envisagees. Leurs proprietes optiques dans
l'infra-rouge sont moins bonnes que le verre, mais
elles sont incomparablement plus legeres et presen
tent moins de risques de deterioration.

L'Institut de l'energie solaire etudie ac~uellement

une couverture utilisant le « Terphane », qui est le
Mylar francais. Cette couverture est er principe
formee d'un cylindre de plastique de 0,06 mm d'epais
seur abords colles suivant une generatrice. Ce cylindre
s'enfile sur un cadre leger forme de deux tubes
d'aluminium de 1 cm de diametre, entreroises par
des tiges minces elastiques, On obtient ainsi une
couverture toujours tendue ernprisonnant une lame
d'air.

La surface receptrice du rayonnement so.aire peut
etre pleine ou poreuse, en metal ou en materiau
isolant, noircie ou recouverte d'un enduit a emis
sion selective. Elle peut ctre plane et offrir -a la
convection la meme surface, que l'insolateur, ou au
contraire ondulee, pliee, plissee ou comportant des
ailettes. '

Les parois poreuses, c'est-a-dire les patois qui,
tout en etant opaques ala lumiere, se laisscnt facile
ment traverser par l'air, sont d'une tres grande diver
site. Les experimentateurs americains ont utilise le
grillage metallique, qui est excellent, mais lourd et
cher; ils ont utilise aussi un feuilletage de lames de
verre partiellement noircies. Ce precede -st egale
ment lourd et onereux, Nous avons ajoute aces
surfaces classiques des surfaces lamellaires ou en
forme .d'aubes, en metal ou en plastique, ainsi que
des gnlles en textile, en paille de riz ou ell roseau.

Nous nous sommes arretes, pour le projct concer
nant l'insolateur precedemment expose, aux surfaces
en tale mince, pliees en accordeon aux angles de
30°.. D'~utres surfaces plus comple'xes, et dont la
fabrication necessiterait une mise au point industrielle
pour les obtenir a bas prix, sont egalement en CDurs
d'essais ou de projets.

.La circulation de l'air se fait soit sur la surface
isolee, soit au-dessous d'elle, soit au travers des
surfaces; les coefficients de convection sont nette
ment plus eleves dans ce dernier cas.

Il est a signaler que les surfaces metalliques conti
nues ont I'inconvenient de regulariser la temperature
par conduction: les temperatures obtenues par ces
?urfaces sont moins elevees qu'avec les surfaces
isolantes. Par contre, aegalite de temperature finale,
elles sont d'un meilleur rendement.

INSOLATEURS SANS EFFET DE SERRE

Ces insolateurs sont d'une plus grande rusticite
que les precedents, et le nettoyage des surfaces
exposees aux intemperies presente moins d'impor-
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t~nce. ~n ne peut guere envisager que des'surfaces
rfieptnces non selectives, l'encrassement ayant pourf et de rendre la selectivite inoperante ; d'autre part,JS surfaces selectives sont toujours delicates et
emandent a etre protegees.

t
Le rendement des insolateurs sans effet de serre

es ne .Ce eces.salrement beaucoup plus faible que celui de
ux qui sont munis d'une couverture opaque au

rayonnement infra-rouge; d'autre part, il est neces
saire que la chaleur traverse par conduction la
surface receptrice, afin de pouvoir chauffer l'air qui
circule sur l'autre face. Cela exige que les surfaces
receptrices soient metalliques. La face inferieure en
contact avec l'air peut etre munie d'ailettes pour
faciliter les transferts de chaleur par convection.
La surface receptrice doit en principe etre plane,
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pour presenter asa partie superieure le minimum de
pertes par convection naturelle. Cependant, certains
experimentateurs ont utilise la tale ondulee ou la.
tale pliee. '

Les essais qui sont actuellement en cours, se
developpent de la maniere suivante.

Les surfaces aetudier, groupees par six, sont expo
sees simultanernent et dans des conditions aussi
identiques que possible au rayonnement solaire.
Les perturbations apportees par les variations de
la radiation solaire, et de la temperature ambiante,
de l'humidite atmospherique et du vent, sont de
cette maniere pratiquement eliminees,

On mesure alors les temperatures et les debits
d'air. Les resultats n'ont qu'une valeur relative,
mais permettent de class er les surfaces, en comparant
leur rendement, leurs pertes de charge et leur prix
de revient.

Nous esperons ainsi, a l'issue des essais, pouvoir
retenir un petit nombre de surfaces presentant UI).,.
maximum d'avantages et susceptibles d'etre indus
triellement utilisees,

La figure 9 donne une vue d'ensemble de l'instal
lation qui a ete montee sur la terrasse du batiment

de Physique de l'Universite d'Alger. La figure 10
.donne les schemas de quelques-unes des surfaces
en essais,

L'experimentation est faite par le personnel du
laboratoire de Physique P.C.B. de I'Universito d' AIger
que nous remercions ici, et plus ,Particulierement
A. Zerouki, qui s'est charge des' mesures et des
calculs comparatifs.

Conclusion

L'interet pratique. des insolateurs i.t exposition
dire~te ~st asse~ li~it.e; cependant, POC\f certaim, I

applications qUI n exigent que des tcrnperatures
tout au plus egales a 100°C, le trav.ul d'avanr,
projet auquel nous nous sommes livres montre que
ces sortes d'appareils ne sont pas a rejeter, a priori. I

L'Institut de l'energie solaire de rUniversitr
d' Alger s'interesse plus specialernent a l'utilisation I

des insolateurs comme organes statiques <errnettant
de faire circuler des masses importantes d'a.r pouvant
etre utilisees au refroidissement des :!i~nerateurs
thermo-electriques, Les etudes qui concernent cette
application particuliere sont actuellement en cours.

Resume

La t~ansformation du rayonnement solaire en
chaleur a temperature relativement basse peut
s'effectuer dans des appareils de construction simple
et de position fixe, les insolateurs plats. Leur simpli
cite et leur faible prix de revient permettent de les
implanter sur de grandes surfaces, done de recueillir
de grandes quantites de chaleur.

L'Institut de l'energie solaire a envisage la pro
duction a grande echelled'air chaud qui pourrait
servir ades usages divers: conditionnement de locaux,
production d'energie, constitution d'une source froide
par circulation d'air pour des generateurs thermo
electriques.

Dans cet ordre d'idees, l'auteur s'est attache a
deux problemes : 1) Etude d'une installation complete
a grande surface d'insolateurs a air, d'un type deter
mine; 2) Etude experimentale comparative de divers
types d'insolateurs.

Dans la premiere etude, on a suppose l'installation
des insolateurs en un point determine, mais arbi
traire, du plateau du Tademait, au Sahara. Ce point
a pour principales caracteristiques climatologiques

Temperature moyenne annuelle : 22,1°C;
Tension partielle moyenne de vapeur d'eau
= 3 mm de mercure;
Facteur d'ensoleillement moyen : (J = 0,843.
Le champ d'insolateurs a ete considere de deux

points de vue, en tant que generateur d'air chaud, et
en tant que couverture des batiments ou serait utilise
cet air chaud.

De ce fait, le prix de revient de I'insta llation de
chauffage d'air est la difference entre lie prix de
revient de l'ensemble et celui d'une charpente et
d'une couverture classiques couvrant la merr.e surface.

De l' etude climatologique de la station, il ressort
que, pour obtenir un rendement optimum c1:s surfaces
absorbantes, les insolateurs doivent etre ir.clines sur
l'horizontale d'un angle sensiblement (~i;al a'la
latitude du lieu.

Etude de la production d'air chaud

Pour etudier le fonctionnement d'un insolateur.
l'auteur a utilise une methode d'analogie eJectrique.
L'experimentation analogique a permis de tracer
les courbes de la puissance utile en fonction de la
puissance absorbee :

A 6 constant, 6 etant l'ecart entre la temperature
ambiante et la temperature de l'air a sa sortie de
l'insolateur;

A debit d'air constant.
On a etudie plus specialement la production d'air

chaud a 6 = Cte.

Les ~eleves climatologiques au point consid~re
donnent les diagrammes journaliers de la radiatIOn
solaire directe. On en deduit les diagrammes de ,la
radiation normale au plan de l'insolateur, et, connalS
sant les caracteristiques de la surface absorba~te,

les diagrammes de la puissance absorbee, abstractIon
faite de la radiation diffuse, ce qui est une hypothese
pessimiste.
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Cesdiagrammes, joints acelui de la puissance utile
en fanction de la puissance absorbee, a El constant,
permettent de tracer les diagrammes journaliers
de la puissance utile pour deux valeurs arbitraires de
El, sait El = 40°C et El = 70 °C.

11 est possible alars de calculer la production
annuelle de chaleur d'une installation d'insolateurs
cauvrant une superficie assez etendue, un hectare
par exemple.

Pour El=-= 40°C, la production annuelle est de
5,62 X 10:; M kcal,

paur El == 70°C, la production annuelle est de
3,24 X 102 M kcal.

Si l'on avait utilise du fuel industriel pour produire
les memes quantites de chaleur, on aurait depense

~ 669 T, soit 189 327 NF dans le premier cas,
386 '1', soit 109 238 NF dans le second.

L'installa t ion de chauffage au fuel montee au point
choisi, cofn erait environ 350000 NF.

Etude de l'installation

Du fait de l'eloignernent et de la difficulte d'acces,
les problemes de transport et de main-d'oeuvre sont
preponderants, On a done envisage l'usage de
materiaux Iegers et peu encombrants, et l'emploi
d'un personnel reduit et de qualite, pour le montage.

La charpente a ete concue en elements metalliques
rectilignes a vec toiture en shed a pente dirigee vers
le sud. Chaque shed portant une ombre sur le suivant,
la longueur insolee varie selon les saisons.

L'air froid arrive par une gaine a la base du shed
et l'air chaud est collecte dans une autre gaine au
sommet.

Les insolatcurs proprement dits sont en elements
prefabrique<: : la surface absorbante est constituee
par des band-s de tole noircie pliees en accordeon,
Elle est isolec au fond et sur les cotes par un feutre
de fibre de verre, et recouverte d'un double vitrage.
La surface cccupee au sol pour un hectare utile, est
de 11 400 m".
. La comparaison des prix d'une installation tradi

tionnelle et d'une couverture a insolateurs fait
ress~rtir une plus-value de 1 935 000 NF pour cette
dermere. Si la couverture de verre pouvait etre
remplacee par une couverture en film plastique,
cette plus-value pourrait etre ramenee aux environs
de 500 000 NF.

Quant aux frais d'exploitation, on peut considerer
~n premiere approximation qu'ils sont equivalents
a ceux d'une installation de chauffe au mazout, tant
p?ur le~ frais de main-d'oeuvre, que pour les frais
d entretIen et reparation du materiel. . .

En definitive, l'economie annuelle est constituee
par la valeur du combustible qui aurait du etre

brfile pour la meme production de chaleur, soit
HO 000 a 190000 NF.

En fait, l'auteur s'est toujours place dans les
conditions les plus defavorables. Les resultats reels
seraient certainement superieurs aceux qui viennent
d'etre indiques, . .

Etude comparative de divers types d'insolateurs

Insolateurs avec effet de serre. - La couverture
transparente peut etre constituee de lames de verre
emprisonnant des lames d'air (deux au maximum).
Il y a interet a utiliser des panneaux prefabriques
pour faciliter la manutention. .

Mais le verre est lourd et se salit facilement.
L'Institut de l'energie solaire etudie une couverture
en « Terphane », double film plastique de 0,06 mm
d'epaisseur.

Les surfaces absorbantes sont de genres tres
divers: metalliques ou isolantes, pleines ou poreuses,
planes ou ondulees, Plusieurs types df surfaces
poreuses sont experimentes par l'Institut de l'energie
solaire.

. Insolateurs sans effet de serre. - Ces insolateurs
sont de construction plus simple que les precedents,
et le probleme du salissement a moins d'importance,
mais il rend impossible l'emploi de surfaces selec
tives.

Le rendement est beaucoup plus faible en raison
des pertes par rayonnement infra-rouge, conduction
et convection.

Les essais se font par exposition simultanee de
six surfaces differentes au rayonnement solaire. Il
est alars possible de classer ces surfaces par compa
raison des rendements, pertes de charge et prix de
revient.

De cette experimentation, l'auteur espere pouvoir
retenir un petit nombre de surfaces susceptibles
d'etre utiliseesJndustriellement.:

Conclusion

L'interet pratique des insolateurs a exposition
directe est assez limite, cependant pour certaines
applications qui n'exigent que des temperatures
tout au plus egales a 100°C, le travail d'avant
projet auquel l'auteur s'est livre montre que ces
sortes d'appareils ne sont pas a rejeter, a priori.

L'Institut de l'energie solaire de l'Universite
d' Alger s'interesse plus specialement a l'utilisation
des insolateurs comme organes statiques permettant
de faire circuler des masses importantes d'air pouvant
etre utilisees au refroidissement des generateurs
thermo-electriques, Les etudes qui concernent cette
application particuliere sont actuellement en cours.
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ECONOMIC STUDY OF THE OPERATION OF ATMOSPHERIC
SOLAR COLLECTORS IN THE SAHARA

(Translation of the foregoing paper)

M. Touchais*

Solar radiation is an undergraded form of energy.
Its conversion into heat for subsequent conversion
into other forms of energy should obviously be
accomplished at the highest possible temperature.
But to obtain high temperatures means that the
radiation must first be concentrated, using mirrors
and orientation mechanisms at a cost that may a
priori appear necessarily very high.

It .is known, however, that important uses for
thermal energy can be found even at fairly low
temperatures. The conversion of solar radiation into
heat may in that case be accomplished by simple
flat fixed-position plate collectors. Efforts are being
made to develop such collectors in the most economic
versions possible.

The heating of fluids, air or water, for various
uses essentially directed towards modifying the
living conditions in the desert, is viewed as an
important problem by the Institute of Solar Energy.
This organization is concerned primarily with the
Sahara, and believes that the solution towards
making it habitable should be sought in the conver
sion of solar radiation, very abundant in subtropical
regions.

Numerous methods of solar heating of water or
air have been developed, and many investigators or
experimenters are occupied with this problem. We
do not claim to be innovators. But these methods
have usually been conceived on a relatively small
scale. We do believe, however, that the utilization
of solar energy could not be of interest unless it
involved the conversion of very large amounts of
radiation, or, what amounts to exactly the same
thing, unless it envisaged the installation of very
large irradiated surfaces. Therefore we propose to
work, not on the scale of the square metre, but on
that of the hectare. In that case the technological
problems assume an entirely different aspect.

We shall deliberately confine ourselves to the
problem of hot-air production, first of all because
hot air is used directly for: winter space-heating;
summer circulation of air cooled by humidification;
producing Cl. heat sink by means of air circulation
for possible thermal machines such as combustion
engines or thermoelectric generators.

* Engineer in charge of research, Institut de I'energie solaire,
Universite d'Alger, Algeria.

This latter use, surprisingly enough, was the
starting point of the work we shall report here.
We rapidly realized, however, that this specialized
problem would bring us to the treatment of the
general problem.

For the sake of completeness, we may add that
the conversion of solar radiation into kine zic energy
of the air can give rise to a secondary conversion
into mechanical energy, whose value and limits
might be' of interest.

We confined ourselves to hot-air production alone
for the further reason that the thermal inertia of
solar collectors in air is relatively small, and experi
mentation, whether direct or by electrical simula
tion, is simple and rapid.

It should be noted, on the other hand, that the
results obtained for solar collectors in air may serve
as a base for studying water heaters ..nd low
temperature evaporators.

We decided to conduct our study in the following
way. The results of earlier investigators could o?ent
us directly toward a particular type of medium
performance collector with not too high constructio»
costs. It would then be sufficient to make D detailed
study of the technological and economic operation
of large-scale collectors of this type, and to compare
their characteristics with those of other' types,
without being compelled to make an econo~ic
study for each of them. The work thus compnss
two almost independent parts: 1. Study of a complete
plant with a large atmospheric collector surface, of
a specified type; 2. Comparative experimental study
of various types of atmospheric solar collectors.

Desiring to eliminate, in part I, the parame.ters
which are not of direct interest, though they mIght
be of economic importance, we decided to base ~ur

study on a very definite but entirely arbitrary sl~e
location, at the point on the Tademait plateau I~

the Sahara (figure I), at altitude 670 m, at 28°48
N. lato, 2°32' E. long., on the trail from Algiers to
In-Salah, approximately equidistant from El Gole.a,
Timimoun and In Salah. This point is located. In
the middle of the desert, reasonably close to AlgIe~S

and relatively accessible. Its sunshine fractio» ~

high, and there are fairly close meteorolog~c

stations on several sides, so that the climatologIca1
characteristics to be used can be easily interpolated.

98
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Figure 1

These characteristics are:

(1) Temperatures, QC:

cost of collector installation to have been diminished
by the cost of hypothetical buildings covering the
same area but roofed by conventional methods.

This viewpoint is obviously peculiar to the Sahara
climate, and it would have been a mistake to ignore
it in estimating the costs. Its first advantage is
that it eliminates the effect of collector height on
construction costs. (It will be recalled that the
collectors must be installed above the ground to
avoid damage from the scouring action of sand
storms.) At 3 metres above the ground, the equip
ment will be exposed only to dust storms. We
assumed, consequently, that the girders of the
framework support the collectors 3 metres above
the ground. Any other height would be attributable
to the building itself, not to the collector field.

We also assumed that the collectors should face
the south and be inclined to the horizon at an angle
substantially equal to the latitude of the place,
which is the optimum angle at the site selected,
where the' cloudiness and atmospheric absorption
are relatively low.

The mean exposure is longer for inclined collectors,
and the slope makes it easier to clean the surfaces.
This problem of keeping the collector surfaces clean
is one of the greatest difficulties in the use of collectors
in the Sahara and is responsible for relatively impor
tant operating costs, which we shall take into
account. . .

Three possibilities for utilizing the hot air may be
envisaged:

(1) Use of the hot air for air conditioning the
buildings covered by the collectors. Winter heating
and summer refrigeration by humidification without
the need for any accessory system such as boilers,
compressor groups, etc. .

(2) Use of the air motion due to the draft of a
chimney for cooling thermal machines, especially
for cooling thermoelectric generators.

(3) Incidental utilization of the kinetic energy of
the air so put into motion.

(2) Humidity: The mean partial vapor pressure
of water vapor is 3 mm Hg.

(3) Mean sunshine factor: a = 0.843.
.To facilitate the discussion, this arbitrary point

WIll hereafter be termed point X.
We assumed that the insolated surfaces could

serve two purposes :
(a) Hot-air generating insolation proper;
(b) Protection against .the sun and weather

ahfforded by a collector used at the same time as a
s eltering cover.
. In other words, since the function of the collector
~1 !llsel?arable from its utilization, which demands

e eXIstence of buildings, we assume the actual

January.
JUly ..

Mux.

16
40

Min.

2.3
24.5

Mean

9.5
32

Daily range Annual mean

14.5 }
16 22.1

Operating graph for atmospheric
solar collectors

Notation

1, width of channel, m.

L, irradiated length of channel, m. L may vary with the season,
according to the arrangements .adopted. The irradiated.
surface is L 1, m2•

h, height of channel, m, taken as constant.
the cross-sectional area of the channel is 1h, m 2•

x, abscissa of section studied from the beginning of the irradi
ated part; x varies from 0 to L.

~x, element of collector 1 m wide, of abscissa x.

T x, temperature of air at entrance to section of abscissa x;
T x + ~Tx is the temperature on leaving that element.
T x varies from T e to TB from entrance to exit.

Ta, temperature of the ambient atmosphere above the cover.

Ti, temperature of the interior atmosphere below the insulated
bottom.
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(13)

(12)

(il)

y = fm Qte (x),

R-~
t- mGp

and determine tJ..Tt by experiment.
We start again with the following section, starting

out from T 2 = T'; + Tt, etc. The temperatures and
the various heat fiuxes are plotted, giving curves
of the form

or, more precisely, polygonal lines which more
nearly approach the real curves, the smaller the
values of tJ.. x that are taken. But the number of
sections, and consequently also the time taken by
the measurements, increase in inverse proportion.

The operating regime at the point of a ilscissa x,
where the temperature of the air is T x, corresponds
to tJ.. x = 0 and tJ..Rx = O. To obtain it on rhe analo
gous circuit, it is sufficient to replace tJ..R x hy a short
circuit, and to adjust the voltage of the node to
the value T x by using the auxiliary generator..!!
will be seen' that the operating regime in the section
of abscissa x depends only on the temperature T,
of that section. In particular, we have at the entrance
Tt = T'; The ordinates at the origin of the curves
Y = f m Qte (x) are independent of m.

From (6) we derive

tJ..R = li.x
x m Gp

The method consists in drawing a current represent.
ing qu from the node representing the layer of
heated air. This is accomplished by introducing
between the node and the mass representing th~
ambient, 1, the resistance tJ..R x , and 2, cm auxiliary
generator to regulate the voltage representing the
temperature T a-

The collector is divided into n sections, tJ.. xv LlX2'

tJ..X n ' which are not necessarily equal. We select a
value of the incident radiation qte and a cl -scharge m
at the entrance to the collector. We begin with the
fraction of the entrance of length tJ.. X1' for which
T, = T e, with the resistance

setting

(9)

(8)

(7)

(6)

(5)

(4)

(3)

(2)

(I)

(10)

, Pa
p = 0.4645 y;273

total area occupied on the ground.

number of collectors. The total irradiated area is NIL.

total radiation lost

Qp = J~ qpdx

total heating of the air at exit '

Qu = J~ qu dx = m c; ir, - T e)

ar; s«
di = m Cp '

total radiation received by the receiving surface

Q« = qa L 1

m = p lhv

or

and

qp = qp, qPf

heating of the air, W/m2

qu = qa--qp

velocity of the air on entering the irradiated part, m/so
The volume discharge is u l h, m3/s.

wind speed, rn/s.

relative humidity of the 'air.

specific mass of the air at the entrance, kg/m3 • For dry air

where P a is the atmospheric pressure, which at the site
selected is 706 mm Hg.

specific heat of the air, JlkgoC.

mass discharge of air, kg/s; at the entrance to the irradiated
part,

where (1.s is the absorption factor of the receiving surfaces,
and Tv is the transmission factor of the cover, which is
assumed to be almost independent of the altitude of the sun.

calorific power lost through the cover, W/m2 .

calorific power lost through the floor of the collector.

calorific power lost by the collector

temperature of the celestial vault, here taken systematically
as O°C.

incident radiation, W/m2•

radiation absorbed by the surfaces converting it into heat,
W/m2•

S,

N,

m,

p,

v,
e,

v,

The collector is assumed to operate under steady
conditions.

The analytic study of the collector operation is
made difficult by the presence of nonlinear heat
transfer coefficients. One must either apply direct
experiment, in spite of the serious difficulties, or
use an analogous method, assuming the heat transfer
laws to be linear for the temperature intervals under
consideration.'

Operation of the element tJ.. x under steady condi
tions may be electrically represented by the circuit
of figure 2.

.Results of measurements' on the experimental solar
collector selected

The test solar collector had the following character
istics, which differed slightly from those of the
collector finally chosen:

f = 1 m, L = 5 m, h = 0.05 m, whence th;::;
0.05 m2• The cover was made of a double glass and
a single glass, with a 5 mm layer of air betwe~n

them. 't'x = 0.79. Insulated bottom; thermal resIS
tance: lOGjW m2•

Coefficient of convective heat transfer between
wall and air:

1 See IESNA Bulletin No. 3. A = 2.55 tJ..TO·25 Wjm2.OC.
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~c.---

Ta - - -

____ Celestial vault

External atmosphere

{

~i i i i I i i I i i i i i ' L::~s~;r:~; cover

~2 2 2 2 2 2 2 i 2 2 i i i Transparent lower cover

~
ir to be he~t~dT Converter ..

'. irT~~~T~~c ----. :0. :o', ~ .:: ;..• ·0 •• ~ Insulating bottom
0·" '000

0.00 ..... 0 ptO

---- Internal atmospl1er e

Ta.
Fi~ure 2
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Qv,
Qv, mean = T (19)

Since the measurements were rather prolonged, we
sought to establish an analytic form that could
represent the experiments in rather good approxima
tion, thus allowing to reduce their number. This led
us to adopt the relation:

! = 1 - e-}{x (20)
60

where k is defined by the operation of the element
of origin. We have

d6 = 60 k e- k X (21)
dx

Emission factor of the receiving surface e = I.
The absorption factor, however, was taken as
lX;e = 0.95.

The measurements were made at intervals !1x of
0.10 m for the first sections and of 1 m for the last
ones. The curves:

T = f (x), qp = cp (x), qv, :- tjJ (x),

were plotted for speeds of the order of 0.20 m and
1 m per sec. for qa = 800 W/m2, and finally. f?r
T e ,* Ta. In addition, the ordinates at the origm
of these curves and the curve of static temperatures,
that is, for v = 0, were noted.

In the case where T e '* T«, we are brought back
to the preceding case by a shift in abscissas: the
origin of the collector is now at the abscissas: the
origin of the collector is now at the abscissa Xe of
the original collector, for which the air temperature
is T x = Ti;

The purpose is to establish the characteristic
function of the collector:

F = (Qv" Qte, r., t ; r; r;
Tv., m, e, P a, L, V) = 0, (15)

which will allow us to study all the peculiarities of
operation, but we shall reduce the complexity by
limiting ourselves to the case defined by the condi
tions

P a = 706 mm, h = 0 per cent, V = 0 m]«,
Tv, = O°C, T; = T; = Tc = 22.1°C,

Then we have

p = l.lll, Gp = 1006 j/kg °C (or 0.2408 kcal/kg 0q,
m Gp = lll8 t hv

= 55.9 v W;oC

The experimental data on the analogous circuit
show quo to be a very nearly linear function of qa:

quo = 0.71 qa - 39.62,(24)

whence, finally, we obtain the relation sought:

0.71 qa- 39.62
Qv, mean = M6 0 l-e- M6

0
= M6 (25)

The characteristic function may now Le put into
the simpler form:

F (Qv, mean, qa, 6, M) = O. (26)

Figure 3 gives the cun:e representi~g:he static
temperature To as a f.unctIOn of qa. ThIS ,~urve. ~nd

the system (25) permit us to draw figure 4, gtvrng
Qu mean as a function of the radiation absorbed,
qa, for M = Cte and for 6 = Cte. !he graph ~lso
includes lines of equal output, which an: straight
lines drawn from the origin.

Examination of this graph yields an important
fact: the relative gain of the heat taken from the
collector decreases rapidly with M, i.e., with the
speed at entrance. It will be clear that there is no
point in exceeding a value of M of the order of

(23)

\000

Figure 3
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. Figure 4

15 W/m °C, or, consequently, entrance speeds of
th~ order of m/so

It follows that the heat losses in the interior of
the collector are in general negligible.
cl ~ccording to the use that is planned, one might
esrre to operate at T; = Cte, at 8 = Cte, or at

M = C~e, or, more generally, in a manner satisfying
a certain condition:

f (8, M) = O. (27)

We shall confine ourselves in what follows to
studying the operation of a collector at 8 = Cte.

Study of hot-air production at 8 = Cte

The determination of the total quantity of heat
~~tracted ~rom the collector during a giv~n period

mands, III general, the following operatIOns.
~. Draw typical graphs of the absorbed radiation

~~ o.r all the days j = 1, 2, ... n of the period under
nSlderation. In first approximation the sky radia-

tion may be neglected. The projection qie of the
direct radiation on the normal to the plane of the
collector must now be found.
We have

qie = qn cos 3 cos H. (28)

qa is then given by (1).
Most often the radiation diagram is unknown.

In that case we may start out from a typical diagram
obtained by extrapolating the climatological data
of neighbouring meteorological stations to the
station selected, and, in particular, by determining
the average water vapour pressure and the mean
sunshine factor, which will allow drawing the typical
diagrams of direct radiation for the point selected.

2. On the operating graph of the collector, drawn
for the given temperatures Ta and Tvc, and on the
curve 8 = Cte selected, determine for each value of
qa the corresponding value of Qu mean and draw
the daily graph of mean heat extraction.

This graph defines the lower and upper limits T1

and T
2

of the hour angle outside which the collector
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(29)

in the given

cannot operate at the temperature difference (l
assumed.

3. Determine the length irradiated L for each day
of the period. The daily heat output of 1 m collector
width is

Lil
' Qu mean dt

1,

4. Calculate the total heat output
period for the irradiated area N f L :

N f ~~fl:' Qu mean dt (30)

Such a calculation is very long and is not at all
s~itable for a preliminary study. Certain simplifica
tions must therefore necessarily be adopted to
reduce the amount of calculation. We have assumed
that a value close to the annual output could be
obtained by adopting the conditions defined above
and adopting mean daily diagrams, whether for

~ Watts 1m2

1000

10-day periods, for months, etc. Thus, it will b
sufficient to draw the equivalent daily diagram ~
the absorbed radiation in order to derive the corr~.
sponding diagram Q« mean. The total heat output
will then be

365 N f L mean dt ri, o; mean dt
JI1

We have performed this calculation for (l = 40°C
which is rather low from the industrial point of
view, and for (l = 70°C, which corresponds to a
temperature T, = 92°C, slightly below the boiling
point of water at the altitude in question. We
adopted the following values:

f = 0.545 m.
L m i n = 3.25 m, Lmean = 4.31 m, L m a,; = 5.37 ill,

and for 1 hectare, we took

N = 3420, or 40 sheds each 50 m long,
5 = 11 400 m2• See figures 6 and 7.

Equivalent daily·

diagram. of <la.

~oo

Figure 5
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Figure 6

.Figure 5 gives the equivalent daily monotonic
diagram for t},e radiation absorbed qa in W/m2 for
the site seler tvd and the given inclination of the
collectors. The annual energy absorbed, calculated
by using a pl.mimeter on the diagram, is 16.4 X
103 Mkcal, corresponding to an annual incident
energy of 21.8 X 103 Mkcal.

Making use of the diagram of figure 4, we get

for 0 = 40°C Q = 5.62 X 103 Mkcal,,u an
mmax = 101 kg/s;

for 0 = 70°C Qu an = 3.24 X 103 Mkcal,
nlmax = 44.5 kg/So

If the. same quantity of heat had been produced
by b~rmng an industrial fuel (for instance, No. 2
fuel 011, of inferior heating value, assumed equal to
10 500 kcal/kg), the annual fuel consumption and
the cost of fuel and transportation, at the rate of
283 NF per metric ton,2 would be respectively

669 metric tons for <I> = 40°C, or 189,327 NF,
386 metric tons for <I> = 70°C, or 109,328 NF,--

t' t~ This price would be for large-scale deliveries. In small quan
lies the . f 440 NF etricton, . pnce 0 fuel might be as much as per m I

assuming that the global yield of the combustion
and heat exchange was 80 per cent (a yield unfavour
able to the solar solution).

It should be noted that a complete fuel-burning
heating plant, for material installed and placed in
operating condition at the point selected, would
cost 350 000 NF.

Such a plant would comprise three hot-air gen
erators, of an integral commercial type, with a mean
unit capacity of 700000 kcal/h, with burners,
blowers, 15-meter smokestacks, fittings and acces
sories: filters, electrical equipment, connections,
automatic feed and control apparatus, three 30 cu m
storage tanks, 500 litre service tanks, transfer
pumps, valves and piping, together with the civil
engineering work. The electric power needed would
be of the order of 55.

The cost of such a plant should, of course, be
considered only as indicating the order of magnitude,
for it may vary according to the exact application
for which it is intended.

Preliminary study for a complete plant

The point X selected for erecting the solar collec
tors is located about 230 km from El Golea, on a
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trail that is unsurfaced but can be negotiated by
heavy trucks. El Golea is a fairly important oasis
and has an airfield. There is drinking water at Fort
Miribel, about 100 km north of point X.

The soil of Tademait plateau is hard, so that the
foundations required will not occupy a great volume.

The site is rather far away about' 1,130 km from
Algiers, and the problems of transportation and
labour will be of major importance.

The cost of transporting 20 metrictons (or 25 cu m)
is almost 6 000 NF, all charges included.

Independent provision must be made for wages
and rest periods under way, an expense of the order
of 80 NF per man-day, plus air fare of 500 NF per
man.

Examination of these expense items indicates the
advisability of using:

1. Light and strong materials;
2. Materials with the smallest possible bulk,

since the trucks should carry their maximum useful
load;

3. A small but highly qualified crew for installa
tion of the components on the site.

These conditions lead to the following solutions.

FRAMEWORK

A metal framework is obviously the most rational
solution for the Sahara. Metal is relatively light for
equal strength, and in these very dry climates its
resistance to oxidation is excellent.

mastic seal
flat bar iron 70 x 5

a1uminium strips

folded metal strips

double pane

"Linex" 8 mm

630

"Isover"
insulating cement

I
Laew H.8.25'l,

---I

Wooden cover for oint

Ftgure 7
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1. Equatorial plan

2. Incident radiation at the Summer solstice

3. Incident radiation at the Winter solstice
Fi~ure 8
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on ihe collector. In this case the N face of the sheds
C?u cl be covered with reflecting elements of alurni
nl~m or, n::ore economically, of aluminized plastic.

O
n practIce, obviously the collectors will never

ccu h 'B t py t e entire surface covered by the plant.ot t~hese areas, which are lost for the conversion
e solar radiation into heat should be taken, .

into account in the costs attributable to the building
itself. Our calculations of the energy cost will thus
be based on the most unfavourable assumptions.
The installation of the various parts of the collectors,
as well as their maintenance and cleaning, are
facilitated by maintenance gangways sliding on the
ridge lines of two adjoining sheds.
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A distance of 5 or 6 m between sheds appears to
be appropriate to ensure satisfactory rigidity of the
rectilinear supports and good resistance of the glass,
whose breakage under alternating action of the
wind must be avoided. This spacing also permits
limiting the shed height to about 3 m.

It seems advantageous to have the sheds vertical,
in order to obtain very high girders, to provide
effective wind-bracing between the posts, and, if
desired, to have longer bays, which might be required
by the industrial uses of certain buildings. The
vertical part of the sheds may be shifted by means
of corrugated polyester plates reinforced with fibre
glass.

An approximate estimate of the construction cost
has shown that transportation will be responsible
for about 10 per cent of the total, and the cost of
lodging the labour force for another 20 per cent.
It would therefore be of interest to have entire
members of the cover prefabricated, grouping the
purlins and heating ducts in a single assembly, with
the natural exception of the glass panes. This would
slightly increase the cost of transportation, but
would considerably reduce the erection labour time,
for only a rapid assembly with bolts would have to
be done on the site.

21 mm, present an impervious metallic framing
enclosing a layer of dehydrated air 12 mm thick'
These dimensions are the most economic, but they
demand the use of three different dimensions for
each collector. Assembly is by means of plastic
joints. These covers weigh 20 kgjm2

•

The covers are installed by puttying in. For this
.purpose a flat iron bar is inserted between two
adjacent girders to form the T for glazing. The
quality of the putty is very important, for it must
maintain its elasticity under very severe climatic
conditions. On the other hand, it should be noted
that the roofing is subjected to depressions that
may reach 90 kgjm2, which is more than the weight
of the cover. It is planned to use either "Stop Stora"
putty, which has already given a good account of
itself in the Sahara, or a thiokol-base ela-itic cement
(P R C series 250). The putty should be a\lrlitionally
protected by glueing on a thin aluminium band.

The girders together with the puttyir.g of the
covers cause a loss of about 9 cm of exposed area
per collector, or a little less than 15 Pf:r cent of
the total surface.

ESTIMATES

or, for the total area taken as an example:

Estimate of sheds with collectors-costs per sq m

If the same buildings are erected with a conven
tional corrugated aluminium cover, and insulated
with fibreglass felt, the changes in the costs will be:

Initial expense

We present below the results of a detailed study
of the cost of materials and labour, including all
charges and taxes, in terms of new francs per sq m.

We have not included the front walls and their
foundations, nor the painting and appointments,
which depend on the ultimate purpose of the build
ings, are independent of the mode of hot-air produc
tion, and, in any case, belong to the building itself
rather than to the plant.

554.70 of cover

NFj"i'

8
55

150
125
90
16.5
26
60
12.3

1.7
4.2

16

Total.

Cost: 6 323 580 NFA = 11400 m2

Foundations
Pavement .
Framework.
Glazing...
Insulation of ducts .
Shifting mechanisms of sheds
Ceiling. . . . .
Connecting ducts
Channels .
Drains .
Inspection holes .
Sewer pipes . .

SOLAR COLLECTORS

The collectors, which also serve as structural
members, are built of prefabricated ducts comprising
(see figure 7) :

Two girders made of cold-rolled sections, tied at
the ends;

A ceiling member of "linex" (an insulating material
with a hemp fibre and synthetic resin base), 8 mm
thick, screwed in under the lower flanges;

Apertures at both ends for admission and discharge
of air;

Insulation at the bottom and on the sides, made
of fibreglass felt (Isover, thickness 75 mm).

The radiation-receiving surfaces are made of
bands of thin blackened sheet metal, accordion
pleated at angles of 30°, and held in place by metal
wires. This system has many advantages. In the
first place, the exchange surface is multiplied by
2jcos 15° = 7.74. The temperature difference between
the air and the receiving surface is smaller. Then,
the insulating bottom is at a lower temperature
than the receiving surface, thus decreasing the losses
behind. Moreover, the absorption factor of the
receiving surface is increased. This surface may be
blackened, but if there is no fear of soiling by dust,
it may also be made selective. Finally, the bands
are rather narrow - only 5 cm - and the undula
tions in each are half a step out of phase with those
of the adjacent band, so that the convection transfer
coefficient is markedly improved..

The transparent cover is made of a double pane
of the "Thermopane" or similar type. The elements,
each 0.60 m by l.80 m, with a total thickness of
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Deductions: Framework: 140-100 .
Glass .
Insulation . . . .
Connecting ducts.

NFfm' NFfm'

40
125
90
60

In, this case, the additional cost due to the installa
tion of the solar collectors would be, for the total
surface, only

855 000 - 355 000 = 500 000 NF

The additional co,.! thus amounts finally to. 1 935000 NF

Or an additional COoL for the solar-collector solution
of. . . . . . . . . . . . . . . • • • • • • 200

h In the case of a conventional covering, we would
aYe: .

Thus, the additi.mul expense due to the
installation of solar c·,]Jectors for hot-air genera-
tion would be, for t 1" , total surface . . . . . 2280000 NF

Operating costs

We may assume, in first approximation, that the
labour cost for the cleaning. and maintenance of
the solar collectors is roughly equivalent to the cost
of operating and maintaining the fuel oil heating
plant. It would, however, be prudent to count on the
replacement of about 1 per cent of the glass covers
which might be broken for various causes. Here
as well we may assume that these replacement costs
are of the same order of magnitude as the costs
6f repairing and replacing the material of a fuel
heating plant. The annual saving, then, is definitively
constituted by the cost of the fuel that would have
been burned to generate the same quantity of heat.
This saving ranges from about HO 000 to about
190000 NF, according to the production charac
teristics, as indicated above.

We do not disregard the adjustments and reserva
tions that must be applied to any conclusions drawn
from these estimates. We confine ourselves to remark
ing that it would seem advantageous to utilize solar
energy in cases of air heating not requiring high
temperatures. Large-scale experimentation would
then seem entirely legitimate, all the more since
we have deliberately based our calculations on the
hypotheses that are the most unfavourable for the
utilization of solar radiation.

The interesting features of the analysis in which
we have been engaged reside in the relative size
of the various expense items. Such a project can
without doubt be substantially improved, as we have
just seen. Thus, the elimination of the glass covering
and its replacement by a plastic film, like the reduc
tion in the weight of the exchange surfaces, may
have a direct effect on the corresponding cost items,
and may also significantly decrease the weight of
the framework.

On the other hand, the heat output of collectors
of the type adopted will very certainly be substan
tially greater in practice than the output we assumed,
to take a pessimistic position.

Comparative study of various types of collectors

Atmospheric solar collectors may be classified
into two major groups, those operating with the
hothouse effect, and those operating without it.

COLLECTORS \VITH THE HOTHOUSE EFFECT

The transparent cover may be of glass and enclose
one Or several layers of air. Experience shows that,
except in special cases, there is no reason to go
beyond two layers of air, that is, one transparent
cover and two sub-covers. The cover must be able
to resist the attack of the wind, which is particularly

115

NFfm'

8
55

145
35
80
16.5
26
60
12.3

1.7
4.2

16

439.7

75 NF

NFfm'

15
35
80
60

.190
115

55

60

315

345000 NF

Aluminium roofing .
Isover lmex insulation installed at the

site, including special felts to ensure
an airtight seal . . . . . . . . .

Additions:

We must:
(I) add the cost Ol the main

tenance passal' :\; ays and the
cleaning acces.v.ncs, estimat-
ed by us at 5000 NF

(2) subtract the 'c<>-.t of the fuel-
burning heatir: T plant, esti-
mated above .n. . 350000 NF

or a cost-reduction of ,

Foundations .
Pavement ..
Framework .
Covering . . . ,
Insulation of ducts
Shifting mechanisrn-. :.f sheds.
Ceiling .....
Connecting ducts .
Channels
Drains ...,

Inspectio~ 'h;le~
Sewer pipes . .

or, for the total area: 5 012 580 NF.

. Substantial economies could probably be realized
If the covering. of glass, which is rather heavy
(20 ~g/m2), coul.l be replaced by a covering of
plastic film. Ix: us revise our estimate on this
hypothesis.

To sUbtract: Framework

Covering ..
Insulation .
Connecting ducts

To add.. ...
Or an additional eost of

And for th .
, e total area: 855000 NF.
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violent in the Sahara. Double glasses (3.6 mm thick)
from 0.50 to 0.60 m wide have been adopted for
the covers, and single glasses (1.8 mm thick) for
the sub-covers. If the maintenance department has
a machine shop, prefabricated panes, like the "Ther
mopane" of St. Gobain, will be of interest, ~or there
is less risk of breakage. The glass cover IS rather
heavy and is the most troublesome part of the
collector. Then, too, it easily becomes dirty and
requires frequent cleaning.

Transparent plastic covers can be envisaged.
Their optical properties in the infrared are poorer
than those of glass, but they are incomparably
lighter and the risk of deterioration is less.

The Institute of Solar Energy is now studying
a cover using "Therphane", which is 'the French
Mylar. This cover is, in principle, made of a cylinder
of plastic 0.06 mm thick with the edges glued
together following a generatrix. The cylinder is
stretched on a light frame made of two aluminium
tubes 1 cm in diameter tied with thin elastic rods.
This gives a cover that is always stretched and im
prisons a .lamina of air.

The surface receiving the solar radiation may be
continuous or porous, of metal or insulating material,
blackened or covered with a selectively emitting
coating. It may be plane and offer the same surface
for convection as the collector, or it may be corru
gated, folded, creased, or ribbed.

Porous walls, that is, walls which, while opaque
to light, do permit the ready passage of air, are
very diverse. American experimenters have used
a metal grating, which is excellent, though heavy
and expensive. They have also used a leaf system
of partially blackened glass layers. This is likewise
heavy and troublesome. To these classic surfaces we
have added lamellar surfaces or surfaces in the form
of paddle-boards made of metal or plastic, as well as
gratings made of textiles, rice straw or reed-grass.

For the project on the solar collector we have
been discussing, we decided on surfaces of thin
sheet metal, with accordion pleats, at 30° angles.
Other more complex surfaces which will require
industrial development to reduce their cost are also
in the test or project stage.

The air circulates either on the insulated surface
or below it. In the latter case the convection coeffi
cients are markedly higher.

It should be pointed out that continuous metallic
surfaces have the inconvenient feature of equalizing
the temperature by conduction; the temperatures
obtained with these surfaces are lower than with
insulating surfaces. On the other hand, at equal
final temperatures, their heat output is better.

COLLE<;TORS WITHOUT THE HOTHOUSE EFFECT

These collectors are more unsophisticated than
those just discussed, and the cleaning of their
surfaces exposed to the weather is less important.
Only non-selective receiving surfaces of this type

can be thought of, since dirt makes th~ selectiVity
inoperative. On the other hand, selectIve surfaces
are always delicate and require protection.

The heat output of collectors without the hothouse
effect is necessarily f.ar lower th~n. of those haVing
a covering opaque to infrared radiation..0.n the other
hand, the heat must traverse the receIvmg surface
by conduction in order to be ~ble t? heat the air
circulating on the other face. ThIS requires the receiv
ing surfaces to be metal.lic. The low~r.face, in contact
with the air, may be nbbed to facilitate convective
heat transfer. The receiving surface should, in prin
ciple, be plane, to minimize the nature: convection
losses from its upper surface. Some e);\'erimenters,
however, have used corrugated or pl,tted sheet
metal.

The tests now in progress are developin;, as follows.

The surfaces being studied are expos. J simulta
neously in groups of six, and under conditions
as nearly identical as possible, to sob i radiation.
In this way we practically eliminate the (\j,turbances
due to the variations of solar radiation, ambient
temperature, atmospheric humidity, and wind.

The temperatures and rates of air discharge are
then measured. The results are only (If relative
value, but they do permit classification of the surfaces
by comparing their heat output, heat losses and
manufacturing cost.

We hope in this way, as a result of j hese tests,
to be able to retain a small number of surfaces offering
maximum advantages and suitable for industrial
development.

Figure 9 is a general view of the plait' installed
on the terrace of the Physics Building at t ,e Univer
sity of Algiers. Figure 10 shows schemat: diagrams
of a few of the surfaces now being test,' l.

The experimental work has been done I,:,' the p~r

sonnel of the P.C.B. Physics Laboratory, j .niversity
of Algiers, to whom we here express ovr thanks,

Figure 9
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especially to A. Zerouki, who handled the measure
ments and the comparative calculations.

Conclusion

coJ~e pr~ctical interest of direct-exposure sol~r
cat' ctors IS rather restricted, but for certam appli

Ions requiring temperatures of at most 100°C,

the present preliinary study shomws that all these
types should not be rejected a priori.

The Institute of Solar Energy of the University
of Algiers is more particularly interested in the utili
zation of solar collectors as static elements for circu
lating large masses of air which could be used to cool
thermoelectric generators. Studies on this particular
application are now in progress.
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Summary

Solar radiation may be converted into relatively
low-temperature heat in devices of simple design
and fixed position - fiat solar energy collectors.
Their simplicity and low fabrication cost permits
their installation on large areas, and thus allows
the production of large quantities of heat.

The Institute of Solar Energy has envisaged the
large-scale generation of hot air, which might be
used for various purposes, such as air conditioning,
power generation, or as a heat sink to circulate
air for cooling thermoelectric generators.

Against this background, the author has taken up
two problems: 1. Study of a complete large-area
plant using atmospheric solar collectors of a specified
type, and 2. Comparative experimental study of
various collector types.

In the first study, we assume the collectors to be
installed at a specified but arbitrary point on the
plateau of Tademait, in the Sahara. The principal
climatological features of this point are as follows:

Mean annual temperature: 22.1°C.
Mean partial pressure of water vapour: 3 mm Hg.
Mean sunshine factor: 0' = 0.843.
The collector field is considered from two points

of view: as a hot-air generator, and as the cover
for the buildings where this hot air will be utilized.

The capital costs of the air-heating system are
thus the difference between the cost of the entire
structure and the cost of a conventional framework
and a conventional cover for the same area.

The climatological study of the station indicates
that to optimize the heat production of the absorbing
surfaces, the collectors must be inclined to the horizon
at an angle substantially equal to the latitude of
the place.

Study 0/ hot-air production

The author used an electric analogous method
to study collector operation. Simulation yielded
curves of useful power against absorbed power, at
constant e, where e is the difference between the
atmospheric temperature and the temperature of
the air leaving the collector and at constant air
discharge.

In particular, we studied hot-air production at
e = Cte.

The climatological readings at the point in question
gave daily curves of the direct solar radiation.
From these we derived curves of the radiation normal
to the collector plane. Knowing the characteristics
of the absorbing surface as well as the curves of the
absorbed power, after subtracting the sky radiation
we drew up a pessimistic hypothesis.

These curves, in conjunction with the plot of
useful power against absorbed power, at constant e,
allowed us to plot daily useful-power curves for two
arbitrary values of e 40°C.

. We could then calculate the annual heat output
from a collector plant covering a fairly large surface
a hectare for instance. '

For e 40°C, the annual output is 5.62 X 103
Mkcal;

For e 70°C, the annual output is ;\,24 X 103

Mkcal.
If industrial fuel had been burned to generate

the same quantities of heat, it would have taken
669 metric tons, costing 189 327 NF in t) first case'
366 metric tons, costing 109 238 NF in he second:

A fuel-burning heating plant installed .j~ the point
selected would cost about 350 000 NF.

Study 0/ the construction job

The distance and difficult access make transporta
tion and labour the major problems. Consequently
we envisaged the use of light but not bulk" materials
and the employment of a small but highh- qualified
labour force for the erection.

The framework consisted of rectilinear metal
members with a shed roof sloping south. :'ince each
shed cast its shadow on the next, the irradiated
length varied seasonally. .

The cold air is delivered by a duct tn the base
of the shed, and the hot air is collected in another
duct at the top.

The collectors themselves were made 0 1,' prefabri
cated elements, with an absorbing surface of accor
dion-pleated bands of blackened sheet met'cl. It was
insulated at the bottom and on the .les with
fiberglass felt, and covered with double 1 .nes. The
ground area occupied by a useful ht''- 'are was
11 400 m",

Comparison of the cost of a conventional il.,tallation
and a solar-collector covering indicates that the latter
would cost 1 935000 NF more. If the g1.1SS cover
could be replaced by one of plastic film, i his differ
ence could be brought down to about 500 000 NF.

The operating costs for labour, maintenance and
repairs may all be considered in first approximation
to be equivalent to those of a fuel-oil heating plant.

The annual saving results from eliminating the
cost of the fuel that would have to be burned to
generate the same amount of heat.

We show that this would range from 110000 to
190000 NF.

The most unfavourable assumptions have been
made throughout the paper. The actual results
would certainly be better than those we have found.

Comparative study 0/ carious collector types

Collectors with hothouse effect. The transparent
cov~r may consist of glass sheets enclosing layers
of air (two at most). The use of prefabricated panels
to facilitate handling would be of interest.



may then be classified by comparing heat output,
heat losses and manufacturing cost .

The author hopes that this work will indicate
a small number of surfaces suitable for industrial use.

Conclusion

Direct-exposure collectors are of rather limited
practical interest, but for certain applications requir
ing top temperatures not over lOOoe at most, this
preliminary study does show that this type should
not be rejected out of hand.

The Institute of Solar Energy of the University
of Algiers is more particularly concerned with the use
of solar collectors as static elements for circulating
large masses of air that could be employed to cool
thermoelectric generators. Studies on this application
are in progress.

Atmospheric solar collectors in the Sahara
~

But glass is heavy and soils easily. The Institute
f Solar Energy is studying a cover made of "Ter-

. 0hane", a double plastic film 0.06 mm thick.

p There are many different kinds of absorbing
surfaces. They may be metal or insulating, continuous
or porous, flat or corrugated. A number of types
of porous surfaces are being tested by the Institute
of Solar EnErgy.

Collectors 'lxii/lOut the hothouse effect. These collectors
are simpler 1:, design than the above types, and the
problem of s,',i,ling is less important, but selective
surfaces cann« be used.

Their heat .vutput is much less, owing to losses
by infrared J :;.ii:ttion, conduction and convection.

The tests ,~~'.~ made by simultaneous exposure of
six different :". .faces to solar radiation. The surfaces

8/45 Touchals i13
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Thermoelectric generators

GENERAL INFORMATION

capacities ranging from several watts to one or
more kilowatts; they could be used as a power
supply for means of communication, for setting
into motion small-capacity water-hauling machines,
for lighting small houses and so on.

The term "new methods of converting energy"
is somewhat ambiguous. The physical phenomena
on which they are founded have been known for
a very long time. Thus the phenomenon of thermo
electricity was discovered about 140 years ago,
the photo-effect of the barrier layer was discovered
some 175 years ago. The first solar thermogenerators,
however, were made only at the end of the nineteenth
century, and the first 'lentil photo-cells in 1930.
The considerable attention devoted in a number of
countries to thermocells and photo-cells made it
possible to improve their technical characteristics
radically. Though twenty years ago the efficiency
of the conversion of solar energy into electricity
by means of photo-cells and thermocells was only
a few tenths of one per cent, it now equals about
10 per cent. A large number of papers on the theory
of these devices and on the search for various semi
conductors shows that it is possible to raise the effi
ciency of solar electric generators much more and
to improve their other technical and economic
characteristics.

I t is impossible in this paper even to make reference
to all the most important papers of different authors
and organisations working on these problems, in
view of their very large number. Reference will be
made only to the papers submitted to the United
Nations Conference on New Sources of Energy and
to some of the articles which examine converters of
solar energy exclusively.

Thermoelectric generators (TEG) are devices that
convert thermal energy directly into electricity.
Their action is founded on the phenomenon discovered
about 140 years ago, of the formation of an electric
current in a circuit made of two different metals
or semi-conductors when their points of contact or
junction are kept at different temperatures.
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Solar radiation began to be regarded as one of
the possibl additional sources of energy many years
ago. At fir a very n:odest role was relegated t.o ~t :
it was believed that It would be used for obtaining
low-potenti,t heat (for heating water, hot-houses
and so on).

At present, however, the consumption of energy
has increas. d sharply and is continuing to increase.
This is dur- to the growing population, its growing
requirements and the need to reclaim new territories
for it. The reclamation of these new territories usually
demands grnt effort and large amounts of energy
to make them habitable. In view of the immense
expenditure of fuel, which today forms the basis
of the pow r industry, its supply is quickly being
used up; tb:· economics of the power industry is
consequentl; changing in favour of those sour~es

of energy which in the past could not compete WIth
fuel.

In recent "ears, investigations carried out in a
number of C\'mtries have already shown the possi
bility of uiljjng solar energy in the near future
much more widely and in a more varied way, even
at the pres-nt stage of technical possibilities open
to us.

One of the most important practical tasks is the
conversion v~ solar energy into electricity. This
task has already been solved by using the conven
tional mechanical steam power cycle. It can also be
solved, however, by using new methods based on
the latest achievements in the physics of solid bodies
and the production of new materials with special
physical properties, as for instance semi-conductors.

Converters of solar energy into electricity which
are already of practical interest and seem to ha,:e
a very promising future are: (a) thermoelectric
ge.ne~ators, (b) photoelectric batteries, and (c) ther-
mIODlC converters. .

These devices have a number of advantages over
th~ ~onventional steam power installations, the
pnncIpal one being the absence of moving parts.
Th:y are also comparatively ~ simple to operate.
It IS expected that some of them may prove economi
cally acceptable in the next few years for obtaining----
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A TEG consists of a number of thermocells joined
in series. It can be regarded as a thermal machine
without moving parts which converts part of the
heat brought to the hot junction into electricity.
In accordance with the second law of thermodyna
mics, there are inevitable losses of energy in this
converter, because of the transfer of heat by conduc
tivity from the hot to the cold junction. In addition,
part of the electricity generated in the cells is trans
formed into heat when the current passes through
the circuit formed by the thermocells, which have
a certain resistance, and part of this heat is lost.
Depending on the design there can also be losses
in devices for concentrating solar rays: losses due to
the partial reflection of the rays from the surface
of the battery, and losses by convection and radiation
from the hot junction.

The efficiency of the conversion of heat passing
through the thermocell into electricity depends on
the physical properties of the materials of which
it is made and on the temperature of the hot T 1

and cold T2 junctions.
The materials. is considered better the higher the

value of
Cl.2 az=

A

where Cl. is the specific thermoelectromotive force,
a is the electro conductivity, and
A is the heat conductivity of the material.

For metals the correlation between CI., 0' and A
is very unfavourable, and th~ value of Z very small.
consequently they are unsuitable as materials fo'
power thermocells. Semi-conductors have a muc~
higher value for Z. By using for one section of th
thermocell a semi-conductor of the electronic typ~
(type "n") and for the other a "p" type. it is possible
to obtain thermocells having a sufficiently high
efficiency. .

The theory of the working of a thermocell, as a
device converting the heat passing through it into
electricity, gives the following formula for calculating
the efficiency of the device :

T 1 - T o../l + !Z (T 1 + :(; - 1
'YJ= --

T 1 ../1+!Z(T1+Tol +~o
1

If the efficiency is determined wi t: , respect to
the flow of radial energy falling on tl.e mirror of
the solar thermoelectric generator, tbn one must I

also take into consideration the losses of energy
due to the imperfect reflection of the ruvs from the
mirror and to the incomplete absorption of the rays I
by the surface of the thermobattery, the convection
losses and the radiation losses by the hot surfaces
of the battery. In this case the general efficiency
of a solar thermoelectric generator can be determined I
from the following formula :

[2] [
1 - Fb Ij (Tt - T~) + k (T1 - 'rr~l

r; RAJ

J

A

Rwhere o is the coefficient of radiation
of the material of the battery
(Ij ,....", 4.2 . 10-8)

Tv T 2, To are the temperatures of the hot
and cold junctions of the battery
and of the ambient air,

Fm is the effective surface of the mirror
F b is the heated surface of the battery
Cl. is the coefficient of heat losses

by convection from the surface
of the battery into the ambient

. (10-20 kgcal)
air Cl. = m2/hour/oC

is the reflectivity of the mirror
(0.75-0.85) I
is the absorptivity of the heated I
surface of the battery (0.85-0.9) i
. th d' 1 di kgcal I
IS e irect so ar ra iauon m2/h'Oui r

The quantity 'YJk = T 1 -:;: T 2 represents the effi·

ciency of an ideal converter (the efficiency of.the
~arnot cycle); its value, depending on T I , is g~ven

III table 1 for a case in which the cold junctiOnS
have a temperature T 2 = 300oK.

Table 1

Tt . 350 400 450 500 550 600 650' 700 800 900 1 000 1 100 1 200
1)k. 0.14 0.25 0.33 0.40 0.46 0.50 0.54 0.57 0.63 0.67 0.70 0.73 0.75

Th f I ../1 +!Z (T1 + To) - 1
e ormu a 'YJm = shows the relation between the

../1 +!Z(T1 + To) + ~o .

quantity of heat converted by the material i~to electricity and the quantity
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of heat which could have been converted if the properties of the material
had been ideal.

Table 2 gives the values of "lJm for certain materials having different
Zs when T1 = 10000K and To = 300oK.

Table 2

Z . lOa. 0.5
1]m. 0.1

0.7
0.14

1.0
0.18

1.5
0.24

2
0.29

3
0.36

5
0.45

10
0.58

45
0.78

It should ~)(' borne in mind that the values of
oc (j and A depend on the temperature at which
the material .vorks: consequently the choice of
material for thermocells should be founded on the
values of Z dctr-rmined for working temperatures.
For instance, Hi<' thermo-electromotive force for some
materials chanc-s with the temperature not only
in value, but "La in sign. Unfortunately it has not
yet been possible to determine theoretically what
materials woulo prove effective from the point of
view of their use for thermocells. For the main part
the search for suitable materials has been conducted
experimentally. This research is now being conducted
on a very large scale in many countries. As a result,
it ispossible to create thermocells having an efficiency
of up to 10 per cent, and, if using multicascade
schemes, up to ! 5 per cent.

In the Union of Soviet Socialist Republics, the
Krzhizhanovski Power Institute has conducted re
search work on intermetallic compounds prepared
from the usual commercial materials Bi2Te3, Sb2Te3,

PbTe, PbSe, Znxb, CoSb3 and solid solutions based
o~ them. The thermoelectrical properties of thirteen
b.maryalloys of 'ellurium were investigated. In addi
tionto the materials named, Ag2Te, SnTe and GeTe
have a high Z. Investigations of PbTe (p and n
types), Bi2Te3, Cjb2Te

3
and, particularly, GeTe and

Its Co~pounds with other systems have been carried
out widely in the United States by Westinghouse,
General Electric and the Radio Corporation of
~meri~a. Many other compounds have also been
lllvestIgated, for instance InPAs, AgSbTe and others.
The firms Mercury and Co. and Minnesota Mining
and M.anufacturing Company in the United States
~~ve mtroduced industrial production of PbTe,

12Tea, PbSe. Similar work is also being done in
F~ance,. the Federal Republic of Germany, Japan,
t e Ulllted Kingdom and other countries.

T~e investigations of silicides, of transition metals,
ca:bldes, borides and so on open up possibilities of
~~ng ther!TI0ce~ls at high temperatures.. Work. in
thiS fiel? IS being conducted in the Soviet Union,

e Ulllted States (General Electric and others)
andJapan (Electric Company). Silicides of transition
:atenals having a Z = 0.4. 10-3 IrC, working
th temperatures of 1 OOO°C at the hot junction of

e thermocell, have been obtained. There are good
}/r~~pects of obtaining materials with Z = 1. 10-3

and higher.

There are reports (6) that in the United States
a gadolinium selenide (GdSe) has been obtained;
it was used for a thermoelectric battery and achieved
an efficiency of 55 per cent. This indicates the very
great possibilities in the search for materials for
thermocells.

Investigations of metal oxides and compounds
with a mixed valency are still in the initial stages;
however, they hold the promise of revealing interest
ing materials, such as NiO, TiO, NiOLi and CuOLi.
The possibilities of obtaining materials for therrno
cells on the basis of rare earth metals is likewise
promising.
It is at present inpossible to forecast theoretically

what materials or, compounds will be the most
advantageous for creating thermogenerators. Only
certain qualitative tendencies are being noted, and
they demand experimental confirmation. It is even
more necessary to conduct extensive investigations
to obtain quantitative data on their thermoelectrical
properties.

Table 3 gives data on the properties of thermo
electric materials at working temperatures.

Table 3

Z .10' u-c Working
Material at working temperature

temperature t-c)

ZnSb. 0.5 400

CoSba' 0.3-0.4 500
PbSe. 0.8 700
PbTe. 1.1 700
Bi2Tea 0.7 300
Sb 2Tea 0.8 300
Bi 2Tea-Sb2Tea 1.0 350
Ag2Te.

1.3 100
SnTe. 0.9 500
GeTe. 0.9 700

Paper S/1l8 shows the properties of certain mate
rials as they vary with the temperature.

In formula 2 above, the part in square brackets
can be regarded as the coefficient 'tlo which takes
into account the optical and thermal properties
of the structure. It is easy to see that at large values
of the coefficient of the geometrical concentration

of rays ; ~ it comes close to one. At small concentra-
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tions it can greatly reduce the general efficiency of
the device "t)gen.

Calculations have shown that presumably in all
cases solar thermoelectric generators should have
mirrors concentrating the solar rays since (a) this
makes it possible to raise the temperature of the hot
junctions of the thermocell (T1) and thus increase
their efficiency, and (b) reduce the size and, conse
quently, the cost of the thermobattery.

The question of which kind of mirror should be
used - parabolocylindrical or paraboloid - should
be decided on the basis of calculations. lt should
be borne in mind, however, that paraboloid mirrors
provide the opportunity of obtaining a coefficient
of geometrical concentration of rays, even if they
are imperfectly manufactured. K = 200 to 1 000,
while for parabolocylindrical mirrors K = 10 to 30.

lt is probably not feasible to make thermoelectric
generators in which the hot junctions are enclosed
in a device of the hot-box type, since they have
a very low efficiency and will probably prove consid
erably more expensive, although simpler in operation
since they do not necessitate following the sun
(E. Weston, 3).

SOME DATA ON EXISTING SOLAR THERMOELECTRIC
GENERATORS

The first attempts to use thermocells as .converters
of solar energy into electricity were made at the end
of the nineteenth and the beginning of the twentieth
century. Thus in 1888 E. Weston applied for a patent
for a solar thermoelectric generator (3). In 1908
W. Zerassky (4) developed and tested a solar thermo
electric battery whose hot surface was enclosed in
a glass box. The material used for the thermocell
was an alloy of zinc and antimony and silver-plated
wire. In 1913 W. Coblentz (5) made a generator out
of copper-constantan thermocouples. In 1954 M. Tel
kes (2) tested solar thermoelectric generators with
thermocells made of different semi-conductors. The
best results were obtained with cells in which the
positive electrode was made of ZnPb with admixtures,
and the negative electrode of an alloy containing
91 per cent Bi and 9 per cent Sb. A thermoelectric
generator made on the principle of the hot-box
had an efficiency of 0.63 per cent, while one with a
lens had an efficiency of 3.35 per cent. The power
equalled 0.156 watts.

In 1955 the Krzhizhanovski Power Institute made
a solar thermoelectric generator consisting of 840
ZnSb-constatan thermocells. The hot junctions were
heated by rays reflected from a paraboloid mirror
2 m in diameter, while the opposite junctions were
cooled by running water. The efficiency of the
thermocells equalled 3.45 per cent, and that of the
entire installation "t)gen = 0.8 per cent. The useful
power of the installation was 18.9 W with I = 0.9 A
and U = 21 V.

In 1960 the same institute made several solar
thermoelectric generators in which the materials
used were alloys of tellurium. Their power was about

10 W. The thermobatteri~s.were heate~ by rays
focused by means of aluminium paraboloid minors
having a surface of about 1.2 m", The efficiency
of the device as a whole was about 1.5 per cent.

Michel, in his paper (S/55), described a solar thermo.
electric generator of the hot-box type, built and tested
in France. It had two glass sheets with a total
heated surface of 17 sq m. The power of the battery
amounted to 5.5 W/m2 when the solar radiation
I = 680 kgcal/m'' hour, and 7 Wjm2 when I = 860
kgcal/msh. The useful power of the installation amoun.
ted to 120 W.

The material used for the therrnocells was a
bismuth telluride. At the hot junctions a temperature
of 140°C was maintained and the temperature of
the cold junctions was 20-25°C higher tl.an that of
the ambient air. The installation used selective films
for reducing radiation losses at the hot junctions
of the cells. The author believes that it is possible
to raise the efficiency of this installation. He considers
that from one sq m of his installation 50 watt-hours
a day can be received. Thus, to obtain a power
of one' kW it would be necessary to have surface
area of not less than 100 sq in.

K. Katz, in his paper (Sj12), reports 011 a number
of different thermoelectric generators working on
fuel, atomic energy and solar energy. One of the
thermoelectric generators has a power up to 5 kW.
The paper describes a solar thermoelectric generator
having a power of 100 watts which could drive an
electric motor connected with a pump. The author
estimates the efficiency of the thermoelectric gen
erator at 5 per cent and believes that in future it
could be brought up to 8 per cent. The author also
calculates the possible cost of the electricity produced
by this installation on the assumption that the ther
moelectric generator could work for several years.
He believes solar thermoelectric generators to be
of considerable interest, since they could be use?
for driving irrigation pumps. In this paper the effici
ency of the thermogenerator and its life are estimated
to be unusually great compared with the estimates of
other investigators.

In the paper (S/103) by R. Breihan, F. Danie1s,
J. Duffie and G. Lof, the re.sults are given of tests
of the thermoelectric generator described in 5/12,
This generator was placed near the focal point of
a paraboloid reflector, 6 feet in diameter, made of
plastics. The surface of the paraboloid was covered
by a thin aluminised mylar polyester film. The
paraboloid gave a concentration of the sun's rays
264 times greater than that of natural solar radiation.
The power of the thermoelectric generator was
from 22 to 40 W.

The authors note that more than 50 per cent
of t~e energy of the sun's rays is lost becau~e, of
the Imperfection of the mirror. The remalll111g
energy, however, is focused sufficiently well on a
comparatively small surface. The distribution of
energy in the focal region was investigated. !h,e
authors consider these investigations to be prelll1l1'
nary, and they will continue them in the near future.
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PROBLEMS IN P,JPROVING TECHNICAL CHARACTER

ISTICS OF SOL:\< THERMOELECTRIC GENERATORS

The theory of solar thermoelectric generators
~nd experience i:; building and testing them makes
It possible to establish the principal structural and
technological er it-cia determining the optimal types.

Some general conclusions can be drawn. Thus,
for instance, mo: t investigators consider that solar
t~ermoelectric g,';lcrators should always be supplied
WIth a device for concentrating rays, since the in
~rease~ concentration of radiation not only makes
I~ possible to raise the temperature of the hot junc
tions, and consequently the efficiency, but it also
s~arply red~ces the size of the thermobatteries and
t ~ ,expendIture of material. There are contrary
OpllllOns, however.

thThe most complicated problems in building solar
th:rmoele:t~ic generators are those of commutation,
. ~ermIssIble maximum temperature of the hot
Ju~ctI~ns, protection of the hot junctions from
~~atIon and deformation. In hot climates another
fI cult problem is that of drawing the heat away
t10m the cold junctions of the generator. If the solar
th:rl?oele.ctric generator is used for hauling water,
th JunctIons can be cooled by the water. Should
there be insufficient supplies of water, however,
bee~oth~ method of cooling by evaporation should
ra" nSIdered and compared with the method of

geIsIng the temperature at the cold end of the thermo
nerator.

Although attempts have been made to determine
the economic characteristics of solar thermoelectric
generators, it is, however, too early to conclude
a~ything definite. Further experimental data have
?hll to be accumulated. A very important problem
IS that of l~velling the radial energy falling from the
concentrating mirror to the battery. This is examined
in paper S/1l8.

Thermoelectronic and thermionic converters

The question of the practical significance of the
conversion of thermal energy into electricity was
probably first raised clearly in 1949 by A. F. Ioffe
(1, 7). However, Webster (9) reported on the work
done by Schlichter, who had examined the question
of thermoelectronic converters as far back as 1915.

The main losses of energy in the thermocells
described above are connected with the transition
of heat from the hot junction to the cold as a result
of heat conduction. Although thermoelectric genera
tors made of semi-conductors have a smaller ratio a/A
than those made of metals, in this case, too,
the drifting of electrons inside the semi-conductor,
together with transfer of heat energy by photons
creates an unfavourable ratio of mobility to heat
conductivity. From this point of view, thermocells
without heat conduction are of great interest-a
thermoelectronic converter of energy based on
thermoelectronic emission in a vacuum.

When the cathode is heated in a vacuum thermo
electronic tube joint in a circuit with a resistance R,
a certain difference in potentials arises between
the cathode and anode which produces a stationary
electric current in the circuit, Consequently, in this
case the thermoelectronic tube can be regarded as
a thermoelectronic vacuum thermocell-a converter
of thermal energy into electricity. In principle
this converter is very simple, and the calculations
made by a number of authors show that under certain
conditions it can have a high efficiency rate. A very
important feature is that the temperature of the
cathode can be very high-2 000°-2 500°C, and the
cooling of the anode, which has a temperature of
600-700°C, can be much simpler than in the case of
a thermoelectric generator. Research workers in many
countries have lately been engaged in attempting to
create such a source of energy.

In 1958 Hatsopoulus and Ray made and tested
a thermovacuum cell in the United States; this
worked at a cathode temperature of 1 200°C. The
efficiency of the cell, according to the authors,
amounted to 13 per cent, and the power to
0.8 W/cm2•

The main difficulty in building thermoelectronic
generators is that of reducing the space charge
which arises in the space between the electrodes.
One way of solving this problem is by lessening
the distance between the cathode and electrode
to a few microns. This method is simple in principle,
but is very difficult to accomplish technically.
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Most investigators have chosen a different way:
that of neutralising the charge by introducing
vapours of cesium into the space between the elec
trodes. By correctly choosing the cesium vapour
tension and the ratio between the length of the free
electrons and atoms and the geometric sizes of the
path instrument, the characteristics of the thermocell
can be improved considerably. The same direction
was taken by the work on thermoelements with
gas plasms. Houston's estimates (8) have shown
that in this case an efficiency of more than 30 per
cent can be obtained.

Cesium thermocells were made in the United
States by Hernquist and Kanevski in 1957 (efficiency
10.4: per cent and power 12 Wjcm2) , by Wilson in
1959 (efficiency 9.2 per cent), Grover, in the United
States in 1958, created an interesting design for a
converter placed in a reactor, converting atomic
energy directly into electricity. The efficiency was
5 per cent and the temperature of the cathode
27000K.

A thermoelectronic generator filled with cesium
was investigated at the Krzhizhanovski Power
Institute of the USSR Academy of Sciences in
1959. At a cathode temperature of 29000K, the
efficiency was 4 per cent and the specific power
11 Wjcm2•

A Red Bank, New Jersey, laboratory developed a
cesium thermoelectronic converter of solar energy
into electricity. The capacity ofthe generator was 5W.

G. Hatsopoulos and P. Brosens (Sj78) examined
the work of thermionic converters, materials for
making them and their technical characteristics.
They note that since it is difficult to bring the cathode

. and anode closer than 10 microns, the maximum
current which could be obtained from vacuum
cells is equal to about one Ajcm2• Such a current
can be achieved when the temperature on the
cathode equals about 1 200°C. The power in this
case equals about one W jcm2, and the efficiency
10 per cent. In practice a power of 0.6 Wjcm2 is
achieved with an efficiency of 6 per cent.

If the charge in the space between electrodes is
decreased by introducing positive ions it is possible
to increase the distance between the electrodes
to one which can easily be established in practice.
In cesium thermionic converters the ionisation of
atoms of cesium when colliding with the cathode
is used. The temperature of the cathode is about
2200°C. From these cells a power of 20 Wjcm2

with an efficiency of 15 per cent can be obtained.
The authors believe that because the construction
of thermionic converters is simple, they can be used
to transform solar energy. Pure metals, such as
molybdenum, copper and tantalum, are used for
their construction. About 0.1 gr of the reflecting
metal and 5 gr of such inexpensive metals as copper
are used per unit of power. Their length of service
is estimated at 10000-50000 hours.

V. Wilson in his paper (Sj90) describes the work of
various types of thermionic converters and examines

the possibility of. their us~ for obtaining electricity
from the sun by inexpensive methods. .

In order to be able to utilise on earth the devices
developed for artificial space bodies, it is essential to
protect them from oxidation. Two methods are
examined: (a) placing several converters from the
cathode side into a larl?e vacuun: enclosure ~nd (b)
building a converter WIth ceramic parts which can
withstand the oxidising effe~t of the air at high
temperatures. The author believes the first method
to be far too expensive and complicated. The second
method, although less effective so far as efficiency is
concerned, can still prove to be cheaper.

As a result of an examination of the work conducted
until now on thermionic and themooelectronic
converters, it can be concluded that these devices
are in a certain respect easier to use in ";lter space,
without atmosphere, than on earth. Th.. difficulties
for use on earth consist of the need (a) to create and
maintain a vacuum in the inter-electrode space,
for vacuum elements, (b) to protect tlr~ cathode
which has a very high temperature from the oxidis
ing influence of the atmosphere, (c) to create cheap
but accurate mirrors for concentrating the rays
(since only then is it possible to obtain a sufficiently
high temperature at the cathode). The economic
feasibility of using these devices will depend on how
successfully these difficulties are overcome.

Photo-cells as converters of solar energy
into electricity

In recent years the work done by investigators
in a number of countries has made it possible to
build various photo-cells which can be regarded
as converters of the radiant energy of the sun into
electricity. The range of use of photo-elect-le devices
is spreading each year. Though a few years ago
photo-cells were used only as registering devices,
lately they are coming to assume more and more
significance as sources of power for apparatus convert
ing sunlight into electricity with an eff.ciency of
13 per cent. This progress was made in the space
of a few years. The most important achievements
were scored in making photo-cells out of mono
crystallic silicon.

Until 1953 it was believed that the efficiency of
photo-cells could not be more than 0.6 per cent.
In 1954, however, Chapin, Fuller and Pearson
reported that their silicon photo-cell could have an
efficiency of 6 per cent (10), and at the world sym
posium on applications of solar energy in Arizona
in 1955, Pearson (12) announced that photo-ce~Is
with an efficiency of 11 per cent had been made m
the laboratories of the Bell Telephone Company.

At present these devices are being produced on ~n
industrial scale in a number of countries for speClaI
consumers of energy: for man-made space bodies,
for communication purposes when the cost of the
consumed power is not important.

The ordinary consumers of power cannot use
these photo-cells, however, because of the high cost.
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------ .Akilowatt of power .from photo-cells, for instance,
/{ costs about 100 times more than that generated

~o\ conventional fuel power stations. M. Prince
(lJ65) note~ that the cost of silicon photo-batteries
at present IS $175 per watt; a year ago It was $275
er watt; and three years ago, $500. It can be

Pxpeeted that in the near future the cost will be
$100 per watt. L. Ravich (Sj56) estimates the cost
of photo-batteries at present at $250 a watt.

The main reason for the high cost of photo-cells
lies in the fact that they are made of super-pure
silicon the prc(::,,~ction of which is very expensive.
At pr~sent many investigati?ns are being carried
out into the pfl;c,]em of lowenng the cost of photo-
cells.

M. Wolf in k: paper (Sj44) examines the question
of what should L"? done to enable photo-cells to be
used widely. He names three main trends: using
concentrators, inproving efficiency and reducing
costs by simpli T'Y ing technological processes.

One of the }'fJssible ways of reducing the cost
of photo-cells ;>; by using polycrystallic silicon
instead of monocrystallic. The cost of photo-cells
made in this v\!)' in the Soviet Union (ll) was
one-half or one-t hird of the cost of photo-cells made
with monocryst.ils. Their efficiency was 4-6 per cent
(at normal solar illumination they give 5-6 Wjcm2) ,

and the ratio iy:tween the output parameters and
the temperature:' was similar to that of photo-cells
made from mouocrystallic silicon.

P. Rappoport .md H. Moss in their paper (Sj106)
describe an inter-sting type of photo-cell made of
cadmium sulfid.: (CdS) deposited on a copper layer.
Such a photo-cf has an efficiency of 3.5 per cent.
Its constructio: is comparatively simple, and the
cost should not;JC high. The authors believe that
the efficiency (): the photo-cell could be increased
to 6 per cent: ;r other materials, such as silicon,
are used for de p;""ition, it could be raised to 10 per
cent. '

The experirn. .its in making photo-cells with two
separate energy gaps (electro-optical systems) are
dIrected towards the use of a wider section of the
solar spectrum by photo-cells, and consequently
towards increasing efficiency. The same aim is served
b~ covering the working surface of the photo-cell
WIth a thin film which converts the ultra-violet
section of the spectrum into visible light used by
the photo-cell (Technical Operations, Inc.).
. One of the ways of improving silicon photo-cells
IS by. finding a compromise correlation between
~he. thIckness of the alloy layer and its resistance.
enes resistance can be lowered by putting contacts

o~ the surface of the photo-cell in the form of a
gnd. These contacts make it possible to build photo
cell . hs WIt a greater working surface.

A reduction in the weight of photo-cells and in the
exp die,n iturs of material on them can be achieved by
FakIng photo-cells with a large surface out of thin
~yers of silicon (Sj56). These layers can be prepared

eIther by the deformation of silicon (rolling, stamping)

121

or by the decomposition of silicon tetrachloride
by hydrogen. The cost of photo-cells obtained by
these methods, however, still remains high.

The use of photo-cells with concentrators of solar
energy is being investigated both in the Soviet
Union and in the United States. At the Krzhizhanov
ski Power Institute, experiments have been carried
out to determine the influence of illumination on the
voltamperic characteristics of photo-cells. For ideal
photo-cells, theory suggests an 'almost linear depen
dence between the power of the photo-cells and the
illumination (13). But in actual photo-cells an
increase in the illumination increases the power
only up to a certain value, which depends on a
number of factors. Any further increase in the
illumination leaves it almost unchanged'. Such a
non-linear dependence is due to the dispersion of
a considerable part of the power on the series resis
tance of the photo-cell. Nevertheless, use of con
centrators of solar energy can give (if there is sufficient
cooling) a considerable increase in the power-about
20-30 times (Sj1l8).

The use of intensified illumination without com
pulsory cooling is worth while only up to a fourfold
to fivefold concentration of natural solar radiation,
since the temperature of the photo-cells at greater
concentrations increases sharply. In some cases
it was possible to obtain a. seventyfold increase
in the power of the photo-cell by increasing the
falling light 100 times (14).

Under certain conditions the use of concentrated
rays is profitable since the cost of a unit of surface
of photo-cells is several hundred times higher than
that of mirrors. Possibly, by using concentrating
mirrors and cooling the photo-cells and by improving
the tapping of the current, it will be possible to
solve the problem of creating economically accep
table devices for obtaining electricity from the sun.

At the Krzhizhanovski Power Institute several
experimental photo-electric generators of this kind
were built. The photo-electric generator consisted
of photo-batteries with a surface of 100 cm", which
was illuminated by concentrated solar rays reflected

, from an aluminium mirror with an effective surface
of 1.2 m2• The reflection coefficient of the mirror
was about 0.7. The photo-battery was placed in an
enclosure with a glass top. Water was passed through
the chamber to cool the outside surface of the
photo-battery. The useful power of the installation
at a radiation of I = 700 kgcaljrn'' hour was about
10 W. The same photo-battery without a mirror
gave a useful power of 0.5 W, that is, twenty times
less.

From the point of view of workingwith concentrators
of solar energy, photo-batteries made of materials
other than silicon seem to be promising. Theory.
shows that photo-cells from materials having a
greater width of the barrier layer than silicon should
work better at higher temperatures (Sj56). These
materials include indium phosphide, gallium arsenide,
cadmium telluride, aluminium antimony and cadmium



122 II.C.l (b) Direct conversion to electricity

sulphide. Many research workers are "at present
building photo-cells out of these materials. In the
Soviet Union in 1959 a photo-cell with an efficiency
of 3 per cent was made of cadmium telluride (15).
In the United States the physics department at
Itek Laboratories is making multilayer photo-cells
sprayed with cadmium sulphide (Sj56). The efficiency
of these photo-cells is 4-6 per cent. The maximum
of the spectral characteristic is at the wave-length
of 8000A.. I '

The Radio Corporation of America has made a
photo-cell of gallium arsenide capable of working
at temperatures of 400°C without a noticeable
reduction in efficiency. If it proves possible to
introduce the mass production of such photo-cells,
this would greatly widen their range of application.

Even at the existing high cost of solar photo-cells,
their use at times proves profitable in solving some
problems of supplying electricity to consumers.
Papers have been submitted to this conference
which note some fields of application of photo-cells.

G. Pearson (Sj40) reports commercial tests ofa
telephone fed by solar batteries (Bell Telephone
Company). The tests were .made over a period of
six months. In Japan solar batteries were successfully
used, together with accumulators, to feed the appara
tus of lighthouses; these are described in a paper
by M. Kobayashi (Sjll).

An examination of the existing literature on solar
photo-cells leads to the conclusion that costly,
highly effective, silicon photo-cells can have wide
application only by using the method of increasing
the concentration of the falling rays. At the same
time, however, it is necessary to improve the tapping
of the current in order to lessen the internal resis
tance of the photo-cell. It is essential, of course,
to have artificial cooling of the surface of the
cell.

It is likewise necessary to design a photo-cell
with a sprayed layer. ThIS could pro.ve very effective,
since the cost of such photo-cells might be economi_
cally feasible. Such methods as finding the most
advantageous geometry for photo-cells, simplifying
technology in making the material Cl:nd the photo
cells, increasing the scale of production and so on
can also have a noticeable effect in perfecting and
reducing the costs of photo-cells.

Suggested topics for discusslon

1. Thermoelectric generators:
(a) Choice of materials;
(b) Methods of increasing longevity:
(c) Heat removal from cold junctions.

2, Thermionic convertors:
(a) Materials and coating for ea thode and

anode;
(b) Preservation of cathode from oxidation;
(c) Methods of lessening space charge.

3. Photo-cells:
(a) Materials;
(b) Methods of extension of useful spectral

band;
(c) Reduction of photo-cell temperature;
(d) Removal of current and lessening of internal

electrical resistance;
(e) Use of intensive radiant flow.

4. General subjects:
(a) Influence of energy flow unevenness on

efficiency;
(b) Methods of flow and temperature level

ling;
(c) Prospects of reduction in initial cost and

cost of power from direct conversion and
their effect on possible applications in
less developed countries.
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11 Y a deja lcngtemps que ~'on a commence a
considerer le rayonnement solaire comme une des
sources complenentaires eventuelles d'energie. Au
debut, on ne lui assignait qu'un role tres modeste :
on supposait qn'il serait utilise pour obtenir une
chaleur it faible rotentiel (pour le chauffage de l'eau,
des serres, et pC~lr d'autres buts analogues).

Aujourd'hui, la consommation d'energie s'est
brusquement accrue et continue de s'accroitre
constamment. Cc phenornene s'explique par l'aug
mentation de la population et l'accroissement de ses
besoins, la neccssite d'assimiler de nouveaux terri
toires pour y installer ce surcroit de population. Pour
adapter ces nouveaux territoires aux necessites
vitales, il faut habituellement deployer de grands
efforts et depenser de grandes quantites d'energie.
Etant donne les enormes depenses de combustible
sur quoi est fondee l'energetique contemporaine,
les reserves de ccmbustibles diminuent rapidement;
aussi l'economie de l'industrie energetique se trans
forme-t-elle en ayant recours it des ressources ener
getiques qui, jadis, ne pouvaient pas concurrencer le
combustible.

Ces dernieres annees, les recherches effectuees dans
nombre de pays ont montre la possibilite d'utiliser
d~ maniere beaucoup plus large et diversifiee l'ener
gie solaire, cela clans des delais tres courts, meme
etant donne le niveau actuel des possibilites tech
mques.

Au point de vue pratique, l'un des problemes
rnaJ~urs est la conversion de l'energie du rayonnement
Solalre en energie electrique.

La solution de ce probleme avait deja ete abordee
~n employant le cy:cle,d~ vapeur classigue. Cepen
ant on peut aUSSl reahser cette solution par de '

nouvelles methodes fondees sur les progres realises
~ans le ~omaine de la physique du corps solide et
anscelui de la technique de fabrication de nouveaux

rnateriaux a proprietes physiques speciales, notam
rnent ceux dits semi-conducteurs.
. Pratiquement les installations des maintenant
rnteress t '.
h . an es et pleines de promesses pour un pro-

c am a . . d l' .t. •lai vemr comme convertisseurs e energie
So alre rayonnante sont : 1) les generateurs thermo---• D'chef drecteur adjoint de I'Tnstitut Krjijanovski de I'energie,

u Laboratoire solaire, Moscou.
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UTILISATION DE L'ENERGIE SOLAIRE POUR LA PRODUCTION D'ELECTRICITE
PAR CONVERSION DIRECTE, AU MOYEN DE CONVERTISSEURS
THERMO.ELECTRIQUES ET DE CELLULES PHOTO.ELECTRIQUES

(Traduction du rapport precedent)

Valentin A. Baum*

electriques, 2) les generateurs photo-electriques,
3) les dispositifs thermo-electroniques et thermo
ioniques.

Ces dispositifs presentent sur les machines a
vapeur ordinaires beaucoup d'avantages, dont le
principal est l'absence d'organes mobiles. Ils seront
aussi relativement simples it exploiter. On suppose
que, dans les toutes prochaines annees, certains
d'entre-eux pourront economiquement etre adoptes
pour fournir des puissances allant de quelques watts
jusqu'a un kilowatt et davantage; on pourra les
employer pour l'alimentation de pompes d'eau de
faible puissance, pour l'eclairage de petits immeubles,
etc.

Le terme « methodes nouvelles de conversion de
l'energie » est quelque peu ambigu. Les phenomenes
physiques sur lesquels ces methodes reposent sont
connus depuis longtemps. C'est ainsi que le pheno
mene de la thermo-electricite a ete decouvert il y a
140 ans; l'effet photo-electrique de la couche d'arret
a ete revele il y a environ 175 ans. Par contre, les
premiers thermo-generateurs solaires n'ont ete
construits qu'a la fin du dix-neuvieme siecle, et la
premiere cellule photo-electrique it soupape date de
1930. L'attention considerable accordee dans nombre
de pays aux elements thermo-electriques et aux
cellules photo-electriques a permis d'augmenter brus
quement leurs caracteristiques techniques, et si,
il y a vingt ans, le rendement global de la conversion
de l'energie solaire en energie electrique au moyen
de cellules photo-electriques et d'elements thermo
electriques pouvait etre d'environ quelques dixiemes
pour cent, il est actuellement de l'ordre de 10 p. 100.
Un grand nombre de travaux sur la theorie de ces
appareils et sur la recherche de divers materiaux
semi-conducteurs demontre qu'il est possible d'arne
liorer encore notablement le rendement global des
electro-generateurs solaires, et aussi certaines autres
de leurs caracteristiques techniques et economiques.

Dans le present rapport, il n'est meme pas possible
de citer tous les travaux les plus importants des
divers auteurs et organismes qui se sont mis a
l'etude de ces problemes, tant est grand le nombre
de ces travaux. Nous ne citerons que les memoires
soumis a la Conference des Nations Unies sur les
sources nouvelles d'energie et quelques articles ou
l' on etudie les convertisseurs de l' energie solaire.
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Thermo-electrogenerateurs

RENSEIGNEMENTS GENERAUX

Conversion directe en electricite

Le therrno-electrogenerateur (TEG) est une instal
lation qui convertit l'energie thermique directement
en energie electrique, Son fonctionnement est base
sur le phenornene, decouvert il y a environ 140 ans,
de la naissance d'un courant electrique dans une
chaine forrnee par deux metaux ou semi-conducteurs
lorsque leurs jonctions (contacts, soudures) sont
maintenues ades temperatures differentes.

Un TEG se compose d'un certain nombre de ces
elements thermo-electriques mentes en serie. On
peut le considerer comme une machine thermique
sans organes mobiles, laquelle convertit en electri
cite une partie de la chaleur amenee sur les jonc
tions chaudes. Conformement a la deuxieme loi
de la thermodynamique, il se produit inevitablernent
dans ce convertisseur des pertes irreversibles d'ener
gie, et ant donne le transport de chaleur, par conduc
tibilite thermique, des jonctions chaudes aux jonc
tions froides. En outre, une partie de l'energie elec
trique produite dans les elements est convertie en
chaleur par le passage du courant dans la chaine
formee par les elements thermo-electriques ayant une
resistance electrique deterrninee, et une partie de cette
chaleur se disperse sans etre utilisee. Suivant le
mode de construction, il y a aussi des pertes dans
les installations qui concentrent les rayons solaires,
des pertes par reflexion partielle des rayons solaires
sur la surface des batteries, des pertes par convec
tion et par rayonnement a partir des jonctions
chaudes.

Le rendement global de la conversion en energie
electrique de la chaleur passant a travers l'element
thermo-electrique est fonction des proprietes phy
siques des materiaux qui constituent ce dernier et
des temperatures respectives des jonctions chaudes
(T l ) et des jonctions froides (T 2) .

Ici 0' = coefficient de rayonnement du mate-
riau de la batterie (0' "" 4,2 . 10-8) ,

Tl , T 2, To = temperatures de jonction chaudes
et froides de la batterie et du milieu
ambiant,

Fm = aire efficace du miroir,
F b = aire de la surface chauffee de la

batterie,

IX = coefficient d'emission thermique par
convection, apartir de la surface de
la batterie, dans 1'air ambiant

(
Rcal )

,IX = 10-20 riJ.2jh;oC '

R = coefficient de reflexion du miroir
(0,75-0,85),

A = capacite d'absorption du rayon-
nement solaire par la surface ehauf
fable de la batterie (0,85-0,9),

Keal
I = rayonnement solaire direct fil2jfi'

La quantite Y)k = Tl
--; T 2 represente le rendemellt

global ideal du converti~seur (rendement global du
cycle de Carnot); ses valeurs en fonction de. T,
figurent dans le tableau 1 pour le cas ou les jonetlOnS
froides ont une temperature T2 = 300 OR.
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Tableau 1

T 1 • 350 400 450 500 550 600 650 700 800 900 1 000 1 100 1 200
"I]/c • 0,14 0,25 0,33 0,40 0,46 0,50 0,54 0,57 0,63 0,67 0,70 0,73 0,75

L tite ..)1 + i Z (T1 + To) - 1. .a quan 1 e "lJm = T indique le rapport entre la
..)1 + iZ (T1 + To) + / .

1
quantite de chaleur convertie par le materiau en energie electrique et la
quantite de chaleur qui pourrait etre convertie si le materiau avait des
proprietes ideales,

Le tableau 2 donne les valeurs de cette quantite pour quelques materiaux
classiques ayant une valeur Z differente pour Tt = 1 000 "K et To = 300 "K.

Tableau 2
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/.J03 0,5
. 0,1

0,7
0,14

1,0
0,18

1,5
0,24

2
0,29

3
0,36

5
0,45

10
0,58

45
0,78

11 ne faut p,L perdre de vue que les valeurs a, 0' et
Asont fonction de la temperature a laquelle travaille
lemateriau et, i)ar consequent, le choix des materiaux
pour les elernc-rts thermo-electriques doit se baser
sur les valeurs de Z, determinees pour les tempera
tures de regime. Par exemple, la force thermo
electrornotrice Cl. pour quelques materiaux varie
avec les changcruents de temperature, non seulement
en valeur absciue, mais aussi en signe. Malheureu
sement, il n'e.t pas encore possible de determiner
par la theorie (iuels materiaux peuvent etre efficaces
au point de VLr; de leur emploi pour les elements
thermo-electri(!1Jc's. En regle generale, les travau?,
sur la recherche de materiaux adequats se poursUl
vent experimen ~alement. De vastes recherches de
cette nature ~()'lt effectuees dans beaucoup de pays.
Le resultat en -st qu'il est possible de constituer
des elements tl.crmo-electriques dont le rendement
global va jusqu',; ] 0 p. 100, et par l'emploi de modeles
a cascades mulri ples, jusqu'a 15 p. 100.
"En Union sovietique, a l'Institut Krjijan0Y's~yde

~ energie, on a fait des recherches sur les combinaisons
llltermetalliques (preparees avec des materiaux de
type commercial) Bi2Tes' Sb2Tes' PbTe, P~Se,
ZnSb, CoSbs et de solutions solides qui les contien
nent. .On a etudie les proprietes caracteristiques de
13 alhages binaires du telIure. Tout comme pour les
materiaux deja mentionnes des facteurs Z eleves se
ret:ouvent dans Ag2Te, Sn'Te et GeTe. Aux Etat?
Unis, la firme Westinghouse, la General Electnc
e~ la Radio Corporation of America ont effectue
~.amples travaux de recherche sur PbTe (N et P)

12Tea, ,Sb2Tes et surtout GeTe et ses composes
avec d autres systemes.

Beaucoup d'autres combinaisons ont ete etudiees,
par exemple InPAs AgSbTe etc. Les firmes Mercury
and C " .Co o. et Minnesota Mining and Ma~ufactunng

d mpany. aux Etats-Unis ont mis au pomt la pro
t uctton mdustrielIe de PbTe, Bi2Tes' PbSe. Des
ravaux du rneme genre se poursuivent au Japon,

en France, en Angleterre, en Republique federale
d'Allemagne et dans d'autres pays.

L'etude des siliciures des metaux de transition,
des carbures, des borures, etc. laisse entrevoir des
possibilites d'utilisation des elements thermo-elec
triques a hautes temperatures. Des travaux dans
ce domaine sont en train en URSS, aux Etats-Unis
(General Electric et autres), au Japon (Electric
Company). On a obtenu des siliciures de metaux de
transition avec Z = 0,4.IO-s1rC, employes a des
temperatures allant jusqu'a 1 OOO°C a la jonction
chaude de I'element thermo-electrique, On s'attend
a obtenir des materiaux avec Z = 1. lO-s 1rC et
davantage.

On annonce (6) qu'aux Etats-Unis il a ete obtenu
un seleniure de gadolinium, dont l'emploi dans des
batteries therrno-electriques permet d'atteindre un
rendement global de 55 p. 100. Cela indique les
grandes possibilites que l'on peut rencontrer sur la
voie de la recherche des materiaux pour elements
thermo-electriques.

L'etude des oxydes metalliques et des composes
a valence mixte en est encore au stade initial; on
signale toutefois des materiaux interessants tels que
NiO, TiO, NiOLi, CuOLi, etc.

On s'attend atrouver des materiaux pour elements
thermo-electriques en partant des elements de terres
rares.

Il n'est pas possible actuellement de predire theo
riquement les materiaux ou leurs composes qui
presentent le plus d'avantages pour la construction
de thermo-generateurs. Nous n'indiquons id que
certaines tendances qualitatives, qui exigent une
verification experimentale, De vastes recherches sont
a fortiori necessaires pour obtenir des donnees quan
titatives sur les proprietes thermo-electriques,

Le tableau 3 fournit des renseignements sur les
proprietes de quelques materiaux thermo-electriques
aux temperatures de regime.

5*
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QUELQUES RENSEIGNEMENTS SUR LES THERMO
ELECTROGENERATEURS SOLAIRES REALISES

Les premieres tentatives d'utilisation des elements
thermo-electriques comme convertisseurs de I'ener
gie solaire en energie electrique remontent a la fin
du dix-neuvieme siecle et au debut du vingtierne.

Le memoire S/1l8 fait voir les proprietes de quel
ques materiaux en fonction de la temperature.

Dans la formule (2), on peut considerer I'expres
sion entre crochets comme le coefficient "tJo, tenant
compte des proprietes optiques et thermo-techniques
de la construction. On voit facilement que cette
quantite, pour les valeurs elevees du coefficient de

concentration geometrique des rayons FFm reste
. b

proche de l'unite. Si la valeur de la concentration
est faible, il peut se produire une baisse considerable
du rendement global "tJgen de l'installation.

Des calculs montrent que dans tous les cas les
generateurs thermo-electriques devraient probable
ment comporterdes miroirs qui concentrent les
rayons du soleil; cela donne la possibilite (1) de rele
ver la temperature Tl des jonctions chaudes des
elements thermo-electriques et, ce faisant, d'aug
menter leur rendement global, et (2) de diminuer les
dimensions et par consequent le cout des batteries
thermiques.

Pour resoudre la question de savoir s'il faut em
ployer des miroirs paraboliques ou cylindropara
boliques, on doit s'en rapporter au calcul. Il faut
toutefois bien tenir compte du fait que les miroirs
paraboliques permettent d'obtenir un coefficient de
concentration geometrique des rayons K = 200 a
1 000, meme si leur construction n'est pas precise,
alors que pour les miroirs cylindroparaboliques
K = 10 a 30.

Il ne serait sans doute pas indique de construire
des generateurs thermo-electriqnes dans lesquels les
jonctions chaudes sont enferrnees dans un dispositif
du genre serre chaude, etant donne que ces dispositifs
ont un rendement global tres bas et se' reveleront
vraisemblablement beaucoup plus dispendieux, bien
qu'ils soient d'un fonctionnement plus simple,
puisqu'ils n'ont pas besoin de suivre le mouvement
apparent du soleil (3).

Matiriau

ZnSb.
CoSb3 •

PbSe.
PbTe.
Bi zTe3

Sb2Te3
Bi 2Te3-SbzTe3

AgzTe.
SnTe.
GeTe.

Tableau 3

Z .10' u-c
a la temperature

de rcgime

0,5
0,3-0,4

0,8
1,1
0,7
0,8
1,0
1,3
0,9
0,9

Temperature
de regime

400
500
700
700
300
300
350
100
500
700

C'est ainsi qu'en 1888 E. Weston. prit un brevet
pour un generateur therrno-electrique solaire (3)
En 1908, W. Zerassky (4) elabora et experiment~

une batterie thermo-electrique solaire dont la surface
chaude etait enfermee dans un chassis vitre, Le
materiau utilise pour les elements thermo-electriques
etait un alliage de zinc et d'antimoine et des fils
de ruolz. En 1913 W. Coblentz (5) fit un generateur
en assemblant des thermocouples de cuivre-constan_
tan. En 1954, lVI. Telkes (2) fit des experiences sur
des thermo-electrogenerateurs avec elements therms,
electriques constitues par divers semi-coc'ducteurs.
Les meilleurs resultats furent obtenus avec des
elements dont I'electrode positive etait en ZnPb
avec alliages, et l'electrode negative etai: composee
d'un alliage de 91 p. 100 de Bi avec 9 p. 100 de Sb.
Le TEG construit sur le type serre chi.ide avait
un rendement global de 0,63 p. 100 et leTEG muni
d'une lentille concentrant les rayons du :<,leil avait
un rendement global de 3,35 p. 100. La puissance de
cette installation etait de 0,156 watts.

En 1955, a l'Institut Krjijanovski on (:onstruisit
un TEG solaire compose de 840 elements thermo
electriques Zn Sb-constantan. Les jonctions chaudes
etaient chauffees par des rayons refletcs par un
miroir parabolique de 2 m de diametre e l les jonc
tions opposees etaient refroidies par de l'eau courante.
Le rendement global des elements thermo-clectriques
etait de 3,45 p. 100 et le rendement glob, ..1 de l'ins
tallation entiere "tJgen etait de 0,8 p. 100. L] puissance
utile de l'installation etait de 18,9 watts avec une
intensite de I = 0,9 amperes et une ten' ion U ==
21 volts.

En 1960, au meme Institut on etablir quelques
petits TEG dont les materiaux etaient d,'o alliages
de tellure. Leur puissance etait d'enviror; 10 watts.
Les batteries thermiques etaient chauffec par des
rayons focalises au moyen de miroirs pn.aboliques
aluminises ayant une superficie de 1,2 m 2.;:'-e rende
ment global de toute l'installation etait d'environ
L,5 p. 100.

lVIichel (memoire S/55) a decrit un TEG solaire
construit et experiments en France du i)'pe serre
chaude, avec deux vitres, dont la superfic.ie chauf
fable etait de 17 m2• La puissance de la batterie et~lt

de 5,5 W 1m2 avec une intensite de radiation solaire
I = 680 Kcal/m2/h et de 7 W/m2 pour I = 86.0
Kcal/m2/h. La puissance totale de I'installation Malt
de 120 watts.

Le materiau utilise pour les elements thermc
electriques etait du tellurure de bismuth. Les jonc
tions chaudes etaient maintenues a une temperature
de 140 QC et les jonctions froides a une temperature
depassant de 20 a 25 QC celle de l'air ambiant. Dans
la construction, on avait utilise des plaques collec
trices selectives pour abaisser la perte par rayonne
ment des jonctions chaudes des elements. L'auteur
~roit po~sible d'e~ever le rendement global de c~tte
installation, Il estime que, par m2 de cette installatlO~,

on peut obt~nir 50 Wh par jour. Ainsi, pour obte?lr
1 kW de puissance, il faut une superficie d'au mOlns
100 m2•
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Katz (memo ire S/12) donne des precisions sur
une serie de divers TEG qui operent au moyen de
combustible, d'energi.e atomiq~e ou d'energie solaire.
Un de ces TEG avait une puissance allant jusqu'a
5 kW. Ce memoire decrit un TEG solaire de 100 W
qui pouvait mettre en marche un moteur electrique
relie a une pompe. Le rendement global du TEG
est estime par l'aute~r,a 5 p. 100, et pourrait Hre,
d'apres 1'autem, porte a 8, p. 100. Katz evalue aussi
le caut eventL~d de l' energie electrique produite par
cette installat10n, en supposant que ce TEG pourra
fonetionner quelques annees durant. L'auteur estime
que les TEG ~)''''l1vent presenter un certain interet,
puisqu'ils pou':~or:t s~rvir a mettre en marche des
pompes pour 1 irrigation.

Dans cet article, les valeurs du rendement global
du thermo-gen<l1teur et sa duree de fonctionnement
sont evaluees L:~'n plus haut que les chiffres corres
pondants obteuus par quelques autres chercheurs

Dans le mer.ioire S/103, R. Breihan, F. Daniels,
J. Duffie et G. Lof donnent les resultats de 1'essai
du TEG decrit .lans S/12. Ce generateur etait lege
pres du foyer c,\m reflecteur parabolique (ayant un
diametre de 1,8 m, soit 6 pieds) en matiere plastique.
La surface du paraboloide etait couverte d'une
pellicule mince -iluminisee du genre mylar (alumin
ized mylar polyester film). Le paraboloide produisait
une concentration du flux lumineux 264 fois plus
forte que la radiation solaire naturelle. La puissance
de ce TEG etai L de 22 a 40 W.

Les .auteurs ::wntrent que plus de 50 p. 100 de
l'ene~gle des r.iyons solaires sont perdus par suite
de l'imperfecticu du miroir. Toutefois, la fraction
restante de l' ellfcgie est suffisamment bien focalisee
sur une surface rclativement faible. On a etudie la
repartition de :"nergie dans la region de la tache
foca!e: Les ai.: urs estiment que ce sont la des
expenenc~s prc. .ubles et les poursuivront dans un
tres bref delai

Dans le mer: .. ire S/84, lVI. Perrot et lVI. Touchais
exposent les cdculs pour des TEG solaires. Les
auteurs arriven: a la conclusion (admise, semble-t-il,
parl~plupart de ceux qui travaillent dans ce domaine)
tue 1echauffer,;'i;llt direct. des jonctions ~h~udes du
~~ par les rayons solaires n'est pas realisable et

~u 11 Iaut y renoncer. 11convient de n'etudier que les
lllstallations faisant appel a la concentration des
r~yons solaires. Toutefois ils ont construit et expe
nmente un TEG sans concentration qu'ils ont adapte
Eo~r des travaux dans les conditions regnant au
da ~r~' Le probleme difficile est id le refroidissement
e~; ements thermo-electriques. Les auteurs estiment

quetant donne la secheresse de I'air au Sahara, on
hour~a. abaisser efficacement la temperature par
umldlfication.

ri M. Kobayashi (S/lO) etudie 1'emploi comme mate
tr~~X:' pou~ les .TEG de siliciures de mat~riaux de
A slhon. COSl type N, CrSi type P, lVInS12 type P.

une temperature d'environ 1 000 QC ils ont un
facteur Z oc2a .

= T assez eleve et on peut construire
aVec eux d '1' , b 1es e ements dont le rendement glo a va

de 6 a 12 p. 100. De tels materiaux ont servi
a construire un TEG dont les dimensions etaient
15. X 15 X 6 cm et la puissance 10 W. L'auteur
estime .~u~ les difficultes survenues proviennent de
la fragilite de ces materiaux. .

Pour ernpecher 1'oxydation des jonctions chaudes
du generateur, on a eu recours au frittage (sintering)
des elements. L'auteur pense que les generateurs
du type qu'il propose presenteront un grand interet
pratique,

PROBLEMES EN MATIERE D'AMELIORATION

DES CARACTERISTIQUES TECHNIQUES
DES THERMO-ELECTROGENERATEURS SOLAIRES

La theorie elaboree pour les TEG solaires, 1'expe-'
rience acquise dans leur construction et les recherches
deja faites a leur sujet permettent des maintenant
de fixer, pour leur construction et leur technologie,
des criteres fondamentaux determinant les types
optimaux de ces installations.

11 est possible de tirer deja certaines conclusions
generales. Ainsi, la plupart des chercheurs estiment
que les TEG solairesdoivent toujours etre dotes
d'une installation pour la concentration des rayons;
en effet, 1'augmentation de la concentration de
I'energie rayonnante permet non seulement d'elever
la temperature des jonctions chaudes et, par conse
quent, la valeur du rendement global, mais aussi de
diminuer les dimensions des batteries thermiques
et la depense des materiaux, Mais il existe egalement
des points de vue opposes.

Les problemes les plus compliques souleves par la
creation de TEG solaires sont les questions de commu
tation, de temperature maximale pour les jonctions
chaudes, de protection des jonctions chaudes contre
1'oxydation et la deformation. Lorsqu'on est sous
un climat brulant, une' question compliquee consiste
a refroidir les jonctions froides des TEG solaires.
Dans le cas OU le TEG solaire servira a pomper de
1'eau, le refroidissement des jonctions pourra s'effec
tuer en utilisant l'eau pompee ; mais la OU il n'y a
pas assez d'eau il faut envisager la methode de re
froidissement par evaporation, qu'on comparera a
la methode d'elevation de temperature sur le cote
froid du therrno-generateur.

On a cherche a determiner les caracteristiques
economiques des TEG solaires; toutefois pour le
moment il est difficile d'Hre categorique a ce sujet.
11 faut encore accumuler les donnees experimentales.

Une question d'extreme importance consiste a
egaliser le flux du rayonnement d'energie qui tombe
du miroir concentreur sur la batterie. Cette question
est examinee dans le memoire S/1l8.

Convertisseurs thermo-electrtques
et thermo-ioniques

11 semble que la question de la portee pratique de
la conversion directe de l'energie thermique en
energie electrique a He posee nettement pour la
premiere fois par A. Ioffe en 1949 (1, 7). Cependant,
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Webster (9) a rendu compte des travaux de Schlichter
qui deja, en 1915, avait etudie les convertisseurs
thermo-ioniques.

La perte principale d'energie dans les elements
thermo-electriques mentionnes plus haut tient au
passage de chaleur de la jonction chaude a la jonction
froide, par conduction thermique. Bien que dans
les elements therrno-electriques a semi-conducteurs
le rapport cr/).., soit moindre que dans les thermo
electriques a metaux, ici par contre, la dispersion
des electrons a l'interieur du semi-conducteur et le
transfert d'energie thermique par les photons font
que le rapport de la mobilite a la conductance ther
mique est defavorable, A ce point de vue, un grand

.interet s'attache a I'element thermo-electrique sans
conduction thermique comme convertisseur thermo-
electronique d' energie fonde sur I'emission thermo
electronique dans le vide.

Lorsqu'on porte a incandescence la cathode d'une
lampe electronique a vide montee dans un circuit
avec la resistance R, il se produit entre la cathode
et 1'anode une certaine difference de potentiel,
laquelle cree dans le circuit un courant electrique
fixe. Dans ce cas, la lampe thermo-electronique peut
done etre consideree comme un thermo-element
thermo-electronique a vide, convertisseur de l'ener
gie thermique en energie electrique. En theorie, un
tel convertisseur est extremement simple et les
calculs effectues par nombre d'auteurs ont montre
qu'il peut posseder, dans certaines conditions, un
rendement global eleve. Un fait aussi tres important
est qu'on peut avoir ainsi a la cathode une tempera
ture elevee allant jusqu'a 2 000 ou 2 500°C, et
I'evacuation de chaleur de 1'anode qui est a une
temperature de 600 a 700°C peut etre bien plus
simple a realiser que dans le cas, par exemple, de
1'utilisation d'un TEG. De nombreux savants du
monde entier se sont recemment attaches a resoudre
le problerne de la construction d'une telle source
d'energie.

En 1958, aux Etats-Unis, Hatsopoulos et Kay
ont realise et experimente un element thermique
a vide, fonctionnant a une temperature de 1 200°C
a la cathode. Le rendement global de cet element,
affirment les auteurs, est de 13 p. 100 et la puissance
de 0,8 W/cm2. .

La difficulte fondamentale pour realiser des gene
rateurs therrno-electroniques consiste a reduire la
charge d'espace qui se produit dans 1'espace entre
les electrodes. Un des moyens de resoudre ce pro
bleme est de reduire a quelques microns la distance
entre la cathode et 1'anode. C'est la un moyen
theoriquement simple, mais difficile a realiser en
pratique.

La plupart des chercheurs se sont engages dans
une autre voie : la neutralisation de la charge d'espace
par 1'introduction dans 1'espace entre les electrodes
de vapeurs de cesium. Il est possible d'ameliorer
considerablement les indices de I'element thermo
electrique en selectionnant convenablement la tension
de la vapeur de cesium et le rapport entre la longueur
de libre parcours des electrons et atomes, d'une

----part, et la geometrie de 1'appareil, d'autre part
Dans ce sens, des travaux ont porte sur un element
thermo-electrique plasmagazeux. Les calculs de
Houston (8) ont prouve que dans ce cas le rendement
global peut depasser 30 p. 100.

Des elements, thermo-electriques au cesium ont
ete realises aux Etats-Unis par Hernquist et Kanev
ski en 1957 (rendement global 10,4 p. 100, puissance
12 W/Crp.2) par Wils9n en 1~59 (rendement global
9,2 p. 100). Grover (Etats-Ums), en 1958, a rnis au
point une conception interessante pour ut: convertis
seur lege dans un reaeteur et convertissant directe
ment I'energie atomique en energie ekctrique. Le
rendement global de 1'installation etait de 5 p. 100,
La temperature a la cathode etait d'environ 2 700 "K,

En Union sovietique, l'Institut Krjij.llovsky de
l'Academie des sciences a etudie en 1958 un genera
teur thermo-electronique au cesium. La temperature
a la cathode etant de 2 900 "K, le rendement global
a ete de 4p. 100 et la puissance specifique d.: 11W/cm2•

Un laboratoire situe a Red Bank, dar.s le New
Jersey, a realise un convertisseur therruo-electro.
nique au cesium de l'energie solaire ill energie
electrique. La puissance du generateur est de 5 W.

Dans le memoire 5/78, G. Hatsopoulos et P. Bra
sens etudient les conditions de fonction: iement de
convertisseurs thermo-ioniques, les matcriaux pour
les construire, et leurs caracteristiques 'echniques.
Ils font voir, etant donne la difficulte (i,; ramener
la distance entre la cathode et 1'anode ~; moins de
10 microns, que le courant maximal que i'on puisse
obtenir dans des elements a vide est d'environ
1 ampere/cm". Cette intensite peut et·; atteinte
avec une temperature a la cathode d'enviro., 1 200°C,
la puissance obtenue etant d'environ 1 y: jcm2 et le
rendement global inferieur a 10 p. 100. En pratique,
on atteint une puissance de 0,6 W/cn:~ avec un
rendement global de 6 p. 100.

Si 1'on reduit la charge dans I'espacc entre les
electrodes en introduisant des ions pos.: ifs, il est
possible de ramener la distance entre le- electrodes
a des dimensions faciles a realiser dans les installa
tions pratiques. Dans les convertisseurs uu cesium,
on utilise 1'ionisation des atomes de cesiurn frappant
la ca!hode portee a une temperature d'envir?n
2200 C. Avec ces elements, on a obtenu une pUIS
sance de 20 W/cm2, le rendement global etant d~
15 p. 100. Les auteurs estiment qu'etant donne
la facilite de construction des convertisseurs thermv
ioniques, on peut les utiliser pour la conversion de
l'energie solaire. On y emploie des metaux purs
comme le molybdene, le cuivre, le tantale. pour une
unite de puissance, il faut employer 0,1 g de metal
reflecteur et 5 g de metaux bon marche comme le
cuivre. Leur duree de service est evaluee a 10000
50 000 heures.

Dans le rnemoire 5/90, V. Wilson decrit le fonction
nement de divers types de convertisseurs thermO
ioniques et examine la possibilite d'employer c~s
Installations pour obtenir a bas prix de 1'6nergle

electrique en utilisant le rayonnement solaire-
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Cellules phoru-electrfques comme convertis
seurs de r;t1eq~ie du rayonnement solaire
en energte '\lcctrique

. Au cours d,'< dernieres annees, les travaux des
savants de n,."; breux pays ont permis de creer
dlVe:ses cellul. ~ photo-electriques que l'on peut
conslderer COli .ne des convertisseurs de l'energie
du rayonnemel, r solaire en energie electrique. D'an
nee en annee, j .. champ d'application des dispositifs
phO~O-eIectriqE's va en s'elargissant, 11 y a quelques
annees, les ccllules photo-electriques ne servaient
que de disposi lifs d' enregistrement. Mais depuis
p,eu de temps, une importance toujours plus grande
~~t~ache au.xccllules photo-electriques comme source
1 al~~entat1?n des appareils qui convertissent la
UIhIere solaire en energie electrique avec un rende

tuentallant jusqu'a 13 p. 100. Ce progres a ete realise
en quelques annees,
1 Les plus grandes reussites ont eM realisees dans
.~ d~maine dc la fabrication de cellules photo
e ectnques a partir du silicium mono-cristallin.
d Jusqu'a 1953, on pensait que le rendement global
oe~ cellules photo-eleetriques ne pouvait pas depasser
p' p. 100; pourtant, en 1954, Chapin, Fuller et
aear~fn ~nnon<;aient que leur cellule photo-electrique
6u Slluclm pouvait avoir un rendement global de
dt/O?.(l0) et, en 1955, a la Conference mondiale
P utilIsatIOn de I'energie solaire en Arizona,ears ( ,on 12) annon<;a qu'au laboratoire de la Bell

Telephone Company on avait construit des cellules
photo-electriques ayant un rendement global de
11 p. 100.

Actuellement des dispositifs de ce genre sont pro
d~its industriellement dans nombre de pays pour
divers consommateurs speciaux d'energie - pour
les satellites artificiels, pour les telecommunications,
la ou la question du cofrt ne joue pas un grand role.
Par contre, les consommateurs ordinaires d'energie
ne peuvent employer les cellules photo-electriques,
du fait de leur prix eleve, Une puissance etablie
de 1 kW provenant de cellules photo-electriques
revient actuellement cent fois plus cher, par exemple,
que dans les centrales thermo-electriques ordinaires.
M. Prince (S/65) indique que le cofrt des batteries
photo-electriques au silicium est actuellement de
175 dollars par watt; il y a un an le cofit en etait de
275 et il y a trois ans de 500 dollars. On peut a peu
pres compter que dans un proche avenir le watt
reviendra a 100 dollars.

L. Ravich (S/56) estime que le cofrt actuel des
batteries photo-electriques est de 250 dollars par
watt.

La cause principale de cette cherte des cellules
photo-electriques est qu'elles sont fabriquees a
partir d'un silicium de tres grande purete dont la
production est tres couteuse,

Actuellement on effectue de nombreuses recherches
afin de resoudre le probleme de la reduction du prix
des cellules photo-electriques.

M. Wolf, dans le memoire S/44, etudie la question
de savoir quels perfectionnements il faut apporter
pour que les cellules photo-electriques puissent etre
largement employees dans la pratique. 11 indique trois
tendances principales : emploi de concentrateurs,
amelioration du rendement global, reduction du
prix par application d'une technologie simplifiee.

Un des moyens eventuels de reduire le prix des
cellules photo-electriques est d'employer du silicium
polycristallin au lieu de silicium monocristallin.
Le cout des cellules photo-electriques ainsi obtenues
en URSS (11) est la moitie ou le tiers de celui des
cellules a monocristaux. Leur rendement global est
de 4 a 6 p. 100 (a une lumiere solaire normale, ces
cellules photo-electriques fournissent de 5 a6 W/cm 2

)

et le rapport entre les parametresde sortie et les
temperatures est analogue a celui des cellules photo
electriques constituees avec un silicium monocris
tallin.

P. Rappaport et H. Moss (S/106) decrivent dans
leur etude une cellule photo-electrique au sulfure
de cadmium CdS, interessante quant au principe
de sa construction, sous forme de precipite sur une
couche de cuivre (copper layer). Cette cellule photo
electrique a un rendement global de 3,5 p. 100.
Sa preparation est relativement simple et son cofrt
doit etre peu eleve. Les auteurs estiment que le
rendement global de cette cellule photo-electrique
peut etre eleve jusqu'a 6 p. 100 et, par l'emploi
d'autres materiaux precipites, par exemple le sili
cium, jusqu'a 10 p. 100.
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C'est vers 1'utilisation par les cellules photo
electriques d'une bande plus large du spectre solaire,
le rendement global etant par consequent plus eleve,
que s'orientent les travaux en matiere de realisation
de cellules photo-electriques avec deux zones inter
dites (electro-optical systems). Dans ce merne but,
la superficie active des cellules photo-electriques est
recouvette d'une pel1icule mince, convertissant les
rayonnements de la region ultra-violette du spectre
en lumiere visible, utilisable par la cellule photo
electrique (Technical Operations, Inc.).

Un moyen d'ameliorer les cellules photo-electriques
a. silicium consiste a. etablir un compromis entre
I'epaisseur de la couche d'alliage et sa resistance.
On peut abaisser la resistance en serie en disposant
a. la surface de la cellule photo-electrique des contacts
reticulaires. Ces contacts permettent de construire
des cellules photo-electriques a. grande surface
active.

La reduction du poids des cellules photo-electriques
et la diminution des depenses en materiaux consti
tuants peuvent etre realisees par la fabrication de
cellules photo-electriques de grande surface en pelli
cules minces de silicium (S/56). Ces pellicules peuvent
etre preparees soit par deformation du silicium
(laminage, estampage), soit par decomposition du
tetrachlorure de silicium par l'hydrogene. Toutefois,
les cellules photo-electriques preparees par ces me
thodes reviennent tres cher.

L'ernploi de photo-batteries avec concentrateurs
d'energie solaire fait l'objet de recherches tant en
URSS qu'aux Etats-Unis. A l'Institut Krjijanovski
(URSS), il a ete effectue des recherches sur 1'impor
tance de l'intensite d'eclairement sur les caracteris
tiques en volts-amperes des photo-elements au
silicium. Pour des cellules photo-electriques ideales
au silicium, la theorie prevoit que la puissance a. la
sortie d'un element est une fonction presque lineaire
de I'intensite d'eclairement (13). Mais dans les
cellules photo-electriques reelles, 1'augmentation de
la puissance incidente ne provoque un accroissement
de la puissance sortante que jusqu'a une certaine
quantite qui depend de multiples facteurs. Une aug
mentation nouvelle de I'intensite d'eclairement ne fait
pour ainsi dire pas varier cette quantite. Cette non
Iinearite s'explique par la dispersion d'une fraction
considerable de la puissance sur la resistance en serie
de la cellule photo-electrique, Malgre tout, l'usage
de concentrateurs d'energie solaire peut donner (si
1'on dispose de refroidissement suffisant) une augmen
tation notable de la puissance, le facteur de multi
plication variant de 20 a. 30 (S/1l8). L'utilisation
d'une plus grande intensite d'eclairage sans refroidis
sement force n'est rationnelle que si elle ne depasse
pas de quatre ou cinq fois la concentration du rayon
nement solaire naturel, car la temperature des
cellules photo-electriques s'eleve fortement en pre
sence de grandes concentrations.

Dans certains cas, en ayant recours au refroidis
sement, on a reussi a. obtenir une augmentation de la
puissance d'une cellule photo-electrique egale a.

70 fois, alors que l'intensite d~ faisceau de lurniere
incidente augmente de 100 fois (14).

Dans certaines conditions, 1'emploi de la concen_
tration des rayons est avantageuse, puisque le cout
de I'unite de surface des cellules photo-electriques
est plusieurs centaines de fois plus eleve que pour les
miroirs. Il se peut que, par l'emploi de miroirs
concaves, en refroidissant les cellules photo-elec_
triques et en ameliorant les conditions de prise
de courant, on puisse resoudre le problems de la
creation d'un dispositif economiquemem :tcceptable
pour 1'obtention d'energie electrique grace: au rayon
nement solaire.

A l'Institut Krjijanovski, on a constru: t plusieurs
exemplaires experimentaux de photo-dectrogene_
rateurs. Le photo-electrogenerateur consis.ait en une
batterie photo-electrique d'une superficie ,:c 100 ern',
eclairee par les rayons solaires concentres refletes
par un miroir en aluminium d'une superfi« le effective
de 1,2 m2• Le coefficient de reflexion vlu miroir
atteignait environ 0,7. La batterie photc clectrique
etait placee dans un compartiment ~t couvercle
vitre, Il y passait de 1'eau qui refroidissait la surface
exterieure de la batterie. La puissance UI ile foumie
par cette installation etait de 10 W envirr.n, l'inten-

. , dId" , d I 00 heal CSIte e a ra iation etant e = 7 --·-'/h· ette
TIl'"

meme batterie, sans employer le miroir, aurait
donne une puissance utile de 0,5 W, rcst-a-dire
20 fois moins.

Au point de vue du fonctionnement av.:c concen
trateurs d'energie solaire, ce qui parait le plus pro
metteur, ce sont les batteries photo-r lectriques
faites de materiaux autres que le silicium. La theorie
montre que les cellules photo-electriques c- .nstituees
de materiaux ayant une zone interdite .-lus large
que celle pour le silicium doivent mieux frnctionner
aux hautes temperatures (S/56). Parmi ces iiateriaux,
citons le phosphure d'indium, I'arseniure d.. gallium,
le tellurure de cadmium, l'aluminium r--rtimonie,
le sulfure de cadmium. Actuellement, de »ombreux
savants effectuent des travaux conceman: la crea
tion de cellules photo-electriques avec ces materiaux
En URSS, en 1959, on a construit une cellule photo
electrique en tellurure de cadmium dont le rende
ment global (15) etait de 3 p. 100. Aux Etats-Unis,
la section de physique des Itek Laboratories, pre
pare des cellules photo-electriques a. plusieurs couches
par vaporisation de sulfure de cadmium (5/56) :
Le rendement global en est de 4 a. 6 p. 100. Le
maximum de leurs caracteristiqucs spectrales est
atteint sur la longueur d'ondes de 8000 A.

La Radio Corporation of America (Etats-Unis) a
prepar~ une cellule photo-electriqne en arseniu~e

de gallium, capable de fonctionner sous une tempe
rature de 400°C sans diminution notable du rende
ment. Si 1'on reus sit a. mettre au point la fabricat~on

en serie de ces cellules photo-electriques, le domaIlle
de leur emploi sera grandement etendu,

Meme vu le prix eleve a. l'heure actuelle de c~s

cellules photo-electriques, ces dispositifs sont parfo1S
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d'un emploi avantageux pour certains problemes
d'approvisio?nem~n~ de conson;mateu~s d'el}ergie
electrique. C est all}sl que so~t prese?te~ a ~a presel;lte
Conference des memoires ou sont indiques certains
domaines d'emploi des cellules photo-electriques.

Dans son mernoire S/40, G. Pearson relate les
experiences commerciales faites sur des installations
telephoniques alimentees par une batterie solaire
(Bell Telephone Co.). Ces experiences ont dure six
mois.

Au Japon, des batteries solaires de pair avec des
accumulateur:. ont ete employees avec succes pour
alimenter le~,.ppareils des phares maritimes. La
description tn est faite par M. Kobayashi (S/ll).

Cet examen .le la documentation consacree aux
cellules photo-electriques permet de conclure que
les cellules at) :ilicium, a fort rendement mais cofi
teuses, ne pe\]- .nit se repandre largement que si 1'0n
a recours a L methode qui consiste a renforcer la
concentration fie la lumiere incidente. Toutefois,
il est en mem.. temps necessaire, par un des moyens
possibles, d'ai.ieliorer le prelevement de courant
afin de reduir: la resistance interieure des cellules
photo-electriq.; '5. En outre, il faut evidemment
refroidir arti ['iellement la surface de la cellule.

Il est egalen.cnt necessaire de realiser une cellule
photo-electricp." , a pellicule vaporisee. Ceci peut se
reveler tres fh:ace, car le COlIt de telles cellules
photo-electriqu-s peut apparaitre comme econo
miquement at'. cptable. Les methodes telles que la
solution de prv.:.lemes relatifs a la geometric la plus
avantageuse c[', cellules photo-electriques, la simpli
~cation de Ia v-chnologie de preparation des mate
riaux et des 'c:Jlules photo-electriques, l'accroisse
ment de l'ech. ;; 0 de production, etc., peuvent aussi

influer notablement sur la reduction du cout des
cellules photo-electriques.

Sujets de discussion proposes

1. Thermo-electrogenerateurs :
a) Choix des materiaux ;
b) Precedes a appliquer pour accroitre la Ion

gevite ;
c) Elimination de la chaleur des jonctions

froides.
2. Convertisseurs thermo-ioniques :

a) Materiaux et revetements des cathodes et
anodes;

b) Protection des cathodes contre l'oxydation;
c) Methodes permettant de reduire les charges

d'espace.
3. Cellules photo-electriques

a) Materiaux:
b) Precedes permettant d'etendre la bande

utile du spectre solaire; .
c) Reduction de la temperature des cellules

photo-electriques:
d) Prelevement de courant et reducton de la

resistance' electrique interne;
e) Emploi d'un faisceau de lumiere intense.

4. Sujets generaux :
a) Influence de I'inegalite du debit d'energie

sur le rendement;
b) Methodes permettant d'egaliser le debit et

la temperature;
c) Serait-il possible de reduire le cofrt initial et

le cofit de l' energie par conversion directe,
et quelles repercussions cette reduction
aurait-elle sur les applications possibles dans
les pays sous-developpes?
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USE OF SOLAR ENERGY FOR ELECTRICITY PRODUCTION
BY DIRECT CONVERSION BY MEANS OF THERMOELECTRIC
CONVERTERS AND PHOTO-ELECTRIC CELLS

Rapporteur's summation

Eminent specialists in the field of the conversion
of solar into electrical energy made supplementary
statements of some interest during the discussion of
agenda items II C.l (b) (i) and (ii). Though time
was limited, there was a very useful exchange of
views and ideas, and a discussion of prospects for
the future.

There was general agreement on some problems,
but there were differences in other fields. Different
scientists attempted to solve the same problem by
employing various methods or, rather, they ap
proached the same problem from different view
points. Three kinds of converter are described briefly
below.

Thermoelectric generators

The opinion was expressed that solar thermo
electric generators should be built without solar
ray concentrators. The arguments for this position
mentioned favourable conditions for thermo elements,
which would work in not-too-high temperatures
and would therefore be more durable. In addition,
the sun-tracking mechanism could be avoided. These
are very serious considerations, but it should not
be forgotten that with small differences in tempera
tures at the hot and cold joints of thermo elements,
the thermodynamic efficiency of the device is com
paratively low. A more important deficiency is that
the waste of heat from the heated surfaces will
be high because of the large dimensions. The total
cost of a surface unit is always more than the cost
of the surface unit of the concentrator. Concentrating
rays a hundredfold allows reduction in the surfaces
of solar batteries and a corresponding reduction in
their cost. Relevant estimates of the benefit are
necessary for comparison. On the basis of calcula
tions, we consider the concentration of solar rays
necessary.

What is most important at present in developing
solar thermoelectro generators? New materials with
perfected thermoelectric characteristics need to be
investigated; attempts to increase the period of
service of solar batteries are necessary.'

Thermionic converters

These were examined in less detail. There were
very marked contradic~ions in opinion, concerning
the efficiency of such devices, as well as their prospects.
There is need for techniques and desigr. for such
devices, as well as plans for different dpproaches
to prospective research.

Photo-electric converters

Their main deficiency is their high cos t. Different
ways proposed by various investigators to overcome
this include the following:

(a) The use of polycrystal materials rtduce? the
cost considerably, but also reduces the efficiency
of the device.

(b) The use ~f "double-side~" photo-elements ~nd

a common optical system with poor concentration
of solar rays permits a twofold to fourfold increase
in the energy output of a unit of the phc..o-element
surface.

(c) The use of high concentrations in ,artifici~l

cooling of the photo-elements and redu ~Dg their
internal resistance would allow a consideral-i-. increase
in the energy output from a unit of tl e photo
element surface.

Though the cooling problem has beenolved in
some research attempts, there are no rad .cal solu
tions for reducing internal resistance. It may be that
these solutions will be found, in which case thr problem
of cheap energy production by solar radiation would
be considered solved. It is obvious that research
should proceed in many directions. The best solution
of the problem will become clear in time. Exchange
of scientific information will avoid parallel expensrv"
research.

1 Speakers at the Conference agreed that a statement in the
press on the excellent qualities of selenite cadmium was incorrect.
Investigations regarding this material have taken place in Fra~ce,

the Union of Soviet Socialist Republics, and other countneS.
These studies revealed its inferior qualities; it is not suitable for
thermo elements.
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UTILISATION DE L'ENERGIE SOLAIRE POUR LA PRODUCTION D'ELECTRICITE
PAR CONVERSION DIRECTE AU MOYENDE CONVERTISSEURS THERMO
ELECTRIQUES ET DE CELLULES PHOTO-ELECTRIQUES

Resume du rapporteur

D'eminentsspccialistes de la conversion de I'energie
solaire en electricite ont fait des declarations inte
ressantes au CC"jC:3 de l'examen des points n.C.l b)
i) et ii) de I'or..rc du jour. Bien que le temps fut
limite, un tres utile echange de vues et d'idees a
eu lieu et les P' ..pectives d'avenir ont pu etre exa
minees. L'acco .'] a ete general sur quelques pro
blemes mais (:5 divergences d' opinion se sont
manife~tees cl"," d'autres domaines. Plusieurs
savants ont es>., \'e de resoudre le meme probleme
par diverses n. ,', hodes ou, plus exactement, ont
aborde le mem« »robleme a des points de vue diffe
rents. Nous deer .vons ci-apres trois types de conver
tisseurs.

Generateurs the: .so-electriques

On a estime Cl,: il fallait construire des generateurs
thermo-electriq-. ..; solaires qui ne soient pas equipes
de eollecteurs 1': vaboliques. Les partisans de cette
these ont fait et,,; de la situation favorable en ce qui
coneerne les tk rmo-couples, qui fonctionneraient
a des temperat . res assez peu elevees et seraient
done plus durah:,:. De plus, on pourrait se dispenser
du mecanisme (;,. pointage sur le soleil. Ce sont .la
des arguments L.' ,,' serieux, mais il ne faut pas oublier
que s'il n'y a I'",. une grande difference de tempe
rature entre l'ex . ,"mite chaude et I'extrernite froide
des thermo-coul';'.·s, 1'appareil n'a qu'un faible ren
dement thermo(j~'namique. Un autre inconvenient,
plus grave, est (Iue la deperdition calorique des
s~rfaces chauffee~ sera sensible en raison des grandes
dImensions de l'appareil. Le cofit total de l'unite
de surface est toujours superieur au cofrt de.1'unite
de surface du concentrateur. Une concentration des
rayon~ au factenr 100 permet de reduire la surface
des plies solaires, et de ce fait, leur cout. Il faut
proeeder ades estimations pertinentes de 1'avantage
de.ees generateurs aux fins de comparaison. A notre
~VIS, d'apres les calculs effectues, la concentration

es rayons solaires est indispensable.

deQuel ~st ~ctuellement l'aspect le plus important
'I la.mIse au point de generateurs solaires thermo
ee;tnques? Il faut etudier des materiaux nouveaux
presentant de meilleures caracteristiques thermo-
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electriques et s'efforcer d'allonger la duree d'utili
sation des piles solaires 1.

Convertisseurs thermo-ilectroniques

La discussion sur ces appareils a ete moins appro
fondie. Les avis ont differe tres sensiblement quant
a leur efficacite et a leurs perspectives d'emploi.
Il faut mettre au point des techniques et des modeles
nouveaux et elaborer des plans touchant les diverses
manieres d'aborder les recherches.

Convertisseurs pboto-electriques

Le defaut principal de ces appareils est leur cofit
eleve. Plusieurs chercheurs ont propose diverses
solutions pour surmonter cet obstacle, et notamment:

a) L'utilisation de materiaux polycristallins qui
reduit considerablement le cofrt, mais egalement
l'efficacite de l'appareil;

b) L'utilisation de photo-elements a double face
et d'un systeme optique ordinaire de faible concen
tration qui permet de doubler ou quadrupler l'energie
obtenue par unite de surface du photo-element;

c) L'utilisation de hautes concentrations lors du
refroidissement artificiel des photo-elements et de
1'affaiblissement de leur resistance interne, qui
permet d'accroitre considerablement I'energie pro
duite par unite de surface du photo-element.

Si quelques chercheurs ont re.solu l,e l?r.oblerr;e
du refroidissement, aucune solution definitive n a
ete trouvee pour diminuer la resistance interne.
Il se peut qu'on en trouve une; alors, le problerne de
la production d'energie solaire a bono marche sera
considere comme resolu, Il est manifeste que la
recherche doit se faire dans de nombreuses directions.
La meilleure solution se degagera en temps utile.
En attendant, l'echange de renseignements scienti
fiques evitera le chevauchement de recherches
couteuses,

1 Quelques orateurs ont reconnu qu'une information de presse
sur les excellentes qualites du selenite de cadmium etait inexacte.
Des etudes de ce materiau entreprises en France, en Union
des Republiques socialistes sovietiques et dans d'autres pays,
ont revele ses qualites inferieures. Le cadmium ne convient pas
a la fabrication de thermo-couples.
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Agenda item II.C.l (b)

SEMICONDUCTOR CONVERTERS OF SOLAR ENERGY

v. A. Baum; R. P. Borovikova and A. S. Okhotin *

[3]

During recent years, one of the most promising
trends in heliotechnique has been the conversion
of solar energy into electric energy by means of
semiconductors. The progress that has been made
in manufacturing techniques of semiconductors
has made it possible to construct devices that
efficiently convert the energy of the sun into electric
energy. This conversion may be accomplished in
two ways: radiant energy of the sun-electricity
by thermoelements; radiant energy of the sun
electricity by photoelectric cells. It has been shown
that the theoretically attainable efficiency of thermo
elements is about 35 per cent (1), and that of photo
cells, 25 per cent (2). At present, there are thermo
elements with efficiencies of 10 per cent, double
stage thermoelements with efficiencies of 13 per cent,
and photo-cells with efficiencies of 10 per cent
(up to 13 per cent in some cases).

The heliotechnical laboratory of the Power Insti
tute of the USSR Academy of Sciences has been
conducting research in this field during the past
several years. The present paper is a summary of
some of these investigations.

Thermoelectric converters of solar energy

1. THE THEORY OF SOLAR THERMAL GENERATORS

of the coefficient of geometrical conc::ntration K.
The thermal scheme of a solar thcr:nogeneratlr
operating jointly with a concentrator is as follows:
the solar energy Qr incident on a concentrator of area
F m is reflected from it onto a thermobrttery. In the
process, the concentrator absorbs part c; the energy
Qm, which is proportional to (I-R m), -vhere Rm is
the reflectivity of the mirror Qm = Jr (I-Rm)
Fm. The radiant flux incident on a tlc'rmobattery
of area F tb is reflected from it to an mount Qre!
that is proportional to (I-A), where A i: the absorp
tivity of the surface of the thermogei.crator:

Qref = (1- A) Qr «; F tb [2]

The remaining heat passes through the thermo
battery to an amount Qt and is converted into
electric energy W watt. Owing to the p;tssage of an
electric current, there will be an additional generation
of PeItier heat Qp and Joule heat QJ' Due to the
established temperature difference, part of the heat
will be lost by radiation Qrad and by convection
Qconv. Consequently, the thermal baimce of a
solar thermogenerator will be:

QrFtb = QmF m + QrefFm + QtFtb + Qrr'tb

-~ QjFtb + QradFtb + QCOi,Ptb

[5]

[6]

[4]

of the efficieneies

0.86W

The equation of heat balance permits. in general
form, a determination of the efficiency of a solar
thermogenerator:

0.8 W
7)=-

QrFm

which consists of the product
of the thermoelement proper:

7)te = I

o. +Qp-2 o,
and the coefficient of optical and heat losses:

= [1- crr(Tt - T6) + OCe (T 1 - To)] R A
Y)tl RmAQrK. m

where (jr is the reduced coefficient of radiation of the. . t
heated SIde of the thermobattery. rxc is the coefficlen
of heat transfer from the heated side of the therrnOj
battery, To is the ambient temperature, an

K = FF m is the coefficient of geometrical couceu-
of tb

tration of solar energy.
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The intrinsic efficiency of a thermoelement operat
ing from any source of heat energy is of the form:

. T 1 - T 2 -JI - T 1 Z - I
7) = ---T-

1
- --'-Ji71='~T=lZ=O=;=+===I

where T 1 is the temperature of the hot end of the
thermoelement, T 2 is the temperature of the cold

end of the thermoelement, Z = rxt is a factor that

accounts for the physical properties of the material
of the thermoelement (rx is the specific thermoelec
tromotive force, (J is the electric conductivity, and
A is the thermal conductivity).

From this equation, it is clear that high efficiencies
of thermoelements may be obtained by creating
considerable differences of temperature at the
junctions. In the case of solar energy, this is possible
only through the use of concentrators of radiant
energy; concentrators reduce heat losses due to
radiation and convection in proportion to the value

* Krzhizhanovski
Sciences, Moscow.
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v is the volume of the thermobattery,

2 = Qr rj Kcaljm2h [13J

It should be pointed out that in all the foregoing
reasoning, the thermoelectric parameters were taken
to be average in a given temperature interval,
while the heat flux was taken to be uniformly distri
buted over the area of the thermogenerator. Calcula
tions have shown that the first condition introduces
into the values obtained an error that does not
exceed 5 per cent, while the second condition requires

where \jJ is a factor that takes into account the effect of
Peltier heat and Joule heat and is equal to

[ Z ( !::..T)]-l
1 + 8.32 T 1 + -4 [9J

y is a factor that depends on the internal and
external resistances (when they are equal, y = 0.25)

Y = ..Jl + T1 Z (1 + ..Jl + T1 zt2
[10J

q is the intensity of the heat flow passing through
the thermobattery (Kcaljm2h).

However, when studying the operation of a solar
thermogenerator, it is more important to proceed
from the value of the solar radiation Qr. Altering
expression [8] above, we get:

W = Y\jJ y q2 v [l1J

An analysis c,: equation [4J above for various K
Zand!::..T shows that the efficiency of a solar thermo
generator incre.': f:S with increasing Z and K, ap
proaches a cert.: m limit when the value of !::..T is
constant. For I' en Z and K, the efficiency of a
thermogenerato; attains a maximum at a certain
optimal value oJ\T. Figure 1 shows rj as a function
of !::..T and K fr. Z = 1 X 10-3 lrC; similar curves
may be obtainer! .or any Z.

Equation [4J »ermits determining the optimal
temperature diF'.rence on thermoelements and the
optimal degree :If concentration at both of which
the v~lue of rj w. 11 be a maximum for some selected
matenal. In the·.e computations, it was taken that
IXc 5 Kcaljm 2 hOC, A = 0.95. Optimal temperature
on the hot ends of a thermogenerator, given a
cOhnstant temperature of the cold end and with all
ot er c diti b b b . d bva ' on 1 ions eing equal, may e 0 tame y
thrylllg the height of the thermoelement e. Fro~

e heat balance equation it is easy to obtain
~~ equat~on that permits determining r; Solving
t ,e~uatlOn of the heat balance for various values of
, It IS possible to obtain eas a function of T. .
de~he ~seful power of the thermogenerator may be
v ltrmllled as the product of the current I and the
o age V:

W = IV watts [7]
Exp .

of th reSSIng the current and the voltage in terms
We e parameters of an thermoelectrogenerator,

get

W = 1.16 Z \jJy!::.. r, Ftb watts [8J

where
Z (1.2 a

Y=);=v [12J
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corrections, because it is known that the intensity
of radiation in a cone of rays reflected by concentra
tors varies according to a Gaussian curve. In par
ticular, for paraboloidal mirrors

q = Ce- C, r, ' [I4J

where C is the maximum heat flux in the centre of
the focal spot, Cl is a characteristic of the geometrical
precision of the reflector, rf is the radius of the
focal spot, and accordingly,

W = 1.16 Z IjJ v ~ (~)2 2:.. (I ~e-(2Cl/m')rm') [I5J
I A m2 Cl

where rm is the radius of the spot in any plane of

the reflection cone, and m = rm.
, . rf

From this equation, it follows that a solar ther
mogenerator operating under uneven irradiation
of the hot ends will be less effective.

From all that has been said, it follows that to
build an efficient solar thermogenerator it isneces
sary to develop the following :

(a) Materials for thermoelements with as high Z
as possible. Indeed,allother conditions being equal
and given a concentration equal, say, to 100, 1j

4.48 per cent, for Z = I X 10-3 IrC, and for Z =
5 X 10-3 IrC 1j = 10.28 per cent;

(b) Materials functioning at high temperature,
which permits working at higher concentration and
obtaining higher efficiencies. Thus, at Z = I X 10-3

11°C for x = 30: T max = 250°C, 1j = 2.7 per cent,
and for x = 500. T max = 750°C, 1j = 7.3 per cent,
at Z = 5 X 10-3 11°C x = 30. T max = 250°C
1j = 6.96 per cent, x= 500, Tmax = 700°C, 1J
14.75 per cent.

n. MATERIALS FOR SOLAR THERMOGENERATORS

The choice of materials for thermoelements is
very complicated at the present time, because it is
impossible to define theoretically which compounds
are most suitable. Here, we indicate only some
qualitative tendencies that require extensive experi
mental verification.

Extensive, though disconnected, researches in this
field that have been carried out in the Soviet Union,
the United States and other countries have made
it possible to select a number of materials with
parameters Z that ensure the earlier mentioned
high efficiencies. These include :

ZnSb (Z = 0.8 X 10--31/,C), CoSb (Z = 0.4 X 10-31/,C)

PbSb (Z = 0.7 x 1O-3 1/ ,C), PbSe (Z = 1.1 X 1O-31/ ,C)

BiSb (Z = 1.95 X 1O-3 1/ ,C), PbTe (Z = 1.4 X 1O-31/ ' C)

Bl2Te3 (Z = 1.6 x 1O-31/ ,C), Sb 2Te3 (Z = 0.19 X 10-3 l/'C);

the triple compounds BiTeSb (Z = 2.8 X 1O-3 1/ ,C)

BiTeSe (Z = 2.4 X 1O-3 1/ ,C), PbTeSe (Z = 0.9 X 1O-3 1/ ,C)

InAsP (Z = 0.95 X 1O-31/ ,C), GeTe (Z = 0.9 X 1O-31/ cC).



shown that for the majority of tellurides, scattering
of the current carriers takes place on thermal oscil
lations of the lattice (the mobility decreases with
rise in temperature). Scattering on impurity ions
occurs only in FeTe and Ag3Te2• The effective
mass m of all studied compounds does not vary
with temperatures. A consideration of the dependence
of the mobility of the carriers [.L upon the molecular
weight of the investigated tellurides at room temper
ature demonstrated that for two-atomic compounds,
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[17J

[18J
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[.L = 0.75M2.5

and for five-atomic compounds,

[.L = 4.75M5

Semi-conductor convertors---:......-_----=-=-=--==---------ars in a number of other materials. An analysis
af~~e data obtained has shown that for two- and
~ -atomic binary compounds of tellurium there
,ve correlation between their molecular weight M
~n~ the lattice thermal-conductivity x; which is of
the form:

Ae = 3.2 X 104 M-1.5 Kcal/m hr-C [l6]

It holds at room temperature.
On the basis of measurements of the Hall effect

of the electri (',,] conductivity and thermoelectro
motive force, computations were made for the
investigated tC;i .rides, of the density values of the
current carriers, their mobility, and the effective
mass. An analy-is of the electrical parameters has
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It is known (3) that the dependence of the factor of
effectiveness Z upon the physical parameters of the
material is of the form

Z= 1.2 X 10-71:- (m T)! e2
Ae mo To

where mo = 9.1 X 1028 gm, To - 300 0 K and Z
is a parameter that defines the scattering mechanism,
and for the investigated tellurides it may, to a
certain degree of accuracy, be taken equal to unity.
Two assumptions are made in the derivation of this
formula: first Ae>e, and second the materials
are in a nondegenerate state, i.e., classical statistics
are applicable to them. These assumptions correspond
to the properties of the binary compounds of tellu
rium.

Substituting into equation [19J above the values
fL and Ae, we find that at room temperature (T =
300 0 K ) for two-atomic compounds of tellurium we
have

Z = 8.5 X 1025 M4(mX )! [20J

and for five-atomic compounds,

Z = 5.55 X 1026 M6,5 (mX)i [21J

On the basis of the equations obtained, we may
draw the conclusion that the thermoelectric effec-

tiveness of compounds increases with thci: molecular
weight. Indeed, the values of Z compurd on the
basis of measured thermoelectric propcvties have
shown that the best materials for thenrJelements
are tellurides with high molecular weiglts: G~Te,
S2Te, Ag2Te, PbTe, Sb3Te2 and Bi 2Te3 . I'he tnple
alloy Sb2Te3 - Bi2Te3 possesses good-;ropertles.
The introduction of impurities into some of them
improved their properties still more.

It is impossible to consider the relations [20J
and [21J above over the entire operating interval
of temperatures due to different varia tions. of, Ae
and fL with temperature. Inasmuch as quantItatIve
regularities have not been detected here, it is neces-
sary to know the factor Z in a broad range of tem
peratures for the materials under study. Figure.2
gives the temperature relations of the thermoelectnc
properties of materials for thermogenerators for
the best alloys of tellurium. It will be seen tha~ for
the majority of compounds the factor varies dIffe~
ently with temperature, which leads to a quantI
tative variation of the relations obtained.

When evaluating the applicability of mate:ial~
for thermogenerators, one must know their maxl1na
operating temperature. This may be done by mea~ur

ing the coefficient of linear expansion of the matenals.



Semi-conductor convertors S/118 Baum et at. 139

[22JZ=----

A (p + j)

ensure extended operation of the thermobattery.
Taking into account the resistance of commutation
(ohm-ern"), the factor Z will be of the form (3):

whence it is seen that the greater the quantity p,
the less the value of Z and, consequently, the effi
ciency. For the materials given "above, p must be
less than 10-5 ohm-erns. There are various ways of
creating such commutation: moulding the commuta
tion bars, welding them, joining by the diffusion
method, baking, soldering, etc.

In addition to the commutation of the separate
cells, it is necessary to join them into a battery
so as not to increase the internal resistance, not
to give rise to destructive mechanical forces due to
thermal stresses, and to have a high (as ligh as
possible) filling factor of the area of the thermal
battery by the cells.

It was pointed out above that a solar thermo
generator will function effectively if the temperature
on the hot ends of all cells of the battery is the
same and if there is reliable cooling of the opposite
ends. The first requirement can be met in the follow
ing different ways.

(a) A concentrator can be produced that yields,
in the focal plane, a more uniform distribution 0'£
the radiant flux intensity than that distribution
which is obtained in the case of a paraboloidal
concentrator. G. I. Markov has proposed and made
a facet concentrator, in which the central facets
are larger than the peripheral facets, and they all
produce (in the focal plane) roughly the same sized
light spots, which overlap. R. R. Aparisi and B. A.
Gad designed a concentrator which, in the central
part, has a smaller curvature than that of a para
boloid and thus obtained a more uniform distribu-

800700(l1l0
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It must likewise be found for the choice of thermo
electric couples (it is better to manufacture a thermo
element from materials with the equal coefficients
of linear exp.insion).

Figure 3 glves the coefficients of linear expansion
for the alloys PbTe, BiTes, BiTeSb, SnTe, ZnSb
and CoSb. At temperatures above 400°C, the alloys
Bi2Tea and F,TeSb can no longer be effectively utilized
in thermogcn-rators. The close values of their
coefficients 0: linear expansion permit manufacturing
out of them ;hermo-elements of sufficiently strong
construction.

The alloy r bTe may be used at still higher tem
peratures, b.r i he values of its coefficient of linear
expansion al. higher than those of the preceding
alloys.Zn Sb ,.nd CoSb have close values of coefficients
of linear expin-ion, and what is more, they can be
used at still l-:igher temperatures.

,It should L;: stressed that to manufacture alloys
with good tlwo'itloelectric properties requires extreme
care, because their properties are highly dependent
upon the purity of the initial materials and the
technological procedures. The materials obtained
made it possible to construct a number of solar
thermogeneralors.

/11

Ill. THE PRINCIPLES OF CONSTRUCTING SOLAR

THERMOGENERATORS

. The.calculations of efficiency and power given
In section I above and the determination of Z for
a number of materials given in section II referred
to the ideal case. In real designs of solar therrno
generators, there are other numerous losses that 5
reduce the effectiveness of their action. The principal
ta~~ of the designer is to reduce these losses to a
~lllu~um. Firstly, an important problem in con-
~. ructlllg the thermo-element proper is its cornmuta-
10~: The commutation must be able to withstand

a Igh temperature, have a small resistance and Figure 5

Clp ::: 760

Qp = 688

al' =580

1(7
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tion of the radiant flux in the focal plane. The equa
tion of the generating element of. this concentrator
in the polar co-ordinate system is of the form:

k ' e1- -<ptan-
, C 2 1 [23J

P = 0 1 + k' + <p tan ~ <p + sin e
2

where <p is the aperture angle,

k' = Jl+ tan2 <p

e is determined from the equation for the focal
length,

t = p' cos O

Co is determined from the condition e = 0,
p' = p'o.

, (b) A battery of thermoelements of various
length can be made, if we know the law of distribu
tion of the incident flux. The length of the element
turns out to be inversely proportional to the intensity
of the radiant at the given point. In the foregoing
cases, the hot ends will be heated directly by the
solar radiation.

IV. SOME OPERATING CHARACTERISTICS OF SOLAR
THERMOGENERATORS

The reasoning and calculations of the preceding
section were verified in an experimental solar
thermogenerator produced at the Power Institute
of the Academy of Sciences. Investigations of solar
thermogenerators made it possible to obtain their
power characteristics as a function of external
parameters. The principal parameter is solar radia
tion, which varies throughout the da 5'- Figure 4
gives, as a function of the variation of solar radia
tion, the temperature difference on thelmoelements
and the power output of one of the solar thermogen
erators with a small-size facet mirror that ensures
a sufficiently uniform thermal flux. Tl:e different
heating of the thermobattery affects tl,e variation

5 6 7 8
Plgure 6
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when computing their economical effectiveness.
Investigation into the energy characteristics of
solar thermogenerators and the elaboration of
statistical relations connecting the power output
and climatic factors made it possible to obtain a
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Thus, by increasir:g the illuminati?n of a.photocell,
it is possible to increase .appreciably Its useful
power.

However, in real photocells, there are factors
that upset the derived relation [25J above and
reduce the outpu.t po,:,er of photocells,. particularly
in the case of high light fluxes. One IS the series
resistance of the photocell. Fo~ real p.tlOtocells (on
the condition that the shunt resistance IS sufficiently
large), the volt-ampere characteristic is of the form:

In (I +If + 1) = L V -IRs) [26J
ID . «T

where If is the short-circuit current of the photocell
ID is the reverse saturation current, q i, the electro~
charge, x is Boltzmann's constant, and T is the
temperature in degrees Kelvin.

It is obvious that the voltage drop en the resis
tance should reduce the operating voltage of the
photocell and make its characteristic more sloping.
Since increasing the illumination causes, primarily, an
increase in the current of the photocell, it follows
that more and more of the output power of the
photocell will be lost in the series resistance:

«r (I +It ) 2"rr :">:"," ---y;;-+1 -IRs [27J

Figure 7 gives two-volt-ampere characteristics
of a photocell that are computed for two levels of
illumination (for ID = 10-9 A, R, = 1 ohm). Since
the short-circuit current is a linear function of Qr (6)
for not too high illumination, it may be roughly
considered that curve 2 corresponds to an illumina
tion three times that of curve 1. Here, the optimal
power is equal to 28.8 mW and 53.5 mW, respectively.
i.e., shows an increase by a factor of 1.8f'i and n?t 3.
To summarize, in real photocells the relationship of
output power of a photocell as a function of the
illumination will be nonlinear due to scattering or
a considerable portion of the power on H s. Besid~s,
in the case of large illuminations, nonEnearity III

the relationship of the current of the photocells
a function of the quantity of energy incident on Its
surface (6) should be evident.

We carried out experimental investigations to
determine the effect of illumination on the volt
ampere characteristics of silicon photocells wit~
efficiencies of from 3 to 10 per cent. The power .0
the photocells was computed at optimal load r.es1S

tance. All measurements were carried out in sunlIght.
During measurements in the region of Qr = 0.013.0.1
Wjcm2

, the photocells were not thermostated and
had a temperature of 35-40°C. The temperature ofthe
photocells was measured by soldered thermoc~uplesi
The results of the measurements in the regIOn 0

small illuminations are given in figure 8. The spread
of experimental dots relative to the theoretical curve
(continuous line) is slight. Therefore, in this case,
the relation Pout""'" QrIn Qrholds.

At higher levels of illumination (up to 15-20 W/crr:
Z
),

the photocells were studied both without coolIng

[25]

q4

Figure 9

q:z .

relationship. for the monthly power output of a solar
thermogenerator in kilowatt-hours per square metre
of reflector:

W = (0.01l7 't' = 0.104) 'Yl [24]

where 't' is the number of hours of sunshine per
month.

This relation holds for solar thermogenerators
in the southern latitudes of the USSR between 35°
and 47° N.L.

It! ,------,--------,,------t--------,

Photoelectric converters of solar energy

Silicon photocells used in the Soviet Union have
efficiencies of 10 to 12 per cent. Since they are
rather expensive, it is important to study ways of
reducing their cost and to find methods of increasing

. the power output taken from the unit operating
area of the photocell. One of the ways of reducing
the cost of photocells is by using polycrystalline
silicon in place of single crystals as the initial material.
Presently developed photocells made of polycrystal
line silicon (4) are two to three times cheaper than
photocells made from single crystals. At the same
time, given normal solar illumination, these photo
cells yield 5 to 6 Wjcm2• Their parameters vary with
temperature and illumination, just the same as the
parameters of single-crystal photocells. The deleteri
ous effect of intercrystalline junctions was eliminated
by depositing, on the working surface of the photocell,
a network of current taps.

Also of interest is raising the output power of a
photocell by the use of mirrors to concentrate the
light flux on the surface of the photocell. An examina
tion of the volt-ampere characteristics of photocells
leads to the following conclusions.

For the ideal photocell, in which the series resis
tance R, is zero, theory (5) gives the dependences,
upon illumination Qr of the optimal current and
optimal voltage of a photocell in the form l op t ,...", Qr,
Vopt ,...", In Qr.

Consequently, the output power of a photocell is
equal to the product of the current and voltage and
must increase almost linearly with increasing illumina
tion:
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Losses of the light flux in the reflector and the
bottom of the refrigerator came to 30 per cent of
the total power incident on the reflector and were
taken into account in the calculations.

When the illumination is increased, there is
observed, along with a slight increase in the no-load
voltage, a sharp rise in the current of the photocells,
particularly in the region of small-load resistance.
The optimal load resistance then diminishes several
fold. There is likewise a drop in the optimal voltage
of the photocell, and the shape of the volt
ampere characteristic approaches that of a triangle
(figure 10).

This deterioration in the change of the volt-ampere
characteristic naturally brings about a fall in the
degree of increase of the power of the photocell.

v0,9

BOO
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A large number of photocells were studied at
various levels of illumination. The results of the
measurements show (figure 11) that the output
power of photocells rises rapidly with increase in Qr
roughly up to 2-3Wjcm2, and then remains practically
constant within a rather broad range of illumination:
up to 20 Wjcm2

• The maximal increase in power
(with respect to the power of the photocell under
normal illumination) came out to 10-30 times for a
60 to 70-fold concentration of the light flux. In indi
vidual cases, the power of the photocell increased by
a factor of 70 for a 150-fold concentration. In most
cases, the increase in power of photocells with low

efficiency is greater than that of phot. ·:ells with an
efficiency of 5 to 10 per cent.

Conclusion

To summarize, on the basis of these j1~"asurements,

we can draw the following conclusior: despite t~e

fact that the increase in power of :l photocell IS

nonlinearly dependent on the increase i: illumination
the use of devices that concentrate th« light flux 0p
the surface of the photocells (when ;,-\S surface IS

cooled) produces a considerable increase ill the output
power.
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PRELIMINARY TESTS OF A SOLAR-HEATED THERMOELECTRIC CONVERTER

Farrington Daniels, John A. Duffie, George O. G. Lo} and Roger R. Breihan *

Figure 1. Six-foot plaster parabolic collector focusing
on thermoeiectric converter 5 inches square
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Thermoelect'lc converters such as those described
byKurt Katz c, t t~is conference (1) have been opera
ted with a ;cc\lsmg solar collector. Although the
system has,;", been optimized, the p:elim!nary
experimental rcults are presented here with dISCUS
sions of the m:.i:nitude of possible improvements.
Tw~ thenncl,:ctric units built at the laboratories

of the Westi: .~~louse Corporation have been used
in these experiments. One is provided with a re
ceiving block n1' stainless steel, 5 inches square,
the other with a t inch copper square, clad in stain
less steel, to ;;~)read' the absorbed heat and give
a more uniform distribution of temperature across
the hot junctions. A small hole in the edge of the
plate permitted the insertion of thermocouples to
determine the temperature of the radiation-receiving
plate.The units weighed about 9 pounds.

The thermoelectric converter was placed in a
square frame attached to the rim of a 6-foot parabolic
plastic collector covered with aluminized mylar
polyester film d s shown in figure 1. The reflectors
were 5-foot and i)-foot aperture paraboloids fabricated
ofplastics as d":'cribed in another paper presented at
this conference' (2) and having focal lengths of 2
to 3 feet.

Part of th: radiation was reflected from the
aluminized my.:.r onto the 5-inch square target (the
fac~ of the gei,~'ator). In the center of the focal area
theintensity o! '-:ldiation of one of these reflectors was
264 times the' r.cident beam radiation. The pattern
of the 6-foot p:astic parabola is shown in figure 2
and was obtained by photographic techniques using
n:oonlight. The contour lines give the relative inten
SIty of reflecto.j radiation, i.e., the ratio of intensity
to the intensitv of the incident beam. The intensifica
tion factors a:e taken as the same for solar radia
tion.

The total radiation hitting the 5-inch sq~are
~arget was determined calorimetrically as descnbed
lll.theabove-mentioned paper (2). A square of copper,
5 lllches square and i inch thick, was painted with
Dupont flat black paint and held in front of the
thermoelectric unit for 15 or 30 seconds and then
quickly immersed in a deep, narrow square calori
meter can of copper holding 500 ml of water. The
temperature rise permitted a calculation of the
number of calories of radiation taken up by the
copper block.

It is important to have a black highly absorptive
surface on the plate which receives the solar radia----* S IOar -Energy Laboratory, University of Wisconsin.

~-s~

tion and one which gives a reduced emissivity in the
infrared. Black paint cannot be used because of the
high operating temperature.

A satisfactory selective radiation surface 3 was
prepared by nickel plating the stainless steel and
then plating copper 5 X 10-5 cm thick. When the
sun's radiation is focused on it, the copper is oxidized
in a few minutes to give a black adhering film of
copper oxide. If the copper plate is too thick the
copper oxide eventually peels off and becomes
permanent. Copper oxide coatings of this type
prepared from copper-plated surfaces have been
shown to have absorptivity of solar radiation of
about 85 per cent and -emissivity in the infrared of
~bo~t 25 per cent, and they appear to be permanent
In aIr.

Results

Measurements were carried out only in clear skies
and usually between 9 a.m. and 3 p.m. The solar
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Figure 2. Pattern of focused radiation on a 5-inch square,
showing areas of intensification of solar radiation

radiation was measured with an Epp1ey pyrohe1io
meter mounted in a long tube and aimed directly
at the sun, or with a collimated silicon photovoltaic
cell which had been calibrated against an Epp1ey
pyroheliometer. When the experiments were carried
out, the incident radiation was 1.25 to 1.45 langleys.
The solar radiation intercepted by the focusing
collector was calculated from the effective area of the

collector (27 sq. ft.) and the langleys of solar
radiation.

The radiation hitting the th~rmoelectri~generator
(5 inches square) was determmed ~alonmetrical1y
The heat lost in the water was.determmed by measur:
ing the temperature of the m1et water (15°C) and
that of the water (26°C) after passing through the
thermoelectric uriit, and determining the rate of flow
of the water (1 liter per 54 sec.).

The open circuit voltage of the thermoelectric
unit was determined with a potentiometer and the
short-circuit amperage was determined with very
large copper leads connected to an ammeter with an
internal resistance of 5 milliohms. Tile product of
these two divided by four gave the wattage.

Experiments were carried on for. more than. forty
hours and water was pumped continuously with an
inefficient motor and pump for severa! hours.

It is clear that these preliminary results are unsatis
factory, but the measurements show where significant
improvements can be made.

The loss of focused radiation between intercep
tion by the 6-foot diameter collector and delivery
to the 5-inch square target is about 1>0 per cent.
Most of this is due to poor reflectivity from the
aluminized mylar. Direct reflectivity tests on similar
material showed that only about 65 per cent of the
incident light is reflected as specular reflection.

The data given in table 1 are representative of the
performance in these first tests.

Table 1. Preliminary data for thermoelectric conversion of solar radiation

Radiation intercepted by the 6-foot
diameter collector . : . . . . .

Radiation focused onto the 5-inch-
square target . . . . . . . .

Temperature of receiving target. .
Heat removed in flowing water
Open circuit voltage . . .
Closed circuit amperage. . . . .
Electrical energy produced . . .
Per cent of radiation focused on

target .
Per cent of heat hitting target con

verted into electricity .....
Ratio of electricity produced to heat

taken up by water . . . . . . .

Photography: 14: 300
485°C

4.0 volts
22-40 amperes
22-40 watts

Photography: 41

2.2-3.9

0.026-0.046

34 800 cal per min.

Calorimetry: 16 000 cal per min.

12 000 cal per min.

308-560 cal per min.

Calorimetry: 46

2.0-3.5

The difference of 4 000 calories per minute between
the heat hitting the target 16000 calories per minute,
and the heat collected by the cooling water, 12 000 ca
lories per minute, is due to radiation losses, convec
tion losses, conduction losses and reflectivity losses
from the black copper oxide surface. Rough but
conservative calculations of these losses give an
estimated value of 4 500 calories.

'"""The difference between the 34 800 calories per
minute of incident radiation and the 16000 calories
per minute focused on the target is due to poor

specu1ar reflectivity and macroscopic imperfections
and some deviation from pure parabolic form. Of
these, the greatest losses are due to the poor reflec
tivity of the aluminized my1ar. Experimental tests
indicated a reflectivity of only about 65 per cent.

Conclusions

These preliminary results are being followed by
more extensive measurements which will be reported
later. It is particularly important to improve the
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efleeting surface of the aluminized mylar. Experi
~ents indicate that this can be done and that the
attachment of t~e. mylar to the plastic form leads to
a loss in reflectIvIty.

Some improvement is possible in the shape and
rigidity of the focusing collector. It is planned to try
out new thermoelectric units of higher voltage and
wattage and to construct a plastic collector 8 feet
indiameter instead of 6 feet.

The low voltage of these thermoelectric units is
ahandicap for operating small direct-current motors.
The closed-circuit voltage of the motors needs to be
considerably higher than that of the units described
here. It was found, however, that the solar-operated
thermoelectric converter was very effective in
charging lead-add electric storage batteries. In one
experiment, a bank of six small 2-volt cells was
charged in parallel for several hours and then dis-

charged in series to provide a higher voltage for more
efficient operation of a motor.

It has been shown that it is practical to heat
thermoelectric units with solar energy up to about
~OO°C, which is a suitable temperature for long
lIved. thermoelements. Improvements both in the
focusing collectors and in the thermoelectric con
verter can be expected. Further tests on durability
over longer time intervals will be reported.

It is hoped that within the next few months
sufficient data will have been collected to give some
cost data and economic estimates.
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Summary

Preliminary data are reported on the production of electric currents by
focused sunlight on a thermoelectric converter made at the laboratories of
the Westinghouse Corporation.

The collector with aluminized mylar on a plastic parabolic reflector
fj feet in diameter focused less than 50 per cent of the intercepted solar
radiation on the converter, which was 5 inches square.

The converter received 16 kilocalories of heat and gave up 12 kilocalories
of heat to the cooling water while producing a maximum of 40 watts of elec
tricity at low voltage. Some of the ways in which improvements can be made
are pointed out.

ESSAIS PRELIMINAIRES D'UN CONVERTISSEUR
THERMO-ELECTRIQUE A CHAUFFAGE SOLAIRE

Resume

Ce memoire presente des donnees preliminaires sur la production de
courant electrique par la concentration de la lumiere solaire sur un conver
tisseur thermo-electrique fabrique au laboratoire de la Westinghouse Company.

Le collecteur constitue par du Mylar aluminise sur un reflecteur para
bolique en composition plastique de 6 pied~ de. diametre (1,82 m) a con~entre
moins de 50 p. 100 du rayonnement solaire intercepte sur le convertisseur
carre de 5 pouces de cote (13 cm).

Le convertisseur a recu 16 grandes calories de chaleur et en a donne
12 a. l'eau de refroidissement, tout en produisant un maximum de 40 W
d' electricite a. faible tension. Les auteurs indiquent certaines methodes grace
auxquelles on pourra realiser des ameliorations.
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SOLAR HEATED THERMIONIC CONVERTER

George N. Hatsopoulos* and Pierre J. Brosens **

A thermionic converter is a device which accepts
heat at a high temperature, rejects heat at a lower
temperature and generates a driving potential
difference which causes an electric current to flow
through an external load. It consists of an electron
emitter which receives heat and delivers electrons
that are transported through an intervening space
to an electron collector. (The collector is kept at a
temperature lower than the emitter ay means of
appropriate cooling.)

The current flowing through a therrnionic converter
is predominantly controlled by the properties of
the emitter and the transport mechanism. The out
put voltage also depends on the transport mechan
ism and, in addition, on the work function of the
collector. It is desirable that the emitter be operated
at a high temperature and yet have a low work
function. Composite surfaces consisting of mixtures
of oxides, such as barium oxide, strontium oxide,
etc., may be operated stably at temperatures of
about 1 200°C and have sufficiently low work func
tions at this temperature to emit currents of the
order of 5 amp/ems, Pure refractory metals, on the
other hand, such as tungsten, tantalum and molyb
denum, can be operated at temperatures in excess
of 2 OOO°C but have a work function too high to
yield a satisfactory current density. 11; the presence
of sufficiently high concentration of c..sium vapor,
however, these metals are subjected .o a loweri~g

of their work function and can be I:' ade to emit
currents in excess of 100 amp/erns.

Due to their low work function, the materials
mentioned above are also used for the collector.
The work functions obtained here arc smaller than
those of the emitter, since the work fllnction is an
increasing function of temperature.

The electrons are emitted through the inter
electrode space onto the collector. These eleetrod.es,
being negatively charged, result in a negative
potential barrier which is called a space charge
barrier. This phenomenon may cause a decrease
in the output current by many orders of magnitude.
In order to prevent the formation of a space c~ar~e
barrier in the interelectrode space of a thermlO,uIC
converter, two methods have been used in practice,
The first method consists of' reducing the inter;
electrode spacing to a few microns and the second 0

introducing positive ions. The former method h~
resulted in the development of the close-space
vacuum thermionic converter while the latter h~, . IC

Electron Engineering resulted in the development of the cesium thermiOn
converter.
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The direct conversion of heat into electrical
energy offers many advantages over the more
customary approach which involves an intermediate
conversion of heat into mechanical energy. Direct
conversion devices do not involve moving mechanical
parts and so are silent. They do not require lubrica
tion and can operate for long. periods of time with
practically no supervision. In addition, they offer
the prospect of higher efficiency in the small power
field; smaller weight and size, and a more compact
design requiring relatively little maintenance. They
can be easily scaled up or down in size to practically
any source of heat ranging from solar energy to
nuclear reactors.

In recent years, direct conversion of heat into
electricity has attracted considerable attention which
has resulted in a large research and development
effort by both commercial and military agencies.

The devices for direct conversion being developed
today can be classified in two categories: thermionic
engines and thermoelectric generators.

The purpose of the present paper is to describe
the principle of operation of thermionic engines, their
advantages and uses in the direct generation of
electricity from solar energy.

Principles of operation of thermionic engines

The principle of operation of thermionic devices
is based on the phenomenon of electron emission
from metals at high temperatures, known as the
Edison effect. The use of this effect for converting
heat into electricity was first suggested by Schlichter
(1) in 1915. Subsequently, Champeix (2) in 1951
gave a qualitative discussion of this method and
concluded that it was impractical. The first detailed
thermionic and thermodynamic study of the subject
was given by one of the authors (3) in 1956, who,
analyzed the use of close spacings and of a crossed
electric and magnetic field for controlling the effects
of space charge. Subsequently, Moss (4), Hatso
poulos .and Kaye (5), Wilson (6), Houst?n (7),
Hernqvist et al (8), Grover et al (9), and Nottingham
(10) published studies' describing analytic and
experimental results on various thermionic devices.

* Associate Professor, Massachusetts Institute of Technology,
Cambridge, and President, Thermo Electron Engineering Corpora
tion, Waltharn, Massachusetts.

** Director of Development, Thermo
Corporation, Waltharn, Massachusetts.



STATE OF THE ART AND THE DEVELOPMENT

OF THERMIONIC ENGINES FOR SPACE APPLICATIONS

Much of the effort in the development of thermionic
engines has been directed towards studies of the
practicability of solar thermionic space power
systems. This seems to be one of the areas where
thermionic devices will be put to practical use
first. ,

In space applications, it is necessary to construct
devices which incorporate provisions for' the collec
tion of solar heat and have long life characteristics.
The requirement to collect solar heat specifies the
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~han the cost of manufacturing rotating machinery
III the power range of several kilowatts.

When coupled with a clean source of heat, such
as solar energy, the life of these engines is expected
to be of the order of 10000 to 50000 hours which
is one order higher than the life of conventional
electric generators. Furthermore the maintenance
and repairs during the life of 'the converter are
expected to be practically nil.
~wing to the simplicity of their design, thermionic

engines contructed to date have proved extremely
rugged a?d have. withstood accelerations up to
30 gs WIthout failure. Such a characteristic in
addition to light weight, makes them very suitable
for applications requiring portable generators.

Thermionic generators operate silently, which
makes then very advantageous for military as well
as home use.

.It is expec~ed that presently thermionic generators
:VIII be used m a large variety of applications requir
mg power from 100 watts to 100 kilowatts.' In this
power range, conventional rotating electrical gener
ators, coupled with an internal combustion engine,
have an overall system efficiency of about 10 per
cent. The efficiencies obtained to date in thermionic
systems have compared favorably.

Taking into consideration the advantages men
tioned above, it becomes evident that thermionic gen
erators can find many and varied uses in homes and
industry. The most promising of these in the near
future are those which involve solar energy as a
source of heat. This is primarily due to the fact that
solar energy does not present the problems associ
ated with the use of oxidizing heat sources such as '
the combustion of fossil fuels and the material
compatibility problems associated with nuclear
applications.

Solar energy coupled with a thermionic engine
could be used today for powering relay stations for
communications. It can also be used for irrigation
systems, in which case the generator is particularly
advantageous in that no electric storage system
is required. Its useful function can be performed
during the hours of available sunlight. Moreover,
the f~ct that thermionic units can operate very
effectively and economically in producing little
power makes them very useful in powering small
and remotely located farms.

Solar heated thermionic converter

Applications

Thermionic converters are very simple in their
construction. Cesium converters in particular do
~ot require an extreme accuracy in their construe
Ion. The materials used are readily available pure
~etals such. as l?olybdenum, copper and tantalum.

ue ~o their high power density, the amount of
lllatenal used per unit of output power is relatively
;lllall. For example, a typical converter will require
10 gram of refractory metals per watt of output
and 5 grams of lower-priced materials such as cop
~r and ceramics. As a result, it is expected that the

anufacturing cost of thermionic engines in mass
prOduction quantities will be considerably lower

In a vacuum thermionic converter, the smaller
the spacing the larger the current that can flow
between the electrod~s before space charge effects
appear. Since pra~tJcal considerations limit the
intereleetrode spacing to values greater than
10 microns, it can be shown analytically that the
maximum current that can be obtained from a
vacuum thermionic converter is of the order of
1 ampjcm2• :=\lch ~urrent is easily obtainable from
an emitter operatmg at a temperature of about
1200°C and, rherefore, an increase of the emitter
temperature ,\f such a converter above that value
would produ« little gain. With these limitations in
mind, it can :,,' .shown that the output, power of
these converltr:i IS below 1 watt/cm- at efficiencies
of less than 1ii per cent. Practical converters built
to date have yielded power densities of about
0.6 wattjcm2 "I'd efficiencies of about 6 per cent.

Cesium con':.rters rely on the phenomenon of
ionization of 'c'sium atoms when striking a hot
surface. In or.lcr for the mechanism of surface
ionization to iJloduce a substantial yield of ions,
the emitter rnu-t be kept at relatively high tempera-'
tures of the .irder of 2 200°C. Cesium converters
operating at i i.ese high emitter temperatures have.
been tested ir. various laboratories throughout the
country and h.ive yielded power outputs as high
as 20 watt/cm- .it efficiencies of over 15 per cent.

The spectacular performance of the earliest
design of cesirm converters was tempered by the
fact that the ll':nperature limitation of most avail
able heat S01:;';CS, including gas, was thought to
be lower tha.: the operating temperature of the
emitters of c- iurn converters and therefore the
applicability \' these converters 'was considered
extremely Iiru: "d. However, in recent developments
the ~se of cl,', ,'~ spacing in cesium converters has
permitted the; " operation at temperatures of the order
of 1 500°C. : '0 dl close-spaced cesium converters
have been ver recently constructed and tested at
Thermo Electri., Engineering Corporation and have
yielded power densities in excess of 12 watt/cm
and efficiencic- in excess of 15 per cent. The spacing
requrred for 1hese converters is of the order of
0.04. inch, whi.h is about 10 times larger than the
Spaclllg used in vacuum converters.
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Figure 1

type of device geometry that can be used. The long
life requirement implies that only cathode materials
with low evaporation rates and structural materials
with high resistance to cesium corrosion should
be used.

Although much progress can still be made in this
field of materials technology, the development
programs presently in progress have advanced
enough for long life thermionic devices to
be constructed. Figure ~ shows one of the more
recent units where solar heating is simulated by
electron bombardment. In test, the device has
given an output of 200 amperes, one volt and an
overall efficiency of 12.6 per· cent. As the figure
shows, the device requires a vacuum envelope. This
is not only because the electron bombardment
unit requires a vacuum, but also because the mate- EARTHBOUND SOLAR THERMIONIC .: ,"'STEMS

An earthbound solar thermionic.ystem will
consist essentially of a solar concent-ator in the
form of a parabolic mirror, a cavity-typ. thermionic
engine, and a tracking device to Ioll. \V the Sun.
Preliminary optimization studies ha'·; indicated
that the aperture of the parabolic . oncentran,
should be about 45°. The best materia», to use for
efficient reflection of the sun's light is vilver, which
would have an overall reflectivity in exc 'ss of 92per
cent. It is, however, difficult to protect this material
against tarnishing and for the prescn r, at least,
aluminium with silicon monoxide coating seems to
be a more adequater eflective material, Its overall
reflectivity would be of the order of 89 FT cent.

The solar concentrator should be a \ cry precise
structure with surface errors having V( ,iance of no
more than to of a degree. Although th.-, represents
an extreme accuracy of fabrication, it ,. ppears that
development work presently in progn : for space
applications will lead to inexpensiv. means of
constructing such shapes with even hig -r accuracy.

A similar accuracy requirement e.: . .ts for the
tracking mechanism which would have to maintain
the orientation of the solar concern ration axis
aligned with the sun's direction witiun to o~ a
degree. Calculations indicate that if l;,e tracklllg
mechanism and the solar concentrator t-atisfy these
requirements, an overall efficiency 01 solar flux
absorption of 83 per cent can be achieved when
heating thermionic diodes in a cavity at 1 700°C
and when the solar concentrator axis is lined up
with the sun's direction. In the case of a 1- degree
misalignment of the solar concentrator, this effi
ciency would be 74 per cent. Thus, a solar concen
trator five feet in diameter would be capable of
providing a cluster of thermionic diodes with a
minimum heat input of about 1 500 watts.

Figure 2 shows schematically the configuration
of a .multi-mod~le thermionic engine that can be
used ~n the earth s atmosphere. In this arrange~ent:
the high temperature cavity and most of the dlOdes
~truct~res are protected from oxidation by a bel!
Jar :vhI~h ke~ps t~e cavity evacuated. The rest of the
device IS built WIth materials that operate at a suf-

----rials used in the construction of this unit eo Id
not stand the oxidizing effects of the earth's atm

U

phere. This is not a shortcoming since the particufs.

unit sho~n is intended f~r ~pace. application~r
However, m the case of thermionic devices to operat'
on the earth, these shoul.d ?~ provided with protectiv:
features to prevent oxidizing.

At present, new development programs are under
way which aim at the construction of modular
de:rices where a solar cavity is s~rrounded by several
umts. In such configurations, It becomes possible
to achieve output voltages of the ord: r of six volts
and the construction of the individu il modules is
considerably simpler. It is believed that overall
efficiency in excess of 20 per cent car be attained.

n.C.1 (b)150
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ficiently low tc .iperature to avoid deterioration in
the, ear,th's atl!"sphere. Each diode is essentially a
cyhndncal stru..: me topped by a flat square emitter
s~rface which .aces the solar cavity. Five such
dIOdes would cc used to form five faces of a cube,
thesixth face being left open to admit the oncoming
concentrator flux, The cubic cavity would be slightly
smaller than a cube two centimeters on a side. At
a thermionic engine efficiency of 20 per cent, a
Js~em using a five foot solar concentrator would
hehver 300 watts of electrical power and would

aYe an overall efficiency of 17 per cent.
ofIn ~ddition, such systems requiring a minimum
, mallltenance would be reasonably rugged and,
III the case of a system with a concentrator of the
order of five feet in diameter, it could be transported

with relative ease. The weight of a five foot system
could be as low as 30 pounds.

Conclusion

From the foregoing, it appears that earthbound
solar thermionic systems might find many applica
tions in those areas of the world where solar energy
is abundant and where the locations of utilization of
electrical energy are too remote to make the distribu
tion of electrical power from centralized stations
economical. Probably, the solar thermionic power
systems are the most promising means for convert
ing solar energy into electricity on earth, both
from a point of view of conversion efficiency and of
cost of installation involved.
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Summary

After a brief historic reviewof the development of thermionic conversion
a description of the principles of operation of thermionic engines is given.
A discussion of the potential advantages of thermionic engines to be l1SCl

in converting solar energy into electric power is also given. Experimental
results on recently tested engines for use in space applications show that
these systems can also be used in the near future for ground applications..\
brief description of a ground solar therrnionic conversion system follows.

In conclusion, thermionic engines coupled with solar concentrator:
promise inexpensive, lightweight, maintenance-free generators of power ill
the range of 100 watts to 100 kilowatts having an over-all efficiency of abou t
17 per cent for an operation life of up to 50 000 hours,

CONVERTISSEUR THERMO-IONIQUE A CHAUFFAGE SOLAIR

Resume

Apres une breve revue historique de l'evolution de la conversion thermo
ionique, les auteurs donnent une description des principes de fonctionnement
des moteurs thermo-ioniques. I1s examinent les avantages possibles de ces
moteurs quand il s'agit de convertir l'energie solaire en energie electriquc.
Ce memoire donne les resultats experimentaux realises avec des moteurs
soumis a de recents essais, en vue de leur utilisation pour des applications
a bord de vehicules interplanetaires, qui demontrent que ces systemes pour
raient egalement recevoir avant peu des applications terrestres. Les auteurs
donnent une breve description d'un systerne de conversion thermo-ionique
de I'energie solaire a terre.

En conc~usion, les moteurs thermo-ioniques, en liaison avec des concen
trateur~ solaires, promettent de fournir des generateurs d'energie legers et
peu couteux dans la gamme allant de 100 W a 100 kW, avec un rendement
global de l'ordre de 17 p. 100, pour une duree utile de service pouvant atteindre
50 000 heures.
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THERMOELECTRIC GENERATORS FOR THE CONVERSION OF SOLAR ENERGY
TO PRODUCE ELECTRICAL AND MECHANICAL POWER

KUTt Katz *

Figure 1 shows a simple thermoelectric circuit
with the letters P and N designating the two different
materials that comprise the basic couple.' The
terminology of materials identification is identical
with that employed in the semiconductor field.
One of the junctions of this couple is maintained
in contact with the heat source, at a temperature
level Tv and the other with the heat sink at a temper-

that is independent of any transportation supply
problem, once installed. The maintenance free
aspects of this system make possible the widespread
application thereof in nations where technically
skilled individuals are at a premium. Several solar
thermoelectric devices have been operated and some
of the results, with particular emphasis on the
solar collector requirements for this type of system,
appear in a complementary paper (5).

The design and performance capability of thermo
electric generators for the conversion of solar energy
and relative system economics are the scope of
this paper. A brief review of the equations and
parameters of importance in predicting performance
of a thermoelectric generator, along with the status
of materials for this mode of energy conversion, will
be presented, with the aim of providing overall
clarity.

COLD
JUNCTION

HOT JUNCTION

~==-THERMOELEMENTS

DEVICE EFFICIENCY

Figure 1. Basic rhcrrnoelectrfc couple

Thermoelectric power generation

TO

While the discovery of the thermoelectric effect
dates to the "~,rly part of the nineteenth century,
the practical \it i iizatio~ thereof, for purposes. ot?er
than temperarne sensmg, IS only now achieving
feasibility for ;:roviding less limited power require
ments. It was in 1822 that the German physicist
Seebeck discovrcd that a voltage was developed
in a loop conts l!1ing two dissimilar metals, provided
that the two junctions were maintained at different
temperatures. Twelve years thereafter, the French
physicist, Pelt ier, discovered that the junction
between two (~issimilar metals acted as a heat
source or heat sink, depending upon the direction
of electric current flow. Furthermore, he found the
strength of the heat source or sink to be proportional
to the current itself. It was in 1845 that Lord Kelvin
elucidated the fundamentals of this effect and
developed his l.asic relations. The lack of practical
applications of thermoelectricity over the past
century was <11l(' to the low efficiency of known
materials.

The recent .eactivation and advancements in
thermoelectric power generation were to a large
extent nurture'! by advances in solid state theory
which have b.i to the development of "tailored"
semiconductor materials for various ranges of
temperature.

The potentia! applications of this mode of energy
conversion are many, as some of the recently built
thermoelectric ,i('vices will testify (1), (2), (3). This
paper will restrict itself to the utilization of solar
~nergy as the heat source. Solar energy utilization
1U tropic zone areas of the world, that have not
yet achieved anv extensive degree of mechanization,
o~ers the hope "of an improved standard of living.
Slllce the pumping of water can be achieved without
any.provision for energy storage to compensate for
the I.nt~rmittency of the sun, the pumping of water
for. Irngation and household uses appears as a
logIcal initial application of solar-thermoelectric
Power generation. As Daniels points out, the next
~tep may be electric lighting for homes and villa1Ses,
allowed by some village industries such as weaving,
carp~ntry, etc. (4) These second stage applications
~eqUlre some provisions for energy storage in addition
o the basic solar thermoelectric generator system.
t A. sola~-thermoelectric generating system offers a .

s ahc, high reliability, maintenance free system--rat~ Central Research Laboratories Westinghouse Electric Corpo- 1 These symbols have been used throughout. See end of paper
Ion, Pittsburgh, Pennsylvania.' for complete list. -
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Figure 2. N-type thermoelectric materials

where

ature level of To. The overall thermoelectric con
version efficiency will be defined as:

"The ratio of useful electrical energy delivered to
the external circuit to the energy absorbed at the
hot junction."

The rigorous development of the equations that
govern device efficiency and the phenomenology of
the thermoelectric effect appears in several texts
and papers and so will not be repeated (6) (7) (8).
The heat removed at the hot junction consists of:

1. Peltier heat, Qp

2. Conduction transport to the cold junction Qc

3. One half of the Joule heat that is generated
within the thermoelements, Qj, and returned to
the heat source.

The Thomson effect is small in comparison with
the other terms and as Ioffe points out is accounted
for when an average Seebeck coefficient is used.
Therefore, the heat removed at the hot junction
is :

(5)

(6)tt = IXT

o. = J{~!1T (3)

Qj = t I2R i (4)

Letting PL equal the energy delivered to ;he ext~f!lal
circuit the efficiency based on the abo- ,: defill1hon
is :

1] = J{AtlT
-L-- + rd - t I2R.;

The Peltier coefficient 7t can be evaluated from the
experimentally measured Seebeck coefficient «, by
the Kelvin relation,

Furthermore,

J{A!1T = [J{pA p + J{NA N] !1T (7)
L Lp L N

and assuming the cross-sectional area and length. Oh!

the P and N thermoelements to be the same, whic
. in practice is generally the case, then expression q
can be rewritten in terms of an effective therma
conductivity - J{:

J{ = (K p + K N ) 1 (8)

(1)

(2)
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(9)

Equation (16) shows the efficiency of a thermo
electric generating device is a function of :

1. The temperature difference between the hot
and cold junction;

2. The term KR/~2, which is strictly a materials
parameter and denoted, generally, as I/Z. Therefore,
equation (16) may be abbreviated as:

~ = ~c X ~T.C. (17)
i.e., the product of the Carnot efficiency and a
materials efficiency, defined as ~T_C. The condition
for maximum power to the load imposes the require-

also letting abe the effective Seebeck coefficient for
the couple

~ =" (XP + (XN (15)
equation (5) can be rewritten in terms of measurable
quantities,

~ = (~~)

[

b~1
I + (K;i) e-~ I)

(10)

(Il)

(12)

(14)

(13)

E G = s, + EL

be equated as:

E G s,
Ri + bRi e,

can be related to an effective internal resistance Ri,
namely:

the current ca.:

The useful energy delivered to the load is

P L = lEL

1--

andsince

The generated voltage E G is determined by the
Seebeck coefficient of the P and N thermoelements
and the therm, 1, differential maintained across the
element. Thus
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Figure 3. P-type thermoelectric materials
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Figure 4. Solar thermoelectric generator system for water pumping

THERMOELECTRIC MATERIALS

As noted in the previous section, the equa.tions

which describe thermoelectric conversion efficIency
contain three material characteristics and these ca~
be grouped together to give a material figt:refa
merit. This figure of merit serves as a basis or
thermoelectric materials evaluation.

')5
In the past few years the thermoelectric materIa

[18J- --:-c------:-==

ment that b = 1 in which case equation (16) reduces
to:

Tt-TO
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Figure 5. ,Target view of solar thermoelectric generator

development vffort has been concentrated on two
classes of materials which to date have shown the
most promise for efficient power generation. These
two classes of materials may in a somewhat general
sense be clasiified as semiconductors and mixed
valence materials.

Semiconductors

The semiconducting elements are the A sub-group
elements in a number of columns of the periodic
table. These elements are outlined in the following
array.

Figure 6. Solar thermoelectric generator

6*
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Of the above elements, silicon and germanium
have received a great deal of attention because of
their technical importance in the field of crystal
diodes and transistors.

The thermoelectric characteristics of many semi
conductor materials have been investigated. Some
of these materials are cuprous oxide, selenium
sulfide, lead telluride, germanium telluride, bismuth
telluride, and lead sulfide (9).

The thermoelectric parameters of the semiconduc
tor materials can be altered to achieve favorable
thermoelectric characteristics by "tailoring". Two
ways of altering semiconductor properties are

e (T) represents an idealized situation since the
Joule effect is neglected.

Mixed valence material

A mixed valence material may be'! efined as a
compound containing an ion in two dif 'cnt valence
states. The mixed valence materials ar compounds,
mainly, of the transition elements. Mixed valency
may be produced either by substitution of an

BRAID SF'RING "
ASSEMBLY

N LEG

Figure 7. Thermocouple design used in generator construction
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Figure 8. Assembly of thermoelectric generator

Laboratories under a Navy Department Bureau of
Ships contract (10). Several mixed valence thermo
electric materials have been reported.

Solar thermoelectric generators

In this section the design of one of the experimental
solar thermoelectric generators will be described.

On the basis of present theory and limited experi
mental investigation, it appears that below 800°C
the most efficient thermoelectric materials are
intermetallic semiconductors. The mixed valence
materials have comparably low efficiencies below
800°C but become attractive at higher temperatures.

appropriate fo"jgn ion or by having an excess in
one of the constituents of the material.

To. illustrate foreign ion substitution, .suppose
that m a nickel oxide lattice, NiO, a fraction x of
~he Ni.ions is replaced by Li ions. Since the lithium
Ion, ~I, can have only a single plus charge, the
resultmg material can be written as:

Li; Ni; + + Ni(t:t-2x) O~

The case of excess in one of the elements can
~lso be illustrated with NiO. Assume excess oxygen
IS added in the preparation of this material; th~n. in
ord~r to maintain electrical neutrality, the NI IOn
~ga!ll assumes the plus two and plus three states
In order to balance the fixed minus two charge of
th~ e~cess. oxygen. The equation which represents
thIs sItuatIon is :

Ni(t:t-2x) Ni:t,+ + 01+x
The major experimental work with mixed valence

rnaterial is in progress at the Westinghouse Research

NiO-Li doped .
CuO-Li doped .
Mn'I'e-As doped

Temp.
range
(oC)

400-1 100
200- 700

25- 550

"r.o.

0.02
0.003
0.040
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Figure 4 shows a system for the harnessing of the
sun's rays and the conversion of the energy contained

. therein to useful work by means of a thermoelectric
generator. Figures 5 and 6 show the target surface
(area on which the solar energy is focused) and a
cold side view of the solar thermoelectric generator
that has been operating.

THERMOCOUPLES AND INSULATION

The basic power generating thermocouple used in
this particular generator, together with its spring
braid assembly, is shown in figure 7. A total of
32 thermocouples were used in this unit. The P-leg
and N-leg were metallurgically bonded to the hot
strap and braids. The flexible braid-spring assembly
conducts heat and electricity between the thermo
electric material and the copper conducting straps
at the cold side of the generator. The hot and cold
conducting straps provide series electrical connections
between adjacent thermocouple legs and provide
contact surfaces for heat transfer to the electrical
insulations at the generator walls.

160 n.C.1 (b)

-----To allow adequate thermal contact -between th
straps and the generator wall insulations, the Spri e
of the braid-spring assembly is used to force t~g
straps against the insulations. The spring also kee e
the thermoelectric material under compressio?S
thereby reducing tensile stresses caused by bendin~'
A snap ring at the end of each braid causes th'
springs to push the braid ends against the colJ
straps upon assembly of the generator.

The electrical insulation betwe~n the thermocouple
ladders and the generator wall IS 2 to 3 mil thick
natural mica sheet. A matrix of mica compositio~
material is used to keep the couples separated in
the generator. Figure 8 shows half of the 32 couples
arranged in the module prior to connecting the cold
side straps.

GENERATOR STRUCTURE

The cold side of the generator is made of ~.

aluminium that has a series of coolmt passag~s
bored in both directions to obtain cross flow. The
generator side wall is made of 12 u.il type 316

10.0,-----,-------r---,-----,---,------,----,-----,
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Figure 9. Module efficiency vs. cold side temperature
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Figure 10. Thermoelectric material heat transfer area
required vs. heat flux and generator rating

tainless that is welded to the base plate. The
~enerator side walls are made this thin to minimize
heat conduction along the fr~me. At the cold end
there is welded a collar to WhICh the heat exchanger
is attached. The groove seen in .figure 8 is for the
insertion of a rubber gasket pnor to sealing the
generator.

The electrical leads and two thermocouples, one
attached on the couple hot strap and the other on
the cold, cone through the cover plate. The tee
connection or: the cover plate was installed for
inert atmosphf:e operation, which is desirable when
the generator n;;.erates at 600°C for extended periods.
The unit described here has been operating at 450°C
hot side, at which conditions no inert atmosphere
is required.

PERFORMANCE

The generator shown in figure 6 weighs 9.2 lb.
If weight is a TJroblem, and no attempt was made
to minimize Cj:s parameter in the generator under
discussion, a water-cooled unit with present state
of technologyshould be capable of 20 wattsJlb.

The following tabulation gives the maximum
power (Ri = R1J obtained at different thermal
gradients.

Table 1

T,'C To °C Ea volts Power (watts)

265 48 1.45 13.6
400 68 2.85 36.1
408 69 3.0 39.8
416 68 3.25 41.7
452 70 4.9 50.0
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o If this gene; ,'tor were operated at 600°C hot side
Its capability ~~t this condition, based on the data
of table 1, is wo watts.

The efficiency characteristics for the type of
couple employed in this generator are plotted. in
figure 9.

o Since thermoelectric power generation may be
vIewed as a modular concept, its efficiency is not
affe.cted by generator size. In the ensuing section
v~nous parameters effecting size, economics, etc.
WIll be discussed.

Parametric evaluation of thermoelectric
generators

The aim of this section will be to describe the
vanous parameters that effect the thermoelectric
gene:ato.r design with particular emphasis on the
apphcatIon cited in figure 4.

HEAT TRANSFER

, ~o~t of the present-day thermoelectric materials
ex ibit an average thermal conductivity of approx
rnately 1 BtuJhr-ft-OF (0.0173 watts/cm); in the

subsequent data this value is used. The generator
hot junction will in the following analysis be main
tained at 842°F (450°C) as this appears to be a
good compromise value for long-life thermoelectric
generators, and the type of solar collector precision
attainable at minimum cost. The generator cold
side will be maintained at 158°F (70°C) by means
of water cooling. The thermoelectric conversion
efficiency for this temperature range is about 6.5 per
cent and this value will be used in the following
analysis. It should be noted that this is somewhat
lower than the value predicted in figure 9; however,
the data there are obtained under more controlled
conditions and thus various practical factors are
taken into account in using the 6.5 per cent figure.
The solar energy focused by a parabolic collector
on the target will be taken as 210 Btu/hr-ft" (570 kg
caIJhr-m2) of collector. Thus, the collector size,
target size, and couple heat flux desired are inter
related. The cross sectional area of the thermo
elements (P and N materials) occupies about 55 per
cent of the total target area.

Figure 10 relates the thermoelectric material heat
transfer area required as a function of heat flux
and generator rating. Since thethermoelement is
to operate with a fixed AT, a given heat flux also
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volts/couple. Table 3 relates the number of couples,
and this is independent of generator size and power
density required for a specific voltage.

Combining the data in table 4 with the data in
figure II establishes the individual thermoelement
diameter (there is a P and N type thermoelement
per couple) required for various open circuit voltages
and generator sizes. These data are plotted in
figure 12. Superimposed on figure 12 is the present
practical range of the technology for making these
thermoelements. Thus, for any generator rating and
open circuit voltage, the couple dimensions are
fixed. In quantity production it is envisioned that

Table 3

163

12 18 24
78 117 156

10
66

6
39

KatzS/12

Open circuit voltage (Eo) 4
Number of couples (N). 26

Thermoelectric generators--2.0
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Figure 12. The -noelement diameter vs. generator rating
und open circuit voltage

establishes U!( element length. Table 2 gives the
thermoelement length required for various heat
fiuxes.

The genera-er target diameter and target heat
~ux required, :',lsed on the 55 per cent space utiliza
tion factor, are shown in figure ll. Thus, with the
data container: in figures 10 and II the selection
of any two variables such as generator rating and
heat flux fixes the target area and solar collector
area.

VOLTAGE

Heat transfer and the thermoelectric conversion
efficiency establish the amount of surface area
and length of thermoelement required for a specific
genera~or rating. However, it is the voltage ?esired
that. dictates the number of couples into whl~h t~e
r~q~l1red quantity of thermoelectric material IS

divided. As previously mentioned the generated
voltage, per couple, is:

E G =~6.T

~nd thus, for a~y voltage XEG, X couples must
~ connected in series. For most of the presenti ermoelectric couples ~ is in the order of 400 X
0-6 volts;CC. Thus, at a 6.T = 380°C, EG = .152
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as a function of heat flux
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COST ANALYSIS

Device cost and utility are the two most important
variables in determining usages and market potential.
In this section the various factors that constitute
the cost of the thermoelectric generator and their
interrelationship will be discussed. First, there is
the quantity of thermoelectric material required;
as shown in figure 10 and table 2 this is strictly
a function of the heat flux for any generator rating.
In figure 13, there is plotted relative material cost,
and itis obvious that high heat fluxes are desirable.
Present technology is capable of sustaining a thermal
heat flux of about 50000 Btu/hr-ft'' (15.8 watts/cm-)
through the thermoelements.

In addition to the basic materials cost, there is
the cost of translating a given amount of material,
fixed by heat transfer considerations and generator'
size, into "X" couples, established by the desired
voltage. As a first order approximation, it can be
assumed that the amount of labor in making the
couple is the same for the range of pellet diameters

several standard size couples would be available 8.0

and the generator is then designed and fabricated
on this basis.

'0 2

o 100 200 300 400 500 600 700 800 900 ,000 1100 1200
GENERATOR RATING, WATTS

Figure 15. Relative thermoelectric generator cost
as a function of size and volt~j.;.e

shown in figure 12, as being practical. Tl.us, coupling
the data of figure 13 with table 3, we C21l also plot
relative cost per watt (el) as a funct.on of open
circuit voltage for various generator sizes. Figure 14
is such a plot.

Based on the data of figure 14, Hp generator
voltage should be the lowest that the designated
system can employ, assuming no cour.ier cost is
incurred. When the generator output i" fed to a
motor, the improved efficiency attained with higher
voltage must be balanced off against initial invest
ment. In addition to the couple cost there is the
fabrication of the couple housing and assembly
thereof. The cost of this phase is nearly independent
of voltage for a fixed generator rating. With resp.eet
to generator size, the cost of construction matenals
is proportional to the size, while the cost of labor,
based on a cursory analysis, should increase by
about 25 per cent of the rating increase. Figure 15
is a plot of relative costs for a thermoelectric gen
e~ator that converts solar energy as a function of
SIze and voltage.

A more thorough comprehension of the potential
that this mode of energy conversion, utilizing s?lar
energy, has to offer the underdeveloped natl?llS
c:'ln ",?e obtai?ed by the,following irrigation arI?hca:
tion illustration. Assuming the following condItIOns.

Solar collector - 8' dia.
Thermoelectric generator 125 watts at Vo = 4 voltS
Annual water requirement = 12H

Annual operating hours = 2 500
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Figure 14. Relative cost per watt of electric power
as a function of voltage and generator rating
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we can analyze the effect of combining solar-thermo
electric system modules to one motor pump. Figure 16
shows the effect of combining these modules on
acres that can ::JC irrigated and the relative cost for
irrigation.

Conclusions

The aims of this paper were to relate the design
features of a wv::dng model of a solar thermoelectric
generator and . secondly, to discuss the relative
design and economic parameters for this mode of
energy convers.. '11. The reason for relative costing
rather than an ccl)solute value is because the units,
to date, were ;~milt on a research and development
basis.

Only recently has the fabrication of thermoelectric
generators progressed to the point where it has
been transferred from the research and development
section to one of the manufacturing divisions. A
best estimate at this time is 7-10 cents kWh for
the cost of the electrical energy from a solar-thermo
electric generator in the size range discussed. In
the future, with continued research and develop
ment, it should Le possible to improve the efficiency

35
50
60

and extend generator life. Coupling this with mass
production techniques should, in all probability,
reduce the cost of electric power per kWh. However,
even at the present cost estimate, and it should be
recognized that this is only the best estimate we
can make at this time, solar thermoelectric power
generation appears attractive for many areas of the
world.
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Figure 16. Modular solar thermoelectric system
for irrigation (basis 125 watts 4 volt modules)

~

t.->

---~L---

1\
<, --r---.

1
0

o

0 7
w
o,
::;:6
::>
n,

cf5
~
li;4
8
w3
>
i=
52
w
0:

11 per cent

65
70
75

v.
16
20
24

11 per cent

1

4 .
8 .

12 .

Nomenclature

Q
I
K
R
A
L
T
Tt

IX

A
p

E

The following 8:'7"[\0Is have been used throughout the paper:

- Heat rate; '~tu/hr

- Current--J:nperes
- Thermal (>Flductivity-Btu/hr-ft-oF
- Electrical resistance-ohms
- Cross-secticPlal area perpendicular to heat transfer - ft 2

- Length in .iirection of thermal gradient-ft
- Temperah:rc-oF
- Peltier coefficient-volts
- Seebeck ccefficient-volts/oC
- Electrical rcsistivity-e-ohm-ft
- Power-watts
- Voltage

b - Constant ratio-RLIRi
'1) - Efficiency

Subscripts
o - Cold junction
1 - Hot junction
G - Generator
L -Load

- Internal
c - Carnot cycle
T.C. - Thermoelectric material
P - P-type material
N - N-type material
oc - Open circuit
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Summary

The potential applications of thermoelectric power
generation are numerous, as the spectrum of devices
and systems built or planned to date testify. This
paper, however, is restricted to the utilization of
solar energy as the heat source, and the conversion
thereof to electrical energy by means of thermo
electric conversion (Seebeck-Peltier effect). Solar
energy utilization in tropic zone areas of the world
that have not yet achieved any extensive degree
of mechanization offers the hope of an improved
standard of living. The pumping of water for irriga
tion and household uses appears as a logical first
generation application of solar thermoelectric power
generation.

A solar-thermoelectric generating system offers
a static, high reliability, maintenance-free system,
that is independent of any transported supplies
once installed. The maintenance-free aspect of this
system makes possible the widespread application
thereof in nations where technically skilled indivi
duals are at a premium.

The design and performance capability of thermo
electric generators for the conversion of solar energy
and relative system economics are the scope of this
paper. A brief review of the equations and parameters
of importance in predicting performance of a thermo
electric generator, and the status of materials for
this mode of energy conversion, are presented.

From equation (16) it can be seen that the efficiency
of a thermoelectric generating device is the product
of the Carnot efficiency as well as a materials
efficiency. Figures 2 and 3 represent a plot of this
materials efficiency versus temperature for some
of the better performing, presently available P
and N type thermoelectric materials. The classes
of materials-namely, conductor and mixed valency
materials-which to date have shown the greatest
promise for efficient thermoelectric conversion are
also discussed.

Two specific facets of the thermoelectric generator
,per se are presented. These are the mechanics of
construction and a detailed analysis of the parameters
that effect the system economics. Figures 5 and 6
show a thermoelectric generator that has been
operating from focused solar energy. Generators
of this type are capable of 20 wattsjlb and a power

density of approximately 1 wattjinch", The perfor
mance of this specific generator with respect to pOWer
output as a function .of temperatur~ differential
is cited in table 1, while the conversion efficiency
is presented in figure 9. .

With respect to thermoelectric generator econo
mics, the parameters of importance are the heat
transfer aspects of the system, since :hese establish
the amount of thermoelectric materials required
thedesired voltage (which in turn defries the numbe;
of thermoelectric couples or basic unit that mustbe
connected in series), and the generator <ize, Figure 13
shows how the relative cost of the ::lermoelectric
material varies as a function of the he..: flux through
the thermoelements. Figure 14 depict. the relative
cost per watt of the thermoelectric cou.i.es (figure 14)
as a function of open circuit voltage ..ad generator
rating.

Viewing these results, which are bas cl on present
semi-continuous production technologies and thus
assume a fixed manufacturing cost per couple,
the generator voltage should be the lowest that the
designated system can use, assuming no counter
cost is incurred. In the case where the electric
energy is fed to a d.c, motor, the improved efficiency
attained with higher voltage must be balanced off
against initial investment. In addition to the basic
couple cost there is also the cost of hbrication of
the couple housing and its associated ccld side heat
exchanger that must be considered in 'le total cost
picture. Figure 15 represents the rcl.vtive cost of
the generator as a function of size, at var.ous voltages.

Figure 16 shows the effect of cc.ipling solar
thermoelectric modules to one moto. and pump
for irrigation in terms of relative water C\ ,st per gallon
and acres that can be irrigated per 1, It.

As a best estimate at this time 7-10 cntsjkWh for
the cost of electrical energy from a soL,y-thermoelec
tric generator appears plausible in the size r~nges

discussed (50-1 000 watts). With time, the efficlency
of thermoelectric materials should improve and th15
plus mass production techniques will in all proba
bility further reduce the cost of electric power per
kWh. However, even at the present cost range,
solar-thermoelectric power generation appears attrac
tive for many areas of the world.
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GENERATEURS THERMO-ELECTRIQUES POUR LA CONVERSION DE L'ENERGIE
SOLAIRE EN VUE DE LA PRODUCTION D'ENERGIE ELECTRIQUE ET MECANIQUE

Resume

Les applications possibles de la production d' energie
therrno-electricue sont nombreuses, ainsi qu'il ressort
de la variete el:'s systemes ou dispositifs deja realises
ou projetes il cctte fin. On s'en tiendra toutefois,
dans le prese»: mernoire, a l'utilisation de l'energie
soIaire comm.i vource de chaleur et a sa conversion
en energie e~~: rique par un precede therrno-elec
trique (effet Cl: Seebeck-Peltier). L'utilisation de
l'energie electv.que dans les regions tropicales du
globe qui n'on. lJas encore realise un degre de meca
nisation avan-.: vient offrir 1'espoir d'un relevement
du niveau de v.e des populations. Le pompage de
l'eau d'irriga>nn et certains emplois menagers
semblent devc.r constituer la premiere serie logique
d'applications I~C la production thermo-electrique
de l'energie,

Le systeme =}~5mo-electrique producteur d'energie
solaire est un .iispositif statique au fonctionnement
eminemment ,.:ir, qui n'exige pas d'entretien et
reste independunt de toutes fournitures a transporter
une fois qu'il (',;t installe. Cette absence d'entretien
permet l'applir.ition generalisee du systeme dans
les nations oi: les techniciens bien entraines sont
rares,

L'auteur et ,;,]ie, dans le present memoire, la
conception et L : possibilites des generateurs thermo
electriques po" la conversion de l'energie solaire,
puis les asper;'. economiques des systemes qui en
font usage. Ill" se rapidement en revue les equations
et le~ parame.v» importants pour les previsions de
f~nc~lOnnemel'. -I'un generateur thermo-electrique,
amsi que l'et: , .ictuel des fournitures de materiaux
pour ce genre ....• conversion de l'energie.
, L'equation (' ;1) montre que le rendement d'une
mstallation tt· 'rmo-electrique de production de
courant est le produit du rendement de Carnot
pa: celui des n..rteriaux employes. Les figures 2 et 3
presentent un trace de ce rendement des materiaux
en fonction de la temperature, pour quelques-uns
de~ materiaux thermo-electriques, des types P et N,
qui donnent de bons resultats et dont on dispose
act~ellement. L' auteur examine egalement les cate
gones de materiaux a savoir les semi-conducteurs
e~, les materiaux a' valences mixtes qui, jusqu'a
~ esent, semblent promettre le plus comme conver-
tIsseurs thermo-electriques. _

Ce ,memoire cite deux aspects specifiques propres
a~ generateur therrno-electrique : les details meca
llIques de la construction et 1'analyse detaillee des
erametres determinent I'econornie du systeme.
'Ies fi,gures 5 et 6 portent sur un generateur thermo
e~c~nque utilisant pour son fonctionnement l'energie
So airs concentree. Les generateuis de ce modele
sont capables de livrer 44 watts par kilogramme,
aVec une densin; de puissance de 1'ordre du watt
par Pouce cube. La maniere de fonctionner de ce

generateur quant a son debit d'energie en fonction
de la difference de temperature est resumee par la
figure 9.

En ce qui concerne. les questions economiques
relatives au generateur thermo-electrique, les para
metres importants sont les aspects des transmissions
de chaleur dans 1'installation, car ce sont eux qui
determinent les quantites de materiaux a proprietes
therrno-electriques necessaires, la tension cherchee
(qui, a son tour, determine le nombre de couples
thermo-electriques ou d'unites de base qu'il faut
monter en serie), et enfin les dimensions du genera
teur. La figure 13 indique comment les prix relatifs
des materiaux a proprietes thermo-electriques varient
en fonction du flux de chaleur dans les therrno
elements. La figure 14 montre le cofit relatif par watt
des couples thermo-electriques (figure 7) en fonction
de la tension a circuit ouvert et de la capacite
nominale du generateur.

Quand on examine ces resultats, qui reposent sur
les technologies actuelles de production semi-continue
et presupposent done un prix de fabrication fixe
par couple, la tension du generateur s'avere comme
devant etre la plus faible que le systeme en cause
puisse utiliser, en admettant qu'il n'intervienne pas
de frais speciaux pour reduire ou annuler ces econo
mies. Dans le cas OU l'energie electrique est fournie
a un moteur a courant continu, l'amelioration de
rendement qu'autorise la plus forte tension doit
etre rapprochee des frais de premier etablissement.
Outre le cofit de base du thermo-couple, il convient
de songer egalement aux frais de fabrication de son
boitier et de l'echangeur de chaleur a paroi froide
qu'on y associe, pour se faire une idee d'ensemble
de 1'investissement requis. La figure 15 represente
le cofrt relatif du generateur en fonction de sa taille
et pour diverses tensions.

La figure 16 indique l'effet du couplage de modules
therrno-electriques sur un moteur et une pompe
d'irrigationen fonction du cout relatif de 1'eau par
gallon et de l'etendue de terrain (en acres) qui peut
etre irriguee avec chaque unite.

La meilleure evaluation que 1'on puisse faire
actuellement est de 7 a 10 cents par kWh pour le prix
de l'energie electrique fournie par un generateur
therrno-electrique solaire, valeur qui semble accep
table dans la gamme de puissances passee en revue
(de 50 a 1000 watts). Le rendement des materiaux
therrno-electriques doit normalement s'ameliorer avec
le temps et ceci, avec l'emploi des techniques de la
production en grande serie, viendra tres probablement
apporter une nouvelle reduction au prix de l'energie
electrique par kWh. Neanmoins, merne avec les prix
actuels, la production solaire d'energie thermo
electrique semble attrayante pour nombre de regions
du monde.



SilO

A THERMOELECTRIC GENERATOR

M asatsugu Kobayashi *

resistivities. The maximum efficiency, 'I], can be
written in terms of Z, T l and To as
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Figure 1. Resistivity versus absolute temperature
for NET-3, NET-12 and NET-47
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It is most important for the construction d a thermo
electric generator to use materials in which the figure
of merit, Z, is large up to very high temperatures,
resulting in a large value of the conversion efficiency.

From semiconductor physics it is well known that
Seebeck coefficient and resistivity both decrease
with increasing carrier density in the component
semiconductor. Low carrier densities, such as those
found in insulators, result in the Seebecl: coefficient
of millivolts per degree; however, the resistivity is
very high. In case of metals, though the resistivity
is in the range of 10-5 ,....., 10-6 ohm-cm, ;he Seebeck
coefficient is very small (,....., microvolts per degree).
Thus both materials result in low values of Z. It is
necessary to control the carrier density to get an
optimum value. This is the reason whysen,,;onduetors
are commonly used.

Ordinary semiconductors, however, have the
general disadvantages of a temperature limitation

Basic problems of thermoelectricity

As is well known, the Seebeck effect discovered
in 1821 makes possible the direct conversion of heat
to electricity without the use of intermediate ma
chines. Conversion efficiency is very important
beca"';lse a practical us~ of the S~e~eck effect depends
heavily upon the efficiency, ThIS IS determined both
by two temperatures T l and To, which are the tem
peratures at .the hot and cold junctions, respectively,
and by physical properties of materials of the thermo
element? As can be sho~n by an elementary energy
calculation, the properties of the materials of the
thermocouple are included in one quantity Z which
determines the usefulness of the ther~oeiements

[lJ Z = (an - ap)2
(-JXnpn + -JXppp)2

where OCn and 0Cp are the Seebeck coefficients of the
n- and p-type materials, Xn and Xp are their thermal
conductivities, and Pp and pn are their electrical

Direct conversion of heat to electricity by means
of the Seebeck effect is presently being developed

-for the generation of electric power ranging from
several to several hundred watts. This renewal
of interest is based on recent advances- in the devel
opment of special semiconducting materials having
low electric resistivity, low lattice thermal conducti-
vity and a high Seebeck coefficient. .

.~e~ently we constructed thermoelectric generators
utilizing a combination of sintered silicides of transi
tion metals (p-n junction). These materials have
high melting points and can be operated above
.900°C. The conversion efficiencies of the sintered
materials decrease a little, compared with pulled
c~ystals; however, the cost reduction and the simpli
CIty of construction of the p-n junction- by this
process are r~markable. In this paper, the properties
?f th~ matenals, the method of preparation of p-n
junction and the characteristics of the generators are
reported briefly. Owing to the high working tempe
rature of the junction the conversion efficiency of
the generator is relatively high.

* Director, Research Laboratory, Nippon Electric Company,
Ltd., Japan. ,

1 Kaye, J. and Welsh, J. A., Direct Conversion of Heat to
Electricity, John Wiley and Sons, Inc., New York, London, 1960.
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Figure 2 S
. eebeck coefficient versus absolute temperature

for NET-3, NET-12 and NET-47

Silicides of , .isition metals are characterized
in general by .d, brittle interstitial compounds
which have verv .uS-h melting points. Great varieties
of crystal struct .. ,~ are encountered in these com
pounds, and thr. r- electrical resistivities range from
10-4 to 10-2 oh. ,-cm.

The compouu.' were prepared by melting the
component mat" ials together in a quartz crucible
by means of all lJ.f, generator. Specimens were ob
tained either by ! .ulling or by pressing and sintering
the compounds :.nce prepared. An ordinary d.c.
method was USI:.' ill measuring the resistivity and
Seebeck coeffici« ;(. The thermal conductivity was
measured by ar:dlsolute method in a vacuum of
about 10- 3 mm :g with use of copper-constantan
thermocouples.

Some of the i'l1sition metal silicides exhibited
intere~ting prop .;es for the purpose of thermo
electnc generati r • In figures 1 and 2 are shown,
respectively, tht1bserved electrical resistivity, p,
and the Seebeck . '}cfficient, (I., reduced to the value
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Figure 3. Figure of merit versus absolute temperature
for NET-3, NET-12, NET-47 and their combinations

against platinum. Figures 3 and 4 show the figure
of merit, Z, and conversion efficiency, 'Y). respectively,
calculated from the equations [IJ and [2J. The value
of the thermal conductivity at various temperatures
were calculated by the resistivity data and the ther
mal conductivity at room temperature, assuming
that the lattice part of the thermal conductivity
is inversely proportional to the absolute temperature
and the electronic part obeys the Wiedemann-Franz
law. In the figures the results are shown for three
kinds of the compounds: solid lines for NET-3,
broken lines for NET-12 and dotted lines for NET-47.
Symbols (S) and (P) marked on the curves designate
the method of preparation of the specimens: (S)
for sintering and (P) for pulling.

The most difficult problem in the construction of
the thermoelectric generator pertains to the method
of bonding the hot junction. At temperature above
700°C, the conventional brazing or pressure contact
method seems to be undesirable from the points of
oxidation, contact resistance and cracks due to
thermal stress, etc. Since the carrier mobility is
proved to be as small as 1 cm2jvolt.jsec. from the
Hall data, the sintering method is promising. The
originally small mobility is expected to be decreased
to a smaller extent. Here, we constructed a sintered
U-shaped bar in which NET-3 and NET-12 arms
were joined together through the intermediate layer
composed of a mixture of the component materials..
The calculated values of Z and 'Y) for the sintered
bar are also shown in figures 3 and 4 by the chained
lines. Although the conversion. efficiency is consider
ably decreased because of the increase of the resis
tivities, the sintering method is rather attractive
from the point of view of cost reduction and simpli
fication in manufacturing. Using this method, the
superior characteristics of a t-» junction free from
oxidation, contact resistance and thermal stress are
readily obtained, and no matter how brittle, the
mechanical intensity of the material, is greatly
increased.

Prepai ·;on and characteristics
therrnoelernents
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Application

Use of the thermoelectric generat .r should be
considered from several points of vi, ', viz., cost,
durability and convenience of operatv.,. and main
tenance. The generator is rugged, li[ t in weight
and small in size. It may be one of che simplest
and most convenient devices to con \ _rt heat into
electricity. It has no moving parts, ind a very
long life can be expected if overheat: ,; is avoided
by suitable control of heat input.

Its application may be classified as follows:
(i) Thermoelectric generators for special .ipplications:
(ii) Thermoelectric generators for enter: .iinment use;

Figure 5. Schematic diagram of a five-watt prototYpe
thermoelectric generator

1100'lOO
O~=____---J~--------l-----,J

300

4

Figure 4. Conversion efficiency versus absolute temperature
for NET-3, NET-12, NET-47 and their combinations

Effects of doped impurity metals and of deviation
from stoichiometry on the thermoelectric properties
of the silicides were studied. The former was found
to be relatively insensitive. When the content of
impurity metals, which were usually contained in the
component metals and/or. silicon, was less than
0.5 per cent, no appreciable effects were observed.
The latter was more sensitive than the former.
The deviation of about 0.3 per cent gave rise to
appreciable changes in the properties. Several modi
fications of NET-12 were found to have ex in the
range 200 ,...." 300 fLV/deg. and p in the range 2 ,...." 4 X
10-3 ohm-cm.

Construction of the generator

The silicides of transition metals are refractory
materials. Layers of silica formed on the surface of
the silicides at high temperatures prohibit further
oxidation of the silicides. Because of the fact that
the silicides have high Seebeck coefficients over the
wide temperature range, they are inherently suitable
to the generator for high temperature use.

The cross section of the n2-branch (NET-3) is
3 X 7 mm- and that of the p-branch (NET-12) is
7.5 X 7 mm- with the length of 50 mm. The cold ends
of the element are nickel plated and soldered to fins
which are cooled by water or by natural convection
of air. The contact resistance at the cold ends is
n.egli9ible. This element produces 0.2 volt (open
circuit voltage) and about 3 amperes (short circuit
current) at a temperature difference of 900°C. The
calculated efficiency at !:J.T = 900°C is about 4.5 per

.cent.
A schematic diagram of a prototype five watt

generator is shown in figure 5. Propane gas is used
as a heat source. Efficiency obtained was about
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Conclusions

The'merits of the utilization of the silicides of
transition metals are as follows: (i) The raw materials

Figure 6. Comparison of costs of solar battery, heat engine
generator and thermoelectric generator as a function
of output power

are abundant on earth, and no such high purities
of the materials are needed as in the case of transistor
technology. (ii) They are inherently refractory and
suitable to .a thermoelectric generator for high
temperature use, resulting in a relatively high
conversion efficiency. (iii) Construction of the U
shaped p-n junction by sintering process is possible
owing to the low mobilities of current carriers in the
silicides. Although the conversion efficiency of the
sintered junction is reduced a little, compared with
that of the junction constructed with the pulled
crystals, cost reduction and simplicity in construction
of p-n junction free from contact resistance and
cracks are remarkable. The generator constructed
by the sintered elements may be one of the most
economical power sources in the power range of one
to 100 watts.
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Summary

f Utilization of some silicides of transition metals
ror the purpose of the thermoelectric generator is
sfr~ed in this paper. The raw materials of the
p riti es are abundant on earth and no such high
ofT! les,of the materials are req~ired as in the case
inh sellllconductor technology. The silicides are

erently refractory materials and have relatively

large values for the figure of merit up to 1 OOO°C.
Thus they are suitable for thermoelements for high
temperature use, resulting in high conversion effi
ciencies, ranging from 6 per cent up to 12 per cent.

The U-shaped p-n junction is constructed by
pressing and sintering the powder of the component
materials. Owing to the high densities and low
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mobilities of current carriers in the silicides, the
resistivities of the sintered materials are not increased
seriously. Although the conversion efficiency of the
sintered junction is reduced a little, compared with
that of the junction constructed with the pulled
crystals, the cost reduction and simplicity in the
construction of a p-n junction free from contact
resistance and cracks are remarkable.

Thermoelectric properties of the silicides are given
in the temperature range between room temperature

UN GENERATEUR THERMO-ELECTRIQUE

Resume

L'auteur decrit l'utilisation de certains siliciures
des metaux de transition pour les besoins d'un gene
rateur thermo-electrique. Les matieres premieres qui
constituent les siliciures sont abondantes de par
tout le globe et on peut se contenter de produits
n'ayant pas les puretes extremement elevees qu'exige,
par exemple, la technologie des semi-conducteurs.
Les siliciures sont intrinsequement des materiaux
refractaires et leurs coefficients de resistance sont
relativement eleves jusqu'a 1 000 QC. Ils se preterit
done bien a une utilisation comme thermo-elements
pour applications aux temperatures elevees, donnant
de gros rendements de conversion qui s'echelonnent
entre 6 et 12 p. 100.

On realise une jonction P-N en forme d'U en
comprimant et en frittant les materiaux pulverises.
Compte tenu des densites elevees et de la faible
mobilite des porteurs de courants dans les siliciures,
la resistivite des materiaux frittes n'est pas indfrment
accrue. Bien que le rendement de conversion de la

jonction frittee ne soit reduit que da.is une faible
mesure par rapport 11 celle que l'on re.iliserait avec
les cristaux etires, la reduction des frais le realisation
et la simplicite de fabrication de jcnctions P-N
exemptes de resistance de contact et (le felures est
remarquable.

L'auteur donne les proprietes therrno-electriqns
des siliciures sur une gamme s'etendant de la tempe
rature ambiante a 1 000 QC. Les rendements calculs
des jonctions realisees par la method- du frittage
et la combinaison de cristaux Mires sent de l'ordre
de 4,5 et 6,5 p. 100 pour!1T = 900 QC respectivement.
Un rendement de 2 p. 100 fut observe ;!ourun gene
rateur prototype de 5 watts avec un L"T moyen de
700 QC. L'auteur presente egalement une compa
raison des frais entre les batteries sola-res, les gene
rateurs 11 moteurs thermiques et les generateurs
thermo-electriques, Ces derniers sont peut-etre les
plus economiques dans la gamme c:c puissances
allant de 1 a 100 watts environ.
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NOUVEAUX GENERATEURS SOLAIRES THERMO-ELECTRIQUES

R. Michel *

Les etudes ef£eetuees par la Compagnie generale
de T.S.F., tant ,'IHr le compte de la Ste d'etudes et
d'applicat~ons i ;','lustrielles de l'e,~ergie. solaire que
pour celui du L.I.A. (~?r;au d lllvestIss.em~nt en
Afrique), se son! concretisees par la realisation de
generateurs sola.res de dimensi?~s et ~e I?uissances
de plus en plus grandes, expenmentes a Colomb
Bechar et a TOll ion.

Nous nous P' .nosons, apres un rapide rappel des
principes theoriq ues qui sont ala base de ces appareils,
de decrire ces [<'<llisations, de tirer les lecons qui en
ant decoule et d,> presenter les espoirs qu'elles auto
risent. Il est 1.' '1 trait a noter, c'est un decalage
constant entre le niveau de la technique et les
caracteristiques des generateurs: ces derniers, de par
les grandes surfaces qu'ils commencent a couvrir,
exigent de tres 1.ornbreuses pieces detachees, et sont
des oeuvres de tongue haleine; cependant, les re
cherches de laboratoire se poursuivent, et leurs
conclusions S0111 generalement forrnulees lors du
montage d'un ;,ppareil selon une technique done
deja depassee.

est la part de rayonnement transmise, mais meilleur
est 1'isolement thermique de la face avant, car ce
cloisonnement coupe la convection gazeuse, et arrete
le rayonnement infra-rouge des collecteurs, chaque
plaque rayonnant elle-merne en avant et en arriere
selon sa temperature propre. Les collecteurs peuvent
etre de deux types, soit simplement noircis - leur
emissivite infra-rouge est alars elevee et le nombre
des feuilles transparentes doit etre grand (3 ou 4) 
soit selectifs, c'est-a-dire offrant, en meme temps
qu'un bon facteur de captation de la lumiere visible,
une faible ernissivite infra-rouge - le nombre de
separateurs doit etre alars plus faible (2 ou 3) pour
ameliorer le facteur de transmission, alars que celui
de captation est un peu reduit.

Le flux calorifique qui a traverse les couples et le
flux de deperdition qui est passe en dehors sont
evacues par le fond du generateur, Ce flux de deper
dition est reduit par un calorifugeage, generalement
a la laine de verre.

Historique des realisations

Prinr ipe de fonctionnement Si la theorie complete du fonctionnement des
generateurs solaires n'a ete etablie que tout recem-

Le coeur du l;,'~nerateur etant constitue par des ment, pour etre un guide sur du dimensionnement
t?~rmo-couples ,';1 semi-conducteurs, tous les dispo- de leurs parametres tout en fournissant les valeurs
sitifs associes oi.t pour but de les faire traverser limites de leurs performances possibles, les premieres
sous la plus gran.l« difference de temperature possible maquettes realisees 1'ont ete un peu empiriquement
par le plus grand flux de chaleur possible, et, les et, par suite du decalage deja mentionne entre les
materiaux utilis/s ayant leurs performances gene- acquis theoriques et techniques et la mise en ceuvre
r~!e,ment en dvcroissance quand la temperature des connaissances, seul le generateur qui sera mis
s eleve, d'evacuC'r la chaleur aux jonctions froides en oeuvre dans le courant de cette annee, et dont
s~u~ la plus bible temperature possible. Or, la une petite maquette « eclatee » est presentee a
~lfference de temperature utile varie en raison l'occasion de cette Conference, peut se targuer d'un
lllverse de la puissance calorifique transmise dans' decalage minime avec les conceptions actuelles de
les couples, quand la dimension de ceux-ci varie nos laboratoires et de nos bureaux d'etudes. .
~n mem.e temps que leur conductance thermique; ]usqu'au printemps 1960, la taille des maquettes
e ce fait, le produit des deux premieres grandeurs

pas~e par un maximum, et il existe une dimension n'avait guere depasse le metre carre d'aire utile,
o~tlmale de couples, corollaire d'un ecart de tem- limite des appareils essayes en 1959 en France metro
peratu '1 d ' politaine aManosque, et en 1960 au Sahara aColomb
de 1 re. uti e optimum pour une valeur onnee Bechar. L'annee 1959 avait vu le premier progres

a pUIssance du rayonnement solaire.
decisif dans la substitution aux thermo-couplesi e r~yonnement solaire est capte par des plaques groupes en piles collees sous les collecteurs, de thermo

fO ectnces d'un bon coefficient d'absorption dans couples individuels soudes chacunsous leur collecteur,
dee ;pe.ctre visible. Ces plaques sont recouvertes ce qui eliminait une resistance thermique tres genante.
indi~~Illes transparentes, dont le nombre n'est pas Cependant, alars meme que ces essais se poursui-

erent. En effet, plus il est grand, plus faible vaient, les elements d'un generateur de 17,4 m2

------ etaient en preparation et furent assembles en France
• Pnlsid . . pres de Toulon pour etre experimentes des la fin

tie l'energi=n;o~i;ea Societe d'ctudes et d'applications mdustnelles de l'ete 1960. Le generateur le plus recent. de concep
, Paris.
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tion et de realisation, objet de la maquette presentee,
pourra se compter vraisemblablement au nombre
des plus importantes realisations en ce domaine,
avec ses neuf elements de 8 m-, soit en tout 72 m-:
c'est un appareil de type industriel a modules pre
fabriques, a assembler en place avec des pieces
standardisees,

GENERATEUR DE 17,4 M2

Notons au prealable que la valeur insolite de
cette aire utile n'est pas le fait du hasard, mais
represents ceIle de deux elements de 8,7 m-, soit
1 m X 8,7 m, la longueur etant conditionnee par
celle de cornieres perforees de type standard qui
constituent les chassis.

Structure

L'unite d'aire norrnalisee est le decimetre, c'est
l'aire du coIlecteur individuel. La C.S.F. ayant
commence par equiper les prototypes de collecteurs
selectifs en aluminium sous deux plaques de verre
distantes de 1 cm, et ayant releve des performances

identiques avec des colleeteurs noircis, toutes autres
choses demeurant inchangees, 3: utilise pour eet
arI?arei~ des ~olle~te~rs en aluminium deja appro.
visionnes, mais noircis,

Chaque coIleeteur est soude sur un couple en
tellurure de bismuth fritte d'une conductance voisine
de 2 X 10-2 W OK-I, valeur nettement inferieure a
l'optimum, determine bien apres la u\t1ception de
cet appareiI. Chaque barreau de couple 'cot lui-merne
soude sur un pied de couple en aluminium etarne
en- forme de L faisant office de conductrur electrique
et thermique. Un systeme de plaques r orte-ailettes
en aluminium etame supporte les L. et assure
en meme temps que la continuite eler trique de la
chaine, I'evacuation de la chaleur. Ui bande est
forrnee de 10 cellules elementaires dei drn'' ou 10
couples et mesure 1 metre. Les bandes sor 7 assemblees
cote a cote sur des profiles en alliage It ':er porteurs
avec interposition d'un isolant. Des L orceaux de
cables serres aux extrernites des bandes les mettent
en serie. Du matelas de laine de verre I.vperfine est
bourre entre collecteurs et plaques pcrte-ailettes.
L'orientation des bandes et des ailett. s est selon
le meridien.

{"i:t\";1&1" '.+ 4. !fie "~,_,

1;

Figure 1. Generateur de 17 m 2. Detail de la structure; le ~arni~sage a la laine de verre est en cours et progr'esse de ga~che
a droite



175Michel8/55Nouveaux generateurs solaires therrno-electriques____-------------------.-:.-=-=-::..::..=:..::2..::~-~~~~~ ~~

'igure 2. Generateur de 17 m-. Vue arrfere d'est en ouest en position hivernale

Performances

B2

5,0

Bl

5,55

A 1

3,7

Pour une puissance globale sur charge adaptee de
77 watts sous un rayonnement de 850 W m-2, la
puissance se repartit ainsi selon les sections (en
watts au metre carre)

Comparativement, des elements analogues essayes
a Colomb Bechar avaient fourni 7 W m-2 sous un
rayonnement de 1 kW m-2•

Le diagramme de la figure 5 represents, trace avec
une moyenne de releves, la variation avec le rayon
nement de la puissance globale fournie aune batterie
de 16 elements alcalins de 15 Ah.

Il est a noter que, sur la base de la meilleure
section, la puissance maximale sous un rayonnement
de 850 W m-2 serait de :

5,55 X 17,4 = 97 watts

Pour 7 W m-2, on aurait :

7 X 17,4 = 121 watts

Du point de vue des energies journalieres integrees,
en charge sur les 16 elements alcalins, le generateur

B2
402

B 1
424

A2
409

Al
416

La mosalquc i ""3 collecteurs est recouverte de trois
plaques de verr: double distantes de 25 a 30 mm
reposan.t sur de,; cornieres en alliage leger. Les cotes
sont sOlgneusem('Ht calorifuges a la laine de verre.

L'echauffemeH considerable des vitres et les
gradients therrni,clues regnant pres des bards sont
~ne cause de casse ; pour l'eviter, les deux premieres
.ouches de vitres doivent reposer sur des supports
~ola~ts et leur aire doit epouser exactement celle
del ensemble des collecteurs. L'influence nefaste
~ vent doit etre combattue par un calfeutrage

SOIgne d l' . .et e ensemble pour lui conferer une certaine
to ancheite. '

e Les deux elements de 87m2 different entre eux
ssent" 11 'cal .;e ement par la qualite du calfeutrage et du

Se °t~l ugeage; ils ont ete chacun scindes en deux
c Ions me ' " foi '1' . , 1cl' . surees separement; une OlS e immes es

suo~p es a ]onctions defectueuses, on a la repartition
lVante d . ,es umtes de 1 dm- :

Section
NOmbre 'd'" "t; . .

uni es. .
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global a fourni en moyenne 200 Wh par kWh m-2

de rayonnement solaire au-dessus du seuil de charge,
ce qui correspond a 9,5 Wh m-2 pour la section la
moins bonne et a 14,5 Wh m-2 pour la meilleure.
A titre indicatif, I'energie du rayonnement solaire
au-dessus du seuil 450 W m-2 peut atteindre 3 kWh
rri- 2 par un jour particulierement ensoleille au Sahara,
ce qui aurait pour corollaire une energie utile globale
voisine de 600 Wh; mais on peut trouver aussi des
jours oil I'energie du rayonnement n'est voisine que
de 1 kWh m-2•

Enseignements tires

En dehors du dimensionnement des couples, le
defaut principal de cet appareil reside dans les jonc
tions entre pieces d'aluminium, fragiles mecanique
ment et exagerement resistantes au point de vue
electrique ; si, de ce dernier fait, les performances sont
notablement deteriorees, la fragilite impose des ser
vitudes de transport -sous forme de cellules ele
mentaires - et un montage complet et long sur
place.

GENERATEUR DE 72 M 2

5 truciure

Il y a encore un couple par collec nr carte de
1 dm>, la cellule elementaire est pluto: la bande de
1 m de long, essentiellement constituee j;,T un profile
en aluminium-silicium, ailettage auto-pcrteur, oxyde
anodiquement, sur lequel sont fixes r: ,is pieds de
couple en aluminium en forme de U, 'illi assurent
les conductions electrique et therrnique ; la base
plate du U presente une aire assez «rande pour
transmettre a travers un collage au silicone la cha
leur des jonctions froides a l'ailettagc. Les collec-

Figure 3. Generateur de 17 m 2. Vue arrlere d'ouest en est en position hivernale. Au premier plan la circuiterie de charge
et de mesure, l'anemometre et I'actinornetr-e
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Figure 4. Genera~ .. (le 17 m-. Vue generale de face en position estivale, avant I'achevernerit de l'isolement superteur

1.00 015 0500o

50 ~----+-----+----J+t------;

W.M-~

Figure 5. Generateur de 17 m-, puissance utile gtobale
en fonction du rayonnement solaire

teurs sont en C1;; ,'noirci et Ies couples, metallises,
sont soudes a i 'tin d'une part sur le collecteur,
et d'autre part ; . le haut des pieds, avec un inter
mediaire en cuix .' Les jonctions obtenues presentent
une grande soli...: {~, du fait que le materiau semi
c?nducteur n'cs pas soumis aux tensions meca
n~ques provenal;; de coefficients de dilatation tres
~lfferents, Les Le, nches des U offrent une certaine
elasticite, gage d.: Iaibles contraintes sur les soudures.

Les bandes, isulces clectriquement du circuit des
~ouples par leur anodisation, sont montees sur des
,arres de bakelite pour constituer des modules de

ClUq unites (0 5 In2) dont la solidite des J' onctionsaut . , ,
b onse le transport sous cette forme clans un em
allage adequat,

Les modules prefabriques sont prevus pour etre
assemb~espar six en unites de 3 m'', Nous presentonsici
~~e pehte unite de deux modules, L'appareil en cours
dIfstallation a des elements de trois unites, soit .18mo
lues, Le chassis est en tube d'acier galvanise sur
equel son] fixees les pieces de maintien en tale et

PertOfiles ~n T d'acier zingue. L'isolant thermique
s encore d ' ,et l' u matelas de laine de verre compnme~,

f 'Ilsolant de la face avant est realise par trois
eUlles fl it dv en uorure de polyvinyle et une VI re e
erre double.
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La tension en charge est a prendre entre 1 et

1,5 volt par metre carre, Pratiquement, les trois
unites d'un element sont montees en parallele,
travaillant ainsi entre 3 et 4,5 volts, et les huit
elements sont mentes en serie en vue de charger
une batterie alcaline etanche de 24 volts, 160 Ah
a travers un jeu de diodes au silicium, destinees a
eviter la decharge de la batterie dans le generateur
la nuit; un dispositif auxiliaire a mano-contacts et
relais regle la charge.

Perspectives

11 est encore trop tOt pour tirer des enseigne
ments du nouveau generateur solaire de grande
puissance. Pour la premiere fois, un generateur
beneficiant des derniers acquis techniques des labo
ratoires de la C.S.F., notamment au point de vue
de la qualite des jonctions et de la rationalisation
des elements prefabriques, va pouvoir etre soumis
a une experimentation longue et suivie au Sahara.

Certainement, des retouches minimes s'avereront
necessaires, mais, a ce detail pres, on peut dire qu'un
generateur operationnel, dont le transport en elements
normalises et le montage relativement rapide en
place sont possibles, est presente sur le marche,

. Sur ces memes bases,. des couples. en materiaul(
a base. de t~llurure de. bl;m';th a cnstaux orientes
pourraient etre substitues a .ceux en materiaux:
frittes, avec un notable accroissement des perfor-'
mances. Si de tels c.ouples.ont dej a ete prepares,
leur developpement industriel est du domaine du
proche avenir.

Les efforts vont se poursuivre en deux grandes
voies distinctes :

Le perfeetionnement des generateurs de ce type _
dont la theorie a pu deja fixer les performances
asymptotes - c'est-a-dire chercher 6:; nouveau a
accroitre le rendement surfacique par l'."cilisation de
collecteurs selectifs ameliores, et a ab'3sser le prix
de revient surfacique tout en conservant un rende
ment acceptable. Dans les deux cas, Ls etudes en
cours sur le vieillissement des jonctioi.: conduiront
a une tres longue prolongation des ;·..:rformances
sans deterioration.

L'etude et la realisation des generaLlrs a rende
ment accru utilisant des couples en semi-r:onducteurs
admettant des temperatures de joncti ins chaudes
elevees, avec concentration de la lumier.. par miroirs
cylindro-paraboliques a orientation manuelle ou
automatique.

Resume

Les etudes effectuees par la Compagnie generale
de T.S.F., tant pour le compte de la Societe d'etudes
et d'applications industrielles de l'energie solaire que
pour celui du B.I.A. (Bureau d'investissement en
Afrique), se sont poursuivies ces dernieres annees
dans le domaine de la theorie et des recherches de
laboratoire.

Apres l'experimentation en France, a Manosque,
et en Afrique, a Colomb Bechar, de generateurs
solaires plans de petites dimensions, des essais a
plus grande echelle ont eu lieu en 1960 en France,
pres de Toulon, sur un appareil de 17 m2, et cette
annee voit la mise en ceuvre d'un generateur vraiment
operationnel, a elements prefabriques normalises, de
72 m2, dont une petite maquette est presentee.

Sous des surfaces transparentes en verre ou
fluorure de polyvinyle qui cloisonnent l'espace et
s'opposent a la deperdition thermique, des plaques
collectrices s'echauffent 'sous l'action du rayonne
ment solaire; elles ont pour but de faire traverser
par un flux calorifique des thermo-couples en semi
conducteurs, dont la conductance doit etre optimisee ;
ce flux est evacue par un ailettage garnissant le fond
de l'appareil. Avec des collecteurs uniformement noirs
dans le spectre visible et infra-rouge, il est bon
d'utiliser quatre nappes transparentes; avec des
collecteurs dits « selectifs » a faible ernissivite infra
rouge, ce nombre se rarnene a deux.

Le generateur de 17 m2, dont les differentes sections
etaient de valeurs inegales, a pu produire, selon les
sections, des puissances electriques utiles comprises
entre 3,7 et 5,5 watts au metre carre sous un rayon
nement de 850 watts au metre carre, ce qui corres-

pond pour la meilleure section a 7 \Vn-2 sous un
rayonnement de 1 kW m-2• En chargeant .me batterie
de 16 elements alcalins, l'appareil, ql' travaillait
en fait au-dessus d'un seuil de rayo.mement de
450 W m-2, fournissait une energie elect: .que propor
tionnelle a l'energie du rayonnement :ltegree au
dessous du seuil, soit environ globalen~i1t 200 Wh
par kWh m-2•

Cet appareil, a couples non optimisc, presentait
l'inconvenient de jonctions imparfaites, l'une struc
ture de chassis et parties auxiliaires tro: peu Ionc
tionnelle, et d'un prix de revient de fa:;;'ication, de
transport et de montage trop eleve,

Le nouveau generateur comprend hurt elem~nts
de 9 m2 utiles, chacun monte sur chassis metallIque
a l'epreuve des internperies. Ses element; actifs sont
des modules' de 50 dm-, soit 50 couples soliden;en~
soudes sous 50 collecteurs, mentes sur profiles a
ailettes auto-porteurs. 11 doit maintenir en charge
une batterie de 20 elements alcalins de 160 Ah,
Cet appareil, bien que prevu pour etre instaIle it
demeure, est cependant facilement montable, demon-

, table et transportable en pieces detachees et modules,

Les buts vises sont l'emploi de thermo-couples
a performances et jonctions ameliorees. Si les collee
teurs selectifs en aluminium traite n'ont pas encore
justifie leur emploi de preference a celui des collee
teurs noircis, de nouveaux collecteurs hautem ent
sel~ctifs s~mt a l'etude. En ce genre d'appareils, le
point ultime a considerer est essentiellement le
rapport 'de l'investissement consenti a la puissan,ee
utile, et toute ligne de conduite lui est subordonnee.
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NEW SOLAR THERMOELECTRIC GENERATORS 
DESCRIPTION, RESULTS AND FUTURE PROSPECTS

(Translation of il:e foregoing paper)

R. Michel *

The studies cc ..ucted by the Compagnie generale
de T.S.F. on beh«: of the Societe d'etudes et d'appli
cations industrie J: ,; de l'energie solaire, and of the
B.I.A. (Bureau • 'investissement en Afrique) have
now been embo.l: 'cl in the development of solar
senerators of gr".;'cr and greater size and power
that have been tr: cd at Colomb Bechar and Toulon.

• President, Soci-r' cl'etudes et d'applications industrielles
le l'energie solaire, ] .u i s.

After rapidly reviewing the theoretical principles
on which these devices are based, we propose to
describe these embodiments, to draw lessons from
them, and to point out the prospects they offer. The
constant lag between the level of the technology
and the characteristics of these generators must be
noted. On account of the extensive areas they are
commencing to cover, they demand very numerous
details, and are long and exacting projects. But the
laboratory research continues, and its conclusions

Figure 1. 17 _ m 2 generator. Detail of the structure; the glass wool lining is being applied.
The work is in progress from left to right
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Figure 2. 17 - m 2 generator. Rear view from east to west in winter position

have generally been formulated by the time a device
has been designed and built by a technique already
outstripped.

Principle of operation

Semiconductor thermocouples are the heart of the
generator, and the object of alI the accessory arrange
ments is to pass the greatest possible flux through
them at the greatest possible temperature differ
ence. Since the performance of the materials utilised
generalIy falls off with rising temperatur.es, i~ is
necessary to remove the heat from the cold junctions
at the lowest possible "temperature.. But the useful
temperature difference varies inversely as the thermal
power transmitted by the couples, while the size
of 'the thermocouples varies with their thermal
conduction. The product of the first two quantities
therefore passes through a maximum, and there
exists an optimum size of the couples, associated
with an optimum useful temperature-difference for
a given level. of solar-radiation power.

The solar radiation is captured by collector plates
with a good absorption coefficient in the visible
spectrum. These plates are covered by transparent
sheets, The number of these sheets is not unimpor-

tant. For the greater the number, tJ. smaller the
fraction of radiation transmitted, but le better th,e
thermal insulation of the front face, hr these parti
tions cut off the gas convection and sto» the infrarel
radiation of the collectors, each plate i '"cIf radlatmg
in front and rear according to its own temper~ture,

The collectors may be of two types, either .slI?R1y
blackened in which case their infrared emlss1Vlty
. ' h tsIS elevated and the number of transparent S ee
must be great (three or four); or they maJ:' be selec
tive, that is, having both a good absorp~lOn facto;
for visible light and a low infrared emissivIty. In tta
case the number of separators should be sma er
(two or three) to improve the transmission factor,
while the absorption is a little reduced. h

The calorific heat flux that has passed through ~a:
thermocouples and the waste heat flux that t r
missed them are both removed through the gene~a 0

bottom. This waste flux is reduced by thermal1UsU
lation, usually with glass wool.

History of development
. of

While the complete theory of the operatJo~ab'
solar generators has been only very recent~y ~s of
lished, as a reliable guide to the dimensIonJJJg



were going on, the elements of a 17.4 sq m generator
were being prepared, and were assembled in France
near Toulon for testing at the end of summer 1960.
The generator of most recent conception and exe
cution, the original of the model we are presenting,
can probably be numbered among the most impor
tant developments in this field, with its 9 elements,
each 8 sq m, or a total surface of 72 sq m. It is an
industrial-type device using prefabricated modules
for on-site assembly with standardized parts.

THE 17.4-sQ M GENERATOR

First of all we note that the unusual useful area
was not the result of chance, but represents that of
two elements each of 8.7 sq m-that is, 1 X 8.7 m,
the length being taken on account of the standard
perforated angles forming the chassis.

Structure

The standardized unit of area is the square deci
metre. This is. the area of the individual collector.

181Michel8/55New solar thermoelectric generators------------------_...::::.-_----;-----=.!..=.-_-=====-------------=:..:::..:
their parameters and a source of limiting values for
their possible perforhmance, ~~e d

l
eVOelopment 0hf filrst

dels was somew at empmcai. wmg to t e ag
me have mentioned between the building up of
~e Dry and techniques and the actual realization
fethe newly acquired knowledge, only the generator

~hat will be put into operation in the course of the
resent year (I ~;()o), a small "e~ploded" model of
~hich is being presented to this conference, can
boast a minimum developme?t lag between the
present. ideas of our laboratones and the work of
our desIgn offices.

Up to spring 1D60, the size of the models never
exceeded the S(1' _,~'e metre of useful area that was
the limit of the levices tested in 1959 in metropo
litan France, at ~:mosque and in 1960 in the Sahara,
at Colomb Bech.u, The year 1959 saw the first
decisive progress i;l the replacement of thermocouples
grouped in piles cemented under the collectors ?y
individual therrnccouples, each soldered under ItS
own collector, tb '15 eliminating a very troublesome
thermal resistance. However, even while these tests

Figure 3 17_ 2 R r view from west to east in winter position. I? the foreground the charging
. m generatdor. ea ent clrcultry the anemometer and actinometer- .an measurem ,

7
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.. ~ .. -~ ._, ~"..
, , ',/4,

Figure 4. 17 _m2 g~nerator. General view of front in summer position, before finishing the upper bsulation

Performance

The two 8.7-sq m elements differ essentiallY i~
the quality of their hermetization and therma
insulation. Each of them were divided into two
sections measured separately. After the therm~'
couples with defective junctions had been remov~ ,
the following was the distribution of the l-sq III
units:

The mosaic of collectors is covered with three
double glass plates 25 to 30 mm apart resting on
light-alloy angle pieces. The sides are carefully heat
insulated with glass wool.

The substantial heating of the glass and the heat
gradients near the edges are a cause of breakage.
To prevent this, the first two layers of glass rest on
insulating supports, and their areas must exaetl~
match that of the whole collector group. The harJll~f
effect of the wind should be combated by carefu y
stopping up any crevices to give the assembly a
certain degree of tightness.

The C.S.F. (Radio Corporation) had commenced by
placing the prototypes of the aluminium selective
collectors beneath two glass plates spaced 1 cm
apart, having found their performance to be identical
with that of the blackened collectors, other things
being equal. Aluminium collectors already in stock,
but blackened, were therefore used in this generator.

Each collector is soldered over a fritted bismuth
telluride thermocouple with a conductance close to
,2 X 10-2 WOK-1,a value definitely below the optimum,
which was determined only well after the designing
of this device had been completed. Each bar of the
couple is itself soldered to a tin-plated aluminium
leg of the couple, L shaped and serving as electrical
and thermal conductor. A system of finned plates
of tinplated aluminium supports the Ls and ensures
the electrical continuity of the chain as well as heat
removal. A band is made of 10 elementary L-sq m
cells or 10 couples and is 1 m in size. The bands are
assembled side by side on light-alloy supporting
profiles separated by insulating material. Pieces of
cable clamped to the ends of the bands connect
them in series. Hyperfine glass wool is packed be
tween the collectors and the finned plates. The bands
and fins are oriented meridianally.

Section .....
Number of units.

Al
416

A2
409

Bl
424

:82
402
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'1.000150

Wm-2

1.50

Figure 5. 17-m2 generator. Total useful power
as a function of solar radiation

o

dized, on which the Usshaped aluminium legs of. the
thermocouple are attached, providing electrical and
thermal conduction, The base plate of the V has an
area sufficiently great to transmit the heat from the
cold junctions across a silicone adhesive to the rib
system. The collectors are made of blackened copper.
The metallized thermocouples are soldered to the
tin, on the one hand on the collector, and on the
other at the upper parts of the legs, with a copper
connection. The junctions are very sturdy, since
the semiconductor material is not subjected to
mechanical stresses due to very different coefficients
of expansion. The branches of the V have a certain
elasticity, so that the constraints on the soldered
sites are small.

The bands, electrically insulated by their anodi
sation from the thermocouple circuit, are mounted
on bakelite bars in modules of 5 units (0.5 sq m)
which can be transported in this form if properly
packed, in view of the ruggedness of the junctions.

The prefabricated modules are designed for assem
bly in groups of six into units of 3 sq m. We present
here a small 2-module unit. The device being installed
has elements of three units, or 18 modules. The
chassis is a tube of galvanised steel to which handles
of sheet metal and T profiles of galvanised steel are
attached. Here again the thermal insulator is of
compressed glass wool, and the insulator of the front
face is formed of three polyvinyl fluoride sheets
and one pane of double glass.

The charging voltage should be from 1 to 1.5 volts
per sq m. In practice, the three units of an element
are connected in parallel, thus operating between

7' I-----j-----+----+-.r------t

so I-----f-----+---H'-t--------t

Watts
100 ,..----""'""T----"""":"'----....-----,

R2

5.0

Rl

5.55

A2

4.4 5

THE 72-sQ M GENERATOR

5.1,: X 17.4 = 97 watts

For 7 W m", we would have:

7 >< 17.4 = 121 watts

As for the integrated daily energies charging the
16 alkaline cells, the total generator delivered an
average of 200 \Vh per kWh m-2 of solar radiation,
above the charging threshold, corresponding to
9,5 Wh m-2 for the poorest section, and to 14.5 Wh
m-2 for the best one. For guidance, we may state
that the energy of solar radiation above the thresh
o,ld of 450 W m-2 may reach 3 kWh m-2 on a par
ticularly sunny day in the Sahara, from which it
would follow that the total useful energy would be
clos,e ~o 600 Wh. But there are also days when the
radlatron energy is only about 1 kWh m-2•

Information dericcd

In addition le the dimensioning of the thermo
co~ples~ the pri.icipal shortcoming of this device
res~des III the jur.c [ions between the aluminium parts,
whlc~ are mechanically fragile and have an excessive
~lectncal resistance. While this latter fact results
In markedly poorer performance, their fragility
makes It necessary to transport them in the form
0.£ elementary cells and to have the complete and
tIme-consuming assembly done on the site.

b Th~ structural principle is technically satisfactory,
ut lllvolves a rather high first cost. Moreover,

even from the technical point of view, defects in the
Insulation of the mass have been observed after
~eve~al months of service presumably due to the
umldity. '

h Finally, neither the chassis nor the auxiliary parts
~~~ bee? studied as completely as the basic cell

W1 a VIew to rendering them functional.

By comparison, the similar elements tested at
Colomb Bechar yielded 7 W m-2 under a radiation
of 1 kW m-2

•

Figure 5, plotted from the mean readings, represents
the variation of the total power delivered to a
battery of 16 alkaline cells of 15 amp h.

It should be noted that, based on the best section,
the maximum pu·ver under a radiation of 850 W m-2

would be :

Structure

Th'1 cl IS also has one thermocouple to a square collector
1 m on a side. The elementary cell here is the band

m·m. long, essentially formed of a profile of an alu-
IUlum '1' . ib-SI ICon alloy, with self-supportmg ri s, ano-
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3 and 4.5 volts, and the 8 elements are connected
in series to charge an airtight 24-volt, 160-amp h
alkaline battery across a set of silicon diodes designed
to prevent the discharge of the battery through the
generator at night. The charging is regulated by an
auxiliary arrangement with manual contacts and
relays.

Prospects

It is still too early to draw conclusions about
the new high-power solar generator. For the first
time a generator with the latest technical develop
ments of the radio corporation, manifested especially
in the quality of the junctions and the r~tionalisation

of the prefabricated elements, will be subjected to
long and continued experimentation in the Sahara.

Minor refinements will of course prove necessary,
but except for such details, it may be said that an
operational generator, which can be transported in
the form of standardised components and assembled
relatively rapidly on site, has now been placed on
the market.

On these same bases, thermocouples of material
based on bismuth telluride, with oriented crystals

s

could be substituted for t~ermocouples .of fritted
materials, with a marked Improvement III perfor.
mance. Such couples have already been built, and
their industrial development WIll follow in the
near future.

The work will proceed in two different main
directions :

1. Perfecting generators of this type, for which
theory has already fixed the asymptotes; that is
seeking further improvement of the output per unit
area by using improved selective collectors, and 'a
reduction of the manufacturing cost per unit area
while maintaining satisfactory output, In both
cases, the research now in progress on the ageing of
junctions will lead to a very great prolongation of
undeteriorated performance.

2. Study and realization of generators with in
creased output using semiconductor thermocouples
permitting high temperatures of the Lot junctions,
with manually or automatically oriented cylindro
parabolic mirrors employed to concentrate the light.

Summary

-Studies by the Cie Generals de T.S.F. (General
Radio Corporation) for the account of the Society
for the study and industrial applications of solar
energy and of the RI.A. (Bureau d'Investissement
en Afrique (African Investment Bureau)), have been
conducted during the last few years in the fields
of theory and laboratory research.

After small flat solar generators had been tested
at Manosque, France, and Colomb Bechar, Africa,
tests on a larger scale were conducted in 1960 near
foulon, 'France, on a generator 17 sq m in area, and
III the same year a genuinely operational 72-sq m
generator built of prefabricated standardized com
ponents will also be put into service. A small model
of it is presented.

Under transparent surfaces of glass or polyvinyl
fluoride, which partition the space and oppose heat
losses, collector plates are heated by-solar radiation
with the object of causing a heat flux to pass through
semiconductor thermocouples, which should be of
optimum conductance. This heat flux is then removed
by a system of fins at the bottom of the generator.
With collectors of uniform blackness throughout the
visible and infrared spectrum, it is well to use four
transparent sheets. With what are called "selective"
collectors, having a low infrared emissivity this
number is reduced to two. '

The sections of the 17-sq m generator differ in
output, and according to the section, the generator
produced useful electric power .of 3.7 to 5.5 watts/
sq m under a radiation of 850 wattsjsq m, correspond-

ing for the best section to 7 watts/-': m under a
radiation of 1 kWjsq m. In charging ;t battery of
16 alkaline cells the generator, which was in fact
operating at over the radiation thresholc1 of 450watts!
sq m, yielded a quantity of electric energy propor
tional to the radiation energy integrated above the
threshold, or a total yield of about 20(} watt-hours
per kWh m2•

This apparatus, with non-optimised couples, had
the disadvantages of imperfect junctions, of insuffi
ciently functional structure of chassis and auxiliary
parts, and of excessive fabrication, transportation
and assembly costs.

The new generator comprises 8 cells, each of
9 sq m useful area, mounted on a weatherproof
metal chassis. Its active elements are 50 sq dm
modules, or 50 couples integrally welded un~er
50 collectors, mounted on ribbed self-supportIng
profiles. A battery of 20 alkaline cells of 160 amph
should ~e kept charged by it. While this generator
was designed for home installation, it can never
theless be easily assembled disassembled and trans-
ported in separate modules, .

The object envisaged is the employment of thermod
~oupl~s with improved performance and improve
junctions. While selective collectors of treated
aluminium have not yet justified their use in pr~f,er
ence to blackened collectors, new highly selectlv~
coll~ctors are now under study. In this type 0

device, the ultimate point to be considered is esseuj
tially the relation between investment and usef,U
power, and all lines of conduct are subordinate to It,



S/84

ORIENTATION DES RECHERCHES TECHNIQUES DE L'I.E.S.U.A. POUR LA
PRODUCTION D'ENERGIE A PARTIR DU RAYONNEMENT SOLAIRE

M. Perrot * et M. Touchais **

L'Institut de l'energie solaire de l'Universite I'Lli.S. se doit d'examiner systematiquement toutes
d'AIger s'interesse organiquement a tous les aspects les applications possibles. Outre les applications
de l'utilisation pratique de cette energie consi- thermo-electriques,1'I.E.S. s'interesse egalement
derable qui nous ~3t dispensee par le soleil. Cependant aux problemes de conversion thermo-mecanique,
ses efforts actuc!s s'orientent tout specialernent vers ainsi qu'aux problernes de conversion thermo-ionique
les applications qui, d'une part ont un caractere et photo-ionique de l'energie solaire.
immediatement i ndustriel. et d'autre part apparais-
sent comme suveptibles d'etre utilisees au Sahara Le developpement de ces diverses applications
que l'on doit considerer comme la grande reserve depend etroitement de la possibilite de capter et
francaise d'energ~t' solaire. concentrer de grandes quantites d'energie.

d 1 La presente communication va traiter en conse-Dans l'etat act nel e a technique, seules les trans-, quence assez succinctement d'abord des moyens
formations thermiques a temperatures plus ou moinsI de captation et de concentration du rayonnement
eevees peuvent dormer lieu a des applications im- solaire en vue d'alimenter la source chaude du gene-
mediates; il s'agit de les rendre competitives avec r teu therm '1 tri t d' ., 1 del' a r o-e ec nque, e une mamere p us eve-
emploi des autres formes d'energie. Il n'y a d'ailleurs loppee ensuite, des considerations sur les generateurs

pas lieude se preoccuper outre mesure des applications thermo-electriques eux-memes.
elles-memes ; en effet, des que l'on pourra mettre
it la disposition des industriels des quantites suffi- Mais auparavant, il parait interessant d'exposer
santes d'energie i'.UX temperatures voulues et a des quelques principes directeurs de nos recherches.
prix raisonnables, les divers specialistes se chargeront Certains d'entre eux sont connus, mais il n'est pas
de l'utiliser selon leurs techniques propres. inutile de les rappeler. D'autres risquent d'etre sujets

Mais bien q Ct: le problerne doive etre examine a controverse, et nous devons essayer de les bien
dans toute sa generalite, ce serait une grossiere expliciter.
~rreur de metho. le que de ne pas se referer a priori Tout d'abord, il faut s'elever contre le leurre de
a une application bien determinee, En effet, dans la quasi-gratuite de I'energie solaire. Lerayonnement
les dispositifs ~t mettre au point, il y a des details solaire, dans son etat actuel, est une energie encore
s~uvent etrangers a!'objet principal qui interviennent tres chere, et les systemes de transformation de
dun:. maniere preponderante dans le choix des l'energie solaire ne peuvent done pas se permettre de
mat~na?x, des 'Performances, dans les procedes de fonctionner avec de mauvais rendements, sauf peut-
fabncatlOn ou lcs methodes d'exploitation. etre pour les petites installations. .

Ne pas vouloir en tenir compte, c'est se vouer a D'autre part, ce n'est qu'en apparence que l'energie
~es recherches qui risquent de rester steriles, L'objec- solaire parait etre tres repandue, nous sous-entendons,
tif .que s'est done propose l'LE.S.U.A. a ete la reali- bien entendu, avec possibilite de transformation
sation d'une centrale solaire thermo-electrique : pro- industrielle. Les regions ou 1'on peut la considerer
jet ambitieux, certes, dans l'etat actuel de la tech- comme se presentant avee abondanee sont malheu
~IqU~ des semi-conducteurs, mais extrernement ins- reusement parmi les plus desheritees du globe. Il
ruchf, ~ar les processus thermiques ont une tres semble done que l'utilisation de notables quantites
~and~ Importance dans les generateurs thermo- d'energie solaire doive s'accompagner d'une mise
dectnques. L'adaptation des moyens de concentration en exploitation coneomittante des zones arides. Le
u r~yonnement solaire aux piles thermo-electriques probleme de l'energie solaire parait Hre, en ee qui

paraIt susceptible de reveler des problemes deja concerne 1'I.E.S.U.A., un probleme specifiquement
connus, mais qui se presentent sous un aspect nou- saharien.
veau,

Du fait de sa tres grande variabilite, de sa nature
boCependant, les activites de 1'I.E.S.U.A. ne se aleatoire, on a souvent tendance a eonfondre les

rnent pas a l'etude de ce problerne particulier; deux problemes de la transformation du rayonne-
__ ment solaire en une energie directement utilisable

• D' et celui de son stockage. Lorsqu'il s'agit de petites
d'Alger~~~~~e~e l'Institut de I'energie solaire de I'Universite puissances, ou encore de temperatures relativement

de'~,Jn?enieurcharge de recherches Institutde l'energie solaire basses, on p~ut songer au stocka;ge de 1'energie. tra?s-
nlversite d'Alger. Algerie, ' formee, mars dans la perspective de la fabrication
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1 On lcs appclIc aussi des insolateurs par localisation.

Nous allons examiner id plus particulierement Its
systemes de captation et de concentration du rayon.
nement solaire et les generateurs thermo-electriques.

La captation avec concentration du rayonnetnent
solaire

Il s'agit bien entendu de la captation s~r d.e grandes
surfaces mais envisagee dans une application pan].
culiere ~ la ther~o-electridte. O~ l?eut ~nvisager
pour cela l'extension d~s grands mlrOlr,s ~J':l ont ete
construits en divers points du globe: 1hehodyne de
la station solaire de la Bouzareah, le four solaire de
Mont-Louis et celui en cours de projet d'Odeillo, le
four solaire de Natike, enfin celui actuellernent en
construction a Tokyo. Ces fours sont surtout des
appareils d'experimentation, et sont beaucoup trap
onereux pour devenir des appareils industriels.
L'heliodyne, par !lxemple, qui a ete concue pour une
realisation industrielle, puisque les surfaces relle·
chissantes sont fabriquees par ernboutissas;e, revenait
11 l'epoque de sa construction a environ 20 000 NF le
metre carre de surface de captation. L'appareil de
Tokyo revient, d'apres les renseignements que nous
avons pu avoir, a environ 7 500 NF le metre carre
de surface de captation, mais ce prix ne comprend
pas de nombreux postes, les etudes en particulier,
dont il a ete tenu compte dans le prix precedent de
l'heliodyne.

La facon de concevoir le mode de captation du
rayonnement solaire depend des temperatures que
l'on desire obtenir. Pour des temperatures interieures
a 300°C, ce qui est a peu pres la temperature d'eva
poration de certains liquides thermophores comme le
« Gilotherm » ou le « Fluitherm » on peut s'adresser
aux systemes a foyers multiples que nous appellerons
des collecteurs 1 par opposition aux insolaieurs. 11 y a
la une question de terminologie qu'il y aurait lieu de
clarifier. Nous preferons pour notre part appeler
insolateurs les appareils qui operent la transforma
tion en chaleur a l'endroit meme qui recoit le ray?n
nement. Les collecteurs introduisent une operatIOn
supplementaire, qui est le changement de directi?n
du rayonnement avec effet directif, afin de produire
la concentration. Cela n' exclut pas, pour les inso
lateurs, la possibilite d'un certain renforcement du
rayonnement solaire, qui ne va pas au-dela de quel
ques unites et qui peut etre produit, soit par des
miroirs, soit par les surfaces diffusantes, soit par des
couvertures refractrices. Cela n'exclut pas non plus,
pour les insolateurs, une certaine concentration par
c,ond~ction thermique longitudinale, ainsi que noUS
1exphquerons plus loin en detail. Pour nous. les
collecteurs sont, en definitive, des systernes a ioea
lisations multiples. Ils peuvent, comme les insolateurs,
etre 'proh~gesp~r une couverture qui a un double but,
celui de proteger les surfaces reflechissantes (le
nettoyage d'une couverture transparente etant plUS
aise que celui d'un miroir, dont la surface est toujours
delicate), et celui de separer ensuite l'atmosphere

C b) Convers ion dlrecte en electriciteH.•1186

de grandes quantites d'energie, le problerne s~
modi fie. Ce n'est plus un problerne de stockage. qui
se presentc, mais d'energie de complement. Or 11 se
trouve que, par un heureux hasard, le Sahara,
source immense d'energie solaire, est egalement un
reservoir important de combustibles fossiles. Une
centrale solaire apparait done necessairement comme
une centrale rnixte, soleil et gaz naturel, ou solei1et
petrole.

D'ailleurs, cettte relation qui existe entre le rayon
nement solaire et les combustibles fossiles est plus
profonde qu'il ne parait de prime abord. 11. semble
bien que l'existence vcritablement industnelle de
l'energie solaire aura pour consequence immediate
une certaine limitation dans la consomrnation des
energies d'origine classiques. Lorsque la transfor
mation industrielle de I'energie solaire aura une
existence effective, le problerne de la distribution
rationnelle generale des sources d'energie se posera
dans le monde, et il faudra distinguer les energies qui
peuvent s'cmmagasiner, se transporter sans gros
frais, comme les combustibles Iiquides, de ceIles
qui doivent ctre depcnsees sur place, dans le voisinage
le plus immcdiat, comme I'energie solaire et l'energie
eolicnne. ou dont le transport est onereux, comme
I'energie electrique. Le rendement des installations
de transformation de l'energie solaire se posera
alors avec beaucoup plus d'acuite, ce qui vient
corroborer les consequences du premier principe
prccedemment enonce. Ainsi, contrairement 11 ce que
I'on pense, la presence de petrole et de gaz cornbus
tibles au Sahara ne diminue pas, bien au contraire,
l'interet que 1'0n peut attacher 11 l'utilisation de
l'energie solaire.

Il ne faut pas oublier, pour termilner, que a trans
formation de l'energie solaire par voie thermique en
une autre forme d'cnergie (energie mecanique, energie
elcctrique) exige la presence d'une source froide.
Cette source froide ne peut guere se trouver au
Sahara que dans l'atrnosphere, or la temperature
de l'air arnbiant, pour les couches basses de l'atmos
phere, peut atteindre de 40 a 50°C. Deux conse
quences importantes en resultent : d'abord la neces
site de fonctionner 11 la source chaude avec des tempe
ratures relativement elevees, d'ou l'obligation d'une
certaine concentration du rayonnement solaire;
ensuite l'interet des systernes susceptibles de faire
mouvoir une grande masse d'air sans intervention
notable d'energie exterieure, L'Institut de l'energie
solaire etait done tout naturellement arnene a
etudier, d'une part des systernes de miroirs, d'autre
part les insolateurs 11 air. Le programme de ses
travaux se comprend des lors aisernent :

Etude de la radiation solaire;

Etude des insolateurs, et plus particulierernent des
cherninees solaires;

Etude des generateurs therrno-electriques, tout
d'abord des generateurs 11 exposition directe, c'est-a
dire des insolateurs therrno-electriques, ensuite a
circulation de fluide, ce qui entraine l'etude des
systemes de miroirs et de chaudieres,
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intcrieure, qui s'echauffe en raison des diverses
pates, panni lesquelles il faut compter l'absorption
propre des miroirs, pour permettre dans une certaine
mesure la recuperation de ces pertes. Le gros avan
tage des systemes a foyers multiples est de ne pas
nccessiter uric tres grande precision dans l'orientation
de ces surfaces. Il peut done etre fait usage de meca
nismes relativement rustiques; or, c'est ce probleme
d'orientatioll des surfaces rcflechissantes qui est le
gros probleme de la concentration du rayonnement
solaire. On ll~~nt etre tente, d'ailleurs, de simplifier
cc probleme (m ne se bornant qu'aux modifications
saisonnieres de l'orientation, et il faut alors utiliser
des reflecteurs cylindro-paraboliques. Nous pensons
qu'cn la m;lt;~';re il n'est pas opportun d'etre pour les
llemi-mesu"';; nons nous tournons resolument vers
les elements de surfaces paraboloides et devrons
porter tons nos efforts vers la realisation economique
des support. orientables. Il faut remarquer que,
clans le cas des surfaces etendues, une certaine simpli
fication dan.. le mecanisme d'orientation peut etre
npportee, ell observant que le mouvement des
coIIecteurs se fait de maniere que les surfaces de
captation son t toutes paralleles.

Les collccteurs que nous avons en vue, etablis
scIon des precedes mis au point par des firmes
locales, soul concus de maniere a chauffer un liquide
thermophore qui soit en meme temps isolant
electrique. C'c-t la circulation de ce liquide sur les
armatures chaudes des piles therrno-electriques qui
apporte par convection la chaleur a transformer en
cnergie elect rique. L'utilisation de ce fluide serait
mixte. Une premiere chute de temperature se ferait
dans les pile:" thermo-electriques, et une autre dans
lcs.appareils de chauffage destines, soit a la circu
lation de l'air de refroidissement, soit pour tout autre
usage. Les surfaces reflechissantes sont en tales
tres minces .I'aluminium brillantees et aluminees
ou en plastiq-ie tel que la « Lumaline » colle sur des
formes speciclcs en stuc ou en polyester arrne de
fibres de ver: c.

Pour des temperatures superieures a 300 QC, notre
projct se resume dans 1'utilisation de deux precedes
nouveau~ 2. C'cst un systeme assez complexe a
~oy:r unique qui utilise une multitude de miroirs
1I1?el?en~ants,.repartis sur le terrain exploite, Chaque
nuroir, a un Instant donne, est oriente de maniere
a concentrer le rayonnement recu dans 1'ouverture
du foyer, place en elevation et aune certairie distance
aU-dessu~ dn S?l. Ainsi que I'on pent s'en rendre
~?m.Pte. irnmediatement, nn tel systeme exige la
eahsabon precise de deux conditions :

Dne orientation exacte et independante des vicissi
tudes atmospheriques;

Dne forme exacte amenant le faisceau reflechi ase
~~ncentrer tres precisement dans l'ouverture du foyer.
t aque element de miroir represente a chaque ins
ant un element de paraboloide dont les parametres

varient avec le temps.

2 Brcvcts Irancais 1 238 883 et PV 830 443.

Il s'agissait done, en etude preliminaire, de s'assu
rer :

1) Des conditions imposees par la distribution de
tels elements de miroirs sur le terrain;

2) D'examiner les differentes possibilites de meca
nismes d'orientation et la telecommande precise
de ces mecanismes:

3) De verifier la possibilite de realiser simplement
des snrfaces paraboloidales de formes variables.

Des. travaux assez importants ont ete entrepris en
ce qUI concerne les deux premiers points. Il parait
encore premature d'en dormer les resultats, Ouant au
troisierne point, nous avons cherche a re;'liser les
elements paraboloides reflechissants avec de simples
ta~~s d'alumi?ium brillantees et aluminees. Les pre
mieres experiences ont ete encourageantes, puisque
nous avons reussi a focaliser sur une distance de
9 m avec des aberrations inferieures a 5 milliernes,
en utilisant une tale d'alurninium de 16-10 mm
d'epaisseur en rectangles de 1 metre sur 0,5 m.

La concentration de grandes quantites de rayon
nement solaire conduit a prevoir la focalisation sur
des distances plus grandes que ceUes experimentees,
ce qui necessite a fortiori des rayons de courbure
plus grands, ce qui entraine nne pIns grande facilite
de deformation des tales reflechissantes.

En premiere etape, avec ce systeme de captation,
nous avons l'intention d'utiliser l'air comme fluide
intermediaire pour le chauffage des armatures
chaudes des piles therrno-electriques. La raison en est
que pour avoir de tres grandes quantites d'energic,
nous nous heurterions a de tres grandes difficultes
si nous voulions realiser un foyer ferme. Le foyer
ouvert est beaucoup plus simple, mais il entraine
la necessite de chauffer l'air, merne si ce n'etait pas
le but poursuivi et la fonction principale du foyer.

Tandis que les collecteurs du rayonnement solaire
paraissent etre une solution immediate, susceptible
de resoudre sans trop de difficultes le problerne
du generateur therrno-electrique fonctionnant avec
un rendement acceptable, les systernes a champs de
miroirs deformables paraissent devoir Hre une solu
tion d'avenir, non seulement pour la conversion
thermo-electrique, mais surtout pour les conversions
thermo et photo-ioniques du rayonnement solaire.
L'LE.S. se doit de ne pas negliger cette solution.
Elle pose toutefois, pour l'instant, des problemes
techniques extrernement complexes et que nous
aborderons l'un apres l'autre.

Nous aUons exposer maintenant, d'une maniere
un peu plus detaillee, nos travaux et nos projets
concernant les generateurs therrno-electriques pro
prement dits.

Conversion du rayonnement solaire par voie
thermo-electrique

Un generateur therrno-electrique est essentielle
ment constitue d'un ensemble de thermo-elements
disposes entre deux armatures : une armature
chaude et une armature froide.



continu qui permette l'adaptation de la resistance
du circuit de charge a la resistance interne du gene.
rateur et qui soit egalement reg~la~eur de tension.
Mais le rendement moyen du generateur est bien
plus bas dans ce deuxieme cas.. ,

De toutes facons, queI que soit le mod~ d explo],
tation i1 existe une temperature maximum des
armat~res chaudes a ne pas depasser sous peine de
degradation irreversible du generateur. L'installation
du generateur doit alors etre completee par des or.
ganes de securite, .'

A ces considerations techniques ~res generales,
il faut ajouter les snjetions cli~atologIqllCS.L'I.E:S..
V.A. s'interesse tout parhculIerement aux applica.
tions sahariennes de l' energie solaire. C'est done dans
le cadre d'une utilisation possible au ~,ahara qu'il
convient d'etudier la construction des rsenerateurs
thermo-electriques. Trois observations iznportantes
sont a faire :

I) Il est loisible au Sahara de choisir (:cs sites Oll
I'ensoleillement est eleve,

. 2) On ne peut guere compter que sur l'air ambia~t

pour le refroidissement des generateurs. Toutefois
la grande siccite de. ~'air permet d'em:is.ager. un
complement de refroidissement par humidification,

3) Les vents de sable ou de poussiere sont assez
frequents. Le talus naturel dt; sa?le sec prov~nant

de l'erosion est de 22Q sur I honzontale, mars les
poussieres extremement fines, dont les dimensions
peuvent atteindre quelques microns, s'.accrochent
tres facilement. Par vent de sable, les grams les plus
gros, dont on peut craindre I'accumulatiou ou l'effet
de decapage, ne s'elevent guere au-dessus de 2 m.

Il resulte de ces observations :
a) Que les generateurs thermo-electriq11('~ doivent

etre organises pour etre, refroidis par Clrc'!latlOn
d'air, Or cet air peut atteindre en certaincs circons
tances des temperatures relativement elevees (400U
45 QC).

b) Que le salissement des systernes de captation
ou des couvertures transparentes des insolateurs pe~t
amener d'importantes reductions de l'en·.Tgie mCI'
dente et des frais eleves d'exploitation pour le ~et
toyage. Les surfaces traitees pour etre stHedIves
perdent leurs proprietes lorsqu'elIes sont recouvertes
de poussiere.

Les questions financieres ont egalement leur inci
dence. Le materiau thermo-electrique est relatIVe
ment cher. On peut trouver en France, du telIurure de
bismuth des types N et P a environ 7 000 NF le kg.
Ce prix est plus que double pour les materiaux de
provenance americaine, D'autre part, la mise en
ceuvre des materiaux est delicate, les armatures sont
assez ouvragees, surtout lorsqu'elles comportent des
radiateurs a air. Les coefficients de transfert par
convection de l'air sont en effet generalement faible~,
ce qui oblige a des surfaces developpees, Il appara1t
done indispensable de faire fonctionner les therrno
elements dans les meilleures conditions de rendernenr
c'est-a-dire a la temperature la plus favorable. Ce ~
suppose, si la chaleur est fournie par le soleil, l'ernplOl

~''',H.C.• b) Conversion directe en electricite

La chaleur peut etre arnenee a l'armature chaude
soit par un fluide (liquide ou gaz) circulant sans
changer de phase le long de surfaces en cont~ct

direct avec I'armature chaude, soit par condensation
d'une vapeur sur ces surfaces, soi~ en fin,par ~onver

sion directe du rayonnement solaire en energie ther
mique.

La chaleur, apres avoir traverse les : therrno
elements, peut etre evacuee, soit comme precedem
ment par circulation d'un fl';1ide s,ans ~ha?geme~t
de phase, soit par vaporisation ~ un liquide, soit
enfin par rayonnement dans 1espace.

Lorsque le generateur est directement i~solC, il
peut etre fixe ou orientable. Dans le premIer. cas,
la surface receptrice du rayonnement ne doit en
principe pas etre directive, sauf peut-etre pourAles
positions basses du soleil; le rayonnement peut etre
renforce par des miroirs fixes ou ~es di~use~rs. D~ns
le deuxieme cas, la surface peut etre directive: c est
le cas des surfaces forrnees de cones creux a petit
angle au sommet, ou des surfaces fonctionnant par
reflexion ou refraction.

Les surfaces receptrices peuvent etre selectives,
c'est-a-dire absorber convenablement dans le spectre
visible et emettre .peu dans l'infra-rouge eloigne.
Cette selectivite peut etre obtenue par ~? traiteJ?~nt
approprie de la surface, ou encore par I interposition
sur le rayonnement a l'arrivee d'une couverture
transparente fonctionnant par « effet de serre », enfin
par les deux precedes simultanement, .

Lorsque l'exposition du generateur est fixe, il
existe une inc1inaison optima qui depend d~ la
latitude, de I'absorption moyenne atmospherique
et des caracteristiques statistiques de la nebulosite.

Lorsqu'il y a circulation d'un fluide, le mouvement
peut etre nature! (therrno-siphon, principe de la
paroi froide) ou bien force. Dans ce cas, le generateur
comporte des parties supplementaires pour les ser
vices auxiliaires (ventilateurs ou pompes).

Lorsque le generateur therrno-electrique est destine
a la conversion de l' energie solaire en energie elec
trique, i1 est necessaire de tenir compte de la grande
variabilite du rayonnement solaire : variation diurne
reguliere ou accidentelIe. Deux modes d'exploitation
sont alors possibles : ou bien le chauffage des arma
tures chaudes se fait al' aide d'un fluide interrnediaire,
ou bien il est precede a l'insolation directe.

Dans le premier cas, on s'arrange bien entendu pour
fonctionner a temperatures constantes, et ces tempe
ratures sont choisies aussi voisines que possible
de celIes de meilleur rendement du materiau therrno
electrique mis en eeuvre. C'est evidemment alors
le debit du fluide qui varie, et il en resulte une varia
tion du nombre de piles elementaires en service.
Pratiquement, le generateur est divise en un certain
nombre de groupes de piles qui sont introduits dans
le circuit electrique ou elimines pour maintenir
constante la tension aux bornes, a la tolerance
admise pres.

Dans le deuxieme cas, il faut interposer entre le
generateur et l'utilisation un convertisseur continu-
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Figure 1

d'un fluide intermediaire et d'un systeme de captation
et de concentration du rayonnement au foyer d'une
chaudiere.

La circulation de l'air de refroidissement, d'autre
part, doit autant que possible etre provoquee par le
chauffage solaire lui-rneme, afin d'eviter de prelever
sur un organe de transformation, dont le prix est
ne.cessairement eleve, une partie de I'energie neces
saire au mouvement de I'air,

, On voit qu'une telle installation met en ceuvre
des elements techniques tres divers, qu'il convient
d'etudier chacun separement en"eux-memes, d'abord.

Les insolateurs a.air font l'objet d'une communi
catIOn separee [rnemoire S/45). Leur etude est facilitee
pa.r un procede d'analogie electrique qui est tres
utile egalement dans l'etude des insolateurs thermo
electriques. Ce precede sera decrit dans la presente
com,munication, qui traitera plus specialement du
generateur thermo-electrique Iui-meme, et decrira
le p~ototype en cours d'experimentation a I'Institut
de I energie solaire de l'Universite d'Alger.

Le probleme du materiau le plus convenable a
employer, de son usinage et de son montage sur les
armatur~s a ete laisse completement de cote. Des
l?boratOlres tres importants, tant en France qu'a
,etranger, etudient avec soin ces questions. L' J.E.S.

s est .donc borne, dans une phase preliminaire, a
exammer les problemes que pouvait soulever la

construction d'un in~olateur thermo-electrique fixe,
a exposition directe, de petite puissance, destine a
etre utilise au Sahara en vue d'alimenter, soit des
systemes de teletransmissions (telemesures ou tele
controles), soit de tres petites machines (ventilateurs
de conditionnement,' petites pompes de service
d'eau, etc). Il importait en effet de savoir si, pour
de petites applications, il etait possible de realiser
un generateur assez rustique, et dont le prix de
revient ne soit pas prohibitif.

Les surfaces de reception selectives ayant ete
abandonnees pour des raisons de salissement, il
importait d'etudier plus particulierement la surface
absorbante de l'armature chaude. D'autre part,
subsistait toujours le probleme de l'evacuation de
la chaleur ayant traverse les elements thermo
electriques. Une observation d'ordre economique a
permis d'orienter les solutions :

Il faut commencer par bien s'entendre sur l'exacte
signification qu'il convient de dormer a la surface
du generateur. Dans l'etude analytique de la question,
plusieurs surfaces se presentent (figure 1) :

Tout d'abord la section s de l'element thermo
electrique (sn pour I'elernent du type n, Sp du type p)
qui intervient dans la definition du rapport de forme
y = his, h et ant la hauteur du barreau thermo
electrique. Si le generateur comporte n elements
(soit n/2 couples), la section totale ou surface des
elements thermo-electriques est n/2 (Sn + sp).

7"



Conversion directe en electriciten.c.r b)

L'armature chaude presente generalement une
surface insolee Se qui est consta~t~ si elle es~ p!ane,
mais qui peut varier avec la 'p?SltIon du soleil SI elle
presente des creux ou des saillies: SI est. alars la sur
face insolee a midi vrai, lorsque le soleil est dans le
plan equatorial.

L'insolateur lui-merne reserve pour chaque e~em~nt

une surface SI ou surface illuminee dont la proJ.ectlOn
sur le plan horizontal est So = sl/c~s. cp, en desl~ant
par cp l'inclinaison (generaleme~tvOlsm,~ de la latitude
du lieu) de la surface receptrice de 1msolateur sur
le plan horizontal.

So est la surface d'occupation du terrain associ.e a
l'element. On voit aisement que seules des conside
rations economiques peuvent empecher que SI soit
beaucoup plus grand que St. Mais si le prix de 1'e16
ment thermo-electrique est relativement eleve, rap
porte a sa surface insolee, le prix de l'excedent de
surface illuminee peut etre tres faible. Il suffit en
effet a cette surface excedentaire de representer une
bonne isolation thermique entre la region des arma
tures chaudes et la region des armatures froides.
Si cette surface excedentaire est absorbante, toute
l'energie solaire recue alimente les pertes, sauf si un
leger courant de convection s'etablit ~~tre l~ s~rface
isolante chaude et les armatures voismes, qui sont
necessairement, du fait deI'ecoulement de la chaleur,
a une temperature moins elevee, Il peut done etre
benefique d'avoir une surface illuminee superieure
a la surface insolee. D'autant plus que l'on fournit
ainsi al'armature froide plus de place pour developper
ses surfaces radiatrices.

Dans ces conditions, rapporter la puissance elec
trique produite a la surface occupee sur le terrain
n'a pas beaucoup de signification, surtout lorsque
ce terrain est situe au Sahara. De meme, inclure
dans les pertes celles de la surface excedentaire
n'a pas beaucoup plus de sens que si on voulait
inclure egalement les pertes de toutes les surfaces
desertiques ou inutilisees du globe.

Il existe des lors deux moyens de realiser le radia
teur de l'armature froide : soit disposer des ailettes
de refroidissement perpendiculairement a la surface
receptrice, soit, ce qui apparait plus rationnel (car
on peut developper plus facilement les surfaces de
refroidissement), les disposer parallelement.

La forme des surfaces illuminees n'est pas quel
conque. Ces surfaces se disposent en effet comme les
elements d'un carrelage; elles doivent done etre
carrees ou hexagonales. Cette derniere est la meilleure
forme, comme etant la plus proche du cercle. C'est
la forme a adopter pour les ailettes paralleles a la
surface receptrice,

L'Institut de l'energie solaire, dans son prototype
(figure 1), a adopte les ailettes normales, comme etant
de construction plus facile. Les elements sont alignes
cote acote, et les rangees ainsi realisees sont separees
entre elles par une surface noircie simplement iso
lante.

Toutefois, pour regulariser un peu 1'insolation des
armatures chaudes, ces dernieres sont munies

d'ailettes basses, meridiennes, qui ne se portent pas
ombre des que le soleil depCl;sse une hayteur de 300,
hauteur admise pour le seuil de fonctIonnement du
generateur. Ces a~lettes, ainsi que celle~ des ~rma~ures
froides, servent egalement de connexrons electnques
entre les elements.

Le mouvement de l'air est active par le tirage d'une
cheminee. Une chambre de detente a l'arrivee de
l'air de refroidissement le depoussiere des grains
les plus lourds: il tr~v:erse ensuite.1es surface? d'eva
poration d'un humidificateur qtn peut abaisser sa
temperature de pre~ ~e 10 QC avant de circuler sur
les ailettes de refroidissement.

Les grandes lignes du genera.teur ~es;16 ayant et,e
arretees il fallait proceder au dimensionr.ernent opti
mum d~s diverses parties.

Nous avons ete amenes a etablir pour cela une
theorie simplifiee du fonctionnement des thermo
piles, qui a pu recevoir ~ne representation electrique,
ce qui a permis de verifier, avant construction, ,les
diverses particularites de f~nctionne~enT, c~ qui a
permis egalement de modl~er certains POl~ts de
detail en raison de la connaissance plus precise des
phenomenes, La methode d' etude par aml.ogie elec
trique a un second avantage, outre cetui de 'pre
figurer le fonctionnement ~'un genera~e\l~ praJe~e,
Le generateur etant construit, en effet, .11n est gu~re

possible de le' demonter pour m?dlfic~, ce!~ams

elements dont dependent les dimensions definitives.
On utilise alars la methode analogique regJee d'abord
de maniere arepresenter avec une assez benne approxi
mation les phenomenes tels qu'ils sont observes sur
le g~nerateur reel. Il est alors assez facile d'app~rter

les modifications desirees sur le modele analogique
et d'experimenter sur lui, avec quelque chance de
certitude.

Il n'est meme pas necessaire d'equiper le gene
rateur en etude de tous ses elements .thermo
electriques. Le fonctionnement thermique etant le
phenomene essentiel, les materiaux th2rmo-ele~

triques peuvent etre utilises pour realiscr un petIt
nombre de couples, qui sont disposes au milieu des
autres, equipes d'un materiau quelconque ayant
meme resistance thermique. Le fonetionnement elec
trique etudie sur ce petit nombre d'elements reels
peut sans aucune difficulte etre extrapole al'ensemble
des elements. Tout ceci n'est valable, bien entendu,
que dans I'hypothese, malheureusement verifiee, d'un
assez faible rendement du generateur.

Quoi qu'il en soit, ces methodes approchees peu:
vent etre d'un precieux enseignement pour l'emplol
de methodes plus precises qui s'imposeraient pour
des rendements superieurs a 6 ou 7 p. 100.

Etude electrlqus et thermique simplifiee
des generateurs hello-thermo-electrtquee

RENDEMENT INTERNE

. Dans l'etude du fonctionnement des piles therrno
electriques, on a coutume de partir du systerne
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c1assique d'equations I, dont quatre seulement sont
independantes :

_ T c - TI _ ri 12 + 1 ('J" T';
qc - R, 2

T'; - 1'1 + rf, 12 + 1 T _ 1'1- Ta
qt = - ~ 2 ('J" t - RI

(1)
Pu = q,-ql =-r£12+1 Q(;(Tc-Tt) =re!2

Tc-Tt
1 =c ri+re

A~!Ia.tnY0ge

d~ elcments de pile

Dans ce systeme :
qc est la quantite de chaleur fournie par la source

chaude, dans l'unite de temps, a la temperature
r; en -c.

qt est la quantite de chaleur enlevee par la source
froide, dans l'unite de temps, ala temperature 1'1,
en oc;

RI, est la resistance du couple thermo-electrique
entre soudures (les barreaux du couple sont
thermiquement en parallele};

\solQl1~

Th4tmo- ;lc.o,

..

(\

--
Ent..-,u J "" ...

d~ r"'\-"oiJ\~II.." .......t

Figure 2. Therrnogenerateur' : coupe mertdlenne



est

v = h s

pX
1"=

1X2

thermique interne

R. _Ri
't - n(1-8)

(1-10)

sa resistance

(1-15)

1X2

z=px

Nons prefererons considerer le rapport inverse:

la resistance thermique du radiateur est :

R e,
(1-9) It = n

Le jacteur de merite, defini par Joffe, de ce mate
riau fictif, est :

qui est homogene a une temperature, »solue, et que
nous appellerons temperature caracteris tue du mate
riau. 1" depend generalement lui aus. , des tempe
ratures T e et Tf .

On pose encore :

(1-11) - T e- T f _ X (T '/)
qu - R( -X e-.lJ

Le rendement interne de la pile thei no-electrique
est:

(1-12) "fJ( = Pu

qe

On montre que le rendement "fJ( et la »uissance P,
sont maxima lorsqu'on fait m = I, it .a condition,
ce qui est le cas avec les materiaux .ictuellement
connus, fonctionnant ades ternperaturc-. relativement
peu elevees, que le rendement soit fa i, .'e.
On a alors :

(1-13) P
u

' 1X
2 (T e - Tf )2 = (T e - :r: )2.:

4py 4" Y

et, pour n elements :

(1-14) P _ P _ (T e~ Tf )2 X",;
Ut - n u - _.

41" h

Si s( est la portion de surface insolee ce,rrespondant
a l'element considere, nous appellerons rapport de
concentration le rapport :

(1-14) C = ~
s

Le volume du materiau thermo-electrique d'un
element est

RENDEMENT GLOBAL

La surface insolee s( section du faisceau lurnineux
incident pour un miro{r, qui est la surface receptrice
dans le cas d'un insolateur a exposition direete,
absorbe la quantite de chaleur qa.

Designons par Q(e la radiation incidente, qui ,est
la radiation directe dans le cas des miroirs et l'ec1a1re
ment energetique total de la surface exposee dans le

h
y=

s
(1-3)

(1-6) ky=xRf

k =Rf ,
R((1-2)

(1-5') R( = r et
X

(1-1) ,

192

h etant la hauteur du barreau thermo-electrique et s
sa section; Y est le rapport de forme. Generalement,
les deux barreaux d'un couple, de rapports de forme
YI et Y2 ont des caracteristiques differentes :
IXIr PIr XIr pour l'un, 1X2, P2' X 2' pour l'autre. On a :

n.C.l b) Conversion directe en electricite
--------------------''---
Rf est la resistance thermique des radiateurs

d'evacuation de la chaleur au milieu ambiant
a la temperature Ta, en °C (les radiateurs du
couple sont thermiquement en parallele] ;

r( est la resistance electrique du couple entre
soudures, ou resistance interne (les barreaux
du couple sont electriquement en serie};

re est la resistance externe; elle comporte la resis
tance de charge r' disposee entre les bornes de
la pile et la resistance electrique r des soudures
et des connexions interieures:

Pu . est la puissance electrique utilisable; la puis
sance reellement utilisee est

P =r' 12 =Pu-r12 ;

1 est I'intensite dans le circuit electrique, en
amperes;

IX est le pouvoir thermo-electrique du couple,
en V/Qc.

On pose:

(1-4) n = PIYI + P2 Y2' (1-5) R( = YI Y2
Xl Y2 + ~YI

P etant la resistivite electrique, et X la conductibilite
thermique.

Il est possible de definir un barreau fictif de rapport
de forme Y = YI et de caracteristiques :

IXI + 1X2
IX =--2-

P= ~ [PI + VPI P2 ::]

X = ~ [Xl +VXl X2 ::]

On peut alors se permettre de ne considerer que l'un
des elements du couple.
ri, R(, Rf sont des lors relatifs ace seul element et non
comme precedemment, au couple. On a dans ce~
conditions :

(1-4') r( = Py,

Il Y a lieu de noter ici que IX est sensiblement
independant de la temperature. Par contre P et X

dependent generalement des temperatures extremes
T e et Tf , et k des temperatures extremes T f et Ta.

S'il y a n elements (soit nJ2 couples) la resistance
electrique interne du generateur est '

(1-7) ri, = n r(
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d'ou l'on tire

et

Tc-Ta I
1" 4 (I + k)

qa = qu + qp + Pu

k
Tt-Ta = (Tc-Ta) 1 +k

devient :

(3-9)

(3-3)

THEORIE SIM~LIFIEE

Dans la theorie elernentaire du systeme, on suppose
que le rendement est assez petit pour que la puissance
utilisable soit faible aupres des flux de chaleur en
jeu. On peut alors admettre que tout se passe comme
si la transformation de chaleur en energie electrique
se faisait auniveau de la jonction chaude et que les
pertes par effet Joule n'apparaissaient qu'au niveau
de cette jonction. Cette hypothese n'est qu'un
expedient mathematique et n'a bien entendu aucune
signification physique 3. Elle se traduit simp1ement
par la relation :

(3-1) qu = qt

ou encore

etfinalement

(2-5) qa = qf + qp + Pu

Le rendement global du generateur est

, (2-6) "lJg = Pu

qa

Pour une energie incidente donnee, ce rendement
varie comme la puissance utilisable. 11 y a done lieu
en definitive, de ne rechercher que les conditions
de puissance utilisable maxima.

(3-2)

(3-4)

(2-5)

,(3-5)

(I-H) s'ecrit

(3-6)

(1-12) s'ecrit

Pu Pu
(3-7) "lJt = c-: quqa-qp

(1-13) s'ecrit
(Tc - T a)2X (T c- T a)2 k

(3-8) P« = 41"(I + k)2 Y= 4 1" Rf (1 + k)2

_ 1X
2

[Tc- Tal
2

- 4py I+k_
et, pour n elements:

(T c - Ta)2xn S

P U t = 41"(I+k)2h

3 On montre que l'erreur qui resulte de cette hypothese sur
le calcul du rendement interne est seulement ~7)i = 7)i2/fJ
en designant par fJ le rendement du cycle de Carnot evoluant
entre les memes temperatures, Ainsi pour 7)i = 1 p. 100,'
fJ = 50 p. lOO, ~1)i = 2 . 10-4. -

cas d'un insolateur. Qte depend de la position du
soleil et des conditions meteorologiques.

Si le chauffage a lieu par circulation d'un fluide,
ons'arrange pour realiser pendant la duree de fonc
tionnement les conditions de transformation optima.
On admet en premiere analyse que la temperature
ambiante reste constante, alors qu'en realite, on le
sait, elIe varic avec Qte dans le me me sens mais avec
un decalage d'une heure ou deux; les conditions
optima se tarduisent par la permanence des diverses
grandeurs en jeu. On a done:

(2-1) qa = "lJSt Qte = Cte

"I) etant le re:l':,ment de la transformation du rayon
nement sola, c en chaleur.

C'est la sur; ,,'e insolee St qui doit alors varier avec
Qte pour m~;'.: tenir permanentes les conditions de
fonctionnemei .t.

Si le chauff ';c a lieu par insolation directe, on a :

(2-2) :a = IXs 1"v Qte St + qeSt

en designant iH :
as'le facteur moyen d'absorption de la surface

insolee,
Tv le facteur de transmission des milieux traverses

par le Tay .nnement avant d'arriver a la surface
receptrice

qe la quantit. .le chaleurfoumieal'armaturechaude,
generalernent par convection, par les surfaces
illuminees «xcedentaires.

qa est alors vinable.

La puissanc : qp perdue par le generateur en amont
de l'armaturo chaude ne depend alors que de la tem
perature T c ,1~ cette armature, de la temperature
ambiante Ta et eventuellement de celle Tv c de la
v?Ute celeste, cette derniere pouvant atteindre par
ciel tres clair -- 100°C; qp en aucun cas, ne depend
des caracterl~;tiques strictement thermo-electriques
de la pile.

qp est le plus souvent nullorsqu'on opere le chauf
fa~e par circulation d'un fluide, I1 n'en est pas de
mem~ pour les insolateurs. Lorsque le generateur
fonctIonne comme insolateur, I'experimentation
montre que I'on peut ecrire avec une assez bonne
~pproximation, dans les zones de temperatures ou
Ion opere:

(2-3) qp = (a + b (Tc- Ta) + C(Tc~ T a)2JSt

ou a,. b, c, sont des coefficients, rapportes a une sur
face InsoIee unitaire, qui sont positifs, et qui depen
dent des conditions meteorologiques et plus speciale
me~t du vent. La valeur de c est d'ailleurs assez
petIte. Ainsi pour une surface noircie, avec une
couverture formeo de deux verres, on a, en air calme:

a = 40 W, b = 3,2 W;CC, c = 0,023 W;CO

On a d'autre part
(2-4) qc = qa-qp

Le systeme (I) donne alors :

qa-qp = qt- r t I 2+ 1<X (Tc- Tt = qf + Pu
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5
k = 4 = 1,25

h = 0,926 A 0' (Te~ T a)O.2C

(3-19) ~= Te-T = Te-T (l+k)
h Te-Tt Te-Ta

Les valeurs de p et x it utiliser correspondent ala
temperature moyenne :

T e+ Tt T T c - Ta
(3-20) _Tmov = 2 = c - 2lT-=t- k)

qui a lieu pour

(4-2)

On a

(4-5)

et

DIMENSIONNEMENT DES GENER'cTEURS
THERMO-ELECTRIQUES

Premier cas : chauflage par conoectiou

Pendant la duree de captation du r;'onnement le
generateur fonctionne aux valeurs opt.ma des tern.
peratures, 11 y a done lieu, d'apres (3- ~';'), de recha,
cher le minimum de 1'expression

(4-1) (1~ k)9
Y = k5

,4/ k5
V (1 + k)9 = 0,212

et, d'autre part :

(4-3) et (4-4)

x x 4/;+ k h
y =/i' Rt = A sO'(Te-Ta) 0.25 " .. fi5 =5

d'ou'

(4-6) Pu max = 0,053 A SO' (T e - T·Y25
-r

La puissance utilisable maximum F' unite de
volume du barreau thermo-electrique e-t :

(4-7) eo = Pu max = 0,057 A 20'2 CJ.2 (T c -= Ta)2.5
, v px2

elle est d'autant plus elevee que le coefficient de
transfert A, la surface relative de radiation er et
l'expression

CJ.2 (T e- T a)2.5(4-8)
p x 2

sont plus grands. L'expression (4-8) croit avec T»
Il y. a done interet it fonctionner aussi pres que
possible du maximum technique T c max-

(3-19) devient :

(4-9) T moy = 2r, ~ ~ r;
9 9

Pour dimensionner la pile, il faut choisir au prea'
lable le ,materiau thermo-electrique, sa section S,

la temperature ambiante Ta, la temperature T,

A l'aide des formules amsi etablies, nous allons
etudier les deux cas qui nous interessent plus spe
cialement :

1) Chauffage du generateur par convection: cir
culation d'un fluide ou condensation d'une vapeur.

2) Chauffage du generateur par insolation.
Dans le premier cas, on peut considerer que I'on a

affaire it une source chaude quasi infinie, et 1'on
peut supposer que le generateur fonctionne it tempe
ratures constantes, et plus particulierement aux
temperatures T e et Tt optima pendant toute la duree
de captation du rayonnement solaire.

Dans le deuxieme cas, le flux de chaleur absorbe
est limite au rayonnement solaire et varie avec lui,
Le generateur fonctionne it temperatures variables.
Il existe un seuil des temperatures qui est defmi par
les possibilites techniques d'utilisation de I'energie
produite. -

Nous n'examinerons que le cas du refroidissement
par circulation d'air it la temperature ambiante,
en convection naturelle ou forcee, La resistance Rt
est alors de la forme :

1
(3-10) Rt = ~o---==---=-~A s, (Tt- Ta)0.25

en designant par S, la surface d'echange du radiateur,
A etant un coefficient qui depend de la forme et des
dimensions du radiateur, de la vitesse du fluide
de refroidissement, de sa nature, et en particulier
de son humidite, etc. On peut, dans une theorie qui
n'a d'autre but que de rechercher la forme approxi
mative des relations entre les differentes grandeurs,
supposer A = Cte. On pose :

(3-11) 0' = Sr
S

0' es~ la surface relative du radiateur; il depend de
considerations economiques et varie selon le systeme
de radlateur adopte ; il est choisi it priori.
On a alors, avec (3-4) :

(3 12) R _ 1 ,4/1 + k
- t - A SO' (Te- Ta) 0.25 V--k-

et, avec (3-8) :

(3-13) r; = A SO' (Te- Ta) 2.25 ,4 / k5

4" V (1 + k)9
L'intensitd est, d'apres (I) et (3-3) :

(3-14) I=~Te-Ta
2 p Y (1 + k)

la tension est, d'apres (1-1) :

(3-15) u=r'I, avec(3-16) r'=py-r

S'il y a n elements en serie la tension aux bornes
du generateur est: '

(3-17) Ut-n(py-r) CJ.(Te-Ta)
2 pY (1 + k)

et la puissance fournie au circuit exterieur :

(3-18) », = Ut I = n2(p y _ r) [CJ. (Te - Ta)12
2 p Y (1 + k)
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qe resultent de releves experimentaux assez incer
tains.
11 vient

Comme on a, d'autre part :

(4-21) ,kh=sxRf
la constance approximative de B = M S RI se traduit
par la constance approximative - de la resistance
thermique RI du radiateur, ce qui est un resultat
assez remarquable,

x
b (1 + k) + Eh

k

CXs 't'v Qie - a
x

b (1 + k) + h C

1

xB
kh = M =Cte

T T _ IXs't'VQie- a
c- 0,-

X '

b + hC (1 + k)

4/ 1 1 x
B = Vb (1 + k + Ck h

(4-12)

(4-13)

ou encore

(4-18)

(4-20)

et, avec (3-8) :

(4-14) Pu = cx
2

( CXs 't"vQie ---'-- a)2 _ 2' Si

, 4 PCh [b (1 + k) + hXC1
Pour une valeur determines de la radiation solaire,

cx etant pratiquement constant, le maximum de Pu
correspond au minimum de. l' expression

(4-15) E= pC h [b (1 + k) + hXCr
On a d'autre part:::::
(4-16)

Rf=ky
x

, l' ,4/1 + k
= A SG(Tc-Ta) 0.25 V-k-

4 ,------

d'ou
(4-17)

x
4

/ 1 x
A G (cxs 't'v Qie - a)D.25 = k h Vb (1 + k + k C h

qui donne une relation entre k et h, en fonction de
l'ensoleillement et du rapport de concentration
C = Si/So
Posons

et
(4-19) M = AG (cxs't'v Qie - a)0.25

B varie relativement peu, comme on peut le voir
dans l'application numerique ci-apres, avec les
valeurs de k et de h qui satisfont a la relation (4-17);
il peut etre considere, pour une valeur determinee de
C et une valeur moyenne de p et de x, comme
constante. On a

on a
h = J ,\I mm
Pu max = 0,24 W
T, - Tf = 7;;,6 °C
Tf - r, = rt .l ,4 °C
t, = J:;1,4 °C
y = l:~ 7
R, = l:,/OC/W
ri = ~;H1 . 1O-4 n
qu = ~.i~6 W
qa = ':,10 W
Y)g = ;~,~ p. 100
I =~t:,lA

Il ne faut p,c," se faire d'illusions sur la precision de
ces calculs, d a fait de l'incertitude sur les valeurs
exactes de a, Cl, x, et surtout du coefficient de trans
f~rt .A. D'auu , part, il n'a pas ete tenu compte de
llllcIdence d:; la resistance r des soudures et des
connexions i.: .erieures.

de l'armature chaude, le type de radiateur et sa
surface relative G.

On peut alors calculer h avec (~-5) et par conse
quent y; P; max avec (4-6); Zmax avec (3-14).
Si l'on se donne le nombre d'elements n, on peut
calculer Ut et Pt avec (3-17) et (3-18), la resistance r
des soudures et des connexions interieures etant
definie par les exigences de la construction.

Applicatioi' numerique

Adoptons ;)our Ta = 30°C et T e = 200°C les
caracteristiqt,,-,s suivantes d'un materiau d'origine
americaine :
(f. = 204.10 ,; VrC
p = (0,522 0,00474 T) 10-5 n.m
x = 3,59 -- 0,0106 T
On a Tmov cc· 162°C; d'ou :
P = 1,288.L -5, x = 1,87, 't' = 578 "K

Prenons :
o = 100, A - 2,55 W/m2, S = 10-4 m2

Deuxieme cas : chauffage par insolation

..La temperature T e de l'armature chaude depend
ICl de la radiation solaire.
(2-3), (3-5), (3-6) et (3-8) donnent :

(4-10) lTc-Ta]2 [_x_ + (1 +k)21
l+k 4't'hC c

+Te - Ta I X - 1 .
1 +k lhC + b (1 + k) + (a-cxs't'vQie) = 0

relation independante de la section S du barreau.
d Pla<;ons-nous dans le cas ou le coefficient du terme
Cu se~ond degre est negligeable, c'est-a-dire dans le
as ou la valeur de l' expression '

(4-11) z = c x _ cx2

+ 4'rhC(1 +k)2 -c + 4hCp(1 +k)2

~~~ petite aupres des autres coefficients. Cette hypo
ese peut etre faite d'autant plus facilement que lescoeffi .CIents a, b, c et les parametres cxs, 'rv, Qi0 et
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(·I.~tI)

encore "(
de la pile
puissance

, l' excmpl-

Premier PTOCft/C. On desire fonction. . ;1 la pui«
sancc maximum. On tire de (4.:10) line v. 'llr approxi·
mativc de IJ que I'on introduit dan-, 1.:!5) pour
obtenir " et dans (4.20) pour obtenir

Deuxiisne pToctde. On se donne h '
k est donne par (4-17), La puissance i
n'est generaletllcnt pas dans ce cas
maximum.
Posons, pour le meme materiau que <1:1
precedent:

IX = 204· 10- 6 V/oC
pmoy = 0,76 . 1o-~ n.m
lotmoy = :1,09 \V/oC.m
~moy = 564,3 oK
r, = :W °C
s = 10-4 m1

r1 = 100
A = 2,55 \V1m2

rt.,Tt,Q'e = 500 \V/m2

o = 3!.l \V \ [Valeurs obtcnur I ,ar lineari-
b = 3,8 \v/oC I sation de la courl» lcs pertes).

132 = .2/7 6 + 2 3n~V, BC

dont les solutions en fonction de C sont ri, .nnecs par
le tableau ci-dessous, Oil I'on a fait figure: ,(galemcnt
les valcurs correspondantcs de Il Iz It k I F, - T,),
I'u mu, ainsi que les coefficients de'.l'dq ';;llion (4.)(1):
On peut verifier que Z pcut bicn Hre n,',,jige, ain~1
qn'il avait cte suppose. .

.:I pplicoJioPls t11l11ltriqlles

Pour dimellsionncr la pile, on se doun« g(:nt•.t! .
ment le materiau thcrmo·elcctrique, c·,'~t'?I.dir(' r

p, x, dont on prend une valour moyenn« rorrt's\,\Jr~:
<I:\I\t a 50 cc, par cxemple: on se don n« en outn' 1
tl"mp(:rature ambiantc r; la radiation incidellt:
a.* ~.. Q'H' la section s du barreau, la Sin l.ict- relative
a du radiateur, et le type du radiat.eur ",'11 Mf!nit J,
la courbe des pertes qp en Ionction ,:,' l'ecart de
temperature (Te - Ta) des surfaces r- "ptrices du
rayonnement avec l'ambiante, c'est-a-.": " les eodli,
cients a et b et le rapport de concentra: 'I C = S,lo

M = 2,55 • 102,/500 - 3U =) ".)

Premier precede :

(4-30) donne :

On a

(.'.211)

Il ('I B)
1 .1. k~' = ~L+ YC; + ;fi_ _ "I + J[

-. IJ - - nTc
Xl

cl'apri-s (,'.H~), IJ pcut ctre dcfini par l'cxprcssion

(,'-30) 112 = V;(~ + ~!C)
dont le calcul graphiquc est facile.

On a :

1
1 2 B I" (I + k) = lot ._- + ....

.bC M

I~~; 'p r: Ib' - ~: G: 1<~:1rI
d'E ,2 x' (1 . Ill!)'

(·1-2,1) lW' "2 c -1 M > 0

1.(' mininuun a lieu pour :

(.1.2fi) i , x I'/c + .~~I~c x Ible + s RII
et , par const-quent,

Il I
k ;-; M'T + ~/!

be M

(-t.15) devient :

I til ' 'I'pC" b(I + " .) + .~.
11 .\1, C "

PChi b+ ~ {(~. + l!t:)r
pC I" b' + 2 b « ('I. +U l)) + )',1 (.1. + ~1J1.)'1

(;.\1 h (; .\1

et l'on a :

C 2 In 100 1000
/I 4,7:' 4. J.t 3.01
k h 12.42. In-' In.!!2, In-l

2,Il!l I,(;i
i.lI;; • 1fI-I :Ufl.IO-' 4,3(;· III 1

h O,!!:!:; 0.41!! o,mm 0,0136 0.00;;17
It 0.01;; O,IIZ;;!l 0,01'11 n.Hi

(T • . - T.)"<' IlI.R
0,!!13

02.2 1l';.lIil !!a,1
I'. mu (\\') 0,1l1 • 1It-l 1,2. HI-'

III,I!
5,53· 10-' ,IS Il. In"'" Hi,5· 10"

7- CI,n:!tll n.lIZl:;
I x

0.n:!13 n.n:!:!i n.n:!:!ns

b 1
i-'l~ k ~C

i,lll i.311 n.ns Ii.7H 4,1:!
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Deuxierne precede :

Dans k-s mernes conditions, posons 11 - 10- 2 m
et prenons le cas ou C = 10.

De (-1-20) on tire :

kh = 7,0' 10-3

On a :

/, 7,/)'10-3 07"
~ = IO-~- = ,"

avel' (.1-1 :1)
·WI r:'Tc - Tu = -'-' = <) I ., cC21,·lfi -»

r; = 2,OUIO-3 \V

soit moins de la moitie de la puissance maximum.

Comparaison entre les deux procMes de chauffag»

Le moyen le plus simple cst de cornparer les puis
sauces volumiqucs c.) duns chacun des cas. On a,
d'apres (.t-7) :

(.l-:Jl )

d'ou :

(4-32) WI -l~ !'li (I + 1l2rl [Tc. - Ta12
W2 - PI hi (I + kl)2 Tc,- Ta

On a d'autre part, d'apres (3-12) :

( R __ ~!!. - __ 1 VI + k4-33)! -
)(8 A sa (Tc - T a)0.25 k

Duns lcs Iimites des valeurs possiblcs de k, le radical
varic asscz peu. On pent done ecrire generalement :

(.&-34) k h = P (Tc - Ta)- 0.25

011 P est unc constante.

Il vient :

(4-35) h (I + k) = P Ct k) a, - Ta)-{)·ts

et

(4-36) wI _ ~ l'!l (1 + k2rl2l'Tc. - 'l!!'12.Z5
Ws - PI k2 (1 + k l ) T c, - T«

PI et P2sont generalement voisins; il I'll est de Intlllr

pour k1 et k2 ; le terme preponderant est alors :

[
Tc. - Ta]2'25
Tc• - Ta,

Or, non seulement Tc• est notablcmcn: plus bas'1IlI'
Tc ' mais il varie continuellement en . .urs de jour.
ne~. Il en resulte que le precede de hallffagc pal
insolation est tres nettement dcsavanta. "par rapport
a celui qui utilise un fiuide Intermedin C',

L'unique avantage que l'on peut rc-: .nnaitre aux
generateurs directement insoles est .ne certain
simplicite de construction.

Etude d'un generateur thermo-c.ectrlque f
exposition fixe directe par analogic electrlqae

REPRESENTATION ANALOGIQI I E

La methode d'analogie electrique flans l'etude
du fonctionnement thermique des insolateurs n'est
applicable que si I'on suppose la possibil.i ede lineari
ser les transferts de chaleur par rayonru merit et par
convection. C'est le cas des insolateurs t ' par conse
quent des generateurs thermo-electriqi , a exposi
tion directe, La figure 3 represente I( schema de
principe du generateur etudie et le circi-t electriqce
analogique correspondant.!

La correspondance entre les grandeur thermiqucs
et les grandeurs electriques analogues, ,tnsi que lcs
rapports qui ont ete choisis, sont donnes ci-dessolls :

GrandrUf' tJu,,,.iquts

T : temperature (oe) • . • .
q : flux calorifique (W/m') .
R : resistance thcrmique (OCfW)

G,amUufs iltclriques correspondantes

T volts. " (1) T = K. T avec K. = 1
q ampercs, . (2) q = K p q avcc Hq = 1()5
R ohms . . . (3) R = K; R avec K. = 10-5

Si 1'0n admet la theorie simplifice precddemment
cxposce, il est possible de representor, tout au moins
approximativement, le circuit elcctriquc reel du
generateur thcrrno-electrique Ctudie par le circuit
clcctrique qui reprcscntc le circuit thcrmique de Cl'

meme generateur.
Supposons en effet que 1'0n represcnte la resistance

clcctriquc r du generateur par la resistance elec
trique RI, qui rcprescnte la resistance thermique
interne RI, et le courant i par le courant qu qui
rcprcscntc le flux calorifique qu dans le barreau.
Le rapport

RI
rl

rcprcscntc le facteur par lequel il faut multiplier
une resistance clectriqlle du generateur reel pour
ohtenir sa representation dans le schema analogiquc.

Ainsi, la resistance r sera representee par une resis·
tance electrique

r
R =-Ri

'1

la resistance de charge (rt - r) sera representee par
RI - R. )Iais le circuit thermique ne comporte
qu'unc branche, alors que le circuit eleetriq~1C reel
en comporte deux. Si l'on desire utiliser la resistance
elcctriquc du schema analogique qui represente le
circuit thermique pour representor l'une des branch~
du circuit electrique reel, il faut supposer qu'cl!e
represcnte la branche externe.

L. tension u mcsuree aux bornes de R, - Rest:

u = [RI-R] qu

4 Pour le mode opcratoire, voir le 13ulletin 3 de 1'1.£,5. 1'..\
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dans

2

(0)

Ut

ril=Nrt (11) it=i
Rlt 1
ril- - N2 J{r p Y.

qUt 2 N PY.

it et. J{q

R
Rt = N

(7)

(14)

De (5) et (6)

(15)

(8)

(10)

(12)

(13)

U qu 4 Px
P = J(r (JfI{q2

Si N est le nombre d'elements (NJ2 couples)
l'unite de surface insolce, on a :

DESCHIPTIO:\ DU PHOTOTYPE EXPEHDIE:\T,\L

Ainsi qu'on a pu Ic voir plus haut apropos dcs
generateurs a exposition directc, it y a interet a aug
mcnter Ic rapport dc concentration C. Un moyen
tres simple ct qui a Cte souvent utilise consistc a
rcaliser I'arrnature chaude awe unc plaque asscz
etcnduc disposec de manierc a rccevoir lc rayonne
mcnt solaire, Lorsque I'on utilise des surfaces selcc-

- - ~--:=--=,
Ut N «s,«,

Ut qUt 4 PY.

P, 0:2 J{ r J{~

Les formules (12) a (15) permettent de passcr des
mesures effectuees sur Ic schema analogiquc aux
grandcurs elcctriqucs recllcs. II faut bicn notcr
quc dans cettc representation on a fait abstraction
des pcrturbations apportces au flux calorifiquc par
l'effct Joulc.

2

et

U

1t

rile doit representor la tension ft aux bornes du
generateur rCl'·.

La puissance ('Icctrique produite par le generateur
reel et utilisal: :',' est :

p = ui

elle est repres..» tc<e par le produit u quo Il reste a
determiner les rapports

(4)

qu
et

u
f ft

Les relations

ri ' py et u,=r
y.

donnent

Les relations

r10nnent :

d'ou :

qu 2 pit
t = o:]{q

ne (4) et (5) on tire:

d'oil

(6)



Conversion directe en electricite

tives, ce moyen est sans doute suffisant, mais pour
nous qui ne pouvons utiliser de surfaces specialement
traitees a cause de 1'effet nefaste de la poussiere,
nous avons cherche a utiliser la convection qui trans
porte la chaleur des surfaces que nous avons au
debut appelees excedentaires et dont le prix d'occu
pation du terrain est relativement faible, pour la
transmettre a 1'armature chaude.

Le premier type de generateur que nous avons
construit et dont le detail est donne sur la figure 2
a justement pour objet de determiner 1'importance
de ce transfert de chaleur et au besoin de I'ameliorer.
Si, comme nous I'esperons, les resultats sont Iavo
rables, nous pourrons utiliser concurremment les deux
precedes : extension de la surface insolee et utilisation
de la convection au moyen de petites ailettes dont
cette surface serait munie.

Ce sont done surtout des preoccupations construe
tives qui ont guide le dimensionnement du proto
type experimental realise. Le generateur proprement
dit est amovible, et peut etre remplace, s'il est besoin,
par un autre generateur repondant a des exigences
differentes ; le chassis est prevu pour etre facilement
modifie et s'adapter it diverses latitudes. D'autre
part, la cheminee peut etre allongee au moyen
d'elements intermediaires demontables.

b = 3,8 W/oC'n?;

dans I'etude d' generateur

a = 39W/m2

--L'experimentation a pour .but ~e .determiner les
valeurs des resistances thermiques a mtroduire dan
le circuit analogique pour obtenir une assez banns
concordance entre les resultats des mesures effectuee

e

sur l'appareil lui-meme au soleil et ceux effectue~
sur le circuit analogique, puis de rechercher par voie
analogique les conditions de meilleur fonctionnement.

En fait, jusqu'ici, le prototype const ruit n'a servi
qu'a preciser les grandeurs a introduir« dans le cir
cuit analogique, et une experimentation preIiminaire
a ete faite a l'aide de ce circuit. Ce (iui a permis
d'etablir la courbe des pertes qp de l','_:solateur par
metre carre de surface insolee, en foncf on de I'ecart
de temperatures (T c - Ta). Cette cor.rbe (figure 4)
peut etre remplacee par une droite et 'finie par Ies
coefficients :

qui sont necessaires
optimum.

La figure 5 donne le diagramme morotone jour
nalier equivalent que nous avons choisi »our l'etude
theorique du fonctionnement de notr- generateur
prototype. Il correspond aux condition. climatolo
giques d'un point situe en plein SaIJ, .ra, sous le
30e parallele,

rr.c.i b)200

IoJ o'-- ~--_ _=~_~---__
o 8 9

Figure 5
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Conclusion

11 apparait comrne evident, a la suite de l'analyse
faite au debut ,k cet expose, qu'il ne faut pas esperer
tirer de tres uandes puissances des generateurs
Mlio-thermo-tkctriques, avec les materiaux quel'on
trouve actuel1f~::1Jcnt sur le marche. Le prix eleve
des semi-comL:-teurs necessaires, exige que l'on
utilise les moye i ,;, les meilleurs pour operer la trans
formation. Il fai-t done s'orienter vers les solutions
qui separent L captation et la transformation en
chaleur du ray.mnernent solaire de la conversion
thermo-electriql;' proprement dite..

Cependant, l grande rusticite des generateurs
itexposition dir.-, te peut rendre des services dans des
installations isok'-s et pour de tres petites puissances,
par exemple d.. '1S le cas d'une telecommande ou
d'une telesignali-ation. C'est d'ailleurs en vue de la
realisation de P: -stes meteorologiques automatiques
que l'I.E.S.U ..A. a entrepris des etudes sur cette
sorte de genera [cur.

Le problerne fondamental, ainsi qu'on l'a deja
dit, est celui du r.idiateur d'evacuation de la chaleur.
L'l.E.s.U.A. etndie actuellement un svsteme
d'ailettes parallel-s au plan de l'insolateur, 'ce qui
permet un plus grand developpement des surfaces,
et de choisir 3; nsi des valeurs de a plus elevees,
L'l.E.s.U.A. etu.lie egalement un systeme d'ailettes
it vaporisation .nterne fonctionnant suivant un
p:incipe propose par ]offe, et qui permettrait de
disposer de plus grandes valeurs de o,

En ce qui concerne la surface receptrice, si la
selectivite n'est pas recommandable pour les sur
faces soumises aux vicissitudes atmospheriques, elle

Figure 6. Aspect exterlcur du therrnogenerateur de la
figure 2

peut l'etre si l'on realise une protection suffisante :
etancheite, vide ou couverture refractrice et isolante
au contact des armatures chaudes. L'LE.S.U.A. a
l'intention de poursuivre des recherches dans ee
sens.

Resume

d L'I.E.S.~.A. se propose d'etudier tous les precedes
e productIOn d' energie a partir du rayonnement

~olalre, mais desire mettre l'accent sur les procedes
lmmediats de transformation industrielle. Dans l'etat
actuel de la technique, seuls les precedes thermiques
~euvent etre valablement envisages. Il s'agit do~e
e
l

.collecter des quantites importantes d'energle
~o aire et de les concentrer suffisamment pour obtenir

es temperatures a caractere industrieI.
S'

co~ ~n. ~el resultat peut etre obtenu par des m?.>:'ens
e pehhfs dans certaines conditions les teehmelens

s~ clalistes (thermieiens thermodyn'amiciens, inge-
ll1eurs h' . ,SIc lmlstes, etc.) peuvent se charger de trou.ver,
d~~~leur~ rnMhodes propres, l'utilisation industrielle

nergle thermique ainsi mise a leur dispoSitIOn.

Mais avant de se consacrer entierement a ee pro
bleme majeur, l'LE.S.U.A. eroit necessaire de pro
ceder a une analyse systematique des phenomenes
dont le coneours pourra etre requis ulterieurement.

Les autetirs exposent dans une premiere partie
quelques principes directeurs de leurs recherches.
Ils observent en particulier que, contrairement a ce
que l'on croit communement, l'energie solaire est
une energie tres chere, qui est surtout abondante
pour une transformation industrielle dans les zones
arides, et plus specialement au Sahara. Par ailleurs,
les problemes de stockage ne se posent vraiment que
pour les petites puissances, ou encore lorsqu'on
utilise des temperatures relativement basses; sinon,
c'est un probleme de puissance de complement qui
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se pose, et qui peut etre heureusement resolu au
Sahara au moyen des energies fossiles.

Les auteurs observent enfin que la source froide
que requiert toute transformation thermodynamique
de l'energie solaire ne peut se trouver au Sahara que
dans l'air ambiant; il en resulte le grand interet
des systemes qui peuvent faire mouvoir de grandes
masses d'air sans intervention d'autre energie que
l'energie solaire.

Le programme des travaux de l'Institut de l'energie
solaire se comprend des lors aisement : etude de la
radiation solaire, etude des insolateurs et plus parti
culierement des cherninees solaires, etude des gene
rateurs thermo-electriques, tout d'abord des gene
rateurs a exposition directe, c'est-a-dire des inso
lateurs thermo-electriques, ensuite a circulation de
fluides, ce qui entraine l'etude du systeme des
miroirs et des chaudieres.

Dans une seconde partie, les auteurs examinent
rapidement les procedes de captation avec concen
tration du rayonnement solaire qui sont a l'etude
et qui comportent, pour des temperatures inferieures
a 300°C, des collecteurs orientables formes d' ele
ments de miroirs paraboloides et fonctionnant par
focalisation multiple. Ces collecteurs sont destines
a chauffer des liquides thermophores.

Pour des temperatures superieures a 300°C, les
. projets se resument dans l'utilisation de deux pro
cedes nouveaux qui envisagent l'emploi d'elements
de miroirs paraboloides deformables distribues sur
de grandes surfaces.

Ces miroirs sont constitues de simples tales planes
d'aluminium brillantees et aluminees et convena
blement deformees, Une bonne focalisation a ete
obtenue avec une tale d'aluminium de 1,6 mm
d'epaisseur" a une distance de 9 m.

Dans une troisieme partie, les auteurs examinent
les conditions techniques de realisation des genera
teurs thermo-electriques destines a fonctionner au
Sahara. Deux conditions sont fondamentales.

a) Les generateurs thermo-electriques doivent etre
organises pour etre refroidis par circulation d'air,
Or cet air peut atteindre en certaines circonstances
des temperatures relativement elevees (40 ou 45°C).

b) Le salissement des systemes de captation ou
des couvertures transparentes des insolateurs peut
amener d'importantes reductions de I'energie inci
dente et des frais eleves d'exploitation pour le
nettoyage. Les surfaces qui ont ete traitees pour etre
selectives perdent leurs proprietes sous la poussiere.

L'utilisation du systeme d'equations classiques
pour etudier le fonctionnement theorique des gene
rateurs therrno-electriques conduit a une assez
grande complexite analytique, et les auteurs obser
vent que dans le cas de 1'emploi des materiaux thermo
electriques actuellement sur le marche, dont les
rendements sont faibles, il est possible de negliger
certains termes et de simplifier ainsi l'appareil
mathematique, I1s observent d'autre part que les
pertes d'un insolateur thermo-electrique par la
couverture transparente peuvent etre mis generale-

Tc-Tar,»: Tt = 1 +k

Les formules qui donnent la valeur d,":; differentes
grandeurs sont etablies facilement, mime dans le
seul cas qui est examine et qui correspond au refroi
dissement du radiateur par l'air. On a (',1 particulier

. (Tc-Ta)2.25 .4 j-k"-
Pu = A s e --4...-- Vn-:+:-k) 9

formule dans laquelle :

Pu est la puissance utilisable,
A le coefficient de transfert de chaleur par convec

tion,
Tela temperature de l'armature chacde, en cc,
T« la temperature ambiante, en °C,

2

... = ~ la temperature caracteristique c' cl materiau
px
en "K.

Le chauffage de 1'armature chaude peut Hre
realise, soit par circulation d'un fluide an prea~a?le
chauffe au moyen du soleil, soit par expOSItIon
directe au soleil,

Le chauffage par circulation d'un fluidc est le pl~s
rationnel, car il permet de faire fonctionner la pIle
thermo-electriqua a temperatures constantes- On
m?ntre qu'il existe une valeur optima du rapport ~,
soit k = 1;25. Le dimensionnement de la pile se fait
alors aisement en partant de cette condition, et on
constate que son rendement global peut attein~r~
des valeurs relativement elevees. Ainsi, il a ete
calcule que le rendement global pouvait atteindre
3 p. 100 pour des barreaux en tellurure de bismuth
d'origine americaine et fonctionnant a 200 -c. ~e
calcul montre que la hauteur du barreau est tres
faible, soit de l'ordre de 2 mm.

Dans le cas du chauffage par insolation direete,
les calculs sont beaucoup moins faciles, et il faut
faire intervenir des simplifications numeriques- Des
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definm~Te des generateurs thermo-electriques, il a
~our lui 1'avantage d' etre tres rustique; aussi l'Ins
titut d~ I'energie solaire de l'Universite d'AIger a
const~mt un prototype qui tient compte des sujetions
sahariennss rappeIees plus haut. Les surfaces recep
trices du rayonnement solaire ne sont done pas des
surfaces selectives, Le generateur est constitue par
une surface de prechauffage relativement importante,
avec une legere circulation d'air qui vient apporter
de la chaleur a1'armature chaude concurremment au
rayonnement solaire. Le generateur comporte egale
ment une surface de post-chauffage et une cheminee
pour accelerer le tirage de I'air de refroidissement;
ce dernier etant tres sec, la possibilite est prevue de
l'humidifier pour le refroidir.

Afin que la construction du prototype ne se
confine pas dans la solution de problemes gratuits,
il a Me concu pour une destination precise a 1'ali
mentation d'un poste meteorologique automatique a
emission radio-electrique. 11 a ete necessaire alors,
pour compenser les variations de tension dues aux
variations du rayonnement solaire, d'interposer
entre le generateur et 1'utilisation un convertisseur
continu-continu servant a la fois de regulateur de
tension, d'adaptation d'independance et de stockage
de l'energie.

En conclusion, les auteurs attirent 1'attention sur
le problerne fondamental de ces generateurs, qui
reside dans le radiateur d'evacuation de la chaleur.
Des essais sont actuellement en cours pour augmen
ter la surface relative (1 du radiateur.
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TECHNICAL .RESEARCH TRENDS AT I.E.S.U.A. FOR. ENERGY PRODUCTION
FROM SOLAR RADIATION

(Translation of the foregoing paper)

M. Perrot * and M. Touchais **

The Institute of Solar Energy of the University
of Algiers has a profound and integrated interest
in all aspects of the practical utilization of the
substantial amount of energy lavished on us by the
sun. Its present efforts, however, are more particu
larly directed towards applications which, on the
one hand, are of directly industrial nature, and, on

e other hand, appear capable of use in the Sahara,
which must be regarded as the great French reserve
of solar energy.

In the present state of the science, only thermal
transformations at temperatures more or less elevated
can give rise to immediate applications; the question
is whether such applications can be competitive
with the use of other forms of energy. There is,
however, no reason for undue preoccupation with
the applications themselves, for as soon as sufficient
quantities of energy can be placed at the disposition
ot industrialists at the desired temperatures, and at
reasonable cost, the specialists concerned will them
selves undertake to utilize it in their own fields.

But although the problem should be examined in
an its generality, it would be a gross error of method
not to have reference, a priori, to a very clear and
definite application. The arrangements adopted for
development and refinement of a basic principle
frequently do contain details unrelated to the
primary object - details which enter in dominating
fashion into the choice of materials, performances,
manufacturing processes or methods of operation.

Refusal to take this into account means to devote
oneself to research that may remain sterile. The
objective set for itself by the LE.S.U.A. has thus
been to build a solar thermoelectric power station
- an ambitious project indeed, in the present state
of semiconductor technology, but nevertheless
extremely instructive, for thermal processes are of
immense importance in thermoelectric generators.
The adaptation of the means of concentrating solar
radiation to thermoelectric piles appears capable of
revealing problems which, while they may already
be known, still present themselves in a new light.

The activities of LE.S.U.A., however, are not
confined to the study of this particular problem;

* Director, Institut de I'encrgic solaire de I'Universite d' Alger,
Algeria.

** Research Engineer, Institut de I'energie solaire de I'Llni
versite d' Alger, Algeria.

it is equally its duty to examine syst-maticallv all
the possible applications. Besides the tilermoelectric
applications, the Institute is inter« ted in the
problems of thermomechanical conver '.,on of solar
energy, such as the problems of its thl'::noionic and
photoionic conversion.

The development of these varied applications
depends primarily on the possibility of capturing
and concentrating large amounts of ecicrgy.

This paper will therefore first discuss very briefly
the means of capturing and concern rating solar
radiation for feeding the heat source ut a thermo
electric generator, and then, in greater detail, will
consider thermoelectric generators then.selves,

But first of all it will be of interest to state a
few guiding principles of our research. Some of them
are well known, but it will not be a w.iste of time
to recall them. Others may be contr.. versial, and
we should attempt to clarify them.

First of all, we must speak out against the allure
ment that solar energy is practically free for the
taking. Solar radiation, in the present :tate of the
art, is a form of energy that is still very expensive,
since the systems for its conversion c..nnot afford
the luxury of operating at low efficier.cies, except
perhaps for small installations.

On the other hand-this is only sec mingly true
- solar energy does appear to be very widely
distributed; we mean of course with Dossibilities
of industrial conversi~n. The regions wl:ere it may
be considered abundant are unfortunately among
the most desolate and backward in the world. It
would seem, then, that the harnessing of significant
amounts of solar energy should be accompanied. by
a concomitant commencement of arid-region explOIta
tion. The problem of solar energy, as far as the
LE.S.U.A. is concerned, is a specifically Saharan
problem.

By reason of very high variability and the random
nature of solar energy, there is often a tendency
to c~mfuse two distinct problems, that of the con
version of solar energy into directly useful energy,
and that of its storage. In the case of low power
installations, or of relatively low temperatures, one
may dream of the storage of converted energy; but
in the perspective of the production of large amoun~s
of energy, the problem is modified. The problem \5
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no longer one of storage, but one of auxiliary energy.
But it happens that, by a fortunate chance, the
Sahara, which is an immens~ source of solar energy,
's also an important reservoir of fossil fuel. A solar
~ower station would thus necessarily take the form
of a mixed power station, operating on sun and
natural gas, or sun and oil.

This relation between solar radiation and fossil
fuels is more profound than it appears at first
glance. It would seem that the truly industrial
existence of so1<31" energy would have the immediate
consequence of imposing a certain limitation on the
consumption. of ~:lt~ conventio~al forms of energy.
When the lllCl.r:;tnal conversion of solar energy
becomes effective, the problem of the rational
general' distribution of the sources of energy will be
posed throughout the world, and a distinction will
have to be drawn between those forms of energy
that can be stored, and can be transported without
great cost, like the liquid fuels, and those forms
that must be cmsumed at the site of production,
or in its immediate vicinity, like solar energy and
windpower, or, ,;gain, those whose transportation is
expensive, like electric energy. The efficiency of
solar-energy conversion plants will then become a
much more acute question, which will corroborate
the consequences of the first principle enunciated
abo~e. Thus, contrary to common belief, the presence
of OIl and natural gas in the Sahara does not at all
di~.inis? the interest that might attach to the
utI!Izah?n of seLf energy, but, quite the other way
round, increases it.

In conclusion, it should not be forgotten that
~he conve~sion 0! solar energy by the thermal route
into a different form of energy - mechanical or
e~ectrical. energy-:-- demands the presence of a heat
smk. ThIS heat sink can be found in the Sahara
onlyin the atmosphere. But the ambient temperature
m the lower levr-ls of the atmosphere may attain
4?O to 50°C. T','D important consequences follow.
Flrs~, one must operate with the heat source at
relat~vely high temperatures, thus requiring a
cert~ln concemntion of the solar radiation. Next,
conSIderable interest attaches to systems that can
move a large mass of air without marked inter
v fEen Ion of external energy. The Institute of Solar

nergy was thus very naturally led to study mirror
sY~{efis, on the one hand, and atmospheric solar
cO'Hectors, on the other. Its research programme
\VI now be readily understood:

StUdy of solar radiation'
St d 't u

I
y of solar collectors with special reference

o so ar chimneys; and '
d' StUdy of thermoelectric generators, first of all

glrect-exposure generators and then fluid-circulation
enerators hi h' '. h t d fsyste ,w. ic In turn involves t e s u y 0

rns of tmrrors and boilers.
sy;[e shall examine here, more particularly, the
ande~s of capturing and concentrating solar energy,
and at ermoele~tric generators. The solar radi,:tion
of thrnosphenc solar collectors will be the subjects

o er communications.

The concentrated capture of solar energy

We are, of course, here concerned with capture on
l~rge surfaces, but envisaged in its particular applica
ho~ to thermoelectricity. For this purpose one might
envisage the extension of the great mirrors which
have been constructed at various points of the
earth: the Heliodyne of the Bouzareah Solar Station,
the solar furnace of Mont Louis and that in the
design stage at Odeillo, the solar furnace at Natike,
and, finally, the one now under construction at
Tokyo. These furnaces are primarily experimental
plants, and are far too costly and burdensome to
be~ome industrial plants. The Heliodyne, for example,
~hlch. Was conceived for an industrial development,
~mce ItS reflecti~g surfaces are fabricated by stamp
mg, cost when It was built about 20000 NF per
square metre of collecting surface. The Tokyo
furnace, according to information received by us,
costs about 7 500 NF per square metre of collecting
surface, but this cost does not include numerous
items, especially the research, which was included
in the previous cost of the Heliodyne.

The manner of conceiving the method of energy
collection depends on the desired temperatures.
For temperatures under 300°C, which is close to
the boiling point of certain liquid heat-transfer
agents like "Gilotherm", "Fluitherm", etc., one may
use the multiple-focus systems which we shall call

.collectors 1 in distinction from insolators. 2 This is a
question of terminology, which should be clarified.
For our part we prefer the term "insolators" as applied
to devices that accomplish the conversion into heat
at the same place where the radiation is received.
The collectors introduce a supplementary operation,
which is the change of direction of the radiation,
with a directional effect, in order to produce the
concentration. This does not include, for the insola
tors, the possibility of a certain reinforcement of
the solar radiation, not going beyond a factor of
several units, and which may be produced by mirrors,
by diffusing surfaces, or by reflecting covers. This
definition likewise does not exclude, for the insolators,
a certain concentration by longitudinal thermal
conduction, as we shall explain in detail later. For
us, collectors are definitely multiple-focus systems.

They may be protected, as are insolators, by a
cover which has a dual purpose - to protect the .
reflecting surfaces (the cleaning of a transparent
cover being easier than that of a mirror, whose
surface is always delicate) and that of separating
the internal atmosphere, which becomes heated by
reason of the various losses, including the absorption,
strictly speaking, by the mirrors, to permit, to some
extent, the recovery of these losses. The great
advantage of multiple-focus systems is that they
do not require very high precision in the orientation
of these surfaces. Relatively crude mechanisms may
thus be used. But it is this problem of the reflecting

1 Also termed focusing insolators,

2 These are usually termed collectors in the literature, They
are likewise so termed in this translation.
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surfaces that is the great problem' of the concen
tration of solar radiation. One might be tempted
to simplify this problem by confining oneself to
seasonal changes of orientation. In that case, cylindro
parabolic reflectors should be used. We believe it
is not advisable to favour half-measures; we therefore
turn resolutely towards the elements of paraboloidal
surfaces and must exert every effort towards the
economic realization of orientable mountings. It
should be noted that, in the case of extended surfaces,
a certain modification may be made in the orienting
mechanism, observing that the motion, in the case
of collectors, takes place in such a way that the
collecting surfaces are always parallel.

The collectors we have in mind, built according
to procedures developed by local firms, are designed
to heat a liquid heat-transfer agent which is also
an electrical insulator. The circulation of this liquid
over the hot armatures of the thermoelectric piles
convectively transfers the heat to be converted into
electrical energy. The utilization of this fluid serves
two purposes. The first temperature drop takes
place in the thermoelectric piles. There is another
drop in the heaters designed to circulate the cooling
'air or for any other uses. The reflecting surfaces
are very thin sheets of polished aluminium or
aluminized sheet metal, or of plastic, such as "Luma
line", cemented on special shapes made of stucco
or polyester reinforced by glass fibres. We shall
probably be in a position to furnish more information
on installations of this kind at the time of the
conference.

For temperatures over 300°C, our project reduces
down to the use of two new processes. 3 It is a
rather complex, single-focus system, using a large
number of independent mirrors distributed over
the site. Each mirror, at any given time, is oriented
so as to concentrate the radiation received in the
aperture of the focus, elevated a certain distance
above the ground. As will be seen at once, such a
system demands the exact satisfaction of three
conditions:

Exact orientation, independent of the atmospheric
conditions.

An exact shape, causing the very precise concen
tration of the reflected beam in the aperture of the
focus. Each mirror element represents, at each
given instant, an element of a paraboloid whose
parameters vary with time.

The task was thus in our preliminary study:
1. To assure ourselves of the conditions imposed

by the distribution of such mirror elements over
the site;

2. To examine the various possible mechanisms
for orientation, and the precise remote control of
such mechanism;

3. To verify the possibility of simple realization
of paraboloidal surfaces of time-variable shape.

3 French patents 1 238 883 and PV 830443.

Rather important proje~ts have been initiated on
the first two of these pomts. It would as yet b
premature to give the results: As for the thir~
point, we have sough~ to :-eahze the paraboloidal
reflecting elements ":It.h SImple electrobrightened
aluminium and aluminized sheet metal. The first
experiments have been encouraging, since we have
succeeded in obtaining a focus at 9 m with aberra_
tions below 5 thousandths, using aluminium sheet
16/10 mm thick in rectangles 1 X 0.5 m.

The concentration of large amounts of solar
radiation leads to envisaging a focus at distances
greater than those already tried, requiring, a fortiori
greater radii of curvature and consequently greate;
deform ability of the reflecting metal::iheets.

In the first stage we intend to 115;:- air' as the
heat-transfer agent with this energy cr'f,ture system,
for heating the hot armatures of the thermoelectric
piles. The reason is that if we triee.; to realize a
closed focal region we should encounter very great
difficulties if the quantities of energy to be developed
were very great. The open focus is far simpler, but
it does involve heating the air, even if that were
not the purpose and primary function of the focus.

While solar radiation collectors appear to be an
immediate solution, capable of solving, without too
much difficulty, the problem of a thermoelectric
generator operating at acceptable efficiency, systems
with fields of deformable mirrors would seem in all
probability to be a solution of the future, not alone
for thermoelectric conversion but, above all, for
thermo-ionic and photo-ionic conversion. The Insti
tute must not neglect this solution. It does, at the
moment, pose extremely complex technical prob
lems, which we shall take up one after the other.

We shall now discuss, in somewhat -nore detail,
our work and our projects relating to thermoelectric
generators proper.

Direct thermoelectric conversion
of solar radiation

A thermoelectric generator consists essentially of
a set of thermoelements arranged between two
armatures, a hot armature and a cold one.

The heat may be delivered to the hot armature
by a fluid - a liquid or gas circulating without
change of phase along surfaces in direct contact
with the hot armature; by condensation of a vap?ur
on these surfaces; or, finally, by direct converslOn
of the solar radiation into thermal energy.

After having passed the thermoelements, the heat
may b~ discharged, as above, by circulatio» of a
flm.d without change of phase; by vaporizatlOn of
a liquid ; or, finally, by radiation into space.

When the generator is directly insolated, it may
be fixed or orientable. In the former case, the surface
r~ceiv~ng the radiation must not, in princi1?le, b~
dIrectlO:r;al: excepting perhaps at low solar alt1t~des,
the radiation may be reinforced by fixed mJrrors
or by diffusers. In the latter case, the surface may
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of the a~r 'permits us to envisage additional cooling

y humIdIfication.
T 3. Sandstorms and dust storms are very frequent.
. he. na~ural slope of dry sand due to erosion has an
inclination of 22° to the horizon but extremelv fine
d~st particles, running down to a few micrO'ns in
diameter, ad.here very easily. In a sandstorm, the
coarsest. grams, whose accumulation or grinding
effect might be feared, do not rise at all above 2 m
from the ground.

It follows from these remarks that:
(a) Th~rmoelectric generators must be designed

for ~ool!ng by air circulation. However, under
certain CIrcumstances this air may reach the relatively
elevated temperatures of 40 or 45°C.

(b) Dirt on the energy collection systems or the
~ransparent covers o~ the s?la~ collectors may cause
Impor~ant decreases m the incident energy and high
operating costs for cleaning. Surfaces treated to
make them selective lose their selectivity when
coated with dust.

Fin.aricial questions are also relevant. The therrno
electr~c material is relatively expensive, Bismuth
tellunde of types nand p may be -had in France at
about 7000 NF per kg. Material from the United
States. ~s ~ore than twice as expensive. Moreover,
the utilization of these materials is a delicate matter.
The armatu~es are hi~hly s?phisticated, especially
when they mclude air radiators. The convective
transf~r coefficients of air are usually low, requiring
extensive and developed surfaces. It is thus essential
to operate the thermoelements under optimum
efficiency conditions, that is, at the most favourable
teJ?~erat,!res. If the heat is provided by the sun,
this implies the use of an intermediate fluid and a
system of collecting and concentrating the radiation
at the focus of a boiler.

On the other hand, the circulation of the cooling
air should as far as possible be due to the solar
heating itself, to avoid the need for a conversion
unit, .which would necessarily cost the high price
of using part of the energy required for moving
the air. .

It will be seen that such a plant involves very
varied techniques, and that each of them must at
first be studied individually.

Atmospheric solar collectors are likewise discussed
in a separate paper (Sj45). Their study is facilitated
by an electrical analogous method, which is also
very useful in the study of thermoelectric solar
collectors. This method will be described in the
present paper, which will have special reference to
the thermoelectric generator itself, and will describe
the prototype now under test at the Institute of
Solar Energy, University of Algiers.

The problem of the most suitable material its
machining and its installation on the armatures
has been entirely disregarded here. Very important
labor::tories in Fran~e and abroad are carefully
studying these questions, The Institute of Solar
Energy is thus confined, in the preliminary phase

Technical research trends at LE.S.U.A.--be directional, as in the case of surfaces formed by
holloW cones with s~all vertex an~les, or of surfaces
operating ~y. reflection or refraction,

The recelVmg surfaces may be selective that is
theyma'y a?sorb. appropriat:ly in the visible ~pectru~
and emit little In the far Infrared. Such selectivity
may be obtained .bY appropriate. treatment of the
surface, or Interp~sIhon a?ove t~e. Incoming radiation
of a transpareI1l covenng grvmg the "hothouse
effect", or by both these methods.

When the gcerator exposure is fixed, there is
an opt~mum ans),; of inclination :vhich depends on
the latI~u~e, th,~ mean ~t~osphenc absorption, and
the statistical u::ractenshcs of the cloudiness.

When there 1. fluid circulation, the movement
may be natural, :>~lermo-siphon, cold-wall principle)
or forced. In thi: case, the generator includes addi
tional parts for : '~xiliary services - fans or pumps.

When the th. ,.moelec~ric gener~tor is designed
t? conve~t ~~lal energy into .electncal energy, the
high variability ·)f solar radiation must be taken
into account - lxith its regular diurnal march and
its r.andom. vari~,:ion. T:vo modes of operation are
P?sslble. ~Ither t ne. hot Junctions are heated by the
~Id of.an intermediate fluid, or by means of direct
insolation,

In the former case, the device of course is to
operate at constn nt temperatures, which are chosen
as close as possible to those of optimum yield of
th~ therm.oele~tr;c material involved. Obviously in
this case It WIll ')e the mass flow rate of the fluid
that will vary, .nd consequently the number of
elementary pil~s ';, s~rvice.will also vary. In practice
the generator IS -iivided into a certain number of
g:ou~s of piles "';Jich are switched into the electric
~lrcUlt, ~r switcr d. off,. to. hold the voltage across
he terminals coistant within the tolerances adopted.

, In the latter ",,-;e a D.c.-D.e. converter must be
I~terpo.sed betwr-n generator and load, to match
t e. reSistance of ;he charging circuit to the internal
reSistance of the zenerator and to operate at the
sam ti o ,ffi ~ Im~ as a voltage regulator. But the mean
~h C1

l
ency of the generator is considerably lower in

e atter case.
thIn .any case, whatever the mode of operation,
w~.r~ls a maximum temperature of the hot junctions
f IC must not be exceeded if irreversible degrada
i~~~fIf i.he g~nerator is to b~ avoided. The generator

de
' a IOn m that case must also include safety

VIces.
Cont U·to th ro mg climatological factors must be added

The Ie~eSvery general technological considerations.
Saha' ..D.A. IS most particularly interested in the
of thran applications of solar energy. The design
with e the~moelectric generator must thus be studied
the sStecIal reference to its possible utilization in
be ma

d
ara. There are three important remarks to

a e here'
1 T .

per~i ~~lch.oice of sites of elevated insolation is
2 ~SI e In the Sahara.

Cooiin ne can count only on the atmosphere for
g the generators. However, the great dryness

S/84 Perrot and Touchais 207
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to the examination of the problems that might arise
in building a fixed-position thermoelectric solar
collector, direct exposure, low power, designed. for
use in the Sahara to supply power for telemechamcal
systems (telemetering or remote control), or for
very small machines (air-conditioning fans, small
water pumps, etc.). It was, in fact, important to
know whether a fairly unsophisticated generator of
nonprohibitive cost could be developed for small
applications.

Selective reception surfaces had been abandoned
on account of the soiling, and it was important to
study in more detail the absorbing surface of the
hot armature. On the other hand, the problem of
removing the heat that had passed the thermo
elements still persisted. An economic observation
permitted orientation of the solutions.

One must begin by making it very clear just what
meaning was to be assigned to the term generator
surface. Several surfaces are involved in the analytic
study of the question (figure 1).

First of all there is the section s of the thermo
element (sn for the "n type element, sp for the p-type)
which enters into the form factor r = his, where h
is the height of the thermoelectric bar. If the genera
tor has n elements (or nl2 couples), the total section,
or surface, of the thermoelectric elements is nj2
(s, + sp).

\ \
\

\ \
Horizontal Pla~

Figure 1.
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mena observed on the actual generator. It will
then be easy enough to make the desired modifica
tions on the analogous model and to experiment
on it, with some chance of reliability.

It is not even necessary to equip the generator
under study with all of its thermoelectric elements.
Since the thermal operation is the essential pheno
menon, the thermoelectric materials may be utilized
to realize a small number of couples located among
others made of some material with the same thermal
resistance. The electrical operation studied on this
small number of real elements can be extrapolated
without trouble to the entire set of elements. All
this, of course, applies only under the hypothesis,
which has unfortunately been verified, of a rather
low generator efficiency.

However that may be, these approximate methods
may provide precious instruction in the use of more
precise methods which are essential if efficiencies
higher than 6 to 7 per cent are to be obtained.

Simplified electrical and thermal study of solar
thermoelectric generators

INTERNAL EFFICIENCY

It is customary, in studying the operation of
thermoelectric piles, to start out from the classical
system of equations I, only four of which are in
dependent :

T e- Tf ri 12 I T
qe.= R, --2-- o: e

qf = T e- Tf _ ri 1
2
-I o: Tf = Tf-!.'!.

Ri 2 s,
Pu = qe-qf = rd2- I o: (Te- Tf )= Ye I 2

I = o: T e - Tf
ri-re

where

qe is the quantity of heat supplied by the heat
source in unit time, at temperature T c, in QC;

qf is the quantity of heat removed by the heat
sink in unit time, at temperature Tr, in QC;

R; is the thermal resistance of the thermoelectric
couple between junctions (the bars of the couple
are thermally in parallel);

Rf is the thermal resistance of the radiators remov
ing the heat into the ambient at temperature Ta,
in QC (the radiators of the couple are thermally
in parallel);

rs is the electrical resistance of the couple between
junctions, or the internal resistance (the bars
of the couple are electrically in series) ;

re is the external resistance; it consists of the
resistance of the charge r' between the terminals
of the pile and the electrical resistance r of the
junctions and the internal connexions;
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ASSEMBLY OF THE ELEMENTS OF A PILE

Semiconductor

--"r--- •

After-heating

Chimney

Insulator

Thennopiles

! I

~:

~_==========-============'L,/.----<~J

Preheating

Air
admission

Cooling air admission

Figure 2. Thermogenerator (meridian section)

Pu is the useful electric power; the power actnally
nsed is

P =r' 12 =Pu-rI2

I is the current in the electrical circuit, in amp;
(X is the thermoelectric power of the couple, in

V/QC.

We set:

(I-I)
rem=-,
ri

(1-2) k =Rf ,
Ri

(1-3) h
Y=s

where h is the height of the thermoelectric bar an~
s its section; Y is the form factor. The two b~rs t
a couple, with from factors YI and Y2 respectIve y,
generally have different characteristics:

(Xl PI Xl for one, 0(2 P2 1'2 for the others. We have

(1-4) ri = PI YI + 1'2 Y2'

(1-5) u, = YI Y2

Xl Y2 + X2YI

I' being the electrical resistivity and X the thermal
conductivity.
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its internal thernal resistance is

v =hs

c=~
S

(1-15)

(1-14)

where

(1..8 is the mean absorption factor of the insolated
surface
1'v is the transmission factor of the media traversed
by the radiation before arrival at the receiving
surface
qe is the quantity of heat supplied to the hot
armature, generally by convection, by the excess
illuminated surfaces
qa in this case is variable.

The power 'I» lost by the generator before the
hot armature depends in this' case only on the

(2-2)

GLOBAL EFFICIENCY

The insolated surface Si, which is the section of
the light beam incident on a mirror, the receiving
surface in the case of a direct-exposure solar collector,
absorbs the quantity of heat qa.

Let Qi@ be the incident radiation, which is the
direct radiation in the case of a mirror and the total
irradiance of the exposed surface in the case of a solar
collector Qi@ depends on the position of the sun and
on the meteorological conditions.

If the heating takes place by circulation of a
fluid, the set-up will be such as to give the optimum
conversion conditions during the period of operation.
In our first analysis the ambient temperature will
be assumed constant, while in reality, of course,
it varies directly with Qi@ in the same sense but with
a lag of an hour or two; the optimum conditions
will be expressed by the constant values of the
various quantities involved. Then we have

(2-1) qa = "tJ Si Qi@ = Cte

where "tJ is the efficiency of the conversion of solar
radiation into heat.

H is the insolated surface Si that must in this
case vary with Qi@ in order to maintain the operat
ing conditions constant.

If the heating takes place by direct insolation,
we have

The volume of the thermoelectric material of an
element is

We now have

(1-13) P; = (1..2 (T c - Tf )2 = (Tc - Tf )2 ~
4py 41' Y

and for n elements

(1-14) PUt = n r, = (Tc-;1'Tf )2X;8
If Si is the portion of the insolated surface corre

sponding to the element under consideration, we
shall term concentration ratio the ratio

R. _ Ri
It - n(1-8)

~h.e factor of .ncrit, as defined by Joffe, of this
fictitious mater.-il is

(1-10)

(1-7)

(1..2

z=
px

We prefer to co.isider the inverse ratio:

(I-ll)

P = ~ [PI +VPIP2 ~]

X -~~ [Xl +VXl X2 ::J
We may now consider only one of the elements
of the couple.
ri, Ri, Rt are tE· .ceforth relative only to this one
element, and nor, as before, to the couple. Under
these conditions, ';e have

(1-4') r, = Py, (~-5') Ri = ~ and (1-6) k y = X Rt

It should be r.oted here that (I.. is independent of
the temperature. On the other hand, Pand X generally
do depend on the extreme temperatures T c and T'],
and k on the extreme temperatures Tt and Ta.

If there are n elements (or n/2 couples), the
internal electrical resistance of the generator is

(1-9)

the thermal resi c:ance of the radiator is

which is homogeneous at a certain absolute temper
ature, which we shall term the characteristic temper
ature of the material. l' likewise depends generally
on the temperatures T; and Tf .

We now put

T'; - Tf X T)qu = = - (T c- f
Ri Y

The internal etficiency of the thermoelectric pile is

(1-12) "tJi = Pu

qc

We shall show that the efficiency "tJi and the
POWer Pu are maximum when m = 1 on condition-a . ,
wh'S IS the case with the materials known today,
tha~ch operate .at relatively moderate temperatures-

the efficIency is low.
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or

(3-9)

Sr
cr =

S

4 ' in theWe shall show that the error due to this hypothesIs I

1 lated i " '1)i
2

edenotesea cu a e mternal efficiency IS only 6.'1); = T where

th ffici tures,e e ciency of a Carnot cycle between the same tempera 0-1
Thus, for '1). = I per cent, e = 50 per cent, 6.1)i = 2 x 1 '

(2-5) becomes

(3-5)

(1-11) is now written

(3-6)

(1-12) is written

Pu Pu T e - TG~ 1
(3-7) 1)i = qa-qp:::::::" qu = "t' . 4(1 +k)

(1-13) is written

(T e - T4)2 X (T e - 1',1)2 k
(3-8) Pu = 4"t' (1 + k)2 Y= 4"t' . - Rf (1 +k)2

1X
2

[Te - Ta]
2

=4py-i+k

and for n elements
P _ (Te-Ta)?'xns

u, - 4"t' (1 + k)2 h

By the aid of the formulae so established, we
shall now study the two cases of more particular
interest to us:

1. Heating of the generator by convection: cir
culation of a fluid or condensation of a vapour.

2. Heating of the generator by insolation.
In the former case, it may be considered that

we are dealing with a quasi-infinite heat-source,
and the generator may be assumed lO operate at
constant temperatures, and, more p.irticularly, at
optimum temperatures Te and Tf diu ing the entire
period of collection of solar radiation

In the latter case, the best flux absorbed is confined
to the solar radiation, and varies with it. The gen
erator operates at variable temperatures. There is
a temperature threshold, defined by the technical
possibilities of utilizing the energy Foduced.

We shall discuss only the case of cooling by cir
culation of air at the ambient temperature, by
natural or forced convection. The resistance Rt 15

then of the form
1

(3-10) R f = A Sr (T
f

- T
a

)02,5

where Sr is the exchange surface of the radiator,
while A is a coefficient depending on the shape
and dimensions of the radiator the velocity of the
cooling fluid, its nature, and especially its humidity,
etc. In a theory which has no other object than to
seek the approximate form of the relations between
the various quantities, we may assume that

A = Cte. We put

(3-11)

c = 0.023 W/oC2

(3-1)

temperature T; of that armature, on the ambient
temperature Ts; and possibly also on the sky tem
perature T ve, which can reach -100°C for a very
clear sky. In no case will qp depend on the strictly
thermoelectric characteristics of the pile.

The value of 'l» is usually zero when the heating
is accomplished by the circulation of a fluid. This
is not the case for solar collectors. When the generator
operates as a solar collector, experiment shows
that, for the temperature zones in which it operates,
we may write, in rather good approximation:

(2-3) qp = [a + b (Te- Ta) + C (Te- Ta)2J Si

where a, b,c are coefficients relating to a unit insolated
surface, and are positive and depend on the meteoro
logical conditions, especially the wind. The value
of c is rather low. Thus, for a blackened surface,
with a cover formed by two panes of glass, we have,
in calm air,

SIMPLIFIED THEORY

The elementary theory of the system assumes the
efficiency to be so low that the useful power is small
by comparison to the energy, fluxes involved. It
may then be assumed that everything happens
as though conversion of heat into electrical energy
took place at the level of the hot junction, and that
the Joule-effect losses appeared only at that level.
This hypothesis is merely a mathematical expedient,
and, of course, has no physical meaning.s It is
represented simply by the relation

(3-2)

whence we derive

(3-3) T _ T _ Tc - Ta
e r> l+k

a=40W, b=3.2W/oC,

,On the other hand, we have

(2-4) qe = qa-qp

System I then gives

qa-qp = qf-riI2 + I IX (Te- Tf) = qf + Pu

and, finally

(2-5) qa = qf + qp +P;

The global efficiency of the generator is

(
Pu

2-6) ''lg =-
qa

f\t given incident energy, this efficiency varies
as the useful power. Thus, definitively, only con
ditions of maximum useful power should be sought.

and

(3-4)
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7 2
Tave = 9 T c + 9 Ta

x
h = 0.926 A 11 (Tc- T a)O.25

Pu max = 0.053 As 11 (Tc- Ta)2.25
't'

(4-5)

whence

(4-6)

and

(4-8)

(3-19) becomes

(4-9)

rx.2 (T c - Ta)2.5
p x 2

The expression (4-8) increases with T c• It is therefore
well to operate as close as possible to the technical
maximum T; max.

To take the dimensions of the pile, one must
first select the thermoelectric material, its section 5,

the ambient temperature T«, the temperature T»
of the hot armature, the type of the radiator, and
its specific surface 11.

We may then calculate h by (4-5) and consequently
also y; P« max by (4-6); i max by (3-14). If the
number of elements n is assigned, Ut and P, may be
calculated by (3-17) and (3-18), the resistance r of
the junctions and interior connexions being defined
by the requirements of the design.

The maximum useful power per unit volume of the
thermoelectric bar is

(4-7) w=Pu max =0.057 A2 112rx.2 (Tc-Ta)2.5
v p x 2

Its value is higher the higher the transfer coefficient
A, the specific surface of radiation 11, and the expres
sion.

is the specific su.rjace .oj the radiato~; it depends
a economic considerations and vanes according
~~ the radiator system adopted. It is selected a

priori.
Thus, by (3-4), we have

1 ,4/1 + k
(3-12) Rf = As 11 (Tc- T a)O,25 V-k-
and by (3-8)

(T c-Ta)2.25 ,4/kr:-
(3-13) Pu = As 11 4't' ,V (1+k)9

The current i~)y system I and (3-3)

I=!!.- Tc-Ta
(3-14) 2 P Y(1+ k)

The voltage i.: by (1-1)

(3-15) u=r'; with (3-16) r'=py-r

If there are n ' lernents in series, the voltage across
the generator ~' rminals is

rx. (Tc- Ta)
(3-17) u, -=n(py-r)2py(1+k)

and the power delivered to the external circuit IS

2( ),[rx.(Tc-Ta)]2
(3-18) Pt=!I [=n py-r 2py(l+kL

The temperatui. may be assumed to vary linearly in
the interior of he bar. If x is the distance to the
hot junction of . section, at temperature T, we have

(3-19) ~ = I'C_~ = T c - T (1+ k)
h .J c-Tf Tc-Ta

The values of .md x to be used correspond to the
mean tempera', 're

DIMENSIONI;-";C OF THERMOELECTRIC GENERATORS

Case 1. Conoection heating

During the collection of solar energy the generator
operates at the optimum temperatures. One sh01!ld
thus, by (3-13), seek the minimum of the expression

,4/ k5
V (1 + k)9 = 0.212

and, on the other hand (4-3) and (4-4)

x x ,4/1 + k _ h
Y= k . Rf = A S 11 (T c - Ta)O.25 VJi5 - S

x = 1.87,

A = 2.55 W/m2
,

P = 1.288 . 10-5,

Let us take

We have Tmean = 162°C, whence

-
Numerical application

Let us adopt, for Ta = 30°C and T c = 200°C,
the following characteristics of a material originat
ing in the United States:

o: = 204· 10- 6 V/QC
P = (0.522 + 0.00474 T) 10-5 n.m
x = 3.59 - 0.0106 T.

11 = 100,

Then we have

h = 1.9 mm
P; max = 0.24 W
Tc-Tf = 75.6°C
Tr-« T« = 94,4°C
T, =' 124,4°C

(1+ k)9
Y = k5

5
k = 4: = 1.25

(3-20)

which OCCurs at

(4-1)

(4-2)

We have

8
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For a given value of the solar radiation, IX being

X IX2

(:-11) Z = c + 4 'r h e (1 + k)2= C + 4-h~e-p-(I-+-k-)2

x

+kCh

xB
kh = - =Cte

M
(4-20)

(4-17)

A a (IXs 'rv Qie - a)O.25 = k\ \I~+ ,;J

(4-15) becomes

(4-22) E = pe h [b (1 + ~~) + e\r
=peh[b+~(~+~)r

= p e [h b
2 + 2 b x (~ + t b

) + ~ (~ + e:) 2J

and

(4-19) M = A (J (IXs 't'v Qie - a)O.23

B varies relatively little, as may be s: ,on from the
numerical application to follow, wit}, the values
of k and h that satisfy the relation (4 17); it may
be considered a constant for a certain value of C
and mean values of p and x, Then we ha . e

(4-18)

1 '4/1 + k

-Ascr(Te-Ta)O.25 V k

V
~ -+ h)+ x

1 Ch
= A s cr (IXs 'rv Qie - a)O.25 -_·le--

whence

Since, on the other hand, we have

(4-21) kh=sxRf ,

~he approximate constancy of B = Ms Rfis express~d
m the approximate constancy of the thermal resIS
tance Rf of the radiator, which is a rather noteworthy
result.

which gives a relation between k and h ,'S a function
of the insolation and of the concent ration ratio
C = Si/So

Let

(4-15) E = p Ch [b (1 + k) + hXer
practically constant, the maximum of Pu correspond
to the minimum of the expression S

On the other hand, we have

(4-16)

R
f

= ky
x

IXs 'rv Qie - a
x

b (1 + k) + he

b + he (1 + k)

T T
_ IXs'rv Qie - a

e- a-
X

(2-3), (3-5), (3-6) and (3-8) give

IT e - Ta]2l X 2J
1 + k _ 4 'r h E + C (1 + k)

Te-Tal K J+~k he + b (1 + k). + (a-IXs'rv Qie) = 0,

(4-10)

(4-13)

(4-12)

or

which is a relation independent of the section S of
the bar.

Let us take the case where the coefficient of the
second-degree term is negligible, that is, where the
value of the expression

is small by comparison to the other coefficients.
This hypothesis may be adopted all the more easily,
since the coefficients a, b, c and the parameters
IXs, 'rv, Qie and Qc result from rather uncertain
experimental data,

We have

y = 18.7
Ri = 10°CjW
ri = 2.411 . 10-40

q« =7.56W
qa = 7.70W
YJg = 3.2 per cent
I = 31.1 A

and, by (3-8),

(4-14) Pu = . IX
2

(IXs'rv Qie - a)2 2 • Si

4 PCh rb (1 + k) + hXcJ

Case 2. Heating by insolation

The temperature T; of the hot armature here
depends on the solar radiation.

We should cherish no illusions about the accuracy of
the calculations, owing to the uncertainty of the
exact values of IX, p, x, and above all of the transfer
coefficient A. On the other hand, the effect of the
resistance r of the junctions and interior connexions
has not been taken into account.
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Numerical applications

To take the dimension of the pile, one usually
takes the thermoelectric material, that is, a, p, x,
for which mean values corresponding, for instance,
to 50°C are taken. We also assign the ambient
temperature T«, the incident radiation rxs Tv Qii1>
the section s of the bar, the specific surface a of
the radiator, and the type of radiator which defines A,
the curve of losses 'l» plotted against the temperature
difference Tc-Ta between the radiation-receiving
surfaces and the ambient, that is, the coefficients
a and b and the concentration ratio e = Si/so

First heating method: Operation at maximum
power is desired. From (4-30) an approximate
value of B is derived and is substituted into (4-25)
to find h, and into (4-20) to find k.

Technical research trends at LE.S.U.A.

The minimum occurs at

----------------------------.::::.:::...=-----=-..:::::..=.-=-=---=:........:.==~----_-----.:~

and we have

dE [2 x
2(1 B b)2]

(4-23) db = p e b - Ji2 C + M

d2E _ 2 x 2 (! B b)2
(4-24) d h2 - h3 e + M > 0

(4-26)

I I Bl II 1(4-25) It = x .~;-(~ + M = x b e + s R,

and consequell~ ".7

(4-29)

for which the following table gives the solutions
as a function of e, as well as the corresponding values
of kh, h, k (T c - Ta) and P u max and the coefficients
of the equation (4-10). We may verify the fact Z
may really be neglected, as we assumed.

Second heating method : It or y is assigned. k is
given by (4-17). The power P u of the pile is not
generally the maximum power in this case.

Let us take, for the same material as in the last
example'

rx = 204,10-6 V/QC
pave = 0.76 . 10-5 n.m
Xave = 3.09 W/oC.m
Tave = 564.3°K
T; = 30°C

= 10-4 m 2

(j = 100
A = 2.55W/m2

rxsTv Qi 0 = 500 W/m 2

a = 39 W } (Values obtained by lineari-
b = 3.8 W/oC zation of the loss curve.)

We have M = 2.55 . 102 ~500 - 39 = 1 182

First method

B2 = V7.6 ~~4(4-30) gives

whence

We have

(~271 Em'" ~ !' ex Uc + ,;:lb+t ~J 2L be+M

(4-28) h (:1 I?) = x [b
1e + ~]

and

B (1' B)-+ -+- M
1 +:c = ~!.... bi M = 2 + B be

M

by (4-18), B may be defined by the expression

(4-30) B~ = \12 ( b + B~)

Which may be easily calculated graphically.

2 10 100 1000C 1
4.75 4.14 3.04 2.09 1.67B

kl! 12.42. 10-3 10.82. 10-3 7.95. 10-3 5.46. 10-3 4.36. 10-3

0.825 0.418 0.089 0.0136 0.00517I!
0.015 0.0258 0.089 0.147 0.843k

(Tc - Ta}OC 61.6 62.2 65.98 8.54 111.8

Pu max (\V) 0.61 • 10-3 1.2 . 10-3 5.53. 10-3 48.6. 10-3 97.5. 10-3

0.0245 0.0243 0.0237 0.02308Z 0.0246

b 1 x 7.39 6.98 5.78 4.12
+l+khc

7.49
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Pu = 2.0610-3 W

or less than h.i.: the maximum power.

461
by (4-13): T; -- Ta = 21.45 = 21.5°C

Comparison be:', -rcn. the two heating methods

The simplest way is to compare the value of eo,
the power per .mit volume, in each case. By (4-7)
we have

We now have

(4-35) h (1 + k) = P et k) (Tc- T a)-O.25

and

(4-36) (Ul = ~ [~ (1 + k2)] 2 [Tct- Ta]-2.25
(U2 PI k2 (1 +kI ) T c, - r;

PI and P2 are usually close together, as k1 and k2
are; the preponderant term, then, is

[
Tct- Ta] 2.25

Tc,-Ta,
But not only is T C2 markedly lower than TCl but it
varies continually during the course of the day.
Consequently the method of heating by insolation
is very appreciably less advantageous than the
method that uses a heat-transfer medium. '

The only advantage that can be attributed to
direct-insolation generators is a certain simplicity
of design.

7.5 lO-3 = 075
10-2 •k

Second method

Under the same conditions, let us put h = lO-2m,
nd let us take the case where C = 10. From (4-20)

~'e get kh = 7.5 X lO-3.

We have

where P is a CC'11stant.

whence

(4-32) (Ul = ,'pzh! (1 +k2):1[Tct-Ta]2
(U2 91 hI (1 + k1) , r.,- Ta,

On the other h rnd we have' (3-12)

( R _ k!z _ 1 ,4/1 + k
4-33) f - ;; - A s (j (Tc - T

a
)O.25V k

Within the raftc"~ of possible values k, the variation
oftheradical is, .ither small, we may thus, in general,
write

(4-31)

(4-34) l: It = P tr,»:T a)-O.25

Study of a fixed direct-exposure thermoelec
tric generator by the electrical analogous
method

ANALOGOUS REPRESENTATION

The electrical analogous method is applicable
to the study of the thermal operation of solar collec
tors only if we assume that linearization of the
radiative and convective heat transfer is possible.
This is the case with solar collectors, and, conse
quently, with direct-exposure thermoelectric gener
ators as well. Figure 3 is a schematic diagram of the
generator under study and of the corresponding
electrical analogous circuit. 5

The correspondence between the thermal quantities
and the corresponding electrical analogous quantities,
as well as the ratios selected, were as follows:

Thermal quantities

: temperature, °C . . .
,;' : heat flux, w/m2 • • •

j,' : thermal resistance, oC/w .

T volts.
q amperes.
R ohms.

Corresponding electrical quantities

(I) T = K v T where K v = I;
(2) q = s; q where «, = 105 ;

(3) R = K; R where K; = 10-5•

If we adopt the simplified theory set forth abov~,
the real electncal circuit of the thermoelectric
generator study may be at least approximately repre
s~nted by the electric circuit that acts as a thermal
circuit of the same generator.

Let us assume that the electrical resistance ri
of .the generator is represented by the electrical
res~stance Ri which represents the internal thermal
reslstar:ce Ri; and the current i by the current

r
qu which represents the heat' flux qu in the bar.
he ratio

Ri
ri

represents the factor which the electrical resistance
of the real generator must be multiplied to obtain

its representation in the analogue circuit. Thus the
resistance r will be represented by an electrical
resistance:

r
R= -Ri

ri

and the internal resistance (ri - r) by Ri - R.
But the thermal circuit will consist of only a single
branch, while the electric circuit will have two.
If we desire to use the electrical resistance of the
analogous circuit which represents the thermal
circuit to represent one of the branches of the real
electric circuit, it must be assumed to represent
the external branch.

5 For the technique of the operation, the reader is referred
to the indications given in LE.S.U.A. Bulletin No. 3.
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10 20 'to

Figure 4

(4) and (5) we derive

U 2
1t a K, K q

(6)

From

(8) R
(9) qt ·c.NqR, =-

N

(10) ri, = N n (ll) it .c-= i

Ri t I
(12)

n, N2 tc, p x

(13)
qUt 2Npx

1t -;-Kq

(14)

(15)

From (5) and (6) :

U qu 4 Px
(7) P = Kra2Kq2

If N is the number of elements (Nj' couples) in
unit insolated surface, we have

Ut 2
'Ut = N aKrKq

Ut qUt 4 p x
Pt rJ.2K rKq2

Eqs. (12) to (15) allow us to pass from the measurej
ments performed on the analogous circuit to the rea
electrical quantities. It should be clearly borne
in mind that the disturbances in the heat flux due
to the Joule effect are ignored in this representation.

U

'U

and

The voltage U measured across the terminals
of Ri - R is

U = [Ri-RJ qu

It should represent the voltage 'U across the terminals
of the real generator.

The electric power produced by the actual work
ing generator is

p = 'Ui

It is represented by the product U quo It remains to
determine the relations

The relations

and

ri = PY

whence

. a K
2 = -- q qu

2px

(4)

give

The relations

give

whence

(5) 2px
aKq

DESCRIPTION OF THE EXPERIMENTAL PROTOTypE

As we have seen in the last chapter, when dis-
. d" . ble~cussmg irect-exposur« generators, it is desire .



too, may be lengthened by means of demountable
intermediate elements. '

The object of the experiments is to determine
~he values of the thermal resistances to be introduced
into the analogous circuit to obtain sufficiently
good agreement between the measurements made
on the generator itself when exposed to the sun
and those made on the analogous circuit, and then
to seek the conditions for better operation by the
analogous method.

Up to now, the. .prototype has been used only to
refine the qua~tltles to be incorporated in the
analogous circuit, and preliminary experiments
have been run by the aid of that circuit. This has
allowed us to find the curve of the losses qp of the
solar collector per square metre of insolated surfaces
plotted against the temperature difference (T c '

Ta)., Thi~ curve (figure 4) may be replaced by a
straight line defined by the coefficients:

a = 39Wjm2, b=3.8WjoCm2

which are required for the study of the optimum
generator.

Figure 5 gives the equivalent monotonic daily
graph selected by us for the theoretical study of the
operation of our prototype generator. It corresponds

Technical research trends at I.E.8.U.A.

increase the. co~centration rati? C. A very simple
method, wh~ch IS often used, IS. to design the hot
armature wIth a rat~er. extensive plate in order
to receive the. solar radlat!On. When selective surfaces
are used, this method IS doubtless sufficient but
since we could not use specially treated su;faces
on account of the harmful effect of the dust we
attempted to utilize the convection removing' the
heat from what we termed excess surfaces at the
beginning of this paper (which involve only a rela
tively low cost '1r the ground area occupied) to trans
fer it to the h'; armature.

The fi~st t:". of generator co.nstructed by us
isshown 1t;J- de i m figure 2. Its obJ~ct was precisely
to determme t,' importance of this heat transfer
and the need, improving it. If, as we hope, the
results are fav. .ble, we shall be able to use both
methods concurv-ntly-c-i.e., extension of the insolated
surface and ut: .zation of the convection by means
of small fins tu 'le placed in this surface.

Thus, design ,considera~ions .were the primary
factors that gl: «Ied the dimensions of the experi
mental prototyj .c that has been built, The generator
proper ~s movar.Ic, and may be replaced if necessary
by a different c<\'nerator meeting different require
ments. The frauu- 1S so built as to be easily modified
and adapted tu different latitudes. The chimney,

Qi.{, ~!r"~t

i'le. v
i

800;-

i

1\ w
4 ,

200 ~

. tOO
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Ftgure 6

to the climatological conditions at a point located
in the heart of the Sahara, on the 30th parallel.

The same figure also shows the monotonic curves
corresponding to the power P u and to the voltage
across the terminals of a generator composed of

Conclusion

It is evident from the analysis at the beginning
of this paper that very great. power cannot be
expected from solar thermoelectnc g~~erato.rs using
the materials now on the market. J. he high cost
of the required semiconductors demands the use
of the best methods to accomplish the conversion.
The line of attack should therefor be directed
towards solutions that separate the (',llectiol1 of the
solar radiation and its conversion int.. heat from the
thermoelectric conversion proper.

The very lack of sophistication, lrwever, of the
direct-exposure generators may be of service in
isolated installations and for very low 'Toper require
ments, for instance in the case c; telemetering
or remote control. Incidentally, it·,as with the
establishment of automatic meteorol ;gical stations
that LE.S.U.A. undertook its studies on this type
of generator.

The fundamental problem, as has already been
mentioned, is that of the heat-removal radiator. The
LE.S.U.A. is now studying a svstcm of parallel
fins on the plane of the collector, which allows great.er
development of the surfaces, and thus permits
selection of higher values of cr. It is like-wise studying
a system of internal-vaporization fin- operating on
the principle proposed by Joffe, whicL would make
higher values of rr available.

As for the receiving surface, wh- :c' selectivity
cannot be recommended for surfaces '",bject to the
severity of weather conditions, it could be, provided
adequate protection for such surfaces could be pro
vided: impermeable, vacuum or refract "''; cover, and
heat insulating in contact with the 1· A arn:ature~.

The LE.S.U.A. intends to pursue rerarch III this
direction.

Summary

The LE.S.U.A. proposes to study all methods
of producing energy from solar radiation, but it
desires to emphasize direct industrial conversion
processes. In the present state of the art, only thermal
processes may be validly envisaged. What is to be
done, then, is to collect large amounts of solar
energy and to concentrate them sufficiently to give
industrial temperatures.

If such a result is attainable by competitive means
under certain conditions, the specialized engineers,
i.e., heat engineers, specialists in thermodynamics,
chemical engineers, etc., may undertake to find,
according to their own methods, the industrial
utilization of the thermal energy thus placed at their
disposal.

But before devoting itself completely to. this
major problem, the LE.S.U.A. believes it essential to
proceed to a systematic analysis of the phenomena
that may later be used.

In the first part of this paper, the authors give
several principles that have guided their researchi
They note, in particular, that, contrary to the genera
belief, solar energy is a very costly form of ~ner&l'
which is abundant for industrial conversion pnman y
in arid regions, and more particularly in the Sahara.
There are, however, really no storage probl,ern

l
s,

except for low-power applications, or when re1atl~e ~
low temperatures are employed; but there ,IS _

problem of auxiliary power, which can be satlsfac

torily solved with fossil fuels, in the Sahara.



, Finally, the ratio a = Srjs of the radiator surface
to the bar surface.

Under these conditions, the temperature of the
cold armature is expressed simply, as a function
of the hot armature temperature and the ambient
temperature. We have

T T Te-Ta
e- t = 1 k

The formulae giving the values of the various
quantities are easily established, even in the only
case examined, which corresponds to air cooling of
the radiator. We have, in particular:

r; = A s rr (Te~~a)2'25 Vk5j(1- k)9

where

Puis the useful power;
A the convective heat-transfer coefficient;
Te the hot-armature temperature, in °C;
T« the ambient temperature, in °C;

iX2 h h .. t f th't" = - t e c aracteristic tempera ure 0 e
px

material, in ok.

The hot armature may be heated either by circula
tion of a fluid itself first heated by the sun, or by
direct exposure to the sun.

Fluid-circulation heating is more rational, since
it permits operation of the thermoelectric pile at
constant temperatures. The authors show that there
is an optimum value of the ratio k, namely k = 1.25.
The pile is then easily measured, starting out from
this condition, and the authors find that its global
efficiency may attain relatively high levels. Thus
they calculate that the global efficiency may reach
3 per cent for bars of bismuth telluride from the
United States operating at 200°C. Calculation shows
the height of the bar to be very low, of the order
of 2 mm.

In the case of heating by direct insolation, the
calculations are much less easy and numerical
simplifications must be applied. Conditions for
maximum power are then established. They depend
on the concentration ratio C. The authors note
that a relatively high bar results, unless elevated
concentrations are adopted; and that the power
will be relatively low. But in the case of circulation
of a fluid heated by the sun, the diurnal variations
of the radiation will only cause changes equivalent
to those due to varying the number of generators
in parallel, while in the case of heating by direct
insolation, the variations of the incident energy
will lead to much greater fluctuations of the voltage
across the terminals and of the power output. The
conditions of maximum efficiency can be satisfied
only by a certain value of the radiation. The result,
in the last analysis, is that the method of heating
by direct insolation is disadvantageous today, and
should be abandoned.

AIl the details of operation of thermoelectric
generators may be studied conveniently by means

Technical research trends at I.E.8.U.A.--The authors note, finally, that the heat sink
quired for every thermodynamic transformation

r~ solar energy can be found in the Sahara only in
~he atmosphere. This fact is responsible for the
great interest that attaches. to .systems .capable
of moving large masses of arr WIthout usmg any
energy other than solar.

The research programme of the Institute of Solar
Energy can thl~S be readily outlined: stu~y of so~ar
radiation, study of solar collectors with special
reference to solar chimneys, study of thermoelectric
generators, pri"laril:y of the direct-exposure type
that is, thermoelectric solar collectors to be followed
by the studyo: fluid-circulation generators, which
involves the stu.iy of systems of mirrors and boilers.

In the seco.t.) part of the paper, the authors
rapidly examiv- the systems of collecting and
concentrating s-: 'ar energy now under study, which
consist, for ten.v.-ratures under 300°C, of orientable
collectors formc .' of paraboloidal mirror elements,
and operate b) multiple focusing. These collectors
are designed to l.eat liquid heat-transfer agents.

For tempera: rres over 300°C, the projects boil
down to the uti' .zation of two new processes employ
ing elements of deformable paraboloidal mirrors
distributed over large surfaces.

These mirror' have been built of simple flat
sheets of polished aluminium or aluminized sheet
metal, appropn.itely deformed. A good focus at
a distance of (; m was obtained with aluminium
sheet 1.6 mm i! ick.

In the third ~H rt, the authors discuss the technical
conditions for; .ie developments of thermoelectric
generators to cierate in the Sahara. Two conditions
are fundament. ,

(a) Thermoe.. .-.:tric generators must be designed
to be cooled bv air circulation. But this air may
under certain ci'CLlmstances reach the relatively high
temperatures 0; '>0 or 50°C.

(b) Dirt on ";'': collector systems or transparent
~overs of solar . .illectors may cause large decreases
III the incident energy and involve high operating
expense.
Th~ use of the system of classical equations f~r

studymg the theoretical operation of thermoelectnc
generators results in great analytic complexity,
and the authors note that where the low-efficiency
thermoelectric materials now on the market are
used, certain terms may be neglected, thus simplify
Illg the mathematical apparatus. They also note
that the losses of a thermoelectric generator due to
~he transparent covering may in general be expressed
~n the parabolic form as a function of the temperature
Trop betwe.en the hot armature and t~e atmosphere.

hey now mtroduce the following ratios :
b Form fac.tor y = hjS, h being the height of the
ar of sectIon s :

RThe ratio k ' RtjR, of the thermal resistance
f of the radiator to R, that of the bar;

ofThe c.oncentration ratio C = St/S, or the ratio
th the msolated surface in thermal contact with

e hot armature to the section s of the bar;
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of an electrical analogy, applying certain simplify
ing hypotheses which are justified in the case of
semiconductors of low internal efficiency, as is..
in fact, the case. But the real heat-transfer phenomena
cannot be represented with sufficient precision on the
analogous circuit, so that it is of interest to study
on a real prototype the true performances already
calculated. Although the direct-exposure generator
cannot be considered the definitive solution for the
thermoelectric generator, it does have the advantage
of being very simple and unsophisticated. The
Institute of Solar Energy of the University of Algiers
has therefore built a prototype that takes account
of the restrictive conditions of the Sahara mentioned
above. The surfaces for receiving the solar radiation
are thus nonselective. The generator consists of a
relatively large preheating surface with a gentle
circulation of air, which delivers heat to the hot
armature concurrently with the solar radiation. The
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THE CONVERSION OF SOLAR ENERGY TO ELECTRICITY
BY MEANS OF THE THERMIONIC CONVERTER

Volney C. 117ilson *

Figure 1. Schematic diagram
of a thermionic converter

represented by the work function of the collecting
surface. Any remaining potential is available for
the electrons to do work in an external circuit.
This is the difference in potential of the fermi levels
of the collector and emitter represented by V» in
figure 2. Although the real source of energy and
potential is heat, the available driving potential
is the difference between the work functions of the
two surfaces <PC-<PA. It is apparent from what
has been said that it is extremely important to have
as Iowa <PA as possible. However, the lower the
work function the higher the thermionic emission
at a given temperature. Therefore, to prevent the
anode from emitting much more than the cathode,
the anode must be much cooler than the cathode.
Thus we see that the device is a heat engine. In
fact it is limited in maximum efficiency by Carnot's
law.

Turning to the question of the internal impedance
of the generator, that is the problem of getting the
electrons to the collecting surface, if the two electrodes
are 0.01 cm apart and the space between the elec
trodes is evacuated, then a negative space charge
will be developed by the cloud of electrons over
the surface of the emitter, and very few electrons
will have sufficient energy to reach the collector.
To overcome the space charge barrier, the electrodes

The thermicnic converter is a static,high tempera
ture heat engi..e that converts heat into low voltage
direct current electricity (1). This paper briefly
describes the c>:ration of various types of thermionic
converter am] then considers the possibility of
utilizing then' <mic converters to generate inexpen
sive electricity irorn solar energy.

Descriptic-t of the thermionic generator

Figure 1 il: .istrates a thermionic converter. It
consists of a 1, .t surface to emit electrons by ther
mionic emission and a cool surface to collect the
electrons. The two surfaces must be electrically
insulated, and !he space between the surfaces must
be evacuated er filled with an easily ionized vapor.

An electric zenerator must have a source of
electric charge,' must develop a voltage to drive
the charge, au.l should have a low internal impe
dance. The elcr.ric charge is generated in a thermionic
converter by .hcrmionic emission from the hot
electrode. Heat also develops the potential to drive
thecharge. Th. is illustrated in figure 2. In this dia
gram the elec: :on potential (negative potenti~l) is
plottedincreas ;:t~ in the up direction on the.ordlllate,
and separatio: between the electrodes IS shown
on the abscis: ... An electron that has just left the
cathode has :~;!letic energy because it has j~st

left a hot surfr«.-, but the electron also has potential
energy by vir: :lC of its position relative to the
electrons inside the metal.

If we think of the fermi level as representing the
average potential of the electrons in the metal,
then the electron which has just left the metal
has been lifted by heat up a potential hill represented
by the work function of the surface of the metal,
<Pc. If the surface has a <Pc = 3 volts and is at a
temperature of 2320oK, then the average kinetic
~nergy of an emitted electron toward the anode
IS 0.2 electron volts and the pot.en~ial energy IS
3 electron volts. It is apparent that It IS very Impor
tant to collect the electrons in such a way that the
potential energy is conserved as much as possible.
ASSUming for the moment that the electrons can. be
collected without a loss of potential in the reglOn
between the electrodes, as the electrons enter t~e
collector they will lose an amount of potentlal--" • General Electric Research Laboratory, Scheneetady, New
lork,
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Direct conversion to electricity

Figure 2. Energy diagram of a thermionic converter

must be spaced about 0.0005 cm apart. To obtain
high electron emission from the cathode, it is usually
heated to a temperature at which the cathode
surface material evaporates sufficiently to deposit
a layer of cathode emitter material quickly on the
collecting or anode surface. Fortunately, the com
monly used vacuum tube cathode materials, such
as barium strontium oxide, have positive tempera
ture coefficients of the work functions, so that the
hotter emitting surface has a higher «1> than the
collector. J. E. Beggs (2) has built many vacuum
thermionic converters of about 3 cm- cross section
with 0.0006 cm spacing. His best converter used a
strontium calcium oxide cathode, and at 1 4000K

developed 1.1 watts/cm- at an over-all efficiency
of 4.5 per cent. These converters usually have had
platinum outer surfaces to resist the oxidation of the
atmosphere.

A second method of overcoming the space charge
to enable the electrons to reach the anode is to
introduce positive ions in the space between the
electrodes. Cesium has the lowest ionization potential
of the common elements. In fact, cesium can be
ionized on a hot surface with a work function of
3 volts or more. One type of cesium converter uses
a cathode such as uranium carbide (<<1> ::::; 3.4) or
thorium impregnated in tungsten (<<1> ::::; 3.2). When
the cathode is driven to about 2 200oK , a high
electron emission is obtained, and sufficient positive
ions are formed by surface ionization on the cathode
to neutralize the negative space charge. In addition,
a layer of cesium forms on the anode surface' and
produces a very low «1>A. Houston (3) built a cylin
drical converter of this type, using thorium impreg
nated in tungsten and produced 4.3 watts/cm" at
7.5 per cent efficiency.

The most promising converters are those in which
the cesium is used to perform three functions. In
addition to providing positive ions and a low work
function anode, a partial atomic layer of cesium
on the cathode can be used to adjust the work
function of the cathode. Figure 4 shows such a
device developed by Lawrence and Wilson (4) for
use with solar energy in outer space. Tungsten was
used as the base material for the partial layer of
cesium on the cathode. This laboratory demon
stration model was set up in a vacuum bell jar and
heated by electron bombardment to simulate solar
energy. The converter developed 7.5 watts/ems

Figure 3. Demonstration of a vacuum converter operated
by a gas flame

Coupling the thermionic converter to solar
collectors

Solar collectors can be '~ade quite efficient, hoW
ever, as the object receiving the radiation becomeS

at 15 per cent efficiency. Recently Y:'!sor (5) has
reported the results from a cylindri. ,1 converter
of this type using molybdenum as .he cathode
base in which he obtained 8.2 watts/crn'' at 17 per
cent efficiency. A study of Rasor's <:1' la indicates
that he had a loss of potential betwee: the cathode
and anode of about 0.2 volts. Houston and Wi1son
have observed that anodes covered with a mono
layer of cesium have a work function of 1.4 volts.

Figure 5 shows a set of calcula i >Jns of the
efficiencies as a function of cathode c2mperatu~e.

These are efficiencies that look reasonable to obtalll
with various work functions of the cathode. These
calculations assumed the cathode emissivity of
~olybdenum and an anode emissivity of 0.5. ~t.is
difficult to keep the anode highly polished. ImpUrIties
from t~e cathode sp?il the emissivity. The ~ash.ed
curve IS the author s estimate of the efficlencles
to expect within the next year or two. It is doubtful
if sufficient ions are produced by a 2.75 volt surface.
Therefore the dashed line IS drawn to the right of
the 2.75 volt cathode line. Also included in figure 5
are the points represented by Beggs' vacuum con
verter and Rasor's cesium converter.

H.C.! (b)
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as (1 hid = 1, where (1h is the standard deviation of
the displacements from perfect focus and d is the
theoretical solar image diameter. This curve shows
the amount of the incident energy that passes into
the cavity absorber minus the amount that re
radiates back out of the absorber opening. It would be
ideal to have all of this energy that is trapped in
the absorber pass through the thermionic converters;
however, the walls of the cavity are not perfect
heat insulators and part of the energy will therefore
be lost by leakage radiation. This loss will increase

Thermionic converter

----otter and hotter, more and more h~at is radiated
h the receiver; so the net efficiency falls off
froI?dly as the temperature of the receiver increases.
~~f~lel1and has calculated the concentration ef?ciency

a function of absorber temperature. FIgure 6
~s reproduction of one of McClelland's (6) curves

f
IS aa low quality searchlight mirror. In particular,
or it b b .this curve 3:ssumes a cav~ y a sor er;. It ass:umes
the mirror IS 2._ paraboloid of revolut.lOn WIth a
diameter to focal length ratio of 2.3 (nm angle =
600) andthe geo;'letric error of the mirror is expressed

8/90 Wilson 225

. t desi"ned to use solar energy in outer space
Figure 4. CeslUm conver er I>



Therefore 82600 cm'' of mirror are required; Or a
parabola 3.25 meters in diameter is required.

Figure 7 illustrates one possibl: ~onfiguration
for a cavity absorber and therrnionic converter
assembly. Light from the parabolic mirror would
pass through the glass dome, 1, into. t~e black
body cavity, 2. As m~ntlOned above, It IS desir.
able to insulate the cavity thermally and force the
maximum heat to flow through the converters.
Therefore the entire assembly would be in a vacuum
enclosure 3. Many thin, highly reflecting foils
4 would be used as radiation shields, Figure 8
illustrates a practical thermionic converter developed
by Jensen (7) that might be used in 51.1·:h an absorber.
This device, which is capable of be~,g produced in
quantity, developed 5 watts/cm'' e': a calculated
efficiency of 14 to 16 per cent when heated by an
electron bombardment heat source to a temperature
of 1 775°K. Figure 7 shows a possible configuration
in which a converter in the center JS surrounded
by six converters in the first ring and (':(:;ht converters
in the next ring. This would make a total of 15
converters. If each converter has 5 cm 2 area of the
cathode and anode and develops IOw:: I ts per cm2 at
a cathode temperature of 1 900 oK , t h« total power
would be 750 watts. If each converter develops
1.25 volts at 40 amperes, the 15 in series would
develop 18.75 volts at 40 amperes. The series con
nections would be made inside the vacuum enclosure
and only two .leads would be brought out through
vacuum tight insulating bushings.

For this conference we were asked to estimate
costs. When one studies the complex; y of figure 7
it is difficult to imagine that even i;~ fairly large

Direct conversion to electricity
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at higher temperatures. Efforts to reduce this loss
will be discussed later. The dashed line of figure 6
represents an estimate of the per cent of the incident
solar energy on the mirror that will flow through
the converters. Multiplying this dashed line by the
converter efficiency curve taken from figure 5, one
obtains the lowest curve of figure 6, which is the
anticipated over-all efficiency of a thermionic con
verter system as a function of the cavity and cathode
temperature. At 1 9000 K the over-all efficiency
is 9.5 per cent. One may now estimate how large
such a system must be to generate one horsepower
of electricity. One horsepower is 746 watts. At
9.5 per cent efficiency, this will require a total inci
dent energy of 7 850 watts. C. G. Abbot reports
that in desert areas and low latitudes the incident
radiation is '1.35 caljcm2jmin or 0.095 watts/cm",

226

Figure 6. Cavity and cathode temperature: estimates
of efficiencies of solar concentrators, cesium converters,
and their combined efficiencies as a function of cathode
and collector temperatures

Figure 7. Schematic diagram of an assembly of fifteen
cesium converters to develop one horsepower
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Figure 9. A proposed simplified cesium converter design

Long life vacuum converters at 1 4000 K have not,
however, been developed. To obtain a life of 1000
hours or so the cathode temperature must be reduced,
and the resulting output and efficiency are much
lower, perhaps 0.2 watt/ems and 1 per cent efficiency.

Another approach is to make individual cesium
thermionic converters with ceramic surfaces exposed
to air at high temperature. Figure 9 illustrates this
concept. The solar radiation would be concentra.ted
inside a ceramic cup. The cathode and electncal
lead to the cathode would be a plating of a refractory
metal on the outside of the cup. The rim of the cup
would be thin to reduce heat flow to the seal. The
anode and heat removal radiator would completely
surround the cathode. Cooling of the ceramic rim
by air convections would reduce the efficiency of the
system. Each converter would be heated by a separate
small collecting mirror; and, since smaller mirrors
would be required than for an assembly like figure 7,
probably the collecting system would be less expen
sive. One aiming system could be used to direct
a number of collector-converter assemblies mechani
cally ganged together.

The development problems would include an
investigation to see if a ceramic can be made really
gas tight at 1 900oK; methods ~o dev~lop ~xidation

resistant high temperature coatmgs with high solar
absorption for the. solar collecti.ng surface; and
investigations of solid state reactions between the
hot ceramic and the refractory metal cathode.
Essentially, the development problems are problems
of high temperature materials.

Conclusions

Solar concentrators and thermionic converters
could probably be developed to convert about
9.5 per cent of the solar energy to electricity. A
system to obtain t~is efficiency would be ext:emely
complicated to build and would be expensive. If
solar converters having ceramic envelopes could be
developed, they would be less efficient, but probably
the system would be less expensive to produce.

-, :

Thermionic converter
--------------------_..::.:..:.-=----.:.:...=.=-------------~

ntities a one-horsepower electric generator could
~~abuilt for. ~ess t~an $1 500. In add~tion.to this,

high prec1sIOn mirror.: 3.25 meters m diameter,
~ equired' and finally a mounting and mechanism
15r' b' dfor tracking the sun must e provide .

. To try to make the ge?erator less expensive to
build one is tempted to omit the vacuum enclosure.
Bow~ver, this enclosure appears ne~essary to protect
the materials that are at the high temperatures
and to provide thermal insulation. It is the author's
opinion that the material proble.ms and the assembly
techniques ar? "tate-of-the~art m the large vacuum
power tube l;~·'~lstry. ThIS approach represented
by figure 7 lco.cs ~easible and ,,:ould produce the
best efficiency,~ut 1S very expensive.

There are of: ~T possible approaches. One would
be to adapt B, .;gs' vacuum converter to heat it
with solar ener-y. This would be straightforward.
In fact, as a ':';monstration, Beggs has used an
inexpensive plxtic Fresnel lens to concentrate
solar energy on one of his converters. In this case
the receiver is r.ot a black body cavity so the solar
collection would not be as high as one would expect
from figure 6 (7!i per cent at 1 4000 K). Also, the cath
ode would be operating in air so convection cooling
would be quite; great. One might expect with a
4.5 per cent efficient converter that 2.5 or 3 per cent
over-all efficiency might be obtained.

Figure 8. Type of thermionic converter that could be used
inside a vacuum enclosure such as figure 7
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Summary

Currently, thermionic converters are being engineered for use in convert
ing solar energy to electricity for space vehicles. To adapt this development
for inexpensive electric power on the earth, the converters must be redesigned
to make them resistant to oxidation by the atmosphere and to make them
less expensive' to build. Two quite different engineering approaches arc
presented. One approach is to build several converters inside a large vacuum
enclosure, the outer surface of which does not operate at the converter
cathode temperature. The other approach is to build individual converters
with ceramic parts to withstand oxidation by air at the high temperatures.

CONVERSION DE L'ENERGIE SOLAIRE EN ELECTRICITE
AU MOYEN D'UNE CELLULE THERMO-IONIQUE

Resume

On met actuellement au point des convertisseurs thermo-ioniques destines
a transformer l'energie solaire en electricite pour les besoins de certains
vehicul~s interplanetaires. Pour adapter ces conceptions a la production
economique de courant electrique dans des installations terrestres, il faut
reprendre la construction des convertisseurs de maniere ales rendre resistants
a l'oxydation par I'atrnosphere et a ramener leurs prix de construction a
d~s proportions plus modiques. L'auteur presente deux techniques entierement
differentes pour attaquer le probleme. L'une envisage la construction de
plusieurs convertisseurs a I'interieur d'une chambre a vide dont la surface
exterieure ne fonctionne pas a la temperature de la cathode du convertisseur.
I:',:utre cons.isteaconstruire des convertisseurs individuels en pieces de compo
~ltiO~ ceramiquo pour qu'elles resistent al'oxydation par l'air aux temperatures
elevees.
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UTILIZATION OF SilICON SOLAR BATTERIES
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The utilization of inexhaustible energy from the
sun is one of ; i.: most important scientific problems
which manki ,~~. is facing. The conversion of solar
energy into ek. '..ical energy by use of solar batteries
is an excellen method, though there remain some
problems cono-vning the economy and reliability
of the solar b : lery as a power source.

The solar .. .ttery was invented and reported
in 1954 by Chc.rin et al. of the Bell Telephone Labo
ratories (1). In japan, the study of the silicon solar
battery began in 1955 in our laboratory; an un
attended VHF repeater station equipped with 70 watt
solar batteries was installed on a mountain in 1958
for the first trr.il (2), and the unattended lighthouse
with 14.5 watr batteries on shallows in Seto Sea
in 1959 (3).

The information obtained from these installations
suggests that the utilization of solar batteries is very
promisingin SI:'1] remote places, from the standpoint
of technologyv rr.liability and economy. This conclu
sion prompted tJ;c erection of many repeater stations
andIighthouse-v-quipped with solar batteries in 1960.

This paper i; concerned with the electrical charac
teristics, utilizcrion, reliability and cost of silicon
solar batteries.

* Director, Rec<~;'Ch Laboratory, Nippon Electric Company,
Ltd., Japan,

Electrical characteristics of silicon solar cells

The shapes of the silicon solar cell are usually
of circular type and of rectangular type. The cell
used as a power source is circular, about 28 mm
in diameter.

The change of power output from the solar cell,
with the load resistance under full sunlight, is shown
in figure 1. The maximum output power is about
40 mW, and the cell can produce 0.5 to 0.6 volts
on open circuit and about 150 mA under short
circuit conditions.

The relations among output power, short-circuit
current, open-circuit voltage, matching load resist
ance and light intensity are shown in figure 2.
As the light intensity increases, output power and
short-circuit current increase, open-circuit voltage
does not change, and the value of the matching
load resistance decreases.

The temperature dependence of the electrical
characteristics of solar cells is shown in figure 3.
As a result of the decreases of open-circuit voltage
with the increase in temperature, output power
decreases at the rate of about 0.7 per cent per degree C
above room temperature.

The theoretical conversion efficiency of solar energy
into electrical energy is about 22 per cent. The
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Figure 4. Power supply system

SE: Si solar batteries; D: diode' ET: Ni-Cd batteries" Ml'
M · . . .p~

2' volta meter .. Ma' M 4 : voltage meter .. Ms, 1116 , am
meter " RL: Load.

Power supply system

The output power of the solar batteries is charged
in Ni-Cd batteries through a germamUI!l diode to be
provided for use at night and during cloudy days.
Germanium diode is used to prevent discharging
current through the solar batteries, The circuit
connecting the solar batteries, the NiCd batteries
and the load is shown in figure 4. .

The determinations of the output .-ower of the
solar batteries and the capacity 0; i he storage
batteries is an important problem for r he operation
of electrical equipment. These factors Cl' determined
by weather conditions and the locatio: where solar
batteries are installed.

The necessary output power of the :-,I,;,H batteries
and the capacity of the storage batteries ','C estimated
as follows. In Japan, the working time of the solar
batteries is six hours a day, on the average, when
the weather is fine for one half a month .ind the other
half of the month is cloudy. Therefore, the solar

Ib14I,104

LOQQ re,lS!QFlCC I (j I

~o 1----+--~---"_+--__+--+_-_4_--_I_--l

10

Utilization

70 ,-----,---,--,---r-

Figure 3. Temperature dependence of output power

batteries which were produced about 1958 had a
conversion efficiency of 4 to 6 per cent. Lately,
as a result of the reduction in loss, the efficiency
has been raised from 8 per cent to 12 per cent,
on the average. The maximum efficiency of 18 per
cent was obtained in our company.

The applications of silicon solar cells may be
classified as follows: (a) Light det.ector, such as
sunlight valve and automatic change of head-light
beam, etc.; (b) Direct power source for electrical
equipment. In this paper, the utilization of solar
batteries of the second category is described.



Silicon solar batteries SIll Kobayashi 231-- Table 1. Utilization of sflicon solar batteries in Japan- Solar batteries

Use Location
Number Number

Date
Voltage Power of of of erection
(volts) (watts) series parallel Total

connections connections

Tohoku Electric PO,CEJ' Co. :

VHF (150MC) 6.5 28 63
repeater station Mt. Shinobu 60 70 207 8 4320 Nov. 1958

130 450 2
Maritime Safety Ltoarr! : ,
10W lighthouse Ikada Shallows 12 13.5 54 12 648 Nov. 1959 ,

Electric Power DeL[ "'Fment Co.:

VHF (150MC) Mt. Mitsuji 12 30 45 27 1215 Mar. 1960
repeater station Mt. Noki 12 30 45 30 1350 Aug. 1960

Maritime Safety Boor-l :

10 W lighthouse Katsuo Island 12 13.5 54 12 648
10 W lighthouse Hakan Island 12 13.5 54 12 648
10 W lighthouse Manaita Shallows 12 13.5 54 12 648
10 W lighthouse Saki Shallows 12 13.5 54 12 648 Dec. 1960
10 W lighthouse Funa Beach 12 10 54 9 486
25 W lighthouse Tateme Point 12 15 54 13 702
25 W lighthouse Uoko Island 12 29.5 54 26 1404

NRK Broadcastin i ( ·"rp.:

VHF (60 MC) Nakatsugawa 12 3 54 2 108
repeater station Cero 12 3 54 2 108 Oct. 1960

Matsuame 12 3 54 2 108

batteries work one-eighth of a day, on the average.
The needed pm, er of the solar batteries is therefore
e!ght times grea tcr than the average power consump
tion,

!o lay up solar energy against a long series of
:amy.days, the capacity of the Ni-Cd batte~ies
IS deSigned to work for a month without chargmg.
And .i~ is also designed so as to keep its initial
conditIon with a new supply of the electrolyte only
once a year.

An array of solar batteries

The silicon solar cells are sealed in an acryl resin
container, and these units are arranged on an iron
panel. The iron panel is fixed out of doors, ~acing
to the south, and its angle of elevation IS adJusted
to absorb solar energy most effectively at any
season of the year. It has been shown theoretically
a~d experimentally that this angle nearly coincides
with, the latitude of the place where solar batteries
are lllstalled. .

Utilization of solar batteries in Japan

i Many repeater stations and lighthouses have b~en
nstalled since the unattended VHF repeater station Figure 5. The lighthouse at Ikada Shallows
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Figure 6. Solar batteries at Ikada Shallows

Table 2. Operating conditions, lighthouse at Ikada Shallows

Publication permitted by courtesy of the Maritime Safety Board

Nov. 28 Dec. 9 19 30 Jan. 9 18 29 Feb. 13 29 Mar. 12 19 Apr 13 24
1959 1960

(Started)

Time 09: 30 10: 00 10: 00 14: 30 14: 20 13: 00 09: 30 09: 20 10 JtJ 10: 00 10: 00

Weather Cloudy Cloudy Slightly Clear Clear Clear Fair Cloudy Cloudy Clear Cloudy Rainy Clear
cloudy

Temperature (0C) . 12.5 8.0 7.5 11.0 8.0 6.0 11.5 12.0 14.0 9.0 13.5 12.0 21.0

Direction of wind . NNE N NNW W N W SW SSE W N NE WSW N
Velocity of wind (m/sec) 6.0 2.0 3.0 1.0 4.0 13.0 2.0 5.0 4.0 3.0 4.0 4.0 2.0

Illumination (103 lx) 17 7 30 80 31 130 102 15 15 27 28 13 28

Surface temperature of
22.0solar batteries (0C) 13.0 10.0 10.0 15.2 10.0 12.0 16.5 15.0 15.0 18.0 15.9 12.5

Charging voltage (V) . 14.0 14.0 14.2 14.5 14.1 16.5 16.5 14.5 14.0 14.6 14.4 14.0 14.5
Charging current (A) . 0.2 0.03 0.4 0.7 0.5 0.72 0.7 0.19 0.188 0.48 0.23 0.17 0.28

TOTAL CHARGE (AH) 0 42 72 102 126 163 198 257 328 360 382 431 446.5 511.5

-
May 9 17 June 7 26 July 15 27 Aug. 6 26 Sept. 17 29 Oct. 20 Nov. 7 18

-----
Time 10: 00 14: 55 13: 10 11 : 20 13: 40 08: 45 12: 50 13: 50 17: 10 13: 30 16: 00 09: 30 09: 45

'Weather Cloudy Fair Clear Clear Cloudy Fair Cloudy Fair Clear Fair Fair Fair Clear
rainy

Temperature (0C) . 15.5 22.5 24.0 27.0 28.7 29 28.5 28.5 27.5 22.0 20.0 17 16

Direction of wind . E SE E WNW SW SE SW N N N N N
Velocity of wind (m/sec) . 7.0 0 3.0 2.0 7.0 4.0 6.0 3.0 2.0 7.5 6.0 7.0 2.0

Illumination (103 lx] 10 36 26 38 46 13 60 73 5 90 14 3 60

Surface temperature of 18.0 37.0 32.0 37.0 33.5 34.0 45.0 32.0 30.5 22.0 23.0 24

solar batteries (0C) 14.5 14.5 14.5 14.9 14.5 13.4 14.2 14.7 14.2 15.0 14.9 13.8 14.5

Charging voltage (V)
0.7Charging current (A) 0.1 0.5 0.22 0.33 0.65 0.35 0.38 0.4 0.14 0.7 0.1 0.1

TOTAL CHARGE (AH) 559 594 669 709 772 829 869 953 1003 1053 1123 1201 1243---
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Figure 7. Weather conditions, lighthouse at Ikada Shallows

equipped with silicon solar batteries as a power
source was en (led in 1958. These installations are
shown in table 1. The lighthouse and its solar bat
teries, installeri v.t Ikada Shallows in 1959, are shown
in figure 5 and figure 6. The further establishment
?f additional s.tations and lighthouses is planned
III Japan.

Reliability

Repeater stations or lighthouses with solar batteries
as the power source are usually installed in remote
places or on isolated islands. The solar batteries
are set outside and exposed to rain, various types
of radiation and heat and cold. Therefore, durability
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Figure 8. Charge from the solar batteries and output to the load, lighthouse at Ikada Shallows
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Fi~ure 9. Comparative costs of construction

51: Cost of silicon solar batteries at present,' S2: Cost of silicon
solar batteries in the near future; P1 : Construction cost of power
line on level ground; P 2 : Construction cost of power line among
mountains.

and reliability are necessary for the design of solar
batteries and other equipment. Many repeater stations
and lighthouses have been operated in Japan without
any trouble since they were erected.

The operating conditions of the unattended light
house which was installed at Ikada Shallows in Seto
Sea in 1959 are shown in table 2, and figures 7 and 8.
Publication of these data are permitted through
the courtesy of the Japanese Maritime Safety Board.

The weather and operating conditions of the
equipment are shown in table 2. Monthly weather
conditions are shown in figure 7. The charge from
the solar batteries and output to the load are shown
in figure 8; the former was about 1.2 times greater
than the latter. During the last year only 2 litres
of electrolyte was supplied to the Ni-Cd batteries,
and the surface of the silicon solar batteries was

,
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Since 1958, many repeater stations ..ud lighthouses
with solar batteries as the power so' .rce have been
erected in Japan, and they have :)een operat.ed
without trouble. It is expected that l .cctrical equIp
ment with solar batteries as a power .iource may,be
non-intermittently operated for a 101'iZ period With
only trivial upkeep once or twice a :;car.

From the economic point of view, silicon solar
batteries are a very excellent power source in remote
places, isolated islands and space.

Conclusion

Cost of silicon solar batteries

It has been reported that the cost of solar batteries
is higher than that of other power sources, and this
high cost hinders their general use. The cost of solar
batteries as a power source, including cells, containers
panel, diode, control box and Ni-Cd batteries, i~
about $130 per watt, as shown by the curve S
in figure 9. In the near future, howev-r, it is expected
to be reduced to about two-thirds of the present
figure (curve S2)' On the other hr.nd, the cost of
the construction of a power line per kilometre
on level ground and among mour tains is about
$5000 to $7000, shown by curve F, and curve P2'
respectively.

The construction of solar batteries is more econo
mical than that of a power line one km long in such
a case, since the required power supply is less than
about 50 watts. The longer the power line, the
higher the value of the power of the border line
available for solar cells.

On the other hand, there are other power sources,
such as diesel engine generators and thermoelectric
generators; but they cannot operate without a fuel
supply. Therefore, solar batteries may be a very
excellent power source in remote pi;,ces.

10'Ill'10

10'

10"

It'
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Summary

Conversion of solar energy into electrical energy
by means of silicon solar batteries is on~ of the mo~t

convenient and ..ex~~llent methods. owmg to their
light weight, reliability and long life, though their
initial costs arc relatively high for large power
sources.

Six repeater stitions and eight lighthouses equipped
with solar batt:;ic's as power sources were installed
on several mo~,,-,;ains, shallows, capes and beaches
during 1958 tc ::160 in Japan. No difficulties have
been observed. lhe batteries are expected to be

able to operate for many years with upkeep only
once or twice a year.

In this paper, the electrical characteristics of the
solar cells, their performance and the cost of solar
batteries as a power source are discussed. The cost
at present is about $130 per watt, and they are
cheaper than a power line, if the required supply
is less than about 50 watts, at a place one km distant
from a power station. In the near future, it is expected
that the initial cost may be reduced to about two
thirds of the present figure.

EMPLOI DES BATTERIES SOLAIRES AV SILICIUM

Resume

La conversion de l'energie solaire en energie
electrique au L:Jyen de batteries au silicium est
l'une desmethod-s les plus commodes et les meilleures
en raison de leur legerete, de la regularite de leur
fonctionnement et de leur grande duree de service,
bien que les frai. de premier etablissement qu'elles
entrainent soieru rclativernent eleves aux puissances
importantes.

On a precede au Japon, entre 1958 et 1960,
it l'installation l:' six stations de repetition et huit
phares dont la ,;'Jurce d'energie est constituee par
des batteries sc.;- j res. Ces installations se trouvent
sur plusieurs m.. .tagnes, des hauts-fonds, des caps
et des plages.~n ri'a pas observe de difficultes.

On s'attend a ce que ces batteries continuent a
fonctionner pendant de longues annees, avec seule
ment une ou deux visites d' entretien par an.

L'auteur passe en revue, dans le present memoire,
les caracteristiques electriques des cellules solaires,
leur fonctionnement et leur cout en tant que sources
d'energie. Le prix actuel s'etablit a 130 dollars
par watt environ, et elles sont plus economiques
que le reseau si les besoins sont inferieurs a une
cinquantaine de watts en un lieu situe aun kilometre
d'une centrale. On s'attend, dans le proche avenir,
a ce que les frais de premier etablissement soient
ramenes aux deux tiers de leur chiffre actuel, 011

a peu pres,



8/40

APPLICATIONS OF PHOTOVOLTAIC CELLS IN COMMUNICATIONS

Gerald L. Pearson. *

A terrestrial solar power plant [or telephone
equipment

The first commercial application (J of the silicon
solar battery was its use as the .irimary power
source for a Bell type P rural Cv, ~ ier system at
Americus, Georgia, beginning on 'l October 1955.
Figure 1 is a photograph of the Lc:ht transducer
used in this installation. An array (f silicon cells
432 in number, was interconnectc t to furnish ~
maximum of 10 watts of electric power at 22 volts
when irradiated with bright sunlight. The transducer
was mounted in a fixed position 55 (kgrees from the
h?rizontal. 1:- storage battery consist: i • g of 96 sealed
nickel-cadmium storage cells of 1i VG 1'.; was mounted
at the base of the pole and the traisducer served
as a trickle charger to keep these ('"lIs adequately
charged at all times. The nickel- .idmium cells
were interconnected to form a "sL:age module"
rated at 22 volts and 15 amp-hours. Clis amounted
to ': reserve power s.ufficient to ope· ..:c the system
dunng ten days of inclement weatti.. before com
plete discharge.

On 4 October 1955, the carrier ,~rminal was
c?nnected to the solar power plant a'" for the ~ext
SIX months of commercial use all the. ewer reqUlred
by the term~nalwas supplied by the S'UT'., The aver~ge
current dram to the transmission circuits earners
signaling circuits and alarm was about 0.3' amperes
at 22 volts. At the end of this period the trial ~as
ended and the carrier system was again supplIed
by a conventional power source.

On the basis of this test it was concluded that
technical feasibility had been demonstrated for a
solar power plant capable of furnishing about o~e
watt. An analysis of costs, however, showed that,lt
could n?t compete on an annual charge basis ~th
conventional power supplies in the continental Vll1ted
States. In parts of the world where conventional
power is either more expensive or not available,
such a solar power supply might very well prove
to be economIC. .

to this problem has been found in electrochemical
storage batteri:s. Fo~ terrestri~l us" these may be
of the lead-acid vanety but m sp-ce applications
one must use sealed units such as 'Jickel-cadmium
cells.

Space communications

Silicon photovoltaic cells have been used as power
supplies for instruments and transmitters in a

236

The barrier-layer photovoltaic cell was first de
veloped about 80 years ago, using selenium (1) as
the light sensitive material. Modern selenium cells
are widely used in present-day industry for such
diverse purposes as photographic exposure meters,
photoswitches and photoelectric eyes. They have an
over-all conversion efficiency of about 0.6 per cent
when operated in direct sunlight.

In 1954, workers at the Bell Telephone Laboratories
(2) succeeded in improving the efficiency of photo
voltaic cells to 6 per cent through the use of a thin
boron diffused layer on the surface of single crystal
n-type silicon. A great deal of development work
has gone into such devices during the past few years,
and they are now commercially available from a
number of manufacturers at efficiencies of up to
14 per cent for converting the solar radiation incident
upon t~em di~ectly into electric power (3). This
conversion efficiency compares favorably with other
typ~s of modern power plants, such as the gasolene
engme and the steam generator. It is therefore
techn~cally feasi~le to use solar batteries as power
s.upphes <;Lt 10catIOn~ remote from commercial power
h.nes. ThIs paper discusses communication applica
tions of sola~ batteries i? terrestrial telephone
systems a;nd In space vehicles. In addition, new
configura~IOns of light se.nsitive p-n~p silicon diodes
are descnbed; they promise to be useful in frequency
modulated communication systems. .

The accepted value of the solar radiation constant
(energy falling on one square centimeter area at
normal i~cidence ?utside the earth's atmosphere) is
1.94.calones per ml1~ute or 135 milliwatts per square
~enhme!er. A portion of this energy is absorbed
m passmg through the earth's atmosphere but
on a clear day up to 120 milliwatts may be incident
on a square centimeter of the earth's surface. Taking
cons.ervative estimate.s .of 10 per cent solar battery
efficiency and 100 milliwatts/cm" of solar radiation
at the earth's surface one may then calculate 100
watts and 135 watts, respectively, for the electric
power output from one square meter of solar batteries
located on the earth and in outer space.

W.he1! a solar. battery power supply capable of
furmshIng: .electnc power continuously, regardless
?f the :posItIon of the sun and the weather conditions,
IS required one must provide an accumulator to store
excess energy for use when the solar radiation is
weak or completely absent. The practical solution

* Electronics Research Laboratories, Stanford University,
Stanford, California.
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Figure 1. Silicon photocells used to power telecommunication system

number of space vehicles during the past three years.
rhereas electrochemical batteries have proven satis
l~ctor'y for short periods of time, the only proven
ting-hved power supply for space use, at the present
irne, Consists of silicon photovoltaic cells.
The first use of solar batteries in an orbiting

sat llite I e was in Vanguard I which was launched
at C '(fi ape Ca~averal, Florida, on 17 March 1958
thgure 2). This vehicle contained two transmitters (5);
b e one operating at 108.00 Me ± 4 kc was poweredba mercury storage battery which failed after
a out three weeks, the other operating at 108.03 Mc
~1l4 kc w~s powered by photovoltaic cells and is
yI operatIng satisfactorily after more than three
t~ars In space. In this installation the power from
Wi~hs~lar transducer is fed directly to the transmitter
i t ut electrochemical storage so that no Signal
~f {hansmitted when the vehicle is in the shadow

e earth.

The second successful use of silicon solar cells in
an orbiting satellite was in Sputnik Ill, which was
launched in Russia on 15 May 1958 (6). Since
that time silicon solar cells have been successfully
employed for the conversion of solar energy to elec
trical energy in a number of space vehicles, including
Explorers VI and VII, Pioneer V, Tiros I and II,
Transit I-B and II-A, and Courier lB. These later
installations have included electrochemical storage
batteries with the solar cells acting as trickle chargers
so that continuous power is available.

Whereas cost per watt is a most important factor
in the 'terrestrial uses of solar cells, the overriding
factors for space use are watts per pound and relia
bility. With present day cells and mounting proce
dures it has been possible to design power packs
for space use which furnish 3.5 watt/pound including
storage batteries (7). This figure will undoubtedly
be raised with the development of better non-
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Figure 2. Model of Vanguard I earth satellite showing 10 17
silicon photocell mountings

reflecting surfaces, heat control, and methods for
the mounting of cells. The reliability record of solar
cells in space has been excellent since there are
no moving parts which might contribute to failure.
Contacts to the silicon wafers are an ever present
source of trouble but these have proven to be quite
permanent.

A major problem associated with the use of silicon
photovoltaic cells in space probes is radiation damage
resulting from bombardment by high energy electrons
and protons in outer space. This is particularly
serious in the inner (mainly protons) and the outer
(mainly electrons) Van Allen radiation belts which
center 3600 km and 16 000 km above the equator (8).
Damage from electrons can be minimized by a
reasonable amount of shielding but the high energy
protons are so penetrating that shielding seems
impractical.

In order to obtain quantitative information on
the degradation of solar cells under bombardment
by high energy particles, a series of laboratory
experiments was performed1 in which boron diffused
silicon cells (initial conversion efficiency of 9 per cent)

1 These measurements were made in conjunction with
\V. L. Brown of Bell Telephone Laboratories. We wish to thank
H.. Wilson for permitting US to use the Harvard University
cycJotron for the proton experiments.

Energy in Mev
sand

Figure 3. Integrated flux of high energy electr.on y of
protons required to reduce conversion effiClenc

silicon photocells by 25 per cent
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into p-type silicon. Preliminary measurements indi
cate that this type of cell may withstand. flux. of
a greater order of magnitude before deterioration
becomes serious.

Light communications system,

The capacitance of a p-n-p diffused silicon diode
is increased when light falls on the junction (10).
This capacitance modulation comes about because
the photons generate hole-electron pairs in and
near the junctions. The holes are collected in the
p-layer while the electrons drift to either n-layer,
thus biasing the junctions in their forward direction
and increasing their junction capacitances. A zero
bias capacitance versus light intensity plot 2 for
such a diode having an area of approximately
0.01 cm- is shown in curve A of figure 4. In connection
with this figure, it should be mentioned that the
diode header was not designed for maximum light
interception at the junctions; hence, the light energy
actually falling on the junctions is somewhat less
than the incident light flux plotted here.

The capacitance modulation property of the diode
provides a simple means for varying the tank circuit
capacitance of an oscillator and thereby producing

2 The measurements on this light modulated capacitor were
made with the aid of J. M. Klein while the author was at Bell
Telephone Laboratories.

Values of components shown in figure 5

Cl - 15 [L[Lf . R 2 - 240 n H.;; - 12 kQ
C2, 0a - 001 [Lf Ra - 5 kQ T1 - 2N 499
RI - 350 Q R 4 - 2.4 kQ B1 - 15 volts
Ll - Six turns with feedback tap at '''lO full turn

It is significant that a frequency modulation of
about 1 per cent is obtained at an incident light flux
of only 1 milliwatt per square centimcter. The p-n-p
diode together with a high frequency transmitter

. is thus a convenient and extremely sensitive means
for signaling quantitative light flux data. In addition,
tests have shown that the above system is a practical
means for converting an amplitude modulated light
signal directly into a high quality frequency modu
lated electrical signal.
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Summary

. Photoe!ectric cel~s which con~ert solar energy
directly Into electnc energy are Ideally suited for
furnishing power to communication systems located
at great distances from commercial power supplies.
Although the solar flux density usually amounts
to under 120 milliwatts per cm- at the earth's surface,
this is sufficient to provide power for modern transis
torized communication systems. These might include
either wire or radio installations and land based
as well as space applications.

The results of a commercial trial on a carrier
telephone installation carried out by the Bell Tele
phone Company at Americus, Georgia, over. a Sl~
month period are described in this paper. These mclu e
engineering considerations and cost analysis data.

The applications of photoelectric cells to po~~e~
communication equipment in artificial space satelh e
are considered. Practical experience obta~ned f~:
a number. of such installations is outlmed.. h~
problems discussed include: (a) power-to-we1g



~ncident light intensity. This effect has been used
m an FM transmitter operating at 100 Me to produce
a frequency shift of 800 kc for an incident light
intensity of 1 mw/cm-. Inherent advantages in
signal-to-noise properties of this system make it
ideal for monitoring changes in various physical
parameters at remote locations. The entire system
can be powered by photoelectric cells, and servicing
is seldom required. .

241Pearson8/40Photovoltaic cells in communications
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fa (b) storage of energy for use in dark periods,
:~~ (c) radiation damage from high energy particles
in outer space. " .

A new use for p-n-p junction photovoltaic cells
in frequency. modulat~d .syst.ems is .descr~bed..In
this applicatIOn a variation III the light intensity
falling on the junctions alters the capacitance and
thereby provides a simple means of producing an
oscillator output frequency which is related to the

APPLICATION DES CELLULES PHOTOVOLTAIQUES DANS LE DOMAINE
DES TELECOMMUNICATIONS

Resume

Les cellules photo-electriques qui assurent la
conversion dirccte de I'energie solaire en energie
electrique s'adaptent idealement a la fourniture
de force rnotrico aux systemes de telecommunications
qui se trouvent ;\ de grandes distances de sources
commerciales cl'energie, Bien que la densite du flux
solaire ne depasse habituellement pas 120 milliwatts
parcm2 ala surface de la terre, ceci est suffisant pour
faire face aux besoins d'energie des systernes de
telecommunications modernes dotes de transistors.
Ces installations peuvent comporter des systemes
de telecommunications par fil ou sans fil, bases sur
terre ou meme ;~I bord d'astronefs.

Les resultats des essais commerciaux qui ont ete
executes pendant six mois sur une installation de
telephonic a or.des porteuses par la Bell ,Telephone
Company a Amcricus, etat de Georgie, Etats-Unis,
font l'objet d'urc description dans le present rnemoire,
Cette description eomporte des consid~rations t.ech
mques et des do.inees sur 1'analyse des pnx de revient,

L'auteur passe en revue les applications des cellules
photo-electriqu. -s au materiel de telecommunications
1bard des satellites artificiels. Il resume l'experience

pratique fournie par un grand nombre d'installations
de cet ordre. Les problemes examines eomprennent :

. a) le rapport puissance/poids: b) l'accumulation
d'energie pour les periodes d'obscurcissements; c) les
degats dus au rayonnement par les particules a
grande energie dans 1'espace interplanetaire,

L'auteur decrit une nouvelle application des
cellules photovoltaiques a jonction p-n-p. Dans
cette application, les variations de l'intensite Iumi
neuse sur les jonctions modifient la capacite et
fournissent done un moyen simple de real iser une
frequence de sortie d'oscillateur qui est en rapport
avee l'intensite de la lumiere incidente. Cet effet
a ete utilise dans un emetteur a modulation en fre
que nee fonctionnant a 100 Me pour obtenir des
excursions de frequence de 800 ke pour une intensite
de Iumiere incidente de 1 mW/cm 2• Les a vantages
intrinseques du rapport signal-bruit, dans ce systeme,
le rendent ideal pour la telesurveillauce des variations
de divers parametres physiques. On peut fournir
l'energie ala totalite du systeme au moyen de eellules
photo-electriques et il est rarement necessaire d'y
faire des travaux d'entretien.
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LATEST DEVELOPMENTS IN THE FIELD OF PHOTOVOLTAIC CONVERSION
OF SOLAR ENERGY

M. B. Prince *

Since photovoltaic solar energy conversion is ·the
mechanism for obtaining electrical power directly
from solarradiation, which is abundantly available, it
appears to be a timely task to summarize the present
state of the art in this field. The major goals of the
development work undertaken on devices based
on this mechanism for terrestial applications were
lower cost-to-power ratios and higher reliability.
It is interesting to review, in the light of the experience .
gained, the difficulties encountered with these devices,
and the corrective measures undertaken. This is
followed in this paper by a discussion of the improve
ments introduced on the present standard device,

* Vice-President, Hoffman Electronics Corporation (Semi
conductor Division), El Monte, California.

namely the silicon, solar cell. Attemp~c; to deyelop
methods for prepanng large area and thiu film SIlicon
solar devices are reviewed. A survey is given of
the progress made in the application of other semi
conductor materials to solar photovoltaic energy
conversion. Finally, costs are considered, and several
applications are discussed.

Essential contributions to the ana lysis of the
photovoltaic effect or of the device operation have
not been made during the past year, wn:) the excep
tion of a new explanation for the operation of the
cadmium sulfide solar cell (I). In view ut the length
of this paper, only references to previous publications

.will be given for the whole complex 0' the device
analysis (2, 3, 4, 5, 6).
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confidence level. Another larger problem area is
the variation of the spectral distribution of sunlight.
VanatIons in the intensity of the sunlight as received
on the earth's surface are due to various amounts
of attenuation in the atmosphere. Since the atmos
phere is not a neutral attenuator, the intensity
variations are always connected with changes in
the spectral distribution, and various spectral dis
tributions are even found with the same integrated
light intensity. Since the pyrheliometer is a relatively
flat receiver, while the solar cell is a selective receiver,
discrepancies in solar cell output measurements
are normal. Such discrepancies have been observed
to be a much as ± 10 per cent between different
measurements on the same cell.

Since measurements as described above are too
dependent on weather conditions to be useful for
production and regular inspection purposes, a meas
urement method capable of being performed in the
laboratory at all times was devised. Tungsten light
sources have been found in the past to be the most
suitable artificial sources because of their short term
stability as well as their long term stability. The
spectral distribution of this light source can be kept
constant by measurement of the color temperature
and by regulation of the input power. The desired
light intensity is then obtained by varying the dis
tance between the source and the object. Repeat
ability of solar cell measurements with such tungsten
light sources within ± 1 per cent over periods of
the order of a day and within ±2 per cent for
longer times for the 90 per cent confidence level
have been achieved. The calor temperature of these
tungsten light sources is now normally set to
2800 ± 50oK, while the intensity is adjusted by
means of so-called standard cells which have been
calibrated in sunlight, as described above. The para
meter used on the standard cells for this light intensity
transfer is the short circuit current.

If all solar cells had exactly the same spectral
response, then such a transfer from one source with
a specific spectral distribution would be perfectly
valid.

Figure 1 shows, for comparison purposes, a norma
lized spectral distribution of sunlight as it is received
outside the earth's atmosphere (7) and the spectral
distribution of a tungsten light source with a color
temperature of 2 800oK. It also s~ows the spectral
distribution of the same tungsten light after passage
through a water layer of 3 cm thickness (8).

It 'has been found that a considerable spread
exists in spectral response between various -produ~tion

cells. This spread causes some uncertamty m a.
measurement method involving a variation of the
source spectrum. Figure 1 also shows the average
spectral response of the typical silicon solar cell
as produced throughout the year 1960. This average
response curve was deter~ined fro~ a sample .of
400 production cells, havmg conversion efficiencies
between 9 and 13 per cent. Two other curves show
the extremes of the spectral responses found in
the same study. If one chooses cells having a spectral

Latest developments in photovoltaic conversion

Figure 2
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The major difficulty experienced with the silicon
I r cells for terrestrial applications during the past

5,0 ar was the measurement problem, which was
)eaountered because of the introduction of insufficient
enclight simulation for the performance determina
:~~ of silicon solar cells, coupled with a variation
i~o the spectral response of these devices.

The problem of performance measurements
on solar cells

Since the pr;:,:, objective of the solar cell is to
convert solar b;<, '-gy into useful electrical energy.
the basic perforrr .nce measurement has to be connect
ed with the solar ':ldiation. The standard instrument
used for the de rrmination of the energy content
in the solar radiirion received is the pyrheliometer.
The principle oi .he measurement is to obtain the
electrical output __ I the solar cells in sunlight, using
the pyrheliomet'.' as the calibration instrument.
Difficulties are v ncountered even at this point.
The pyrheliometer measurement is dependent on
the ambient te.uperature as well as on the tilt
of the device. B,-sides variations found in the basic
calibration of th- instrument, a few other unknown
variables also c."cm to affect the measurements.
The result is an uncertainty in the pyrheliometer
readings of sev-r al per cent for the 90 per cent
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response very close to the average of the production
spread for the preparation of the standard cells,
then the average measurement should be proper with
a symmetrical deviation for the production spread.

Recently it has been found that the average
spectral response of the production solar cells can
fluctuate with time. This results in obtaining improper
measurements at certain times for the whole produc
tion by use of the tungsten system. Such a problem
has been experienced recently. Since the selection,
preparation, and calibration of standard cells is
a very tedious and time-consuming process, it appears

impractical to prepare standard cells when,eve~ a
fluctuation of the production spectral distnbutiOn
is experienced. . ,

The ideal solution to this problem is the creatiO~
of a "sunlight simulator"; that is, a ~igh~ SOU~d
which exhibits the same spectral distnb1;1tlOnSa ch
intensity as observed in the solar radiatlO~. j~u,
light sources which closely meet the spectral distr ble
tion of the solar radiation, and which ar~ .capaare
of very good short and long term sta~lhtY, The
under development at various organizatlOnS't be
best candidates at the present time appear 0
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sunl~ght. This shift was made possible only through
the introduction of the gridding method.

Improvementf~Jll the silicon solar cell during
1960-1961

Two significart improvements have been made
on the silicon "J]ar cell during the past year and
ahalf. The first one, already available for production
cells, was the introduction of the gridding method.
The second one consists of a shift of the spectral
response in ordvr to obtain improved efficiency in

GRIDDED CELL

It has been found that in actual silicon solar cells
the internal series resistance is large enough so that
it causes a deviation of the current-voltage charac
teristic from its ideal curve. With the best methods
presently known, the impurity concentration of the
diffused p-Iayer cannot be made sufficiently high
in order to keep the series resistance of the p-Iayer
negligibly small for p-Iayer thickness as small as
desirable for obtaining highest collection efficiency.
In the present silicon solar cell a compromise is
obtained between p-Iayer thickness and p-Iayer
series resistance in order to obtain the highest
possible over-all efficiency (2).

A substantial decrease in the total p-layer series
resistance can be achieved by applying metallic
grids over the p-layer. Figure 2 shows silicon solar
cells of different sizes with such grids applied. These
grids reduce the resistance of the p-Iayer by lowering
the length of the current path through this layer
to the next collecting metallic line having low resis-
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tance. This effect is so great that despite the loss of
part of the active area due to coverage by these
grid lines, the efficiency of gridded solar cells of
1 X 2 cm size has been found to be on the average
1.5 per cent higher than that of non-gridded, but
otherwise identical, cells. This efficiency calculation
is based on the total exposed area of the cell in
a series shingle, counting the area covered by grid
lines as exposed area. The introduction of such grids
also permits freedom from such considerations of
size and shape of solar cells as were previously
necessary for optimum performance. Solar cells
of 2 X 7.5 cm size with grids have now been made
with better then 12 per cent efficiency. The two
large cells shown in figure 2 are of this size.

The reduction of the series resistance causes a
change in the current-voltage characteristic, as indi
cated in figure 3, for a gridded and a non-gridded
cell. The open circuit voltage should be identical,
and the difference in short circuit current due to
the coverage of part of the active area by grid lines
is also normally not as large as appears in this
figure. The major feature is, however, clearly indi
cated: the characteristic is more "squared", resulting
in a higher voltage forthe maximum power point,

which occurs at the same current value so that
a higher output power results. Con- quently, on a
power panel having to meet a certai .' load voltage,
fewer cells can be connected in ser.-s in order to
reach this voltage, which leads either ro a reduction
in the total panel area for equal jl0Wer outpu~,
or to an increase in power output b; adding addI
tional series strings to fill the original panel area.

SPECTRAL RESPONSE MODIFICATION FOR IMPROVED

SUNLIGHT PERFORMANCE

It has been shown previously (4, 5, 6) that t~:
long wavelength part of the spectral response. CU~V r

of silicon solar cells is mainly affected by the mmor~iY
carrier lifetime of the base material, which usua ~
is an n-region, and that the short wavelengt~ p~:
of the spectral response is influenced by the mmof!hY
carrier diffusion length and the thickness of t e
diffused layer, which normally is a p-type l~~e~
These theoretical considerations have been vert e
by recent developments. .

F~rst, ?tri~es w~re made toward improved minor;;a
carrier lIfetimes in the base region, WhICh resuth
ill an increase of the spectral response toward e



identical parameters except for some diffusion
modification. The cell represented hy curve 1 has
been fabricated with the same diffusion parameters
as were used before the introduction of the gridding
technique, Curve 2 represents a cell with the modified
diffusion parameters. Both cells have the same base
material minority carrier lifetime, and therefore
the same long wavelength response.

The short circuit current of a solar cell is pro
portional to the integral under a curve which is
obtained by multiplying the cell spectral response
curve, point for point, with the spectral distribution
of the light source. Since tungsten light (2 8000K)

contains only a small amount of energy in the short
wevelength part of the spectrum, the modification
of the spectral response curve as indicated in figure 4 b
will result in a hardly noticeable difference in the
short circuit current, if measurements are performed
under tungsten light sources. This is indicated in
figure 5 a, which shows curves for the two cells,
1 and 2, of figure 4 b. These curves, labeled 1 and 2
for the two cells, were obtained by the explained
spectral response-spectral distribution multiplication

Latest developments in photovoltaic conversion

-----wavelength side as shown in figure 4 a. This
!ongrovement was accomplished during 1959, and
:~fed to the difficulti~s with. measurement methods

lained in an earlier section, At that time, an
~x~ease in the base minority carrier lifetime was
~~~ only possible approach to an improvement,
since before the adyent of the grid~ing.techniq.ue

change in the thickness or the minority carrier
~iffusion length of t.he p-l~yer coul.d not lea~ to
better efficienC1!;s..ThIS ~ad Its cause 111; the previous
optimizati?n of impurity .concentration and t.he
p-Iayer thickness so. as to gIVe the bes.t com~romlse
between short circuit current and senes resistance.
After the gricL'Gg method was introduced, efforts
could be nndertaken toward reaching a new compro
mise of p-Iayc thickness and minority carrier
diffusion lengtn by modification of the diffusion
parameters. Tl«: interesting feature is that modifi
cations of eith-: the short wavelength or the long
wavelength par: of the spectral response curve can be
achieved witho..: affecting the other part.

Figure 4 b s.hows the spectral response curves
of two silicon si,!ar cells which were prepared with
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method. Figure 5 b shows a corresponding set of
curves for the same cells, but this time by using the
spectral distribution of sunlight as received outside
the earth's atmosphere. Here the difference in spec
tral response between the two cells results in a
marked difference in the two curves, leading to a
ratio of the integrated areas under the curves of
1.09, as compared to a ratio of 1.02 for the two
curves of figure 5 a. The interesting result of this
modification is, therefore, that cells are obtained
which show a performance under tungsten light
comparable to that of the cells prepared with the
previously used parameters, but that the same cells
will produce higher short circuit current and corre
spondingly higher power output in sunlight than
the older 'cells.

New configurations and approaches on silicon
solar cells

LARGE AREA SINGLE CRYSTAL CELLS

The advent of the gridding technique permits
complete freedom from geometrical considerations

for the first time for the design of S' lar cel.1s. Sj~ce :
diffusions can be controlled with suffic;,nt ull1fOr~ltYI

the size of the cells is determined onr, by limitatIOns
in crystal growing and cutting techniques. Future
developments probably will retain the rectangular
configuration owing to its advantage in better area
utilization. Cells as large as 2 X 7} cm have ~ee~
prepared with efficiencies as high as those obtalll~J
in the smaller types. Preparation of these ce s
is possible since single crystals of silicon with oyer
5 cm diameter and more than 10 cm length, hav1D~ i

good crystalline properties, are readily available nOli: .
Essential difficulties are not expected to be enc;U~
tered by going to still larger sizes, and 10 X c
is anticipated as the next step.

d t ges ofThese larger area cells have the a van a d
lower cost per unit power because of de~re~~n
handling time in preparation as well as in apphca lof
of the. cells, and of higher reliability becaus:

de.
reduction in the number of contacts to be ~ it
Though this approach uses standard metho ~J le
would be very desirable to obtain large area S~~j~~
crystalline wafers without the presently used ell 0



magnitude of the absorption coefficient which in
silicon varies strongly with wavelength over the.
range of interest for .solar energy conversion, as
shown in figure 6 of this paper. Since rather small
absorption coefficients are found towards the longer
wavelengths, only a small portion of the incident
energy will be absorbed in thin films in these wave
length regions. Figure 7 shows that portion of the
energy available in sunlight at wavelength up to
1.1 (1., which can be absorbed in films of different
thicknesses. The calculations leading to this curve
were based on the spectral distribution of sunlight
as received in free space (10) and on figure 6 in
this paper.

Appropriate factors obtained from figure 7 have
to be applied to the limit conversion efficiency as well
as to the actually obtainable conversion efficiencies
for silicon solar cells, if these are to be made from
thin films. These data therefore give valuable design
information for the thin film solar cell development.

Another limitation is that of the crystallinity
of the thin films. It is most improbable that any
reasonable degree of conversion can be obtained
in solar cells of the p-n junction type prepared
from amorphous films or films of very small crystal
size. It should however be possible to utilize so-called
surface barriers or metal to semiconductor junctions
in order to obtain a certain amount of conversion.

~
Absorption Coefficient Cl of Silicon 0&

f--a Function of Wavelength.

(Published Data by H. Y. Fan and by f--
Braunstein, Maore e. Hermanl
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THIN FILM SOLAR CELLS

Athin film solar cell has a basic physical perfor
mance limit given by its thickness. This is due to the--D_~ Contract ~o_ DA 36-039 SC-85242, dated 8-31-59, from the
Jers~ Army SIgnal Res. and Dev. Lab., Ft. Mo.nmouth, New

2 s. to W. R. Grace and Co., Res. Div., Clarksville, Maryland.
D Contract No. AF 33(616)-6612 from Wright Air Dev. Div.,
payton, Ohio, to \Vestinghouse Electric Corporation, pittsburgh,
ennsylvania.
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--ess in which about 50 per cent of the valuable
pro

c
material is lost. A method successfully applied

rawermanium by Bosenberg (9) consists in casting
t~ gmaterial in a mold and successive gradient
t eling after attachment of a seed crystal. This
COOthod is however, not applicable to silicon owing
roe the high r.e~ctivi~y of this element with every
known material WhICh can be used for a mold.
Another approach with the same objective has
recently been pursued by W. R. Grace and Co.
on an ARPA contract.' Here molten ~ilicon was

I floated on mc.v-n lead and then g:adIent cooled
after attachmb r of a seed crystal. This method was
expected to b: workable since lead was supposed
to have a very small solubility in silicon and not
to act as an ele .rically active impurity. Experience
showed however, that these assumptions were not
correct.' Beyond this, difficulties were encountered
in the preparatr.n of thinner wafers since surface
tension caused 1urmation of a lens-shaped molten
silicon mass ra h er than a flat thin layer.

Another approach, not resulting in large wafers
but possibly in long strips of solar cells, is pursued
by the Westimhouse Electric Corporation on a
WADD contrac ,.2 This approach' consists in the
application of 'he dendritic growth method to
silicon and the F(eparation of solar cells from these
dendritic crystals. This growth method was very
successfully used with germanium, and diodes and
transistors were 1I' epared from this material. Although
not muchinformation is available about the progress
of this project, it appears that difficulties encoun
tered earlier in ,1,e growing of the dendritic crystals
or ribbons of ,: ;;<::on are being worked out. Some
solar cells have b f en prepared from such dendritically
grown crystals, ~,:,cl achievement of efficiencies as high
as those obtain, I in solar cells prepared from single
crystals grown ])'- the Szochralski method have been
reported.

Another line --f attack is the preparation of thin
film solar cells.:·he obvious advantages of such an
approach are the' most conservative use of the costly IS

sili~on raw mahial, the possibility of re~d~ly pre- I

panng large area devices, and the pOSSIbIlIty of z
obtaining flexible cells which should be capable ,G
of relieving some of the storage, transportation, u,

and deployment problems of extremely large area ~
e~ergy converters. There are, however, obvious. 8
dlffic~lties connected with this approach, an~ it. is z
queshonable whether sufficiently large efficiencies 0

can be obtained in order to make this approach li:
competitive with the one pursued presently. ~

m
et

t
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Another approach would be to obtain large crystal
or even single crystalline thin films. Epitaxial
growth and gradient cooling with seed attachment
after melting or near melting of the film are two
different approaches investigated for this purpose.
Success has been met with certain epitaxial growth
experiments using freshly etched silicon as a sub
strate.

Three different methods for the deposition of the
silicon for the formation of the thin films have been

or are presently under investigatic>. These three
methods are: (a) vacuum deposition. (0) electrolytic
plating, and (c) pyrolytic decompo-.uon. Of these
methods, only the last one has met _ith reasonable
success in the past. One frequently ised pyrolytic
process consists of the decornpositi.. l of silane on
heated substrates in a hydrogen ab :'sphere. Large
crystallites could be deposited on va: "us substrates,
and single crystal films were grown c single crystal
silicon substrates. P-n junctions t::1ibiting good

LIGHT

I
SOURCE

1 I TRANSPARENT PLAST le

-:

PLASTIC INSULATOR
BETWE EN SPHE RES

METAL CONTACT TO P-TYPE
SILICON

METAL CONTACT TO N-TYPE SILICON

1-__ SILICON SPHERE

Figure 8. Cross-sectional view of large-area solar cell composed of silicon spheres
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diode characteristics were formed by this method,
and photovoltaic conversion was observed.. This
work is being pursued further.

OTHER APPROACHES AND MATERIALS

A quite different approach has ~een concei,:ed
and pursued at the Hoffman Electromcs CorpO!atlOn
Semiconductor Division, and is to be cont1~?ed.
It consists of the preparation of an array of sIhc.on
spheres containing a t-» junction (figure ~). The major
problem in this approach is the e~onomIcal prepara-
tion of small silicon spheres. .

Work on gallium arsenide solar cells, integrally
composed variable solar cells, stacked vanable energy
gap solar cells, gallium telluride solar cells, 'an~ cad
mium sulfide solar cells has been pursued, WIthout
promising results. The most promising of all of
these approaches has been that of thin film cadmium
sulfide solar cell activity, which is being P?rsu.ed
by the Harsham Chemical Company (11). E~ClenCles
as high as 4.5 per cent have been obtamed m small
areas of these films.

Developments in cost reduction

At the present time high efficiency silicon solar
cells sell for approximately $175 per watt; that is,
sufficient cells to produce one watt of electrical power
on the earth's surface in bright sunlight are commer
cially sold for approximately $175. This figure
compares with $275 per watt approximately one
year ago and $500 per watt three years ago. It is
estimated that these single crystal silicon solar cells
could be produced in large quantities at a price
of $100 per watt. It is for this reason that many
organizations have directed considerable effort to
developing lower efficiency, large area inexpensive
solar cells. It has been estimated that for terrestrial
use in areas that are inaccessible for electrical power,
it will be necessary to reduce the cost per watt
of electrical power from solar cells to approximately
$20.

Applications

Finally, two applications that have shown con
siderable promise should be described briefly. These
were both developed by the Hoffman Electronics
Corporation. The first is entitled the Community

Conclusion

A review of the work performed r (~ photovoltaic
solar energy conversion shows that c-rtain problem
areas have been encountered, but : .iat efforts to
overcome the difficulties are well unde: way. Beyond
this further improvements in the performance of
the'silicon solar cells have been ;l,hieved; these
make better solar power panels feasible with up
to 13 per cent conversion efficiency based on the
total panel area. Work ~:m othe~ m.. 2r!als. a~d on
new approaches resulted m some inte: ,.'stmg insights,
but have not yet led to any improve lent in perfor
mance or economy.
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Summary

Silicon photovoltaic cells have been improved through basic scientific
iC'velopments so that 12 to 14 per cent conversion efficiencies are obtained
:1 production quantities of these devices. The major improvements have
onsisted in increasing the lifetime of bulk silicon, introducing gridding

.echniques for contacts, and reducing the thickness of the diffused layer.
Other developments for the purpose of reducing costs for photovoltaic

.onversion of solar energy include the investigation of thin film silicon cells,
.tudies of other materials, and increasing the area of silicon solar cells.

:. 'omrnents are made concerning the cost of photovoltaic energy converters
;;'L present and in the near future, and two applications are described.

DERNIERS PROGRES REALISES DANS LE DOMAINE
DE LA CONVERSION PHOTOVOLTAi'QUE

DE L'ENERGIE SOLAIRE

Resume

Les cellules photovoltaiques au silicium ont beneficie de perfectionne-
.ients dus a diverses decouvertes scientifiques theoriques, de teUe sorte

«u'on realise des rondementsde conversion compris entre 12 et 14 p. 100
:jrsque ces dispositifs sont produits en guantites im~ortant~s. I.:es prin~~p~les
.- .neliorations resident dans l'augmentatIon de la duree de VIe utile du silicium
':11 vrac, l'adoption de techniques de preparation de reseaux pour les contacts
,_c la reduction de I'epaisseur de la couche diffusee.

Les autres progres realises sur le plan de la reduction des frais pour la
conversion photovoltaique de l'en~rgie solaire. comprennent des etudt;s. sur
les cellules au silicium apellicule mmce, des recherches sur d~a.u!res ma~enaux
'et l'augmentation de la surface des cellul~s solaIre~, au ~Ihcmm. L a~~eur
examine la question du c01It des convertIsseurs d energre photovoltaique
dans le present et pour le proche avenir, et donne la description de deux
de leurs applications.

9*
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LOW -COST PHOTOVOLTAIC CONVERSION OF SOLAR ENERGY

P. Rappaport and H. I. Moss *

The purpose of this paper is to indicate how the
photovoltaic effect (solar cells) can be used as an
energy source in terrestrial applications especially
for under-developed countries. Undoubtedly, the
economists will be the final judges in this situation,
and while the authors are not economic experts,
it does seem to be an obvious fact that present-day
devices are far too expensive for consideration as
power sources in all but a few specialized applica
tions. In the case of an artificial earth satellite,
where the only long-term power source available
is the silicon solar cell and where cost has not been
of major importance, the solar cell has been eminently
successful. For such applications it is estimated
that the cost is about U.S. $1 OOO/watt.

Economics of solar cell power

Perhaps the ultimate in terrestrial use of solar
energy is the production of power for ordinary
home use. Consider a 1 000 square foot home in
an area where 100 w(ft2 of solar energy is available
for an appreciable part of the year. If the sunlight
striking such a roof were converted with 10 per cent
efficiency, ten kW of electrical energy would be
available. This, if suitably stored, would provide
sufficient electricity for typical home use, including
air conditioning when most needed. At present
prices, the cost of silicon solar cells alone for such
an installation would be over v.S. $1 000000. This
high cost is due to the requirement that the silicon

* ReA Laboratories, Princeton, New Jersey.

be formed into single crystals before making the
solar cells. If, on the other hand, sol.:' cells could be
made by evaporation, sputtering, ~cttling or some
other deposition tec~nique not req1~;ring the single
crystal phase, there IS no reason \Y':' the cell cost
could not be reduced appreciably. 'ch techniques
are used in many fabrication proo vses ; they are
quite inexpensive and have already ~I·ded promising
results for solar cells (1, 2).

If a large area deposited cell were ;. ~·de at the cost
of U.S. $1-10 per square foot, the CO:-, of the above,
described roof might be as low as ~. 000. Perhaps
this would still be expensive for lder-developed
countries, but from the viewpoint cri. he house cost
and the cost of electricity, it would r.. quite reason
able, even in parts of the United Statvs, At the rate
of $0.02/kWh and assuming a continuous average
daily sunshine of 33 watts sq. ft., tl.is unit would
pay for itself in two years with a duty factor of
85 per cent and in ten years with 'l 15 per cent
duty factor. The duty factor involv ': the number
of sunless days and other losses that v.iry according
to location on the earth. Certainly,;, areas where
sunshine is plentiful, such a device v :,l1d be econo
mically attractive. Other costs, sue i· as electrical
power storage and installation, an' .1Ot included.
Much work is going on in storage sys ms, and It IS
assumed here that advances will pro..u '~e a suitably
economic device (3).

State of the thin-film '1.-r.

There have been a number of good rl'view papers
(4, 5, 6) on the subject of solar cells <ince the first

LIGHT

:~ &\S~~~~~NDS0t~~~T
;' SUBSTRATE

TO EXTERNAL COPPER LAYER CdS FILM
CIRCUIT

Figure 1. Geometry of CdS evaporated-layer photovoltaic cell
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Figure 2. Cd8 thin-film photovoltaic cell

paper in 1954 by Chapin, Fuller and Pearson (7),
and no attempt will be made here to further review
the subject e xcept as applicable to the present
discussion. T8~)]e 1 shows a comparison of experi
mentally achie-ved solar energy conversion efficiencies
of single cryst..l cells versus non-single crystal cells.

Table 1. Se::lr conversion efficiency for various
semiconductors

Efficiency (%)
MateriaL

Single crystal Non-single crystal

Silicon 14 (5) 10 (8)
Gallium arsenide 10 (9)
Cadmium sulfide 8 (9) 3.5 (2)
Cadmium telluriu.: 4 (10) < 1 (13)
Indium phosphid,' 2 (4)
Gallium phosphiu 1 (11)
Selenium (12)

It is seen that at the present time, the single crystal
results are far superior. This is due to the fact
that the great bulk of the work has been applied
to s~ngle crystals because of the past emphasis
on ~Igh efficiency. Although a small effort has been
app.hed to polycrystalline films, some of the results
ach~eved have been quite promising. Such film
fevIces,. besi~es being lower in cost, should, als.o be
Ighter m weight (important for space applicationsl
and more reliable because of the reduced number
ofconnections inherent in large area panels as com
pared to 1 X 2 cm cells.
Ii ~he work on single-crystal cells gives an upper
ImIt to the efficiency that one might expect from
~ polycrystalline film. Thus it is reasonable to expect
T~ per ce~t efficiency from a silicon depos.it.ion.

e ~tem In table 1 corresponding to the silicon
non-sIngle crystal cells was for a polycristalline c~ll
I1.lade by Elliot et al. (8). In these cells, the gram
SIze Was about! mm. This is larger than one would

expect from a truly inexpensive deposition process
like vacuum deposition or sputtering.

The essential properties that a thin film of a
polycrystalline semi-conductor must possess to be'
applicable to photovoltaic-cell fabrication are as
follows. In the case of a t-» junction cell, the thick
ness of the film must be great enough to absorb
an appreciable amount of the photons having an
energy greater than the band gap of the film material
(8, 9, 14). Also, the carrier diffusion lengths must
equal or exceed the film thickness. In the case
of a polycrystalline layer, the minimum grain size
must be at least equivalent to the film thickness.
This insures that a carrier diffusing towards the junc
tion will not be intercepted by a grain boundary
and thus given an opportunity to recombine. In
the case of a metal-semiconductor junction photo
voltaic cell, the above requirements for a thin layer
may not have to be as stringent as for a t-» junction
device.

There have been a few reports in the literature
before 1960 concerning the application of sintered
or vacuum evaporated polycrystalline semiconductor
films to photovoltaic cell fabrication. Some of the
materials that have been investigated include cad
mium sulfide (15), cadmium telluride (13), silicon (14),
selenium (12), and certain organic semiconductors
(16). The conversion efficiencies of these cells amount
ed to 1 per cent or less. Cast silicon cells have been
made which are polycristalline with grain sizes
of 5 X 10-2 cm and show efficiencies of about 10 per
cent (8). An evaporated cadmium sulfide film
photovoltaic cell exhibiting an efficiency of 3.5 per
cent has been reported by Middleton, Gorski, and
Shirland (2).

Experimental work on cadmium sulfide
film cells

Cadmium sulfide layers were vacuum deposited
onto heated conducting Pyrex substrates. The pres-
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Figure 3. Spectral response of CdS-copper photovoltaic cells

sure during the evaporation was about 10-5 mm Hg.
These layers were about 5-10 microns thick and were
hard and adherent. Microscopic and x-ray diffraction
studies revealed the layers to be microcrystalline
and free from pin-holes. Their optical properties
appeared to be very similar to cadmium sulfide
single crystals. The evaporated layers without
additional treatment are relatively conducting be
cause of the presence of excess cadmium. The resisti
vity of these films could be as low as 1 to 10 ohm-cm.
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Summary

Present-day sol~r cells .are. much too expensive to provide electrical power
for everyday terrestnal applications, The major reason for this is the need to make
smgle crys~als.Solar cells.that are m~de by a deposition technique from a suitable
raw matenal would be mherent~y mexpensive. A cost of U.S. $1 to $10 per
~quare foot of a 10 per ~ent e~~I~nt solar cell would probably bring the cost
into t?e range of economic feasIbIl:ty for home use. A practical and inexpensive
..admiurn sulfide solar cell that IS 3.5 per cent efficient has been achieved.
<uch cells m.ay be perfecte.d. to yield 6 ~er cent; .however, with further research,
u~~l~r m.atenals such. as silicon may yield an inexpensive film-type cell with

,-1:CIenCles approaching 10 per cent.

CONVERSION PHOTOVOLTAIQUE DE L'ENERGIE SOLAIRE
A PRIX MODIQUE

Resume

Les cellules solaires modernes sont beaucoup trap couteuses pour fournir
de I'energie electrique en vue des applications terrestres possibles de tous
les jours. La principale raison de cet etat de choses est le besoin de realiser des
cristaux isoles, Les cellules solaires construites au moyen d'une technique de
depot appropriee, a partir d'une matiere premiere egalement convenable,
-craient intrinsequernent peu couteuses, Un cofit de 1 a 10 dollars des Etats
Unis par pied carre (10 a 100 dollars par m2 ou a peu pres) pour une cellule
<olaire ayant un rendement de 10 p. 100, ramenerait probablement son prix
, ntre les limites de ce qui est economiquement faisable pour des applications
·~lenageres. On a mis au point une technique permettant de realiser des cellules
-olaires au sulfure de cadmium dont le rendement est de 3,5 p. 100. Il convient
'outefois de noter qu'on peut les perfectionner pour arriver au rendement
.Ie 6 p. 100. Avec des recherches supplementaires, d'autres materiaux tels
.tue le silicium pourront donner des cellules peu cofrteuses du genre a. pellicule
avec des rendernents proches de 10 p. 100.
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THIN FILM PHOTOVOLTAIC DEVICES FOR SOLAR ENERGY CONVERSION

Leonard E. Ravich *

Large-area silicon cell-,

systems and partial orientation Ior intermediate
ones.

It would be ludicrous to suggest LIe use of such
panels for power generation in u:,der-developed
areas. However, the need for eco .mical, light
weight power sources ranging from ;J,~W milliwatts
to a kilowatt or more is obvious. T'., problems of
supplying large numbers of ligh l ."eight single
crystal solar cells (Le." silicon) at :',w cost have
reduced the possibility of substantia inroads into
under-developed area markets when cost, weight
and size are factors.

What characteristics should ideal s.lar cells have
for use in low-cost solar energy conversion devices?
They should be: (a) reliable, (b) simple to use and
maintain, (c) made of inexpensive n.aterials that
do not require highly sophisticated purification
techniques, (d) light-weight, and (e) flat or contoured
as required. Further, the cells should be so simple
to make that they could be fabric. 1ed with in
experienced help and low-cost equirment in the
country in which they are to be used.

Various techniques for fabricating hrge area solar
cells are under investigation. Elliot and ,',) eikleham (2)
reported on the fabrication of Iarg. area silicon
solar cells. Because of the advanced st;, J' of develop
ment of silicon, this material was chos-n as a basic
material to be used in their investigations. Theyare
investigating two techniques. One is 121 ge area t~lll
film cells, and the other the mechanical deformatIOn
of silicon (Le., rolling, extruding, forgi ng, etc.) into
large area thin sheets. Although they believe that
the thin-film approach appears to - be the most
attractive as a long-range solution to the problem.'the
mechanical deformation of silicon is more straIght
forward and offers the possibility of a more immediate
answer to the large area solar cell problem :rhe
techniques for making the large area wrought SI~lcon
cells are still fairly complex and expensive- EIt~er
~one refined single crystal ingots or polycrystalhne
lI~gots are encased in a molybdenum jacket ~o pro-
VIde a thermal mass and support material durmg the
deformation process. The samples are heated to
1 300-1 350°C and then rolled. The molybdenum
jacket is then removed by an oxidation process. A~ter
the sheet is cleaned, it is made into a cell USIng
conventional techniques.

The fabrication of thin film silicon cells by other
techniques has also been investigated. Teal et al. (3)
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While some interesting long-range possibilities
exist for large-scale conversion of solar energy directly
into electricity, most methods proposed for low-cost
solar energy utilization by photovoltaic means have
been limited by a series of complex, interdependent
factors. The problem has been further compounded
when the goal has been to provide useful energy
conversion devices for under-developed countries.
Large-area, low-cost photovoltaic cells and panels
with high efficiency and reliability are required.
Further, the devices must be simple to fabricate
and maintain, must operate efficiently with unso
phisticated solar concentrators and must maintain
their characteristics even at relatively high tempera
tures. The purpose of this paper is to review briefly
the theoretical and practical limitations of presently
available solar cells and to describe a current research
program whose objectives are to provide large
area, low-cost photovoltaic layers possessing the relia
bility and simplicity of fabrication and operation re
quired for solar energy conversion devices designed
for operation in less developed areas.

The large number of photovoltaic power sources
that have been designed, constructed and used in
space vehicles attest to their utility, efficiency and
reliability. However, it is necessary to consider the
economic factors- involved in employing presently
available solar cells in power conversion panels for
use in less developed countries. Evans et al. (1)
analyzed the economic factors in solar panel design
and reported that the potential advantages of
oriented systems lie in decreased panel weight, size
and cost. As a rule of thumb, for intermediate and
higher power ranges, randomly oriented systems
will require four times as many solar cells as an
oriented system and twice the panel weight. For a
one kW power supply in earth orbit, this typically
means the difference between 50 000 cells and 200 000
solar cells (1 X 2 cm), between a cost of D.S.
$250 000 and $1 000 000 for cells, between 100 and.
400 square feet of active mounting area and 200 lb
or 400 lb panel and support weight. In the one kW
case, an oriented system would therefore be consid
ered essential. However, for a 100 watt power supply,
the cell cost saving from orientation is reduced to
about $60 000 and the weight saving to about 20 lb.
Since the weight and cost of a reliable orientation
system could easily exceed these bounds, the com
plexity and reduced reliability of the oriented system
would dictate random orientation for small power
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have reported on the deposition of silic-:1 films by the
reduction of silicon tetrachloride w:,h hydrogen.
The most satisfactory films were prep" -d on magne
sium oxide substrates at 1 100°C.

Theoretically, there should be no lijJ·t to the size
of a power supply that could be b..ilt with c~lIs
constructed as described above. Howc ,'r, assumlllg
successful completion of present research programs,
there will still be severe limitations imposed by the
limited supply of silicon available and the specialized
production capacity required to do the job.

Silicon solar cells may not be the most effective tor
solar energy conversion panels, even if the effectIve
area could be substantially increased and th~ cosi
lowered to a favorable level. The concentratlOn ?
incident solar energy onto large area photovoltaIC
cells will substantially increase the efficiency of !he
cells. At the same time, however the concentratl?U, ts
of solar energy onto the cells will also increa~~ In
temperature. The effect of temperature on slhco
solar cells is dramatically illustrated by figU!~S
1-4 (1). Figures 1 and 2 show the variation of specAl~
cell parameters as a function of temperature. 't
though the effect of temperature on current is qUI e

d i tersma~l, the rapid decrease of power, voltage an. 1~ ni-
nal Impedance with increasing temperature IS slg t
ficant. Figure 3 shows the thermal degradation effec 5 '
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the layer move across the barrier, while the hole
minority carriers in the n-type portion also move'
across the barrier. Together these comprise the
current flow in a reverse direction of the barrier.
If the junction is short circuited, the sum of these
two currents is the observed short-circuit current is.
With open circuit measurements, a voltage is built
up across the junction just sufficient to counter
balance the current flow is. The difference between
the location of the Fermi levels in the two portions of
the material before contact Vmax determines the
maximum value which the open circuit voltage Vo
can attain. Fan (5) reported that a p-n junction
photo-voltage could be expressed by

V o = keT [1 n G:) -1 n (:::)1 [lJ

Thin film photovoltaic devices
------------------=--------:-------'~---=-::..:..:::==---------------

used by solar radiation impinging on a silicon solar
can in zero air mass, and the effect of temperature
ce voltage and current characteristics of a typical
p~n silicon cell is shown in figure 4. The temperature
dependence of the material in the cells employed
must, therefore, be an importa~t consideration. A
brief discusslOn of the mechamsm of the photo
voltaic effect may help in understanding the tempera
ture problems ~ssociated. with solar energy panels
made up of photovoltaic cells and solar concen
trators (4).

'fhe photovoltaic effect

Upon ir~adl~tlOn o! a .photovoltaic laye~, the
electron mmor u y carriers m the p-type portion of
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where:

npo = concentration of minority carriers in the
p-type material in the dark;

np = concentration of minority carriers in the
p-type material under illumination;

nno = concentration of minority carriers in the
n-type material in the dark;

nn = concentration of minority carriers in the
n-type material under illumination.

For nno ~ n«, equation (1) above may be rewritten
as:

[2}

where:
Llnp = np-npo

'This expression has been successfully. app~ied ~f
describe the photovoltaic effect in p-n JunctIOnS let
germanium (6) and lead sulphide (7). If we
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where:

R = reflection coefficient;
T = transmission coefficient;
Vmp = voltage at maximum power;
Eavg = average energy of incident photons;
nph (Ec) = the number of photons incident on the

juvction per unit time with sufficient
ell' r!:,'Y to create hole-electron pairs;

Npn = t}.. total number of photons incident
OT 'he junction per unit time.

The value of ',p is given by :

a : ,p (1 + Vmp)= ~ + 1 [5J
10

Loferski (U),\, Rittner (14), Cummerow (15) and
Pfann ~nd var. ;~oosbroeck (16) have all presented
theoretIcal ana ivses of the materials most suited for
the ~h?tovolt~ ,c conversion of solar energy into
electncIty. They all agree that the optimum material
must have as sir.all a band gap as possible to utilize

Figure 7. "Ultimate efficiency" of theoretical solar cell
, (cell at T = oK, irradiated by the sun, a black body of

6000oK)

the major portion of the solar spectrum. Concurrently,
the optimum material must also have as large a band
gap as possible to minimize the magnitude of the
reverse current i o• Their calculations indicate that
the optimum band gap lies between 1.2 and 1.6 ev.
The possibility that A < eJkT broadens this range to
about 1.2-2.0 ev. Figures 5 and 6 show curves derived
by Loferski (17) indicating the materials showing
most promise to date. According to the results of
his analysis, semiconductors with energy-gap values
larger than silicon (1.1 ev) and less than 2.0 ev
should be able to achieve solar energy conversion
efficiencies greater than silicon. Queisser (18) used
thermodynamic principles to calculate the "ultimate
efficiency" of solar cells. He postulates that the best
possible energy conversion would result if every
solar photon with energy higher than the gap created
o~e hole-electron pair at gap voltage. Figure 7 shows

n_type CdS

INCIDENT ILLUMINATION

- IIIRE LEAD

1
FRONT mRFACE 1 1 1

PERIPHERAL
COLLECTOR ELECTRODE

BARRIER

"-PRINTED CIRCUIT BOARD

Figure 8. Cd8 single crystal back-wall solar cell
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Figure 9. Photovoltaic response of CdS single-crystal cell

Thin film CdS "back wall" photovoltaic cells

Middleton et al. (19) reported that they coul~
replace the CdS single crystal slab by an evaporate

Single crystal CdS photovoltaic cells

Table 1 (19) shows the energy-gaps of a few semi.
conductor materials that have been investigated
for photovoltaic solar energy convrsion. Cadmium
sulfide, with an energy-gap of 2.4 c and a reported
maximum efficiency of 5-6 per cer.' should provide
an ideal material for photovoltaic Ils designed for
high temperature operation. Re] )'dds et al. (20)
discussed the possibility of using S.J ,le CdS crystals

, for photovoltaic cells as early as :)54. Hammond
and Shirland (21)described single cry.: al photovoltaic
cells made with copper oxide barrier:'. In their tech
nique, an opaque, black copper ox: le barrier layer
is applied to a slice of a single vystal cadmium
sulfide ingot which is then suitai-ly mounted to
provide a photovoltaic cell (fig~re ?i», Solar energy
impinging on the cell is transmitted to the opaque
barrier at the back side of the cell wl.-re it is absorbed
and converted to electrical energy, These "back
wall" cells (as opposed to "front \\'~'.1I" for. the ,cell
configuration providing the c?nver~ion of h~ht. into
electrical energy by absorption n-ar the incident
surface followed by the diffusion of charge c~rners
to a barrier near this incident surfao-) were difficult
to produce because of the many pr l blems involved
in: (a) large CdS single crystal in: at production:
(b) cutting uniform thin wafers;! im the lllg?l;
(c) making large area solar cells; an (d) producmg
functional cells with minimum welL:, t and volume.

The photovoltaic response of <1 typical single
crystal "back wall" cell is shown i: figur~ 9. (19),
The authors conclude that the resj onse .mdIcated
supports the muti-level transition a.id variable gap
transition mechanisms as being resJonsible for the
CdS cell's conversion of solar to eketrical energy,

1000
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WAVELENGTH SE'l'TING

1. NORMALIZED FOR CONSTANl'
INTENSm PER UNIT
WAVELENGTH

700 800 900
WAVELENGTH IN mr,,)--(

600500400
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20

graphically this "ultimate efficiency" and its depen
dence upon the energy gap. However, please note
that this case corresponds to a cell at T = OOK,
irradiated by the sun, thought to be a black body of
6 OOOoK. As soon as we have "non-zero temperatures",
not all hole-electron pairs can be extracted from the
load, even in principle. The higher the temperature,
the lower the efficiency, particularly with small
energy-gap semiconductors.

Thus, a most important factor in the choice of a
semiconductor for solar energy conversion is its
operating characteristic as a function of temperature.
Loferski (17) concludes that GaAS, for example,
would be superior to Si at elevated temperatures and
that it could be used at temperatures above 150°C.

90

100..-----,..

Table 1. Comparison of some solar cells

-------------------------------------------
Reported
max. eff.

Surface
on which solar energy

is incident
Type 01 junctionMaterial formMaterial

Energy ga~

of the matertal

-------------------------------_--..::--_-----------

2.1 ev

1.1 ev
1.35 ev
2.4 ev
2.2 eV

14-15%
7%

5-6%
1%

Approx. 0,5 %Back wall

Front wall
Front wall
Back wall
Front wall

Diffused i-»
Diffused i-»
Unknown, complex
Metal-insulator-semi-

conductor
Semi-conductor-insulator

metal
Polycrystal

Single crystal
Single crystal
Single crystal
Polycrystal

Si ..
GaAs.
CdS
Se ..

---------------------------------------
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MAGNIFIED VIEW

INCIDENT ILLUMINATION
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FRONT SURFACE

Figure 10. Cd8 film back-wall solar cell

improve adherence of the layer. A. transparent
conducting tin oxide film was deposited on the glass
prior to CdS deposition. The barrier layer was
prepared by electroplating copper at high current
density on the top of the CdS polycrystalline layer
to produce a black mossy-like plating. The finely
divided copper was then oxidized by exposure to air
at 275°C for about 10 seconds. After oxidation,
conducting silver paint was applied to the copper
treated surface to complete the cell (figure 10).
Figure 11 (19) shows the spectral response of the
film cell compared to that for a single crystal. It is
interesting to note that the response range (0.515
to 0.95 microns) and the shape of the two response
curves are similar.

Figure 12. Conductive layers on Pyrex solar cell base
plates; gold "comb" electrode (left) and transparent
tin oxide-gold layer (right)
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CdS polycrystalline layer without changing the
nature of the photovoltaic conversion. They evapor
ated indium chloride doped CdS crystal chips onto
glass substrates at temperatures between 75°C and
350°C. They used lightly frosted glass substrates to

I I I
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F' WAVELENGTH IN m~

o?·~~e 11. Comparison of photovoltaic spectral r.e~po~se
S film cells obtained with and without stabnizatton
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Thin film CdS "transparent" photovoltaic cells

Neither the photovoltaic cells available commer
cially nor the experimental photovoltaic cells dis
closed in the numerous papers published to date
have been notably suited for use in low-cost solar
energy conversion devices of interest to under
developed areas. The physics group at Itek Labora
tories set out to develop a cell that would meet the
minimal requirements for a low-cost, rugged cell.
The cell specifications included the following:

(a) The starting material had to be inexpensive
and easy to obtain;

(b) The cell had to be fabricated with standard
vacuum equipment and with techniques that could
be taught to relatively unskilled persons;

(c) The cell had to operate effectively with no
mechanical orientation system or optical collector or,
at most, with a simple sheet metal or foil collector;

(d) The cell had to operate effectively over a wide
temperature range and have a broad spectral re
sponse;

Figure 13. Vacuum apparatus used for preparing thin
film photovoltaic layers showing pumps, bell jar and
controls

Figure 14. Close-up view of vacuum I)dl jar showing
cell fabrication chambers with plate 11, lders and molyb
denum support coils

1 1 1
, ,;oNDUCTIVE GLASS

\!- ACTIVATED eelS

~---CdS

~~~::=::~:=::~~~~:;i..---- CuO = BARRIER
EVAPORATED GOLD

. 1 le cellFIgure 15. CdS-film back and front wall photo vo tal
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amount of acceptor impurity is incorporated into
the CdS powder used for the final layer.

After the required number of doped CdS layers
are. applied to the glass substrate and the final
bakmg has taken place, a thin copper layer is vacuum
deposited onto CdS. The plate is then baked in air
at 400°C for 15 minutes to form a transparent Cu
oxide barrier layer. The cell is completed by vacuum
depositing a thin transparent gold film over the
copper oxide layer as the top electrode (figures 15,
16 and 17).

The optimum thickness for the multilayer cell
has been determined to be 10-20 [J.. Thinner films
have low sensitivity and it is difficult to control the
diffusion of the copper oxide barrier layer. Further,
thin layers often have "pin-holes" that cause shorting
of the cell.

The donor and acceptor impurities introduced
into the CdS film determine the spectral response

Figure 16. Cd8 tc .» film solar cells: gold "comb" electrode
cell (left);nmsparent electrode cell (right)

(e) The cell Lad to be rugged, withstand a wide
variety of environmental conditions with a minimum
amount of prot-ction,

Under the direction of Miss Ilse Abrahamsohn, the
Thin Film Rese. rch Section at Itek Laboratories has
developed new arid novel evaporated CdS photocells
having characteristics markedly different from those
reported heretofore and meeting many of the speci
fications outlined above. The multilayer, transparent
photovoltaic cc1i s are relatively simple to make,
have good effic i-ncies and exhibit spectral response
c~aracteristics',~ anticipated by theoretical meeha
msrns heretofore ;JUblished.

CdS powder co.itaining a donor impurity is evapor
ated from one l;r more molybdenum supports onto
a smooth Pyrex .:.;lass plate. Two types of conductive
?ubstrates have been used: a tin oxide layer contain
mg a small amount of gold is applied to the plate
before the CdS evaporation or a metallic gold "comb"
electrode is applied by photo-etching (figure 12).
The tin oxide-gold layer is preferable for the Itek
cell? because it will transmit 90 per cent o~ i~cident
radIation as compared with 50 per cent mISSIOn for
the gol~ "comb" electrode. This high radiant energy
trans~IsslOn, coupled with the transparent photo
voltaIC layers made as described below, provides cells
that, approach optimum photovoltaic conversion
effiCIency. .

T~e evaporation of the CdS film is carried out in.a
1ll(oddied commercial diffusion pump bell-jar unit
Jgures 13 and 14) at a pressure of 5 X 1?-6 mm.
ing for about 30 minutes. The coated plate IS baked
200~Ir at 600°C for 45 minutes, cooled slowly to
t ' C ,and returned to the bell-jar. A second and
hIrd (~f desired) CdS film is deposited over the first

one WIth an air bake as described above between
~~Cth d~position. The number of laye~s applied is Figure 17. Close-up view of Cd8 solar cell showing relative

ermrned by the layer thickness desired. A small light transmission
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Figure 18. Spectral response for typical Itek cells with and without added acceptor impurities

and the ~ of the cell. ~ is defined as the ratio
of

light current-dark current
dark current

The donor impurity increases the cell conductivity
(light and dark current) and time constant by
replacing a sulfide ion in the crystal lattice with
a chloride ion. The acceptor impurity replaces

cadmium in the lattice and shifts the spectral res~o:~
towards the longer wavelength portion of the lees
trum. However, the acceptor impurity also re ~t is
light and dark current and time constant- T~usciouer
necessary to provide a compromise ~atIo 0 frnuIll
impurity and acceptor impurity to 0 btain an op louse
value for ~. Figure 18 shows the spectral resp 'ith
for typical cells of identical thickness, °T~ ~.v
and one without acceptor impurity added. e
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Figure 19. Olo se-jrp view of cell holder showing test arrangement for illumination incident on barrier surface

response is particularly interesting, and further
studies are in progress on improving the cell efficiency
at shorter wavelengths.

,All measureme-nts were made at room temperature
WIth a monoci-rometer of a calibrated tungsten
SOurce with C'"ning filters through the cell. The

cell can be illuminated from either side (figures 19,
20 and 21). Dark and light currents (photoconduc
tivity) are measured by applying an external potential
of 1.5 volts through the cell thickness. Photovoltages
were measured with a Kintel Digital Voltmeter and
short-circuit current with a Sylvania ammeter. The

Figure 20. Close-up view of cell holder showing test arrangement for illumination incident on glass surface



270 H.C.l (b) Direct conversion to electricity

,A

1000

eoo

/~
/ I

/ I
,,/

""/

170 1

filL

BARRIER ILLUM.

soo
lLLU~HNATLON IN FOOTCANDLL~

VOLTAGE CURVES

50 100

250

50

300r---------------

PHOTO VOLTAGE

250,.------------------__

lOO

\
200 '-

\
\

\ \
'\
\ \
\ \
'\

150 \ \
\ \
\ \

\

200

100

mV

mV

Figure 22. Photovoltage and photocurren- 't',~. light intensity
for cell illuminated on glass side awl on transparent
barrier side

0-----0 = -11170 BARRIER ILLUMINATED

CONDUC~ 0- __ -0 = "GLASS ILLuMINATED
TIVE
GLASS ~ = #171 BARRIER ILLUMiNATED

... -- .. = .. GLASS ILLuMINATED

~------------t CdS
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film cells

following correlations between the photovoltaic and
photoconductive characteristics of the cell were
observed: cells with large dark current produced
small photovoltages but provided high short-circuit
photocurrents. On the other hand, cells with small
dark currents and small photoconductivity produced
high photovoltages and low short-circuit currents.
In other words, Ll has to be as high as possible to
provide cells with maximum power output.

Figure 22 shows that the photovoltage does not
increase linearly with increasing light intensity but
appears to level off at about 1 000 foot-candles.
The short circuit current (when the cell is illumi
nated on the glass side) does appear to increase
linearly with increasing light intensity.

Figure 21. Test box showing calibrated lamp, filter holder
and cell clamp
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Figure 24. Typical variation of silicon solar cell characteristics

ThThe stability of the cells has been quite remarkable.
pree chara.cteristics of several unprotected layers

pared SIX months ago have remained constant.

cel~lt~lOugh the mechanism of these photovoltaic

br
SdIS not fully understood we can make certain

oa . 'be th assumptIOns: the nature of the effect may
a at of a p-n junction between n-type CdS and
con~ttyp~ barrier or, because of the multilayer
at th rl?-ctIon of the cell, photovoltages may occur
ho e Interfaces of the several layers. It is interesting,
th:rer, to mention again the differences between

tek cells and those reported in the literature.

(a) The use of powdered CdS with controlled
impurity additions instead of single crystal chips
provides a simple and inexpensive starting material
for the preparation of I tek photovoltaic cells.

(b) The photovoltaic layer has excellent adhesion
to the Pyrex glass plates. A roughened plate surface
may increase layer adhesion but will certainly
affect the optical and electrical properties of the cell.

(c) The use of transparent electrodes and barriers
permits irradiation of the cell on either surface, thus
avoiding the orientation problem that exists with
"back wall" or "front wall" cells.



272 H.C.! (b) Direct conversion to electricity

(d) The cell can be illuminated from both sides
simultaneously or a reflective coating could be
placed on one side of the cell. In either case, a greater
utilization of available radiant energy is possible.

(e) Where strong light intensities are available,
two or more cells can be "stacked" so that radiation
passing through one cell could impinge on another
directly below it, thus providing a means for greater
utilization of impinging radiation.

(f) Our standard laboratory test cell has an
active area of 1.8 cm X 2.6 cm. This is not a limiting
dimension, and larger areas on contoured and flexible
substrates have been made.

(g) Itek cells have sensitivity in the ultravioI t
as well as in the far red portion of the spectru~
Published curves for other CdS cells show only .
single peak at 6 000 A with little or no sensitivityt
the ultraviolet or far red. n

(h) Itek CdS .photovoltaic cells. can be fabricated
with predetermmed and reproducible characteristics
This has not always been the case with silicon celI~
where deviation of cell characteristics are such that
although t~ey can be matched in. curren~ and voltag~
at one point, there can be seriou-. mIsmatches at
other points. Figure 24 (]) shows t /pical variations
of silicon cell characteristics.
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. Summary

While interesting possibilities exist for large-scale
conversion of solar energy directly into electricity,
m?~t ~ethods proposed. for low-cost solar energy
utilization by photovoltaic means have been limited
by a series of complex interdependent factors.
Providing useful energy conversion devices for elec
trical power sources in under-developed countries
further compounds the problem. Large area, low-cost
photovoltaic cells, possessing the characteristics of
high efficiency, good reliability, ease of operation
and simple fabrication and maintenance, are required.
Most importantly, the photovoltaic layer must have
good efficiency at elevated temperatures. This is
particularly critical if solar collectors are used. The
paper briefly reviews the theoretical and practical
limitations of currently available solar cells and

describes a research program in progress desi~ed
to provide large area photovoltaic layers possesslDg
the characteristics uniquely suited to low-cost energy
conversion devices.

A one kilowatt power supply using silicon sol~~
cells costs between D.S. $250 000 and $] 000 ~
and weighs between 200 and 400 pounds, includl~g
the panel and supports. It would be ludicrous. 0

suggest the use of such panels for power generatlOll
. yes'

i~ u~der-devel?ped areas. Several groupS are III to.
tIgatmg techmques for making large area phoh'
voltaic cells. Silicon cells have been made by wec a
nical deformation of silicon (rolling, extruding'·i?rg~
ing) into large area thin sheets. Thin-film s~tOII
cells have been made by the reduction of SllC~e
tetrachloride with hydrogen. Both techniques a



Thin film photovoltaic devices 8/56 Ravich

expensive, and severe limitations are imposed by the
limited supply of silicon available and the specialized
production capacity required to do the job. The
paper shows tl:at silicon cells may not be the I?ost
effective, even If the cell area could be substantially
increased and the cost lowered to a favorable level.
Concentration of incident solar energy onto a silicon
layer will increase the effective radiation but will
also increase the cell temperature and thus reduce
cell efficiency to an unacceptable level. A theoretical
discussion 1'-, included to emphasize the importance
of choosing the optimum photoconductive material
for high temperature solar cells. It is concluded that
large energy gap materials are best for the fabrication
ofsolar cek, to be operated at elevated temperatures.

Cadmium sulfide with an energy gap of 2.4 ev
(as opposer! la silicon with an energy gap of 1.1. ev)
is chosen as an optimum material. The fabrication
techniques ~;" d characteristics of single-crystal CdS
cells with ot<~que copper oxide barriers are described.
"Back wall" evaporated CdS photovoltaic layers
with opaque copper oxide barriers are also described
and their churacteristics discussed.

The Physics Department at Itek Laboratories
has developed evaporated CdS photovoltaic cells
having characteristics markedly different from those
reported heretofore. The multilayer "transparent"

photovoltaic cells are relatively simple to make, have
good efficiencies (4-6 per cent) and exhibit spectral
response characteristics not anticipated by theoretical
mechanisms heretofore published (peaks at about
8000 A). The cell is made by evaporating CdS
powder containing a donor impurity onto a conductive
substrate applied to a Pyrex glass plate. The substrate
may either be a gold "comb" electrode or a
transparent tin oxide layer. The CdS film is prepared
in a commercially available vacuum unit at a pressure
of 5 X 10-6 mm Hg for about 30 minutes. The coated
plate is then baked in air at 600°C for 45 minutes,
cooled slowly to 200°C and returned to the bell-jar
for the application of a second and third (if desired)
CdS layer. The number of layers applied is deter
mined by the layer thickness and the electrical char
acteristics desired. A small amount of acceptor impu
rity is added to the CdS powder used to prepare
the top layer. A thin copper layer is then vacuum
deposited onto the CdS. The plate is then baked in
air at 400°C for 15 minutes to form a transparent
copper oxide barrier layer. The cell is completed by
vacuum depositing a thin transparent gold film over
the copper oxide barrier as the top electrode. Layers
have been deposited on both rigid and flexible
substrates. The "transparent" cells can be illu
minated from either side and can be "stacked" for
maximum utilization of incident radiation.

DISPosrrIFS PHOTOVOLT Ai'QUES A PELLICULE MINCE POUR LA CONVERSION
DE L'ENERGIE SOLAIRE

Resume

Bien qu'iJziste des possibilites interessantes pour
la conversic. directe de l'energie solaire en electricite
sur une gra,,,<; echelle, la plupart des methodes qui
sont propos-es pour la mise en ceuvre de l'energie
solaire abon compte par des moyens photovoltaiques
se trouvent Iirnitees par une serie de facteurs
complexes vt mutuellement interdependants. Le
besoin de realiser des dispostitifs utilisables de conver
SIOn d'energir destines a servir de sources d'energie
electrique dans les pays sous-developpes complique
encore le problerne. 11 leur faut des cellules photo
volta'iques a grande surface et d'un prix modique,
~yant des caracteristiquss telles qu'un rendement
e~eve et une bonne regularite de fonctionnement,
d,une exploitation facile, simplement construits et
dun entretien commode. Chose plus importante,
la couche photovoltaique doit avoir un bon rende
ment aux temperatures elevees, C'est la une exigence
part.ieulierement difficile quand il s'agit de collecteurs
solanes. L'auteur passe brievement en revue, dans
ce n:-emoire, les limitations theoriques et pratiques
applIcables aux cellules solaires dont on dispose
actuellement, et decrit un programme de recherches
actuellement en voie dexecution, concu pour realiser
des couches photovoltaiques a grande surface dotees
de caracteristiques particulierernent indiquees pour

leur integration dans des dispositifs de conversion
d'energie a prix modique.

Une source d'energie de 1 kW faisant usage de
cellules solaires au silieium coute entre 250 000 et
1 000 000 de dollars des Etats-Unis et pese entre 200
et 400livres (90 et 180 kg), Y compris panneaux et
supports. 11 serait absurde de suggerer 1'emploi de
panneaux de ce genre pour produire de I'energie
dans les regions sous-developpees, Plusieurs groupes
precedent aI'etude des techniques propres a la reali
sation de cellules photovoltaiques a grande surface.
On a realise des cellules au silicium par deformation
mecanique de cet element (laminage, travail a la
presse, forage) aboutissant a la production de feuilles
minces de grande surface. Des cellules au silicium
a pellicule mince ont egalement ete realisees par la
reduction du tetrachlorure de silicium par l'hydro
gene. Les deux techniques sont cofiteuses et le
manque de silicium et des installations de production
specialisees dont on a besoin, en limite beaucoup le
domaine d'application. Ce mernoire revele que les
cellules au silicium ne sont peut-etre pas les plus
efficaces dont on dispose, meme en augmentant
beaucoup la surface des cellules et en ramenant leur
prix a un niveau favorable. La concentration de
I'energie solaire incidente sur une couche de silicium



augmente le rayonnement utile, mais fait egalement
monter la temperature de la cellule et, de la sorte,
ramene son rendement a un niveau qui cesse d' etre
acceptable. L'auteur presents un examen theorique
de la question, en soulignant l'importance du choix
du materiau photoconducteur optimum pour les
cellules solaires a haute temperature. Il aboutit a la
conclusion que les materiaux qui presentent une
large discontinuite energetique sont ceux qui se
preterit le mieux a la fabrication de cellules solaires
destinees a fonctionner a des temperatures elevees.

On a choisi le sulfure de cadmium, dont la discon
tinuite energetique est de 2,4 ev (alors que celle du
silicium est de 1,1 ev) comme produit optimal.
L'auteur decrit les techniques de fabrication et .les
caracteristiques des cellules monocristallines au sul
fure de cadmium avec barriere opaque en oxyde de
cuivre. Il examine egalement les couches photo
voltaiques a sulfure de cadmium evapore du type
{( Back wall», avec barriere opaque en oxyde de
cuivre, et passe en revue leurs caracteristiques.

Le service de physique d'Itek Laboratories a
mis au point des cellules photovoltaiques asulfure de
cadmium evapore, dont les caracteristiques sont
tres differentes de celles qui ont retenu l'attention
jusqu'a present. Les cellules photovoltaiques {( trans
parentes » it couches multiples sont d'une realisation
relativement simple, leur rendement est bon (4 it
6 p. 100) et elles ont des caracteristiques de reponse
spectrale que les modeles theoriques publies jusqu'a
present ne permettent pas de prevoir (maxima it
environ 8 000 A). On realise la cellule en faisant

---evaporer de la poudre de sulfure de cadmium .
contient une impurete d'apport sur un su qUi

conducteur etale it son tour sur une plaque en Pvport

L t t 't· errepyrex. e suppor peu e re soit une elect d
. it h ro e{( peigne » en or, SOl une couc e transparente d'ox d

d'etain. On prepare la pellicule de sulfure de cadmt e
au moyen d'un appareil a vide que I'on trouve da

um
. d nsle commerce, :,ous une ~resslOn e 5 X 10-6mm H

pendant 30 minutes envrron. La pbCJue ainsi enduit
g

est alors cuite it l'air a 600 QC pendant 45 minute e
refroidie lentement jusqu'a 200 QC et renvoyee s:
l'app~reil it v~de, en. V:~e de L:;Jplication d'un:
deuxl~me et d une trOls~eme couc.ie de sulfure de
cadmium en cas de besoin. Le nor.ibre des couches
ainsi appliquees est determine par lenr epaisseur et
les caracteristiques electriques cher: hees, On ajoute
?ne certaine dose d'impuretes (d.'Ulc 20rps accepteur)
a la poudre de sulfure de cadmiui.. dent on se sert
pour preparer la couche superieure. ')n depose alors
une couche mince de cuivre (sou le vide) sur le
sulfure de cadmium. On fait cuirc la plaque it l'air
it 400 QC pendant 15 minutes, pour r(~~Jiserune couche
d'arret en oxyde de cuivre transp .rent. La cellule
est completee par le depot, toujou.s sous le vide,
d'une pellicule transparente d'or mir.e sur la couche
d'arret d'oxyde de cuivre comme elecrode superieure,
De telles couches ont ete depose«s tant sur des
supports rigides que sur des bases f1exibles. Les
cellules « transparentes » peuvent et! " eclairees d'un
cote ou de l'autre, et on peut les cmpiler en vue
de realiser un maximum d'exploitaron du rayonne
ment incident.

Direct conversion to electricity
"--~--------
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DEVELOPMENTS IN PHOTOVOLTAIC SOLAR ENERGY CONVERSION
FOR EARTH SURFACE APPLICATIONS

M. Wolf *

Although j)hotovoltaic solar energy conversion has
been develored into the most suitable power source
for space vrr.icles based on reliability, weight, and
cost(1), am' «Ithough it has been used in this applica
tion nearly exclusively and with great success
ina large an.: steadily growing number of missions (2),
it did not v.nd its way to any appreciable extent
into the eitcJi~ of power systems for earth surface
application. The reason for this is of an economical
nature.

Rather ::cphisticated photovoltaic solar energy
conversion svsterns have been developed for space
vehicle applications. They have undergone very
substantial Ground testing and modification pro
grams until the proper construction methods were
found, resulting in the desired reliability under
extreme environmental conditions. The final space
missions thE:] supplied the proof to the soundness
of the development programs and to the extreme
longevity an-i reliability of the systems thus evolved.
Comparable efforts have not been undertaken for
the development of suitable and reliable photo
voltaic solar energy conversion systems for earth
surface applications. A few attempts have been made
t? construct ;111d test such systems in ground installa
tions, but ~;)ese efforts were mostly short-term
approaches v.i~hout necessary design, test, and modi
fication prm:rams, and were therefore doomed to
failure. ~

. A second aud important reason for the lag in the
~ntroduction of photovoltaic solar energy conversion
Into earth surface power supplies lies in the strong
c?l?petition from other power sources. This compe
tition is mainly felt in the relatively large initial
outlay necessary for the photovoltaic solar energy
converter in comparison to other power sources.
Mo:e.over, proper economical evaluation of the corn
petitiva situation between an earth surface installation
of a photovoltaic solar energy conversion system
and other power sources is hindered by the lack of
expenence with the first, especially with respect to
useful lifetimes and maintenance costs.

I~ the following paragraphs, an installation and
mallltenance cost analysis for the competing power
SOurces is carried out in order to determine the
conditions under which photovoltaic solar energy
Converters can be applied advantageously. A review
of recent advancements in solar cell technology with-• Heliotek Corporation, Sylmar, California.

ensuing cost reductions and a discussion of future
developments complete the paper.

Present economical earth surface applications
for photovoltaic solar energy converters

The introduction of photovoltaic solar energy
conversion systems for earth surface applications is
hindered mainly by the competition from other
power sources. There are a number of applications,
however, where the photovoltaic solar energy con
version system would have a place even in its present
form, and at its present cost, except for some design
modifications relative to specific application and
environment.

Since electric power transmitted by conducting
lines is the strongest competitor to photovoltaic
solar energy conversion, any application to a system
containing conducting transmission lines or located
in the vicinity of such lines is to be ruled out from
the start. This includes application to telephone
repeater stations, since a pair of wires can readily be
added to an existing pole line for the transmission
of electric power or the information and the electric
power can be transmitted over the same wires-i.e.,
by use of a carrier system.

Therefore, it must be concluded that a place for
photovoltaic solar power systems presently appears
to exist only in the field of wireless communications,
and even there only for installations in remote areas,
where access is difficult and where electric power
distribution lines are distant. Such applications may
involve a microwave relay station, a navigational
beacon of the optical or radio type, an observation
post, be it of forestry, weather observation, civilian
police or military nature.

Most of these applications require continuous
readiness. Therefore energy storage has to be pro
vided, since the source-namely, solar radiation
is available on the earth surface only during part of
the day. A system without provision for energy
storage would involve about half the original in
stallation cost, have a higher reliability and a longer
lifetime, and require less maintenance. In the follow
ing cost analysis, a system incorporating energy
storage is compared with competitive power sources
at various power levels and as a function of distance
from the load to the nearest power line or transporta
tion facility.

275
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For the purpose of evaluation, difficulty of access
to the location has been postulated, possibly involv
ing hand carrying of loads through mountain terrain
or jungles, or clearing and reclearing of the acc.ess
paths for every entry. Therefore, a transportation
cost of D.S. $0.10 per pound-mile of load and distance
from the nearest transportation facility site is used
throughout, together with $5.00 per man-mile round
trip for personnel transport. Since these assumptions
are key factors in the evaluation, they should be
carefully determined for every individual applica
tion, preceding a feasibility study according to the
method outlined here. Figure 1 presents the original
installation cost as a function of distance from the
nearest existing power line or transportation facility,
i.e., truckable road for the different power systems
in competition. Power systems which are not commer
cially available, or are not thoroughly developed and
proven at this time, like thermoelectric and ther
mionic generators, are not included in the analysis.
Discussed are a power transmission line, a motor
generator set, a system of electro-chemical primary
cells, i.e., dry cells, and the photovoltaic solar energy
converter system.

For the power line, an installation cost of D.S.
$2.00 per foot has been applied. This figure is slightly
below the one used in estimates by the Los Angeles
City Department of Water and Power (3) for trans-
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ment, a 5-\\·~'.tt photovoltaic solar energy converter
has to be iL;i:llled. Using thirty sealed nickel-cad
mium cells 'iD:'. "D", with a total capacity of 111
watt-hours, ~:c depth of discharge of 13 per cent is
o?tained, Wbli is conducive for long battery life and
high efficiencv and for bridging several overcast
days. The w.:;ght of these batteries is 10 pounds.
:\ssuming the additional gear to weigh 10 pounds,
lllcluding one i)Gund for the solar panel, and installa
tion time of !It, man-hours at $320 for two men, one
arrives at the curve labeled "I-watt solar converter"
in figure 1. Properly scaled-up numbers lead to
curves for the 10-watt lOO-watt, and I-kW photo
VOltaic .solar energy 'conversion systems, labeled
correspondingly in figure 1. For the lOO-watt system,
128 man-hours at $640, and for the I-kW system,
640 man-hours at $6400 for four men have been
applied for the installation.

Figure 2 shows the two-year maintenance costs
for the. various systems. The power line is assumed
to reqUIre no maintenance. The motor-generator has
to be periodically supplied with fuel. Assuming a
70 per cent over-all efficiency for this system, it will
use 17 520 pounds in two years at a cost of U.S.
$1000 to deliver 1 kW continuously. Because of
~o~t~~uous duty in a remote location without repair
aClhtIes, the engine will have to be removed for
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overhaul and replaced once a year. The same base
costs as in figure I are applied here, resulting in the
curve labeled "I-kW motor generator" of figure 2.

For the dry cells, U.S. $430 have to be spent per
watt in two years for replacement batteries, weighing
860 pounds. This leads to the curves in figure 2
labeled "1 W", "10 W", and "100 W dry cells",
respectively.

The photovoltaic solar energy conversion system
is expected to require no maintenance except for an
occasional cleaning of the collector face by the person
making a routine check of the remainder of the
system, and except for replacement of the storage
cells at the end of the two-year period. This involves
the transport of batteries plus their original cost,
resulting in the curves labeled "1 W", "10 W",
"100 W", and "1 kW solar converters", respectively,
in figure 2.

Adding the original installation costs and the
two-year maintenance costs from figures 1 and 2, the
total expenses connected with two-year operation
of the systems are obtained and the curves of figure 3.
Figure 3 shows that already after two years of
operation, the total expense for a IO-watt system
located farther than 20 miles from an access road
or farther than 2! miles from a power line is lowest
for the photovoltaic solar energy conversion system.
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To consider tlu- total accrued costs after twcntv
\"l';lr~, tlu- t wo-vear maintcuance costs an' multiplied
h\" )0 and ;lll;kd to the original installation cost.
'nle n-sult-, are pn-sented in ligun' 'I. 0111' exception
1t;IS 1)1"('11 m.u!« ill assuming that till' powcr line has
to h.. replacctl towards tlu- end of the twenty-year
term,

Figure ·1 shows that for continuous power require
nu-nts up to :!o watts, tit!' photovoltaic solar ellergy
conversion system incurs, over twenty years, lower
total outlays than any other system, except for a
pO\\'l'r line avuilahk- at a distance of Il'ss than :I! mill'S,
E\'l'n at th« lOO.\\' level, the photovoltaic solar
"!ll'rgy converter is competitive for distances over
IH mik-s, and at the I-kW level, for distances over
:1:1 miles.

TIll' fon'going analysis shows that under certain
conditions, a photovoltaic solar energy converter
at pn-seut costs can well compete with other power
SOUrt'!'S, In some cases, new lit-signs to meet certain
reqnin-uu-nts on the structure, i.e. incorporating
cooling fillS. may h!~ desired. while in others structures
wry similar to those lh-siglle!l for space vehicles
an' advantagl'ous lx-cause of their proven charac
t,-ristics :111<1 their light weight, which can he of
i mport.mcc in remote a pplica tions.

100

\
\

FI~ure 5. Developments In photovoltak ·.'1lar cl1rq1)'
convcrslon for all surface upp" .u ions

The cost significance of solar cell ir. :lI'ovcmcnls

Cost reductions for photovoltaic -ilar ell('r~r

converting systems can be obtainer :'y two ~I"

preaches:
(a) A direct reduction in the cos: of the unit

cell ;
(b) An improvement of the unit eel- ;)crforlll~l]fi'

without a price increase.
Both approaches are important, and vith the pre·

sent limited market and high material e'- .ts, appnw ];
(b) was easier realizable. A 35 per cent improvcm' r,t
as obtained recently (see below) reduce- the numb,:
of cells needed to obtain a certain 5\':;(1'111 olltp'):
by 26 per cent. An identical percentage ~()st re(llIcti,~,
is achieved for the complete panel, since the ill~t~lh'
tion cost of solar cells to a converter panel is pmj"':;
tional to the number of cells used. indcpcn(lcllt."
the panel power output. Conversely, a cost reduet](~
connected with a decrease in cell performance ~.1~
easily be annihilated by the higher cost of 1110UIltl!~:
a larger number of cells to an increased size couwTH.
panel. '.'The fulfillment of older estimates for potent:,,,
solar cell price reductions by factors of 2 to .f, oh,t,l11~~
able by introduction of mass production tcchu!IF'
and automation combined with a stcadv I11~T);(t
does not appear imminent in the very n;ar futnTe
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Recent Im p: . vvmcnts in slllcon solar cells and
In t hvir uppltcatton to power systems

~ili(()n 0")"; ,'"lis have been commcrciallv avail
:d,1,' fllr 11101" ~L,ll1 five years hut are still continuouslv
l"illl-: pnfl'l t, cl, The 1110st recent advann-nu-nts arc
I!;" iIII roe 11Ic t1"11 of mcta 11 ic grid lines for the rcdurt ion
;f <!'fi,·s r,'"i<1;lllrr~ and a shift of the spectral response
.' r h,t"'r olllllight performance (,I),

Tl:.. applil,ltion of metallic grill lines OWl' the
:l,llill"c1 LI',""r results in a decrease of its effective
','rl n·,I<1;ln(",· (,i) and a l:i to :!O per cent incre'l<I'
'I th- 1,',"\\'<'1' output OWl' otherwise identical solar
:~Jlk (hgllTc' :i compares gridded cell in rrntrr- to
1 .'l cdl at lvft.] This improvement is :lchiewl]
<?l\" t lu- cov,'r:lge of a small portion of till' actin'
',. ,), Oth'T adv.mt.urcs obtainer] bv the u<e of
~'Il'1 lim-, arc': till' I)(,,~ibilit\' of decre;l~ing tlu- thick
: '. "I tll" diffu<cd layer aiH] improving the spectr,)1
"'l·II!)«., till' fn'l'dom of choice fnr solar cell si71'
;,:.1 l:'" I11c·try, and improved performance at high

Other 'lJlj'
!"dllctioll (,:
I 1111 vrr tr-r s.v

,'ji('S which can lead to a suhst.mtial
,:' cost of photovoltnic solar energy
lib art: discussed in later sections.

light lvvt-ls as oht.unahl« hv u-« of rono-ntr.uors.
Xl'\\' Iahrir.rtion tcchni'llll's \\'I'rl' dcw!0l'('(] for t lu
application of the er id lines. which ;1100 provide more
Ik-xihility for tlu- contact de"i.cn.

Onc rvsult of thc,e dcvclopments is till' crn..rgence
of a new solar crll l''1u.llly suited for 1';11'.111.-1 :lnd
series connccrion. (Figme :i. cell at richt.) This
Ilr-si~n does not chan!.:!· the dlicicnc\' ],;1<('(] on th»
acti~'e area. hut rather inrre;I'I''; illl' nr tivc :lre;l
per cell and with it the l'O\\Tr output by i' pcI' cent,
thus permitting l1"e of a smaller number of cdl" Ior
achievement of a certain pnwer oyotem r1e"icn oh
jrr tivc.

TIll' seconl] improvement is .1 rc-ult of thr- intro
duction of tlu- griels. On p,1<t sol.ir cells. thr- shr-d
rcoistan((' of the r1ifi1l<er] layer W.1" one of the impor
taut p.H.11111'ter,; in the d..termination of it" optimum
thirkno-s. with collection dflcieliC\' as tll(' other
par.mu-u-r (Ill. The compromise C;ht.1il,e(] in tlH'
compctitiou hctwcr-n tlKo" two \'.H.1nll'trr,; rc-ultrd
in a s)','ctr.11 rCol'0n"" which W,1'- rc lativcly uniavor
:lhll· at tIll' shorter wavc-Ic ncths. whr rc thl' solar
radi.rt ion h.1< its )'c'.lk intl'n"iti"',,. ~if1(c' the .1J'plir.1tinn
of crid" removed the stron; n-Lition-hip Iwt\\Tl'n tIll'
r1ifil1~ell layer t hickncvs and it" "hl'el r""i":.l:'C".



Direct conversion to electricity

New concepts for lower-cost photovoltaic solar
energy conversion systems

The cost of the photovoltaic solar energy converter
itself can be reduced principally by two approaches:
(a) by lowering the price of the photovoltaic elements,
and (b) by decreasing their number used in the system.
Further cost reductions may be effected by reduction
of the converter temperature through improved
thermal control, and through application of the
most favorable energy storage devices.

THIN-FILM SOLAR CELLS

After analyzing the cost factors for the various
types of solar cells and different methods for their
f~brication, a major possibility for drastic cost reduc
tion appears to be the introduction of thin-film
techniques for large area devices. Past research
indicated that the photovoltaic p-n junction cells in
general and the silicon material in particular are not
conducive to the preparation of thin-film solar
ceps (7, 8). The p-n junction properties which deter
mme the device characteristics are influenced by the
crystal structure and require the film to be composed
o.f large crystals: Also, the process of photon absorp
tion and generation of carriers in the material dictates
a minimum film thickness for reasonable efficiencies.

However, the recentlydiscovered photoemissive
mechanism in cadmium-sulfide cells (9) appears
promising for the preparation of thin-film solar cells.
The photon absorption and carrier generation appear
to take place in or very near a boundary layer
between the copper contact or an oxide film on it
and the. ~a~mium s1!lfide. The current-voltage
characteristic IS determmed by the potential barrier

REFLECTING SURFACES

SOLAR CELLS

Figure 7. Modular channel concentrator

-----formed by this boundary layer. Thus, independe
is gained from the film thickness and the crystall~ce
properties of the semiconducting material. Recen~te
published early results of developmental work .y
progressat the Harshaw Chemical Company (10 1;)
show that efficiencies of 2 to 2.5 per cent have be
obtained on evaporated film cadmium sulfide sot

n

cells of 20 cm'' size. Efficiencies as high as 4.5 :~
cent have been obtained over small areas of th~
larger cells. This indicates that better efficienci~e
sh~uld be obtainab.le with impr?ve~l process control~
If It becomes possible to deposit [liese films at low
cost directly on inexpensive support structures, then
this apJ?roach may .make phot?voUa,ic sol~r energy
conversion economically feasible tor WIdespread
earth surface applications.

ApPLICATION OF CONCENT. HORS

One cause for the high cost of v,ltovoltaic solar
energy conversion is the low energy density of the
solar radiation, which can reach, on t lre earth surface
1 kW/m2 under optimum conditions. Therefore, rela:
tively large collectors have to be built and covered
with solar cells. The application "f concentrators
permits covering part of the conve-rter area with
expensive photovoltaic cells, while filling the re
mainder with relatively inexpensive reflectors which
direct the radiation onto the converting elements.
From a multitude of concentrator configurations,
integrated structures for reflectors and solar cell
support appear most feasible because of their simpli
city, low weight and easier heat control. Such
structures are the "Modular Charm. Concentrator"
(figure 7) and the "Modular Truncated Pyramid

H.C.! (b)

freedom for the variation of the short wave-length
part of the spectral response was obtained. Decreases
of the diffused layer thickness, leading to increased
short wave-length response, are sought for. Figure 6,
curve 2, shows the spectral response for a cell having
smaller p-layer thickness than that producing curve 1,
everything else being identical. Limitations to. this
development are found in material parameters and
process difficulties. At this time, an average improve
ment of solar cell performance in earth surface
sunlight by 8 per cent has been achieved through the
reduction of the p+ layer thickness. As a result of
these improvements, solar cells converting 11.5 per
cent of the.incident radiant solar energy into electrical
power at the earth surface are now available in
quantities. This compares to the 8.5 per cent effici
ency of production solar cells only a little more than
a year ago. Although such progress can be reported
for the silicon solar cells, a survey of the numerous
efforts undertaken on other materials and methods
does not show significant advances (4). The principle
of multiple transitions with its potential for the
largest efficiencies was not further investigated,
partly because of lack of basic knowledge of the
properties of trapping levels (5).
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this. An important point is to design these structures
for sufficient heat conduction from the solar cells
~o the. cooling surfaces. This can be achieved by
mc.reasIng ~he structural cross-section and adding
we~gh~, whreh may in some cases be economically
objectionable.

A better method for conduction enhancement lies
in t~e modular design concept (figure 9). It can
readily be shown that the temperature difference
between the irradiated area and the coldest part of
t~e cooling area is approximately proportional to the
SIze of the irradiated area assuming uniform energy
density F, over all irradiated areas:

[lJ
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s r '" .;~, [In (1 + ".d - •(1 : ¥)]
Here c = thermal conductivity, t = thickness of
conducting sheet, and a and d as in figure 9.

The only approximation in the derivation of
equation [lJ above was made by assuming the tem
perature difference to be small, so that the heat loss
is uniform for all surface elements.

It is practical to utilize the whole collector area
for cooling, thus obtaining similar conditions as for
a flat converter. Even in this case, the operating
temperature will be considerably above the ambient
(by about 40-500 q , using free convection of air and
radiation as heat transfer mechanisms. Application
of additional cooling means is therefore indicated.

One method is forced convection, i.e., using a high
heat capacity medium like water. Forced convection
is, however, usually associated with energy con
sumption, i.e., in pumps, and is therefore undesirable
for systems in which energy conservation is impor
tant. In some cases, free convection of the cooling
liquid may be possible in closed or open cycle systems.
Occasionally, a large reservoir functioning as heat
sink may be available. In other cases, evaporative
cooling may be applicable. One very practical method
is the application of fins to increase the area for free
convection. Increasing the cooling area twenty-fold
reduces the temperature rise above the ambient to
17°C, without use of other control methods.

A method commonly used for temperature control
on space vehicles consists in the application of
optically selective coatings. Their use is indicated also
for earth surface applications, independent of other
temperature control methods applied. Some of these
spectrally selective coatings filter the incident ra
diation by reflecting the photovoItaically ineffective
radiation, thus reducing the temperature rise (12).
Another coating is used to increase the emissivity
of the solar cell active surfaces. Structural members
exposed to the incident radiation are covered with
a low absorptivity coating to reduce the energy
absorption, bu: having high emissivity for black
body radiation around 300°1{.

Judicious selection of the most suitable combina
tion of thermal control methods for the individual

REFLECTING SURFACES

SOLAR CELLS

Reflector" (figure 8). The channel concentrator gives
concentration ratios near 2.5, while concentration
ratios of 5 to 'I may be obtained with truncated
pyramid reflectors. Application of concentration
ratios larger than 5 to 7 to photovoltaic converters
does not appear Iavorable due to thermal control
difficulties and ','creased series resistance losses at
the ensuing hirl. current densities in the solar
cells.

Ths channel concentrator may be used with fixed
onentatlon, if t 1' ", longitudinal axis of the channel
parallels the east-west direction with the declination
adjusted for be-r year-average performance. The
tru~cated pyramid reflector, with its higher concen
tratIon ratio, needs tracking for good performance.
For the choice between the channel and the truncated
pyramid. reflectors, a trade-off study between system
complexrty, reliability, and cost will have to be
undertaken.

Figure 8. Modular truncated pyramid reflector

THERMAL CONTROL

,Thermal control is an important problem connected
with photovoltaic solar energy conversion, but to a
f~~ater. extent with the application of concentrators
h n wtth flat collectors. Contrary to thermal d~vic~s,

~t oto:,oltarc converters exhibit reduced efficiencies
hrgher operating temperatures. Temperature

Control on the earth surface can be achieved through
condu ti . .I c ion, free or forced convection, and radratIOn.
c~/he case of concentrator application, the solar
th covered area which needs cooling is smaller than

d ebcollector. Only channel truncated pyramid, and
ou le fl '., fth' re ector concentrators permrt extenSIOn 0

re~ rrradiated area for cooling purposes. Either the
ectors or the backing structure may be used for
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photo-

Energy storage methods

The most practical way of storing energy in a
photovoltaic system is electrical storage. Due to its
effect on over-all system size and cost, the most
efficient storage method should be selected. At the
present time, electrochemical batteries are indicated,
although in the near future, reversible fuel cells are
expected to become available and be preferred be
cause of their higher efficiencies. In the meantime,
the more expc~sive, but highly reliable sealed nickel

cadmium storage cell may be preferred over the
lead acid cell, which requires more control and fre
quent maintenance.

Conclusion

An analysis indicates that present photovoltaic
solar energy converters are economically feasible
for earth surface application in remote locations and
at low power levels. Some design hints are given
for such systems. The recent improvements for
silicon solar cells are reviewed, and the direction
towards lower cost photovoltaic converters is in
dicated.
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Summary

Despite great strides made in the development of
photovoltaic solar energy conversion for applications
In space, little progress has been reported for earth
surface applications. The reason for this lies in the
sever~ competition from other energy sources, the
~XplO1tation of which frequently requires a lesser
Iny~stment. The large investment needed for the
utIlIzation of solar energy is attributable to the 10:"
e~ergy. density of the radiation. The purpose o~ .thlS
P per IS to investigate first under which condItIons
p~esent silicon solar ~ells ~ay be advantageously
c osen for power supplies on the earth, and secondly,

which new developments can lead to further solar
energy utilization.

One present potential economical application is in
remote, low-power, wireless communication stations.
Such applications may involve a microwave relay
station, a navigational beacon of the optical or radio
type, or an observation post, be it of forestry, weather
observation, civilian police or military nature. Applica
tions without need for energy storage are more
attractive due to simplicity, increased reliability and
economy of the system. Usually, storage will be
needed, however. Sealed nickel cadmium cells appear
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to be the most suitable storage devices for remote
locations. An analysis indicates that photovoltaic
solar energy conversion systems at 29 W incur, during
twenty years, lower total outlays than any other
system, except for a power line available at a distance
of less than 3l miles. Even at the lOO-W level, the
photovoltaic solar energy converter is competitive for
distances over 18 miles, and at the I-kW level, for
distances over 33 miles. Already on a two-year basis,
small photovoltaic systems can well compete in
remote locations with the other power sources,
including power line, motor-generator, and dry cells.

The second part, treating new developments,
deals with three approaches: improved efficiency of
the converter cells, cost-reduction through new
technologies and increased application of concen
trators.

Efficiency improvements lead to reductions of size
and cost of the over-all system. Recent developments
on silicon solar cells increased the performance froth
about 8.5 per cent earth surface sunlight efficiency
available on production line cells a little more than
a year ago, to 11.5 per cent. Series resistance reduc
tion through application of metallic grids over the
diffused layer and a spectral response change were
the. major improvements. A survey of numerous
.efforts undertaken on other materials and methods
does not show significant advances. The principle of
multiple transitions, with its potential for the greatest
efficiencies, was not further investigated, partly be
cause of lack of basic knowledge of the properties of
trapping levels.

Highest expectations for low cost and large area
are attached to new technologies, especially to
thin-film solar cells. Here, significant progress has
been reported during the past year. The photo-

NOUVEAUX PROGRES DANS LA CONVERSION PHOTOVOLTAIQUE DE L'ENERGIE
SOLAIRE EN VUE D'APPLICATIONS A LA SURFACE DE LA TERRE

Resume

Malgre les grands progres faits dans la mise au
point de systemes de conversion photovoltai'que
de l'energie solaire en vue de son utilisation dans
l'espace interplanetaire, on ne signale que peu de
progres en ce qui concerne les applications a la
surface de la terre. Cela peut et re attribue a la
concurrence intense que lui font d'autres sources
d'energie, et dont la mise en ceuvre exige, le plus
souvent, de moindres placements. Les gros inves
tissements necessaires en vue de 1'utilisation de
I'energie solaire peuvent etre attribues a la faible
densite d'energie du rayonnement. On se propose,
dans le present memoirs, de voir tout d'abord dans
quelles conditions les cellules solaires actuelles, au
silicium, peuvent etre choisies de maniere avan
tageuse aux fins de fournir de la force motrice sur
terre et, deuxiemement, quels sont les nouveaux
progres qui pourraient mener a d'autres utilisations.

Une application economique possible s'adapte aux
pastes de telecommunication sans fils, se trouvant
dans des lieux peu accessibles et exigeant peu
d'energie, Ces applications peuvent interes~er.un

relai en micro-ondes, une balise pour la naVlga!l~
du type optique ou radio, ou encore un poste d,D .
servation, qu'il s'agisse d'une foret, d'un syst~JUe
meteorologique, de la police, ou encore d'une l~S:
tallation militaire. Les applications dans lesquel e.
il n'est pas necessaire de mettre l'energie en res~r.~~
sont plus interessantes, etant donne la simphC\~
du systeme, son economie et la meilleure regul~f1 e
de fonctionnement. Mais il est generalement ~l cfs;
saire de mettre de I'energie en reserve. Les ce.~ er
hermetiqucs au nickel cadmium semblent const.! u~s
les dispositifs de mise en reserve les plus i?dl~u~e
pour les lieux peu accessibles. Une analyse ..Ill :qde
que des systemes de conversion photovoltalqu
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I'annee ecoulee. Les proprietes photo-emissives des
contacts du cuivre sur le sulfure de cadmium en
fon~ un candidat tout naturel pour un systeme a
pelhcule. Les premiers resultats, recemment publies,
des travaux de developpement en cours ala Harshaw
Chemical Company revelent que des rendements
de 2 a 2,5 p. 100 ont ete realises sur des cellules
solaires au sulfure de cadmium a pellicule evaporee
de 20 cm-. Des rendements allant jusqu'a 4,5 p. 100

. ont ete realises sur des petites surfaces de ces plus
grandes cellules.

Ceci indique que l'on pourrait realiser de meiileurs
rendements avec un meilleur controle des procedes
de fabrication.

L'utilisation de concentrateurs permet de couvrir
une partie de la surface du convertisseur par des
cellules photovoltaiques cofrteuses, tout en remplis
sant le reste avec des reflecteurs relativement peu
couteux: ceux-ci orientent le rayonnement vers
les elements de conversion. Les progres faits sur
les concentrateurs a cannelures et a pyramide
tronquee permettent d' entrevoir la realisation d'une
conversion de l'energie solaire a une plus grande

.echelle, Ils permettent de realiser des rapports
de concentration de 2,5 et 5 a 7 respectivement,
tout en permettant une application facile de diverses
methodes de controle thermique.

Le controle thermique devient tres important
avec l'application des concentrateurs. Les methodes
d'amelioration de l'utilisation de la conduction et
de la convection pour le refroidissement des cellules
solaires sont passees en revue, en soulignant la
technique modulaire et l'utilisation des ailettes.

Surtout s'il en est fait usage en liaison avec d'autres
methodes de refroidissement, il sera particulierement
utile, pour la commande thermique a la surface
de la terre avec des convertisseurs d' energie solaire,
de proceder a l'application de couches optiquement
selectives pour eviter l'absorption d'un rayonnement
inefficace du point de vue photovoltaique, et pour
obtenir les proprietes recherchees d'absorption et
d'emission des cellules solaires et des pieces struc
turelles perfectionnees qui ont ete mises au point
pour leur utilisation dans des convertisseurs d'energie
solaire pour vehicules inter-planetaires,

10*
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land. The direct utilization of as much of this immense
amount of energy as possible is the object of the
attempt to learn its properties on a world-wide
scale, in the greatest practicable detail.

This quantity of 600 Q/year is not uniformly
distributed over the land surface rising above the
waters, and while it is easy to determine the influence
of some of the factors responsible for its unequal
distribution, such as the geographic location an~

the air mass, when the atmosphere is uncontami
nated (2), there are also other factors, such Cl:s topo
graphy, meteorological elements, atmo~phenc .dust
and contamination, etc., whose theoretical estima
tion involves certain difficulties. Accordingly, to
learn the distribution and availability of solar
energy on the land surface, t~is energy must be
measured in the greatest possible detail.

SOLAR MEASUREMENT NETWORKS

This work of measuring solar energy is being
performed in Australia (S/32), Canada (S/18 and
S/20), France (S/69), India (S/60 and S/105), Japan
(S/2), and many other countries interest~d in har
nessing the new sources of energy, especially those
of the flux type, in order to economize the natural
deposits of fossil an.d. nu~lea~ fuels as much as
possible. Recent st~hshc~ indicate ~hat some 3.30
pyrheliometric stations III the vanous countnes

Availablce,;olar energy and networks of the world are today engaged in recording total
f:')r its measurement solar radiation. (2) The density of dist~ibution of

Ten AL QUANTITY OF ENERGY these stations, whether related to national area
or to population, varies from country to country.

The assessment of the solar energy incident on Unfortunately, the countries with extensive and
l surface norm '..1 to the solar beams at the outer zones which in general are also under-developed,
loundary of the earth's atmosphere leads us to are the very countries with the smallest numbers
vhat is termed the "solar constant". Its generally of such stations per unit area, although the
lccepted value of 1.98 cal cm-2 min-I, or 138 mw cm", utilization of that energy would be of advantage
ndicates that the solar energy incident on the entire to many of them, in view of the sc~rcity ?r hig~ cost
urface of the earth, allowing for the part reflected, of conventional sources of energy III their terntory.
liffused and absorbed by the atmosphere, is express- A study of papers 5/2, S/18, S/20, S/32, 5/60,
d by the enormous figure of 2 300 Q/year ~Q - 0.25 S/62 S/69, 5/74 and S/105, and of the numerous
x lO.I8 kcal), which is' more than the entIr~ energy avaiiable data on solar radiation, shows that most
ontallled in all existing reserves of fossile fuel, of the stations of the world solar measurement
~gether with the fission energy of all k~own ura-. network belong to meteorological and geophysical
uurn and thorium reserves (1). Part of this fal;lUlous networks which, for very understandable and appro
tore of energy is indirectly utilized by ma.n III .the priate reasons, are located on sites which, however
arm of plant and animal products, i.e., ram, wmd, suitable for meteorological and geophysical observa
tc.. But the average radiation incident on the tions are not, in many cases, the most suitable
onhne~ts.and islands is appro~imat~ly 600 Q/year, for s~lar energy utilization. The detectio? o~ the
nd thIS IS the part most easily utilized by man, microclimates that may frequently occur III hI1?hly
~hose activities for the most part take place on dissected areas demands a network of stations
'";--:-- . . usually denser than the meteorological network,

Director, Comisron Nacional de Energias Especiales. Madrid-
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The utilization of solar energy, like that of any
other form of energy, must be ?ased on the. m.ost
exact possible. knowledge of ItS. charact.enstIcs,
,ince the mac hines, apparatus. and Illsta~latlOns for
such utilizaticu must be designed havmg regard
;0 the structure, concentration, variation, location,
stc., of this energy, and the service that such installa
tions are intended to provide. The problem of
ietermining 'De availability and characteristics
)f solar energ- is of basic importance. This is, of
»urse, the rea-.on for its inclusion in the programme
)f the United\~ations Conference on New Forms
)f Energy. Th. number and quality of the papers
mthe theme '::"lar energy availability and measure
nent instruments" are likewise an indication of the
reneral interest in this problem and provide existing
:nd proposed approximations and means for its
;atisfactory solution.
It must, on the other hand, be borne in mind

:hat, from th« point of view of this conference,
he fundament«l object of determining the avail
ibility and chnracteristics of solar energy is its
itilization for human welfare. This is, of course,
III object of .Jearly utilitarian nature, and the
cientific and '.r;chnical aspects of this prob.lem
nust thereforei-e so oriented as to render the desired
iractical result attainable.
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sited at locations unusual for meteorological work
but demanding rational examination in advance, '
having regard to local topographic and meteorolo
gical conditions. In regions with faint topographic
and hydrographic detail, lower densities may be
permissible for solar energy networks, but in establish
ing them, one must always remember the possible
variations in atmospheric humidity between the
coast and interior of such regions.

Finally, there is the problem of setting up solar
measurement networks in desert regions, which
must be studied with reference not only to the
local needs for service but also to the possible utiliza
tion of the energy available there. The low popula
tion of such zones limits the local demand for energy,
but perhaps an appropriate reconstruction plan for
these areas, together with the harnessing of solar
energy, might encourage the settlement of the regions
selected, just as the establishment of means of
transportation, sewage systems, water, gas and
electricity "direct" the development and growth
of the great urban centres. '

It is only by means of an adequate and rational
network for solar energy measurement on a world
wide scale, with a view to the harnessing of solar
energy, that the distribution and local characteristics
of solar energy available on the earth's surface can
be learned, on a global basis, with sufficient guarantee
of accuracy. The fact that many of the countries
in highly insolated areas are under-developed and
possess extensive desert zones leads one to
believe that this ideal network cannot be established
without recourse to international co-operation. It
~ould be desirable if an agreement on such eo-opera
tion could be reached through appropriate inter
!lational agencies and/or associations, so that the
Improvement of the solar measurement networks
of the more highly developed countries, taken
toget~er wi~h those that might by agreement be
estab~Ished In the under-developed countries, would
constitute a. world network for this purpose. This
would p~rmIt the comple~ion, with a higher degree
of. precision, of a task as Interesting as that accom
plished by Black on the distribution of solar radiation
over the earth's surface (3).

Instrumentation for measuring solar radiation

SOLAR RADIATION ON THE EARTH'S SURFACE

To understand the difficulty presented bv the
problem of recording the solar energy it should
be remembered that, near the earth's surface
w~ere it is easiest to locate machines for harnessing
this energy, the components of solar radiation reduce
down, in the simplest scheme, to direct radiation
diffuse radiation, and radiation reflected by the
earth's surface. The energy spectrum of each of
~hese c~mponents has well-known limits, although
Its maximum may vary with elevation above sea
level, atmospheric transparency or turbidity, the
nature and SIze of the particles responsible for such
turbidity, the local character of the terrain, etc.

---The percentage ~h~re of e~ch of these compone
in the total radiation received by a body lik ~ts
varies, primarily with t~e astronomical, geograp~~lse
and meteorological vanables, and with the var ,ai,
atmospheric contamination. In many cases y~~g
tot~l. flux of calor~~c radiation, \:hatever its com~
pOSItIOn, 'can be utilized. For certain special appJ'
. h h th . . lea-tions, owever, sue as ose;equmng the

of focal concentrators, the only radiation of bau~e
utility is the direct radiation wh ,~;e parallel beaSIC

may be utilized by appropriate nrientation of ~s
axis or plane of symmetry of 'he concentrator e
'Yhile it may be sufficient, for .m~j' t of these applic::
tions, to know the total radiat: . received, there
are cases where the value of e. h of the above
components must be known sep..: \tely, sometimes
also including the nocturnal radiat sn emitted by the
earth itself, as a hot body.

It is therefore not surprising t:'·l t the numerous
and valuable papers presented to ~ '!is section of the
conference should include studies c;; the solar radia
tion and instrumentation for mca-uring it by Grafe
(S/61), Peyturaux (S/69), Perrin]e Brichambaut
(S/80), Schoffer, Kuhn and Sap.uord (5/92) and
Drummond (5/117) ; studies on inso lttion and natural
illumination in its architectural applications, by
Dogniaux (S/59); on mean levels c.f total radiation
incident on vertical and inclined surfaces, based
on solar data, by Page (S/98), and ,·t~ certain aspects
of solar radiation in relation to it.; energetic utiliza
tion, by Flach and Morikofer (S/7 0), The nocturnal
radiation from horizontal surface. in arid zones
has likewise been the subject of stv-ly and measure
ment by Yellott and Kokoropoul«- (S/34), and by
Gondet (S/95). On the other har 1, the nocturnal
radiation from various material" has also been
studied and measured, for applicati.. to the problem
of residential air-conditioning in (.;ert areas.

THE SOLAR ENERGY DATA REQUIIU".' FOR PLANNING

APPARATUS UTILIZING suer ~,NERGY

For the purpose of planning appar.itus and instal
lations for utilizing solar energy, it is usually
neces~ary to know, for the projc.ted site of ~he
machine, over the longest possible p,riod-covenng
several successive years-at least HiE' diurnal march
of direct and diffuse solar radiation incident on a
horizontal surface. The ideal would be to have a
continuous daily record of the variation of intensity
of each of these radiations thus indicating the
ma~in:lUm va:ues .of the components of the, solar
radIatIO,u received I~ the locality, to enabl~ englllee~~
~o predict the maximum possible productIOn ..Star s
Ing out from these data in the form of contllluOUd
records, the total and mean daily, monthly an
annual values may be determined, if desired- Moredover, for the purpose of determining the SIze an
cost of the energy storage installations,.in those
plants that require them it will also be necessary

deri , rvesto enve from these continuous records the CU

indicating the frequency distribution of the number
of days or hours which, over the course of the year,



General report GRill (8) Blaneo 291

ApPARA'l;::', EMPLOYED FOR RECORDING

SOLAR RADIATION

Solar energy .lata for planning solar installations
are not at pL<'nt recorded with Campbell-Stokes
~r Jordan sunshine recorders (4), nor with instruments
like the Abbo: water-flow pyrheliometer (5), the
Ab.?ot silver-r..sc pyrheliometer (6), or th~ Ang
strom compen:'ation pyrheliometer (7), which are
generally user: for precision measurements and.are
refe:ence instruments in primary meteorological
statIOns, at which the calibration system prescribed
by recommendation I of the 1956 InternatIOnal
Radiation Conference must be maintained (8).
Suc.h instruments require qualified and very ex
penenced personnel to operate them.

A sollar radiation record that can be used for
pla!lning purposes may be made with instrt1m~nts
whl~h have been used for years by the meteorolo~lcal
serVices of many countries in their secondary stations,
They ~re characterized primarily by the continuous
r~cordIng of global solar. radiation (direct and
diffuse) or of the diffuse radiation alone. Almost
~lw.ays, however, they measure the sun~hine on a
onzontal plane in order to simplify the lllstrument
~echanically. They are based on two essentially
~Iff.erent systems. One group incIud.es bimet~llic
chnometers, such as the Fuess-Robltzsch actino-

~eter (9) and similar instruments. The other group
mcIudes thermoelectric actinometers, such as the
Eppley pyrheliometer (pyranometer), the 1\1011
Gorczynski solarimeter, and similar instruments.
While the value of the direct solar radiation may be
found by taking the difference, when these in
struments are used, it may also be found directly
with a pyrheliometer, such as the Abbot silver-disc
instrument already mentioned, or similar types.
For cases where a continuous record of solar radia
tion is not required, the well-known simple Bellani
distillation pyranometer, or lucimeter, is ordinarily
used (11).

The idea of having solar energy recorders that are
inexpensive, resistant to atmospheric influences
and simple to operate, for manufacture in large
scale series with prospects of possible expansion
of the solar measurement networks, has been con
sidered by various specialists, with the following
interesting results:

(a) A solar calorimeter, described in S/9, has
been designed and tested by Heywood. This calori
meter, like the Bellani lucimeter, gives the total
number of calories received from the sun at its
site taken from a single reading every 24 hours.
Under certain conditions, these results show appre
ciable disagreement with those obtained by more
precise instruments. The author estimates the cost
of this calorimeter at about U.S. $18. It is now in
the testing stage.

(b) The possible use of the solar cell as a pyrano
meter has been studied by MacDonald, who found
the errors of spectral response, the apparent stur
diness and the rapid response tolerable by comparison
with the fragility and slower response of thermopile
pyranometers (11). Schoffer, Kuhn and . Sapsford
(S/92) have also done .work in this direction. ,:,ith
the silicon cell, and then results are very prormsmg.
The silicon-cell pyranometer readings show slight
discrepancies « ± 0.05 Ly/rnin) from those of
the Eppley pyrheliometer (pyranometer), but they
are practically compensated for in the total value
for the daily radiation.

(c) A solar radiation integrator, based on the
silicon cell, has also been developed by Schoffer,
Kuhn and Sapsford (S/92), since it was found t~e

solar radiation data are more useful for certain
applications in the integrated form. Their tests
on this integrator have given satisfactory results;
the maximum error was 2 per cent.

(d) Schoffer, Kuhn and Sapsford (S/92) have
devdoped an economical pyrheliometer (radiometer)
based on the economical Suomi-Kuhn radiometer (12).
The test results are promising; the error is of the
order of 5 per cent. It will cost less than $50, since
the basic radiometer is available commercially
for about $10.

REQUIRED ACCURACY OF SOLAR RADIATION RECORDS

Several types of existing solar radiation recorders
show an extraordinary dispersion between their
mean readings, while others are well compensated
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(S/l17), with an error of the order of ± I prr cent,
which we regard as too small for engineering use.
Wc consider that, for purposes of calculation, local
solar radiation data may be acceptable if the error
in the total daily reading does not exceed ± .~ - [j per
cent, since the other design data, such as mecha
nical resistance, thermal conductivity, ctc., of the
materials, and the very hypotheses of calculation,
contain greater errors.

We consider that a maximum error of ± [j per
cent in the total daily readings and ± 10 per cent
in instantaneous readings has already been attained,
and that the manufacturers of solar radiation record
ers could easily do better. If these limits were adop
ted, the makers could pay more attention to the
other characteristics of these recorders. Drummond
(5/117) gives an excellent list of the principal feat
ures desirable for solar radiation recorders. The
following might well be added to this list, in view
of the possible increase in the number of secondary
stations located in under-developed countries:

(I) Ease of operation by non-specialized personnel.
(2) Difficulty of accidental dccalibration during

operation-that is, good long-term stability of
calibration.

We consider that, in the present state of the art,
the known ideas and systems could be improved
to give an instrument that would continuously
record the global solar radiation (direct and diffuse),
with a satisfactory degree of compromise between
the individual characteristics in the above group,
and which could be series-produced at reasonable
cost. An instrument of this kind could serve for
"standard" use at the secondary stations, to record
the solar radiation with a view to its utilization.
It is to be hoped that the instrument makers, faced
with this possibility, will intensify their interesting
work of research and testing and will orient it to
this end,

Conclusion

One of the practical objects of this United Nations
Conference on New Sources of Energy is, of course,

the utilization of solar energy for the welfare (,f
mankind. For this purpose,. a study of the valna!.),.
papers presented under secti on IlI.A of the agelllb
and a general study of the theme of this secti(JII'
permits us to draw the following conclusions: .

(I) After rational study, the net work of actilllJ.
metric stations should be expand.«l to pro\'i(J,.
the most exact knowledge possible of the distributioll
of solar energy over the surface o' the earth, to
disclose the microclimates, and, in g( i ''[al, the lOnl"

where solar energy is at levels suti.c i.-nt for utili.
zation.

(2) The allowable errors of solar 1', .liation record,
should be raised to limits permitted '\' conservau-,
standards of design, to facilitate 11 manufactur('
of recording instruments and lower ~ l,~ir cost.

(3) The great variety of instrum. : :s now in us
at secondary stations for recording . .ilar radiatinn
should be reduced to a single type Ior each class
of measurement. This type should I. ,. .ssess charac
teristics suitable to combine the adva: i ages of series
production with those of more conveni. .it comparison
of the results, by combining the met 1.1 «Is and scab
of measurement.

(4) A "standard" system of prcs-niation of the
data of solar radiation measurements should he
adopted for all places, to make them as useful as
possible for planning apparatus to utilize solar
energy.

Themes proposed for discussion

(I) Ways of attaining international co-operation
to expand the network of actinometrj.;tations into
an efficient and integrated body.

(2) Maximum allowable limits of err ,. of measure
ment of actinometric records for de"i,:'] purposes.

(3) Most appropriate characteristics t, be possessed
by possible "standard" solar radiat m recorders
for planning purposes, and the path '.,)wards their
development.

(4) "Standardization" of data for plarm ;ng purposes.
derived from solar radiation recorders.
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E~EHGIE SOLAIHE DISPONIBLE ET INSTRUMENTS DE MESUHE

(fradlleli(ll! .111 rappurt precMfllt)

l't'tlro BIII'ICO *

l.'ut ilisat: '11 de l'cncrgic solaire, comme cello
dt' tout ;\1"1 t' type d'energie, doit etre Iondce sur
b ('olJlJais:. i.CC la plus precise possible des cnracte
ri,tiqllcs (,' rctte energie, puisque lcs machines,
h-s disposi' " .. et lcs installations dcstines ;\ cette
IItilisatiolJ ':.Iivent etre concus en fonction de la
-tructurc, ,:.. la concentration, de la variation, de
la localisatj'II, etc. de I'cncrgie solaire; il en va de
IIlt'llle des r, 'flctions que doivcnt rcrnplir Cl'S instal
lations. L'ii.vription du problernc pose par l'acqui
sition <le c..nnaissanccs 'sur la disponibilite et lcs
caractcristi.i.u-s de l'cncrgie solairc il l'ordrc du jour
dt' cct te COI:l<'rcnce des Nations Unies sur les sources
nouvclles d "l1ergie est due, sans aucun doutc, a
son import.uu-o Iondamentalc. D'autres signes de
l'interet g<'-I:,'-ral que suscite cc problemc sont la
quantitc (:1 I;, qualite des mcrnoircs prcscntes sur
1(' sujr-t « El: r;..:ie solairc disponible et instruments de
nu-sure ». ('c. mcmoircs montrcnt les approximations
et lcs 1110)' " utilises ou proposes pour aboutir il
11111' solutio. convenable.

II convic-t I de tenir compte d'autrc part que,
(Ill point d, vue de cette Conference, le principal
hilt ;\ attcii- .1(' grflce a la connaissancc de l'cncrgie
solairr; disp d,ible et de scs caracteristiqucs est son
utilisation I '>111' le bicn-etre de l'hommc. C'est un
hut, sans il"I'un doute, de caractere profondcmcnt
utilitaire, ('i l'etude scientifiquc et technique de
n' problem, .loit donc ctre orientee d'une fa<;on
qui pcrml'tt.· d'atteindre le rcsultat pratique attendu.

de combustibles Iossiles et aux reser\'l's Il't~lH'rgi(' <1('
fission obtcnue ;\ partir de l'uranium et du thorium (I),
L'homme profite indircctcrnent d'um- parti« <It·
cette quantite Iabuleuse (l'energie sous forme <1('
production vegetale et animalo, de pluie de vent,
etc. :\Iais la fraction qui pent parvcnir en moycnne
;\ la surface des continents et des ill'S et qui est plus
Iacilcment utilisable <le Iacon directe par l'homme
dont lcs activitcs se deroulent sur terre Icrme,
attcint cnviron noo Q/an. L'utilisation dirt-en- <I<- la
fraction la plus accessible de cet te import.uue
quantite d'cnergie justifie lcs tl'nlati\'('s faitl's ;\
l'cchclle mondialc pour acqnerir les connaissances
lcs plus detaillees possibles de SI'S propril-tt',s.

La quantite de noo Q/an, mcntionm'e plus haut ,
n'cst pas distribuce de Iacon uniforme ;\ la surface
qui emerge des oceans; l'inflnencc de certains des
factcurs qui provoqucnt cette irrcgularite <le distri
bution pent etre dctermincc Iacilcment C01l11l1e dans
le cas de la situation geographique (2) et de la rnassr
d'air lorsquc l'atmospherc est pure, mais il en cxistc
d'autrcs, par cxcrnplc, la configuration topogra
phique, 1es variables meteorologiqucs, lcs poussicrcs
et la pollution de l'atrnospherc, etc., dont l'appre
ciation thcoriquc se heurtc ;t ccrtaincs difficultcs,
Pour ccttc raison, la connaissancc de la distribution
et de la disponibilitc de l'cncrgic solairc it la surface
de la terre cxigc des mcsures dircctcs, detaillccs
au maximum.

j':ncrgie soIaire disponible
et rcseaux de prospection

~!\',\:\TlTf,; GLOBALE D'f~~ERGIE

J.'t\valnation de I'energie solaire incidente sur line
',nr~acc perpcndiculaire aux rayons solaires a la
1,1I111t(' ext(\rieure de I'atmosphere terrestre conduit
01 \(' que I'oll appelle la ,( constante solaire » dont la
vo1,lcur adoptl-e actuellcment est de 1,!}S cal cm 2 min-1,

'OIt, 1:18 mW cm-2, Ainsi, la quantite d'energie
,nh.lT(' qui parvient il la surface du globe attcint,
.lpres soustraction de I'encrgic reflechie, diffusec
et absorber <lans I'atmosphcrc, I'enorme \'aleur
d" .2 ~(J(J Q/an (Q = O,2!i X 10t H kcal), superieure
,)11\ Tl's('rws actuelles de tous lcs gisell1ents naturcls

RfsEAUX DE I'IWSI'ECTlO:-;

Cc tra\'ail de mesure de I'energic solairc est cffeclllc
par I'Australie (SI:!:!), par le Canada (~/lS et Sj20),
par la France (S/G!}), par I'Inde (SiGO et SjlO;i),
par le Japon (S/2) et par de nomhreux alltrcs pays
qui s'interessent it I'utilisation des sources nou\"Clles
d't\ncrgie, en particulier d'energic it flux, afm <I'l-cono
miser au maximum les reserves naturclles de combus
tib1es fossiles et nuc1caires, Il semhle, <I'aprcs les
statisti<l'les rrcentes (2), qu'il cxiste dans les rliwrs
pays du monde pri's de 330,stations pyrhcliometriques
qui accumuknt des rensclgnell1ents sur le rayonnc
ment global. f)'un pays a I'autrc, la <lcnsitc de ces
stations \'arie considerablcment tant <lu point de
vuc de la superf\cie qu'clles CO\l\Tcnt qll(' <le cdui
de la population, ~Ialheureusemcnt. 1es pays qui
prcsentcnt de grandes ctenducs aridcs et qui sont,
en general, peu dCveloppes, sont ceux qui possrdent,
proportionncllell1cnt it leur surface, le plus petit

2n
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nombre de stations d'enregistrement de l'energie
solaire, alors que la plupart d'entre eux pourraient
tirer un avantage notable de 1'utilisation de cette
energie, etant donne la rarete ou le prix eleve, dans
ces pays, de I'energie provenant d'autres sources.

Il ressort de l'etude des memoires S/2, S/18, S/20,
.5/32, S/60, S/62, S/69, S/74, S/105 et des nombr~ux

renseignements disponibles sur le rayonnement solaire,
que les stations du reseau mondial actinometrique
correspondent, dans leur majorite, aux reseaux
meteorologiques et geophysiques, dont la distri
bution geographique convient pour des raisons
evidentes aux fins meteorologiques ou geophysiques,
mais n'est pas toujours la plus propice aux etudes
concernant 1'utilisation de' l' energie solaire. La
detection de microclimats, frequents dans les regions
caracterisees par une orographie accidentee, exige
l'etablissement en des points peu habituels pour
les travaux meteorologiques d'un reseau generale
ment plus dense que le reseau meteorologique et
fonde sur des etudes preliminaires judicieuses qui
tiennent compte des conditions orographiques et
meteorologiques locales. Dans les regions a oro
graphie ou a hydrographie peu detaillees, on pourra
admettre un reseau de prospection solaire moins
dense, mais il faudra considerer, lors de son etablis
sement, les variations de I'humidite qui peuvent
se presenter entre la cote et I'interieur du pays.
Finalement, le probleme de I'etablissement de
reseaux de prospection solaire dans les zones deser
tiques doit etre etudie sous ses deux aspects, a
savoir : celui des besoins locaux et celui de I'utili
sation eventuelle de I'energie disponible. A cause
de la faible densite de population de ces regions,
les besoins en energie y sont peu importants, mais
il se pourrait qu'un programme convenable de
developpement, comprenant l'utilisation d' energie
solaire, favorise le penplement des zones choisies,
de la merne facon que les voies de communication,
les canalisations d'eau, de gaz et d'electricite
« dirigent » l'accroissement et l'extension des grands
centres urbains.

Seul un reseau actinornetrique convenable et
judicieux, etabli a l'echelle mondiale en vue de
1'utilisation de I'energie solaire, peut permettre
d'accumuler des connaissances suffisamment cer
taines de la distribution et des caracteristiques
locales des quantites de cette energie qui sont
disponibles a la surface terrestre. Le fait qu'un
grand nombre des pays situes dans des zones de
fort ensoleillement soient insuffisamment developpes
et possedent de grandes etendues desertiques,
conduit a supposer que I'etablissernent d'un tel
reseau ideal ne pourra pas etre realise sans faire
appe1 a la collaboration internationale. Il serait
souhaitable qu'un accord soit conelu par I'interrne
diaire des organisations et/ou des associations
internationales competentes au sujet d'une telle
collaboration, de facon que les reseaux actinome
triques perfectionnes des pays a niveau de develop
pement eleve et ceux qu'il serait convenu d'etablir
dans les pays sous-developpes s'integrent au reseau

mondial aux fins de cette prospection. Cela per
mettrait de realiser avec une precision plus grand
des travaux aussi interessants que celui de Black (3)
sur la distribution du rayonnement solaire it la
surface de la terre.

Instruments de mesure de l' £nergie solaire

RAYONNEMENT SOLAIRE REyU Pc"', LA SURFACE

DU GLOBE TERRESTL:':

Pour comprendre les difficult.', du probleme
pose par 1'enregistrement de 1'ei\ cgie solaire, il
convient de rappeler qu'au voisioige du sol, la
ou il est le plus aise d'installer lc: dispositifs qui
serviront a capter cette energie, It -chema le plus
simple du rayonnement solaire ,,)mprend trois
composantes : le rayonnement dir ',t, le rayonne
ment diffuse et le rayonnement eflechi par la
surface terrestre. Le spectre d'enc: ,:,ie de chacune
de ces trois composantes comporte "S limites bien
connues, mais ses valeurs de point« »euvent varier
avec 1'altitude du sol, la transparenc. ou la turbidite
de I'atmosphere, la nature et les dimensions des
particules qui la troublent, la n-ture locale de
la surface terrestre, etc. D'autre pari, le pourcentage
du rayonnement total recu par 1111 corps, corres
pondant a chacune des compos" ntes ind,iquees
plus haut, varie egalement, surtout ,'n Ionction de
variables astronomiques, geographj'l\les, meteoro
logiques et aussi en fonction des "l~iables de, la
pollution atmospherique. Tres souver: , 11 est po~slble

d'utiliser le flux total du rayonne» '11t calonfique
independamment de sa compositi..>, mais pour
certaines applications particulieres, comme dan~
tous les cas OU l'on fait appe1 at... recepteurs a
focalisation, seule la composante cl :c:cte, dont les
rayons paralleles sont captes en ori«: .tant de facon
convenable l'axe on le plan de svmetrie de ces
recepteurs, presente une utilite ~·;ritable. C'est
pourquoi, bien qu'il suffise pour !; plupart des
applications de connaitre le rayol1!;ement .global
recu, il existe des cas ou il est necessri re de d1Spos,er
des valeurs de chacune des composa:' .es et parfol~,

, ISegalement, de celle du rayonnement nocturne em
par la terre en tant que corps chaud.

11 n'est done pas etonnant que parmi les no:n-, , teesbreuses communications de grande valeur presen I
a cette seance de la Conference se trouvent ~s
travaux de Grafe (S/61), Peyturaux (5/69), pern~
de Brichambaut (S/80), Schoffer, Kuhn et Sapsfort
(S/92) et de Drummond (S/117) sur le rayonnemen,

solaire et les instruments qui servent a le mesurer;

les travaux de Dogniaux (S/59) sur 1'ensoleil1em~.
et I'eclairage naturel tel qu'il s'applique en, arc ~
tecture; le mernoire de Page (S/98) sur les ll1veau,
moyens du rayonnement total recu par les surfaces:
verticales et inclinees, base sur les releves du rat~t
nement solaire; et la communication de Flac e
Morikofer (S/74) sur certains aspects du rar~nne:
ment solaire relatifs a son utilisation energetIq~es
En outre, le rayonnement nocturne emis par
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faces horizontales dans les regions arides a Cte
~~~die et mesure par YeHot et Kokoropoulos (S/34),
d meme que le rayonnement nocturne de divers
e teriaux en vue des applications aux problemes
~a climatisation de l'habitation dans les zones
desertiqucs, par Gondet (S/95).

RENSEIG"EMENTS SUR L'ENERGIE SOLAIRE
INDISI':,NSABLES POUR LES PROJETS

DEDISPOSITIFS D'UTILISATION

En general, ] elaboration des projets de dispositifs
et d'installat,'ns d'utilisat!on de .l'energie s?l~ire

exige au me,;:::; la c~m;a~ssance de, la :vanatIOn
[onrnaliere, an neu .consldere :pour,leur etabhssement,
des cornposan ,..s directe et dlffusee. du rayonnement
solaire recu !, rune surface honz?ntale, pendant
une periode , ssi ~ongue ql~e ~osslble, s etend~nt

sur plusieurs annees. co~secutIve~. La, solution
ideale serait L' pouvoir disposer d enregistrements
journaliers cv rinus des variations de I'intensite
de chacune de «es composantes, ce qui permettrait
de connaitre -cs valeurs maximales des campo
santes du raJ onnernent recu au lieu considere ;
ces valeurs sont indispensables aux ingenieurs po~r

prevoir la production maximum possibl~, A ~artIr

de ces donner, obtenues sous forme d enregistre
ments continus, il est possible de determiner les
valeurs totales et moyennes, joumalieres, mensuelles
et annuelles C:ll sont egalement interessantes, De
plus, pour et~, ;llir les dimensions et ~e cofrt des
dispositifs d' f I q magasinage de l'energie dans Jes
installations 0'; : is sont necessaires, il faudra deduire,
it partir de ce- cnregistrements continus, les courbes
qui montrent '1 distribution spectrale du nombre
de jours on l heures correspondant, au cours de
l'annee par C -;f,mple, a des valeurs determine~s
de l'intensite "~ l'energie, comme cela a ete fa~t
par Black (Sf] 'j pour certaines regions. Pour obtemr
la certitude la plus grande possible pour ces courb~s
spectrales ou J, distribution statistique de l'energie
pendant l'anneo il convient d'utiliser des donnees
qui correspomie~t a un grand nombre d'annees
consecutives' comme ces donnees sont fortement
influencees par les facteurs meteorologiques, el~es
devraient s'etendre au moins au cycle elementalre
de onze annees. Toutefois, si on fixait a cette fin
une limite de l'erreur relativement a la valeur
:noyenne reelle (S/13), ce nombre d'annees,~o~rrait
et~e augmente ou diminue selon les caractenst:ques
meteorologiques locales. Les meilleures conditions
pou,r ,une plus grande certitude et une plus grand:
r,apldIte d'elaboration des resultats, sont celles ou
Ion peut preparer facilement les, chiffre~ ~u rayon
nement de fa<;on qu'ils puissent etre traltes par les
calculatrices electraniques.

Malheureusement, il existe actuellement de n,?m
breuses regions ou il pourrait etre interess~nt d I~S
taller des machines d'utilisation de 1'energle sola~re
et Pour lesquelles on ne dispose pas de donnees
sernblablesa ceHes qui sont indiquees au paragraphe
precedent et dont l'accumulation exige en moyenne
Une dizaine d'annees. Il est raisonnable de supposer

que l'emploi des appareils d'utilisation de l'energie
solaire se repandra avant la fin de cette periode, et
Perrot et Touchais (S/41) ant elabore une methode
dont l'avantage est de permettre I'utilisation aux fins
des projets d'installations solaires des donnees sur
l'ensoleillement recueillies jusqu'a present par la
plupart des stations meteorologiques a I'aide d'he
liographes simples; leur travail constitue une .contri
bution importante au probleme des besoins en
renseignements sur le rayonnement solaire ne~es

saires pour l'etude des projets d'installations ~o~alres
jusqu'a ce que soient disponibles des statistiques
suffisantes du rayonnement solaire avec les caracte
ristiques indiquees au paragraphe precedent.

INSTRUMENTS UTILISES POUR L'ENREGISTREMENT

DU RAYONNEMENT SOLAIRE

Actuellement, l'enregistrement des donnees, de
l'energie solaire necessaires aux etudes de projets
d'installations solaires n' est effectue ni a l'aide
d'heliographes du type Campbell-Stokes ou du
type Jordan (4), ni avec des instruments t,els 9ue
le pyrheliometre a eau d'Abbot (5), le pyrh~l~om~tre

a disque d'argent d'Abbot (6) ou, le pyrhehomet.re
acompensation d'Angstrom (7), qUI sont les appareils
utilises d'ordinaire pour effectuer les mesures de
precision ou comme etalons dans les ~tation~ mete?ro
logiques primaires et pour lesquels 11 convlent.d ap
pliquer les dispositions de la Recommendation I
de la Conference internationale du rayonnement
de 1956 (8) concernant la corres~ondanced~s echel1e~,

et qui sont en outre des appareils devant et re mam
pules par un personnel qualifie, possedant une grande
experience.

Les releves du rayonnement solaire, utilisables
pour l'etablissement ,de projets, peuvent etre o~tenus

a l'aide des appareils don~ se servent ,depUIs, ~es

annees les stations secondaires des services meteo
rologiques de ,nomb~eux pays et, dont le caractere
principal est d e~reglstrer ~n cO,ntlllu le rayonnement
solaire global (direct et diffuse) ou le r~yonne,J?-ent

diffuse seul, en mesurant presque to~]OU~S 11?~O:

lation dans un plan horizontal, par ~OUCI ~e slmphClt~

mecanique, Les deux systemes d enreglst:-eurs, qUI
different par leur principe sont l~s ,actlllometres
bimetalliques, entre autres le s~larl1I~etre du type
Fiiess-Robitzsch (9), et les actinornetres thermo
electriques tels que le pyrheliometre (pyranometre)
du type Eppley, le sO!,arim~tre duo type lVIol:-G~r
czynski, etc. Bien qu 11 soit possible de ded~lre

la valeur de la composante directe par, soustraction
des resultats donnes par ces apparells, on peut
egalement l'obtenir de fa<;on directe, a l'aide d'un
instrument tel que le pyrheliometre adisque d'argent
d'Abbot mentionne plus haut, par exemple. Dans
les cas ~u la continuite des releves n'est pas in~is
pensable, on utili?e !requemme.nt le pyranometre
de Bellani, appared SImple et blen connu (10). .

Etant donne les perspectives d'amplification d~s
reseaux de prospection, divers specialistes ant e~udle

la conception, pour une fabrication industnelle,
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d'enregistreurs de I'energie solaire, economiques,
resistants aux agents atmospheriques et simples
a manipuler; les resultats interessants obtenus sont
les suivants :

a) Un calorirnetre solaire, decrit dans la commu-
'nication Sj9, concu et essaye par Heywood. Ce

calorimetre donne, en une seule lecture effectuee
toutes les 24 heures, de meme que le pyranornetre
de Bellani, la quantite totale de calories recues du
solei1 au lieu de son installation; dans certaines
conditions, ces rel eves presentent des ecarts sensibles
par rapport aux resultats obtenus avec des instru
ments de plus grande precision. L'auteur estime
le prix de cet appareil a 18 dollars environ. Le
calorimetre se trouve actuellement au stade experi
mental;

b) La possibilite d'utiliser la cellule solaire comme
pyranometre a ete etudiee par Mac Donald (ll);
cet auteur estime que les erreurs de reponse spectrale
de la cellule sont admissibles et que sa robustesse et
sa rapidite de reponse depassent celles des pyrano
metres a thermopile. Schoffer, Kuhn et Sapsford
(Sj92) ont egalement effectue des recherches dans
ce sens avec des cellules au silicium. Les resultats
de leurs experiences semblent tres prometteurs : les
faibles ecarts (inferieurs a ± 0,05 Lyjmin) entre
les resultats du pyranometre a cellule au silicium
et ceux du pyrheliometre (pyranornetre) du type
Eppley sont pratiquement compenses sur le total
du rayonnement journalier;

c) Un integrateur de rayonnement solaire, a
cellule au silicium, elabore par Schoffer, Kuhn et
Sapsford (Sj92), compte tenu de l'utilite plus grande
pour certaines applications de donnees sur le rayon
nement solaire obtenues sous forme integree ; les
experiences effectuees a 1'aide de cet integrateur
de rayonnement solaire ont ete satisfaisantes : 1'erreur
maximum est de 2 p. 100;

d) Le pyrheliometre (radiometre) economique,
elabore par SchOffer, Kuhn et Sapsford (Sj92) a
partir du radiornetre a prix modique de Suomi et
Kuhn (12), offre de bonnes perspectives; actuelle
ment, 1'erreur est de 1'ordre de 5 p. 100. Son prix
sera inferieur a 50 dollars, puisque le radiometre
de depart peut etre obtenu dans le commerce pour
10 dollars environ.

PRECISION EXIGEE DES ENREGISTREMENTS
DU RAYONNEMENT SOLAIRE

11 existe actuellement, parmi les nombreux types
d'appareils enregistreurs du rayonnement solaire,
des instruments qui accusent une tres grande dis
persion entre leurs lectures moyennes, et d'autres,
avec une bonne compensation (Sj1l7), dont 1'erreur
- de 1'ordre de ± 1 p. 100 - nous parait beaucoup
trop faible pour les mesures techniques. 11 semble
que l'on puisse admettre pour les calculs des donnees
entachees d'une erreur qui ne depasse pas ± 4
ou 5 p. 100 sur le total journalier, puisqu'en general
les autres donnees des projets, telles que la resistance
mecanique, la conductibilite thermique, etc. des

materiaux, et les hypotheses mernes des calculs
comportent des erreurs plus grandes.

On peut considerer que la limite superieure de
± 5 p. 100 sur le tot~l journa~ier et celle de
± 10 p: 100 s~~ la le~ture mst~ntanee ,constituent un
but qUI est deja atteint et qUI peut etre facilement
depasse par les fabricants d'instmments enregis
treurs du rayonnement solaire, ce qui leur per
mettrait de rechercher I'amelioration d'autres carac
teristiques de ces appareils. Drummonrl a donne
(Sj1l7) une indication excellente d,~s caracteris
tiques que les enregistreurs de rayw.:lcment solaire
devraient reunir ; compte tenu de I'augmentation
possible du nombre des stations secor.daires dans les
pays sous-developpes, il conviendra: d'y ajouter
les suivantes : '

1) Possibilite de manipulationhcile par un
personnel non specialise;

2) Difficulte de deregler l'apparei: par inadver
tance pendant la manipulation; en cl'autres termes,
bonne conservation du calibrage da.« le temps.

11 semble qu'au stade actuel du . ,.;veloppement
technique, il soit possible de perfectionner les idees
et les systernes deja connus et d'abouti: ~t un appareil
d'enregistrement continu du rayom« ment solaire
global (direct et diffuse) qui representc un compromis
acceptable pour 1'ensemble des caracteristiques men
tionnees plus haut et qui puisse etre j iroduit indus
triellement a un prix raisonnable. Un t el instrument
pourrait etre 1'objet d'une utilisation, type» dans
les stations secondaires pour I'enrer .strement du
rayonnement solaire en vue de I'utili. ;' (ion de cette
energie, et il faut esperer que, devar.: cette possi
bilite, les fabricants d'instruments .ntensifieront
leurs recherches et leurs travaux r -, perimentaux
en les orientant vers ce but.

Conclusion

Sans doute, run des buts pratiques q\,,' 1'on che~che
a atteindre au moyen de cette Conference des Nations
Unies sur les sources nouvelles d'ener.ne est l'apph
cation pratique de l'energie solaire cau profit de
1'homme. L'etude des contributions de grande
valeur, presentees au titre du point IlLA de ['ordre
du jour de cette Conference et celle, plus generale,
du sujet de cette session, permettent de tirer les
conclusions suivantes :

1) 11 convient d'amplifier d'une facon judicieuse

les reseaux actinometriques afin de connaitr~ avec
la plus grande precision possible la distributlOn ~e
l' energie solaire a la surface terrestre et de pouvo;r
mettre en evidence les microclimats et, plus gene

ralement, les zones caracteristiques par un niveau

energetique convenant a 1'utilisation;
2) 11 convient de fixer a un niveau convenable

du point de vue de normes de projet prude.ntes,
la valeur de l'erreur admissible pour les enreglstfe
ments du rayonnement solaire afin de rendre Pu~
facile la fabrication des appareils d'enregistrernen

et de reduire leur prix;
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3) 11 convient de reduire, pour chaque categoric
de mesures, le grand nombr~ d'appareils de divers
types utilises dans les stations seco.nda~res pour
l'enregistrement du,r~y?nnement solaire a "". seul
type avec les caractertstiques correspondantes, etant
donne les avantages d'une production industrielle
et ceux d'une comparaison plus facile des resultats
apportes par .'uniformisation des methodes et des
echelles de m.-sure ;

4) 11 convic nt d'adopter un systeme « type» de
presentation d,;3 resultats d'enregistrement du rayon
nement solair: dans toutes les regions dans le but
de leur conf-rer une utilite maximum pour les
etudes des p;: ~:ets de dispositifs destines a l'utili
sation de l'en. Is-ie solaire.

Sujets de discussion proposes

1) Voies a suivre pour atteindre une collabora
. tion internationale qui soit en mesure de realiser
une amplification du reseau actinometrique en un
ensemble efficace.

2) Limites maximales admissibles de l'erreur de
mesure des releves actinometriques utilises pour
les etudes de projets.

3) Principales caracteristiques aexiger des appareils
« types» possibles d'enregistrement du rayonnement
solaire pour les projets et voies de developpement.

4) « Normalisation» des donnees obtenues apartir
des enregistrements du rayonnement solaire en vue
de I'elaboration des projets.
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Solar measurement networks

The deliberations with regard to agenda item
III.A, entitled "Solar energy availability and in
struments for measurement", made it amply clear
that specialists are giving due attention to the
general problems of determining the properties of
solar radiation and ascertaining the distribution of
solar radiation over the earth's surface.

There is obviously good reason for the interest
shown in these problems, since a proper solution
of them is essential for the utilization of solar
energy.

Specialists in solar energy do not, of course, have
the same worry that besets petroleum experts
regarding how long their source of energy will last.
Solar technicians know that their source is one
which mankind can hardly exhaust.

Nevertheless, although solar radiation is con
stantly pouring down on half of the earth's surface,
its intensity at each point depends not only on the
geographical position and the time of day but also
on other factors which make it impossible to predict
the exact quantity of solar energy that will be
received at every spot on earth.

Local measurement of solar radiation is therefore
necessary to determine' as accurately as possible
the energy potential at each locality and also, with
acceptable precision, the energy distribution over
the face of the earth.

To put it briefly, it may be said that the following
three basic problems must be tackled if we are to
ascertain the distribution of solar radiation inten
sities for the purpose of utilizing the sun's energy:

(a) Solar measurement networks;
(b) Solar radiation recorders;
(c) Required accuracy of radiation records.
Another problem, though one of lesser importance

than these three, is that of standardizing the presenta
tion of the data which are required for the plan
ning of solar energy installations and which must
be derived from the radiation records.

These four problems actually constitute the essence
of each of the topics proposed in the general report
for discussion, and there now follows a summary
of the position in each case in the light of the papers
presented and of the discussion at the relevant
technical session.

SOLAR ENERGY AVAILABILITY AND INSTRUMENTS FOR MEASUREI\fENT

Rapporteur's summation

countries of the world do not offer .; sufficient basis
for the compilation of a world map from which the
best sites for the utilization of sola radiation as a
source of power could be accurately I ~·termined.

The main reason for this is that lost stations in
existing networks have been set up ..y the national
meteorological services at places " here facilities
already exist for the reading and -iaintenance of
the instruments and that this facto has prevailed
over the need to find those places .vhere the solar
radiation reaches levels sufficient \Z)[ utilization
by solar installations.
. In consequence, it is precisely .ne arid zones
and the developing countries-i-whic.. are generally
situated in areas with low popula: i'm densities
about which the sparsest information on solar
radiation levels is available. This is particularly
unfortunate because these are the very areas which
should be most quickly helped le harness this
form of energy as a means of promotinv land recovery
and rapid development.

It is possibly for this reason that ir. rhe discussion
of the first topic-"Ways of attaininr international
co-operation to expand the network C i actinometnc
stations into an efficient and integrai.d body"-no
opposition was voiced to the sugr'ition that a
project should be prepared for the rational and
co-ordinated expansion of solar me.. urement ~et
works in the arid zones and the develcing count~Ies.

To ensure the proper development o. this proJect,
. it is suggested that the advice of UhESCO should

be sought and that an international fund should
be set up for the provision of recordin; instruments
and of technical assistance and training in matters
of operation and maintenance. Dr. Langlo. t~e
Chief of the World Meteorological OrganizatIOn s
Technical Division, agreed in his statement ~hat
this proposal for economic aid seemed appropnatff
and he noted that the question might be dea
with at the closing session of the Conference.

Another suggestion for improving the solar me~s
urement network was that the developed count~Ies
should expand their own networks with a VIeW
to the practical application of solar energy. The
important work on radiation and radiation measure;
ment instruments carried out during the p~s
ten years bythe World Meteorological OrganizatIon
was recognized, and it was suggested, without. an~
opposition being voiced, that the internatI?n:t
character and the structure of that agency mIfhe

Most solar technicians agree that the solar measure- make it a suitable instrument for ensuring that ,
ment networks which now exist in the different rationally expanded networks were integrated In
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Rapporteur's summation--- .
an efficient world-wide system. To achieve this

d both members and non-members of WMO
en Jld have to follow the instructions issued by that
1:0 anization in this regard. Both in the general
°r~ject referred to e~rlier and in the projects of
[he indivi~ua~ countries, ar: effort shou.ld be .made,
inareas WIt~ !E::,gular terrain, to find mIcro-~l!ma.tes
where condItIOns are favourable for the utilization
of solar energy. In any event, there should always
be close co-operttion with the various meteorological
services, in view of their experience in this field.

Before conchding this point, it might be well
to stress once :Lgain, as regards both the general
project to exp.iid the solar. measurement network
in arid zones nd the projects of the developed
countries, that;:1 determining the location of the
new stations, (!,:' main consideration should be to
discover the si,~, best suited for the utilization of
solar energy r.. .her than to rely on existing sites
that have Iacili :.':'5 for solar radiation measurement.
In this respect, one cif the papers submitted makes
it clear that eV'.:1 in areas with fairly level terrain,
the quantities (cl solar radiation received at points
relatively close: to one another show appreciable
differences.

Although the solar radiation data collected by
the meteorological services in all countries have
been and will continue to be most valuable for the
rational plannir s of expanded actinometric net
works, their uscior the establishment of solar energy
installations sh..uld be preceded by a process of
careful selection, The WMO publication announced
by Dr. Langlo, which deals with meteorological
data including: .Jar radiation, will also be a valuable
guide for solar ,chnicians.

Radiation measurement instruments
an-I permissible error

For the sake of brevity, the conclusions reached
on the second and third discussion topics will be
presented simultaneously. These topics are:

(a) Maximum allowable limits of error of meas
urement of actinometric records for design purposes;

(b) Most appropriate characteristics to be pos
sessed by possible "standard" solar radiation re
cor~ers for planning purposes, and the path towards
their development.
hThe first of these topics is actually implicit in

t e. second, since accuracy of measurement is neces
sanly one of the characteristics of recording instru
illents.

It was generally agreed that efforts should be
illade to develop recording instruments which by
~nd large would have the characteristics outlined
~~ the l?aper (5/117) presented by Mr. Drumrnond,
. e chaIrman of technical session Ill.A. Since these
Instruments would have to be used in arid zones
and d . d .
oth evelopI!1g countries and, even when us~ III
h er countnes, would in most cases very likely

aYe to be installed at points far from urban centres,
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they should possess the following additional charac
teristics:

(a) Ease of operation by non-specialized personnel;

(b) ~ifficulty of accidental decalibration during
operation, that is, good long-term stability of

.calibration.

. As regards the margin of error, the need to give
more attention to other features of the instruments
without raising their cost was the basis for the
suggestion in the general report that a tolerance
of ±4 or possibly ±5 per cent in both the in
stantaneous readings and the daily totals might be
allowed. In the relevant technical session, stress
was laid on the desirability of having inexpensive
instruments, but it was felt that in no case should
an error of more than 10 per cent be tolerated, .
either in the instantaneous readings or in the daily
radiation totals. This point gave rise to considerable
discussion. Some took the point of view of the
scientist who demands extreme accuracy in the
taking of measurements and who prefers instruments
of high precision even if they are costly and limited
in number. Others took the position of the solar
technician .who, to achieve the aforementioned
expansion of networks, prefers to have many solar
radiation recorders that are simple, sturdy and as
inexpensive as possible even if they are not excep
tional for their accuracy.

A maximum error of ±3 per cent was suggested
and. generally accepted, but it should be noted
that this represents no special sacrifice of accuracy
to price or other features of the recording instruments
since this margin of error is customary for most
measurement purposes in engineering.

Another highly desirable feature of the recorders
would be the ability to produce records that could
be processed directly by electronic computers, for
this would greatly facilitate the calculation of the
data needed for the planning of solar installations.

We accordingly consider that solar energy record
ers should, like any other practical device, represent
a satisfactory compromise between the various
features desired. The ideal would be achieved if the
manufacturers of recording instruments were to
find as neat a solution to the technical side of the
problem as the WMO Commission for Instruments
and Methods of Observation found for the formula
tion of its statement: "To give particular attentipn
to the development and study of simple instruments
combining acceptable accuracy with a modest
price." 1

Radiation data for planning purposes

The discussion topic was "'Standardization' of
data for planning purposes, derived from solar
radiation recorders".

1 WMO. No. 64.RP.26, resolution 9 (CIMO-I1), p. 35, abridged
final report of the second session, Paris, 18 June-6 July 19l17.
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Compared with the three preceding topics, this
uru- is of lesser importance and urgency since practice
itself will gradually reveal the best forms in which
to present for planning purposes the data derived
from local radiation records.

It is interesting, however, that the data required
hy solar technicians have beenset forth in an ideal
programm« worked out by Dr. Tabor on the basis
of other programmvs.!

The data that would be provided under this
ideal programme arc:

(Cl) Monthly means of the daily march of intensity
of direct normal solar radiation or direct radiation
on a horizontal plane:

(0) ~Ionthly means of the daily march of diffuse
radiation on a horizontal plane:

(c) Monthly means of daily totals corresponding
to ((I) and (0);

(tl) Some indication of the interruption of sunshine,
such as information on bright sunshine duration
(monthly totals: monthly mean of daily march
if possi ble) ;

(e) Statistical data on the frequency of sequences
of days with values of total daily incidence (on a
horizontal plane) below arbitrary fixed levels;

(f) Statistical data on thc frequency of sequences
of days with sunshine duration falling below arbitrary
fixed levels. In both (e) and (f) the arbitrary fixed
levels could be expressed as fractions of the long
term monthly means, or in absolute terms.

With a view to standardizing the recording
instruments which arc to provide the information

I Tabor, 11., General Survey of Engineering Interest in Solar
Radiation and the Radiation required by Engineers. Inter.
national Symposium, Vienna, August I!J(\I.

for th,is. ideal programme, it was su~gested, and !,

opposition to the suggestion wa~ VOiced, that it,,:
(a) should be reworded so t,hat direct solar ratlhtJ·..·
would refer only to a horizontal plane and /lot \
normal incidence. .

For the same purpose of standanlizing the T('('O.l,

ing instruments, it is suggested tll.lt item (f) Shl~'.;l
be deleted and that item (d) of th« ideal prograln~',:
should be replaced by the followin:r:

H(tl) Statis.tical data on th,e frelp;\'.ncy of .scqllt'l1U,
of days WIth values of direct (:.,l1y radlatio/l (,~.
a horizontal plane) below arbit 1ary fixed It\'d\,'

In this way! the radiation records pro\'idin~ I),.
data for the Ideal programme Cl' .ld be fllrni~!Jd

at any particular point by two !'lsically idenlicJ
recording instruments, one for to!l! and the 01la:
for diffuse radiation.

To sum up, there was agrecrncit on the need f,:
the following:

(I) Rationally actinometric expanding network,
as indicated earlier, with a view 10 obtaining dah
for the utilization of solar energy;

(2) Developing solar radiation recording instru
ments which are both sturdy and simple and whid,
combine acceptable accuracy with a reasonab!,
cost;

(:l) Securing the data, indicated earlier, whid,
the solar engineer requires for the planning of sob!
installations.

In conclusion, I should like to t hank Col. Alfrr<!
G. Katzin, the Executive Secretary of the Confcren«
and his entire team, for their effective help in tllr

conduct of the technical sessions of the Conference
I wish also to congratulate them on the extraordinary
work they performed earlier in order to make thi
conference possible.



Ucsenux pyrhCllomcrrlques

1.('" tra- ,I~ relevant du point IIJ.A, de l'ordre
1111 jour I~l' Lt Confereacc, intitule « Energie solaire
tli'J)(lIlihl,' I! instruments de mesure, • montrent
hkll que } "p(-cialistl's pretent l'attcntion voulue
;\IIX prohlt'", ll'~ g(-lI~ra\lx que pose la connaissance
th" caract.': J -lil\ues du rayonncment solaire l't de
~., v;,riali, , , II illtensitc sur la surface de la terre.

11 l',t "'\,1,1,'111 (PlC I'illteret qu'ils portent a Cl'S
I'rohll\IIlI" , t just die, car de leur solution corrccte
Mpl'lIt1ra 1'1'; ilisation de l'cncrgie solairc.

Asslln~111' :.r, lcs specialist cs de l'energic solnire
n'ont pa., I, .; IllCIllCS preoccupations (,ue les tcchni
ricns du I,,:(rok quant n la durce d utilisation de
km sour« d '{Iwrgic : i1s savcnt que l'encrgic solaire
('sl pratiqll,'tllcnt inepuisablc pour l'humanite.

Toutr-Ioi-; hien que le rayonncmcnt solairc baigne
continuvll-nu-nt la moitie de la surface de la terre,
~(JII inl<'II'il': I'll chaque lieu depend non seulcment
clr. la posiri..n gcographique de cc lieu et de l'heurc
du jour. III lis nussi d'autrcs Iactcurs qui ne per
mettcnt P,l" de prcvoir avcc exactitude la quantitc
(1'1~IIl'rgie 1,1.laire qui y sera rccuc.

11 est d,.:\I' indispensable de mesurcr localcmcnt
1(' rayonn. ill' nt solairc, afin de connattrc le plus
ex.irtcmcnt ,nssihlc la qunntite d'cnergie disponible
('11 chaqlHJ ,:,clt et de savoir, ;\VeC une prccision
:lccl'ptablt-. commcnt ccltc cncrgie cst rcpartic
~lIr la sltlf;, ,. tIc la terre.

En r{-sltl:~ t', nous uirons que, ponr arriver a
Wl1l1aitrc 1;. rcpartilion de I'intensite du rayonne
111('l1t solair" afin d'cn exploiter I'cncrgie, il faut
alx1rtler 1,,;- problcmes fondamentaux sui\'ants :

a) H{o~l',111'; pyrheliomctriq\les;
/1) "ppartils de mesure du rayonnement solaire;
c) Prcci~il)1I relJuise dans la l11esure du rayon ne-

l1ll'nl,
t ~11 autr<~ prohlcme, moins important toutdois

que' les pn(cI'(ll'nts, concerne la normalisation des
<I01111{tes, cl;lhorcl's a partir des mesures du rayonne
!TIl'nt, d~JIlt Oil a b('soin pour ctahlir les plans des
In~~all;ltJons qui utiliseront l'cnergie solaire,
• {('S qnatre prohlcmes constituaient, en fait,

I ('~~('nCe des quatre themes que le rapport gcncral
proposait a notre cxamen; nous allons faire le point
de' cha~UI1 «'cux, en fonction des rapports prc~ent{~
('I ell'S II1tcr\'entions orales faites au cours des se.lnce...,
ll'chniCjul's corrl'sponclantl's,

f.NEUGJE SOl.AIHE DISPONIBLE ET INSTHUMEl"'S DE ~IESUHE

J{i-.<IImr- till rapporteur

dans Il'S divers pays du monde ne SOIlI p.IS .,ufli'lIIts
pour elablir une carte mondiale permettant lh· dt-I("r·
miner avec exact itude It-s ernplaCl'lIll'lIl S qui "-t'

pr{'terail'nt le mieux a I'utiJi s;\uon (~III'rg{-1 illIll' d11
rayonnemcnt solaire,

Cela ticnt principalcmcnt a cc qU(' la J'llIll.Irl d,",
stations des reseaux actuels ont «(It- ill.,l;dlt;,s
par It-s services mct(-ofl)logi'1Ul's nationaux ; ceux-ci
tiennent compte E-:cn(.ralell1l'nt <I('s f.1cilitl-s <ill 'ofln
tel ou tel endroit pour la lecture et l'cntreticn, ch·s
appareils de! mctcorologil', mais ne ~' soucivnt gU(-r('
de rcchcrchcr lcs licux oil I(! rayonneuu-nt ~olairl'

est asscz intense pour se prt-ler a l'ntilisation par
des installations specialcs,

Voila pourquoi c'est prkiscllwnt d;lI\s It-s 1OI1C'"

arides et dans les pays en vole dl' d{-\,(·loPlwlIlelll.
r{-gions oil la population est gl(lltr.lkllll'lIt P('U dell'!',
que l'on connalt le plus iliaI ks variation« dc' rill'
tensilc du ravonncmcnt solaire. 11 ya I;i 1111 handicap
scrieux, car 'ce sont Cl'S rl-gions qu'il s'agit d'aider
nu plus tbt, ell vue de lcur n'lcwn1l'nt et de km
developpemcut accell-rc, par l'utilisation d{' ccttc
source d'encrg!c.

Cc fait cxplique sans donle POllf'1110i, au cours
de la discussion du premier sujct, • Voies a suivrc
pour attcindre une collaboration intl'rnationale qui
soit en mesurc <le rca!i$('r IIIlC ampliflG\tion till
reseau actinomctri<)ue en \111 ell5-Cmhle effic;lce '.
pCl'$onne ne s'est oppose a la proposition tl'ndant
a {-Iahorer \11\ projet rationnel et coordonnr pOllr
I'extension des rcseaux p~Thcliomrtriqlll's dam, IfS
wnl's arides et les pays I'n. \'oie de dC\'('loppetlll'n~,

Pour l'exccution dc Cl' prolet, le rapport prop0<"'llt
de demander le concours technique de I'O:-;E.-:CO
et de faire appel cwntuellement a dl's fonds (1('

caractcre international pOllr la fOllrnilnre d'appareils
enrl'gistrcurs, ainsi (lue pOllr l'as~istance tcchniq\le
et la formation nCc~!'.lire au pet!'onncl ch;lrp\ dll
fonctionnement et de l'l'ntrrticn de crs apparrils,
Dans son interventioll, le Chef de la $('ction trdmiqlll'
de J'O~DI, ~I, I~..nglo, a admis l'inhtrct de ccllr
formule d'aide cconomiqlle. ct il a indifluc q\le ("rtlr
question pourrait ctre traitee a la sc,'\ncc de c1btlltc
de la Conference.

Pour compUter Ic r6c.lll pphcliotnctriqur, on
a propose cgakmrnt que les pays ;\\,anccs <uwlop~nt
leur prnpre Tl~au en tenant compte (1~ apl'hra
tions pratiques de J'cne~ie solairc. On a note I~

tra\'aux i~lportants que rO~ani!'.ltion 111ltlrorolo
giquc mondial!' a con!'-.lcrcs ;\\1 rayonnetllent d

.( I.~l plllJlart des spccialistes. dc, I:energil' so\a!re a~\x imtr:'!ments dcstines a le mt'S.'m:r. pcnd.ln!. I~
(.lIment que les reseaux p~Thehomctrl<)uC$ en !'oC"'CC {hx dcrnlcres ann~, et on a C'stlOW, S-olns '111 \1 ~
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Instruments de mesure du rayonnement et
erreur toleree

Nous allons, pour abreger, exposer simultanement
les conclusions des debats concernant les sujets
proposes 2 et 3, a savoir :

Limites maximales . admissibles de l'erreur de
mesure des releves actinometriques utilises pour les
etudes de projets, et

Principales caracteristiques a exiger des appareils
'types' possibles d'enregistrement du rayonnement
solaire pour les projets et voies de developpement,

En realite, le premier point est contenu implici
tement dans le second, puisque la precision de la
mesure fait partie des caracteristiques des appareils
enregistreurs. .

La conclusion unanime a ete qu'il fallait essayer
d'obtenir des appareils enregistreurs qui possedent,
d'une maniere generale, les caracteristiques indiquees

ait eu d'objection, que le caractere international e~

la structure de cette Organisation pourraient lui
permettre de centraliser les efforts destines a obten~r

I'integration, en un ensemble efficace de po~tee

mondiale, desdits reseaux pyrheliometriques ratlOn-·
nellement developpes. Pour cela, tant les Etats
membres de 1'OMM que les Etats, non ..mel?bre~
devront suivre les directives de 1 Organisation a
cette fin. Aussi bien dans le projet general mentionne
plus haut que dans les projets partic~liersde c~3;que

pays, on devra s'attacher, pour ce qUI. est d:s reglOn~

de relief accidente, a deceler des microclimats qUI
presentent des conditions favorables a I'exploitation
de l'energie solaire. On devra dans tous les cas
proceder en liaison etroite avec les services meteoro
logiques nationaux, en raison de leur experience
dans ce domaine.

Avant d'en terminer avec ce point, nous voudrions
souligner a nouveau qu'il importe, tant dans le
projet general d'extensio,n du reseau pyrheliol?e
trique dans les zones andes que dans les projets
concernant les reseaux des pays developpes, de
choisir, pour la mise en place des stations nouvelle~,

des lieux qui se preterit a1'exploitation de l'energie
solaire, au lieu de s'en tenir aux stations existantes
de mesure du rayonnement solaire. A cet egard,
nous devons faire observer, d'apres 1'un des rapports
presentes, que merne dans les zones peu accidentees,
des lieux relativement proches presentent des diffe
rences sensibles quant a l'intensite du rayonnement
solaire qu'ils recoivent.

Il n'en reste pas moins que les donnees sur le
rayonnement solaire obtenues par les services meteo
rologiques de tous les pays ont ete et seront tres
utiles pour orienter la planification rationnelle de
1'extension des reseaux actinometriques: toutefois,
si 1'on veut les utiliser pour creer des usines d'energie
solaire, il faudra bien les trier au prealable, La
publication de 1'OMM sur les donnees meteorolo
giques, y compris le rayonnement solaire, annoncee
par M. Langlo, constituera egalement un guide
precieux pour les specialistes de l'energie solaire.
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Drummond, dans son men;oire (Sjl,17). Co~m~
lesdits instrument~ devront etre utilise, aussi bien
dans les zones andes et dans les pays en voie de
developpement que dans les autre.s, mais que, dans
la plupartdes cas, il faudra les mstaller dans des
lieux qui pourront etre eloignes des centres urbains
ils devront avoir egalement les caracteristique~

suivantes :
a) Pouvoir etre manies sans difficults par un

personnel non specialise;
b) Ne pas ,se ~Ier~gler facil~mE;nt au cours du

maniement, c est-a-dire garder intact pendant long.
temps le reglage effectue.

Quant a la question de l'erreur ([:lns la mesure,
on a propose dans le rapport general, par souci de
preter plus d'atteption aux au~res (;~racteristiques

sans elever le cout des appareils, Cl admettre une
marge d'erreur en plus ou en moins, (~c4 a 5 p. 100,
tant dans l'enregistrement instanrane que dans
1'enregistrement de l'insolation to.ale par jour.
Au cours de la seance technique correspondante,
on a insiste sur l'utilite de construire des appareils
economiques, tout en soulignant qu' on ne devait
en aucune maniere .tolerer une errcur superieure
a 10 p. 100 dans 1'enregistrement instantane ni ~ans

1'enregistrement du rayonnement total par JOur.
La discussion a ete vive. On a expose d'un cote
le point de vue du savant qui exige des mesures
extremement rigoureuses et qui prefere des instru
ments de grande precision merne s'ils so~t coute.ux
et peu nombreux. De 1'autre cote il y avait le pomt
de vue du technicien qui a besoin, FJUr 1'extension
des reseaux dont nous avons parle, d'un grand nombre
d'appareils enregistreurs du rayonIJ,.,ment. solaire,
qui soient simples et robustes et, ~;: posslbl,e }eu
cofrteux, meme s'ils ne sont pas c une preclslOll
extraordinaire.

On est convenu de tolerer une er.eur maximale
de 3 p. 100 en plus ou en moins, mais il faut. re~~n
naitre qu'il n'y a la aucune concession partlcuhere

, . ti desen faveur du prix ou d'autres caracteris iques
appareils de mesure car cette margc d'erreur est
normale pour la plupart des grandeurs avec lesquelles

operent les ingenieurs.
Il serait egalement tres souhaitablc que les enT

gistrements de mesures effectues par ces appa~el s
puissent etre utilises directement par des macfl~:~
electroniques de maniere a faciliter le calcu .
donnees necessaires pour etablir les plans d'usllles

solaires. t
C'est pourquoi nous estimons que les inst\~men.s

de mesure destines a I'exploitation de ~ ener~:
solaire doivent etre, comme toute realisatlO~ pr s
tique, un compromis satisfaisant entre l~s dlvcr~:s
caracteristiques souhaitees ; l'ideal serait q~e qui
fabricants d'instruments trouvent une formu e ma
soit aussi parfaite techniquement que l'est ~Jlllani
ticalement la resolution 9 de la CIMO 1 de 1 rg

1 abregi
1 OMM. n> 64.RP.26., 1957, page 38 du Rapport fina

de la deuxieme session (Paris, 18 juin-6 juillet 1957).



Resume du rapporteur 303.

Donnees sur le rayonnement necessalras it la
conception des usines solaires

Le sujet de discussion correspondant s'intitule :
(( 'Normalisation' des donnees obtenues a partir
des enregistrer:vcnts du rayonnement solaire en
vue de l'elaboration des projets. »

Cette question est moins importante et moins
urgente que les trois precedentes, car c'est la pratique
qui nous dira sous quelle forme il convient de pre
senter, en vue de la conception des usines solaires,
les donnees elaborees a partir des mesures locales
du rayonnement solaire.

11 n'en est pas moins interessant de noter que les
donnees necessaires aux specialistes de l'energie
solaire ont ete precisees dans un programme ideal
etabli par H. Tabor 2 a partir d'autres programmes.

Les donnees envisagees dans ce programme ideal
sont les suivantcs :

a) Moyennes mensuelles de la variation journa
liere de I'intensite du rayonnement solaire direct
it incidence normale ou du rayonnement direct
sur un plan honzontal;

b) Moyennes mensuelles de la variation journaliere
du rayonnernenr diffus sur un plan horizontal; .

c) Moyennes mensuelles des totaux journaliers
correspondant a a et b;

d) Indication des interruptions de l'ensoleille
ment : renseigncments sur la duree de l'ensoleille
ment (ensoleillement total mensuel, moyenne men
suelle de l'ensoleillement journalier, si possible);

e). Donneos statistiques sur la frequence des series
de )ournees pendant lesquelles l'intensite de l'en
sole~l1em~nt total par jour' (sur un plan horizontal)
est mfeneure a une valeur fixee arbitrairement;
cl f). Donnees statistiques sur la frequence des series
e Journees pendant lesquelles la duree de l' enso-

R2
d
Ta?or, H., General Survey of Engineering Interest in Solar

in~ latlo~ and the Radiation Data required by Engineers, Colloque
ernahonal de Vienne, aofrt 1961.

leillement est inferieure a un niveau fixe arbitraire
ment.

Pour e et j, les niveaux fixes arbitrairement
.pourraient s'exprimer en fraction de la moyenne
mensuelle pour une longue periode, ou en valeur
absolue..

.Cependant, en vue de la normalisation des appa
~el,ls d.estines a fournir les donnees de ce programme
Ideal, II.a e16 propose, sans qu'il y ait eu d'objections,
de, modifier ce programme (au point a) de. maniere
qu on ne mesure que le rayonnement solaire direct
sur un plan horizontal et non le rayonnement direct
a incidence normale. .

Pour 'les memes raisons de normalisation des
appareils de mesure, on propose de supprimer le
point j et de modifier le point d du programme
Ideal susmentionne comme suit : .

d) Donnees statistiques sur la frequence des
series de journees pendant lesquelles l'intensite
du rayonnement direct par jour (sur un plan hori
zontal) est inferieure aune valeur fixee arbitrairement.

De cette maniere, les donnees du' programme
ideal pourraient etre obtenues en tout lieu au moyen
de deux .instruments essentiellement identiques,
l'un enregistrant le rayonnement total et l'autre
le rayonnement diffus.

En resume, l'accord s'est fait sur les points sui-
vants :. .

1) I1 convient d'etendre rationnellement, de la
maniere indiquee, les reseaux de stations actino
metriques en vue de recueillir des .donnees pour
l' exploitation de l' energie solaire;

2) I1convient de realiser des instruments de mesure
du rayonnement solaire qui, etant a la fois robustes
et simples, aient une precision acceptable et un prix
raisonnable;

3) I1 y a lieu de recueillir, de la maniere indiquee
plus haut, les donnees dont les specialistes de l'energie
solaire ant besoin pour etablir les plans d'usines
solaires: .

Je tiens pour terminer a remercier le secretaire
executif de la Conference, le Colonel Alfred G. Katzin,
et toute son equipe, pour l'aide efficace qu'ils ant
pretee au deroulement de nos. seances techniques.
Je les felicite egalement du travail extraordinaire
qu'ils ont accompli pour penriettre la reunion merne
de la Conference.
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Several writers have indicated the relationship
that exists between annual income per capita and
the rate of energy consumption (1, 2). It has been
stated by C. C. Furnas that "within the next half

'century, the world population will undoubtedly
expand from the present two and three-quarter
billion to five or six billion" (3). Similar predictions
have been made by other authorities. In addition
to the task of feeding these' multitudes, it seems
evident that the rising tide of nationalism in relatively
undeveloped countries, accompanied by incessant
demands for higher standards of living, will cause
the drain on our fuel resources to increase in geo
metric progression. Also, in economic and political
matters, all countries are interdependent to some
degree, so that rising consumptions of capital energy
resources in one part of the world inevitably result
in smaller supplies elsewhere, combined with general
increases of cost. This argument presupposes that
all the. energy used comes from a limited "capital"

. supply but, in each country, there are also available
other resources, which are constantly being renewed
and the use of which implies living, partly, on
"income". To this extent, the depletion of energy
capital may be diminished, but the final result
will depend on the conditions that are peculiar.
to the country concerned. Thus, the problem has
no single answer; its solution will depend on the
local circumstances.

The controlling conditions as far as Canada
. is concerned are the facts that the Dominion is

a large land mass, having an area of 3 845 000 square
miles, situated mostly between latitudes 42 and
70 degrees North, and straddling nearly 90 degrees
of lorigitude. In so large and diversified a country,
it is evident that climatic conditions vary consider
ably, but, apart from scattered settlements in the
north, most of the eighteen million people are settled
in a relatively narrow band, south of latitude
55 degrees North and, therefore, the following remarks
relate almost entirely to that area in which the
maximum concentration of population and industry
occurs. Moreover, the economy of Canada has recently
been transformed from an agrarian to an industrial
basi~ and the a~ount o~ energy used annually
has mcreased 2.4 times dunng the past thirty years.
It is anticipated that, during the next twenty years
the population will be about doubled and the energy
consumption tripled.

During the past thirty years, the sources from
which Canada's energy is obtained have changed

* University of Toronto, Canada.

radically. For instance, in 1926, about 69 per cent
of the energy supply was derived from coal. The
present proportion, however, is only about 28percent
and is still falling. Simultaneously, the energy
derived from petroleum has risen from 10 per cent
to 52 per cent of the total. Natural g:i5 now accounts
for, five per cent of the energy supply but, by 1980,
it is expected to be about 20 per cent. These figures
indicate the extent and rapidity with which Canada's .
energy resources are being exploited and, more
particularly, those that are easily accessible.

Many of the existing and future difficulties in
the economic use of these resources are occasioned
by the fact that most of them are located in the
extreme east and west, and thus an: far away from
the largest markets which are in the central provinces.
The long hauls and lengthy transmission and pipe
lines required add considerably to the cost of using
Canadian fuels. This has created the anomalous
situation in which mines are being closed in Nova
Scotia and miners are unemployed, while Ontario,
which. accounts for some 50 per cent of Canada's
coal consumption, is importing 12 million tons annual
ly (97.4 per cent of the total) from the United States.
The fundamental Canadian problem is neither an
over-all surplus nor a shortage of fuel. but simply
an uneconomic distribution in the geographIcal
circumstances.

With regard to "income" energy, most of this
is in the form of waterpower. In Ontario, the econo
mically available hydraulic resources have already
been harnessed, together with 70 per cent of those
in the province of Quebec, so that, apart from the
extreme eastern and western regions, little unusued
water power is now readily accessible. The. p~rt
played by wood in the production of energy IS. m
considerable. The possibilities of wind and tIdal
power, particularly in the Bay of Fundy, have been
studied, but there is little promise of relief from these
sources.

Much has been said about the abundant promise
of atomic fission, and experimental work has bee~
done, as a result of which some rather extravag~n
claims have been made, mostly by interested partIes.
The "Gordon Commission" forecast that nuc1e~r
energy would supply five per cent of the natiouls
energy requirements within fifteen years and near y
thirteen per cent in twenty years (4). Still more
optimistic predictions have been made by the Byd~o
Electric Power Commission of Ontario, but forec~~~
?f a similar nature made in the past have. not mat~tt .
ised and the present ones are ofdublOUs valI Y
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It is still true that the cost of power produced by fewer imports, the internal financial situation will
nuclear fission is much higher than that produced be improved. ' '
from fuel or water power, and the inherent hazards In view of this situation, it is perhaps surprising
of the former process are still formidable. Possibly, how little attention has been devoted to research
these probl.ems may be. solved in time .but, in the on solar energy in Canada. In the past decade
meantime, It seems unwise to erect a national energy only a few limited projects in this area have been
structure on so insecure a foundation. undertaken in Canadian universities, perhaps the

It follows, therefore, that there is some real basis most extensive of which has been in the University
for concern about the future energy position in of Toronto under the general direction of the authors.
Canada, and that the possibilities of solar energy This work has been entirely directed toward the
are worth investigating. As in other places, these space heating application under the conditions
possibilities depend on a combination of location prevailing in southern Ontario.
and application. For instance, in the northern parts Initially some considerable attention was devoted
of Canada, there are many small and remote commu- to the design of flat plate collectors for use iri tern
nities in which energy is required in limited quantities peratures which in winter, not infrequently fall
for supplying heat, power and water. Unfortunately, below zero degrees Fahrenheit,' in which the pro
however, in these high latitudes, the mean annual portion of diffuse to total solar radiation tends to be
hours of bright sunshine, are about 1400 to 1600 high, and which was throught to pose problems
and, in the month of December, fewer than 25 hours of icing and snow accumulation. It eventually
of sunshine may be experienced. The prospects appeared that the performance of flat plate collectors
of employing solar energy to solve the problems differed only in degree under these circumstances,
peculiar to the northern area are not very bright. that more than two plates of glass were not justified,

The more southerly part of Canada accounts and that at the high angles of slant required in any
for practically all of the country's energy consump- case by the latitude, snow did not long remain
tion which, in 1926, was equivalent to about on the trap surface. Special precautions were neces
49.4 million tons of coal and rose to 118.8 million sary to avoid freezing in circulating water systems,
in 1958. It is anticipated that, within the next but such provision can be made in several ways,
twenty years, it will amount to the equivalent of although at some expense..
356 million tons (2). The proportions employed It did become apparent, however, that the southern
for industrial, mining and transportation purposes Ontario region favoured long-term' heat storage,
were 54per cent in 1926, 63 per cent in 1958 and may and that a solar space heating system which would be
be as high as 67 per cent in 1980. It is here assumed entirely independent of. auxiliary .sources for this
that there is little or no prospect of using solar energy region would almost necessarily require a seasonal
for any of these purposes, but there still remains carry-over of stored heat, or animal heat storage.
the relatively large field of residential and commercial In Toronto during the heating season the monthly
space heating, which requires comparatively low total of sunshine hours averages well below one
temperatures and accounts for some 25 to 30 per cent hundred, less than one-third of the summer season
of the total energy consumption. Indeed, in 1958, values (6). Moreover, a solar trap "of adequate
the heating load consumed the equivalent of capacity to meet the load on a short-term (ten-day)
34.5 million tons of coal and it seems probable that, storage basis, would exceed in area the projected
by 1980, this figure may rise to 81 million tons. south-facing area of a nonrial house arid require

In Ontario, which is the most populous and most 'separate supporting' structures, a consideration not
heavily industrialised of the provinces, less than' always recognized by those making studies in this
12 per cent of the energy consumed is derived from field.
local Sources and no less than 45 per cent is impo~ted While the choice of animal heat storage greatly
from other countries, principally from the Umted reduces the required area of the solar heat trap, the
States (5). Thus, the combination of high costs of capacity and efficiency of the heat storage and the
transportation, possible interruptions of. supply, minimum useful temperature level of the heating
large local residential loads and comparatively low medium will goyern the' extent of the saving in heat
latitu~es, probably renders the southern part. of trap size. After analyzing several designs, it was
~ntano the most promising location for the.mvestlga- concluded that a: solar heated house, fitted with
tion ofthe possibilities of using solar energy m Canada. a panel heating 'system which could effectively

Assuming that the heating load follows the usual utilize heat at temperatures as low as 80°F, and
pattern of 30 per cent of the total in 1959 the con- 'which employed a high capacity but not necessarily
SUmptl' f ' . t d to well-insulated reservoir, reaching a maximum tem-on or this purpose in Ontano amoun e. ' ,
343000 billion btu which quantity was prOVIded perature of heat storage of 145°F, came as close as
by natural gas od and coal. It is possible, also, economically feasible' to a', completely solar-heated
1~at t~e ~onsu~ption may increase to 800 000 billion building in the Toronto area.

U WIthlll the next twenty years.· Investigation of storage reservoirs led to considera
If Some part of these quantities can be met by tion of several systems. The latent heat type of

:ensergy received from the sun, the drain on our flfel , storage was examined and· rejected for technical
ources will be reduced correspondingly and, with reasons (7). Heat pump combinations with low



306 III.A Availability and measurement temperature storage did ~ot appear feasible in th
economic sense (8). Considerable experimental an~
analytical attention was devoted to the highl
attract~ve 'possibi~ity o.f usint? the gr?und for a helt
reservoir m conjunction With buned pipe grids
This system might be made to work if sufficient
control of ground water movement could be achieved
and if the installation were relatively large. It was'
however, abandoned for practical use with small
sized systems. The form of storage ultimately
favoured was that of a waterproofed basement
filled with water, such as shown in figure I (9).
Since frost heave effects require deep foundation
walls in Canadian houses, the additional cost of
deepening and waterproofing this structure should
not be too great, and certainly would. be well below
the cost of equivalent steel tanks. In such a storage,
especially if uninsulated, the surrounding earth is
a definite part of the thermal system and effectively
increases the capacity of the storage in cyclical low
temperature storage applications.

The conditions under which a solar heating system
using annual storage would become: economically
competitive with other systems on an absolute basis
remain unclear. Several writers, including Speyer (10),
have suggested that annual storage is unlikely to
prove feasible, but the assumptions inherent in
such appraisals are open to argument and the matter
is dependent upon many factors, including the unit
costs taken and the technical performance of the
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Figure 1. Cross-section of solar heated house
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Figure 3. The results of an analysis based on observed
weather data are plotted to show the effect of
orientation on the direct solar radiation incident
upon a flat plate collector

of time, geometry and weather, and subdivided
between direct and diffuse radiation. Methods are
available for the prediction of the solar energy
which would be available at any point on the world's
surface. These calculations take into account the
time of year, the latitude and other geometrical
factors as well as cloud cover, atmospheric dust
and moisture content, and other meteorological
factors. In fact, however, they are crude and approxi
mate for specific applications. The reason for this
is that there are factors present which cause great
local variations in the weather. Accurate assessments
of the availability of solar energy in any particular
area are necessarily a matter of local observation,
although it is surprising how little use has been
made of such observations up to the present time
in solar energy analyses.

Recognizing this problem, a study has been
conducted based upon the actual recorded data
available for Toronto (12). These data consist of
Eppley pyrheliometer readings at hourly intervals
for total and diffuse radiation upon a horizontal
surface, recorded by the meteorology branch of
the Dominion government. Although at present
such observations are recorded by relatively few
of the weather observatories throughout the world,
this is the probable form in which insolation readings
would be made if and when this service is undertaken
by more stations.

Unfortunately, such data are very bulky, and for
practical purposes it proved advisable to red';lce
them to simpler terms for the purpose of calculatmg
the radiation which would fall upon a flat 'plate
collector oriented at various angles of tilt and in
various directions. In thus reducing the data, it was
necessary to introduce several arbitrary assumptions.
It appears to the authors that others will find this
approach useful and that they,. too, will fi?d it
necessary to reduce the data m some arbitrary
manner. In view of the fact that no other such re-
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two basic elements, the collector and the storage.
In recent work at To.ronto, a therm~l model has been
mployed in assessmg the techmcal performance

ehich can be expected from solar house heating
~v stems requiring no auxilia:y, heat source' and
~ploying large heat reservoirs for heat storage
~n an annual basis (ll). Physically, the heat storages
considered were of the water-filled basement type
already described. ,

The model consists of a sand box in which a scale
model of the basement tank is fitted. It can be show
that, for equiva~cnce, the Fourier numbers. for the
model and prototype must be equal, that IS :

where the subscripts refer to the model and the
prototype and 0 is time, L linear dimension, and
rt. thermal diffusivity of the surrounding solid.

If the tank is insulated, it may be necessary to
consider the boundary resistance to heat flow,
which would renuire that the Nusselt Numbers also
be equal.: In Ul~insulated basements this factor is
negligible. The work has suggested that insulation
may not be economically justified in such storages.

In figure 2 results are shown from one model
evaluation of the performance of a solar house
during the first three years of its operation, beginning
with an initially cold (46°F) storage tank. For this
test, a model scal.. of 12 inches equal to (0.05 inches)!
was used. The thermal properties of the model sand
were taken as ec',ial to those of the soil surrounding
the prototype. ;rb-e time scale was such that one
half minute in ; he model equalled one day in the
prototype. Thislcquired a little over nine hours
to simulate a three-year test period. The ratio of
heat quantity in the prototype to that in the model
was 154440.

The house represented had a 50 000 Imperial gallon
water storage tank, a heat load of 775 btu;oF.h:,
a 600-square-foot collector tilted at 60° to the hori
zontal and having a known efficiency dependence
Upon the temperature difference between the storage
water and the air, and the angle of solar incidence,

In operating the model, quantities of heat w:re
added to or withdrawn from storage by exchangmg
the Water in the model. The appropriate amount
was recalculated every few minutes from the observed
storage temperature and the known house heat load
and collector performance which corresponded to
the mean air temperature and solar incidence at
the prototype time of the year. '
T~is model was very flexible and could be made

t? SImulate a very wide variety of prototype condi
~lons, inclUding various soil characteristics, complex

d
rap performances and a variety of assumed heat
emands.

9ne of the principal factors to be determined
PrIor to an evaluation of the performance to be
f~~ected from a solar heating systemis the solar energy

Ident upon the heat trap, based on a function
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Fll1ure 4. Variations In direct Incidence due to eastward
or westward orientation

commendation appears to exist, and of the obvious
desirability of a standard procedure which would
render the results of-such analyses properly compar
able with one another, the authors offer for con
sideration the following procedures which have been
employed at Toronto:

(a) The errors in the Eppley pyrheliometer due
to ambient temperature variation, cosine variation
and other effects, should be considered to be either
self-compensating or zero, and consequently the
direct reading should be accepted as correct.

(b) The hourly radiation, for any given hour
in the year, should be obtained by averaging the
values observed at the identical hour on the designa
ted day, the day preceding, and the day following,
for each of three successive years. This average of
nine values reduces both the amount 'of processed
data to be handled and the random variations
amongst them.

(c) The albedo, which influences the diffuse radia
tion received by a tilted surface, should be taken
as 0.2 for all locations save in those places where
snow cover is customarily encountered. In these
locations the albedo shall be taken as 0.6 for the
months in which snow normally lies on the ground.

(d) The local apparent hour angle, rather than
the local hour angle, should be used in calculations,
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Summary

The fUI\( l.uuental Canadian energy problem at
present is neither an over-all shortage nor a surplus
of fuel, but an uneconomic geographical distribu
tion of sour', I''; of supply in the extreme east and west
of the COUIl try relative to the main concentration
of industrial .and domestic consumers in central
Canada. This creates a situation in which, for the
present, th.-rc is financial motivation for use of
alternative : llergy sources in central Canada but
no general It'eling of urgency. In this circumstance,
some invcs. i[;ation of the possibilities of local use
of solar crll'rgy as a fossil fuel substitute for space
heating pu.poses appears justified on economic
grounds, ard in the longer term as a provision
against a Ih -ssibly critical situation in the future.
Solar heating does not appear to offer good prospects
for the solucion of the special energy problems
of the remote communities of the vast Canadian
north.

Research at the University of Toronto directed
toward the identification and examination of those
p:oblems of solar space heating peculiar to the Cana
dla!"! situation suggested that flat plate collector
d~lgns suitable in more southerly locations would,
WIth slight modification, be equally suitable in
Canada. It appears, however, that a solar heating
system which would be independent of auxiliary
heat sources and suitable for a house in southern
Ontario would require long-term heat storage, to
carry over for winter use heat collected during the
Warmer months.

The paper reports upon the use of scale models
of Water-fliled basement heat storage reservoirs used

to predict the behaviour of complete full-scale
systems including house, solar collector, and storage
characteristics, over periods of several years. The
equipment essentially consists of a sand box in which
is placed a small-scale model of the underground
heat reservoir. The Fourier numbers for the model
and prototype are held constant. A typical time
scale is one minute in the model equal to two days
of real time. By a running calculation during a test,
heat supply or withdrawal rates are determined
and the model continuously adjusted in accordance
with the corresponding prototype solar collector
performance and building heatdemands. A typical
result for a three-year period, showing storage
temperature and heat supply and withdrawal rates,
is given.

The paper also reports a study of the solar energy
incident upon flat plate collectors with various
orientations in the Toronto area. This is based upon
the actual hourly recordings of direct and total
incidence upon a horizontal surface as read at the
Toronto weather station on an Eppley pyrheliometer.
The data and computations, which would otherwise
be impossibly bulky and onerous, were readily
handled by a digital computer. The method used
appears to offer clear advantages over methods
based on analytical procedures in accounting for
local weather variations and peculiarities. A standard
set of assumptions would be necessary in handling
data in this manner if similar studies made at different
places are to be properly comparable. The assump
tions made in this study are put forward for con
sideration in this respect.

11
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L'ENERGIE SOLAIRE AD CANADA

Resume

Le probleme essentiel qui se pose actuellement
au Canada en matiere d' energie n' est ni une insuffi.
sance d'ensemble ni un excedent de combustible. Il
tient aune repartition geographique anti-economique
des sources d'approvisionnement d'energie, al'extreme
est et a I'extreme ouest du pays, tandis que les
consommateurs menagers et industriels se trouvent
,concentres .au premier chef dans la region centrale.
Ceci cree une situation dans laquelle il existe des
raisons financieres de s'interesser aux sources nou
velles d'energie dans le Canada central, sans toutefois
que la question revete un aspect d'urgence. Dans
ces conditions, certaines recherches sur les possibilites
d'utilisation locale de l'energie solaire pour le rempla
cement des combustibles fossiles pour ·le chauffage
des locaux semblent justifiees du point de vue
economique et, a long terme, pour se premunir
contre une situation qui, a1'avenir, pourrait devenir
critique. Le chauffage solaire ne semble pas offrir
de perspectives 'encourageantes quant 'a la solution
des problemes energetiques speciaux qui se posent
pour les agglomerations isolees du grand nord cana
dien.

Les recherches menees a l'Universite de Toronto
dans le but de preciser et d'examiner les problemes
de chauffage solaire des locaux qui sont propres
a la situation canadienne ont laisse entrevoir que
les collecteurs a plaque plate qui se preterit bien
au fonctionnement sous des latitudes plus meridio
nales conviendraient egalement au Canada, avec de
legeres modifications. 11 semblerait toutefois qu'une
installation de chauffage solaire independante de
sources auxiliaires de chaleur et indiquee pour une
maison situee dans la partie meridionale de l'On
tario exigerait la mise en reserve de la chaleur
pendant longtemps pour conserver, en vue de leur
utilisation en hiver, les calories recuperees pendant
les mois plus chauds. '

Ce mernoire signale 1'emploi de modeles reduits
de reservoirs ou d'accumulateurs remplis d'eau et
installes en sous-sol pour prevoir le comportement

de systemes complets al'echelle normale, notamment
pour observer les caracteristiques de la maison
du collecteur et des accumulateurs pendant de~

periodes de plusieurs annees, Le m:' teriel est essen.
tiellement constitu~pa~ une boite ~ ;~i t:le dans laquelle
est place un modele a echelle rerunte du reservoir
de chaleur a installer en sous-sol, Les chiffres de
Fourier sont tenus constants pour :e modele et le
prototype..Une echelle type, pou: le temps, est
une minute avec le modele pour det:.; jours de temps
reel. En faisant les calculs voulus at .ours d'un essai
on determine les regimes de fourni.: re et de retrait
de chaleur et on regIe continuell.vient le modele
conformement au comportement du ''Jllecteur solaire
prototype et aux exigences de chalc.sr de la maison.
Les auteurs donnent un resultat type »our une periode
de trois ans, qui indique la temperature d'emmaga
sinage et le regime de fourniture (: c de retrait de
la chaleur.

Ce memoire signale egalement une ('tude de l'energie
solaire incidente sur des collecteurs a plaque plate
avec diverses orientations, dans la re,~ion de Toronto.
Ceci repose sur des enregistrements iioraires effectifs
de l'energie incidente totale et directc sur une surface
horizontale, telle qu'elle est lue an poste meteoro
logique de Toronto avec un pyrhelio1'uHre d'Eppley.
Les donnees et les calculs, qui sera lent aut~em~~t

longs et difficiles a manier au pair" d' etre lllut;h
sables, furent rapidement resolus VJ une ma~~l~e
a calculer du type numerique, La methode utilisee
semble presenter de nets avantag-:-, par rapport
acelles qui s'en remettent aux technicnes analyhq~e;,

pour tenir compte des variations et des particulant~s

locales du temps. Il serait necessai ,0 de s~ servn
d'un jeu standard d'hypotheses PO:lf exp~Ol!er. les
donnees de cette maniere si des e~,Jdes slmllalres,
aexecuter en divers lieux doivent etrc veritablement
comparables a celles-ci. 'C'est dans cet esprit q~e
ce memoire soumet a 1'examen des membres det
Conference les hypotheses sur lesquclles repose e
present travail.



Radiation records and surveys

• Waite Agricultural Research Institute. University of Adelaide,
South Australia. . ..

Although there are now published records of
global radiation for well over 400 stations, these
stations are concentrated principally in North
America and Europe, relatively few networks being
maintained in other continents. For Africa, for
instance, the most recent issue of the Quarterly
Radiation Bulletin lists data for some 25 stations
sout~ of or on the equator, while there are elsewhere
pubhshed data' for about 6 stations north of the
equator, the whole continent thus being covered
by about 30 records. In Australia, where utilization
of solar power could be extremely valuable, data f~r
about 10 stations only are being collected'. ThIS
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SOME ASPECTS OF THE CLIMATOLOGY OF SOLAR RADIATION

J. N. Black *

The stuov of the climatology of global' radi~tion' is in contrast with the United States of America,
has laggedfar behind that of other meteorological a land area of similar size to Australia, where over
elements; this is particularly apparent in the less 80 recording stations are being maintained. The only
developed xrrts of. the world, where few radiation records the author has seen for China and south-east
observatiol" have been made. This is greatly to be Asia are for recently established stations in Singapore
regretted, .mce in these regions the utilization' of and Hong Kong, a long established station at
solar energy has great possibilities, and a kno~ledge Macao, and a short period of observations at Zi-ka
of the radiation climate is therefore very desirable, wei some years ago (2), though it is probable that
In this pap:'f it is proposed to dISCUSS in some detail other records exist.
three aspects .of radiation climatology: first, the In recent years, however, and particularly under
paucity of radiation rec?rds i~ the ~ess developed the stimulus of the LG.Y., a number of new networks
countries and the ways III WhICh estimates may be ' have been established, for instance in Argentina,
used to supplement observations;. secondly, ~he 'and it is hoped that the next decade will see a
number of years of observations required to estabhsh great advance in the understanding of global radia
reliable mean values of global radiation; and thirdly, tion.
the frequency of periods of low radiation. '. At the present time, however, the necessary

A full understanding of the radiation climate background information for the utilization of solar
is clearly necessary before efficient and economic energy in the less developed countries is not directly
apparatus cm be designed' for the utilization?f available, but it is nevertheless possible to obtain
solar energy. To take a very simple example, ~n estimates of radiation derived either on theoretical
the construction of a solar water heater, details grounds or from a relationship with a ~nown meteo!,o
of the radiation regime must be known before the logical parameter such as the duration of sunshme
capacity of the auxiliary water heater and the size or cloudiness. Such estimates have been used in
of the stcrr.ee tank can be calculated. To quote the delineation of three sets of monthly charts
Morse (1): "I~ determining the amount of auxiliary for the world _ Budyko (3), Black (4) and Bernhardt
heating necessary, allowance has been made for and Philipps (5), and for a number of regional
some hec>.Lng in months where the mean daily surveys, the locations of which are given in figure l.
solar output exceeds that required, since it.is usua!ly These cover Canada (Mateer (6), ]ackson (7));
undesirable to install sufficient storage to cope WIth United States of America (Fritz and Macdonald (8));
more than two successive days of low solar radiation." Scandinavia (Auren (9)); Finland (Luneland (10));
To the best of the present writer's knowledge, the Soviet Union (Berliand and Efimova (ll)) and
however, no studies of the frequency of occurrence New Zealand, (Gabites (12)). These seve~ surveys
o~ periods of successive days of low radiation have give the data for each month, and there IS another
hitherto been published. survey by Dubief (13) which gives December and

June maps for North A:frica. In addition, some areas
have been charted directly from observed data:
northern Europe by Black (14), extended to cover
the United Kingdom by Day (see 15), Japan by

.Kawabata and Fujito (16) and "summer" and "win
ter" maps for southern. Africa .by Drtl;mmond and
Vowinckel (17). The actinometric bulletins of Portu
gal (18) and Italy (19) includ~ a chart .for each mon~h,

and the United States Climatological Summanes
print for each month a map of the departures of
radiation from the mean.

It is reasonable to assume that surveys may be
arrayed in order of decreasing precision as (a) regional
surveys based directly on observed data, (b) regional
surveys based on estimates and (c) global surveys.
The accuracy of the three global surveys was com
pared by Black (14) fo~ an area ~f northern E.urope,
andit was shown that m Budyko s survey, estimates
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L'ENERGIE SOLAIRE AV CANADA

Resume

Le probleme essentiel qui se pose actuellement
au Canada en matiere d'energie n'est ni une insuffi
sance d'ensemble ni un excedent de combustible. Il
tient aune repartition geographique anti-economique
des sources d' approvisionnement d'energie, al'extreme
est et a I'extreme ouest du pays, tandis que les
consommateurs menagers et industriels se trouvent
.concentres .au premier chef dans la region centrale.
Ceci cree une situation dans laquelle i1 existe des
raisons financieres de s'interesser aux sources nou
velles d'energie dans le Canada central, sans toutefois
que la question revete un aspect d'urgence. Dans
ces conditions, certaines recherches sur les possibilites
d'utilisation locale de l'energie solaire pour le rempla
cement des combustibles fossiles pour ·le chauffage
des locaux semblent [ustifiees du point de vue
economique et, a long terme, pour se prernunir
contre une situation qui, a1'avenir, pourrait devenir
critique. Le chauffage solaire ne semble pas offrir
de perspectives ;encourageantes quant a la solution
des problemes energetiques speciaux qui se posent
pour les agglomerations isolees du grand nord cana
dien.

Les recherches menees a I'Universite de Toronto
dans le but de preciser et d'examiner les problemes
de chauffage solaire des locaux qui sont propres
a la situation canadienne ont laisse entrevoir que
les collecteurs a plaque plate qui se preterit bien
au fonctionnement sous des latitudes plus meridic
nales conviendraient egalement au Canada, avec de
legeres modifications. I1 semblerait toutefois qu'une
installation de chauffage solaire independante de
sources auxiliaires de chaleur et indiquee pour une
maison situee dans la partie meridionale de 1'On
tario exigerait la mise en reserve de la chaleur
pendant longtemps pour conserver, en vue de leur
utilisation en hiver, les calories recuperees pendant
les mois plus chauds. .

Ce mernoire signale I'emploi de modeles reduits
de reservoirs ou d'accumulateurs remplis d'eau et
installes en sous-sol pour prevoir le comportement

de systemes complets al' echelle normale, notamment
pour observer les caracteristiques de la maison
du collecteur et des accumulateurs pendant de~

periodes de plusieurs annees. Le materiel est essen,
tiellement constitue par une boite a. sable dans laquelle
est place un modele a echelle reduite du reservoir
de chaleur a installer en sous-sot. Les chiffres de
Fourier sont tenus constants pou: le modele et le
prototype. .Une echelle type, pc, le temps, est
une minute avec le modele pour de.»; jours de temps
reel. En faisant les calculs voulus a cours d'un essai
on determine les regimes de Iourni ure et de retrait
de chaleur et on regle continuel- rnent le model,
conformement au comportement dr; .ollecteur solaire
prototype et aux exigences de chalc.ir de la maison.
Les auteurs donnent un resultat type pour une periods
de trois ans, qui indique la temperature d'emmaga
sinage et le regime de fourniture d de retrait de
la chaleur.

Ce memoire signale egalement une "tude de l'energie
solaire incidente sur des collecteurs a plaque plate
avec diverses orientations, dans la ns,;ion de Toronto.
Ceci repose sur des enregistrements l.oraires effectifs
de l'energie incidente totale et direct« sur une surface
horizontale, telle qu'elle est lue all poste meteoro
logique de Toronto avec un pyrhelio.uetre d'Eppley.
Les donnees et les calculs, qui seraient aut~em~~t
longs et difficiles a manier au poi>: d'etre mut~h.

sables, furent rapidement resolus vcr une ma~~l~e
a ca1culer du type numerique, La:r::.ethode utilisee
semble presenter de nets avantags, par rapport
acelles qui s'en remettent aux technic.nes analytIq~e~,

pour tenir compte des variations et des particulant~s
locales du temps. I1 serait necessai.e de s~ servn
d'un jeu standard d'hypotheses pO"1r exp~ol!er. les
donnees de cette maniere si des e~udes slmllaIres,
aexecuter en divers lieux doivent etre veritablement
comparables a celles-ci. 'C'est dans cet esprit q~e
ce memoire soumet a 1'examen des membres det
Conference les hypotheses sur lesquelles repose e
present travail.



Radiation records and surveys

The study of the climatology of global' radiation
has lagged f:tf behind that of other me~eorological

elements; this is particularly apparent m the less
developed l':Lrts of the world, w~er~ few radiation
observation'; have been made. This IS greatly to be
regretted, ,:~:lce in these regions the utilization of
solar energy has great possibilities, and a knowledge
of the radLc,jon climate is therefore very desirable.
In this paper it is proposed to discuss in some detail
three aspects of radiation climatology: first, the
paucity of radiation records in the less developed
countries and the ways in which estimates may be
used to supplement observations; secondly, the
number of years of observations required to establish
reliable meall values of global radiation; and thirdly,
the frequency of periods of low radiation.

A full understanding of the radiation climate
is clearly necessary before efficient and economic
apparatus cm be designed for the utilization of
solar energy, To take a very simple example, .in
the construction of a solar water heater, details
of the radiation regime must be known before t.he
capacity of "he auxiliary water heater and the SIze
of the star; tank can be calculated. To quote
Morse (1): determining the amount of auxiliary
heating necessary, allowance has been made ~or

some heating in months where the mean dally
solar output exceeds that required, since it.is usua~ly

undesirable to install sufficient storage to cope with
more than two successive days of low solar radiation."
To the best of the present writer's knowledge,
however, no studies of the frequency of occurrence
of periods of successive days of low radiation have
hitherto been published.
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is in contrast with the United States of America,
a land area of similar size to Australia, where over
80 recording stations are being maintained. The only
records the author has seen for China and south-east
Asia are for recently established stations in Singapore
and Hong Kong, a long established station at
Macao, and a short period of observations at Zi-ka
wei some years ago (2), though it is probable that
other records exist.

In recent years, however, and particularly under
the stimulus of the LG.Y., a number of new networks
have been established, for instance in Argentina,
and it is hoped that the next decade will see a
great advance in the understanding of global radia
tion.

At the present time, however, the necessary
background information for the utilization of solar
energy in the less developed countries .is not direct~y

available, but it is nevertheless possible to obtam
estimates of radiation derived either on theoretical
grounds or from a relationship with a ~nown meteo;o
logical parameter such as the duration of sunshu:e
or cloudiness. Such estimates have been used m
the delineation of three sets of monthly charts
for the world - Budyko (3), Black (4) and Bernhardt
and Philipps (5), and for a number <;>f regional
surveys, the locations of which are given m figure 1.
These cover Canada (Mateer (6), Jackson (7));
United States of America (Fritz and Macdonald (8));
Scandinavia (Auren (9)); Finland (Luneland (10));
the Soviet Union (Berliand and Efimova (11)) and
New Zealand (Gabites (12)). These seve~ surveys
give the data for each month, and there IS another
survey by Dubief (13) which gives December and
June maps for North Africa. In addition, some areas
have been charted directly from observed data:
northern Europe by Black (14), extended to cover

Although there are now published records of the United Kingdom by Day (see 15), Japan by
global radiation for well over 400 stations, these Kawabata and Fujito (16) and "summer" and "win
stations are concentrated principally in North ter" maps for southern. Africa. by Dru;mmond and
A~erica and Europe, relatively few networks being Vowinckel (17). The actinometric bulletms of Portu
mamtained in other continents. For Africa, for .gal (18) and Italy (19) includ~ a chart .for each mon~h,
instance, the most recent issue of the Q'uarterly and the United States Climatological Summanes
Radiation Bulletin lists data for some 25 stations print for each month a map of the departures of
sout~ of or on the equator, while there are elsewhere radiation from the mean.
PublIshed data for about 6 stations north of the It is reasonable to assume that surveys may be
equator, the whole continent thus being covered arrayed in order of decreasing precision as (a) regional
by about 30 records. In Australia, where utilization surveys based directly on observed data, (b) regional
of solar power could be extremely valuable, data f~r surveys based on estimates and (c) global surveys.
about 10 stations only are being collected. ThIS The accuracy of the three global surveys was com-
~ . ..... pared by Black (14) for an area of northern Europe,
S WalteAg~lcultural Research Institute, University of Adelaide, d it wa shown that in Budyko's survey estimates

outh Australia. . an 1 s ,
311
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Figure I. Regions of the world for which surveys of global radiation are availabk

departed from observed data from +17 to 2 -per
cent; in Black's survey, from +17 to -7 per cent
and in Bernhardt and Philipps'survey, from +31
to +6 per cent, while the averages of the twelve
monthly departures were +3 per cent, +3 per cent
and 10per cent, respectively. An alternative approach
to the- assessment of the accuracy of surveys based
on estimates is to attempt to join up surveys of
two contiguous regions; when this was tried for the
surveys of Fritz and Macdonald (United States) and
Mateer (Canada), it was found that they matched
well; except for the Great Lakes district. In fact,
margins of surveys based on estimates are apt to
be less accurate than the centre, since it is at the
margins that the relationships between the meteo
rological parameters used are most likely to break
down. The accuracy of different methods of obtaining
estimates for individual stations can easily be assessed
if records are already available as a basis for com
parison (see Hinzpeter (20) or Kacvinska (21)),
but it should be noted that a method satisfactory

at the survey level may well be inappropriate at
the individual station level. Also, :j method satis
factory in one climate may be quite unsatisfactory
in another; for instance, Dubief (13) found that
values estimated by the method of Black (4) for
Tamanrasset, in Algeria, were very close to the
observed values, and he therefore u-.cd this method
to chart radiation for the whole ;); North Africa
and part of the Arabian peninsula" On the other
hand, Wartena (22) found that tl». same ~eth~d
gave estimates for Baghdad that were too high III

summer and far too low in cloudy weather,

Variability of radiation observations

In the examination of radiation ,lJta, it is often
desirable to know the between-yea:' variability of
the observed values; it is, for instance, necessary
to know the variability before the kngth of record
required for an accurate estimate of the true mean
of the daily radiation for each month can be deter-

Table I. Calculated length of record (years) to establish true mean ± 5%, O.05P -Length
of

SOlI'CIrecordStation Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Latitude avail- 0/ data

able
(yearsJ__

Tacubaya (Mexico) 16 > 30 20 18 24 30 > 30 23 > 30 > 30 23 12 19.4°N Il (23)

Tamanrasset (Algeria) . 5 9 10 18 5 7 6 9 11 12 4 17 22.8°N 12 (13)

Dry Creek (South Aus- .
(24)tralia) . 3 9 8 18 19 14 11 9 11 8 3 3 34.8°S 12

Albuquerque (New
(25)Mexico) .10 18 14 6 9 5 5 5 19 16 9 16 35.8°N 9

Fresno (California) . .. > 30 > 30 23 9 8 6 7 7 9 24 17 > 30 36.7°N 24 (26)

Lisbon (Portugal). > 30 > 30 > 30 27 19 14 11 9 19 16 28 > 30 38.7°N 20 (25)

Sverdlovsk (USSR) 24 29 > 30 29 23 11 14 29 7 12 21 > 30 56.7°N Il (27)---
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mined. The variability can b~ presented either as a
statistic, such as the coefficient of the variability,
or as the number of years for which it is necessary
to continue observations before an estimate of the
true mean within certain arbitrary limits, and at
a given level of probability, can "?e obtained., The
lengths of record needed for an estimate of the true
mean ±5 per cent, at 0.05 probability, have been
calculated for each month for a number of stations
and are given in table 1. Unfortunately, there are
few long-term records in desert and tropical climates,
butthe data suggest that there are marked differences
in variability that would repay detailed study.
Thereis a ge -eral trend for much higher variability
inwinter than in summer, particularly in the stations
with a "MecHerranean" type climate (Dry Creek,
Fresno and Lisbon). The data for Sverdlovsk have
been added tu provide a comparison with a station
of higher latitude.

However,me ny of the climates of the less developed
partsof the world are paralleled in theUnited States,
andthe accompanying map (figure 2) shows the length
of record required for an accurate estimate of the
mean monthly radiation in July for 32 stations
in that part of the United States south of 40oN.
It is clear tha t there is a marked trend across the
continent, and this trend is not related to. the
radiation income for the month, to the precipitation
or to the mean temperature. Although the month
chosen is July, which, on the basis of table 1, should
be one of the least variable, long periods are never
theless necessary in some regions before reliable
means can be established. It might be argued that
to examine tlk data for one month only is unreason
able,' since differing seasonal trends for different
areas may obscure the pattern of variabilityj a
number of stations, well distributed over the map,
were taken and the variability of the January,
April and October data was also calculated. These
calculations co.iftrmed the pattern for :July, though

there were a few individual differences: one station
(Hatteras, North Carolina), with significantly lower
variability in April than July, and one (Atlanta,
Georgia) with lowest variability in January.

Since comparable extensive data are not available
for other countries, it is suggested that this map
of the Unites States might well be used as a guide
in the establishment of radiation networks and in
the examination of radiation data in regions of
similar climates.

Periods of low radiation

The problem of periods of successive days of low
radiation, and its bearing on the utilization of solar
energy, has already been mentioned. With this
in mind, a number of records of daily values of radia
tion have been examined; these records have been
selected as far as possible to represent climates of
or similar to those of the less developed parts of
the world, but the paucity of daily records over a
sufficiently long period left little room for choice.
In the absence of specific critical levels of radiation,
an arbitrary value has to be selected for a day of
"low" radiation, and for the purposes of this study,

. two such values have been taken -100 gm calJcm2J

day and 250 gm calJcm2Jday. Histograms of the fre
quency of occurrence of periods of successive days
of radiation below these two values are shown
in figure 3. The height of the histograms indicates
the mean number of occurrences each year of the
particular length of period. The length of the records
and the sources of the data are: Dry Creek, South
Australia, 12 years (24); Lisbon, Portugal, 5 years
(18); Luanda, Angola, 5 years (18); Lod Airport,
Israel, 4 years (28); and Lourenco Marques, Mozam
bique, 5 years (18). Lisbon and Dry Creek are in
similar climates, a "Mediterranean" type climate
with strong maritime influences, and the frequencies
of occurrence of periods of low radiation are similar.

Fig~re 2. Map of southern United States showing the number of years of observations
. d f ti' t ± 5 per cent of the true mean, O.05P. (Based on data for July.)require ror an es ma e ,
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Figure. 3. Histograms of the frequencies (occurrences/year) of periods of successive
days of low radiation

It is very rare to get two or more consecutive days
with radiation below 100 gm cal/cm2/day at either
station, but Dry Creek can expect one period of
5 successive days below 250 and Lisbon one period
of 3 such days each year. In Luanda, a day with
less than 100 gm cal/cm'' occurs on the average
only once every 5 years, but. there are. 19 isolated
days below 250, four periods of 2 successive days
and one of 3 days below 250 gm calrcm'' each year.
Lod Airport is of similar latitude to Dry Creek
and Lisbon; but in a dry "Mediterranean" type
climate. At least one day with radiation below

100 gm cal/crn'' occurs each year, and 11 days below
250, with five periods of 2 days and one of 3 days
below 250. Lourenco Marques, as,; btropical east
coast station, has similar characteristics to Dry
Creek, but with a lower frequency' of periods of
successive days below 250 gm cal/c m''. It should
be noted that for all these stations, .he histograms
for theperiods of radiation below 250 ::m cal/c~2/day
are not complete, since occasional j<l11g penods of
very low frequency have not beer included (for
instance, one period of 37 consecu ive days was
recorded at Lisbon).

Figure 4. Map of southern United States showing the annual frequencies of occurence
. of two or more successive days with radiation less then 100 gm caljcrns
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Figure 5. Map of southern United States showing the annual frequencies of occurence
of five or more successive days with radiation less than 250 gm cal/cm2

Records of radiation for three years have been
published (29) for Ksara, in Lebanon, and over
this short period of record reveal rather high fre
quencies of full days. The annual frequencies of
days with radiation less than 100 gm cal/cm'' are:
8.7single delys, 0.3 two-day periods and one three-day
period; for less than 250 gm caljcm- : 14.0 single
days, 6.7 periods of 2 days,1.7 of 3 days,. 1.3 of4 days,
1.3 of 5 day'; and one of 6 days. In comparison with
the data for Lad Airport in Israel, there is a markedly
higher frequency of periods of dull days in Ksara,
probably associated with the higher altitude of
Ksara (about 920 m above sea level) than Lod
(40 m above; sea level).

A short but incomplete record of less than two
years was I."lblished for Baghdad by Wartena (22).
Baghdad 1">3.3 a continental subtropical climate,
and of the ;)72 days for which data are given, there

were only 2 isolated days with radiation below
100 gm cal/cm", 25 isolated days with radiation'
below 250 gm cal/cms, 3 two-day and 2 three-day
periods below 250. However, the Baghdad record
is short and unfortunately the gaps occur chiefly
in the winter months, when the low values are most
common. The data are of value .in showing that
in an environment typical of many less developed
countries, periods of several days of low radiation
may be expected.

The same frequencies have been calculated for
the 32 stations in the United States used in figure 2.
Instead of plotting the histograms of the frequency
distributions for so many stations, two maps have
been drawn: figure 4 shows the frequency of occur
rence of periods of 2 or more successive days of
radiation below 100 gm caljcm", and figure 5 shows
the frequency of periods of 5 or more days below

Figure 6. Map of southern United States showing the mean radiation/day (heavy line,
reference values underlined) and range (radiation for highest month less that of lowest

month; broken line, reference values in "boxes")
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250 gm cal/cm", These two maps are generally
similar in pattern, and are indeed also similar to
the maps of total number of days/year with radiation
below 100 and 250 gm cal/cm2 respectively. There is
in each map the same trend of increasing values
from west to east, with an increase in the number
of dull days, and of the frequencies of long periods
of dull days, at longitudes 85-90oW, as was demon
strated in the map of variability, of radiation.
For a large part of the southern United States,
the chances of having a period of days of low radiation
long enough to be of concern in utilizing solar energy
are probably small. For instance, in records for
8i years for El Paso, Texas, only 94 days with radia
tion less than 250 gm cal/cm'' were found; on the
average, these occur as 6.6 single days/year, 2.0 periods
of 2 days and 0.4 periods of 3 days. Similarly,
Inyokern, California, had 81 days with radiation
below 250 gm cal/cm" in records for 7 years, 5.7 as,
single days/year, 1.4 periods of 2 days; 0.6 of 3 days,
0.1 of 3 and 0.1 of 4 days. Taking another station
of low latitude but more under maritime influence,
Lake Charles, Louisiana, had 438 days of radiation
below 250 gm cal/cm'' in records for 8i years, occurring
as 17.5 single days/year, 6.4 two-day periods, 2.8

Conclusion

It is hoped that the various aspects of radiation
climatology discussed in this survey may be useful
in the application. of solar enercv. The principal
need is obvious: more radiation observations in
the less developed parts of the world and intensive
studies of the data collected.
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A knowledge of the radiation climate is necessary
for the design of efficient and economic apparatus
for the utilization of solar energy, but in the less
developed parts of the world the information required
is not available. This paper surveys the basic radia
tion data which have been collected, and examines
in particular three aspects of radiation climatology
important ~n ?olar energy. utilization: first, the pau
city of radiation records III the less developed parts
of the world, and the ways in which estimates may
be used to supplement observations; secondly, the
number of years of observations required to establish
reliable estimates of the mean global radiation;
and thirdly, the frequencies of periods of radiation
Iow enough to affect efficient utilization. .

The construction of charts of radiation income
ishinderedby the uneven distribution over the earth
of the recording stations, although there are now
available records for over 400 stations. It has been
possible to chart radiation from observed data only
for a few sm.:J11 areas, but surveys of a number
of countries have been made, using estimates of
radiation based on duration of sunshine or cloudiness.
Amaphas been prepared to show the regions covered
by published surveys. In addition to these regional
surveys, three sets of world-wide charts have been
published. The 'Nays in which the accuracy of surveys
may be assessed are discussed, and it is shown
that a method of estimation satisfactory in one cli
mate may be inappropriate in another.

The between year variability of global radiation
for each month has been examined for a number
of stations. These variabilities have been used to
calculate the Humber of years for which it is necessary
to maintain observations in order to obtain an esti-

mate within 5 per cent of the true mean radiation,
at a probability of 0.05. The number of years is
generally smaller in summer than in winter, though
there are exceptions to this generalization, and the
differences between stations are marked. Since the
climates of many less-developed areas are paralleled
in the United States, similar calculations have been
made for July for 32 stations south of latitude
400N in the United States, and the results are pre
sented on a map. It is shown that for July, the neces
sary length of record increases from about 5 years
on the west coast to over 20 years in the east.

The third aspect studied is the frequency of periods
of successive days of radiation less than (a) 100
and (b) 250 gm caljcm2• These frequencies were calcu
lated for a number of stations for which daily
observations have been published. Histograms of
the annual frequencies of these periods are given
for five stations with climates similar to those of
many less developed countries, and it is shown
that periods of two or -more days of radiation less
than 100 gm caljcm2 are rare, but 4 or 5 periods
of two or more. successive days of radiation less
than 250 gm cal/cm" may be expected each year
in many climates.. These calculations were repeated
for the stations in the United States, and charts
are presented of the distribution of annual frequen
cies of (a) periods of two more days with radiation
less than 100 gm caljcm'' and (b) periods of five
or more days with radiation less than 250 gm cal/cm".
Both maps show an increase in the frequencies of these
periods from west to east across the United States.

In conclusion, attention is drawn to' the need
for more observations of radiation in the less de
veloped countries.

QUELQUES ASPECTS DE LA CLlMATOLOGIE DU RAYONNEMENT

Resume

Dne connaissance du climat du rayonnement est'
necessaire pour la mise au point de materiel efficace
et ~conomique en vue de l'utilisation de l'energie
Solalre, mais, dans les regions peu developpees du
glObe, ces renseignements font defaut. Dans la pre
sente communication, l'auteur passe en r~v~e les
~o?nees fondamentales qui ont ete recuell~les.au
uJ~t du rayonnement et examine, en partlcuher,

trO.IS asp~cts de la climatologie du raro~~em~nt
dUI ~~nt It,nportants en ce qui concerne I utilisation
cle 1energle solaire : tout d'abord le manque de
clonnees sur le rayonnement dans les regions peu
reveloppees du globe et la maniere dont les evalua
IO~S peuvent etre utilisees pour completer les obser-

VatIons; deuxiemement le nombre d'annees d'obser-. ,

vation necessaire pour mettre au point des evalua
tions valables sur le rayonnement global moyen;
et troisiemement, la frequence des periodes de rayon
nement assez faible pour porter prejudice a une
utilisation efficace de ce rayonnement.

L'etablissement de tables indiquant les quantites
de rayonnement recues est gene par les irregularites
de repartition des stations d'enregistrement de par
la surface du globe, bien que l'on dispose maintenant
de donnees provenant de plus de 400 postes de ce
genre. On n'a reussi a faire des releves du rayon
nement a partir de donnees d'observation que dans
quelques regions restreintes, mais on a execute des
etudes dans nombre de pays en se servant d'evalua
tions du rayonnement baseessur la duree d'ensoleil-

11*
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lemeut ou d'ennuagement. On a prepare une carte
pour indiquer les regions sur Iesquelles portent les
travaux deja publics. Outre ces etudes regionales,
on a public trois jeux de cartes a l'echelle rnondiale,
L'auteur examine la maniere dont l'exactitude des
cartes pent ctre evaluee, et montre qu'une methodc
d'evaluation satisfaisante pour un cliruat donne
peut Ctrc contre-indiquee pour un autre.

Les variations du rayonncmcnt global d'une annee
a I'autre ant ete Ctudiees pour chaque mois en un
certain nornbre de postcs, On s'est servi de ces degres
de variabilite pour calculer le nombre d'annees
pour lesquelles iI est necessaire de proceder a des
observations en vue d'obtcnir des evaluations exactes
a r, p. 100 pres par rapport au rayonnerncnt moycn
veritable, avcc une probabilite de 0,05. Le nornbrc
de ces annecs est gcncralcmcnt plus petit en et6
qu'cn hivcr, bien que cette generalisation souffre
ccrtaines exceptions et que les differences entre
postes scient sensibles. Etant donne que le climat
de pl~!sieurs ~cgions peu devcloppees se retrouve
nux Etats-Unis, on a fait des calculs analogues,
pour le mois de juillet, a :12 postes situes au sud de
la latitude ,10° Nord aux J~tats-Unis, et les resultats
de ccs mesurcs ont ettS resumes dans une carte,
On demontrc que, pour juillet, la durcc neccssairc
des cnrcgistrcmcnts passe d'cnviron 5 ans, sur la
cMe du Pacifique, a plus de 20 ans sur la cote de
rAtlantique.

Le troisieme aspect Ctudi6 est la frequent\: ~
periodes de journecs consecutives pendant lesqutil"j
le rayonnerncnt recu est inferieur a (a) 100 et (b) ..:'j
gm caljcm2• Ces frequcnces ant cte calculces poUf·~'~;
certain nombre de postcs pour lesquels on a pul",
des observations quotidiennes. On donne des hio,;·lC
grammes des frequcnces annuelles de ces IlCfit~lo.
pour cinq postes ayant des climats analogues 'i
ceux de nombre d~ pays peu dcveloppes, et On !It.
montre que les penodes de deux jours ou da\'anta~r

pendant lesqucls le rayonnement est inferiellf '
100 gm caljcm2 sont rares, mais que quatre (J~
ci.n!] periodcs de deux jOU!S c0!1seCt~tifs ou davant:lrr
ou le rayonnemcnt est inferieur a 250 gm calfn;ll
peuvent ctre prevues chaque annee sous no~lJrr
de climats. Ces calculs ont ctC repctes pour les post-,
des Etats-Unis, et l'auteur prescnte des cartes Glii
donncnt la repartition des Irequcnccs annuellcs a)
des periodes de deux jours consecutifs ou davantagr
pendant lesquels le rayonnemcnt est infcrieur 3
100 gm cal/cm", et b) des periodcs de cinq JOIl!j

ou davantagc ayant tin rayonncment infericur 3
250 gm caljcm'',

Les deux cartes indiquent une augmentation de
la Irequence de ces pericdes quand on se deplace
dc l'ouest vers l'est des Etats-Unis.

En conclusion, l'auteur souligne le besoin d'obser
vations plus abondantes dans les pays sous-den',
loppes.
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I..ECLAIHEMENT ENEHGETIQUE EN VUE DES APPLICATIONS PUATIQUES
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tir;\ce :1 .1~·S observations continues ct a l'appli
(';llioll d(' .rmules representatives des cclaircmcnts
blt'rgl~li(l\I et lumineux en relation avec la duree
(1'i1l~olatlO '. il est possible de connaltre avec pre
(i,iclll k- ',:llIat solaire d'une rt-gion et d'aborder
awe sue, .". des etudes techniques portant sur
I'in,o]alio;;!t-s fas:ades des llots batis, l'cnsolcille
nu-nt (!l-'. . -ntes, l'irradiation des batimcnts.

L'objct :" cet expose. Iorcemcnt limite, sera de
pn\'l'lIter' .taines donnccs caracteristiqucs du climat
solaire ell Iklgique et d'indiquer par quelques
('x('/Ilpks I' ,d iques des formes d'utilisation concrete,

• Jr"tit"t .",:11 Ill~h«()rologi«lle de Belgique, Bruxellcs,

Lescomposantes JII rayonnemmthl(T!:II',/I" peuvent
se schematiscr COIllIllC iI es! illeliclllC :1 la ligurc I
dans le cas d'un rcccpleur a surface horizontale
situc a un niveau dctt'rmillt, Cette nomenclature
peut s'etendre a d'autres Iormes de rccqlh:urs:
spheriques, cylindriques ou nutres.

Les qualites spectrales de Cl'S diffen'lIls tyP('S de
rayonnement dCl>cnelent de la nature (ks SOIlrC<'S

emcttrices. On distingue :
a) Le rayonnement global (incident et rclUchi),

dont la SOUrce premiere est le soleil d dont les
radiations se situcnt grosw modo entre 2 :;00 A (·t
2,0 "";

RAYO,}. GLOBAL: G
G. 0 +H

'" , ,RATON! ATMOSPHERIQvt:
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L ~

RAYON! ATMOSPHERiQU(

oiRiGE V[RS LE SAS

~ , .
RAYOIl! ATMOSPHERIQUE

OiRiGE VERS Lt HAUl

\Lf
SURfACE HORizONTALESUR"

,t.
RAYe/,T GLOBAL REFLECHI
PAR LE SOL R

RAYONNEMENT ERRESlRE

..

SOL SOL

7/1/111 J1/1711/11/117 11/1/111/77 7/77 llllllll/ll//I IJ7 Illll ]J] III Ill} l/7//717777777/
I'Jl1urc I, Ra)'Onncmcnts ~nel1t~tlquu IlU seln de l'lltmollphl!rc et nu nlreau .Iu ll{\1
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Figure 2. Bilans des rayonnements

b) Le rayonnement atmospherique, correspondant
a I'emission de corps a basses temperatures, de
l'ordre de 1000 "K (haute atmosphere) a 300 OK
(troposphere), de longueurs d'onde comprises entre
2 et 16 (lo avec un maximum a 2,9 [1. pour .un corps

"noir a 1000 "K:

c) Le rayonnement terresire, dont le spectre d'emis
sion s'etale de 4 [1. a 40 [1., avec un maximum voisin
de 10 (lo.

Tout rayonnement est soumis dans I'atrnosphere
terrestre a un effet d'extinction resultant de divers
processus tels que :

a) La diffusion par les molecules atmospheriques
dans une atmosphere pure et seche, ne contenant
ni poussiere, ni vapeur d'eau:

b) L'absorption selective par les gaz de l'atmos
phere : azote et oxygene a tres haute altitude,
ozone et vapeur d'eau dont le role est tres important
dans les problemes lies au bilan thermique de I'at
mosphere ;

c) L'extinction par les aerosols, qui se traduit dans
I'expression generale du coefficient d'absorption par
I'introduction d'un terme faisant intervenir le
nombre de particules, leurs dimensions, les rapports
entre les dimensions des particules et la longueur
d'onde de la radiation incidente.

Enfin, il importe de tenir compte des echanges
de rayonnements entre I'atmospher.. et le sol. Nous
tenterons de donner un schema du &ilan general des
rayonnements au sommet de I'atrnosphere, dans
I'atmosphere et au niveau du sol.

a) A u sommet de l'atmosphere, il f.iut admettre un
etat d'equilibre entre le gain procure p~r l'apP?rt
de l'energie solaire provoquant une IrradlatlOn
journaliere de 720 calories par cm", posee eomme
gain egala 100 p. 100, et les pertes par rayonnement
reflechi, par l'atmosphere (albedo) et par rayonne'
ments atmospheriques et terrestre renvoyes v~s
l'espace. Remarquons que l'albedo peut van~r n:
35 p. 100 (nouvelle valeur) a 42 p. 100 (ancIen
valeur) et que l'energie solaire bI absorMe par
l'atmosphere est comprise entre 13 et 20 p. 100.

b) Dans l'atmosphere, il faut considerer un ~ta~
d'equilibre entre l'apport d'energie const1t~e tu~e
part par le rayonnement solaire absorbe, 1'. S

rayonnement terrestre, y, et la resultante des energt~s
provenant des divers echanges lies aux p~oc~~sns
d'evaporation, de condensation, des precIpIta I~es
et de la turbulence, C, et d'autre part par le~ perce
dues al'emission propre de l'atmosphere vers 1espa I

e2, et vers le sol, x. _
- 'me un

c) A u niveau du sol, il do it exister d~ me rM
etat d'equilibre entre le rayonnement solalre abso I
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P, cas favorables; D, cas defavorables: N, cas
normaux.

L'ensoleillement d'un local suppose isote de toutes
cconstructions voisines affectant uniquement ses
facades verticales (nous n'envisageons pas ici les
locaux susceptibles d'etre eclaires par le plafond)
depend it la fois de l'orientation de la facade et de
la trajectoire apparente du soleil, I1 se trouve realise
pour autant que l'azimut du soleil reste compris
entre les valeurs A et A + 180°, ou A est I'azimut
d'une direction parallele it la facade.

Quelques considerations pratiques decoulent imme
diatement de l'examen de la figure 3, dormant les
insolations maximales possibles en fonction de
l'orientation de la facade it trois periodes caracte
ristiques de l'annee (solstices d'hiver et d'ete et
equinoxes). Les rayons vecteurs des courbes polaires
sont proportionnels aux durees d'ensoleillement (la
direction de ce rayon etant nor-male it la facade
consideree) .

a) La facade nord ne recoit du solei! que pendant
la moitie de I'annee (du 21 mars au 21 septembre).

b) Les facades NE et NW presentent une grande
variation annuelle (7 heures en ete, entre 3 et 4 heures
aux equinoxes, et moins d'une heure en hiver).

c) Les facades est et ouest presentent egalement
de grandes variations annuelles (environ 8 heures
en ete, 6 heures aux equinoxes, et 4 heures en hiver),

d) Les facades SE et SW presentent au cours de
l'annee le plus d'uniformite dans la duree d'enso
leillement (10 heures en ete, 8 heures et demie aux
equinoxes, et 7 heures et demie environ en hiver),

Ensoleillement et eelairemant energetique
-----------_._-----=.~~~-~:.-~~~------~~

b le rayonnement atmospherique effectif, x, et les
e~issions totales du sol vers l'atmosphere, jI, vers
l'espace, el> et comme, resultante des processus
d'echange terre-atmosphere, C et t.

L'e:x:amen de la figure 2 donne un ordre de gran
deur des divers parametres enumeres ci-dessus,

Insolation et orientation

De nombreux problemes de la vie domestique
sont lies a I'orientation et it 1'insolation. Les urba
nistes charges de plans d'amenagement constatent
journe11ement ·~ombien il est difficile de se faire
une opinion suffisamment precise sur les points
suivants: implmtation optimum d'un local isole,
meilleure orien: ation it donner aux voiries, distances
it reserver entre constructions, hauteurs it prescrire
it celles-ci,

Les reponses et ces questions decoulent immedia
tement de la prise en consideration d'abaques
representant les trajectoires apparentes du solei! et
des conditions climatiques reelles,

L'insolation possible, en un lieu it 1'horizon parfai
tement degage. est conditionnee par la trajectoire
apparente du soleil.

L'insolation effective, ou duree reelle de 1'enso
leillement observe, est directement liee ala nebulosite
et ala topographie du site entourant la station, A
titre d'indication, nous donnons au tableau 1 les
valeurs moyennes de 1'insolation it Uccle, en heures
par decade, ebhlies pour la periode 1901-1930 pour
les quatre cas suivants : P, maximum possible;

Tableau 1: Durees d'ensoleillement (en heures) a Ucc1e

Janv;er Fevrier . Mars Avrit

p F N D P F N D P F N D P F N D

Ire decade. 79 32 14 9 93 43 25 13 110 59 35 22 130 77 48 28
2e decade. 82 34 19 10 99 45 28 14 117 63 39 23 137 81 55 30
3e decade. 96 39 26 11 86 ·40 26 13 136 73 48 26 142 84 57 30

TOTAL du mois . 237 105 60 30 278 128 79 40 363 195 122 7I 409 242 160 88

Ma; Ju;n Juillet Aout

p F N D P F N D P F N D P F N D

Ire decade. 148 106 67 48 161 89 67 43 161 III 64 41 149 97 66 39
2e decade. 153 109 67 50 162 89 64 44 158 108 72 40 144 93 66 37
3e decade. 174 124 86 56 163 90 65 44 170 117 63 43 151 98 66 39

TOTAL du mois , 475 339 220 154 486 268 196 13i 489 336 199 124 444 288 198 ll5

Septembre Octobre Nouembre Dlcembre

p F N D P F N D P F N D P F N D

Ire decade.
131 83 58 40 112 73 42 24 93 41 27 8 80 22 14 5

2edecade.
125 79 51 39 106 69 38 24 88 38 22 8 77 22 12 5

3edecade.
118 74 52 36 109 71 34 24 83 37 15 7 85 24 15 6

TOTAL du mois . 374 236 161 Il5 327 213 II4 72 264 1I6 64 23 242 68 41 16-P·- Ma· F. - Maximum releve D. - Minimum releve N. - Moyenne relevee. XlffiUffi possible
(lUsolation possible) (insolation la plus favorable) (insolation la plus defavorable] (insolation normale)
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Figure 4. Ensoleillement des habitations

paralleles

e) La facade sud recoit une duree d'ensoleillement
possible maximum de 12 heures aux equinoxes,
reduite aenviron 9 heures en Me et environ 7 heures
et demie en hiver,

Pour obtenir l'insolation effective, ces durees maxi
males possibles doivent etre reduites grosso modo
a 40 p. 100 en ete, 20 p. 100 en hiver et 40 p. 100
aux equinoxes par suite des conditions meteorolo
giques moyennes prevalant dans l'agglomeration
bruxelloise. Ainsi se trouvent diminuees d'une
maniere appreciable les durees d'insolation possibles,

Des conclusions definitives quant a l'orientation
optimale et la destination domestique des locaux
selon leur orientation ne peuvent toutefois etre
avancees avant la prise en consideration des effets
calorifiques du rayonnement incident, car l'impor
tance energetique d'un rayonnement depend non
seulement de sa duree, mais encore de son incidence
par rapport a la. surface receptrice, Ce dernier
facteur determine egalement la profondeur de pene
tration des rayons a l'interieur du local.

Le probleme de la determination de l'insolation
possible sur les facades d'immeubles groupes en
alignements paraUeles, de part et d'autre de voies
de circulation, est conditionne par un ensemble de
facteurs simultanes intervenant dans la pratique
d'une maniere souvent contradictoire. En effet, si
les exigences de I'insolation imposent la dissemi
nation et la creation de larges avenues, les necessites
pratiques ou economiques, resultant de gabarits
urbains existants, ont pousse a l'agglomeration des
habitations.

Les facteurs determinant les conditions d'enso
leillement des facades sont : la hauteur et I'azimut
du soleil, dependant de la saison et de l'heure de
la journee ; la distance et la hauteur des batiments

Figure 3. Insolations maximales possibles en fonction
de l'orientation des fa.;ades
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d'un horizon completement degage (HjL = 0). Ces
figures sont ~uffi~amm~nt explicites en elles-memes
sans qu'il soit necessaire de les commenter.

Ici s'applique egalement la meme remarque que
celle etablie a propos des locaux isoles : a savoir
la reduction de ces quantites par suite de l'insolation
effective.

Ec1airement energetlque solaire

Rayonnement snlaire direct
Le rayonnfHent solaire, au niveau du sol, est

compose du ravormement solaire direct et du rayon
nement diffuse Ces deux composantes derivent
d'un meme rayonnement extra-terrestre qui subit,
Jars de la traversee de l'atmosphere, de profondes
modifications "ant spectrales qu'energetiques par
suite des differ, fits processus de diffusion moleculaire
et d'absorption selective. Il faut aussi considerer
l'etat de purete le l'atmosphere qui peut etre troublee

par les aerosols (diffusion et absorption par les
poussieres, la brume, le brouillard et les nuages),
dont les effets selectifs dependent de circonstances
locales (difference entre villes et campagnes).

Considere au point de vue energetique, l'effet des
affaiblissements du rayonnement dans son passage
a travers l'atmosphere peut se traduire, en Belgique,
par des variations dont la representation graphique
est donnee a la figure 5, qui foumit la variation
au cours de l'annee de I'energie du rayonnement
solaire direct que recevraient diverses surfaces et
facades orientees au cours d'une journee de tres
beau temps. Ce sont des valeurs maximales.

La courbe superieure (marquee n), qui correspond
a une surface constamment normale aux rayons
solaires, represente le maximum maximorum. Le
maximum absolu pour I'agglomeration bruxelloise
est egal aenviron 8 890 kcal/ms au cours des journees
du mois de juin. Aux equinoxes, l'energie maximum
d'une journee est de l'ordre de !, pour tomber a
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Figure 5. Irradiation journaliere directe par del serein
n . I .

- La surface xece trice est maintenne constamment normale aux rayo?s ~oalres.. .
V - La surfa • p. t I tical perpendiculaire au plan d incidence des rayons sola1re.s.
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surface plane).



324 III.A Energie solaire disponible et instruments de mesure -. t la fraction d'insolation et la fraction d'irradiationTableau 2. ComparalsQns en re

Resultats obtenus a Uccle sur une surface normale aux rayons solaires dans des conditions moyennes.
Valeurs en pourcentages

Fraction d'insolation Fraction d1irradiation

Mois Decades
journee matin soir

mati» soir journee

I 19 18 18 14 13 14

Il 24 23 24 19 J8 18Janvier.
III 28 26 27 22 ::(, 21

I 27 27 27 20 2U 20

n 29 29 29 22 :'.1 22Fevrier ,
30 30 23 .) .~ 23III 30

I 31 31 31 22 ::~ 22

Mars. Il 33 33 33 25 ::! 25
36 36 27 .),.., 27III 35

I 38 36 37 28 20 27

Avril , n 41 39 40 32 :E' 31

III 41 39 40 33 :~ t 32

I 44 45 45 33 31 33

Mai n 43 44 44 32 33 33

III 49 50 50 40 41 40

I 40 44 42 29 R:! 31

Juin. Il 38 42 40 27 ~~} 28

III 38 42 40 27 2~, 28

I 38 41 40 26 3(' 28

Juillet . n 44 48 46 33 37 35

III 36 39 37 24 ~t) 25

I 43 .46 44 34 3[; 35

Aout . Il 45 47 46 36 37 36

III 43 44 44 32 3i{ 33

I 44 45 45 37 3S 37

Septembre Il 40 42 41 32 3:1 33

III 43 44 44 34 3·.! 34

I 37 37 37 29 2(, 29

Octobre' - II 36 36 36 27 "-c 27
~I

III 31 31 31 22 2" 22

I 30 28 29 25 "n . 24
~"

Novembre II 25 24 25 20 1~ 19

III 19 18 18 14 12 13

I 20 16 18 16 12 14

Decembre , Il 17 14 15 14 11 12

III 19 15 17 15 12 14

moins de ! (2000 kcal/m" en hiver, decembre
janvier). C'est pendant ces mois que la deuxieme
courbe (marquee V), qui represente la variation
annuelle . du rayonnement solaire direct sur une
surface verticale perpendiculaire au plan d'incidence
des rayons, se rapproche de la courbe superieure,
car la hauteur du solei! est tres faible « 20°). Par
suite de son orientation privilegiee, la facade sud
est. la facade pour laquelle les effets calorifiques
solaires ont les caracteresIes plus importants. Cette
facade sud est susceptible de recevoir le maximum
de rayonnement solaire direct au cours de la periode
des basses temperatures de l'annee, Les maximums
de 1'effet calorifique de 3 600kcal/m2 'apparaissent
vers les 10-15 mars et (Iegerement inferieurs) vers
les 5-10 octobre, tandis qu'au cours du mois de juin
le minimum de la facade sud est tellement prononce
que, par tres beau temps, I' energie, pour toute une

journee, est inferieure a I 780 kcal/rn'', c'est-a-dir~
de l'ordre du tiers de l'energie qui tornbe sur un

. 1 E d'autresplate-forme ou sur le sol honzonta. n l' ffet
termes, la facade sud subit le maximum de. e et
calorifique du solei! pendant les Sillsons frOldes a
le minimum pendant les saisons chaudes. En o~Pu
sition des resultats obtenus pour la fa~ader des
faut placer ceux que 1'on obtient pou~ l~s ~~ent
est et ouest. Celles-ci sont soumises prmclpal les
a l'effet calorifique du soleil en ete alors que1ori_
temperatures sont les plus eleve~s. L'effet cas en
fique de toute une journee de tres beau temPcelui
juin-juillet sur les facades est et ouest deP~sS1'ensa.
qui interesse la facade sud, alors que la duree

leiIlement pour la facade sud est plus longufi t de
Les conditions aimosphiriques ont po~r e eobte'

reduire sensiblement les valeurs en~~,ge~I~U~Sdique,
nues par tres beau temps. Il a deja ete III
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Conditions climatiques de la radiation solaire directe
en Belgiqzee

La rentabilite d'un equipement d'utilisation de
l'energie solaire directe pour des applications de
haute pyrometrie (four solaire) est essentiellement

fonction des conditions d'insolation au lieu d'instal
lation. Le pouvoir de concentration exige un eclai
rement energetique solaire appreciable et, partant,
des conditions de del serein pendant les heures ou
ce rayonnement est suffisamment eleve.
, Les observations effectuees dans ce domaine a

Ucc1e pendant dix annees permettent d'apprecier
dans quelles mesures l'exploitation serait rentable.
On constate que, en moyenne, 46 journees par an
sont des journees a del couvert, sans soleil, 48
presentent moins d'une heure de soleil. Si I'on
considere les journees pour lesquelles l'insolation
atteint au moins 7 heures par jour, on voit que le
nombre en est de 120, soit t de l'annee environ._

Mais ces resultats, pour etre significatifs, ne sont
pas suffisants. 11 importe moins de considerer I'inso
lation totale journaliere que la repartition des
journees d'apres le nombre de cas pour lesquels le
del a ete serein pendant au mains une heure entiere,
et de considerer en meme temps l'eclairement

Tableau 3. Periods 1949-1957 : nombre moyen par decade, au cours de ces neuf annees, des [ournees avec clel serein
pendant les heures Indiquees

Heures solaires 6-7 7-8 8-9 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18

0,7

1,6
2,7
3,3

2,3
1,7
2,1

2,3
2,0
2,8

2,6
1,4
1,9

2,4
1,6
1,9

0,9
1,2

0,1
1,1

2,9
2,2
2,4

2,0
3,2
3,2 _

2,2
1,1
2,4

2,2
1,7
2,7

2,2 ,
1,2
1,5

2,9
1,1
2,3

1,6
2,1
1,2

2,4
1,6

0,1
0,6
2,2

1,5
1,2
2,4

3,2
2.6
2,2

2,1
3,0
3,1

1,9
1,1
2,5

2,0
1,7
1,9

2,4
0,6
1,2

2,3
1,1
1,8

1,0
1,7
1,0

3,1
3,6
1,4

1,3
0,8
0,3

1,2
1,8
3,0

1,7
1,4
2,8

3,6
2,1
2,0

2,2
2,2
3,4

1,7
1,1
2,1

2,2
t,9
1,7

2,1
0,4
1,2

2,3
1,1
1,6

1,4
1,7
1,3

2,8
2,9
1,5

1,3
1,2
1,4

1,4
1,1
1,1

1,4
1,3
3,0

1,8
2,2
2,8

3,4
2,2
2,0

2,4
2,4
3,7

1,8
. 1,8

2,5

2,4
1,9
1,9

2,1
0,9
1,2

2,0
1,2
1,2

1,2
1,4
1,4

2,3
3,0
1,5

1,8
1,1
1,7

1,6
1,3
1,2

1,9
2,0
3,1

2,2
2,2
2,3

3,6
2,7
1,7

2,0
3,2
3,7

1,8
1,9
2,3

2,1
1,8
2,0

2,6
0,3
0,9

2,1
1,4
1,6

1,4
1,3
1,2

2,6
3,0
1,3

2,3
1,4
1,9

1,6
1,8
1,2

, : 1,6
1,6
3,3

2,3
2,1
3,0

3,7
2,6
1,6

2,1
3,7
3,7

1,7
2,4
2,8

2,4
1,8

, '1,9

3,2
0,3
1,6

2,1
1,8
2,0

2,1
1,9
2,1

3,0
3,3
1,5

2,7
1,7
1,9

1,6 .
2,1
1,0

1,6
1,4
3,4

2,6
2,1
3,0

3,6
2,6
1,9

1,9
3,6
4,2

2,8
2,9
2,7

2,8
2,2 '
2,1

3,1
1,1
1,7

2,4
1,8
2,3

2,6
2,1
2,4

2,7
. 3,8

1,6

2,3
1,7
1,9

2,0
2,2
1,0

0,9
1,2
2,9

2,1
2,2
2,4

3,2
2,8
2,3

2,4
3,8
3,8

2,8
3,4
3,2

3,2
2,6
2,7

2,9
2,1
2,2

2,8
2,1
2,6

3,0
2,5
2,3

3,0
3,6
2,0

2,7
1,0
1,2

1,3
1,8
0,5

0,2
2,2

2,1
1,4
2,5

3,3
2,8
2,1

2,1 .

3,6
4,2

3,1
4,3
3,2

3,8
3,2
2,9

2,7
2,2
2,3

2,7
2,2
2,8

3,1
2,4
2,2

2,9
2,8
1,7

2,1
0,9
0,4

1,3 _

2,7
1,8
2,0

1,7
3,9
4,2

3,0
3,3
3,1

3,7
2,9
2,6

2,9
2,0
2,3

2,9
2,6
2,8

2,7
2,4
2,0

1,6
1,9

0,6

1,6
3,7
3,9

3,3
2,9
2,8

4,2
3,4
1,9

2,8
2,0
1,9

3,0
'2,4
1,9

2,2
1,2

F

A

M

A

11

s

o

N

D

I .
n.

III .

I .
n.

III .

I .
n.

III .

I .
n.

III .

I .
H.
Ill.

I .
H.

III.

I .
H.

HI .
I .

H.
HI .

I .
H.

HI .
I .

H.
HI .

F.
H.
III.

I .
n.

HI .
---------------~-----'------:---------
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Heures solaires :

I 0

J lIo
III 0

I 0

F lIo
III 0

I 0

M lIo
III 0

I 0

A lIo
III 0

I 0

M Ilo
III 0

I 0

J Ilo
III 0

I 0

J lIo
III 0

I .
A lIo

III 0

I .
S Ilo

III .
I .

o 1I.
III .

I .
N Il.

III .
I .

D no
III .

6-7

0,46
0,47
0,61

0,62
0,65
0,70

0,68
0,78
0,75

0,68
0,71
0,67

0,66
0,60
0,50

0,39
0,39

7-8

0,41

0,49
0,53
0,55

0,63
0,70
0,76

0,72
0,75
0,80

0,82
0,85
0,88

0,79
0,75
0,81

0,72
0,83
0,59

. 0,65
0,69
0,50

0,45
0,42

8-9

0,44
0,44

0,43
0,50
0,60

0,77
0,66
0,77

0,79
0,86
0,85

0,88
0,84
0,90

0,90
0,97
0,96

0,82
0,89
0,89

0,88
0,90
0,72

0,78
0,84
0,73

0,72
0,63
0,43

0,58
0,35
0,31

9-10

0,70
0,50
0,63

0,71
0,70
0,80

0,87
0,86
0,81

0,88
0,83
0,98.

0,94
0,95
0,96

0,94
1,03
1,05

0,89
0,85
0,95

0,85
0,93
0,82

0,86
0,86
0,87

0,88
0,77
0,61

0,65
0,61
0,52

0,48
0,52
0,48

10-11

0,71
0,70
0,69

0,79
0,80
0,82

0,85
0,95
0,88

0,95
0,98
0,92

0,96
1,00
1,00

1,06
1,08
1,05

0,87
0,98
0,87

0,93
.0,95
0,83

0,80
0,75
0,98

0,95
0,86
0,79

0,75
0,73
0,54

0,65
0,71
0,61

11-12

0,71
0,77
0,76

0,77
0,87
0,80

0,87
0,89
0,93

0,91
0,95
0,97

1,00
1,03
0,98

0,96
1,02
1,12

0,99
1,15
1,01

1,00
0,90 .
0,95

0,89
1,00
0,98

0,92
0,91
0,83

0,82
0,80
0,67

0,77
0,73
0,64

12-13

0,69
0,64
0,76

0,78
0,85
0,89

0,92
0,88
0,96

0,95
0,94
1,02

0,96
0,90
1,06

0,95
1,12
1,04

1,03
1,25
1,06

0,94
0,86
0,86

1,01
1,04
0,95

0,94
0,92
0,82

0,74
0,87
0,69

0,67
0,64
0,60

13-14

0,55
0,72
0,68

0,73
0,75
0,89

0,92
0,79
0,90

0,84
0,97
0,95

0,94
i.n
i.n
0,92
1,05
1,04

0,99
0,95
1,00

0,98
0,92
0,91

0,97
1,01
0,87

0,91
0,84
0,71

0,71
0,71
0,62

0,57
0,60
0,49

14-15

0,46
0,64
0,58

0,67
0,69
0,80

0,81
0,72
0,84

0,79
0,94
0,97

1,02
1,00
1,07

0,97
1,01
1,09

0,92
1,07
0,90

0,86
0,83
0,87

0,72
0,80
0,72

0,77
0,68
0,57

0,58
0,72
0,47

0,43
0,40
0,41

15-16

0,39
0,30
0,34

(',44
0,54
(I,H3

0, li1
0,69

t\ 'j9

C,;(j

1",iO

~ '.:'.8

0,{):2
1,I1U
0,.';:2

(I,~l

0,70
n.'i!!

0,(;0

(I,';'i

o.co
0,:;3
0,',:2
0,:0:;

O,G
O.,:.:
OJ :·~O

16-17

0,54
0,40

0,38
0,49
0,53

0,57
0,69
0,73

0,72
0,64
0,79

0,86
0,85
0,80

0,87
0,76
0,77

0,71
0,54
0,76

0,63
0,53
0,46

0,36
0,40

0,36
0,45
0,46

0,55
0,55
0,64

0,67
0,69
0,69

0,64
0,66
0,57

0,57
0,47
0,43

0,39
0,32

energetique effectif pendant ces periodes. Les tableaux
3 et 4 donnent respectivement le nombre moyen par
decade, pour la periode 1949-1957, des joumees
avec ciel: serein pendant les heures indiquees, ainsi
que l'eclairement energetique moyen correspondant
recu sur une surface normale.

La periode d'utilisation la plus interessante semble
etre celle s'etendant d'avril a septembre,. pour
laquelle, grosso modo, 2 a 3 jours par decade en
moyenne sont favorables aux essais. Les eclairements
energetiques au cours de cette periode ont atteint
pendant les heures voisines de midi des valeurs
moyennes de 1 cal par cm- et par minute.

Irradiation des terrains en pente

Un autre probleme, dont l'importance est evidente
pour l'urbanisme, la pedologie, les stations clima
tiques, la meteorologic agricole, etc., est l'enso
leillement des pentes, c'est-a-dire de surfaces diver
sement inclinees et orientees. Rappelons d'abord les

conditions d'etudes de ce problem:'. Le sol, de pente
et .d'orientation fixees recoit, pendant un t~mp~
determine, le rayonnernent solaire direct ~U1Vant
une incidence donnee. A celui-ci s'ajoute I apP?rj, ,. df t diff e' par le Cle.energetique u au rayonnemen 1 ous oft nt
En outre, les conditions atmosphenques modI e
les resultats obtenus par ciel serein. 5

Les donnees numeriques presentees au tab~ea~ne
representent, en pourcentage par rappo!t a ues
surface horizontale, les rapports des energIeS re~ je~
abstraction faite des causes accidentelles, par
pentes pour chaque saison et pour l'annee.

'I ts bdtis
Ensoleillement et irradiation des jayades des 1 0

f des des
. Le probleme de l'ensoleillement de~ a<;a·s sous
Hots urbains batis peut et re envisage a la lo11'ener.
l'aspect de la duree d'insolation possIble,:t ecornpte
gie recue par les differentes fa<;ades de 1I10tj voirie,
tenu de leur orientation, de la largeur de : ur deS
de la distance entre Hots et':'de la hau e
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·mmeubles. Cet aspect important en soi (il suffit de
~onger au pouy-oir bactericide du soleil) n'est pas
le seul it retemr.

En effet, l'action calorifique est, a d'autres points
de vue, .utile a considerer. Car s'il importe parfois
de se proteger contre un apport excessif de chaleur
sur une facade, particulierement en ete, il est par
contre bien interessant en hiver ou aux periodes
equinoxiales de l'annee de .choisir ,!es c.onditi~ns
optima pour capter au maximum I energie solaire
naturelle.

Les condition'> physiques sont telles que -I'effica
cite d'une heur« d'insolation n'est pas constante,
non seulement au cours de la variation journaliere,
mais meme au cours de la variation horaire. C'est
pourquoi le prob erne, pour etre resolu utilement, doit
Hre examine ~,0US ses deux aspects differents :
insolation et eciirement energetique.

Les figures 6, 7 et 8 traduisent le resultat des
calculs de l'insctation (en minutes) et de l'eclaire-

ment energMique (en kilocalories par metre carre)
pour une journee complete d'ensoleillement par tres
beau temps. Ce sont done des valeurs maxima.
Elles sont importantes a considerer pour un examen
comparatif des meilleures conditions d'urbanisation
d'un quartier a batir. On a adopte pour le calcul
les parametres suivants : D = distance entre
immeubles; L = largeur de la voirie: H = hauteur
des immeubles; orientation de la rue.

Quatre types de disposition ont ete retenus :

Type I L = D = H
Type II L = H; D = 2H
Type III L = 2H; D = H
Type IV L = D = 2H

Trois conditions particulieres ant Me envisagees
solstice d'ete ; solstice d'hiver ; equinoxes.

Les valeurs calculees ne tiennent pas compte des
effets particuliers aux abords immediats des carre
fours, ou l'ensoleillement risque d'etre quelque peu

T'lbleau 5. Rapports en pourcentages des energies du rayonnement solaire direct
recues au cours des salsons et de l'annee par des surfaces Incllriees

par rapport a une surface horizontale

Pente en pourcentage 5 S-E et S-O E et 0 N·E et N-O N

,\ Printemps

0-1. . 100 100 100 100 100
1-2,5. 102 101 100 99 98
2,5-5. 103 102 100 97 96
5-10 . 105 104 100 93 91

10-15 . 111 107 99 88 84

D, EM
0-1. 100 100 100 100 100
1-2,5. 100 ' 100 100 100 99
2,5-5. 101 101 100 99 99

5-10 . 102 101 100 98 97

10-15 . 103 102 100 97 95

( Automne

0-1. . 100 100 100 100 100

1-2,5. 101 101 100 99 98

2,5-5. 103 102 100 97 96

5-10 . 107 104 99 95 92

10-15 . 112 108 99 90 87

D. Hiver

0-1. . 100 100 100 100 100

1-2,5. 106 103 100 97 95

2,5-5. 114 109 100 92 89

5-10 . 126 118 100 83 76

10-15 . 144 130 100 71 59

E. Annee

0-1.. 100 100 100 100 100

1-2,5. 102 101 100 99 98

2,5-5. 103 102 100 98 96

5-10 . 106 104 100 95 93

10-15 . 110 107 99 91 88

Les valeurs absolues, pour une surface horizontale, sont lee suivantes :

Printemps 244000 kcal par m' pour la sa!sou
Ete 492000 kcal par m' pour la sa~son

Automne 293 000 kcal par m' pour la sa;son
River 66 000 kcal par m' pour la saison
Annee 1 095 000 kcal par m' pour I'annee,
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TYPE I : L,. 0= H TYPE 1I : L= H ; 0 =2H TYPE m:L=2H. 0= H TYPE IX: L =0 =2H

Somme par 'our sur les 8 fa d

Insolation : S20 ....

Eclair! tnerol\tiq\le : laO _cal.';;~

o

~I
I•:I .
m.~

i

ffii-~l,)()~

Somme ~" jour sur Ies 8 feSad"

InsolatlOO :2Z1O

Ec\air~ M~~ique :1O.~.cn'.lAI2

~I
I

:I

I•..
.-'----1'"

N

'-0 ~I
I
I
I

"'1 I- ..
I

II

I§
L

Insolation :no

E~lair! enerottique : 3~0m\.tIl2

o

0- !!.
§
I

I~

O-!!.

N

~I t

~i
I
I
I

Insolation ; "'0 .. in.

Eclairt~ique : euo_..1.tIl~

I
L

Somme par jour sur IfS 8 f~dfS Somm. par jour sur IfS 8 fa,adfS

o
0-0

gl
I•o...

o-~

~~ i
- ~ I'0-0

I
I
I
L

InsoIa tion ; 1000

Eclair! tnl'l"QttiQUl' :2MO

Insolation ; 1510

Eclair! eneroetiQue : 7700

Insolation 1330

Eclair! fnel'9ttiQue 51aO

InsolatlOO .: 1100

Ec laid t-M-Qetique : IIOQ

Insolation : 1040

Eclair! tnl'rg~iQUl' : 3IGO

Insolation ; 1430

Eclair! tonergetiQuf : 5920

Insola tion ; 1430

Eclair! eneroetique : 5920

1ns0latiOl1 : 1120

Eclair! tr,t'f'getiQUe: .610

: "00Insolation : 1000

Eclair! merg~iquf : 2HO

Insolation : 1330

Eclair! tnergetiQue: 5190
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Eclair! ftll'rQftiQUe : noo
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Eclair! enl'l"QttiQUe : ttOil

~: Yal«Jrs surlignm

Figure 6. Ensoleillement et orientation des facades equinoxes
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TYPE I ' L =0 =H TYPE n, L =H ; 0 =2H TYPE m : L =2H j 0 =H TYPE Ill: L =0 =2H

o
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Fi~ure 7. Ensoleillement et orientation des facades : He
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o

TYPE I : L = 0 = H
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Figure 8. Ensoleillement et orientation des facades : hiver



Ensoleillement et eclairement energetlque 8/59 Dognlaux 331- Tableau 6. Pourcentages d'insolation et d'irradiation sur les facades d'ilots biitis selon
le type envisage

Insolation Irradiation
Orientation rue

Type I Type II Type III Type I Type II Type III

Equinoxe
N 23 87 36 15 81 34

NNE 53 83 70 30 78 52
NE 57 79 79 36 68 68
ENE 53 70 83 30 52 78

E 23 36 87 15 34 81

Lie
N 80 84 96 67 68 98

NNE 79 84 95 63 72 90
NE 63 82 82 59 80 80
ENE 79 95 84 63 90 72

E 80 96 84 67 98 68

~J,,-ver

N 57 57 100 41 41 100
NNE 51 51 .100 39 39 100
NE 26 63 63 35 68 68
ENE 51 100 51 39 100 39

E 57 100 57 41 100 41

• IS ,
" • IS " • " " • " as • " 2. • IS 2• • IS " • IS 25 • IS .. • IS _ 25 • 15 ..2' "

t-
-11
-+

1+,p
450

t·~, J
{'1',,-...., '-,-r
i -t-

400 't1.
'T'

~i
350

- - -
- ,

300 t
- -

r .. - - - --
.. - .. .- . _.

250
0 IIn u I I .. .. . . .- -.- - , . -. . - .- . - . ...,. - _. - --- -

200 -

150

lOO

- lJ50
~- -- - --I-- ,- - - - - _. .. , - - - - - .1'- - - --- - -

~
- - ._. - " . - - _. - - - - - , -- f-- . - .- - - .. - - .. --..... - .- -- - - .. • • .. " • ,.

ISs " 25 • " .. • " 2• • IS " "- • '. " " • " 25" • " as • " 2. s I $(PIEMBRE I I NOVEMBRE IJ I I I JUIH I JUllET I "OUT OtroBRE D£CEMBRE- ~ANVIER F[VRJ[R MARS AVRIL MA'

Fi« 1'" t ses composantes au cours de I'annee, Surface receptrice horizontale..,Ure 9. Irradiati'on "lobale J'ourna rere e 901 1930)
e Conditions moyennes (I -
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superieur aux valeurs trouvees, par suite de la
presence du soleil dans un angle azimutal momen
tanement degage. Le tableau 6 fournit les pourcen
tages d'insolation et d'irradiation des trois premiers
types par rapport au type IV, ce dernier etant indis
cutablement le plus interessant. Car si le role bacte
ricide et assainissant du rayonnement solaire joue
tres peu a l'interieur des habitations, par suite de
l'absorption des radiations germicides par les vitres
des fenetres, par contre, il contribue largement, par
son action directe sur l'air exterieur et les planta
tions, a l'assainissement d'un quartier, C'est pour
quoi il ne faut pas sous-estimer l'importance de la

'largeur des rues ni le choix d'une orientation sus
ceptible d'admettre au maximum .au niveau de la
rue les rayons solaires incidents.

Rayonnement global

On entend par rayonnement global atteignant une
surface de la somme du rayonnement direct et du
rayonnement diffuse par le ciel sur cette surface.
Diverses formules classiques se proposent de deter
miner le rayonnement global a partir des durees
d'ensoleillement. Le degre de precision obtenu de
pend du nombre de parametres contenus dans ces
relations.

J.

40

30

20

----Afin de se rendre compte de l'importance reI .
des composantes du rayonnement global au ahve
de la variation joumaliere, on donne ala figure ~ours
representation complete des rayonnements po ~ne
conditions moyennes d'ensoleillement. Il co:

r.
es

d'insister sur l'importance du rayonnement du
VIe?;

dans le rayonnement global. Au cours de t Cite
1, 'd' ." , 1 ou eannee, une mamere genera e, on peut affirm

, Belai 1 t d 'I erqu en e glque e rayonnemen ~lll CI~ est plusimpor.
tant que le ra):'onnement solaire direct qui atteint
une surface honzontale.

. Comme app~ication d'utilisatior. domestique d'ener.
gie par captatlO~ du rayonnemc.it global, nous nous
attacherons aux z,":s.olflteurs plans. et particulierement

.aux coll?cteurs ;ttzhses ~o~me cliauffe-eau. Ces deux
types d appar~lls ne dl~erent (:u~ par l~ fait que
dans le pr~mIer .le flmd.e coi.stitue hll-meme le
collecteur d energie, tandis que dans le second le
fluide emporte par conduction !'cnergie captee par
un collecteur constitue en geneL~l par un recepteur
metallique.

11 conviendrait evidemment de considerer la renta
bilite de tels dispositifs relativement aux autres
systernes de chauffe-eau,

Afin de baser ces etudes sur des donnees clima
tiques reelles, nous presentons ~l la figure 10 les

to

tOO 200 300 400 500 600

I

700 cAL, CMf

Figure 10. Nombrede [ours par an dont l'irradiation Iournaltera a ete comprise entre les valeurs indiquees.

Moyennes des 10 annees : '1950-1959
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Figure

rtsulta~s bases sur l~s observations du rayonnement , d) Du nombre de journees par periode pendant
~ obal a Uccle depuis 1951, donnant Iesfrequences • lequel il faut suppleer a la deficience de l'energie
esJournees airradiation sur une surface horizontale ,solaire irradiee. '

comprise entre des intervalles de valeurs deterrninees. Les resultats sont presentes a la figure 11, qui
bl'Ces ob?ervations permettent de resoudre le pro- indique la variation, au cours des mois et de l'annee,
d em~ SliIvant : etant donne un chauffe-eau solaire du pourcentage d'energie d'appoint necessaire pour
e dImensions fixees installe horizontalement en assurer journellement une energie utile dans le cas
~Yl?anence en Belgiq~e, quel pourcentage.d'energie d'utilisation d'un collecteur de I m2 asurface hori
d~ aIre p~ut-on recevoir journellement en vue d'elever zontale dont le rendement serait de 100 p.' 100.
d,une temperature donnee une certaine quantite Cette figure indique egalement les valeurs de l'irra-

ea)li? La solution doit tenir compte:' . diation globale moyenne recue a Uccle sur une sur-
~ De la S~rf~cedu collecteur;. face horizontale.

te~ pu debIt Journalier et de l'accroissement ide A titre indicatif, nous avons indique le pourcen-
P rature imposes' tage afournir dans le cas d'utilisation d'un tel collec-

(le
C
) D~ nombre de journees par periode envisagee teur dans les regions equatoriales, d'apres Ies eIe

sol !U0IS ,dans. ce cas) pendant lequel le chauffage ments calcules par De Bremaecker a Lwiro (Repu-
aIre necessaIre' est assure a 100 p. 100;. . blique du Congo).
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Conclusion

Energfe solaire disponible et instruments de mesure

Au cours de cette esquisse, nous nous sommes
attaches a montrer comment la connaissance precise
des -facteurs reels du climat solaire pouvait apporter
abien des problemes pratiques des solutions concretes.
Des considerations semblables pourraient etre deve
loppees en ce qui concerne les applications de l'eclai-
rement lumineux. -

Sur le plan d'utilisation de l'energie solaire, les
exempleschoisis laissent entrevoir des possibilites
reelles d'exploitation (meme dans les climats peu
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Resume

L'objet de ce memoire est de montrer comment, a
partir d'observations climatologiques liees au climat
de la radiation, il est possible d'envisager des etudes
portant sur les applications pratiques relevant des
diverses techniques de la construction et de l'urba
nisme conditionnees en tout ou en partie par les
conditions energetiques reelles du climat.

Les resultats d'observations, presentes sous forme
de tableaux numeriques, de graphiques ou de figures,
sont relatifs aux elements suivants : ensoleillement
ou duree d'insolation; eclairements energetiques pre
valant en Belgique.

Les differents facteurs sont brvvement analyses
de maniere a preciser nettemc.it les cond~tions
d'obtention de ces grandeurs. g.',lques considera
tions sont developpees sous forr.c de suggestIOns
en vue des applications divers;«, not~mment:

ensoleillement des facades d'un local .IS~lt~, des
habitations en rangees parallele. : irr~dlatlOn, des
terrains en pente; insolation et iF~tdiatIOn des ilots
batis.

Enfin, des donnees du climat "laire permettent
de fixer les conditions d'utilisation en Belgique de
dispositifs tels que four et chauffc-eau solaires.

METEOROLOGICAL DATA ON SUNSHINE DURATION AND INSOLATION
FOR PRACTICAL APPLICATIONS

Summary

The purpose of this paper is to show how, starting The various factors are briefly analysed to indi~t~
out from climatological observations of radiation, clearly and definitely, the conditions under w !~n
studies may be envisaged in relation to practical these quantities were found. Several suggestlOn~'ne
applications concerning the various techniques of various applications are made, especially sU~~d~ng
construction and town-planning entirely or partially duration for the front walls of an islated but 1 .
conditioned by the actual energetic conditions of the ~md ~f dwelling~ in parallel rows;. insola~ion 0/:;fJ,
climate. mg SItes; sunshme duration and msolatIOn 0

The results of the observations, presented in the blocks of buildings. - - d to
form of tables, graphs or figures, relate to the follow- Finally, data on the solar climate are empl~Y~ of
ing factors: sunshine duration; insolation prevailing determine the conditions, for utilisation in Belgh!:at~rs.
in Belgium. devices such as solar furnaces and solar water-
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INSTRUMENTATION FOR THE MEASUREMENT OF SOLAR RADIATION
A SURVEY OF MODERN TE.CHNIQUES AND. RECENT DEVELOPMENTS

A. J. Tmunmond *

Attenuation of the solar beam

United Nations. In many instances, large areas of
the earth, where the introduction and operation of
unconventional power systems at relatively low
cost would lead to a better economy of their popula
tions, are characterized by climatic regimes which
provide optimum availability of solar radiation.
So, the realization of this objective will depend, to
no small degree, on the obtaining of a fuller under
standing of the truly enormous resources of power
which we possess in the ordinary sunshine falling
upon these lands.

The quantity of radiant energy which falls upon a
horizontal surface at the outer confines of the terres
trial atmosphere may be evaluated, for any plate
and on any day of the year, through consideration
of the astronomical and trigonometrical principles
involved, together with access to the so-called
"solar constant of radiation" (now generally accepted
to be approximately 1.98 cal cm? mirr-' or 138 mw
cm-2) . Specifically, by this we infer the intensity of
the solar beam in energy units per unit of area
normal to the beam and at earth's mean distance.
In its passage downwards through the atmosphere, a
diminution of the strength of the solar rays results
chiefly from selective absorption by the constituent
gases and by water vapor, from backward scattering
by molecules of air and by solid and liquid par
ticulate matter, and from reflection outwards to
space by larger particles and by cloud surfaces.
Changing conditions of atmospheric absorption and
reflection therefore determine the diurnal, monthly
and seasonal variations in the energy fluxes at th-e
earth's surface. These optical processes also cause the
measured radiation to have a different spectral
composition from that expected according to' the
sun's radiative temperature.
" At the higher levels, scattering is almost entirely
molecular and is of a diffuse nature. But whether
such scattering conforms completely to Rayleigh's
law for spherical scattering centers smaller than the
wavelength of light is still open to question. For
convenience, nevertheless, the depletion is usually
regarded as being symmetrical, half of the energy
so scattered reaching the surface of .the earth, in the
absence of cloud cover, as skylight. Such Rayleigh
scattering is dependent upon the fourth power of
the wavelength, and as the distribution of energy
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It has long b:::en recognized that a knowledge of
the amounts of solar energy reaching the earth's
surface is of pnrne importance in any investigation
of the heat exc hange at the surface and in the ad
jacent layer of air. The meteorologist is therefore
concerned with the determination of the resulting
radiation fluxes to and from the earth's surface
with respect to evaluation of the thermal balance,
locally and globally, of the terrestrial system. From
the general geophysical viewpoint, increasing atten
tion is now being paid to the assembly, on a large
scale, of the basic information required to construct
cartographical representations, in greater detail than
has so far been possible, of the different radiation
components with respect to area and also to time.
In this connection, perhaps the most significant
single requirement for a proper appreciation of
physical climatology is an adequate knowledge of
the distributior., geographically, of the (short-wave)
radiation received, on a horizontal surface, totally
from sun and sky. However, such effort is by no
means confined to observation at the ground or over
the o~ean as t ii~ divergence aloft, with altitude, of
the dIfference between the incoming and outgoing
fluxes of long-wave terrestrial radiation is directly
rel~ted to the heating or cooling of the atmosphere.
~hIS exchange )I lower temperature, infra-red radia
tionresults, mamly, from absorption by (and emission
from) natural surfaces and atmospheric constituents
of the primary solar radiation. . .

Largely on account of instrumental difficulties,
the collection of solar radiation data on a world
sC,ale, is in a markedly inferior state'as compared
with the other principal meteorological elements.
And, unfortunately, in the lesser developed regio~s
of th~ globe (especially in the permanent anti
~YcIomc belts containing such climatic zones as t~e
ahara and Kalahari deserts of Africa and the and

central areas of Australia) the observational material
fresently available is pitifully scanty. This is un
bortunate, not only from pure g~ophysical i~terests
u~ also from the more immediately practical re

qUIrements in the fields of agriculture engineering
and . ', archItecture and certainly for the successful
lntrod . " h'. uchon of economic domestic schemes for t e
utIlIzation of solar energy in the under-developed
~Ountries, which is one of the concerns of this Con
erence on New Sources of Energy, sponsored by the---• ThD' e Eppley Laboratory, Inc., Newport, Rhode Island,
Uited States.



The components of solar radiation

Any object located near the earth's surface, and
freely exposed, is subjected to three components
of thermal radiation of immediate solar (short
wavelength emission) origin, i.e., direct sun or solar
beam radiation; diffuse or scattered radiation and
radiation reflected' by the earth's surface. The
spectral quality of these radiativefluxes is variable,
as indicated above. In the case of the direct radiation,
the energy spectrum is usually. contained (for all
practical purposes) within the limits 0.3-3 microns.
The diffuse radiation is generally of wavelength
shorter than 1 micron and the reflected radiation is
of similar range to the direct component but with,
obviously, different energy distribution spectrally.
For a high sun (solar elevation > 30°), the energy
maximum of the .direct radiation peaks between
0.5 and 0.7 micron normally; the diffuse radiation,
from cloudless skies, is particularly rich in blue
light (0.4 micron) and the reflectance of many natural

in the spectrum depends upon the length o.f t~e
optical path traversed, the amount of scattenng IS
thus a function of the solar altitude. However, over
all values of the path lengths and solar altitudes can
be derived, practically, from Bouguer's. law !m =
10 qm, in which I m represents the solar intensity at
the surface, 10 that outside the atmosphere and "?1'
the air mass or path thickness (m is ordinarily speci
fied as unity for a zenith sun at sea level).

At the lower levels, of say 1-2 kilometers, particle
scattering predominates. If the particles are large
as compared with the wavelength of light and !he
concentration of suspensions. is great, the r~sultmg

scattering is mainly into the forward hemlsph~re.

The complication of this mechanism of attenuation
is increased by the occurrence of multiple scatt~r,

which is pronounced in mist and clouds. Also, m
greatly polluted air .(e~g., industrial fogs), the number
of very large particles is often increased and energy
absorption may then become pronounced. There
are good reasons, too, for the belief that dust absorbs
as well as scatters solar radiation. The contribution
to the diffuse skylight by secondary scatter has been
investigated and it has been found that such .scattered
sunlight is chiefly responsible for the luminance of
those portions of the sky which are at great angular
distances from the sun.

Whereas the scattering processes operate prin
cipally in the short-wave portion of the spectrum,
absorption occurs throughout in bands which are
well defined and of greatest frequency and strength
in the near infra-red region. In the troposphere,
water vapor and, to a lesser extent, carbon dioxide,
are the most active agencies of depletion. In the
stratosphere, the presence of ozone, which is found
at heights of between about 15 and 35 kilometers,
introduces a controlling influence on the. spectral
range of the penetrating solar stream, mainly due
to its strong absorptive properties at the ultra-
violet end.' .

Avililability and measurementIII.A
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surfaces is greater for ener/:?Yf of w
d'
avele~gth con;

sponding to red and near III ra-re radIation than
for shorter wavelengths.

The solar radiatio~ I?easurement ~hich is gener.
ally undertaken within meteorologIcal, network
(which provide the bul~ of th~ ,:'Ofld's observationJ
series) on a regular routine baSIS ~s that of the vertical
integral wavelength flux, near tne surface, from the
sun and sky. To a much lesser extent, intermittent
observations are made of the di:~ct solar component
received on a surface perpendicular to the solar
beam. This type of measuremen t is generally assem,
bled to serve one or other of th- following purposes:

(a) Periodic standardization of the horizontal.
surface records of total sun ZtU: sky radiation (see
below).

. (b) Determination.of atmosF:1<'fic turbidity coeffi.
cients, with the aid of colared L "ers.

In recent years, an effort has L~>,,;n made to increase
the distribution of solar radia non stations where
there is provision for the measurement, continuously,
of the diffuse sky radiation received on a horizontal
surface (generally through the employment of a
shadow band in conjunction with a radiometer
strictly a pyranometer-s-intenced for the m~a~ure·

ment of total incoming solar short-wave. radiation].
The number of such stations, however, IS probably
less than one-tenth of the nnmbvr providing syste~·

atic tabular data of total radiation. Very few senes
of radiation measurements art' available for fixed
inclinations other than horizon ~,j] exposure, and it
is onlv in the last year or so that ,;)'stematic measure
merits of spectral radiation from sun an.d sky, re
ceived on a horizontal surface, L ;ve been mtroduced
(in the United States).

It is therefore quite clear that, f'J~ a first approxim~
tion the meteorological "standarl" record of tot
sun'and sky (whole spectrum) ;.idiation ~as t?he
employed in solar energy utilization studIes,.e1tn~;
where the preferred other lTLilSUrement 1S d
available or where interpolation has to be m~. ~
in the absence of radiation data, from informa 10

available for other locations. In the for~er J~~;
where the solar energy collector has to be.tl1t~ to
of the horizontal plane, particul~r attentlO~ ~~om
be paid to the relative contributions acCrUl~g dia'
the diffuse sky and from the ground refl~c~e t r~itY
tion fluxes. The sky radiation may vary, m m e~nen;
from about 5 per cent of the direct solar cdmp ding
to a maximum approaching the latter, epefoudi'
upon the transparency and the nature of t~e c solar
ness of the sky. The ground reflectance, or from
radiation (integrated wavelengths).' can .~arsg1esired
0.05 to 0.90 according to the terr.all~. If 1 for the
to estimate the direct solar radmtlOn, e.g., ergized
calibration of solar furnaces (which ar~ 0~11le~s from
by parallel beam radiation) then th1S. ~h 0 required
the relationship I sinh = T-D, where I IS ~ n T the
direct intensity, h the relevant solar ~le~atlOT'and D
total radiation and D the diffuse radlatlOXt(locations
referring to horizontal surface exposure). .

336
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here simultaneous measurements or reliable esti

wates of T and D are not available, it will probably
: preferable to atteI?pt evaluat!on of. I from ~ar.to
graphical representations of 10 (i.e., direct radiation
intensity outside the earth's atmosphere) combined
with local measurements of atmospheric transparency
(i.e., derivatives f::om atmospheric turbi.dity coeffi
cients) or with estimates from other station data of
measured I.

Solar radiation instrumentation

Two types Cl radiometer are employed generally
throughout thec.ountries of the world in observational
programs of so .r radiation short-wave components.
These are:

(a) The rpyrl.eliometer, with or without filters,
for the measurement of the direct solar radiation at
normal incidence.

(b) The pyranometer (now also available commer
cially with filters for sub-division of the solar spec
trum) for the measurement, basically, of the total
incoming sun and sky radiation received on a hori
zontal surface.

The second type can be used, with its receiver
tilted out of the horizontal plane, for the measure
ment of the radiation falling upon a specified inclined
surface, directly from the sun, diffused from the sky
(but, of course, less than the total hemispherical
component) and reflected, partially, from the, sur
rounding surfa: es (which will include artificial as
well as natural ones unless precautions are taken to
screen the receiver from local reflections). All models
o.f the other type admit not only the radiation emis
SIOn of the sun's disc but also that from a specific
(but not stand; [d) annulus of circumsolar sky.

Despite the fact that during the first three decades
of the 20th cen tury a very large number of radio
meter models f, rr the detection of solar short-wave
radiation (direct and total sun and sky) and also
of terrestrially originated long-wave radiation ha~
~een introduced (see below), the measurement pOSI
tion was far from satisfactory at the outbreak of
World War II (1). Only in a relatively few inst.an:es
was the observational accuracy of senes of radiation
measurements up to the level which can now be
expected from the primary and secondary radiometers
currentlydisposed throughout the governmental me
teorol?gical networks and at geophysical institutes: In
deed,m many cases, the resulting' accuracy obtamed
from the then higher quality classes of instruments
w~s not much better than can be obtained today
WIth the simpler (and more economical) type pres
~~tly availab~e. However,' this all important matter

accuracy mherent in the assembled records of

IsoIar and terrestrial radiation is not only a result of
oc I" tis a mstrumental performance but, to a large exten ,
ti dependent upon the nature of the personal atten-
lOn afforded the instrumentation and also, more
~?perhaps, upon themannerin which the eye observa
lOns or automatic recordings are controlled, (2).

Prior to the commencement of the Third Inter
national Geophysical Year, the mutual existence of
two internationally acceptable reference scales of
pyrheliometry (3), 'which diverged considerably, was
rather a disturbing factor, especially in comparing
different series of measurements where, frequently,
the references employed were not stated.

Instrumental requirements and practical
_possibilities

, '

,'The principal requirements of radiometers intended
for the measurement of short- or long-wavelength
natural thermal radiation may be tabulated as
follows (not necessarily in order of importance):

(a) Long-term stability, with good short-term
reproducibility, preferably over several years;

(b) 'Relatively good degree of adherence to the
Lambert cosine law (i.e., for pyranometers and total
or net long-wave flux radiometers);

(c) Relatively good degree of freedom from the
effects of ambient temperature;

(d) Independence of sensitivity with respect to
the wavelength limits of the energy component to
which the instrument is exposed;

(e) Completely weatherproof conditions;

(1) "Ease of solar tracking, whether manually or
automatically operated (i.e., for pyrheliometers);

(g) Reasonably fast response, especially where
hourly or shorter period integrals are required;

(h) Freedom from asymetry of response during
the sunrise-to-sunset period when the true radiation
distribution is symmetrical about the median;

(i) . Ease of calibration;

, (j) Facility for remote recording, on commercially
availableequipment, where this is required;

(k) Relative robustness in design and construction,
to withstand transportation and, as far as practicable,
weather elements.

.In present-day instrument design, most of the
above-listed idealized requirements have been met
realistically in the case of the short-wave radiometers;
on the other hand, there is still much to be desired
with the existing long-wave radiometers.

For many years, the primary working standard
instruments have been of two types, i.e., the Ang
strom electrical compensation pyrheliometer (widely
used, first in Europe) and the Abbot silver disk
pyrheliometer (widely used, first in North America)
(2). In recent reviews, Drummond (1) and Drummond
and Greer (4) have indicated that reproduction of
radiation intensity of the order of one part in one
thousand is possible with either instrument, pro
vided that very transparent atmospheric conditions
are present. Agreement between specimens of the
two types of two or three parts in one thousand is
readily realizable under these conditions. On more
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average observing days, these figures could be revised
to ±0.5 per cent and ± 1 per cent, respectively.
As it is believed that the uncertainty of the present
radiometric reference (2, 4), i.e., the International
Pyrheliometric Scale (1956), may be ± 0.5 to 1 per
cent as compared with the (undetermined) true
absolute scale of radiation, it is obvious that, ab
solutely, in our best measurements of the direct
solar radiation we may easily be in error by ± 1 to
2 per cent. Then, there is the question of transferring
readings obtained with a 'so-called primary standard
of either type to a working primary or secondary
standard instrument, in order to calibrate the field
radiometers (which may be other pyrheliometers or,
more likely, pyranometers). It will therefore be
appreciated that, even with the best quality radio
meters, accuracy levels of ± 2 per cent, for secondary
pyrheliometers, and ± 3 per cent for pyranometers
(which are secondary instruments) are tolerably
good targets at which to aim.

The secondary pyrheliometers recommended by
the World Meteorological Organization are thermo
pile detector types (2), i.e., the Eppley, Linke
Feussner and Gorczynski :pyrheliometers. All are
capable of a precision in output reading (voltage)
of ± 1 per cent, provided that proper attention is
paid to periodic calibration against a primary work
ing standard. The Michelson bimetallic actinometer
is also suitable for this purpose. In each instance,
however, the instrument sensitivity is temperature
dependent (values of the temperature coefficient
of up to -0.2 per centjl°C rise in ambient tem
perature are not uncommon) and due allowance h.as
to be made for this effect if the highest accuracy
is demanded. Recently, an improved version of the
Eppley normal incidence pyrheliometer, and also
a new high-precision type pyranometer, were intro
duced (1, 5) incorporating temperature compensation
of. the thermopile unit. With this arrangement,
reproducibility better than ± 0.5 per cent was
demonstrated, over a period of continuous instru
mental exposure of nearly six months in extent, with
ambient temperatures varying between 0 and
+ 25°C (1).

'For reasons of convenience (and economy) with
regard to the solar tracking device to be employed
with pyrheliometers, the magnitude of the opening
(i.e., half aperture) angle of pyrheliometers usually
varies between about 2.5 and 5°. If the opening
angle, so defined, is smaller than 1.0°, serious diffi
culty may be experienced with the observations.
Pastiels has produced a. very valuable study in
such a connection (6). .

For many years, the. classical Eppley (Kimball)
and Kipp (Moll-Gorczynski) thermoelectric pyrano
meters have been extensively used for the measure-

Conclusions

The attainment of accuracy levels in the meas~re;
ment of total sun and sky radiation of 5 'per ~en I~r
better, repeatedly, has its difficulties. WIth snnpm'
instruments, reliability of 10 per cent can be accoro
plished regularly only when there is adequate p
vision for checking the records.



339DrummondA survey of measurement instrumentation 8/117
-----------------'----------.:....:::::..:..::::.==.::.::...............:~~~~~~~------~

References

J. Drummond, A. ]., Solar Energy, 5, 19, 1961.

2. ICY Instructioi! Manual, vo!. 5, part. IV, Pergamon Press,
London, 1958.

3. Drummond, A. j., WMO Bulletin, 5, 75, 1956.

4. Drummond, A. J. and Greer, H. W., Sun at Work, 3, 3, 1958.

5. Marchgraber, i). M. and Drummond, A. ]., Contribution
to the InternaL·nal Radiation Symposium, Oxford (mimeo
graphed). 1950.

6. Pastiels, R., hi- . Ray. Met. de Belgique, Pub., Ser. A, No. 11,
1959.

7. MacDonald, T.· H., Mon. Wea. Rev., 69, 146, 1941.

8. Fuquay, D. and Bucttner, K, Trans. A mer. Geophys, Un.,
38, 38, 1957.

9. Bener, P., Archiv. fiir Met., Geophys. und Biokl., Serie B,
2, 188, 1950.

10. Eppley Laboratory leaflet, Performance Characteristics of
Eppley 180° 10- and 50-Junction Pyrheliometers (Pyrano-
meters), 1960. .

11. Blackwell, M. ]., Air Ministry Met. Res.' Ctee., London,
M.R~ P., No. 791, 1953.

12. Fowler, j. R., Bull. Amer. Met. Soc., 34, 170, 1953.

Addendum

ON THE DhnUBUTION OF SOLAR RADIATION
AT THE EARTH'S SURFACE

It has been pointed out that during the last 10-15
years there has been an intensification of effort
within national meteorological services and by
governmental, educational and other geophysical
institutes to improve our knowledge of the distribu
tion of solar radiation over the earth's surface.
A stimulus in this direction was apparent in the
planning for th~ Third International Geophysical
Year. However, despite such efforts as those by
Canada (1), the Union of South Africa (2) and the
United States CC;) in the provision of serial.publica
tion of daily (8';d in the case of (1) and (2) hourly
where available) data for extensive areas, and Italy
(4), Portugal (fJ; and the United States (3) in issuing
monthly mapped data for their networks, much of
~he information assembled throughout this period
IS not readily available. It is true that the World
Meteorological Organization has made arrangements
for the publica! ion of the IGY radiation data and
this will certainly be a most welcome addition to
what has already been widely disseminated.
. In the past, numerous attempts have been made,
sl~ce the original one of Angstrom (6, 6a), to compute
dally amounts of total sun and sky radiation from
the relative duration of sunshine or from the cloudi
ne~s, measurements of the former element and/or
estlI~ates of the latter being standard in all ~eather
serVIces. In this connection the efforts by Fntz and
MacDonald (7), Black, Bo~ython and Prescott (8),
~lb~echt (9), Hinzpeter (10) and de Boer (11~ are
YPlcal. Other workers have tackled associated

problems such as those of the derivation (from the
measured total solar radiation received on a hori
Zontal surface) of the solar radiation available on
~~~faces with various orientations (12, 13), the
I !l:se sky component on clear days and under

~~ecI.fied conditions of cloudiness (14) and the hourly
Istnbution from daily summations (15).
rAnother very important contribution to radiation
~o~ll1atology has been the recently P?blished J?aJ2s

the World showing the (largely estImated) distri-

bution of the total incoming solar radiation for each
calendar month (16, 17). Other average cartogra
phical surveys, on a monthlyor seasonal basis, have
been prepared for specific regions, for example,
Canada (18), Japan (19), Southern Africa (20) and
the United States (7); the second and third of these
sets of maps have been charted practically entirely
from measured data.

The principal purpose of including this addendum
with the present contribution is to focus attention
upon the need for assessing the reliability, in different
climatic regimes, with which representative long
period average values, for specific localities, of the
total solar radiation may be computed or converted
into components of different orientation, with the
aid of the observational material presently available
and the computational techniques already estab
lished. If, for instance, the accuracy desired for a
certain project is 10 per cent and it appears possible
to derive the required period values, indirectly,
within this limitation, then there would be little
point in -setting up one of the so-called "simpler
instruments". On the other hand, if more meaning
ful information is considered necessary, then the
proper recourse is to employ one of the conventional
meteorological secondary-type paranometers, with
adequate instrumental control facilities. With regard
to the' question of the assembly of radiation figures,
statistically, in the form, for example, of frequency
distributions (21, 22, 23), whether this can be achieved
reasonably, in an indirect - manner, will largely
depend upon the detail and accuracy stipulated and
upon the nature of the secondary information (e.g.,
location and type of nearest radiation measurements
and other applicable meteorological information).

Another purpose of this addendum is to urge that
attention be paid to making available the' large
mass of solar radiation observational data, currently
not generally accessible, either in digest suitable for
statistical analysis or in the form of standard fre
quency distributions.

It has not been the intention to offer a complete
bibliography along the lines of the above discussions;
the references given are purely for illustration.
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Summary

A review is presented of the principal objectives of
the measurement of the different components of
solar radiation, particularly _with regard to the
applicability of the -derived radiation data in the
several aspects of the utilization of solar energy.
These radiation components of the thermal radiation
balance at the ground are the direct solar contribu
tion, the diffuse sky radiation, the reflected solar
radiation and the longer wavelength temperature
radiation which is exchanged within the terrestrial
system. As in the case of the short-wave components,
three categories of long-wave radiative transfer are
involved, i.e., outgoing infra-red radiation from the
earth and its atmosphere, incoming infra-red radia
tion resulting from downward emission by the
atmospheric constituents, and reflected infra-red
radiation at the various natural surfaces. With
regard to the short-wave radiation fluxes, a further
sub-division into well-defined regions of the solar
spectrum is increasingly gaining in importance as
improved and readily operable techniques for effect
ing the energy separation become available. A
knowledge of the. spectral energy distribution of
the direct solar or' fhe total sun and sky radia
tion is highly desirable, for instance, in the eva
luation of the efficiency of photoelectric converters

which are intended for exposu re under natural
conditions.

The major problems associated with the design of
thermal radiation detectors for such purposes are
discussed, as are also the limiting factors, introduced
by reasons of economy, which d~date instrumental
performance. It is not sufficient to co?,stru.et the
radiometers to comply with certam specIfications of
precision which is here better ,'xpressed,perhaps,
as readout repeatability. It has TO be demonstrated
that the required instrumental Lolerances can be
realized in climatic regimes other than those where
the basic calibrations were undertJ.ken and that ther~
is adequate long-term stability in the functioning 0

the radiometers (term used generally). Then, }h:~e
is the question of the reproduction, 10caIl):', 0 cl r
international standard, of pyrhcliomet~y III °ilie.
that comparability of the individual serres of~: r~'
tion measurements may be achieved WIth t
quisite precision, on a global basis. acy

An outline is given of the precision and ac~u~eof
levels obtainable, generally, in t~e present s ;oved
the art, with the main radiometers III use, lllIIDPn in
form, and also introduced since World War dtral
measurement programs of integral and spe
wavelength radiation.
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INSTRUMENTS DE MESURE DU RAYONNEMENT SOLAIRE : APERQU DES METHODES
NOUVELLES ET DES PROGRES RECENTS REALISES

Resume

Dans le present memo ire, il est precede a un
examen des objectifs principaux de la mesure des
divers composants du rayonnement solaire, parti
culierement en ce qui concerne l'applicabilite des
donnees obtenues a l'utilisation de l'energie solaire
sous ses aspects multiples. Ces composants de rayon
nement du bilan de radiation thermique au sol
comprennent la contribution solaire directe, la radia
tion celeste diffuse, la radiation solaire reflechie et
la radiation thermique a plus grande longueur
d'onde, qui est echangee a I'interieur du systeme
terrestre. Comrne dans le cas de composants acourte
longueur d'onde, trois categories de transferts de
radiations a grande longueur d'onde entrent en jeu,
asavoir : des radiations infrarouges emises par la
terre et son atmosphere, des radiations infrarouges
resultant d'une emission vers le bas par les consti
tuants atmosphcriques, et des radiations infrarouges
reflechies par diverses surfaces naturelles. En ce qui
concerne les flux de radiations a courte longueur
d'onde, une nonvelle subdivision dans des regions
bien definies du spectre solaire prend une importance
croissante, amesure que des methodes perfectionnees
et d'application facile pour effectuer la separation
d'energie, deviennent disponibles. Une connaissance
de la repartition de I'energie spectrale, du rayonne
me~t solaire direct ou du rayonnement global du
soleil et du ciei est tres utile, par exemple, pour
l'evaluation du rendement de convertisseurs photo-:

electriques destines aetre exposes sous des conditions
naturelles.

L'auteur examine les principaux problemes qui se
posent lors de I'etude d'un instrument detecteur
de radiations thermiques a ces fins, ainsi que des
facteurs limitatifs, dictes pour des raisons d'econornie,
qui commandent le rendement de !'instrument. 11 ne
suffit pas de construire des radio metres obeissant
a certaines specifications de precision que 1'0n pour
rait peut-etre mieux qualifier, en l'occurrence, de
possibilite de repetition de lecture. 11 y a lieu de
demontrer que les tolerances de mesure requises
peuvent etre obtenues dans des regimes c1imatiques
autres que ceux sous lesquels l'etalonnage de base
a ete effectue et que les radiometres (terme habituel
lement employe) fassent preuve dans leur fonction
nement, d'une stabilite suffisante a long terme. Puis,
il y a la-question de la reproduction, localement, de
la norme internationale de pyrheliometrie, afin
d'obtenir avec la precision necessaire, sur une base
globale, la comparabilite des series particulieres de
mesures de rayonnements.

L'auteur donne un apercu des niveaux de precision
et d'exactitude que 1'0n peut obtenir, en general,
au stade actuel de nos connaissances, avec les prin
cipaux radiometres en usage, sous forme perfec
tionnee, et presentee depuis la deuxierne guerre
mondiale, dans des projets de mesure de rayonne
ments de longueur d'onde integrale et spectrale.

12
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where q is the atmospheric transmission coefficient,
and m is the thickness of the atmosphere traversed
by the solar beam. q integrates transmission over
all wave lengths of the solar spectrum and should
not be confused with the classical Bouguer trans
mission coefficient, which refers to monochromatic
radiation only.

The thickness of the atmosphere m, known as the
air mass, is equal to unity when the sun is in the
zenith and the point of observation is at sea level.
For other elevations, m is proportional to the secant
of the zenith distance z

Pyrheliometric measurements
at Helwan Observatory

when taking the refraction of the atmosphere into
consideration.

For any oriented surface at the ground, the irradia
tion by the sun is the product of the direct normal
radiation ID and the cosine of the angle of incidencei,
This angle changes from day to :hy and from hour
to hour owing to the varying position of the earth
relative to the sun and to the rotation of the earth
about its axis. This position is defined by two angles,
the solar altitude h (h + z = HOG), and the solar
azimuth A, which can be secured directly from the
V.S. Hydrographic Office Tables No. 214, for any
local hour angle when the latitude of the place and
the declination of the sun are known (2).

This paper gives, for clear sky conditions, estimates
of the total solar radiation incident on surfaces at
various orientations. This information is frequently
needed by research scientists interested in solar
energy utilization.

Measurements of the total solar radiation at
normal incidence had been started ;'.t Helwan Obser
vatory (290 52' N, 31 0 20' E) in February 1914. An
Angstrom pyrheliometer No. 110 (constant k = 1408)
was used till August 1916, and followed by the No, 171
(constant k = 1 310) which had just been returned
from standardization at Upsala. Pyrheli?meter No.
110 was then sent at Upsala and rei urned III January
1920. It has since been kept as standard. No. 171

[1J has been compared with it twice a year and therehas
been found a slight increase from year to year III !he
constant of the pyrheliometer in regular use, oWlllg

. owerprobably to the decrease of the absorptive P, f
of the blackened strips caused by the deposIt?
dust. Comparisons gave continuous confidence

d
~n

the good state of the pyrheliometer No. lyl,an
s

III

the absolute values of the measured radIatIOn,
Observations were m~de on nearly every fine

1
~a~

three times a day, at air masses 3.0, 2.3 and ' r
winter and at air masses 3.0,1.7 and 1.15 in SUll1n:~g
All the observations were made in the 1l10fnI

cbefore 11 o'clock, as after this the transpa~eny
of the atmosphere generally becomes unstea y.

. . H I Obser-Two bulletins were published by e wan tant
[2J vatory, giving in particular the daily solar CO~~ 21

determinations during the years 1914-15, 19, 'ary
(3, 4). In 1927, Kimball gave an excellent SUll1rs at
of the solar radiation intensity measuremen
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m = secz

m = secz (1-0.001 tan2z)

log I = log L, - m log q
or

The solar radiation which reaches the outer limits
of the atmosphere and is received in one minute by
an area of 1 square cm placed perpendicular to
the sun's rays and at the mean distance between the
sun and the earth is known as the solar constant,
and is usually denoted by 1. Its most accepted value
is 1.94 lyJmin (1). For practical purposes the spectral
distribution of this energy outside the atmosphere
lies between the limits of 0.22 and 4 (1..

The solar beam, when penetrating the atmosphere,
sustains different losses. At the top of the atmos
phere, it is slightly depleted by the absorption
characteristics of molecular oxygen and nitrogen:
When traversing the ionosphere, most of the energy
in the ultraviolet region and in a small portion of the
visible part of the solar spectrum is absorbed, so
that below 0.29 [L solar energy is cut off. As the
remaining energy proceeds through the atmosphere,
it undergoes two principal variations: scattering
and absorption.

The first is caused by molecules, dust and other
atmospheric suspended impurities, while the second
is accomplished mainly by water vapour.

A considerable portion of the solar beam which.
has been scattered and diffusely reflected arrives at
the earth unchanged in wave length as diffuse radia
tion, which must be added to the direct radiation
from the sun, to make up the total radiation..

The ratio between the solar constant I o and the
radiation received at normal incidence at the earth's
surface I is given by qm

i.e.,

or more precisely
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Table 1. Hourly rates of total solar radiation intensity (IY/min) for clear sky conditions
at Helwan Observatory

Local time J. F. M. A. M. J. J. A. S. O. N. D.

6 .32 .53 .56 .44 .36 .29
7 .51 .81 .83 .88 .91 .87 .82 .82 .76 .65 .23
8 1.00 .94 Ll7 1.11 1.08 1.09 1.07 1.07 1.09 1.07 1.01 .93
9 1.24 Ll8 1.36 1.23 1.20 Ll9 1.16 1.20 1.22 1.23 1.20 Ll7

10 1.35 1.33 1.45 1.30 1.26 1.25 1.22 1.26 1.28 1.28 1.29 1.30
11 1.40 1.39 1.49 1.33 1.31 1.29 1.25 1.28 1.31 1.31 1.33 1.34
12 1.42 1.42 1.51 1.33 1.31 1.31 1.27 1.29 1.31 1.32 1.34 1.36

most parts of the world (5). He gave the mean month
ly values of the total solar radiation, measured at
normal incidence at Helwan Observatory, during
the period from February 1914 to December 1923,
for air masses 1 and 2.

(b) Calculate, for each hour of the month represen
ted by its 15th day, the zenith distance z, the air
mass m, and hence, from the (log I - m)' curve, the
hourly rates of the total solar radiation at normal
incidence, as given in table 1.

l:.Hourly rates of total solar radiation at normal
incidence during cloudless days .

Total solar radiation on surfaces at various.
orientations

The pyrheliometric observations taken at Helwan
Observatory were the only possible information in
the U.A.R. on solar radiation intensity for clear
sky conditions, and we were therefore obliged to
make use of them in the study of the availability
ofsolar radiation on surfaces at various orientations.
The calculations were carried out, for each month
of the year, as follows:

(a) Plot log I against m using the.values given by
Kimball for m c= 1 and m = 2, as well as the values
for m = 1.7, which we have calculated from detailed
obse~vations during the same period 1914-1923,
furmshed by the permission and through the courtesy
of the director of Helwan Observatory. .

It is to be noted that the results given by Kimball
for m = 1 and m = 2 were reduced to mean solar
distance and expressed in the Smithonian Scale.
To convert them to the Angstrom Scale, they should
be .m~ltiplied by 0.9685, and to account for the
vanatIons in the distance between the sun and the
earth, they should be multiplied by 1.03 for December
and January; 1.02 for February and November;
l.01 for March and October; 0.99 for April and Sep
tember; 0.98 for May and August; and 0.97 for June
and July (6).

(a) It has already been indicated that the total
solar radiation reaching the earth's surface constitutes
a diffuse part. It has no fixed direction and' does not
obey the 'law of cosine ratios. To predict' radiation
incident on a certain plane, it is necessary, as a
first step, to know the magnitude of this diffuse
part. Unfortunately, no separate measurements of
diffuse radiation have been undertaken at Helwan
Observatory. On the other hand, the amount of
data in the literature on diffuse radiation is very
limited and mainly concerns horizontal surfaces and

. clear sky conditions (7, 8). The best information at
the time may be that contributed by Parmelee (9),
who has measured the diffuse radiation on horizontal
and vertical surfaces and plotted his results versus
solar altitude and wall solar azimuth," such that
it can be estimated for any vertical surface of any
orientation. As duririg cloudless days the diffuse
radiation is generally small compared with the
direct radiation, and as it depends mainly on the
air mass penetrated by the solar beam, Parmelee's
data may be considered as representative to other
localities (e.g., Helwan Observatory) and has been

1 The various angles referring to sun and wall. positions are
described in the Ventilating, Air Conditioning Guide;. 275 t1954).

, ~ .

Table 2. Hourly rates of direct solar radiation intensity (ly/min) for·clear sky conditions
at Helwan Observatory .

J: F. M. A. M. J. J. A. S. O. N. D.
Local time

6 .28 .47 .49 .36 .31 .27

7 .47 .67 .73 .76 .80 .76 .72 .73 .70 .63 .22

8 .92 .84 .95 .98 .94 .95 . .93 .93 .96 .96 .92 .84

9 1.05 . Lll 1.08 1.06 1.05 1.02 1.05 1.07 1.09 1.07 1.05Lll
10 Ll7 Ll8 Ll5 Ll2 LlO 1.07 Ll2 Ll3 Ll3 Ll4 . Ll5

1.21
11 1.23 1.21 Ll8 Ll6 Ll4 LlO Ll4 Ll6 Ll6 Ll7 Ll81.25
12 1.26 1.23 Ll8 Ll7 Ll6 1.12 Ll5 Ll6 1.17 Ll8 1.21

1.27
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Figure 1. Intensity of total solar radiation on cloudless days at Helwan Observatory

1. Total normal; 2. Total facing south; 3. Total horizontal; 4. Total facing east; 5. Normal diffuse;
6. Horizontal diffuse: 7. Total facing north

used to calculate the hourly rates of diffuse radiation
at normal incidence for the latitude 'of Helwan.
This has been done by linear interpolation between
the values secured for a horizontal surface Hd, and
for a vertical surface Vd, having a wall solar azimuth
angle equal to zero, such that

z
Id, = us-: (Hd - Vd,) 90 [3]

The values obtained were subtracted from the
corresponding total solar radiation to obtain table 2.
With the hourly rates of the direct radiation at
normal incidence ID.

(b) Applying the law of cosine ratios to ID, the
hourly rates of the direct solar radiation, incident
on the principal vertical orientations, were calculated,

and to account for the corresponding hourly rat~s
of diffuse radiation, Parmelee's data were ~naJn
used. The sum of the computed direct and di .us~
components has been plotted graphically, agam~
the mean local time Figures 1 and 2 give an examp e. J ~yof the curves obtained for the months of an?ter
and July, considered representative of the W1~ilY
and summer periods. From these curv~s, the real
total radiation received on the principal ver

l
1 3

orientations were calculated and presented In tab e .
(c) In the design of solar equipment, such l~b:

solar water heater, the flat plate colle?tor sh~~tion.
erected to receive the maximum possl~le ra 1 tain
It should be facing south and tilted with a ~e\est
angle 0 to the horizontal. To account for t ~ 15
tilt, the daily total radiation received when 0 - ,

Table 3. Daily total solar radiation received on surfaces of various orientations

Surface j. F. M. A. M. t. ]. A. S. O. N. D.

Horizontal. 360 415 515 595 630 640 620 595 550 450 365 320
Facing S 480 420 340 210 140 110 135 215 280 390 450 455
Facing N . 40 47 55 62 105 125 105 75 60 50 40 40
Facing E . 220 235 250 290 290 300 280 280 280 260 230 200
Facing W. 220 235 250 290 290 300 280 280 280 260 230 200
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Table 4. Daily total solar radiation received on a south-facing surface with different
orientations (0 angle of tilt with the horizontal)

0 t. F. M. A. M. r. r. A. S. O. N. D.

150
• 465 505 575 610 620 620 610 600 575 525 465 420

300
• 530 548 575 590 . 575 575 565 565 575 565 525 500

450
• 560 565 575 534 500 485 490 515 550 570 560 535

600
• 570 555 520 450 395 380 275 420 485 540 550 545

750
• 545 500 440 345 275 180 270 310 395 485 520 520

30, 45, 60 and 75 to the horizontal was calculated, .When comparing the daily records obtained during
and tabulated in table 4, following the same pro- a whole year by the Robitzsch with those obtained
cedure as in (b) above. by a lO-junction calibrated Eppley pyrheliometer,

subjected to the same conditions of exposure, it

Pyrhellometrtc records of total solar radiation
has been- found that the Robitzsch gives consistently

on the horizontal
higher values with an increase in summer (10). This
has been found to be due to the seasonal changes

Measuremr nts of the total solar radiation, received
in the temperature of the outside air. A correction

ona horizont.il surface, and under all sorts of weather
factor has been evaluated for each month of the

c?nditio~s,w. re started at the Agro-meteorologicalsta-
year, permitting the measurements to be accurate to

tlO~at Giza (::'100 2' N, 31013' E), in December 1955, by within ± 4 per cent.

equipping the' station with various recording instru- In January 1958, the sensitive element of this
merits. As it has been planned to develop a network actinograph was destroyed, and a new instrument
of pyrheliorr.dric stations in the U.A.R., one of was used instead. Applying the same test to this
the.se instruments has been a Robitzsch actinograph, actinograph, it has been found that the error lies
~hIC~ ~oul.d be generalized for its robustness and between 0 & 4 per cent, allowing its use without any
SImplICIty III operation. . correction. The data obtained during the three

Ta!>le 5. 5-day means of daily values of total solar radiation (ly/day) received on a horizontal surface at Giza

Month period Year ]. F. M. A. M. r. i. A. S. O. N. D.

1-5. . . . 56 287 390 384 550 620 617 618 602 539 467 372 215

57 309 269 486 591 564 681 638 629 897 505 386 278

58 257 313 271 578 538 . 662 649 620 545 470 333 268

Mean 284 324 447 573 574 653 635 617 500 481 354 254

6-10 ... 56 300 380 516 412 654 643 603 561 545 465 274 232

57 281 352 476 534 470 674 668 645 571 462 334 313

58 242 333 495 579 633 652 638 614 534 430 333 193

Mean 274 355 496 508 585 656 637 607 550 452 314 246

1I-15. . . 56 256 368 535 622 641 621 616 566 527 432 336 276

57 307 448 437 605 634 673 677 642 554 415 360 297

58 ·281 358 513 541 643 653 640 607 533 413 296 224

Mean 281 391 495 589 639 649 644 605 538 420 331 266

16-20..... 56 305 319 499 624 650 633 622 585 536 416 302 227

57 318 434 452 583 647 656 657 625 555 344 310 282

58 291 . 412 540 500 632 643 636 599 496 403 297 267

Mean 305 388 497 569 643 644 638 603 529 388 303 259

21·25.... 56 326 427 612 626 639 648 593 542 502 378 265 264

57 344 446 517 509 582 676 674 622 . 492 395 337 293

58 251 470 545 622 655 667 648 585 506 402 279 256

Mean 307 448 558 586 625 664 638 583 500 392 . 294 271

26-31. . . . 56 271 363 558 622 656 637 592 546 506 378 284 271

57 ,184 458 515 668 669 694 674 621 511 364 294 239

58 326 461 550 634 629 648 644 572 495 359 244 239

Mean 260 427 561 641 651 653 637 580 504 367 274 250

1-31 . ... 290 375 519 576 643 633 607 566 526 421 306 248
56
57 287 397 493 502 595 672 665 630 547 415 298 282

58 276 386 520 576 622 652 643 598 518 411 287 241

. Mean 285 386 511 578 620 653 638 598 530 415 300 257---
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calender years 1956-1958 are appended in table 5,
as 5-day and monthly mean daily values.

Sunshine duration

In addition to the knowledge of soiar radiation
intensity received at any place, an i~portant fac~or

in the utilization of solar energy .IS the sunshine

duration. It is recorded at most r.f the meteorological
stations in the U.A.R. with a Campbell Stokes
sunshine recorder.

A complete analysis of th. recorded duration,
with a special reference to Hell"an Observatory for
the period 1923-1953, has been ~'iven by on~ of the
authors (ll). The same authr.: has ~lso.glventhe
sunshine duration measurements at Giza m a form
suitable for prospective solar ;,1.plications (12).
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Water by Solar Radiation; Proceediu ~' of the Unite d below
Conference on New Sources of Energ; , 1961, include '
paper S/63, agenda item III E.

Summary

b the solarMeasurements' of the total solar radiation at mainly, on the air mass penetrated Y
normal incidence, I, was started at Helwan Obser- beam. f ces
vatory (29

0

52' N, 31
0

20' E) in February 19i4. On (c) The daily total radiation available Of ~:rtical
every fine day, observations were made with an with various orientations (the prmcIpa To do
Angstrom pyrheliometer, three times a day at three orientations and tilted south-facing surfacesiollows:
different air masses. From these observations, we this we have proceeded for each su~face as to get
have evaluated for every month of the year: 1. Applied the law of cosine ratros to. It n:

(a) The hourly rates of total solar radiation at the hourly distribution of the direct radl~ l~b~tion
normal incidence, by plotting log I against the air . h ly dlstn

". . 2. Evaluated the correspondmg ourmass m (m IS a function of the local mean time). of the diff di t' in (b) . .
We ,have made use of the mean monthly values of use ra la IOn, as. . '. of total radla:
I for m = 1 and 11f. = 2~ measured at Helwan Obser-j, . 3. P~otted the. hourly dI?tnbutlOn

ocal
mean time,

vatory, during the period between February 1914 tion (direct + diffuse), agamst the I.. incident
and December 1923, and already published. As a 4. Computed the daily total radiatIOnh curve
third point is needed to plot any linear relation, we. on the surface in consideration, from t e
have calculated, from individual observations during obtained in 3. iv

ed
the-.:ame period, the mean monthly values of I for Measurements of the total solar radiatio~ ~~~thef
m - 1.

7
. '". on a honzontal surface under all sorts 0 the Agro-

(b) .The hourly rates of the. direct solar radiation conditions have been recorded recently at 0 13'E),
at normal ,incidence. III' by subtractin,g !he hourly meteorological station at Giza (300 2' N, ?\erest of
rates of diffuse r~dl~tlOn at normal lI:cl~ence la, with a Robitzsch actinograph. For th.e. m

tion,
the

from 'the correspondmg total solar radiation I. As' research scientists in solar energy utIbza t have
no separatemeasurements of la were made atH~lwan difficulties in obtaining precise measuremen'~g the
Observatory; we have made use of the data available been discussed and the data recorded dun arized
in tpe literature, 'as during vcloudless days la is. 3 calendar years 1956-1958 have be~n sUT:
~en,er~l!y.. s~;,~ll ~~~E~~e..d. with _!R ~:!~~~P~!1~s~_, both as a 5-day and monthly mean dally va .
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MESURES DU RAYONNEMENT SOLAIRE EN REPUBLIQUE ARABE UNIE

Resume

On a commence des mesures du rayonnement
solaire total sous une incidence normale, I, a l'Obser
vatoirede Helwan (290 52' N-31° 20' E) en fevrier 1914.

Taus les beaux jours, on precede a des observations
avec un pyrhehometre de Angstrom, trois fois par.
jouret sur trois masses d'air differentes. En se basant
sur ces observations, on a evalue, pour chaque mois
de I'annee : .

a) Le nombre d'heures de rayonnement solaire
total it une Tncidence normale, en etablissant un
trace de la vueur log I par rapport a la masse d'air
m, (m est unr fonction de l'heure locale moyenne).
Nous nous scrnmes servis des moyennes mensuelles
de I pour m 0-0 1 et m = 2, rnesurees a l'observatoire
de Helwan, pendant la periode allant de fevrier 1914
a. decembrs 1:123, valeurs deja publiees. Un troi
sieme point au moins est necessaire pour etablir

.un rapport lineaire, et nous avons done calcule, a
partir d'observations individuelles prises sur la
meme periodc, les moyennes mensuelles de I pour
m = 1,7;

. b) Les quantites horaires de rayonnement solaire
dlrect apportees a !'incidence normale In sont obte
n~es en soustrayant les valeurs horaires de radiation
dlffuse a !'incidence normale Id, du rayonnement
s~laire total correspondant I. Pour autant qu'il
n est pas possible de faire des mesures separees de
Id it l'observatoire de Helwan nous nous sommes
servis. des donnees foumies pa; les communications
techmq?-es car, pendant les jours sans nuages, Id
est habltuellement petit par rapport a ID et depend,

en gros, de la masse d'air qui est penetree par les
rayons solaires;

c) Le rayonnement quotidien total disponible sur
des surfaces ayant des orientations diverses (princi
paIement verticales ou inclinees et face au sud).
Pour ce faire, nous avons pro cede comme suit pour
chaque surface :

1) Application de la loi des cosinus aID, de maniere
a obtenir la repartition horaire du rayonnement
direct;

2) Evaluation de la repartition horaire corres
pondante du rayonnement diffus, ainsi qu'il a ete
fait au paragraphe b;

3) Trace de la repartition horaire totale (direct +
diffus) en fonction du temps local moyen;

4) Calcul du rayonnement total quotidien incident
sur la surface en cause a partir de la courbe obtenue
au point 3.

Des mesures du rayonnement solaire total recu
sur une surface horizontale, sous toutes sortes de
conditions meteorologiques, ont ete notees recem
ment au poste agro-meteorologique de Giza (300 2' N
310 13' E) avec un actinographe de Robitzsch. Dans
l'interet des chercheurs qui s'interessent a l'utilisa
tion de l'energie solaire, les auteurs ont passe en
revue les difficultes auxquelles on se heurte pour
obtenir des mesures exactes, et les donnees enre
gistrees pendant les trois annees de calendrier 1956
a 1958 ont ete resumees sous forme de valeurs
moyennes quotidiennes sur cinq jours et sur un mois.
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ASPECTS OF RADIATION CLIMATOLOGY FOR THE UTILIZATION
OF APPLIED SOLAR ENERGY

E. Flach and W. Morikofer *

The natural sources of caloric radiation
on the earth and in the atmosphere

SURVEY OF THE DIFFERENT METEOROLOGICAL
RADIATION FLUXES

In open air different caloric radiation sources are
to be distinguished which partly belong to various
spectral regions.

. Reflected solar radiation. The radiation incoming
from sun and sky is not absorbed totally, but partly
reflected by the ground. This reflr>cted part does not
contribute to the heat economv of the earth or of
any body struck by the radiatJOn. The absorption
depends on the reflecting power (albedo) of the soil
or of the other bodies concern; d. The absorption
can vary from 10 to 40 per cent for snow and water
and 50 to 90 per cent for differ, .1t sorts of soil.

Long-wave temperature radiations Ui 000 to 50 000 m~)

Any body with a temperature different froI? ~he
absolute zero emits an invisible )(mg-wave r~d1atlOn
the energy of which depends on the absorptlOn and
emission power and on the actual ~emperature?ft~e
body's surface. Therefore we haw to distingu1sh ID

nature three long-wave radiation fluxes :

Outgoing infrared radiation from the sur/ace of
the earth and from any body. It varies for. d1fferent
temperatures and ground conditions practIcally bei
tween 0.3 and 1.0 ccaljcm" min and in the spectra
region between 3 and 50 [L.

Incoming radiation from the atmosphere, caus~
by the temperature of atmosphere (4.5 to 7.5 an t
12.5 to 50 !J.). As the clear atmosphere is transparen
for radiation between 7.5 and 12.5 !J., it shoWS ~~
emission in this spectral region; the total atmosphe:~e
radiation is therefore in general smaller than e
outgoing terrestrial radiation. These two long-~at
radiation fluxes are usually not measured separa/ r.:
but only their difference. This is called the "effefitor
or "nocturnal radiation" and shows the P~o. in
loss of the earth by long-wave radiation; It 1S
general a loss of 0.1 to 0.2 gcaljcm2 min.

. lIy the
Reflected long-wave radiation. Theoret~ca t the

atmospheric radiation can suffer a reflectIOn at pes
ground and at any surface. But as the differen~ ~hi5
of ground and of bodies in general sh~w 1nower,
spectral ;egion only a very small refiec!IOn diation
~ very high percentage of the atmospherIC ra at the
IS abs.orbed by the ground surface, so th cl and
reflection of long-wave radiation at the groU~ eted.
at natural substances can practically be neg e

Ii\frorl

PRACTICAL ASPECTS FOR THE USE OF Ri\D G,r• NEE'
DATA FOR THE APPLICATION OF SOLAR E

.'. . . 'on mea-
For the selection of instruments for rad1atl tatiol1

surements as well as for the practical interpre
348

* Physical-Meteorological Observatory, Davos, Switzerland.

Radiations with spectral qualities of solar radiation
(290 m[L-3 000 m[L) ,

The main source of heat radiation for the earth
is the emission of the sun; in practice we have to
distinguish three fluxes of solar radiation: .

. Direct sola.r .radiation (290 m[L-3 000 mu, including
the whole visible .spectrum, a; weak ultraviolet part,
and a large part m the near infrared). This directed
solar radiation always appears when the sun is
~bove. the horizon and not covered by clouds. Its
intensity shows considerable variations in the course
of the ~ay and o~ t~e yea; and with varying altitude
~nd latitude, This intensity at normal incidence lies
m gene~al between 0.5 and 1.5 gcal/cm- min. In
gen~ra;l It can be supposed that the intensity of the
radiation of the sun having an elevation of 100 or
more above the horizon may be sufficient for a
technical utilization. . .

Diffuse sky ~adi~tion (290 mu-I 000 mu). By
the pro.cess of diffusion a part of the solar radiation
t~ave~smg the atmosphere becomes diffused. This
diffusion co~ce:ns mainly the short-wave part of
the s~lar ra~IatIOn, so .t~at the diffuse sky radiation
contains m~m.ly the vIsI~le and the ultraviolet part
of sun radiation, The diffuse sky radiation comes
from. the w~ole upper hemisphere. It appears in the
~aytI~e, WIth clear as well as with cloudy sky. The
intensity of th~ energy incoming from the whole
upper sky hemisphere on a horizontal surface is
smaller than that of the sun; it varies in general
between 0.1 and 0.8 gcal/cm'' min with a maximum
for sky covered with bright clouds and a minimum

. for da;rk overcast as. well. as for cloudless blue sky.
In spite of these minor intensities the diffuse sky
rad~at~on plays practically the same role in the
radiation economy of the earth as the direct solar
radiation, because it appears always by day and not
only with fine weather.
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of existing observation data, the following points
of view have to be considered:

Direction oj the radiation flux

Form, mounting and orientation of the instrument
receiver surface depend on the direction of the
radiation flux to be measured. For measuring the
direct solar radiation, the' surface of the receiver
has to be mounted perpendicularly to the direction
of the incoming beam; in order to avoid diffuse sky
radiation from being also covered by the measure
ment, the receiver surface is enclosed in a tube
which allows only the radiation of the sun and of the
adjacent circum-solar sky to reach the surface of
the receiver.

For measuring the diffuse sky radiation from the
whole uppeJ hemisphere, the receiver surface must
be mounted horizontally and freely exposed without
any tube; the influence. of cooling by wind. and
convection has to be eliminated by a glass hemisphere.
The direct o:"lar radiation which would also fall on
such a free surface has to be .kept away by special
designs (i.e., 't rotating disc or a fixed ring).

.For many problems of pure or applied radiation
chmatology 8.S well as for many constructions for the
utilization of solar energy it is just the knowledge
of the combined effects of sun and sky radiation
that is wanted; both work together in the same sense
and practically in the same spectral region. This
sum is calIeel "global radiation". In this case the
receiver surface can be exposed without any scree!!,
?u~ of course with a glass hemisphere. In general It
IS III the horizontal position in order to measure the
caloric radiation falling on plane earth or ~ horizontal
surface. Various instruments' can be mc1med to
measure the radiation from sun and sky falling on
a slope, an oblique roof or an apparatus for collecting
solar energy.
~or.many purposes it is of interest to measure the

radIation falling from all directions on a freely
eXJ?os.ed point such as a plant,an upright man,~r a
bUI1?lllg as a whole., For such problems a s:phencal .
rece~ver supplies the' requested results with the
~OdIfication that in -this case the measurement
gIves the sum of the radiation of sun and sky and
of its reflection at the ground and the surro'un~lings.

Relation with time

For the judgement-of radiati'o~values ~t is impor
~ant to consider also the relation with time, There
IS an. important distinction between instant~n~ous
Values (intensities) records of the diurnal vanatIOns
and radiation totals fora given .time. '.,.; "
. A number of radiation' measuring instruments

give instantaneous values. For many problems such
as heat economy of the ground, biological processes
and .application of radiation energy; recorded .or
~ota~Ized values are indispensabl~,beca1!se. otherwIse
bhe Irregular variations of incoming radIatIon causedI clo,:diness and. turbidity would not be! gr~sped.

eCOrdmg instruments are much more complIcated

and expensive than those for instantaneous values,
and their supervision and evaluation need a well
trained staff. Some totalizing methods are simpler
in this respect.

Spectral region

For many reasons it is important to distinguish
between the different spectral regions of radiation,
e.g., for effects of ultraviolet radiation or of visible
illumination. But for all problems dealing with
caloric energy as such, these spectral distinctions

, are of minor importance; this is the case for all
heat effects of radiation and for the application of
solar energy. It must, however, be considered that
for many bodies the optical qualities of absorptivity
and reflectivity are different for solar and for long
wave radiation.

Accuracy oj radiation values

The accuracy of the various types of instrument
is quite different. But if we admit that for the study
of the application of solar energy an inaccuracy of
10 per cent is not prohibitive, all radiation measure
ments obtained with normal precaution may be of
practical value.

THE RADIATION BALANCE OF THE GROUND
AND OF ANY BODY IN OPEN AIR

The total radiation balance of the ground or of
any body in open air is represented by the sum
respectively of the difference of the six radiation fluxes

. enumerated above. If

I = direct'solar radiation
D = diffuse sky radiation
R = reflected sun and sky radiation
E = terrestrial radiation outgoing from the earth

and from any body
A = atmospheric radiation
r = atmospheric radiation reflected at the ground

and the surroundings,

the following formulae correspond to the different
radiation conditions:

.(1) In the daytime with sunshine:

Q=I+D-R-E+A-r
(2) In the daytime without sunshine:

Q=D-R-E+A-r
I

'(3) At night : .

Q=-E+A-r
In the daytime the radiation profits prevail in
general, while at night the losses dominate.

For the sake of judging the effect of the radiation
balance on any construction for collecting solar
energy, the short-wave radiation fluxes, i.e., the
global radiation of sun and sky minus the radiation
reflected from the receiver surface, play a predomi
nant role. The long-wave fluxes should not be dis-

12"
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Table 1. Tentative statistics on the existing radiation observations (statci ';59)

Number 0/ stations
with radiation measurements l'P

Continent and region
I This SS

Africa

Central Africa . 4 64 70?

South Africa. 2 12 20

North Africa (incl. arid zone) 3 10 35

America

Canada. 17 ea. 100

United States 10 90 ?

Central and South America 1 24? ?

Asia (without USSR and China)

Asia Minor. India, Indonesia. Japan 25 35 2

Australia

Commonwealth .. 7 7

Europe

Central Europe (Austria, Czechoslovakia, Ger
many. Hungary. Switzerland) . . . . . . .

Northern Europe (Denmark, Finland. Norway,
Sweden) .

Western Europe (England, Ireland. Iceland.
Netherlands. Belgium. France) .

Southern Europe (Portugal. Spain, Italy. Yugo-
slavia. Greece). . . . . . . . . .

Eastern Europe (USSR, Poland, Romania,
Bulgaria) . . . . . . . .. . ....

37

7

7

6

102

20

14

35?

268

23?

33?

c: 12

ea. 6

Polar regions

Arctic and Antarctic . . . . . Several stations especially
during IGY and IGC 1957/59

The abbreviations in the columns of table I are to be interpreted as follows:
I = Intensity of direct solar radiation at normal incidence
This = Daily and monthly totals of global radiation of sun + sky

h = on a horizontal surface
s = on a spherical surface

SS = Daily and monthly duration of bright sunshine
pp = Number of periodical publications of radiation results in extenso (in annual or monthly bulletins)

regarded, however, because it requires certain
precautions to save the energy received as short
wave radiation from being lost in the form of
long-wave emission from the receiver surface. This
target can best be reached with a receiver surface,
the absorptivity of which is high for short-wave
and low for long-wave radiation.

THE RADIATION ELEMENTS OF IMPORTANCE
FOR THE ESTIMATION OF APPLIED SOLAR ENERGY

I

For planning the exploitation of solar energy the
planning organization should dispose of some basic
information, in order to ensure whether some mini
mum requirements as to the available radiation energy
are fulfilled. In climates where such requirements
cannot be guaranteed with sufficient probability, it
would not be justifiable to prepare expensive con
structions for receiving the solar radiation.

The wish to profit by the results of radiation
climatology for this purpose meets with some diffi
culties:

.' eiver con-
The various designs for radIatlO~ rec. ofthe

stru~tions show ~iffe~ent fo~m and onent~t1~~diation
receiver surface; It WIll be difficult to obtalU ibilities.
measurements corresponding to all these pass 1 ssical

In general, only for one or a few of the ~:i1able
radiation elements observational data a~e illties.
for the region, but not for all desired possIb ailable,

Often only instantaneous values are r of the
while for the practical application, .tota s t
energy and of its duration would b~ of 1U.tere;a~ntries

For many regions, and especIally 1U Id prove
where the application of solar energy ~aUaf inten
to be profitable, measurements or. rec~ s at exist;
sities and totals of solar radiatlOn 0 / ration of
for such regions the knowledge of the un of the. . eve
sunshine (and under certain condItlOnS resent a
mean conditions of cloudiness) would rep
quite useful compensation. d of the

For regions where no numerical knowle t~d ab~ve
radiation quantities or of the elements qUi radiation
exists, the application of some knowledge a
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Figure 2. Annual march of the monthly means of daily
totals of global radiation on a horizontal surface (Th)
under average conditions
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climatology may lead to a certain estimate of con:"
ditions,

At a first ghmce it may seem that the compli
cations enumerated above are a serious impediment
to good progress in the field in question. But as the
numerical accuracy of the data required for this
purpose is not very high, it should be possible to
overcome most of these difficulties by close co-opera
tion with the radiation climatologist .and a study
of the basic laws of this field..

After these introductory remarks, a survey shall
begiven of the; various elements of radiation clima
tology which may be of interest for the estimation
of radiation energy for practical use.

The following suggestions are based in principle
on the results of the solar radiation expert group
(UNESCOjW!\,iO meeting, Geneva, February 25-27,
1959, UNESC:)/NSjAUj424) which had to discuss
the scientific ",pects of applied solar energy. Various
steps of completeness are to be considered.

An ideal pi'ogram for an exhaustive knowledge
of the radiation climate of a place for the purpose
ofpractical application would comprise the following
elements: " .

. (1) Monthly means of the daily march of the
mtensity of direct solar radiation; .

(2) Monthly means of the daily march and of the
dally totals of the global radiation of sun plus sky
on a horizontal plane;

(3) Monthly means of the daily march and of the
daily totals of diffuse radiation on a horizontal
plane;

(4) Daily totals of radiation on a spherical receiver;

(5) Monthly means of the daily march and month
ly totals of the duration of bright sunshine;

(6) Statistical data on the frequency of sequences
of days reaching certain steps of absolute and relative
duration with and without sunshine.

As such an ideal program as given above has only
rarely been realized, the following much simpler
combinations can be recommended as useful sub
stitutes which give practically sufficient information
for technical use:

Reduced but quite difficult program

1. Continuous records of direct solar radiation
at normal incidence or on a horizontal plane;

2. Continuous records of diffuse radiation on a
horizontal plane.

Simplified program not needing electrical recording
instruments

1. Daily totals of solar radiation at normal in
cidence or on a horizontal plane;

2. Daily totals of diffuse radiation on a horizontal
plane;
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F'l~ure 1. Monthly totals of global radiation on a horizontal
;urface (Th) for cloudless sky in function of geographical
aUtude (northern hemisphere), according to M. I. Budyko .
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Tentative statistical survey et the data of
radiation observations available for the differ
ent continents and regions

In order to obtain a scientific basis for the technical
application of solar energy, it is of high interest to
get sufficient information on the clirnatological ma
terial referring to radiation measurements through
out the world. Table 1 gives a tentative and provisi
onal statistical survey in this sens. for the different
parts of the earth. This table is primarily based on
the results of the inquiry which Lid been prepared
and published in April 1953 by Lie ClMO (WMO)
Working Group on Radiation and has been completed
bv all further information which has come to our
knowledge in the meantime.

According to this tentative statistical table, it
may be registered that more than 1.:10 stations make
regular measurements of the intensity of direct solar
radiation at normal incidence anc more than 400
stations are dealing with the total incoming sh?rt
wave radiation falling on a horizoru.il or a sphencal
surface. The number of stations recording the dura
tion of sunshine may lie between 60r and 1 200.

There is no doubt that because of the widespread
co-operation shown during the Interuational Geop~y
sical Year (July 1957 to December 1958, and, Its
extension to 1959), the number of lc~diation statIOns
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Figure 3. Daily variation of global radiation on a hori
zontal surface for any weather condition and for two
African stations north and south of the Equator
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3. Records of duration of sunshine in order to
obtain information about the diurnal march of
radiation.

The simplest but for most purposes sufficient com-
bination would be represented by .

1. Daily totals of incoming radiation from sun
and sky totalized by an instrument with a horizontal,
tilted or spherical surface;

2. Records of the daily variation of sunshine
obtained by a sunshine recorder.

Indications on cloudiness. For regions where data
for radiation values and for the duration of sunshine
are not available, the following· indications on
cloudiness, if based on reliable observations, may
provide valuable hints on the radiation climate:

1. Mean monthly values of cloudiness, if possible
separately for the different parts of the day;

2. Monthly frequency statistics on the occurrence
of clear, partly cloudy and overcast days.

Short-wave and long-wave components of the radia
tion balance. More for basic considerations, but less
for application in each country observations of the
different short-wave and long-wave components of
the radiation balance are of importance for the
understanding of the interdependence of incoming
short-wave radiation and outgoing long-wave heat
losses.
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Figure 6. Annual march of the monthly frequency (n)
of clear days with 80 per cent possible duration of
sunshine

and the exten t of valuable information has been
considerably increased. According to the . Data
Centre of W]'vIO, about 600 stations have undertaken
radiation measurements, More exact and detailed
information wiil be available, when this, material
ispublished by 1he Data Centre. Some fundamental
gaps in table 1 can then perhaps be filled.

The consider -ible number of radiation stations
provides a good perspective for the derivation of a
world-wide knowledge of the elements of the radia- .'
tion climate. 11 must, however, be considered that
not all stations meet the requirements of reliability
and comparability of the results. It can, on the other
hand, be noted that in the last years some very
valuable sumi.iarizing publications in this field
have appeared.

Some characterlstlc examples of the results
ot radiation climatology

Figures 1-6 <.;l~Dw some characteristic examples for
the. a~nual or ~ ice daily variation of the direct solar
rad~at~on, the c:uration' of sunshine and the global
radIatIon of sun plus sky in dependence on the
geographical situation. All the curves are based on
mean values of many years. '

The. following comments may facilitate the inter-
pretatlOn of the curves. ' "
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While in summer the quantities of global radiation
are quite similar in the various latitudes of, the
northern hemisphere, the dependence on latitude is
very pronounced during the ot~er seaso~s; the totals
diminish then extremely for higher latitudes.

While in tropical and subtropical regions the
annual variation of global radiation on a horizontal
surface under average conditions of clear, cloudy
and overcast weather is not very important, the
annual march shows enormous variations for tem
perate and more polar latitudes, both for the nor
them and the southern hemisphere.

The daily variation of global radiation on a hori
zontal surface (for average weather conditions) is
very pronounced both for an African station south
and north of the equator as well as for the months
with minimum and maximum solar elevation.

The annual march of the intensity of direct solar
radiation at noon (for cloudless sky) is not very
pronounced. ir: th~ subtr~pical arid .zone con:par~d
with the diminution dunng the winter penod m
middle and high latitudes.

The annual variation of bright sunshine shows an
enormous amplitude in middle and high latitudes
while the subtropical arid zone is characterized
by favourable conditions of the duration of sunshine
also during the winter period.
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For regions where observations of radiation and
duration of sunshine are missing, observations of
cloudiness may offer a certain compensation for in
formation. From a basic study can be concluded
that on average days where the clouds have never
covered more than half the sky the effective duration

of sunshine has been 80 per cent o: the possiblevalue.
In this sense figure 6, which is k~,:d on observations
of cloudiness exclusively, gives ~; good idea of the
abundance of sunshine in the dc-rt region in com
parison with polar and wet tropical seasons respec
tively.

Summary

THE NATURAL SOURCES OF CALORIC RADIATION
AT THE EARTH AND IN THE ATMOSPHERE

Survey of the six different short-wave and long
wave radiation fluxes incoming or outgoing from
sun, sky, atmosphere and ground.

Practical aspects for the use of radiation data for
the application of solar energy:

1. Direction of the radiation flux;
2. Relation with time;
3. Spectral region;
4. Accuracy of radiationrvalues.
The radiation balance of the ground and of any

body in open air and its components.
The radiation' elements of importance for the

estimation of applied solar energy. After a discussion
of the various difficulties to obtain the necessary
practical information from radiation climatology,
different possibilities are developed which meet the
practical requirements; they extend from an ideal

programme for radiation investigations to some re
duced combinations which may b(~ useful for most
practical purposes.

TENTATIVE STATISTICAL SURVE' OF THE DATA

OF RADIATION OBSER\.'TIONS

According to table 1 observatic: .al results m~Y,be
supposed to be available from the ollowing radlatlOn
stations:

For direct solar radiation . . . more than 100
For global short-wave radiat.on more than 400
For duration of sunshine .. 600 to 1 200

SOME CHARACTERISTIC EXA)iPLES

Figures 1-6 show the annual or the daily var~at~on
of the direct solar radiatio~, th~ global radlatl~~
of sun and sky, and the duration or sunshine depen
ing on the geographical situation.

ASPECTS DE LA CLIMATOLOGIE DU RAYONNEMENT POUR L' APPLICATION DE
L'ENERGIE SOLAIRE

Resume

LES SOURCES NATURELLES DU RAYONNEMENT
CALORIFIQUE A LA TERRE ET DANS L'ATMOSPHERE

Apercu des six differents flux, de courte et de
grande longueur d'onde, emis ou incidents, du soleil,
du ciel, de I'atmosphere et du sol.

Aspects pratiques de 1'emploi des donnees du
rayonnement en vue de 1'utilisation de l'energie
solaire :

a) Direction du flux du rayonnement,
b) Relation temporelle, .
c) Region spectrale,
d) Precision des valeurs du rayonnement.
Le bilan radiatif du sol et d'un corps quelconque

en plein air et les composantes de ce bilan.
Les elements du rayonnement ayant de 1'impor

tance pour l' estimation de l'energie solaire exploitable.
Apres avoir discute des differentes difficultes pour
obtenir les informations pratiques necessaires a
partir de la climatologie du rayonnement, les diverses
possibilites sont exposees qui correspondent aux

exigences pratiques; elles s' etendent d'un prog:a~:'~
ideal pour des recherches du rayonnement JU:efois
quelques combinaisons reduites qui peuvent t°tiques.
etre suffisantes pour la plupart des besoins pra

ONNEES
ESSAI D'UN APER<;U STATISTIQUE SUR LES D

DES OBSERVATIONS DU RAYONNEMENT
, n puisse

Suivant le tableau 1, il semble qu 0 tations
s'appuyer sur les resultats d'observation des s
suivantes du rayonnement : 00

Pour le rayonnement solaire direct plUS de 1
pour le rayonnement global a ondes Ius de 400
courtes . . . . . . . . . . . . P t 1 200
pour la duree d'insolation. . entre 600 e

QUELQUES EXEMPLES CARACTERISTlQVES Jle
. ti - annue

Les figures 1 a 6 montrent la vana Ion rayon-
ou diurne du rayonriement solaire direct, elf dllree
nement global du soleil et du ciel et ~e a hique.
cl'insolation, qui depend de la situation geograp
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DlSPOSITIrs DE MESURE DU COEFFICIENT DE RAYONNEMENT NOCTURNE DE
MATERIAUX DIVERS, DANS LEURS CONDITIONS LOCALES D'EMPLOI

M. Gondet '"

Montage electrique

Les valeurs des differents parametres (tempera
ture, degre hygrometrique, energie rayonnee mesuree
en watts) sont inscrites sur un enregistreur par
points.

Pratiquement, les plaques utilisees ont des sur
faces de 40 X 40 cm de cote, ce qui permet de dissiper
un nombre de watts de l'ordre d'une vingtaine.

Sous chacune des plaques, l'une reflechissante,
l'autre emettrice, s'en trouve une autre en cuivre
rouge; l'ensemble reposant dans une boite plate
formee d'une matiere legere et tres peu conductrice
de chaleur, en I'espece des panneaux de klegecel
d'une epaisseur de 40 mm.

Entre lesplaques de chacun des deux groupes se
trouvent logees des resistances de mesure constituees
par du fil fin de nickel, bobine en grecque, realisant
un ensemble tres plat genre stain-gages d'environ
800 ohms de resistance.

Enfin, sous la plaque emettrice se trouve loge,
couvrant toute sa surface, un element resistant de
chauffage dans lequel on peut faire passer une in ten
site de courant de 2 amperes sous 24 volts, la duree
du passage de ce courant etant enregistree par un
dispositif decrit ci-dessous.

Siles mesurcs de rayonnement solaire, notamment
dans les ZOD ,:S arides, sont relativement faciles a
effectuer avec an appareillage standard, sous reserve
de modifications de detail tenant compte des condi
tions locales ,J'utilisation, la mesure du coefficient
de rayonnem:nt nocturne de materiaux divers ne
semble pas avoir donne lieu a des recherches syste
matiques effrctnees au moyen d'un appareillage
permettant u:e etude de longue duree,

Cependant'ette mesure .du nombre de. calories
perdues par :")lOnnement pendant la nuit, a diffe
rentes epoques de l'annee, est extremement iriteres
s~nte si I'on veut realiser par des moyens aussi
snnples que possible, avec le minimum d'apport
d'.energie eleCirique ou autre, des conditions de
chmatisation convenable des habitations dans les
regions desertiques et chaudes.

C'est dans cc but que le dispositif decrit ci-dessous
a Me etudie et realise.

Principe de la mesure

Le dispositif faisant l'objet de ce me~.~ire a, ete
~lS au point en partant des travaux deja anciens
d Angstrom et de Boutaric. Bien d'autres etudes
ont ete reprises depuis par des chercheurs de divers
pay~, t~utes basees sur le meme principe, mais d'une
reahsahon plus ou moins compliquee, .

En principe, on maintient a la meme temperature, Les deux resistances de mesures placees l'une
C;lle de l'air ambiant deux plaques dont l'une est sous la plaque emettrice, l'autre sous la plaque refle-
reft' hi , f ' dec Issante pour une large bande de requenc~s chissante, forment les deux bras d'un pont e
dans le visible et l'infrarouge et qui, de ce fait, Wheastone ferme sur deux resistances en manganine,
ar l1?aintient automatiquement a la temperature l'ensemble et ant alimente sous une tension de 4 volts.
m~lante, et dont l'autre recouverte du materiau en .Le desequilibre du pont, qui se produit pour une

~ssal (noir de fumee sable poudres diverses), tend variation de temperature bien inferieure a 1/10 de
a ~e ~efroidir en e~ettant' un rayonnement global degre, provoque le fonctionnement d'un relais gal:1 ~~pend a la fois de la nature du corps ,et d~s vanometrique optique place dans la diagonale du
,n,dIhons atmosphe'rl'ques notamment de 1humi- d t l' . d t d 1 ,·sdlt d ' pont comman an envoi u couran ans . a rest -

e e I'air, tanc~ de rechauffage par l'intermediaire d'un relais
d'pn apport convenable de calories sous forme auxiliaire.
lenergi~ electr~que maintient automatiquement cette . Un second contact du meme relais electromagne-

f/ftque
, emettnce a la temperature de la plaque tl'que actionne le dispositif d'enregistrement combineechIssante. .

L' ' .comme suit. La resistance de chauffage, en constan-
t e?ergie perdue en calories par unite" de temps tan, fonctionnant a intensite constante, le nombre

e, UnIte de surface ou en watts par unite de surface, de watts dissipes en moyenne dans un intervalle def:sulte
d.e la diffe;ence entre l'energ~e rayonl1;ee ~ar temps connu et constant, par exemple 15 minutes,

. rnatenau et celle qu'il rec;oit de I atmosphere. se determine facilement en totalisant les temps---:s-- ' effectifs de passage du courant pendant cet intervalle
Beni.;cti?u de physique du Centre de recherches sahanennes, de temps pris comme base.

bbes, Algerie, .
355
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Dans ce but, un petit moteur fonctionnant en
synchronisme avec celui de l'enregistreur a plume
peut entrainer par l'intermediaire d'un reducteur
de vitesse le curseur d'un potentiometre circulaire,
en lui faisant effectuer un tour en 15 minutes. Mais
ce moteur ne fonctionne que pendant les temp? de
passage du courant dans les resistances de chauffage.

De plus, entre l'arbre de sortie a faible vitesse
et l'axe du potentiometre est intercale un embrayage
a friction de faibles dimensions qui se trouve nor
malement au collage, mais decolle pendant un temps
tres court de l'ordre de 5 secondes au bout de 15 mi
nutes. Pendant. cette duree du decollage provoque
par l'enregistreur grace a un relais, le curseur du
potentiometre est ramene au zero par un ressort
spiral.

Une legere modification de l'enregistreur a plume
utilise pour les trois enregistrements (temperature,
degre hygrometrique, watts dissipes) permet de
ramener le potentiometre au zero toutes les 15 mi
nutes a un moment ou la plume de l'enregistreur
n'est pas appliquee sur le papier d'enregistrement.

Connaissant la tension totale, constante, d'alimen
tation du potentiometre (4 volts) et la tension
maximum correspondant a la position du curseur
du potentiometre au bout des 15 minutes (tension

"enregistree par points toutes les 60 secondes), on en
deduit par un simple rapport de ces tensions, pro
venant des. temps de fonctionnement, la valeur
moyenne du nombre de watts dissipes pendant
15 minutes.

11 est a remarquer que la constante de la vitesse
du moteur d'entrainernent du potentiometre. n'est
'pas imperative. 11 suffit de realiser un synchronisme
avec le moteur de l'enregistreur et de maintenir
constante la tension du courant de chauffage de la
plaque rayonnante.

L'energie dissipee en moyenne pendant une duree
fixee par avance est un des trois parametres norma
~ement enregistres, Le.s deux autres se rapportent
a la temperature ambiante et a l'humidite relative
de I'atmosphere au voisinage du sol. Connaissant
~'humidite relat~ve et la tem~er~ture de l'air grace
a un psychrometre, on en dedmt la tension de la
vapeur d'eau, eequi permet de determiner l'influence
de ee facteur sur le rayonnement net du materiau
en essai.
, Dan~ le derni~r modele, !e :echauffage de la plaque
emettnce peut etre suppnme pendant un intervalle
d: temps defini par avance, ce qui permet d'enre
9Is~re: la chute de temperature de cette plaque par
emISSIOn de rayonnement; ceci ri'est d'ailleurs
valable qu'a condition de ne pas deseend;e en dessou~
du point de rosee,

~ette methode n'est done applicable que dans Ies
regions et aux epoques ou l'humidite relative n'est
pas trop importante.

Les premiers essais, effectues au Sahara dans la
vapee de la ~aoura! au mois d'avril, ont montre que
meme par ciel clair et vent nul ou tres faible le
rayonnement global pour une plaque corps ~oir

n'etait en moyenne que le ti r !" du rayonnement
. theorique ; et ceci en depit dr- JCl faible humidite
relative (25 p. 100 a 18 QC).

Complements particuliers (1.-:,> dispositifs de
mesure du rayonnemerit nocturne et diurne

L'equipernent est complete pc:! un psychrometre
enregistreur a deux therrnomet. S, l'un sec, l'autre
humide, dont les caracteristiqu-s consistent dans
une bonne protection des thermometres contre le
ravonnement et dans une alimentation en eau tres
soignee du thermometre mouillo. .

Ces deux therrnometres sont ,,;;nstitues par deux
resistances de 100 ohms en fil de platine enroule
sur un petit cylindre de pyrex. Un ventilateur assure
une vitesse convenabled'aspi,:Jtion de l'air.

L'humidification du therrno.netre mouille est
produite par une mousseline tr-.mpant dans l'eau
distillee enroulee autour du cyli.i-Ire supportant le
fil de platine.

Le montage electrique a comme orincipe la compa
raison des deux resistances thC'lmometriques par
rapport a une resistance etalon, au moyen d'un
montage logometrique,

Les valeurs des temperatures des thermometres
sec et humide sont enregistrees par points toutes les
30 secondes. .

. 'l' ll1etre
FIgure 1. Monture equatcrfale de pyrhe 10
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Figure 2. Schema de montage du dispositif de mesure ducoefficient de rayonnernent nocturne

L'appareillage de mesure du r~yonnement solaire
comprend.enplus des solarimetres d'un type standard,
un pyrhehometre dont le statif a ete etudie speciale
ment pour assurer a l'instrument une tres bonne
rabilit~ .ainsi qu'une protection efficace envers .!es

d
ntempen es, et notamment le vent et la. pousslere
e sable " .

"Dans ce but, on a repris une monture equatoriale
nglde dent l'entrainement peutetre commande soit
;ar un moteur synchrone, lorsque"l'on dispose d'un
d~cteur electriqus stable, soit d'un mouvement

horlogene insensible aux variations de temperature.
leUn r~d~cteur de vitesse convenable impose. fina
d:uent ~ I arbre de la monture equatonale un~ vitesse

rotation de un tour par 24 heures.
L'ensemble moteur-arbre principal est monte dans

~n .berceau susceptible de tourner autour d'un axe
d?nzontal permettant l'emploi de l'appareil sous
Iverses latitudes. Un rep ere angulaire sur un secteur

de grand rayon et une fixation par pince assurent
une fixite parfaite de la direction de l'axe du monde.

L'extremite superieure de l'arbre porte une fourche
reglable en rotation et bloquable, autour de l'axe
principal.

Cette fourche sert de support al'element detecteur,
une pile thermo-electrique en l'occurence, dont la
position est reglable par secteur dente et vis tan
gente autour d'un axe horizontal.

Enfin, les filsde connexion de la thermopile
passent dans l'axe de la partiesuperieure de l'arbre
et sont connectes a deux bagues sur lesquelles
s'appliquent deux balais souples assurant la prise
de la force electromotrice du detecteur vers un
appareil de mesure.

La fourche superieure, largement dimensionnee,
permet de recevoir des detecteurs de types tres
varies.

Resume

l' . 'Iensemble de l'equipement condUlsant a a
:esur~ du coefficient de rayonnement nocturne de
d,atenaux divers dans leurs conditions locales
l'eempl?i Comprend : un appareillage de mesure de

nergle calorifique dissipee sur une plaque de

40 X 40 cm, la mesure de la temperature de l'air
ambiant et celle de l'humidite relative.

Les differentes courbes, au nombre de quatre
(nombre de calories dissipees, temperature seche
temperature humide et chute de temperature de la
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plaque rayonnante lorsqu'elle n'est pas rechauffee)
sont inscrites sur le meme enregistreur par points.

Le systeme de mesure de l'energie rayonnee se
compose de deux plaques de 40 X 40 cm, l'une
reflechissante dans le spectre visible et l'infrarouge,
l'autre constituee par le materiau en poudre en
essai.

La chute de temperature que presenterait la
plaque rayonnante est decelee au moyen d'un mon
tage en pont de Wheatstone dont les deux resistances
actives en fil de nickel sont placees l'une sous la
plaque reflechissante, l'autre sous la plaque rayon
nante. Le desequilibre resultant d'une baisse de
temperature de 1/10 de degre provoque le fonction
nement d'un relais galvanometrique optique qui
actionne un relais auxiliaire assurant l'alimentation
en courant electrique d'une resistance chauffante
placee sous presque la totalite de la surface de la
plaque rayonnante. Un montage electrique special

permet la mesure de l'energie d~ctrique dissipee
pendant un temps connu pour --;;amtemr la plaque
rayonnante a la meme tempera ure que celIe de la
plaque ireflechissante, d'ou le i.ornbre de calories
dissipees par rayonnement.

L'ensemble de l'installation E',< complete par un
psychrometre enregistreur comrrcnant deux ther
mornetres constitues par deux r' -istances en fil de
platine. L'une reste seche, l'autrc cst continuelIement
humidifiee par une mousseline .rernpant dans de
l'eau distillee, Un montage lo.:,)metrique permet
l'enregistrement des temperature- seche et humide
d'ou l'on deduit l'humidite relatve et la teneur en
eau de l'air ambiant.

Enfin, pour la mesure du ravonnement solaire,
on utilise en plus de solarimetres c:nn type classique,
un pyrheliometre amonture equatoriale specialem.en~

etudie pour assurer une tres b,; .me stabilite amst
qu'une protection efficace contre l.. »oussiere desable

DEVICES FOR MEASURING THE COEFFICIENT OF NOCTURNAL ¥;.\DIATION
OF VARIOUS MATERIALS UNDER LOCAL CONDITIONS OF :.JSE

Summary

The equipment used for measuring the coefficient
of nocturnal radiation of various materials under
local conditions of use consists of apparatus to
measure the thermal energy dissipated by a plate
40 X 40 cm, to measure the atmospheric temperature,
and to measure the relative humidity.

The same recording instrument draws the points
for four curves: number of calories dissipated, dry
temperature, wet temperature, and temperature drop
of the radiating plate when it is no longer heated.
T~e system for measuring the energy radiated

consists of two plates, each 40 X 40 cm, one of them
reflecting in the visible and infrared regions, the
other composed of the powdered test material.

The temperature drop of the radiating plate is
found by means of a Wheatstone bridge circuit
whose two nickel-wire resistances are placed under
the reflecting plate and the radiating plate, respec
tively. The unbalance resulting from a temperature fall
of l/lOoC operates an optical galvanometer relay,
which, in turn, operates an auxiliary relay feeding a

heater resistor occupying almost the entire sp~c1
under the surface of the radiating plate. A spCCla
electrical arrangement is used to ~measure the ele~.
trical energy dissipated in known time to hold ~he
radiating plate at the same temperature as . e
reflecting plate, thus giving the number of calones
dissipated by radiation.

The measuring equipment is completed by ~
recording psychrometer consisting of ~wo th.e0~
meters, in the form of two platinum-wlr~ reslsti~u~
One of them remains dry, while the o~her IS cc:with
ously moistened by a piece of muslin soake. the
distilled water. A logometric mounting permItsf oIll
recording of the dry and wet temperatures,. ~ure
which the relative humidity and the mo1S

content of the atmosphere are calculated.
Finally, the solar radiation is measured by co~;li~:

tional solarimeters and, in addition, by a pyr ting
meter in a specially designed equaton~l mO:ient
to ensure very high stability and prOVIde e
protection against sand dust.
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MEASURK'\IENTS OF TOTAL RADIATION IN NETWORKS

Kurt Grufe '"

General remarks

Solar energy h~s been used for various purposes,
butup to now engineers have not been very interested
in radiation data. They regarded the sun merely
as a source rJ energy, without knowing the amount
ofradiation received at the earth's surface. In recent
years, however, it has become clear that the effi
ciency o~ aPF,ixatuS used at present can be improved
by conSl.der~'g the radiation data. In discussing
the application of solar energy, the knowledge of
the direct ~(,Iar radiation will not be sufficient·
it will also be necessary to get information on the

* Untersuchu'"f,sanstalt-im Hygienischen Institut de; Han-
sestadt HamburG, Germany. .

diffuse component as well. Therefore in this paper
we shall deal with the total (shortwave) radiation
of sun and sky which reaches the ground.

Instrumental questions

SUGGESTIONS FOR THE INSTRUMENTATION

In measuring the total radiation of sun and sky,
several instruments are being used (1, 2, 3). These
pyranometers should meet the following demands:
(a) robustness in design, (b) resistance against the
corrosive action of damp air (for details see 4),
(c) efficiency with plane and horizontal surface,
(d) inclusion of angle of incidence: 2 re, (e) ability to
followthe Cosine-law, (f) reliability, and (g) simplicity,

Table 1

Ju/y 1955 December 1955

Sol. Rob. Rob. Sol. Rob. Rob.

Date
cal/cm'd 50/. cal/cm'd Sol.

I 467 447 ; .96 25 31 1.24
2 463 465 1.00 . 37 44 1.19
3 627 632 1.01 7 6 .86
4 170 169 .99 62 66 1.06
5 89 92 1.03 33 38 1.15
6 362 352 .97 9 9 1.00
7 489 474 .97 8 6 .75
8 571 573 LOO 66 63 .96
9 702 710 1.01 22 28 1.27

10 577 589 1.02 16 16 LOO

11 497 500 1.01 104 95 .91
12 . 581 572 ·.98 65 60 .92
13 590 559 1.06 35 38 1.09
14 583 583 1.00. 21 25 1.19
15 .595 611 1.03 • 14 13 .93
16 578 580 LOO 12 13 1.08
17 584 622 .94 18 19 1.05

18 425 410 .96 48 51 1.06

19 . 375 349 .93 66 69 1.05

20 528 528 1.00 37 35 .95

21 596 598 LOO 14 16 1.14

22 624 595 .95 80 69 .86

23 444 416 .94 23 25 1.09

24 479 519 1.08 16 19 .1.19

25 427 469 .1:10 17 19 1.12

26 514 524 1.02 6 6 1.00

27 344 328 .95 36 35 .97

28 402 389 .97 6 6 1.00

29 416 413 .99 44 44 1.00

30 287 282 .98 50 47 .94

31 416 430 1.03 23 22 .96

359
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Table 2

Solarimeter Robitzscb Rob.

Sol.

January.
February
March.
April .
May.
June.

. July.
. August

September.
October ..
November.
December.

MEAN.

54
131
213
309
392
392
478
393
258
123
73
33

240

54
130
213
309
401
396
480
395
265
126
74
33

242

1.00
0.99
1.00
I.QO
1.02
1.01
1.00
1.00
1.03
1.03
1.01
1.00

1.008

i.e., able to be used by unskilled operators, for
networks.

In order to satisfy the above demands, it would
be necessary to make a compromise because the
pyranometers with the highest reliability need
electric current. It is, therefore, suggested that
Robitzsch bimetallic actinographs be distributed in
large numbers since they do not require electric
current; at the same time electrical pyranometers
should be operated at selected stations only. These
stations are meant to be "radiation-centres" of
particular areas. The electrical pyranograph may
not only be used for continuous records, but also
for standardizing the actinographs by comparison
under natural conditions of exposure.

Among several electrical pyranometers, in accor
dance with several authors (4), and on the basis of
our experiences (3, 5), the Moll-Gorcynski solari
meter has been recommended. The solarimeter has
proved satisfactory for the purposes mentioned
above and, if operated with an electrical recorder
instantaneous values are available. These data are
reliable and valuable for special questions.

THE RELIABILITY OF ROBITZSCH BIMETALLIC
ACTINOGRAPHS

It is not our aim to repeat the numerous publica
tions 1 about actinographs, and as we have no
experience with the different models, the following
details about the bimetallic actinograph should be
regarded only as a small contribution to this sub-'
ject (6). It has to be stressed that we evaluated only
daily sums of the actinograph-records. Without
repeating the criticisms about the actinograph
concerning its 'sensitivity to temperature, solar
.altitude, azimuth etc., and without mentioning our
numerous tests on the calibration factor.f it will be

1 Some publications are quoted in references 1,. 2, 3 and 4.
2 Author's investigations during his membership at the Meteo

rological Observatory of the German Weather Service.

discussed which calibration factors we used and how
reliable this simple method was.

We standardized the Robitzsch !l:metallic actino
graph 3 as mentioned above and dcc.crmined calibra
tion factors which varied only with the size of the
recorded area of the radiation curve, receiving, e.g.,
the factor 0.63 between 0 and 350 mm", 0.66 be
tween 350 and 500 mm", 0.67 lx-tween 500 and
700 mm", and 0.67 above 700 mm." Contrary to these
results in moderate climate, it is supposed th~t the
calibration factor may be uniform in areas WIth a
large amount of daily radiation.

In order to test the accuracy, the daily su~s of
the total radiation measured with the RobItzsc~
actinograph were compared with those measure
with the Moll-Gorczynski solarimeter at the sJa~e
place in 1955. As an example, the results of uY
and December are given in table 1 of the annexj
In table 2 the monthly means are stated; the annu~
means of actinograph and solarimeter measure~e~hs
differ by only 0.8 per cent. The frequency 0 11
ratios GROb.jGSoI.4 is illustrated in figure 1 fo~.ag
days of one year. Figure 2 shows the corresponJl~y
diagrams for July and December 1955. In Ut
the deviation was never larger than ± 10 per c:a~
On the contrary, in December where the total r.a is
tion is small, the distribution of the frequenCIes
very broad. The investigation shows that

d 'ation80 per cent of the results of 1955 have a eVI
of ± 5.8 per cent, e a

80 per cent of the results of July 1955 hav
deviation of ± 5 per cent, and have

80 per cent of the results of December 1955

a deviation of ± 15 per cent.P

3 Manufacturer: Fuess, Berlin-Steglitz.
4 GRab. = daily sum of total radiation measured with

Robitzsch actinograph d witb
GSol. = daily sum of total radiation measure

solarimeter. t'ona1
I tero a 1

5 A. 1. Drummond, Newport, R.I., stated at the 0 sidering
Radiation Conference in Davos in Sept. 1956 that - coO results
the. lower radiation income in north Germany - these
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,As the calibration factors were carefully deter
ml~ed, t~e deviations spring from the differenc~s of
the electrical a.id the mechanical systems, especially
¥hm the lag in the indication of the actinograph.

,e better accuracy of the July values compared
WIth the December data is caused by the larger
~mount of radiation in summer. We may therefore
e allowed to form the conclusion that the actinoraph will be sufficiently reliable in areas with a

,arge amount of radiation and only these are of
lUterest for solar energy uthization.

Some results of special measurements

As seen above it was suggested setting up ineach . , ., particular area at least one selected statIOn
wIth electrical pyranometers. If skilled operators
----- ~< ' .'

agree With hi d iati
f 1S measurements in Pretoria' he observed a evia ion

o abo t 'on da U ±: 2 per cent on clear days 'and of about ± 5 per cent
Y8 w1th changing clouds.. . ..

are available, electrical pyranometers should be
used to get special information which will be valuable
for solar energy utilisation. Such information, ob
tained in Hamburg by means of Moll-Gorczinsky
solarimeters and Hartmann & Braun recorders,
will be demonstrated in the following sub-para
graphs.

TOTAL RADIATION RECEIVED BY SURFACES
. OTHER THAN HORIZONTAL

Solarimeters were exposed' on surfaces other than
horizontal to different directions of the sky in order
to measure the direct solar radiation (S) together
with the diffuse radiation from both sky (DS) and
ground (DG) continuously (7). Only two of the exposi
tions published in (8) show the value of these records.
The daily sums of the records from 1952 to 1954
were compared with the corresponding theoretical
maxima of the direct solar radiation (curve 1 in
figures 3 and 4) according to Kaempfert and Morgen
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Figure 3. Total radiation received by a vertical surface exposed to the south ('.:;).
Curve I : Theoretical maxima 'of the direct solar radiation (8); curve 11: Annu al
course of the direct solar radiation (8) together with the diffuse radiation from bc'oh
sky (D8) and ground (DG) obtained from monthly (0) means from 1952-1'l£:1,
means of ten days (X) obtained from the daily radiation of 8 + D8 + DG measur . d
from 1952-1954; curve Ill: practical maxima of 8 + D8 + DG obtained by clrcuri
scrtbing the maxima from 1952-1954

(9), in order to illustrate by daily sums 6 and means
(curve 2 in figures 3 and 4) the energetic contribution
of the diffuse radiation.

First is discussed the total radiation received by a
vertical surface exposed to the south. The summar
ized results of the measurements are given in figure 3.
The theoretical maxima 7 of the direct solar radiation
in Hamburg are lower in summer than in winter.
The reason is that the sun reaches its highest point
during the winter solstice at an altitude of 13°,
whereas during the summer solstice it reaches its
highest point at an altitude of 60°. This deficiency
in summer is partially compensated for' by the

6 The daily sums are not entered here as in (8), but curve 3
in the figures 3 and 4 circumscribes the measured maxima of
S + DS + DG.

7 Theoretical because a cloudless condition was assumed.

double length of the day since th: sun reaches the
southern wall only when it is in [he south of'the
east-west line. Thus we see, when col'Jparing curves 1
and 3 in figure 3, that the southern wall has a. r~la
tively largeincrease of energy by the diffuse radiation
from both sky and ground in summer an~ a sma!l
increase in winter. This is due to the high sun s
altitude as well as the shorter length of the day,
The means of ten days and the monthly: means
(curve 2) of S + DS + DG are in general conSIderably
below the theoretical curve 1, because curve 2
contains cloudy as well as overcast days.

Figure 4 gives the corresponding results for a
surface with an inclination of 45° to the south; the
respective numbers of .the curves 1, 2, and 3 co¥;
spond with the numbers 1, 2 and 3 in figure 3.h' ~
annual course of S + DS + DG (curve 2), w le

.has been obtained from monthly means as well as
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Figure 4. Total radiation received by a surface with an inclination of 45° to the south
(45°8). Details analogue to figure 3
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Figure 5. Annual course of VS/H8 and 45°/H8 obtained from monthly (0) means.
Means of ten days of VS/H (.> and of 45°/H (.>

the means of ;cn days, never reach the theoretical
maxima (curve 1) of the solar radiation because of
the inclusion (i: curve 2) of cloudy and overcast days.
Th~ daily sum,', however, may be greater than curve 1
(as Illustrated ir, curve 3), which is 16 per cent greater
than the direc: solar radiation.

Finally, the total radiation received by inclined
surfaces and r.orizontal surfaces was compared.
The ratios VS/H and 45° S/H are shown in figure.5. s
Avertical surface exposed to the south in Hamburg
r~ceives an annual mean of 90 per cent of the radia
tion which a horizontal surface receives. The ratios
of the individual daily sums VS/H, however, vary
from 0.33 to 2.87. That is the reason why S + DS +- .

8 VS/H and 45°",H = daily radiation received by the vertical
s~r~ace (VS) or the surface inclined 45° (45°S) respectively,
diVided by the daily radiation received' by the horizontal sur-
face (H). .

DG cannot be reliably calculated from the total
radiation by using the annual mean 0.90 of the
ratio VS/H. If the radiation received by a surface
directed vertically to the south is to be derived from
the total radiation of a horizontal surface, the means
of ten days or the monthly means as given in the
curve VS/H in figure 5 should be used.

The daily ratios 45° S/H vary between 0.58 in the
case of overcast days and 3.08 in the case of clear
days, and although the means of 45° S/H (figure 5)
vacillate less than those of VS/H, it does not seem
advisable to use the annual mean of 1.13 for calcula
tions. The comparison of the radiation received
by a surface with an inclination of 45° to the south
with that of a horizontal surface illustrates the
reason why farmers and winegrowers prefer surfaces
inclined to the south for plants which need a great
amount of energy.
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VARIATIONS OF TOTAL RADIATION
IN A SMALL NETWORK

The network

Since 1958 the total radiation/has been m~asured
with solarimeters at four different places in Hamburg
with the main aim to investigate the effect of air
pollution on total radiation, as well as the influence
of other factors that may determine micro-climatic.
conditions such as cloudiness, .air mass, wind direc
tion, etc.' (10). The measuring places are situated
(a) in the City of Hamburg, (b) in the southern indus
trial district of Harburg, (c)· in the small country
town of ] ork west-south-west' of Hambu~g, and
(d) in the eastern suburb of Bergedorj. The distances
between the three out-stations and the City station
are as follow: from Harburg to the City 10 km,
from Jork 18 km, and from Bergedorf 19 km. The
solarimeters were standardized before their installa
tion and recalibrated in 1960.

Evaluation of the measurements

The total radiation values of the three out-stations
are occasionally compared the one with the other.
However, they are regularly compared with the
values of the City station. Ratios were calculated
for three-hour values (3 to 6 hrs, 6 to 9 hrs, etc.),
for a.m, and p.m. values, and for the daily sums of
total radiation. These ratios show the radiation
differences of the various stations-e.g., 1.06 means
that one station .receives 6 per cent more radiation
than the other. .

In order to appreciate the full influence which
the possible micro-climatic factors may have on the
total radiation, it will be necessary to make a series'
of correlations to separate the different influences
which come into play. The ratios obtained on cloudy
days show greater variations than on clear days.

Correlations on cloudy days are much more com
plicated.

For this special investigation, however, only
records of clear days have been considered as they
are of particular interest for the utilization of solar
energy. Besides, the structure of micro-climatic
conditions may be assumed to be relatively uniform
on these days, so that statements of considerable
reliability can be made about the radiation variations
in large communities without specific correlations
to the different climatic factors. Nevertheless, the
possible influences of micro-climatic factors other
than air pollution (caused by tlv aerosol emissions
of the community), must be borne in mind. The
restriction of our investigation to , lear days presents
one serious difficulty. Clear days are rare in Ham?urg,
so that our statistical material ha" not the magnitude
that we should wish it to have. In more than two
years there were only 40 clear davs recorded.

Analysis of the radiation variations from fork to
City on clear days

When the radiation values oi the two stations
(lark and City) were compared, -t was found. t~at
the majority of values obtained fell 111close prOXImIty
to the mean value of all the ratios (see figure .6),
which almost coincides with the 50 per cent point
(or median).

The average ratio is 1.06; the 50 per cent point is
reached at 1.05. That means that, on the averag~

J ork has a radiation surplus of about 5 p~r cent ~4
clear days. The standard deviation a IS ±~ .
Within the limit of above and below the me an
we find 80 per cent of the ratios. It may therer~
be said that a radiation surplus of 5 per ce~. ~
Jork over the City, as represented by .t~e me ~~~
is typical for clear days. A certain restnctlOn to the
affirmation will be given later with regard to
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fact that the distribution is not homogeneous. The
extreme value of the distribution amounts to 1.18;
it lIes just beyond the ± 3 a range, which includes
97.5 'per cent of the ratios. The fact, however, that
quotIents occur up to 1.18 is very interesting. It
means that even on clear days and within a rather
small area, the total radiation may vary considerably,
i.e., up to 18 per cent in our case. .

Over a shorter period-e.g., the morning or the
afternoon only-the factors which are suspected to
cause the radiation variations may have a somewhat
fore effective transitory influence. Thus, the ratios
oar the morning vary from 0.95 to 1.23 and those
f the afternoon from 1.01 to 1.19. Their 50 per

cent points coincide with those of the daily ratios,

as does the median of the three hour ratios, which
as a whole vary from 0.81 to 1.35. Part of the wider
dispersion of these values (might) be due to the
fact that the three hour radiation values are in
some cases rather small," so that small absolute
variations turn into high relative variations. It is
still remarkable that 75 per cent of the morning
ratios, 90 per cent of the afternoon ratios, and
77.8 per cent of the three hour ratios are within the
± (J range above and below the median.

A few words may be added about the curves in the
accumulated relative frequency (L per cent) diagram

9 Radiation values below 10 caI. have not, however. been
taken into consideration.
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Analysis of the variations on clear days at four
stations

From our various comparisons we calculated the
following averages for the ratios of the daily sums of
total radiation:

(figure 6). It is easily seen that they do not connect
the empiric values of relative frequency but give
an abstraction, which may approach the general
tendency or trend of the distribution (which, how
ever, was not determined mathematically). If we
had a steadily rising and falling distribution of the
frequencies of the different ratios with one clear
maximum (Gauss distribution), the ~ per cent curve
in this diagram should have resulted in a straight
line. We have, however, obtained curved lines, one
of which even has a turning point. This shows that
our distribution is not homogeneous in itself, but
that it consists in reality of various distributions.
That is perfectly in agreement with our statement
that the various micro-climatic factors act in different
ways on the variations of the total radiation.

Jork : City.
Harburg : City .
Bergedorf : City .
J ork : Bergedorf.

1.06
0.99
1.05
1.02

For the distributions of the ratios, see figures 7 8
and 9. It seems therefore that on an aver~ge:
the radiation conditions of Jork nd Bergedorf are
nearly equal, while on the other' md the radiation
conditions of the City differ vel \,' little from the
industrial district. However, bot '. Bergedorf and
Jork receive a greater amount of r .idiation than the
City or the industrial area. We arc, iclined to suppose
that the air pollution over the City .ind the industrial
district may have absorbed som- of the incoming
radiation.

Conclusions

During the Geophysical Year I «liation measure
ments have been made at variou places all over
the world, and the differences of r~,'liation measured
in different countries or continent- have been dis
cussed. The extreme value of "Hr comparisons
shows that even over small areas t',,; total radiation
may vary considerably. This resul is the m?re .re
markable as we have restricted ~ l.is investlgatIOn
to radiation records obtained und. " such compara
tively uniform climatic conditions ,:', found on clear
days. We think, therefore, that ["('at care s?o?ld
be taken. in forming conclusions about rad~atIOn
variations that have been observed between distant
places.

References

1. Kleinschmidt, E., Handbucbder meteorologischen Instrumente,
Berlin, 1935.

2.' Morikofer, W.; Meteorologische Strahlungsmessmethoden,
A bderhaldens H andbuch der biologischen. A rbeitsmethoden,
Abt. H, Teil 3, Urban u. Schwarzenberg, Berlin u. Wien, 1939.

3. Grafe, K, Uber Moglichkeiten der Bestimmung, Berechnung
. und kurzfristigen Vorhersage der Globalstrahlung am Erd
boden, Arch. Met. Geoph. Biokl., Serie B, 5, 344-376, 1954.

4. International Union of Geodesy and Geophysics, Radiation
Commission, Radiation Instruments and Measurements,
IGY Instruction Manual, Part VI, Pergamon Press, London,
New York, Paris, 1958.

5. Grafe, K., Zur Prognose des Globalstrahlung, Meteorol,
A bh. Fr. Univ. Berlin, 2, HA, 145-151, 1955,

. ~

6. Crate, K., Comparison of the records of aetinographs Wl
hthose of solarimeters in Hamburg in 19[,5, presented at t ~

International Radiation Conference in Davos, 1956, no
published.

. b Fliichen,7, Schulze, K, Strahlungsempfang genelgtcr e ener
Arch. Met. Geoph, Biokl. Serie B, 6, 128-138, 1954.

Fliichen;8. Crafe, K, Strahlungsempfang vertikaler, ebener Wetter'
Globalstrahlung von Hamburg, Ber. d. Deutschen
dienstes, Band. 5, No. 29, 1956. t

Z itschr..9. Kaempfert, W. and Morgen, A., Die Besonnung, e
Meteorologie, 6, 138-146, 1952.

o _Gehalt
10. Crafe, K, Hettche, H. O. and Peters, . K H., 5 2wetter,

der Stadtluft in Beziehung zur Gesundheit und zurn .
Gesundheits-Ingenieur, 80, 302-308, 1960.

In order to obtain sufficient knowledge to use
solar energy, it is necessary to use instruments
which fulfill certain demands, i.e., among others,
simplicity and reliability, and which are at the same
time so constructed that they can be distributed
in large numbers without difficulty. The instrument
which approximates these requirements is the Ro
bitzsch bimetallic actinograph, in spite of the fact
that it does not quite attain the accuracy of good
electrical pyranometers. In order to illustrate the
reliability of the Robitzsch bimetallic actinograph,
a comparison of the daily sums of total radiation

Summary

'th theover a period of one year has been made WI (on.
Moll-Gorczynski-solarimeter in the same .sta lore
The results indicate that the actinograph IS :n of
suitable for areas receiving greater amoun snts,
radia~ion than areas receiving smaller am~~ for
that IS to say, that the actinograph glves?a rder
the util~zation of solar energy. Howeve~, In ~ults)
~o .obtam well balanced. and more pre~ls~ r~ween
It IS necessary to estabhsh a compromise b~ the
the Robitzsch bimetallic actinograph an that
electrical pyranometers like the netwo~ks have,
are being installed in particular areas which
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in addition to tile various actinographs, at least one
electrical pyran.igraph (e.g., a Moll-Gorczynski-solari
meter) which can be used for the standardization
of the actinogr-phs and at the same time maintain
continuous records, as well as give instantaneous data.

Wherever sk .Iled operators are available, there
should be electrical pyranometers so as to obtain data
of the total ridiation of non-horizontal surfaces
exposed to diffr rent directions of the sky. Examples
of measurements in Hamburg (i.e., daily radiation
of surfaces exposed to the south and under angles
of 45° and 90°) illustrate the importance of the diffuse
radiation. The total radiation received by non
horizontal surf-ices is compared with the results
of the horizontal surface. The ratios of these com
parisons show the different amount of radiation
received by ear 'i surface. On the basis of the means
of these ratios the radiation received by non-hori
zontal surfaces can be approximately calculated.

Radiation v: 'ues derived from measurements at
four different .tations in Hamburg indicate that
the total radi -tion may vary considerably even
at dIstances ot only 20 km. These variations are

supposed to be due to micro-climatic conditions
such as cloudiness, air mass, wind' direction,' and
air pollution. For this investigation only the records
of clear days have been considered since they are
of particular interest for solar energytitilization.
Ratios were worked out from the radiation' values
of different measuring stations. These ratios showed
an average surplus of about 5 per cent of an out
station over the station in the City of Hamburg.
But even on clear days in this small network, the
total radiation varied up to as much as 18 per cent.

An analysis of the distribution of the ratios illu
.strateshow satisfactory. the statistical material
really is. About 80 per cent of the values lie within
the range of the average deviation. Nevertheless,
the curves in the ~ per cent diagram indicate that
the distribution is not homogeneous. This is not
surprising as the different micro-climatic factors act
in different ways on the variations of the total
radiation. The results discussed here will illustrate
that values of total radiation obtained at selected
stations should not be regarded as representative
of larger areas.

MESURES DU RAYONNEMENT GLOBAL DANS DES RESEAUX DE STATIONS

Resume

11 est necessaire, pour acquerir des donnees sl~ffi
~ant~s en Vue de l'utilisation de l'energie solaire,
e.falre appel a des instruments qui satisfont certaines

;xlg~nces telles, entre autres, que la simplicite et
da surete du fonctionnement, tout en etant concus
e telle sorte qu'il soit possible de les distribuer

b~ ~rand nombre et sans difficulte, L'actiriographe
Ime~~llique de Robitzsch remplit sensiblement ces

CO~~I~lons, bien qu'il n'atteigne pas tout a fait la
preCIsIon des bons pyranometres electriques. On a
proeM' , . htIe ~ une comparaison entre cet actmograp e
e e solanmetre de Moll-Gorczynski aun poste donne
SUr 1 idi 'es sommes du rayonnement global quoti ien
pendant un an. Les resultats ainsi obtenuS'indiquent
que l' t' , . .. ac lllographe convient mieux aux regions qUI
re~OlVent des quantites appreciables de rayonnementiU au?, autres. Ceci revient a dire que l'actinographe
g?urlllt des donnees utiles pour l'utilisation de l'ener
b~e sOlaire. Cependant pour obtenir des resultats

Clen compenses et pIu's exacts il faut realiser un
ompr' '. d
R bi omlS entre l'actinographe bimetalhque e

o itz h ' -. . t 1la t sc et les pyranometres electnques en ms a -
n des ' " di nten 1 reseaux de postes dans des regIOns isposa ,

e'l p ~s des divers actinographes d'un pyranographeectn ,. 't
de M: que au moins (par exemple d'un sola;nme re
I'etalooll-Gor~zynski) dont on peut se S~rVl! pour
enr .nnage des actinographes, sans prejUdICe des
instegIstrements continus et de la lecture des donnees

antanees. '

iI rartout ou l'on dispose d'operateurs bien entraines,tibtut prevoir des pyranometres eleetriques suscep
esde fournir des donnees relatives au rayonnement

total sur les surfaces non-horizontales exposees au del
dans diverses directions. Des exemples de mesures
faites a Hambourg (par exemple celle du rayonnement
quotidien sur des surfaces exposees au Sud et a
des angles de 45 et 90°) illustrent l'importance du
rayonnement diffus. On compare le rayonnement
total fourni aux surfaces non-horizontales aux resul
tats applicables a la surface horizontale. Les rapports
qui ressortent de ces comparaisons indiquent les
doses de rayonnement que recoit chaque surface.
Sur la base des moyennes de ces proportions, on peut
calculer, d'une maniere approchee, le rayonnement
que recoivent des surfaces non-horizontales.

Les valeurs du rayonnement que donnent des
mesures prises a quatre postes aHambourg indiquent
que le rayonnement total peut varier sensiblement,
meme pour des distances ne depassant pas 20 km.
Ces variations sont censees s'expliquer par des
considerations microclimatologiques telles que l'en
nuagement, les masses d'air, la direction du vent
et les impuretes de l'air. On n'a pris en consideration
pour les besoins de la presente etude, que les enre
gistrements relatifs a des jours clairs, pour autant
qu'ils presentent un interet particulier pour l'utili
sation de l'energie solaire. On a mis au point des
proportions a partir des valeurs trouvees pour le
rayonnement aux divers postes de mesures. Ces
proportions font ressortir un exces de 5 p. 100
en moyenne, pour un poste de banlieue, par rapport
ace qu'on trouve dans la ville de Hambourg. Cepen
dant, pour ce petit reseau, le rayonnement total
a varie dans une proportion allant jusqu'a 18 p. 100,
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meme pour les jours clairs. Une analyse de la repar
tition de ces proportions illustre combien les donnees
statistiques sont veritablement satisfaisantes. Envi
ron 80 p. 100 des valeurs trouvees s'inscrivent dans
le cadre defini par les ecarts moyens. Le fait reste
que les courbes du diagramme donnant ~ p. 100
indiquent que la repartition n'est pas homogene,
Ceci n'est pas surprenant, pour autant que les

divers elements microclimatologiques ont des reper
cussions differentes sur les variations du rayonnement
total. Les resultats passes en revue dans ce memoire
illustrent que les valeurs du rayonnement total
obtenues en des postes convene blement choisis ne
devraient pas etre considerees comme representatives
pour des zones plus grandes.
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SIMPLE INSTRUMENTS FOR THE ASSESSMENT
OF DAILY SOLAR RADIATION INTENSITY

Harold Heywood *

-The number of meteorological stations which
possess accurate pyrheliometers and recorders is
limited by the cost of such equipment and the need
for trained personnel. A much closer network of
instrumentation is necessary to assess solar energy
availablltty over the whole .ofa large country,'
III which conditions may vary considerably from
one location to another. During the last ten years,
the. autho.r has given much study to the desi~n
of simple instruments which would assess the radia
ti?n received daily on a "flat surface, primarily,
with the object of predicting the performance of
flat-plate types of solar water heater.

Operating principles

. The basic operating principles of pyrheliometers
III general use are as follows:

(a) Equilibrium instruments in which the receiving
surface attains an equilibrium temperature at which
there is a balance between the energy received by
radiation and the heat losses.

d (~) Capacity instruments in which the heat &ained
unng a period which may vary from a few minutes

to the whole day is measured by the rise in tempera
ture of a suitable mass of water or metal.

(c) Flow calorimeters with cooling by a known
~ater flow an.d measurement, of the corresponding
emperature nse. . '

f (d) Evaporation instruments in which the volumef a liquid evaporated at approximately constant
r~~pe!ature is assumed to be proportional to the

dlatIon received.

(d) The radiation received during a complete day
to be registered as an integrated record.

(e) No electrical supply or running water required.

(f) ,Minimum attention required for operation,
and not at any fixed times.

(g) No scientific training or knowledge required
by the operator.

The characteristics of the various types of pyrhelio
meter listed above are examined below in accordance
with the conditions of design set out immediately
above. '

The Kipp and Eppley pyrheliometers are based
on the use of a thermopile and are equilibrium
instruments having very small heat capacities, so that
the receiving surface attains the equilibrium tem
perature in a few seconds. The temperature of the
receiving surface in these instruments is measured
by the electrical output and is normally recorded,
but the temperature could be determined in other
ways, such as by the use of a bi-metallic strip or
even by direct thermometric measurement, though
this would' increase the thermal capacity of the
instrument. Since the integration of a record is
inadmissible, none of these designs fulfills the require
ments, though it has been found that the temperature
of a copper block measuring 7 X 5 X 1 cm with
a thermometer inserted follows closely the readings
of a thermopile. There is considerable smoothing
of rapid fluctuations of radiation, but this is not
necessarily a disadvantage for the purpose intended.
Further research on such devices is in progress since
they could fulfill a useful purpose. They are not
suitable, however, for the primary objective.

Capacity instruments

Preliminary experiments were made with copper
blocks and small rectangular water vessels having
thermal capacities expressed as water equivalents
varying from 7 to 50 kgjm2 of frontal exposed area.
These showed that under conditions of steady radia
tion, the rate of temperature rise of the absorber
was constant whilst the temperature did not exceed
lOoe above atmospheric temperature, but that heat
losses significantly reduced the rate of temperature
rise at more than 20°C above atmospheric tempera-
ture. Provided that the temperature rise is limited

369

Conditions of design

b The ~onditions of design which should be ful~lledl a sImple instrument for the purpose descnbed
a OVe are stated below.' ,

(a) Ability to withstand all weather conditions.

(b) Minimum cost. herice the use of a chartrecord ' , , , '
er IS Inadmissible. -. , '

P
(c) Simplicity of construction containing no fragile

arts who h 'IIC cannot be replaced easi y.-----* l'rin .,' . "
Clpal, Woolwich Polytechnic, London.
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to approximately 15°C, capacity absorbers may be
used to assess solar radiation by either of the two
following methods of operation:

(a) If constructed of copper with a water equiva
lent of the order of 5 kgjm2, the permissible tempera
ture rise is attained in a few minutes and the instan
taneous radiation intensity can be calculated. The
copper block must be allowed to cool to atmospheric
temperature before a further test is made. Hence,
although this device does not comply with conditions
set out above it could be developed as an inexpensive
method of estimating solar radiation by means of
a portable instrument.

(b) If water is used as the medium for heat storage
and the total water equivalent, including the con
tainer, is of the order of 200 kgjm2, the permissible
temperature rise will not be exceeded for a whole
day's exposure to continuous radiation. Hence, such
a device, if suitably designed, might fulfil all the
conditions given above. The solar' calorimeter de
scribed in the main section of the paper is based
on this principle.

Flow calorimeters are in effect minature flat-plate
water heaters, and have been found very useful
for exploratory experiments on the factors influencing
the performance of larger scale heaters of the same
type. They are inapplicable as simple instruments
for the purpose intended as they do not fulfil con
ditions stated above.

The usual design of evaporation radiometer consists
of a hollow copper sphere with blackened surface
to absorb the radiation which is connected through
a cooling section to a long graduated glass tube.
The outlet tube leaves the sphere at the base but
projects inside the sphere to within a short distance
of the top interior surface. The sphere is nearly
filled with a volatile liquid, which is partially vapor
ised by the heat derived from radiation, the vapour
passing through the cooling section and collected
as liquid in the graduated glass tube. The spherical
absorber is enclosed within a glass sphere and the
space between is evacuated. The spherical type
of absorber is non-directional, and a modification
has a flat top so that the absorbing surface may be
used in a directional manner.' Since the evaporation
takes place at a constant temperature very little
above that of the atmosphere, the heat losses are
minimized. The volume of liquid evaporated and
condensed in the graduated tube is taken as a
measure of the total radiation absorbed during the
day, and the instrument is then inverted to return
the liquid to the spherical absorber. This device
fulfills many of the conditions of design, but its
construction involves skilled glass working with
difficult glass-to-copper joints. As it is nearly 1 metre
in length, it is very fragile.

1 Trickett, E. S., Moulsky, L. J., Edwards, R. I., Measurement
of solar and artificial radiation with particular reference to
agriculture and horticulture, [l, of Agric. Eng. Res.: 2: 86,
1957.

Description of the solar calorimeter

As a result of the survey described briefly above,
it was decided that a capacity type of instrument
would best fulfil the conditions of design that had
been postulated. Various models have been construc
ted and tested during the past three years, and the
final model has been reduced to the simplest possible
form compatible with a practical degree of accuracy.
The essential object is to assess the heat which
could be collected by means of a flat-plate water
heater. It was not expected that the results obtained
would always coincide with the radiation measured
by a standard pyrheliometer, taking into cons!d~ra.

tion the widely varying conditions from brilliant
sunshine in a cloudless sky to complete cloud cover.

A cross sectional drawing of the final model is
shown in figure 1. The water Cl pacity consists of
a standard Thermos flask (1 pint = 570 n:l).
The radiation absorbing surface IS a copper disk
5.08 cm diameter soldered eo-axially to a copper
tube 2.15 cm external diameter, tile end of the tube
being spun to a flange so that improved thermal

. contact with the disk is obtained The top surface
of the disk is blackened and the under surface and
part of the tube are chromium plated. The screw
cap of the flask is bored to take the tube, and a

PEPllSPEX
DOME

COPPER DI&K,
_____ Bl.ACKENED

Jla"'---5I~~ PLASTIC DISK,
---- ".LUMINIZED

WATER
______ LEV~L

TH~RMOS

.i->: FLASK

CORRUGATED
_ ---COPPER fOIL

SPACE FIl.l.~O
___ WITH AI.. fOIL

. TINNED IRON

-- CAS~

PLASTIC
BOX

. orating
Figure 1. Section of solar calorimeter lUCOrp

Thermos flask as water container
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The thermal parameters for the instrument are
as follows:

CAPILL,A.RY

Frontal area of copper disk . .
Weight of water in flask . . . .
Water equivalent of copper parts
Water equivalent of flask . . ; .
Total water equivalent . . . . . . . . . . . . .
Ratio of water equivalent to absorbing surface area

23 g/cm2 = 230 kg/m2 •

Hence I 'C rise in temperature represents 23 cal/m2 =

26,7 mwhjcmf = 267 wh/m2.

20,25 erns
420 g

20 g
25 g

465 g

MAX.INDE>(

MERCURY
PISTON

MIN. INDEX

Figure 2 Ma . I" f' .. xrrrrurn rrummum thermometer or tnsernon
in tube of solar calorimeter

pla~ti~ disk aluminized on both surfaces reduces
~dlatIon loss from the underside of the copper disk.
~e~s~ex dome replaces the flat top of the flask cup,
~ c IS aluminized on the interior surface. A roll
? corrugated copper foil between the tube and the
~ner surface of the flask acts as a heat equalizer.
t sth further protection against heat flow from or
p~ / atmosphere, the flask is enclosed in a square
b ~s ic box with aluminium foil filling the space
;e~ee~. The cost of materials for the solar cal~ri
c ter. IS about D.S. $6; including manufactunng
fos \It should be possible to produce the instrument
Or a out $18. A patent has been applied for.

The . . 1 .R di pnncIp e of operation needs little explanatIOn.
a latIon impinges on the copper disk and the 'heat

fen:~ated is conducted through the walls of the tube
th e water in the flask. The temperature rise of
de. water is a measure of the radiation received

WUrtlUg a day, and since the area of the disk and the
a er c . h tperat ap~C1ty are so proportioned that t e em-

reI tyre nse rarely exceeds 15°C, the heat losses are
b a lvely small. The temperature rise is measured
nKn~eans of a specially designed maximum and
In t urn thermometer shown in figure 2. The thermo
tee er bulb is long in order to attain the mean
T~p:rat?re of the water, and is filled with ~reo.sol.
to' ~PIllary tube contains the normal indices

lndl t ..of ca e the maximum and minimum pOSItIOns
th a mercury piston 3 mm long, which is moved by
T~ change in volume of the liquid in the bulb.
Whi~;~ermometer is placed within the copper tube,

IS slotted to enable the indices to be observed.

Procedure for observations

The flask may be placed with the axis vertical
and the disk in a horizontal plane, or may be mounted
so that the disk is at any desired inclination to the
horizontal, including a vertical plane. Thus, a number
of the instruments may be used simultaneously to
assess the heat which could be collected on surfaces
with different attitudes, a research which is now
in progress. The preferable procedure for taking
readi~gs is to read the minimum index in the early
~Ol;mng~ 8 to 10 a.m:, and then to bring both
indices into contact WIth t~e. mercury piston by
means of a magnet. The position of the maximum
index is read after sunset, when both indices are
again brought into contact with the mercury.
The difference between the two readings, less the
length of the mercury piston, is proportional to
the rise in temperature. Alternatively, the position
reached by the maximum index may be read on
the following mor~ing, but there is a possibility
that the mercury Will not have reached the minimum
index position for the previous day. However, the
most attention needed is on two occasions a day,
and under settled weather conditions once a day
may be sufficient. A further simplication of procedure
~ould be to ?se a sliding scal~ calibrated directly
m energy umts to measure directly the distance
between the two indices. The warmed water in the
calorimeter is not changed, but is allowed to cool
during the night; the minimum temperature of
the flask above minimum night atmospheric tempera
ture is about 35 per cent of the difference between
the maximum water temperature for the previous
day and the night temperature. The influence of
this factor on the readings is discussed above.
The calorimeter will withstand short periods with
atmospheric temperatures below freezing point, but
if such periods are prolonged the water could be
replaced by a non-freezing liquid.

Results of tests

Continuous daily readings have been taken on a
calorimeter in the outer London area since September
1959. The surface of the disk was in a plane inclined

oat 40° to the horizontal and facing south. The daily
minimum and ~aximum temperatures for the year
1960 are shown III figure 3. The year has been divided
into periods limited by selected solar declinations
such that the positive and negative values are nume-
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Figure 3. Maximum and minimum temperatures attained by solar calorimeter each
day during year 1960. Attitude of receiving surface of disk, south at inclination 40°
to horizontal

rically the same. The object is to provide a more
rational grouping of days than by calender months
and to facilitate computations of angles of solar
incidence. Due, however, to the eccentricity of the
earth's orbit round the sun, the groupings cannot be
symmetrical about the equinox date and vary
from 22 to 24 days per group or period; the actual

dates also vary slightly from one ~ear to a~ot~~~
and are shown for the year 1960 m table . h
average heat recovery per day is shown for ~~~l
period from September 1959 to February haws
in table 2. The fourth column of ~he tabl\~ the
the mean daily recovery on a calonmeter W1 rted
attitude stated above. These have been conve

Table 1. Declination periods, epoch 1960

Period No. Number of days Limiting dates .Declination Limiting dates Number of days Period No.

lA. 23 Dec. 238 ' . - 23° 27' Dec. 22 23 .1 B

Jan. 14 -21°30' Nov. 30

2A. 22 Jan. 15 -21°30' Nov. 29 23 .2 B

Feb. 5 - 16° 12' Nov. 7

3A. 22 Feb. 6 - 16° 12' Nov. 6 22 .3B

Feb. 27 8° 42' Oct. 16

4 A. 22 Feb. 28 8° 42' Oct. 15 22 .4B

Mar. 20 0 Sep.24

5 A. 23 . Mar. 21 0 Sep.23 23 .5B

Apr. 12 8° 42' Sep.l

6A. 23 Apr. 13 8° 42' Aug. 31 23 .6B

May 5 16° 12' Aug. 9

7 A. 23 May 6 16° 12', . Aug. 8 24 .7 B

May 28 21° 30'· Jul. 16

8 A. 24 May 29 21° 30' J ul. 15 24 .8 B

Jun. 21 23° 27' Jun. 22

• Epoch 1959 - total days, 366.
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to probable "If;' .ues for a horizontal surface by means
of tentative r.ictors which are still the subject of
another reser -ch, as shown in the fifth column.
The final colur-.n shows the total of direct and diffuse
radiation reCbved on a horizontal surface at Kew
Observatory"Ituated about 40 km from the place
ofthe experi.r.ents. These results show that the effi
ciency of heat collection by the solar calorimeter
averages 80 to 90 per cent. More exact comparisons
on individual days indicate that the calorimeter
is about 90 Pi~' cent efficient with direct radiation,
decreasing to about 50 per cent efficiency with
diffuse radiation. Further comparisons are in progress,
using Kipp pvrheliometers at the same site as the
calorimeters.

Critical consideration of procedure and results

. The ,Procec: ire for the operation described above
IS no~ Ideal,. rd is necessarily somewhat of a com
promise in 0, er to retain simplicity. For instance,
a stirring de'; .ce would improve the heat transfer,
but could no I. be introduced without complication
0: the need fr,T frequent attention. The temperature
dIfference between the disk and the mid-length
?f the tube b greatest when the rate of heating
IS a maximum, and amounts to about 0.6°C when
the rise is 2.;~oC per hour. The difference becomes
zero after the water has reached a maximum tem
perature, and during night cooling at a rate of 1.3°C
perhour the disk is 0.5°C below the tube temperature.
The temperature difference' between the tube and
th~ equalizer is very small, the maximum observed
belll~ 0.2°C. These temperature variations are not
consIdered to be significant. One disability that

cannot be avoided and which also affects large flat
plate solar water heaters is that before noon the in
creasing radiation intensity is in phase' with the
increasing water temperature, whereas after noon
these factors' oppose each other in phase. Hence
the efficiency of the solar calorimeter is less after
noon, than before; indeed its efficiency towards
sunset may be zero even though there is still appre
ciable radiation. However, if the object is to provide
data for heat collection, this effect is no disadvantage.
Anomolous results may. be obtained because of
variations in the minimum temperature attained
by the calorimeter during the night, this being
dependent upon the energy collected during the
previous day and any change in night air temperature.
Temperature variations and energies collected have
been calculated for a hypothetical case, and the results
are shown in figure 4. A constant night air temperature
of 15°Chas been assumed and four days of continuous
solar radiation, of equal magnitude. The left hand
side diagram shows that equilibrium between the
heating and cooling effects is attained on the fourth
day. If now the radiation is reduced to half the former
intensity, it again takes four days for a new state

, of equilibrium to be established. The right hand
side diagram shows the effect of a 5°C drop in night
air temperature, radiation conditions remaining
constant. Thus the temperature rise on a particular
day is to some extent affected by previous conditions,
but statistically these effects should balance since
changes of atmospheric and radiation conditions
occur in both directions. Anomolous results may be '
obtained on completely overcast days, especially
in: mid-winter. Though the calorimeter is normally
less sensitive to diffuse radiation than to direct

Table 2. Energies in milliwatt hours per m 2(mWh/cm2
)

Number of days Solar 540 Calorimeter hors,
K ew 0 bservatory

Year Period total hors,

1959 4B 23 321 247 250

3B 22 162 ll2 130

2B 22 132 82 71

IB 23 63 36 35

lOGO lA 23 58 33 41

2A 22 93 58 62

3A , 22 156 107 ll8
~ :

4A 22 162 125 144

5A 23 200 176 220

'6A' 23 '300 290 363

7A 23 248 258 378

8A 24 386 420 542
, " )'.:'

8B 24 230 250 382

7B 24 264 274 412

" 6B 23 239 231 338

5B 23 257 226 261

4B 22 197 152 194

'3B 22 126 87 117

'2B 23 97 60 72
,-,'1 .

51. 29 38
IB 23

1961 lA 22 88 51 59
.. 22 82 51 63

2A
3A 22 120 83 93

13
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Figure 4. Calculated variation of temperatures due to changes in atmospheric co".;j
tions. Left-hand sequence constant atmospheric temperature at night, 1st to Hh
days continuous insolation, 5th to 8th days insolation at half previous value. Ri,):.t
hand sequence continuous insolation at constant value, 5°C decrease in atmospt.i.rIc
temperature at night after 4th day

radiation, if the atmospheric temperature rise is
unusually high there may be sufficient heat flow
into the flask to cause a temperature rise greater
then the equivalent of the incident diffuse radiation.
An investigation is in progress to ascertain whether
a system of correcting factors for this effect can be
devised.

Conclusions

The test results described substantiate the claim
that the particular design of solar calorimeter de
scribed will assess the availability of solar radiation
as regards the operation of flat-plate water heaters.

With further experience and possible mo~ificatio~s
in procedure, it may be possible to u~e It for t ~
assessment of solar radiation intensifies: res~aW
is being continued and results may be avala e
at the Conference.

Acknowledgements

The author wishes to express acknowledgemenrt
f r pe to the Superintendent of Kew Observatory ~ taff

mission to use data recorded there and to t Wool
of the physics and engineering departments a~ ent.
wich Polytechnic for the construction of equlpm

Summary

The number of meteorological stations which
possess accurate pyrheliometers and recorders is
limited by the cost of such equipment and the need
for trained personnel. A much closer network of
instrumentation is necessary to assess solar energy
availability over the whole of a large country,
and the author has given much study to the design
of simple instruments which would assess the radia
tion received daily on a flat surface, primarily with
the object of predicting performance of flat-plate
types of solar water heater.

The conditions of design which should be fulfilled
by a simple instrument for the purpose described
above are stated below.

(a) Ability to withstand all weather conditions.

f a chart(b) Minimum cost; hence, the use 0

recorder is inadmissible. f gile
(c) Simplicity of construction containing no ra

parts which cannot be replaced easily. day
(d) The radiation received during a complete

to be registered as an integrated record. 'red.
(e) No electrical supply or running water requl. n

eratlo ,(1) Minimum attention required for op
and not at any fixed times, ired

(g) No scientific training or knowledge requ
by the operator. , eters

The basic operating principles of ~yr:helIo~ined
in general use are described briefly and It IS eX~ition5
why existing instruments do not fulfil the con
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postulated above. -r:he :easons are f?iven ~or the deci
sion to use :1 capacity Instrument In WhICh the heat
gained durin.; a period which may vary from a few
minutes to the whole day is, measured by the rise
in temperatu e of a suitable mass of water or metal.

Description oj the solar calorimeter

Various models have been constructed and tested
during the past three years, and the final model
has been reduced to simplest possible form compatible
with a practical degree of accuracy. The water, capa
cityconsists of a standard Thermos flask (1 pint =
570 ml). The radiation absorbing surface is a copper
disk 5.08 cm diameter soldered eoaxially to a copper
tube 2.15 cm external diameter, the end of the tube
being spun to a flange so that improved thermal
contact with the disk' is obtained. The top surface
of the disk is blackened and the under' surface
and part of ti ,c~ tube are chromium plated. The screw
cap of the ftask is bored to take the tube, and a
plastic disk aluminized on both'surfaces reduces
radiation loss from the underside of the copper disk.
A~erspex dome replaces the flat top of the flask cup,
WhICh is aluminized on the interior surface. A roll
?f corrugatd copper foil between the tube and. the
inner surface of the flask acts as a heat equalizer,
As a further protection against heat flow from ~r to
the atmosphere, the flask is enclosed in a, square
plastic box with aluminium foil filling the space'
between. The cost of materials for: the solar calori
~eter is about D.S. $6; includingmanufacturing costs,
It should be possible to produce the instrument for,
about $18. A patent has been applied for.
T~e principle of operation needs little explanation.

RadIation impinges on the copper disk and the heat
generated is conducted through the walls of th~ tube
to the water in the flask. The temperaturense of
the water is a measure of the radiation received
during a day, and since the area of the disk and the
water.capacity are so proportioned that the tempera
ture rise rarely exceeds 15°C, the heat losses are rela
tIvely small. The temperature rise is measured by
means of a specially designed maximum.and rmnimum
~he:mometer.The capillary tube contams the.n?rmal
IndIces to indicate the maximum and' mnumum
positions of a mercury piston 3 mm long, ~hi.ch .is
moved by the change in volume .of the liquid In

the bulb. This, thermometer is placed within the
copper tube, which is slotted to enable the indices
to be observed. The use of this thermometer ensures
that the periods of attention are limited to twice
a day.

Results of tests

Continuous daily readings have been taken on
a calorimeter in the outer London area since Septem
ber 1959. Figure 3 of the paper shows the daily mini
mum and maximum temperatures attained for the
year 1960. The daily heat collection, averaged for pe
riods limited by selected solar declinations as detailed
in table 1 of the paper, is compared in table 2 with
readings of the total of direct and diffuse radiation
received on a horizontal surface at Kew Observatory,
situated about 40 km from the place of the experi
ments. These results show that the efficiency of
heat collection by the solar calorimeter averages
from 80 to 90 per cent. More exact comparisons
on individual days indicate that the calorimeter
is about 90 per cent efficient with direct radiation,
decreasing to about 50 per cent efficiency with diffuse
radiation. Further comparisons are in progress, using
Kipp pyrheliometers at the same site as the calori
meters. Anomolousresults are sometimes obtained
and, the readings do not always coincide with the
radiation measured by a standard pyrheliometer,
taking into consideration the widely varying con
ditions from brilliant sunshine in a cloudless sky to
complete cloud cover. Thus the temperature rise
on a particular day is to some extent affected by
previous conditions, such as the storage effect of
the previous day's heating or a change in night
air temperature, statistically these effects should
balance since changes of atmospheric and radiation
conditions occur in both directions.

Conclusions

The test results described substantiate the claim
that the particular design of solar calorimeter
described will assess the availability of solar radiation
as regards the operation of flat-plate water heaters.
Further tests are under consideration, and it is hoped
that comparative experiments may be made in other
types of climate.

INSTRUMENTS SIMPLES POUR L'EVALUATION DE L'INTENSITE DU RAYONNEMENT
, . . . ' "" SOLAIRE QUOTIDIEN

Resume

d Le nombre des stations meteor~lo~iques dot,e~s
e PyrheIiomHres et d'appareils enreglstreurs prec!'s

est hmite par le prix de ce materiel et le ,.besom
de personnel specialise. 11 faut un reseau ~ instru
ments beaucoup' plus serre que celui qUI' existe .

actuellement pour evaluer les .disponibilites en
energie solaire sur l'ensemble d'un grand pays, et
l'auteur de ce mernoire a 'porte son attention tout
specialernent sur la realisation d'instruments simples
qui permettraient de, determiner le rayonnement
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recu chaque jour par une surface plane, au premier supplementaire contre les echanues de chaleur avec
chef dans le but de prevoir le rendement des chauffe- l'atmosphere dans les deux se:.s, la bouteille est
eau solaires a plaques plates. logee dans une boite carree en cccnposition plastique,

Les caracteristiques que doit presenter un instru- et une feuille de papier d'alumicum remplit l'espace
entre la boite et la bouteille. L.:« materiaux neces-ment simple, pour realiser les objectifs passes en . ,
saires pour la realisation du ralorimetre solairerevue ci-dessus, sont les suivantes :
content environ 6 dollars. En co.nptant les frais de

a) Resistance a toutes les conditions meteorolo- fabrication, on doit pouvoir JJr,;c!uire l'instrument
giques; . . pour 18 dollars environ. Une .lernande de brevet

b) Cofrt minimum, ce qui exclut tout enregistreur a ete deposee.:
a bande; . . Le principe de fonctionnemc»: de l'appareil est

c) Simplicite de construction, presupposant l'ab- fort simple. Le rayonnement frappe le disq~e en
sence de toutes pieces fragiles qui ne peuvent pas cuivre, et la chaleur ainsi produit« est communique
se remplacer facilement; par les parois du tube a l'ean «ui se trouve dans

d) Possibilite d'enregistrer sous une forme inte- la bouteille. La montee de temperature de cette eau
gree le rayonnement recu pendant toute une journee: constitue une mesure de la quaIl ,: u'c de rayonnement

. recue au cours d'une journee cl, pour autant q?~
e) Independance de toute source d'electricite ou le rapport entre la surface du cL::!ue et la capaClte

d'eau courante;" 11 fconstituee par l' eau a Me choisi xle te e aeon que
f) Besoins ireduits de surveillance en fonction- cette montee de temperaturc'~epasse rare~ent

nement, sans horaire ou calendrier fixes de sur- 15°C, les pertes de chaleur sont r,~;ativementfalbles,
veillance; La montee de temperature se mesure au. n:oyen

g) Possibilite d'etre mis entre les mains d'opera- d'un thermometre a maximum et a mimmum
teurs sans formation technique ni connaissances specialement concu, Le tube c:~pi1lair~.porte les
scientifiques. reperes habituels qui indiquent l-s pOSItIons, pour

Les principes fondamentaux de fonctionnement le minimum et le maximum, d'un piston de mereure
des pyrheliometres d'emploi generalise font I'objet de 3 mm de long dont la position change avee,les
d'une breve description, et l'auteur expliquepour- variations de v~lume du Iiquide que cont~ent
quoi les instruments actuellement en service ne l'ampoule. Ce thermometre est loge a l'inten~ur
remplissent pas les conditions indiquees ci-dessus. du tube en cuivre dans lequel ~;ont. prevues es
Il presente les raisons qui militent en faveur de fenetres permettant l'observation des reperes AVJc
l'emploi d'un instrument a capacite, dans lequel la ce thermornetre, les periodes ,d'observatIOn u
chaleur acquise pendant une periode qui peut durer materiel se limitent a deux par Jour.
de quelques minutes ala journee entiere, est mesuree d 1 etures
par l'entremise de la montee de temperature d'une Resultat« des essais. On a precede a .e~ e d ns
masse d'eau ou de metal appropriee. quotidiennes continues avec un tel calonmetre 1~9

la grande banlieue de Londres depuis septembre 'm;
Description du calorimetre solaire. Divers modeles La figure 3 du present memoire indique, les ~~XI La

ont Me realises et essayes au cours de ces trois et les minima journaliers pour ['annee 19 . nee
dernieres annees, et le type final a e16 reduit a la quantite de chaleur recueillie chaque Jour, ramedes
forme la plus simple qui soit compatible' avec un a une moyenne pour des periodes li~itees t{ars le
degre de precision pratique. La capacite d'eau declinaisons solaires choisies et indlqueeS '~ion
est constituee .par une bouteille thermos standard detail au tableau I de la presente communlea d~
(I pinte imperiale ou 570 ml). La surface d'absorp- est comparee au tableau 2 avec les lecturesune
tion du rayonnement est un disque en cuivre de rayonnement total, direct et diffus, recu parsitue
50,8 mm de diametre, soude coaxialement a un tube surface horizontale a l'observatoire ~e K~w, sont
egalement en cuivre ayant un diametre exterieur a une quarantaine de kilometres du lieu ou S~trent
de 21,5 mm. L'extremite du tube a eteevasee en effectuees les experiences. Ces resultats ~o r par
forme de bride par centrifugeage, pour qu'un meilleur que le rendement de l'absorption de la cha e~ une
contact thermique soit realise avec le disque. La le calorimetre solaire se monte en moyen ne ompa
surface superieure du disque est noircie et sa surface valeur comprise entre 80 et 90 p. 100. Des c.metre
inferieure, ainsi qu'une partie du tube, sont plaquees <>, raisons plus precises indiquent que le cai~r~ayon
au chrome. Le chapeau avis de la bouteille presente . a un rendement d'environ 90 p. 100 pour rayon
un evidement approprie pour recevoir le tube, et nement direct, et d'environ 50 p. 100 pou~ l~l'autres
un disque en composition plastique traite a l'alu- nement diffus. On procede actuelleme~~ a etreS de
minium sur ses deux faces reduit les pertes par comparaisons, en se servant de pyrhe~lO~ s On
rayonnement de la partie inferieure du disque en Kipp, au meme poste que les calonme ~~;tures
cuivre. Un dome en perspex remplace la surface obtient parfois des resultats anormaux, et les nement
plate du gobelet habituel de la bouteille thermos, ne coincident pas toujours avec le ra~o~d auJ'
et il est revetu d'aluminium sur sa surface interieure.. mesure au pyrheliometre standard, eu eg solei!
Un rouleau de feuille de cuivre ondulee est prevu conditions qui varient largement entre un

che de
entre le tube et la surface interieure de la bouteille brillant dans un del sans nuage et une -:lllontee
pour egaliser les temperatures. Comme protection nuages couvrant tout le cieI. C'est dire que a
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de temperature, pour un jour donne, exprime dans
une certaine mesure les conditions regnant avant
que l'on precede aux lectures, par exemple l'effet
d'emmagasinz;ge de la chaleur de la journee prece
dente ou le changement de temperature de l'air
nocturne; statistiquement, ces effets doivent se
compenser, car les conditions atmospheriques et le
rayonnement varient dans les deux sens.

Conclusions. Les resultats des essais dont la des
cription a Me donnee confirment l'affirmation que
la conception du calorimetre solaire decrit ci-dessus
permettra d'evaluer les disponibilites en rayonnement
solaire pour les besoins des chauffe-eau a plaques
plates. On envisage des essais ulterieurs, et on
espere pouvoir executer des experiences compara
tives dans des climats differents,
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THE ESTIMATION OF MONTHLY MEAN VALUES OF DAILY TOTAl, SHORT WAVE
RADIATION ON VERTICAL A~ INCLINED SURFACES FROM SUNSHINE RECORDS
FOR LATITUDES 400N.400S

John K. Page*

[1]Q = Qo' (a + b ~'J)

N

Qo'

n

The original Angstrom formula .~ was written in

the form:

where Q = mean global {i"jly radiation ,on
the horizontal nane for the period
under consider',; .ion,

= the global daily radiation on the
horizontal plane on clou~less ~ays
for the period un der consIderat~on,

= mean daily amount o! bright
sunshine hours d .iring period under
consideration.

= maximum possible amount ofsun
shine hours dunng period under
consideration. it

a and b = constants depending on local! Y
and climate of station.

The climatological period adopted varies; usu:l1~
it is one month or ten days. The value ?f Q~ ~
high latitudes, however, changes very rapidly r?od
day to day during the winter and a ten day pen
is better in such regions.

. 1 because
It was often inferred that a + b = ,

n S h regres-
on cloudless days Q = Qo' and N = 1. uc

sion equations are based on climatological mea~~
and they cannot necessarily be expected tosaJeral
to extreme values for particular days. ttion
investigations have, in fact, shown t~at .the re ~ the
ship between the daily global radl~tlOn an the
percentage of possible sunshine consld~red or 12),
basis of individual daily values is not ~mear ( 'over
Angstrom type equations usually gIve an and
estimate of total radiation on cloudless d~y~ever,
on overcast days. This does not n:ean, °linear
that it is not possible to derive satIsfactorYl es of
equations for calculating mean monthly v: urela"
total radiation. It is, however, necessary °
the condition a + b = 1 first. . in

. diffi ultIes!here are two important practical ..I C nation,
usmg the original form of the Angstrom eq . e is

(a~ The definition of possible bright s~~~:rrec.
ambiguous. Some investigations have ap~he recorder
tions to allow for the fact that the sunshme

378

Part I

THE USE OF ANGSTROM TYPE FORMULAE
FOR THE ESTIMATION OF MEAN VALUES

OF GLOBAL RADIATION FROM SUNSHINE RECORDS

One of the first problems in the design of flat
plate collectors is to decide the amount of energy
actually available at any locality and the best
orientation for optimum efficiency. Techniques for
calculating the total radiation on cloudless days on
inclined surfaces are well known. In practice, how
ever, the problem is to determine rather the radiation
received on surfaces with different orientations
under average conditions.

Few observations of radiation intensities have
been made in many parts of the tropics, particularly
on a long-term climatological basis. Records of
sunshine, however, are often available over relatively
long periods. It was decided any prediction technique
of widespread engineering interest must therefore
be based on the use of sunshine data. The order of
accuracy sought was of the order ± 10 per cent,
and the technique developed below appears to give
results somewhat better than this where it has been
possible to check it.

The average amount of radiation received can
be calculated only for inclined and vertical surfaces,
if the diffuse radiation component can be assessed
with reasonable accuracy. The paper sets out to
provide a rapid method of carrying out such compu
tations which can be used by persons relatively
unacquainted with either the complexities of the
solar radiation climate at different centres or the
detailed movements of the sun. It enables the
monthly mean daily values of the direct and diffuse
radiation to be estimated separately for certain
vertical and inclined surfaces using sunshine data.

Regression equations of the Angstrom type have
been used for many years for estimating mean
values of the total daily radiation falling on hori
zontal surfaces from sunshine records.

* Professor of Building Science, University of Sheffie d,
United Kingdom,
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[2]

does not turn the card until the sun's rays reach
a certain critical intensity, and others do not. It
isnot in fact possible to assess the correction without
detailed knowledge of the radiation climate of a
particular area.

(b) The precise value of Qo' to adopt cannot be
determined in the absence of local radiation measure-
ments. '

The use of the modified form of Angstrom type
formula gets round the second difficulty (1). If the
formula is written in the following form:

Q=Qo(a+b;)

where Q now represents the total radiation per unit
area falling on a horizontal plane outside the aimos
phere,. and where the other symbols have the same
meanmg as before, Qo can be determined unambigu
ously for any particular value of the solar constant.
Black, Bonython and Prescott obtained the follow
Ing over-all regression equation for the stations they
studied:

Q = o, (0.23 + 0.48 ;) [3]

It appears however, that no attempt .was made
to reduce records to a common pyrheliometric scale.
In ~ddition, the basis on which the percentage of
POSSIble sunshine was calculated is not stated.
Attention must be drawn to the fact that results
of both American measurements based on the
Mervin recorder and results obtained in other parts
of the world by the Campbell Stokes recorder are
frouped together in their calculations. As corrections
or t~e length of day are always applied in American

practIce, it is clear that the studies of Black et al.
are ~a.sed, as they were aware, on an ambiguous
defimtlOn of percentage of possible sunshine, as
well as on imprecisely defined pyrheliometric
scales (1).

In this paper an attempt has been made to av?id
Some of these criticisms by adopting the following
procedure: '

I (a) AI~ observed values of Q were reduced to the
?-ternatlOnalPyrheliometric Scale involving a correc
~Ion of. -2.0 per cent to all values measured on
the Snuthsonian (1913) scale, and of +1.5 per cent
o all values measured on the Angstrom scale.

(b) The recorded sunshine was expressed as a
percentage of the possible sunshine between sunrise
~d sunset. No attempt was made to co:rect ~or

e fact that the trace is not burned until the intensity
~~aches a given critical value because this c(jrrect~on
th pends on a number of indeterminable factors. l~ke

e water and dust content of the air, the humidity
~~ntent of the card, etc. Such co!rections can~ot
B ~CCurate unless based on extensive local stud~es.
t eSIdes, it seems illogical to give a lot of attent~on
o attempting to correct one limitation of sunshI!1e

fecor?ers asa radiation recording instrument while
tt~onn.g others like the burning of, the card through

S hIgh cloud, etc. Attention was confined to
\

records made with the Campbell Stokes type of
sunshine record~r.
. (c) Black, Bonython a~d Prescott's form of the
Angstrom formula was adopted so that Qo would
be determined unambiguously.

The relationship between the. monthly means of
total daily radiation on the horizontal plane and
the percentage of possible bright sunshine for a
number of centres, mainly in the tropics and sub
tropics, has been studied and the results given in
table 2. The original regression equations published
by Black, Bonython and Prescott have also been
included together with other recently published
values for low latitudes. ,

A solar constant of 2.00 cals. cm.-2 min.'? has
been used throughout as a result of Johnson's
recommendations for the stations studied by the
author (7). In practice, the reduction procedure
used by Drummond was adopted (4), the correction
(for the Angstrom scale being too low) being applied
to the computed radiation outside the atmosphere
Qo instead of to the surface data Q recorded on
the Angstrom scale to cut down the amount of
computation. Qo was determined for latitudes 100 N 
600 N by using the tables of radiation outside the
atmosphere for given dates at different latitudes
based on the work of Milanovitch given in the
Smithsonian Meteorological Tables (15). The original
values in the tables were increased by the ratio

~:~~ to allow for the changed value of the solar

constant. These adjusted values for individual days
were plotted on an extended scale. A smooth curve
was drawn, and the mean monthly values were
obtained by planimetry. The values for latitudes
00 - 40 0S were taken from Drummond's paper,
which followed a procedure essentially similar to
that described above for the southern hemisphere.
The values adopted based on a solar constant of
2.00 gm. caL cm.-2 min.r- are given in table 1.
From the values given in table I, smoothed curves
can be drawn for different months giving the varia
tion of the monthly mean value of Qo outside the
atmosphere with latitude. The values adopted for
the possible sunshine were taken from the table
given by Brooks (3), and no adjustment was applied
for failure to record at low solar altitudes. (Suitable
tables may also be found in the Smithsonian Meteo
rological Tables, 15.) ,

The regression equations were calculated by the
method of least squares as a regression of Q/Qo

, on N' The advantage of adopting the above proce

dure is that all variations between different climates
and latitudes appear in the regression coefficients
a and b. It is then possible to explore systematically
their variation from place to place. It will be shown
in a future pap-er by the author that it is possible
to place the :Angstrom formula on a reasonably
sound climatological basis, by selecting the constants
according to latitude and the transmission character
istics of the atmosphere for any particular season of
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Table 1 Mean values for calendar months of total daily radiation on a horizontal pI::!"" outside
the e~rth's atmosphere, Iatftudes 40 0N_40 0S. (Solar constant 2.00 cals, CIll-2 rrrln." ) Units:
cals, CIll-2• day-l

Latitude 40'N. 30'N. 20'N. 10'N. O' 10'5. 20'5. 30'S. 40'5.

January. 373 521 659 780 884 967 1020 1(41) 1049
February. 500 632 747 844 915 961 974 (JUl !l25
March. 674 772 848 89!l !l23 !l18 884 8:?:; 741
April 83!l 899 924 924 893 83!l 761 G5S 536
May .. !l70 977 959 !l16 84G 758 648 5:!O 382
June. 1017 1003 !l65 902 817 713 589 451; 312
July. 996 987 !l5!l 905 827 72!l 614 48:3 344
August. 895 927 934 !l13 867 801 706 sur 465
September. 740 822 877 904 905 880 826 748 648
October. 564 683 784 860 !lU !l37 931 !lO:J 841
November 412 558 687 799 888 958 1001 I OJ() 1001
December 332 487 631 760 86!l 961 1026 10G7 1084

the year in any given locality. The author's work
on this subject is not yet ready for publication,
but his preliminary investigations show little confi
dence can be placed on the formula suggested by
Glover and McCulloch (6).

n
Q/Qo = 0.29 cos. ~ + 0.52 Ft [4J

Where ~ is the latitude.

The author prefers to use monthly mean values
of total radiation and sunshine, for this will be the
data normally available for calculating climatological
mean values of total radiation. The consequent
regression formulae cannot be used for predicting
daily values of total radiation from daily sunshine
values with accuracy, but they were not derived
for this purpose. This paper deals only with clima
tological mean values.

The mean values of a and b were found to be
0.23 and 0.52 respectively. These values are identical
with the mean values suggested by Glover and
McCuIloch for latitude 32 (6) and differ very little
from the mean values of 0.23 and 0.48 found by Black
et al. (1). In practice it is better, however, to try
to select climatologicaIly appropriate values of a
and b than to use mean values. These can be best
established by study of radiation' data and sunshine
data from other stations in the same type, of climate.

Examination of the results so far computed
shows:

(a) If low percentage of possible sunshine coincides
with the season of high turbidity, the value of a
will be low, and the value of b high, for example,
Kew and Dakar; also, modified by height, Windhoek.

(b) If season of high turbidity falls in period with
intermediate amount of possible sunshine, the
correlation coefficient falls, for the points in the
turbid months fall off the curve, for example,
Leopoldville. .

(c) In places where. there' is little variation in
possible sunshine but turbidity variations due to
movement of the Intertropical Convergence Zone,
the points will be very scattered, .and it may become

impossible to. find a significant r"sression equation
from monthly mean values.

(d) If season' of high turbid: t , c?incides ~ith
season of greatest percentage of .iossible sunshlll.e,
a tends to be high and b low, for ,~xample, Pretona
and Stanleyville. This often OC,.lr:.; when .dust IS
responsible for the increased tUT! -idity during the
dry season. .

(e) In places with high values of possible .sunshlll~
a tends to be high and b l?w; tl-c OJ?poSlte hoId

afor places of very low possible o,unshme, where
tends to be low and b high. This effect results because
the actual curve is not strictly linear ~ut has a~
upward curvature if considered over a WIde enoug

'n . red&range of values of -. Hence the slope IS g
N . I f possibleat low values than at medium va ues 0 ibl

sunshine, and vice versa at high levels of pOSSl e
sunshine. b t

(j) There appears to be a latitudin~1 effec~d'tU
it tends to be swamped by variations m turb: ~{d
It follows that the constants a and b m~st be se. eCthe
with considerable meteorological intelhgencei l~hell1
absence of local records which would enab efcuIar
to be determined satisfactorily fora par'~er is
region. The most important factor to con.s~. s of
the variation of the transmission ch~raeter~J~rent
the atmosphere above the site in question at 1

times of the year.

Part 11

THE SEPARATION OF DIRECT RADIATION

FROM DIFFUSE RADIATION
I ulating

The second step in the problem of .ca.c nt on
the monthly mean total daily radiation lllClde arate
inclined surfaces from sunshine data IS t~ ~~Pn
the diffuse radiation from the direct radia 10 tions

Examination of the records of ten sele~ted:t:adia
where observations of both total and dlffU~ that a
tion have been made immediately revea~e cl from
linear regression equation could be' derIve
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Table 2. Values of a and b in regression equation Q/Q = (a + b n/N)

Height above No. of Value Value Range of monthly Sourceloj regressionStation Latitude sea level Period r Annual mean valu;es
(metres) months of a of b mean values 0/ nf N equation la:

tl)
~:::

QfQ nfN <:
Stanleyville . 0° 31' N 437 Sept. 1952-Aug. 1953 12 .28 .40 .89 .28 - .55 .47 .47 Page

~

Er
Nairobi 1° 16' S 1959 Jan. 1948-Apr. 1943 66 .24 .56 .97 .34 - .81 .56 .57 Page <l>

rJJ
Singapore .. 10 18' N 120 Aug. 1952-July 1953 12 .21 .48 .45 .32 - .56 .44 .48 Page 0
Leopoldville 4° 22' S 450 Jan. 1951-Dec. 1951 12 .21 .52 .65 .31 - .52 .42 .41 Page

....
rJJTrinidad 10° 38' N Not known Aug. 1957-Aug. 1958 12 (.27)* (.49)* N. K. Not known Not known Smith ::r
0Dakar. 14° 43' N Not known Jan. 1953-Dec. 1953 12 .10 .70 .86 .54 - .84 .60 .70 Page "1...

Jamaica . 18° N Not known Not known 12 (.31)* (.49)* N. K. Not known Not knowti Cowan :;;
Tananarive . 18° 54'S 1310 Mar. 1953-Feb. 1954 12 .30 .48 .96 .41 - .75 .57 .56 Page ~

<:Windhoek 22° 34' S 1728 Aug. 1951-Feb. 1954 31 .23 .55 .98 .61 - .95 .69 .81 Page <l>

Pretoria. 25° 45' S 1369 Jan. 1951-Feb. 1954 38 .27 .46 .97 .61 - .88 .61 .74 Page "1
to

Bloomfontein . 29° S 1422 Not known 24 (.25)* (.50)* N. K. Not known Not knwon Glover et al. e,
;'Durban ~W050' S 5 July. 1951-Feb. 1954 32 .33 .35 .99 .36 - .81 .52 .56 Page ...

Capetown 33° 54' S 17 Sept. 1951-Feb. 1954 30 .20 .59 .99 .60 - .82 .62 .71 Page o'., =Dry Creek. 34.8 S Not known 1947-1950 48 (.30) (.50) .95 Not known .60 .59 Black et al.
Mount Stromlo 35.3 S 770 1928-1939 144 (.25) (.54) .89 Not known .63 Black et al.

I~Versailles. 48.8 N Not known 1935-1951 99 (.23) (.50) .90 Not known .44 .42 Black et al .
Gembloux : 50.6 N Not known 1939-1950 60 (.15) (.54) .83 Not known .33 .33 Black et al .
Kew. 51.5 N 19 1947-l9LJl 60 .14 .66 .99 .17 -.46 .35 .33 Page
Rothamsted 51.8 N Not known 1931-1940 84 (.18) (.55) .79 Not known .37 .36 Black et al . I"C

to
110o
<l>

NOTES: (i) Values in parentheses known not to be corrected to International Pyrhetrometric Scale or to solar constant of 2.00 gm. cals. cm-to minr",
(ii) • Values based on daily and not monthly values of nf N.

(Hi) The following uncorrected alternative values are given by Glover & McCulloch based on daily values of nfN.
Pretoria a = 0.25 b = 0.50Nairobi .,... a = 0.26 b = 0.57 Windhoek. '.' . a = 0.26 b = 0.52

Durban. , • , .. a = 0.26 b = 0.50 Capetown .... a = 0.29 b = 0.50 Kew .. a = 0.17 b = 0.52

C»
oe...
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Table 3. Value of constants c and d in regression equation g= c + d gfor ten stations
(

Height above Value Value Correlation Range of mo'nthlyStation Latitude sea level •Length of record Period of c of d coefficient . mean values °/0 Comments
in metres ' ............

>
Stanleyville . 0° 31' N 437 12 months Sept. 1952-Aug. 1953 1.07 -Ll6 .93 39 - 53 Hot humid climate
Leopoldville . 4° 22' S 450 23 months Feb. 1951 -Dec. 1952 1.08 -1.21 .96 32- 52 Hot humid climate

~Windhoek. 22° 34' S 1728 31 months Aug. 1951-Feb. 1954 0.88 -0.95 .95 57 -78 Hot dry climate - E.high $'
Pretoria .. 25° 45' S 1369 38 months Jan. 1951-Feb. 1954 0.98 -Ll6 ..93 55- 69 Hot dry climate - g

high ....
Tananarive 18° 53' S 1310 13 months Feb. 1953-Feb. 1954 1.20 - 1.39 .89 48 - 65 Hot humid climate ~

- high
to:l
='

Durban .. 29° 50' S 5 32 months July 1951-Feb. 1954 LlO -1.43 .97 46- GI Hot humid climate
c,

Capetown. 33° 54' S 17 30 months Sept. 1951-Feb. 1954 1.07 - 1.26 .93 56- 68 Mediterranean type S
tt>

climate to:l
rJ>

Blee Hill 42° 13' N 205 48 months Nov. 1945-0ct. 1949 0.72 _ -0.67 .75 37 - 63 Temperate climate. s:
Based on weekly I1values

Uccle .. 50° 49' N 120 24 months Jan. 1949-Dec. 1950 0.96 -1.01 Fitted by eye 9- 68 Temperate climate.
Mean value for
March, June and
September

Kew . 51° 28' N 19 GO months Jan. 1947-Dec. 1951 .94 -.1.03 .98 24 - 45 Temperat.e climate
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the publishc-I observations,linking the ratio of
diffuse radio.non on a horizontal plane to the total
radiation wi I h the atmospheric transmission QIQo.
Thus we ha \ e the relationship , ,

where DEI is the monthly mean daily diffuse radia
tion on a horizontal plane, c and d are constants,
climatolcgicarly determined.Q and Qo have the
same meanii IS as before.. . ,

:rhus the values of DH can be easily ca.lculated
~sIng the values of Q/Qo previously obtained .by
se ?f the Angstrom type formula. Calculations for

humId tropical regions immediately show that. about
half the mean daily total radiation on horizontal
sUrfaces is diffuse scattered radiation. ,

z The monthly mean direct radiation ?n the ~ori
r~n~al. plane (i.e., '£1D sin e where ID IS the direct
. dlatlOn intensity normal to the sun's rays a~d e
IS the solar altitude) can now be found by differ-
ence: .' . ' '

[8]

Part III

The regression equation for the diffuse radiation
is, of course, of parabolical form for, rearranging
the equation, we have

dQ2
DEI=cQ +-. Qo

The maximum value ofDEI which is equal to _ c
2

Qo
. 4d

occurs when Q/Qo = 2
ci Since Q/Qo = a + b ~'

it follows that the corresponding value of Nis

(
. re a)
2 d b - b . Using the mean values of a, b, c, and d

obtained from tables 2 and 3, we have max. =
. n
0.221 Qo. It occurs when Q/Qo = 0.44 or N = .40.

The maximum diffuse radiation thus occurs on partly
Clouded days and not on clear or overcast days.

All the observations confirm the fact that linear
interpolation between diffuse radiation on clear days
and overcast days gives completely erroneous
results, and that this theoretical parabolical relation
ship does actually represent the observations with
reasonable accuracy. Certain European studies have
been based on the assumption that DH is not a

function of ;0 (16, 17). This assumption happens

to be approximately true, if one is concerned with
that part of the parabolic curve near the maximum

which is often the case in European centres where N
approximates to 35- 50 per cent. The assumption
is certainly not sound in the hot dry arid regions
of the world.

THE ESTIMATION OF DIRECT RADIATION
ON INCLINED SURFACES

The third stage in the problem is to convert the
climatological mean values obtained for horizontal
incidence to appropriate values for inclined planes.
The direct and the diffuse radiation must be handled
separately at this stage.

The· method proposed in this paper to convert
the mean daily radiation on the horizontal plane
to mean daily direct radiation on inclined planes
is based on the use of conversion factors derived
in the following way:

(a) A standard direct radiation curve representa
tive of tropical conditions was selected. This curve

. is given in table 4. Values slightly lower than Moon's
standard curve (11) were adopted, which it was
hoped would be more representative of general
tropical conditions at stations reasonably close to
sea level. The turbidity of the tropical atmosphere
is often high, either because of the high moisture
or high dust content of the air.

(b) Using the standard astronomical formulae,
tables of incidence factors were prepared at hourly

[5J

[6]

[7]'2:.ID sin e= Q.:-DH

'DH/Q = 1.00-1.13Q/Qo:

This equaton, like the typical Angstrom formula,
doe,S not 11("d for daily values. It: is reasonably
valid, howev-r, even under these' daily -conditions
except wher the weather is overcast or nearly
overcast an,' on completely clear days when the
regression c, nation' leads to an underestimate of
the value or DH/Q. This ratio reaches a value of
l.00 on ove. rast days for a value of Q/Qo approxi
mately equ» , to 0.20. However, this paper is con
c~rned :vith climatological mean' values, and not
WIth daIly'" clues. ,,':

The regr. -sion constants derived fo~, the ten
stations so' ar studied are given in table 3. All
values are be sed on the International Pyrheliometric

,Scale and CL value of the solar constant of 2.00 gm.
cals. cm.-2 min.:". There is some variation from
s~ation to station, but a full climatological explana
tion of these variations has not been found yet.
O~e difficulty was to discover whether the appro
~nate correction had been applied for the shading
n~g, and if the correction was properly determined
chmatologically. This was known to. be the case
for ~he South African stations (5) and for the Congo
statIons. A correction was applied to the Kew
o.bservations but this was based on isotropic distribu
tion of diffuse radiation, and was' not climatolo-
gIcally determined. ..' ,:

.Clearly: low values of DEI/Q are norm~lly associated
WIth re~lOns of great' clarity, and hIg~ values of
DH/Q WIth regions of high turbidity. It IS therefore
Possible to select from table 3 values of c and d
whic,h appear reasonable for. a particular area, ~y
consIdenng the characteristics of the atmosphere III

that reg.ion. The mean regression equation for. the
ten statIons is . .....
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Units: Cals. cm-2 min-'. International Pyrheliometric Scale

Table 4. Values of the direct intensity of the solar beam
on a surface normal to the sun's rays with altitude of
the sun used to construct table 5

intervals for latitudes 0 - 60° for declinations 0,
± 10°, ± 20°, ± 23°27' for vertical north south
surfaces, vertical east west surfaces and horizontal
surfaces. From these basic tables of incidence factors
on three planes at right angles, factors for any
other surfaces could be rapidly obtained with
little further calculation by simple trignometrical
methods. -

(c) The following surfaces were selected for
detailed study:

1. Vertical facing equator.

2. Vertical facing away from equator.

3. Vertical east or west.

4. Inclined at 45° to horizontal facing equator.

5. Inclined at tilt equal to latitude facing the
equator.

Using the standard radiation curve given in
table 4, calculations were made of the direct radia
tion intensities at hourly intervals on the above five
surfaces. Th~ hourly values were plotted grap~ically,

and the d~lly totals. were found by plammetry,
together with the dally totals for the horizontal
plane.

(d) These daily totals were smoothed by use of
difference tables as a check against graphical errors
in integration. The ratios of the daily direct radia
tion on the selected planes to the corresponding
daily direct radiation on a horizontal plane was
calculated for different latitudes at suitable values
of the declination. The conversion factors were
plotted against declination, and appropriate values
for each month were found from the curves. In
this way, a series of conversion factors was obtained
to convert daily values of L.ID sin e to correspond
ing values for the inc~ined surfaces in question.

The results of this very extended and tedious
series of calculations are given in table 5, which

NCIDENT
ESTIMATION OF THE DIFFUSE RADIATION I

ON VERTICAL AND INCLINED PLANES
. dined

The diffuse short wave radiation .on ~fffuselY
planes is made up of two parts, ra~Ia~IOn diffusely
scattered from the sky and radIatIOn

Part IV

covers latitudes' 0°_40°. (Conv-rsion factors are
available up to 60°.) The core v.-rsion factors are
given for each month at suitable .ntervals of latitude
for different surfaces. The comj.i.ted value of I.ID
sin e is merely multiplied by tL appropriate factor
obtained from the table to find .ne monthly mean
daily direct radiation on the pL.i!t:' in question.

Factors for surfaces other th.m those actually
given in table 5 may sometimes be derived by
simple trigonometrical resolution. The essential
condition is whether the direct r.uliation will reach
the collector throughout the day at a particular
time of year or not, for radiation falling behind the
collector must not be considered as negative, but
zero. Thus, if we consider an incined surface facing
the equator, in the winter half c.. the year, normal
trigonometrical resolution can br used, for the sun
will always reach the surface' -d can never be
behind. This will not be true in ummer when the
sun will move on the poleward r. .le of the surface
for at least part of the day. For· ample, the f~etor
for a south facing inclined surf:' at 40

0 N. tilted
at 60° to the horizontal is equa, .) (1 X cos. 60+
.93 X sin (60) on March 15. How; er, on June 15~h,
the factor is not equal to (1 X eo: 60 + O.I~ X SIll)
because the northwards componen , has been Igno~ed,.
and the integration condition m. kes it impossIble
to take account of the correction from table 5.

The validity of this method of computation
depends on the following assumptions:

. ib ted(a) That the sunshine is evenly dlstn um-
throughout the day, and is not markedly asy
metrical about noon. This is not always so,

(b) That the standard radiation curves are appro
priate for average conditions.

, t of
The advantages from the computi~na.l pOllll S

view in working with ratios of radIatIOn va ne
are:

. btained
(a) The same values of the ratios are 0 varia-

for both hemispheres and no correctIOn for ry
tions in solar distance'are required. AI~ the. nece~sa
corrections are already incorporated m table . d

. A" f I suggeste(b) Since the ngstrom type o~m,! ae f trans-
can make some allowance in vanatIOns 0 lues
parency according to local conditions. and th1 ~~ve1Y
of the conversion factors being ra.tios are re a luted
insensitive to change of turbidity, the c~m1 to
values obtained for inclined surfaces are flIke Ythe
be more reliable than might be expected rom
conventional use of standard radiation curves.

.00

.28

.57

.72

.84

.96
1.04
1.15
1.21
1.25
1.27
1.28

.1.28'

Direct intensity
IJ)Solar altitude



Table 5. Ratio of direct radiation on inclined surfaces to' direct radiation on a horizontal surface at different times of the year for latitudes 40° N-40° S,
based on standard radiation curve given in table 3

Column 1. Vertical surface facing equator: horizontal surface; Column 2. Vertical surface facing pole: horizontal surface; Column 3. Vertical surface facing east or west: hori- s::
~

zontal surface; Column 4. Vertical surface facing equator tilted at 45° to horizontal: horizontal surface; Column 5. Vertical surface facing equator t.ilt.ed at angle to horizontal III
='equal to latitude: horizontal surface <
III
SO
~

Date
Approx. Latitude 0 0 Latitude 10' Latitude 20' Latitude 30' Latitude 40'

I~declination 1 2""" 3 ~ 4---:" 5- 1 2 3 4 5 1 2~ 3--+- 4-+ 5-+ 1 2 3 4 5' 1 2- 3 4 5N. Hemi. S. ,Hemi.
i:l"
0
>;...

Jan. 15 July 17 . - 21.3 .53 - .39 1.09 LOO .76 - 040 1.24 1.12 1.07 - 043-+ 1.47 1.31 1.49 - A9 1.75 1.61 2.11 - .57 2.22 2.15 :;;
Feb. 15 Aug 19 . -13.0 .31 - .39 .94 LOO .51 - 040 1.07 1.07 .75 - 042-+ 1.23 1.20 1.06 - 046 1.44 ,1.40 1.50 - .53' 1.75 1.72 ~
Mar. 15 Sept 18 . - 2.5 .04 - .39 .74 1.00 .23 .39 .86 1.02 .43 - .41-+ 1.00 1.08 .64 - .44 1.16 1.18 .93 - .49 1.36 1.35 e

Apr. 15 Oct. 18 . + 9.5 - .25 .39 .53 1.00 - .14 .39 .65 .96 .16 .06 .39-+ .78 .97 .29 .02 042 .91 .99 .48 .01 .46 1.04 1.07
>;
III

May 15 Nov. 17 + 18.7 - 048 .39 040 LOO - .31 .38 .52 .93 .02 .16 .39-+ .64 .90 .13 .07 Al .75 .89 .27 .06 .44 .87 .90
0-
S"

June 15 Dec. 17 + 23.3 - .58 .38 .33 1.00 - .39 .38 .45 .92 - .21 '.38 .57 .87 .06 .12 .40 .68 .84 .19 .09 .43 .80 .84 ...
o'

June 21 Dec. 22 + 23.5 - .59 .38 .31 LOO - 040 .38 .45 .91 - .22 .38 .56 .87 .05 .12 .40 .67 .84 .18 .09 .42 .79 .83 ='
July 15 Jan. 13 + 21.6 - .55 .38 .35 LOO - .37 .38 047 .92 - .20 .38 .59 .87 .09 .10 .40 .70 .85 .22 .08 .43 .82 .85
Aug. 15 Feb. 11 + 14.2 - .35 .39 046 1.00 - .22 .38 .58 .94 .09 .10 .39 .71 .93 .21 .04 Al .82 .94 .37 .03 045 .95 .98

I~Sept. 15 Mar. 12 + 3.4 - .09 .39 .64 1.00 .11 .05 .39 .76 .99 .28 .02 .40 .90 1.02 .45 Tr. .43 1.03 1.09 .69 Tr. .48 1.20 1.20
Oct. 15 Apr. 11 - 8.2 .20 - .39 .86 1.00 .40 - .39 .99 1.05 .62 - .42 1.14 1.16 .88 - .46 1.33 1.30 1.24 - .52 1.57 1.57
Nov. 15 May 13 -18.3 .46 - .39 1.04 LOO .67 - .40 1.18 1.10 .95 - .43 1.39 1.27 1.33 - .48 1.63 1.53 1.86 - .56 2.03 1.98
Dec. 15 June 13 - 23.2 .58 - .38 1.12 LOO .81 - .40 1.27 1.12 1.13 - .44 1.52 1.33 1.58 - .49 1.83 1.65 2.28 - .58 2.34 2.26 >tl

III
Dec. 22 June 21 - 23.5 .59 - .38 1.13 1.00 .83 - .40 1.29 1.13 1.16 - .44 1.53 1.34 1.61 - 049 1.84 1.67 2.36 - .59 2.38 2.30 IJO.

~

NOTE: This table i s based on graphical interpretations and the order of accuracy is about 't= ± 1 per cent.

c.>
00
CJ1
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reflected from the ground. .If we assume that the diffuse radiation is isotropically distributed, the
total radiation on a plane S will be given by the formula:

(I+ cos r:t.) (I - cos r:t.)
~(I+D+r)~=~Is+ 2 DlI+ 2 ru

= Is ~ ID sin e+ cos- ~ Du + sin'' ~ ru [9J

where js is the slope conversion factor for slope S
for a particular month, where ~ID sin e and Dlf
are the monthly mean daily values of the direct
and diffuse radiation on a horizontal plane, where
r:t. is the angle of inclination of the slope to the hori
zontal plane, and where rn is the diffuse flux
reflected from the ground.

The reflected flux will be equal to YQ where Y
is the albedo of the surface to short wave radiation
and Q is the monthly mean daily total radiation,
provided that the ground is not overshadowed.
This will normally be the case for the majority of
solar energy collectors which are orientated to face
the equator for maximum collection efficiency.

Equation [9J gives the incoming monthly mean
daily total radiation correctly, provided the isotropic
approximation is valid. This assumption must now
be examined in detail for it is well known that the
diffuse radiation is not isotropic. Unfortunately,
average conditions have never been studied in detail,
though it is believed that work is going on now
in this direction in Russia under the control of
Kondratiev. Considerable attention has, however,
been given to cloudless conditions, and among ,the
more useful studies in this field may be mentioned
the studies of Kondratiev and Manolova in Russia (8)
and the work of Parmelee in America (13). Parmelee's
work is confined to instantaneous values on vertical
surfaces while Kondratiev's work deals with instan
taneous values on inclined surfaces as well. Parmelee's
work shows the great importance of atmospheric
turbidity in determining the diffuse radiation on
cloudless days. A decrease in the intensity of the
direct beam is accompanied by an appreciable
increase in the amount of diffuse radiation available.
Kondratiev's work shows that there are certain
compensating effects which may make the isotropic
approximation more reliable for average conditions
than would at first sight appear. An important
factor influencing the radiation balance of inclined
surfaces is the change of albedo of the ground
surface with the angle of incidence. The albedo
increases very appreciably at low angles of incidence.
Another important factor is that appreciably higher
diffuse radiation is received from the quadrant of
the sky facing the sun than from the quadrant of
the sky facing away from the sun. The isotropic'
approximation is not satisfactory on cloudless days,
overestimating the radiation on surfaces away
from the sun, and underestimating the radiation on
surfaces facing the sun and on surfaces at right
angles to the sun's azimuth as well. On overcast
days, on the other hand, Kondratiev shows that the

diffuse radiation balance of slopes can be estimated
.satisfactorily by the isotropic approximation.

There appears to be no published information
about partly clouded days, but qualitative observa
tion shows that there are two main factors influencing
the diffuse radiation distribution:

(a) A tendency to find region" of high brightness
of clouds close to the sun,

(b) A tendency to find regions of high brightness
on clouds which stand opposite the sun gIVlllg
significant back reflection, particularly to steeply
inclined slopes, when the clouds .rre vertically deep.
e.g., cumulus clouds.

The various factors mentioned above are to some
degree compensatory. The author h~s ~ade. a
preliminary study of the mean diffuse IllumlllatlOn
values recorded by quadrants at Kew rep:esent~d
by McDermott and Gordon Smith (10). ThIS s~~ ~
indicates, for vertical surfaces (u. = 90°) emp~I~t
correction factors might be applied to t~e aI,Y
diffuse radiation as calculated hy the IsotropIC
approximation as follows:

(a) Vertical or steeply inclined north-south su:ia~~s
facing the predominant direction of the .sun,~ b;
sun is reasonably low, i.e. js ~ 0.4 n:ultIply run
a factor of 1.2 before using in equatIOn [9J, ~ lore
is moderately high fs :s:; 0.4 multiply by I.l e
using in equation [9]. , g

(b) Vertical or steeply. inclined surfaces f:g;r_
east or west. Morning excess tends to 1;>alance on
noon deficiency on' east side and VIce versa
west side. Apply no correction. f ing

(c) Vertical or steeply inclined surfaces tt~plY
away from predominant direction of sun, mu
Du by 0.8 before using in equation [~J. but it

These corrections are extremely arbItrary, ctions
is difficult to see how more reliable corr~ledge,
could be proposed in the light of eXIstlllg kno ut of
These corrections would not appear to b~ Od by
line with diffuse radiation data obtaIneidera
Tonne (16) for latitude 53°N by careful cor~e sky
tion of the directional characteris~ics.of h t they
hour by hour: Their only justificatIOn IS t \t haS
appear to give acceptable results w~er~ver a ainst
been possible to check theoretical predIctIOnS ar~ablY
observed results. There are, of cou~se, rem'nc1ined
few observations of radiation on vertIcal ant \ high
surfaces, and most of these have been rna e 1

latitudes. tween. • . l'ned beFor slopmg north-south surfaces lll~ I b appro-
30° and 60°, the same factor of 1.2 n:Ight directiOn
priate for surfaces facing the predomlllant
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of the sun (provided js ;> 0.5) and no correction
be applied otherwise, nor to surfaces facing east
or west. The factor for inclined surfaces facing
away from the sun is likely on the evidence' of
Kondratiev and Manolova (8) to be somewhat"
lower than that for vertical surfaces facing away
from the sun, This is a result of the fact that the
region of the clear sky of lowest brightness is found
at a point opposite the sun such that :the angle
between thr altitude of this point and the sun's
altitude is HO°. It might be reasonable to adopt a
value of 0.7ij D lI for such inclined surfaces in light
of present knowledge. The whole matter obviously
requires far more detailed exploration, however, than
the author has been able to give to it.

For surfaces of low tilt, the isotropic approxi
mation is likely to be satisfactory except for north
south surfaces facing the predominant direction of
the sun whsi, it might be reasonable to assume
that .the monthly mean daily diffuse radiation is
mvanant for ults between 0°- 30° and equal to Du.
In equatorial regions it should be remembered that
the predommant direction of the sun changes from
north to South according to the time of the year. .

The albedo of the ground surface should, if at
all possible, be determined locallv in view of the
wide variatIons which occur with "different types of
ground, covered or not as the case may be, with
~e~etation of different reflection having character
IS~ICS which will vary according to. season and
ramfall. In making such measurements it is essential
that the total albedo should be measured by suitable
mstruments which record over the whole short wave
spectrum. The correlation between the visual albedo
and the total albedo is often poor, because most
plants have a relatively high reflectivity in the
mfra-!~d region, and often a relatively low one in
the VISIble. Typical values by Kondratiev, Mironova,
and Daeva (9) show reflectivities for gross of the
order of 10-15 per cent in the visible region and
40-?O per cent in the infra-red. A summary of the
earlIer measurements of albedo may be found in
the Smithsonian Meteorological Tables (15). Typical
values of the total albedo for green vegetation are
25 per cent for dark soils 10 per cent, for desert
sa d 'Ins ~0-2.5 per cent, for dry grass 30 per cent.
f detaIled Information is not available about ground

albedo, it would. appear reasonable to adopt values
of the order of 20-25 per cent on rural sites covered
with vegetation and 10-15 per cent on central
urban sites, where building and road surfaces may
predominate. .

Conclusion

A method of calculating mean.values of the total
radiation on inclined planes from sunshine records
has been given which can be used to calculate the
optimum orientation of flat plate solar energy
collectors. The technique proposed has been checked
against the limited number of available meteo
rological observations of the mean monthly daily
radiation on inclined surfaces and reasonable agree
ment between prediction and-measurement has been
achieved. The average error of the estimated radia
tion appears to be of the order of ± 10 per cent.
The technique proposed for calculating the mean
daily radiation is thus quite satisfactory for general
engineering purposes and has the advantage of
giving, with very little computation, the relative
amounts of direct or diffuse radiation on the plane
in question. In many parts of the humid tropics,
diffuse radiation predominates. The optimum orienta
tion of, a collecting device is thus influenced very
much by this factor. At latitude 400N, for example,
the optimum tilt for a collector to collect maximum
energy in December is about 57° if the percentage
of possible sunshine is 40 per cent and 64° if the
percentage of possible sunshine is 75 per cent. The
maximum mean daily total radiation available with
40 per cent possible sunshine is 180 cals. cm" day
compared with 440 cals. cm- with 75 per cent possible
sunshine. In the first case 45 per cent of the available
energy is diffuse, in the second only 14 per cent. is
diffuse. Solar collectors must therefore be designed
to take proper account of the radiation climate in
which they are to be used. Efficient use of diffuse
radiation is essential in the humid tropics where
much cloud is often found. The author would par
ticularly welcome any available information about
measured mean values of short wave radiation on
inclined surfaces in order to make a more systematic
check on the validity of the method of analysis
proposed.
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Summary

A technique for calculating monthly mean values
of total daily radiation on inclined surfaces from
sunshine data has been proposed.

The first part deals with the calculation of mean
values of total radiation on horizontal planes,
using the conventional type of regression equation.

n
Q/Qo =a + b N

where Q is the monthly mean daily total radiation,
Qo is the corresponding monthly mean daily radia
tion outside the atmosphere; a and b are constants

which are climatologically determined; Nis the

percentage of possible sunshine.
Values of a and b for various tropical stations

are given in table 2, while values of Qo may be
found in table 1. It is suggested that the values
of a and b should be selected that are representative
of the transmission characteristics of the atmosphere
in the locality under study.

The second part deals with the separation of the
mean horizontal diffuse radiation from the total
radiation, using a regression equation of the form

DH/Q =c +dQ/Qo
where DH is the monthly mean daily diffuse radia
tion on a horizontal plane, where c and dare
climatologically determined constants and where
Q and Qo have the same meaning as before.

The monthly mean value 0' the daily direct
radiation on the horizontal pla..« "i:.]D sin 6 may
be found from the relation

"i:. ] D sin e= Q - J) lJ

Values of c and d for various localities may be
found in table 3. It is shown tha: maximum diffuse

radiation occurs when n = 40- 50 per cent.
N

The third part of this paper (',:als 'Yith the con
version of direct radiation on thr horizontal plane
to direct radiation on inclined planes. Table 5
contains a series of conversion factors fs for latitudes. .e . t values0-40° to convert values of "i:.IJ) sm m 0

of Is, the direct radiation on slope S.
Factors are given for the following surfaces
(1) Vertical facing equator,
(2) Vertical facing pole,
(3) Vertical facing east or west, .
(4) Vertical facing equator tilted at 45° to hortZon,
(5) Vertical facing equator tilted at angle to

horizontal equal to latitude.
These factors are based on radiation ~urves/r:

wn

using standard radiation curve given m tab e .
'th the

The fourth part of this paper. de~ls wi faces
estimation of diffuse radiation on mchned sur
using the isotropic approximation.

The total radiation on slope 5 is given by:

where I, 'l:.ID sin e is the direct radiation on the
slope of inclination

cos" ~ DB is the diffuse radiation from the

sky on the slope

sin" ~ rn is the diffuse radiation from the

ground.

= Is "i:. ID sin e+ cos- ~ Dn + sin- ~ 7tn
2 2

. b ground
The value of ru will be equal to YQ, If t : I short

is not overshadowed where Y is the to a
wave albedo (not visual albedo). . tion

The limitations of the isotropic apP~OXlTa~tors
are discussed and certain empirical correctl~n
are proposed to take account of orienta~lOntressed

The need for further field observations IS SlysiS is
as well as the fact that the method of ~n~ossible
restricted to monthly mean values 0
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sunshine and so is not applicable to daily values of
sunshine. The accuracy of prediction appears to be
of the order of ± 5 per cent for monthly means.
It is shown that collector orientation for maximum
efficiency is influenced very. much by the diffuse

radiation climate in any locality and it is suggested
that attention must be given to the problem of
properly utilising this diffuse energy in flat plate
collectors, particularly in the humid tropics where
half the available energy may be diffuse.

On a propose une technique de calcul des valeurs
moyennes mensuelles du rayonnement quotidien
total pour lh surfaces inclinees, a partir des donnees
d'ensoleillerr.ent.

La premir re partie du memoire porte sur le calcul
des valeurs moyennes du rayonnement total sur
des plans hcrizontaux, en se servant de l'equation
classique de regression :

n
Q/Qo = a + b]V

dans laquelle Q est la moyenne quotidienne du
rayonnement total sur un mois, Qo la moyenne
quotidienne extra-atmospherique correspondante, et

a et b des constantes climatologiques, Netant le

pourcentage d'ensoleillement possible.
Le tableau 2 donne les valeurs de a et b pour

les divers postes tropicaux, et le tableau 1 donne
les valeurs de Qo. L'auteur suggere que les valeurs
de a et b soient choisies pour bien representer les
caracteristiques de transmission de I'atmosphere
dans la localite a I' etude. .
,La deuxieme partie du memoire porte su~ la

separatIon du rayonnement moyen horizontal diffus
e~ du rayonnement total, en se servant d'une equa
hon de regression de la forme :

EVALUATION DES VALEURS MOYENNES MENSUELLES DU RAYONNEMENT TOTAL
A ONDES COURTES SUR LES SURFACES VERTICALES ET INCLINEES, D'APRES LES
RELEVES D'ENSOLEILLEMENT POUR LES LATITUDES 40° N ET 40° S

Resume

La valeur moyenne mensuelle du rayonnement
quotidien direct sur le plan horizontal, '£In sin e,
peut etre tiree du rapport '.EID sin e = Q - DIl •

Le tableau 3 donne les valeurs de c et d pour
diverses localites. L'auteur montre que le rayon-

nement diffus maximum se produit quand N= 40

a 50 p. 100.
La troisieme partie de ce memoire porte sur la

conversion du rayonnement direct sur le plan hori
zontal en rayonnement indirect sur les plans inclines.
Le tableau 5 contient une serie de facteurs de conver
sion, correspondant aux latitudes 0-40°, pour trans
former les valeurs de '£In sin 0 en valeurs de Is,
rayonnement direct sur la pente S.

Le memoire donne les facteurs pour les surfaces
suivantes :

1) Verticale, tournee vers l'equateur ;
2) Verticale, tournee vers le pole;
3) Verticale, faisant face a l'est ou a l'ouest;
4) Verticale, faisant face a l'equateur et inclinee

a 45° sur 1'horizontale;
5) Verticale, faisant face a l'equateur et inclinee

sur 1'horizontale d'un angle egal a la latitude.
Ces facteurs sont bases sur des courbes de rayon

nement etablies en se servant de la courbe de rayon
nement standard du tableau 4.

DH/Q = c + d Q/Qo La quatrieme partie de la communication porte
dans laquelle Du est le rayonnement diffus quotidien sur les evaluations du rayonnement diffus sur les
moyen sur un plan horizontal, c et d sont des cons- surfaces inclinees, en se servant de 1'approximation
tantes determinees climatologiquement, et Q et Qo isotropique. ,
ant la rneme signification qu'auparavant. Le rayonnement total sur la pente 5 est donne par:

'.E (I +D +r)s = '.E Is + (!-+2cOS IX) DIl+ C- ;os Cl) ru

. oc. oc
= Is '.E In sin e+ cos'' 2DIl + sin'' 2 ru

exp .reSSlOn dans laqnelle

~,.!:In sin e est le rayonnement direct sur la pente
Inclinaison,

cOs2 i DH est le rayonnement diffus du del sur la

pente,

sin2 er. I"2 1'H est le rayonnement diffus du so .

. La valeur de rn sera egale a YQ si le sol n'est
pas ombrage, Y etant l'albedo total ondes courtes
(et non pas l'albedo visuel).

Les limitations de 1'approximation isotropique sont
passees en revue et certaines corrections empiriques
sont proposees pour tenir compte de 1'orientation.

L'auteur souligne le besoin d'autres observations
sur place, ainsi que le fait que la methode d'analyse
est limitee a des valeurs moyennes mensuelles de
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l'ensoleillement possible, et ne peut done pas s'appli
quer a des valeurs quotidiennes. L' exactitude des
predictions semble etre de l'ordre de ± 5 p. ·100
pour des moyennes mensuelles. L'auteur montre
que l'orientation du eolleeteur, pour avoir le maxi
mum de rendement, depend beaueoup du climat de

rayonnement diffus en tous L~ux, et ce memoirs
suggere qu'on doit s'attacher a". probleme d'utiliser
eonvenablement eette energie (Effuse sur des collec
teurs a plaque, particulieremer, r clans les tropiques
humides ou la moitie de l'emlgie disponible peut
etre diffuse.
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ENERGIE SOLAIRE : LES RESEAUX ET LES INSTRUMENTS ACTINOMETRIQUES

C. Perrin de Brichambaut *

Avant la derniere guerre mondiale de' 1940,
l'etude du rayonnement solaire etait particuliere
ment al'honneur en France, et les noms de Maurain,
~razier ou Gorczinsky avaient acquis une reputation
internationale, au merne titre que le centre actino-
metrique de Trappes. , '

Entre 1940 et 1956, apres les destructions totales
dues a la guerre, seules les mesures speciales ou
episodiques ont pu etre effectuees, en particulier a
l'observatoir- du Pare Saint Maur. Heureusement,
l'A.G.r. a permis I'implantation d'un reseau de
mesures dans les anciens territoires francais d'Afrique,
reseau qui doit s'etendre a la France metropolitaine
des cette annee (1961).

Buts poursuivis

L'interat d'un reseau de mesures actinometriques
est generalement d'abord d'ordrepratique, pour
des fins utilitaires immediates. I1 s'agit en effet de
c~r~cteriser les climats actinologiques de diverses .
reip.ons, en vue de pouvoir fournir a de -nombreux
ut~hsateurs les renseignements qui leur sont neces
saIres :

a) L'agriculture, qui cherche a preciser la gran
de.ur des echanges energetiques naturels en vue de
lhIeux definir le mecanisme d'action du complexe
hydrothermique, surtout dans ses recherches concer
nant l' evapotranspiration;

b) L'architecture et l'urbanisme qui doivent
connaitre les possibilites d'utilisatidn du rayo~ne
lhent solaire, et surtout les necessites de protectIon,
se10n le lieu et I'epoque ;

1 c) .Le bureau d'etudes, qui conceit et construit
~s dIvers appareils (fours distillateurs, chauffe-eau,
ref' , , ling.erateurs solaires) adaptes a chaque zone c ima-
to1ogIque d'utilisation'

bid) La meteorologie: a qui la determination des
I1ans radiatifs au sol et a divers niveaux permettra

enfi d . din e tenir compte de ces facteurs pnmor iaux
POur l'e1aboration de ses previsions.

Elenrrents a nrresurer

cl Avant tout autre 'element' i1 semble necessaire
e pouvoir mesurer le rayo~nement solaire global

parvenant sur une surface horizontale : c'est en effet--- ' . ,
T * Ingenieur de la Meteorologie nationale. Observatoire de

rappes, France.

l'origine de tous les echanges radiatifs et energetiques
ulterieurs, et sa determination reste ainsi un besoin
fondamental pour tous les utilisateurs de donnees
actinologiques. En particulier, la simple mesure de
la somme quotidienne de ce rayonnement global
permet actuellement de satisfaire la plupart des
besoins habituels.

Cependant, il s'avere parfois necessaire de separer
les diverses composantes de ce rayonnement, ou
de detailler son evolution au cours d'une joumee :
cette obligation se traduit pratiquement par l'enre
gistrement complernentaire des rayonnements directs

. (provenant uniquement du solei1) ou diffus (pro
venant du ciel et des nuages), et par la possibilite
de calculer les sommes horaires de ces rayonnements.

Enfin, pour ameliorer l'exactitude des calculs afin
d'apporter toutes les corrections et precisions utiles
a l'exploitation complete des donnees actinome
triques, l'etape finale des mesures consiste a enre
gistrer le bilan radiatif (au sol) de 1'ensemble des
rayonnements solaires, terrestre et atrnospherique.

Le rayonnement solaire global
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surface receptrice horizontale, et a enregistrer leurs
donnees a l'aide d'un galvanometre ou d'un poten
tiometre enregistreur. Malgre une certaine fragilite
des appareils enregistreurs, cette methode s'avere
sure et souple, et permet le depouillement aussi bien
en valeurs instantanees qu'en sommes horairesou
quotidiennes. Dans des conditions normales d'exploi
tation en reseau, il semble qu'une precision finale
de ± 5 p. 100 puisse etre obtenue, sous reserve
d'utiliser des thermopiles de construction correcte.

Afin de permettre le depouillement immediat des
enregistrements, divers systemes integrateurs existent
et peuvent etre couples au potentiometre enregis
treur. Malheureusement, il s'agit souvent de solu
tions cofrteuses et parfois delicates, Un totalisateur
a compteur, simple, robuste et fonctionnant sur
batterie, est actuellement en cours de realisation en
France pour tenter de resoudre ce probleme,

Les composantes du rayonnement global

Pour mieux preciser la composition spectrale du
rayonnement global et son origine directe ou diffuse'
il est necessaire de se livrer a. la mesure separee de
ses composantes (directe ou diffuse) et generalement
de les enregistrer pour pouvoir en effectuer une
etude detaillee. .

Dans ce but, une excellente sol~tion consiste a
utiliser un pyrheliographe, ou plus exactement un
pyrheliometre equipe d'une monture equatoriale.
Cependant, l'entretien du pyrheliometre, le reglage
d~ la monture, et l'exploitation difficile des enre
gistrements reduit l'Interet decette solution a son
seul. usage dans des stations centrales ou des labo
ratoires de rec~erches dotes de personnel specialise.
Pou~ des bes~)1ns courants, il semble d'ailleurs que
le simple .hehogra~he soit tres suffisant: le para
graphe suivant traitera de cet instrument.

U~~ autre sol~tion consiste a disposer d'une
de~xleme thermopile avec enregistreur, et de mesurer
umqueme~t le. rayonnement diffus, en abritant la
surface receptnce du rayonnement direct a l'aide
d'un. disque-ec~an, ~ mo~ture equatoriale, ou, plus
pratiquement, a 1 aide dune bande annulaire pare
soleil. On. obtient alors l'en~egistrement du rayon
n~ment diffus, et cet appareil est parfois denomme
diffusographe. L'exploitation de ces donnees reste
~ncore longue et delicate, bien que du plus grand
interet pour la caracterisation dutrouble atmo
spherique, et doit etre menee en fonction des obser
vations meteorologiques courantes.

F~ute . de burea,u d'etude specialise procedant
systematHJ,uement a le~r c?ntrole, a leur depouille
~en~ et a, l~ur expIOl~atI~~, ces enregistrements
s averent generalement inutilisables et inutiles.

Pratiquement, quelques mesures completes au
pyrheliometre (equipe de filtres) lors des tournees
de controle sont toujours necessaires et souvent
suffisantes. I1 est aussi possible de prevoir un disque
ecran adaptable a la thermopile mesurant le global,

:egulierement. employe' par lobservateur lors de
Joun~ees de ciel ble?, et perm-ttant ainsi la mesure
du diffus pour certaines masses cl'air predeterminss,

La duree d'Insotatlon

Mesuree par des appareils de principes assez
divers, la duree d'insolation COL t sans conteste l'ele
ment actinologique le mieux cormu: Plusieurs modele;
d'instruments existent (Pers, ),l:trvin, Jordan), mais
le type Campbell actuellemc nt recommande par
l'OMM se revele nettement le plus simple, sur et
fidele, sous reserve de I'utili-or avec des bandes
d'enregistrement de caracteristir.ues bien determinees
et de depouiller les diagrammc- selon des methodes
clairement precisees.

I1 est effectivement remarqua: ,:1:. et assez inattendu
de constater les enseignement- multiples que peut
apporter un heliogramme conv- ,ablement exploite,
tant sur la repartition diurm de l'insolation que
sur le type de nuages preser.' :', la variation du
rayonnement direct, et merne r'ordre de grandeur
du rayonnement global. Dans cc dernier but, de
nombreux travaux ont permls tie determiner des
rel~tions statistiques simples er ire la duree d'inso
lation et la somme du rayonncment global, pe~
mettant une precision de ± 10 p. 100 et parfols

mieux sur les moyennes decadai res.
Il suffit de disposer de quelques stations adino

metriq.ues correctement equipees de pyran?graphes

et heliographes, et judicieusement repartles .pour
etre representatives des diverses regions climatlques
etudiees. Il est alors possible soit d' etendre da~s
I'espace l'estimation du rayonnement glob~l paroi~
simples mesures heliographiques (Angstrom), s
d'interpoler ou d'extrapoler dans le temps pOllr ~es
stations les valeurs du rayonnement global grae

e

aux seuls reieves d'insolation (Dogniaux, Hinzpet~r):
Parailleurs, un simple Mliographe peut al

ns
:

suffire pour controler et meme eventueIlell1;n
cornpleter, les enregistrements des pyrano.graaeet;
Pour toutes ces raisons et selon les consells . n
CIMO, la France procede actuellement a. l'extensl~){
du reseau d'heliographes Campbell et a. des tratdes
portant sur le choix rationnel de la couleur e t it
caracteristiques des bandes d'enregistremen

employer.
ein des

. De nombreuses etudes sont en cours, au 5ent de
divers Groupes de travail sur le rayonnem . tant
l'OMM, pour preciser les liens statistiques eX~~n le
e.ntre l'insolation et le rayonnement global, ~.e. pen
Iieu et l'epoque : il ne reste qu'a esperer d icidans
des conclusions precises et encourageantes
cette voie.

Le bllan radiatif
nement

E? admettant que la mesure du ray?n reaJisee
solaire global sur une surface horizontale SOlt reee'
par l'une ou l'autre des methodes retenues Ppide'
demment, un autre probleme se pose assez ra
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ment pour des calculs d'echanges energetiques plus
detailles : c'esr celui de la mesure des rayonnements
terrestre ou "tmospherique, de longueurs d'onde
comprises entre 3 et 100 microns. En particulier,
lebilan radiatit total au sol est d'utilisation courante
et doit pouvoir etre enregistre et etudie,

Il existe dans ce but divers instruments de preci
sions, de prix et de commodites d' exploitation tres
variables, rnais les bilanmetres utilisables en reseau
sont assez peu nombreux. On peut en citer deux
types generaux, toujours it couples thermo-elec
triques : it coupelles protectrices transparentes dans
l'infrarouge (~:chultze) et it ventilation forcee en
surface (Gier et Dunkle). Malheureusement, Ieur
etalonnage et ieur controle restent difficiles, et leur
fidelite est SOLvent douteuse. De plus, l'exploitation
complete des enregistrements, longue et delicate,
en restreint l ,mploi aux stations centrales dotees
de plusieurs Siiecialistes.

Diverses et.ides sont actuellement en cours, aussi
bien pratiques de maniere it trouver un bilanmetre
slmI:le et fidcio, que theoriques, afin de .decouvrir '
les hens statistiques existant entre le bilan radiatif
~t les. relevcs meteorologiques courants. Ainsi,
1explOItation des radiosondages en altitude grace
aux .divers abaques de rayonnement existants,
combines avec les observations metcorologiques
normales (temperatures, tension de vapeur d'eau
au sol, nature et nebulosite des nuages) permet
actuellement d'approcher assez correctement les
valeurs des echanges radiatifs dans l'infrarouge.
, Par ailleurs, il semble que l'enregistrement des

temperatures, en surface et dans le sol a diverses
profo?deurs, puisse donner une bonne appre.dation
du bilan energetique total, faisant intervemr. tant
le rayonnement total que les echanges thermiques
par conduction-convection et par evaporatIOn
condensation: c'est la d'ail1eurssouvent le but final
recherche par plusieurs utilisateurs.

Reseaux acttnometrtquee

, ~n tete d'un reseau actinometrique national doit
rldemment se trouver un centre de controle p.osse-
ant tous les etalons pyrheliornetriques et electnques

necessaites pour assurer le maintien de l'echelle
(IP~ 56) et la comparaison avec les centres nationaux
?U llltetnationaux voisins. Ce centre doit egalement
etre equipe de toutes les installations necessaires
au teglage et a l'etalonnage des appareils du reseau.

l A partir de ce centre il est alors possible d'etablit
e t' , 1

es~au de pyranometres, enregistteurs ou s.eue-
m~nt llltegrateurs selon les possibilites mais toujours
SOlg , t 'I'Q neusement entretenus et regulierement con to es.

n aura ainsi les sommes quotidiennes exactes du
raYonnement global en quelques stations. Des
llleSUtes espacees mais systematiques du rayonne-
lllent diff . , ti1 Us par cie1 bleu permettront de schema iser
e trouble atmospherique correspondant.
ge~at la suite, des reseaux heliogr~phiques hon: o

es, de densites choisies en fonctIOn des besoins

et rattaches separement a la station pyranometrique
la plus representative du climat de leur region,
permettront d'etendre dans l'espace l'estimation du
rayonnement global. C'est egalement cette methode,
simple et bon marche, qui permettra la caracteri
sation des microclimatologies locales en liaison avec
les donnees meteorologiques habituelles.

Par ailleurs, un reseau de bilanmetres pourra etre
couple a celui des pyranometres, sous reserve de
disponibilites suffisantes en materiel et en personnel
pour le controle et le depouillement. En premier
stade, cependant, la simple mesure reguliere des
temperatures dans le sol (20, 50 et 100 cm) et a la
surface du sol, avec des sondes bien etudiees, devrait
deja permettre de degrossir les problemes de bilans
energetiques.

I1 est certain qu'un reseau dense de stations tres
completes, toutes equipees d'enregistreurs-integra
teurs potentiometriques, facilite tant les mesures
que leur exploitation. Cette solution reste cependant
tres onereuse et exige des observateurs specialises
en actinometrie ou un centre national au personnel
nombreux. En tous les cas, il est necessaire de
prevoir, des l'etablissement d'un reseau, tout le
personnel competent et en nombre suffisant pour
assurer les depouillements, les etalonnages, les
controles et les etudes; des connaissances meteo
rologiques serieuses devraient meme en etre exigees,
afin de faciliter les recherches liees aux comparaisons
avec les donnees climatologiques courantes.

Conclusions

L'actinometrie, au merne titre que la plupart des
autres disciplines concernant la physique du globe
ou de l'atmosphere, offre une difficulte fondamentale
des qu'un reseau de mesures s'avere necessaire ; il
s'agit en effet d'utiliser des appareils de laboratoires,
toujours sensibles et delicats, dans de nombreuses
stations, entretenus par du personnel souvent peu
specialise. La valeur des releves est ainsi essen
tiellement liee it des verifications frequentes et a
des etalonnages periodiques des appareils, a leur
entretien soigneux, et it une parfaite conscience
ptofessionnelle des observateurs.

Les travaux en cours permettent d'esperer la
realisation prochaine d'appareils robustes et fideles,
d'exploitation commode et de fabrication indus
trielle. De plus, les recherches theoriques et experi
mentales actuelles laissent envisager une simplifi
cation des mesures par la reduction des elements it
mesurer. En tous les cas, une liaison etroite avec
la meteorologic et la climatologie semble non seule
ment utile, mais presque toujours necessaire,

C'est d'ailleurs dans un contexte meteorologique
que la connaissance du climat actinologique peut
offrir une valeur certaine, en precisant pour chaque
region l'energie solaire utilisable pratiquement selon
le type d'apparei11age logiquement choisi. De meme,
dans le domaine de l'agriculture ou de la prevision
meteorologique, seule l'exploitation simultanee des
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donnees actinologiques et climatologiques (tempe
ratures, pluie, etc.) peut entrainer des conclusions
valables.

-De la sorte, et si l'on ad met la necessite d'un
reseau actinometrique, il semble impossible de ne
pas developper conjointement l'exploitation des

releves meteorologiques, et il H:,~e indispensable de
disposer du materiel et du l-: -rsonnel necessaires
non seulement pour la creatioi. de ce resean, mais
aussi et surtout pour son entre; n courant et pour
lecontr6le et le depouillernen systematiqus des
releves.

L'etablissement d'un reseau actinometrique est d'abord fonctioi. LIes
buts poursuivis, mais les appareils actuellement disponibles en determiuent
la realisation. L'auteur envisage successivement la mesure du rayonne» ent
global et de ses composantes, de la duree d'insolation, et du bilan ra.h rtif
au sol. Il en tire finalement les conclusions logiques pour la creation duu tel
reseau, ainsi que quelques remarques pratiques concernant son organisa non.

SOLAR ENERGY-
ACTINOMETRIC NETWORKS AND INSTRUMENTS

Summary

The design of an actinometric network is connected first with the
objects in view, but its development is dependent on the actual instrum- nts
now available. The author considers successively the measurements of the
total radiation and of its components, of the sunshine duration and of the
radiative balance at the ground. Then, the logical conclusions for the creation
of such a network are drawn, as well as some practical considerations about
its organization.
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UTILISATION PRATIQUE DES DIAGRAMMES DE RADIATION SOLAIRE EN VUE
DE LA D!~TERMINATION DES RENDEMENTS, DES FRAIS D'EXPLOITATION ET
DES CHARGES D'AMORTISSEMENT DES INSOLATEURS

M. Perrot *' et M. Touchais ** .

PERTES ET RENDEMENT

Les diagrammes de puissance

Nous croyons utile de faire tout d'abord un rappel
succinct de la theorie des diagrammes de puissance
qui sont couramment utilises dans 1'exploitation
des usines hydro-electriques ou des centrales ther
miques. Nous y ajouterons des considerations sur
certaines transformations des diagrammes, lesquels,
a notre avis, et nous le verrons plus loin, peuvent
trouver leur utilite dans l'etude des diagrammes
types des radiations solaires.

Pertes
Les echanges ou les transformations industrielles

d'energie se font generalement par l'intermediaire
d' organes echangeurs affectes de pertes d' energie
non recuperables. L'energie ainsi perdue par le
fonctionnement de l'organe retourne generalement
au milieu exterieur sous forme de chaleur.

Si l'on designe par P, la puissance totale entrante,
qui est a echanger ou a. transformer, de 1'un de ces
organes, P, la puissance totale sortante utile evaluee
dans les memes unites, et w la puissance perdue
ou pertes, on a

ouvrage d'ensemble elementaire que 1'on consuItera
avec fruit pour l'etude du rayonnement.

Pour les releves meteorologiques, on se reportera
a 1'ouvrage de M. Seltzer, cc Leclimat de I'Algerie »,
et a celui de M. Dubief, cc Le climat du Sahara ».

L'expose ci-apres comprend deux parties:
1) Un apercu sur la theorie generale des dia

grammes de puissance, avec introduction a la notion
de rendement des appareils convertisseurs d' energie ;

2) L'appIication aux diagrammes de la radiation
solaire.

Je tacherai, dans cette derniere partie, de montrer
que la presentation actueIIe des mesures de rayon
nement, qui fait etat surtout de moyennes diverses
(journalieres, mensueIles, etc.), ne repond pas aux
besoins nouveaux qui resultent des problemes parti
culiers poses par 1'utiIisation pratique de l'energie
solaire.

Tous les travaux qui ont eu pour objet l'etude
du rayonnement solaire se confinent dans des preoc
cupations pun .ment physiques ou meteorologiques,
Les renseignoments que l'on peut tirer de cette
masse considerable de documentation n'interessent
somme toute :1 .lela climatologie, la thermodynamique
de l'atmosph-re, la biogeographie, la physiologie,
la technique cj l'eclairage diurne; ils sont peu utiles
au thermicie» ou a. l'heliotechnicien.

Pourquoi en est-il ainsi? Parce que les problemes
qui se posenr aux differents praticiens ne sont pas
lesmemes. Les premiers cherchent surtout a. connaitre
les energies ir.cidentes dans une periode donnee ;
les seconds :-,' mquietent en outre des puissances,
car ils portent leur attention sur les reactions de
l'appareil qu'ils etudient en fonction du rayonnement
recu.

Les tbermiciens sont les premiers qui se sont emus
de cette situation, et I'on trouve de temps a autre
dans la bibliographie 1'indication de travaux executes
par des ingenieurs du batiment, ayant pour but
de definir les conditions d'echange thermique ~ntre
les locaux habites et le milieu exterieur. Parmi ces
conditions, le rayonnement solaire intervient d'une
fa~on notable.

Pour nous heliotechniciens, qui avons pour but,
non pas d'etudier les transformations natureIIes
de l'energie solaire,ni de lutter contre ses exces
?u ses defauts mais de la convertir sous des formes
Industrielles utilisables nous devons aborder le
problem~ avec les moyens qui nous sont propres.
, je me bornerai exclusivement ici au point de vue
energetique, c' est-a-dire que la composition spectrale
du rayonnement est hors de mon propos. D'autre
rart" j'eviterai de faire un expose trop gen~ral;
oe, S~]et ,e~t tres vaste, meme reduit aux proportl.ons
d~ ]e deSIre le maintenir. II ne sera done qu~s.tlOn,

ns ce qui suit, que du rayonnement energetique-
Je signale ici que l'on pourra trouver des rensei

~~el?ents precis sur la climatologie du rayonneme~t
in ~lre et sa mesure dans 1'ouvrage de Ch, Mauram

htuIe «Etude pratique des rayonnements solalre,
~ttnoSPherique et terrestre» qui bien que datant
e 1937, est encore en partie d'~ctualite. C'est un-----d'~l Directeur de l'Tnstitut de l'energie soIaire. Universite (1) W = Pe-Ps

ger. AIgerie. On considere generalement w comme une fonction
" In . . . tit t de l'energie

sol' geUleur charge de recherches de I Ins 1 u de la puissance sortante de Ps; il est commode,
alre, Universite d'AIger .Algerie, .

, 395
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(2)

(3)

de la fanction (;)
clueessur la figure 2.
-pondent aP, = 0,
. d'ou la condition

c.<o
b;>o

'C.70
b<O

,c.:>o
b"o

Figure 2

b>O
. ' l 1 puissanceOn appelle psussance entrante unsiia e a _ -r ,

P eo definie par la condition Pe = 0 ou P~ - o~;
c'est la puissance entrante minimum necessaIre p ce
compenser les pertes. Au-dessous de cette p~~:sa~gi~
les pertes sont fournies par une source ene un

'1" C' ., empIe pouraUXI iaire, ~ est ce qUI arrive pa~ ex, 1 ir alors
insolateur qui rayonne sur un CIeI tr~s, era biant
qu'un obstacle cache le soleil; c'est le milieu am
qui fournit l'energie ainsi rayonnee-

(5)

(4) d (;) >- 0
dPe~

La figure 2 donne la forme , .:; courbes que l'on
trouve le plus frequemment da la pratique.

Les pertes sont souvent d -Ilure parabalique.
On peut alors se contenter d'er'.re

(;) = a + b P; -, .- P e2

::e = b + 2 ci e

d2 (;)

d p
e
2 = 2 c

Les pertes sont lineaires pour c c.cc 0, ce qui entraine
necessairernent

Les courbes representative.
ont le plus souvent les formes in,
Les pertes a vide wo, qui con
ont une valeur positive ou ill,

a ~O

. A partir d'une certaine pl1i' ance Pem qui pent
etre nulle, la fonction wcroit en 1nncipe indefiniment.
Pratiquement elle croit jusqu'a ",c valeur limiteP«
de la puissance entrante qm definit la capacite
maximum de transformation ou ,1 «change de l'organe.
Pe est l'abscisse de l'ordonnee hinimum de la fonc
tio~. Pour toutes les valeurs (le P; satisfaisant
a la condition P; ~ Pem' on

W Ps

::e =b+2cPe+3ePe2+4fPe3+ .",
d2 (;) _.

dP~ =2c+6ePe+12fPe2+ ...

De (1) on tire
dPs _

1
d(;)

dPe - -dPe

d2 p s d2 ~

dPe2 - dPe2

On en conclut que les courbes representatives de
la puissance sortante P« et des pertes (;) en fonction
de la puissance entrante P; jouissent des proprietes
suivantes :

)P 1 1 .. d d(;) .
a our es va eurs positives e d P / qUI seront

les plus frequentes ainsi que nous le verrons plus
loin, l'angle que fait avec l'axe des abscisses une
tangente a la courbe (;) (figure 1) est inferieur ou
au plus egal a 45°.

b) Les courbes Ps et wont leurs concavites tournees
en sens contraire, et les points d'inflexion ont lieu
pour les memes valeurs de Ps.

Figure 1

en heliotechnique, de la considerer comme fonction
de la puissance entrante

(;) = ep (Pe)

On peut ecrire en developpant en serie cette fonction

(;) = a + b P; + C p e2 + e p e3 + f p e4 + ...,
a, b, c, e et] etant des coefficients constants, dont les
dimensions sont : pour a, une puissance (par exemple
s'il s'agit de la radiation solaire; a s'exprimera en
W1m2) ; pour c, l'inverse d'une puissance; pour e,
l'inverse du carre d'une puissance, etc. Par contre,
b est sans dimension.

Nous avons aussitot
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de par la nature meme de la question, p n'a de signi
fication que~jour les valeurs de Pe satisfaisant a
la condition P e ~ Pe,; on a alors p ~ 1.

Au voisinage du maximum de p, dd;e est sensible

ment nul; le rayon de courbure est alors donne
par l'expression simplifiee

(7) R = _1_ «r,
d2 p rx p
d p e2

en designant l'ar «P; et rxp les modules graphiques
des abscisses "t des ordonnees (rxp,. P; par exemple,
est la longueur, dans I'unite choisie, de la puissance
entrante).

On peut ecrire en faisant apparaitre w

Rendmient

On appelle

(6)

rendement de l'organe le rapport '

Ps
p=-

Pe

Les pertes a vide n'etant jamais negatives, on a
done toujours

d2 p
dPe2 < 0

ce qui signifie que la courbe de rendement a toujours
sa concavite tournee vers le bas.

Le rayon de courbure au voisinage du rendement
maximum est sensiblement

(12) R = P e
3

rxPe
~2 a o: p .

Si les pertes a vide Wo = a sont relativement faibles
devant Pe, Rest tres grand. La courbe presente

.de part et d'autre du maximum une region tres
aplatie pour laquelle le rendernent est sensiblement
constant. .

Dans le cas des pertes paraboliques, le rendement
maximum correspond au minimum de l'expression

a
Pe +«r,

c'est-a-dire pour

(8) P = 1-~
Pe

~t en utilisant le developpement en serie de la fonction
w

p = 1- f;e +b+cPe+ ePe2+IPe3oo .]

(9) : ;e = - [;:2 + c + 2 e Pe + 31 Pe2oo .]

d
2

p [2 a . 1
d P e2 = - P e3 + 2 e + 61 P"".

Pour la puissance initiale P eo, on a w= P; et p = o.
Il est interessant de connaitre la forme generale

des courbes de rendement suivant la forme de la .
courbe des pertes. Nous n'examinerons que les deux
l~as .l?articulierement importants des pertes de forme
nealre et parabolique.

d
D.ans le cas des pertes paraboliques, le systeme (9)

eVlent

p = 1- [:e + b + cPe]

(10) _~ _ ~-c
d P; - p e2

d2 p 2 a
dPe2 =-'Pe3

et Pour les pertes lineaires

avec

(1I)

D'ou la regle :

Dans le cas des pertes paraboliques, le rendement
est maximum lorsque les pertes a vide sont egales
a la fraction des pertes proportionnelles au carri de
la puissance entrante.

DIAGRAMME DE PUISSANCE

Diagramme chronologique

Les puissances en jeu dans un ensemble d'organes
varient generalement avec le temps, et le plus souvent
d'une maniere tres irreguliere, On appelle diagramme
chronologique le diagramme representatif de la puis
sance en fonction du temps (figure 3). Si P est la
puissance au temps t, on a

P = I (t)

L'energie developpee depuis le debut de la periode,
prise comme origine des temps, jusqu'au temps i, est

(13) W 1/ Pdt

Soient rx et ~ les modules graphiques des abscisses
et des ordonnees, et 5 la surface comprise entre
l'axe des temps et les ordonnees au debut de la
periode et au temps t, on a

(14) 5 = o: ~ W
L'energie totale et la surface totale du diagramme

au temps T fin de la periode sont respectivement :
. (T

(15) WT=Jo Pdt et ST=rx(3WT

La puissance moyenne de la periode est

WT
(16) Pmoy = T
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Figure 3 Figure 4

Diagramme monotone

On appelle diagramme des puissances classics ou
diagramme de durie ou encore diagramme monotone
pendant la periode T, le diagramme obtenu en
classant par ordre de puissances decroissantes les
ordonnees du diagramme chronologique. Le dia
gramme monotone s'obtient de la maniere suivante :

Si ia = i l + i 2 + i a + i 4 (figure 3) est la duree
p.endant laquelle la puissance a Me egale ou supe
neure a Ps, le point A d'abscisse i a et d'ordonnee P
appartient par definition a la courbe de duree
(figure 4). ,

La dur.ee d.e la puiss~nce maximum est le plus
souvent mfimment petite: celle .de la puissance
minimum est la duree T de la periode, a moins que
cette puissance minimum soit nulle, auquel cas
sa duree peut etre inferieure a T.

11 existe en general une infinite de diagrammes
chronologiques qui correspondent a un meme dia
gramme monotone.

Dans le cas ou le diagramme chronologique est
forme d'une branche ascendante et d'une branche
descendante, il donne immediatement la duree
correspondant a chaque puissance. Le diagramme
monotone s'en deduit tres facilement. Dans le cas
parti,cu~ier ou le diagramme chronologique est aussi
symetnque, la branche descendante peut etre consi
deree comme representant le diagramme monotone.
11 suffit de multiplier les abscisses par ~'

La surface du diagramme chronologique peut aussi
bien s'obtenir en considerant des variations infini
ment petites de la puissance (figure 3).

On a
"'p

ST = IX ~Jo M t dP

Or, cette expression represente cgalement la surf~e
du diagramme trace avec les memes echelles. n
peut done ecrire

j ' P
WT = M idP

o t
L'ordonnee moyenne du diagramme monotone es

encore P mov- d ee
Le point M d'intersection de la courbe de ;r

avec la parallele aux abscisses d'ordo~nee /jr
determine deux surfaces egales (hachuree~ sUpuis,
figure 4) dont l'une est definie par toutes eSt s les
sances superieures a P moy et l'autre par tou e
puissances inferieures.

I ntegrales caracteristiques
a toujours

Quelle que soit la fonction F(P), on

(17) iT F (P) dt =IT F (P) di
o 0 ceIles

11 en resulte que les ordonnees moyenne~~onolo.
des centres de gravite, des diagramme~ ~ ne leS
giques et monotones, sont les memes. alilS ~pport
moments d'inertie de divers ordres pris paciIsignant
aux axes des abscisses. On a en effet, e~ d centre
par Pmoy l'ordonnee moyenne, Gl'ordonnee ~dre, ,-
de gravite, M l le' moment d'inertie du 1er 0

(18) P moy = £ (T P dt
T .),
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(20)

(19)

Designons par F' (P) la nouvelle courbe et posons

les transformations se ramenent a de simples pro
portionnalites.

1) L'ordonnee Pest multipliee par un facteur
constant k. OnaP' = kP et p:noy = kP moy, G' = kG,
M~ = k3 M I , .. . .

Nous donnerons plus loin un procede graphique
pour passer du diagramme des puissances sortantes
au diagramme des puissances entrantes a l'aide de
la courbe representative de rendement p.

La nouvelle courbe monotone P' = j (i) trans
formee par le facteur k de la courbe P = j (i) peut
s'obtenir graphiquement a partir d'une construction
analogue en utilisant un rendement p = k (figure 5).

2) Les abscisses sont multipliees par un facteur
constant cr. On a

T' = cr Td'ou., .
~ = cr~

~ 11'G = 2 P moy T 0 pz dt

(J. ~3 '"'1'
M I = 3 J0 t» dt, ....

M z = ·..
Les puissances moyennes, I'ordonnee du centre de

gravite, les moments d'inertie de divers ordres sont
dits integrales caracterisiiques du diagramme 1.

Ce sont ces integrales caracteristiques qui inter
viennent dans le calcul des energies totales sortantes
et du rendement moyen de l'organe etudie.:
C~pendant, clans le cas particulier durayonnement

solaire on est amene a transformer un diagramme
donne etabli dans des conditions types pour tenir
c?mpte des diverses causes d'absorptionatmosphe
nque. Nous allons examiner maintenant les cas oii

(21) 1 1' .:o F (P) di = 0 rp (i) dP et

Relations qui defmissent les fonctions correspondantes rp (i) et rp (i'). On a alors

(
1 11' . 1 (T' ,., '

22) Pmoy = T 0 Pd~ = T')o P di =Pmoy

(23) 11' p. 1T'~ 2 • tJ '2 Of ,

G=--_· P d~= pi T' P d~ = G
2 P moy T 0 2 moy 0

(24) M
I

= ?- ~3 (1' p3 di = (J. ~3! (T' tr» di' = M!
3)0 3cr)0' (J

M z = ....

La nouvelle courbe peut s'obtenir graphiquement
ellC?re ici par le merne moyen que precedemment,
mars en operant cette fois sur les abscisses (figure 6).

___ Figure 5

1Pt' 't' P': M
• moy e G s'expriment dans les memes um es que • T

S exp ,
rIme dans les memes unites que P3.

3) On fait a la fois une deformation proportion
nelle par les ordonnees et par les abscisses. On a

T" = cr T, P':uax = k P max, P':uoy = k P moy,

G" = k G, M; = (J k3 M I ...

Figure 6
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p

T
_~~ '--__--II- --=~:a......-_-:L

Figure 7

et
Pmay = PI may = P2 may; G . GI = G2,

M I = 2 M I . 2 = 2 M lo ...

Soit n le nombre de periodes qui entrent dans le
diagramme total; la periode moyenne est

. T 1:iTi(28) Tmay = - =--
n n

Si l'on reduit alors toutes les durees du diagramme
total dans le rapport de 1 a n, on a :

i = .!. i T' = '£ T may
n ' n

D'autre part P'max est le l11<l.XlmUm maximorum

des Pi max.
Le nouveau diagramme ainsi obtenu est le dia

gramme total ramene a la periodc moyenne-
Dans le cas .particulier ou les periodes T1' Tz ..-r

correspondent a des journees, le diagramm.e obte~~
comme il vient d'etre indique est le dzagratll

journalier equivalent. La surface du diagra;nmn~~
. , 1'''- . P' T' represe

qUI represente energie may. may,

1, , ' '1" Pma}' Tenergie moyenne journa iere .n
. ' uivalent

En resume, le diagramme journalzer ~q tile
n'est ni le diagramme moyen, ni ZJn ~zagra;tIles
pr~b~ble; il resumeen quelque sorte t~us le~ dzag;f peut
quz lont compose. Nous verrons c1-apres qu fonne'
etre pris comme base d'etude du fon~ lngeur
ment d'un appareil transformateur ou ec a
d'energie.

z, W T , = W T(26)

(27)

Considerons maintenant le cas d'un diagram me
forme de plusieurs periodes : Tv T 2 '" (par exemple :
diagrammes journaliers pour obtenir le diagramme
annueI); on rnontre facilement qu'on a

(25) P _ 1:i T i . Pi may
may - 1:

i
T, avec

G
__ 1: i Gi ' W T ,

avec
1: i W T ,

MI = 1:i MI'

M 2 = ..··
. En particulier si le diagramme est symetrique,
11 suffit de calculer les ordonnees caracteristiques
pour une moitie: on a en effet

TI = T 2, W T , = WT.

et en appliquant les resultats precedemment de
rnontres

P;nay = P roay, G' = G,M~ = ~ Mv .... n
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Si l'on considere le developpement des pertes selon les puissances de P«, on a

(29)
a

p =- Pe + (-b + 1)-cPe-ePe2- ....

et

(30)
(T (T, (T ,(T .

Ws =-a)o dt + (-b + 1))0 Pedt-c)o P.2dt-e) 0 Pe3dt- ...

Designons rcspectivement par Ge et M Ie, ..... l'ordonnee du centre de gravite du diagramme des puissances
entrantes et les moments d'inertie de ce diagramme par rapport a l'axe des abscisses. On a

(31) Ws=-a'T+(~b+1)We-2c ~eWe-3e~; + ...

T l (.b ) P c, P a, M I , J= -a+ - +1 emoy- 2 Crr emoY-or.~3T-·"_

La deuxiemc expression montre que ce n'est pas Dans le cas des pertes lineaires
tant la valer.r de Me qui est a retenir dans l'etude (32) Ws = T [-a +(- b + 1) Pemoy]
des diagrammes que le rapport MI e, qui a l'avantage Dans le cas des pertes paraboliques

de s'exprimer dans les memes unites que celles qui r c, J
~ont utilisees pour exprimer la puissance, sans faire (33) Ws = T l-a + (- b + 1) - 2 c If Pemoy_
lllt~rvenir ceiles utilisees pour exprimer la periode,
qui peuvent par consequent rester arbitraires. Le rendement moyen est le rapport

(34) Ws -a 2c c, s. u;
pmoy = W = P-- + (-b + 1) -(.1.- - --p:a-W - ...

e emoy i"' or. i"' e

Puissance maximum et minimum

Nous avons vu que la puissance maximum Pm
du diagramme des puissances entrantes ne corres
pondait, le plus souvent qu'a une duree infiniment
petite. Il serait peu economique de construire l'ap
pareil transformateur d' energie pour cette puissance
maximum. On admet alors qu'il vaut mieux le
construire pour une puissance plus faible que nous
appellerons la puissance maximum ecretee.

Le fonctionnement diun appareil transformateur
d'energie se fait toujours avec usure ou vieillissement
de la matiere, et cette usure ou ce vieillissement
dependent de la puissance transformee ; ils croissent
generalement avec eUe; on appelle alors puissance
nominale d'un appareil, la puissance qui correspond
a un amortissement raisonnable. Le technicien

Ws_W'
- s

n

We P' T W'- = e moy moy = e
n

Faisons intervenir le diagramme journalier equivalent; on a

. [ ( . 2 c Ge), 3 e M~ e
W s = n T mov - a + - b + 1 - -or.- Pemoy - or. ~3 • T moy + ...

On peut comprendre maintenant pourquoi les
diagrammes des meteorologistes qui ne sont genera
lernent etablis que sur des moyennes et qui leur
sont tres utiles, ne peuvent cependant pas servir a
l'Mliotechnicien. C'est que les phenomenes naturels
sont provoques par des differences de temperature
relativement faibles pour lesquelles la courbe des pertes
peut etre consideree comme lineaire. Les moyennes
ant alors une signification, tandis qu'en heliotech
nique les courbes des pertes sont au mains para
boliques, et l'on a- besoin d'utiliser les integrales
caracteristiques du diagramme.

(35)

et

On a d'autre part

(36)

et

W s W~
pmoy = We = W~

Le rendement moyen ne depend, dans le cas ~es
pe~tes lineaires, que de l'ordonnee moyenne du dia
gr mme des puissances entrantes ; dans le cas des
pertes paraboliques il depend de cette ordonnee
ilIo' iteL yenne et de l'ordonnee du centre de gra;vl e.
~s..coefficients a et (- b +1) etant roujours

PI Slhfs, le maximum du rendement moyen correspond
aors .,' luidu ,pou.r une energie entrante determmee, ~. ce Ul

prodUIt c G . c est le plus souvent posltIf; la
Con' e , di . -'.cavIte de la courbe des pertes est alors mgee
~~rs le haut. Le rendement maximum a lieu pour le
,Iagramme dont le centre de gravite est le plus bas;

C est ce qui arrive on le sait lorsque la puissance
entra t ' , ,n e est constante et se confond en consequence,
aVec I . 't .le ~ pUIssance moyenne. Dans le cas con raire,
d maXIl?um a lieu pour le diagramme dont le cent~e

l
e gravlte est le plus haut. Le diagramme ne doit

a ors c . . t 'omporter que les pUlssances ex remes.
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Application aux dlagrammes de la radiation
solaire

Nous ferons usage des symboles suivants

cherche a construire I'appareil de maniere que la
puissance nominale se trouve dans la zone de bon
rendement. Cependant I'appareil peut fonctionner
a plus forte puissance au prix d'un amortissement
plus rapide; toutefois il ne faut pas depasser une
certaine limite qui correspond a des risques de degra
dation. Cette puissance limite depend surtout du
temps pendant lequel elle s'exerce en raison des
inerties thermiques. Elle definit ainsi une puissance

, de pointe pour un temps determine, par exemple
puissance de pointe semi-horaire.

Examinons maintenant les zones basses du dia
gramme. La puissance minimum correspond tres
souvent a un tres mauvais rendement. Parfois
il n'est pas possible de I'atteindre sans risquer des
defectuosites de fonctionnement. 11 faut alors se
limiter a un minimum acceptable, et comme rende
ment, et comme fonctionnement ': c'est le minimum
technique. Les diagrammes de puissance doivent alors
etre amputes des parties inferieures au minimum
technique, ce qui donne de nouveaux diagrammes
dont les ordonnees sont (P - Pm) et la duree
maximum ,celle determinee par l'ordonnee Pm.
11 n'est pas de formule simple pour passer des inte
grales caracteristiques des anciens diagrammes aux
nouveaux.

11 resulte de ces diverses considerations que les
puissances instantanies ne presentent souvent pas
d'interet dans l' etude de la transformation ou de
l' echange; elles sont resumees dans ce que nous avons
appele l~s integrales caractirisiiques du diagramme,
auquel 11 faut ajouter les valeurs des puissances
particulieres definies ci-dessus. Ces dernieres
concernent les possibilites de l'appareil transforma
teur; les premieres son rendement final.

r

Qo. composante verticale Ct Qo, ou energie re9ue
hors atmosphere sur l'unite de surface
horizontale, en W/m2. Un a

Qo. = (1" sinh

facteur de correction Cl:' la constante solaire
pour tenir compte des variations de distance
du soleil a la terre; sans dimension. La
radiation normale hor.. atmosphere, est

Qor

1 1
m = sin h = a + b cos H

, ndi-
avec a ,sin a sin cp, b = cos a cos cp et la eo
tion H ~ He

. en mll1
~ rapport de la pression atmospMnqu~t minee,

de Hg, a 760; Pour une altitude Z d ~ tit par
il faut remplacer dans la formule de Bougu

, ~ ~

m ~ = sinh = a + b cos H
. Ona

'! = pm facteur de transmission; sans dimensIOn.

o; Qv
-r = Qo = Qo.

On 'peut ecrire d'une facon generale

1;

Q _Q r:":"n - or

Affaiblissement selon la loi de Bouguer et dans l'hy
pothese des couches planes

Qn = Qore-km et Qv = Qo. r frkm

On neglige les petites erreurs sur l'energie recue
par une surface et qui sont .iues a la sphericite
des .couches atmospheriques et a la refraction
atmospherique. Dans l'hypothe-> des couches planes,
en effet, la masse atrnospheriqu, in prend une valeur
infinie pour h = 0; d'autre pan du fait de la refrac
tion, la duree du jour reel est plus grande que la
duree du jour astronomique.

Qn intensite de la radiation nom, .ie au sol, enW/m2
•

Qvcomposante verticale de Q«, e» W/m2
• ,

K facteur d'absorption. On rose de preference
e-K = p.

p facteur de transparence de I'atmosphere- Dans
l'hypothese de l'atmosphere normalises CINA,
on a

p = 0,8425 - 0,167 t (J. Dumortier, Flamme et
Thermique, octobre 1957)

pression partielle de la vapeur d'eau dans !'at
mosphere en mm de Hg. , ou

m epaisseur reduite de I'atmosphere traversee

masse atmosphirique, rapport de la m~sse ~rn~;
pherique rencontree par un rayon 3: ce ~ans
I'atmosphere a la verticale de la stat1~n. de
I'hypothese des couches planes, au lllveau
la mer, on a

altitude du lieu, en kilometres.
latitude du lieu, en degres,
declinaison du soleil, en degres,
angle horaire du soleil, en degres,
angles horaires du lever et du coucher astro
nomique du solei! definis par la relation

cosH =-tg atgcp

hauteur du soleil en degres. On a

, sin h = sin a sin cp + cos a cos cp cos H

hauteur du soleil a son passage au meridien,
On a /

7t
b« = 2" -cp + a

pour l'hemisphere boreal.

intensite de la radiation solaire moyenne hors
atmosphere recue par I'unite de surface
normale, ou constante solaire, en W/m2

Qo = 1 395 ± 2 p. 100 (Johnson)

h
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et

Qv ~.ccc Qor (a + bcosH)pa+ bH cos H

Dvenergie difiusee par la vofrte celeste et recue par
l'unite de surface horizontale, en Wjm2•

Qg = Qv + D; radiation glob ale ou eclairement ener
getique total d'une surface hori
zontale, en W1m2•

D; f d ditf . diTa = -Q acteur e 1 usion ; sans imension.
o.

Tg = g:.. OnaQg = Qv (1 +~)
ouencore

D'apres Solar Energy (n" 3, juillet 1960), on aurait
par jour clair

"a = f (,,)
la fonction j serait independante de la latitude et
de l'altitude, et lineaire dans l'intervalle

0,4 ~,,~ 0,75
On aurait:

"a = 0,2710 - 0,2939"

Par Jour nebuleux, on aurait une relation

K a =F (K)

Ka et K sont des rapports d'energie journaliere
re~ue par une surface horizontale : .

~H. o, dn . ~Il. Qv dn
K a =' 11£ _ __ K = "--'Hc:;!I7----

i
H

• l'Qo.dH . . Qo.dll
11£ HL

D'apres Fournol Bulletin du CSTB (n° 32 - janvier
1949), on aurait' pour la France metropolitaine

1
a+bcoslI

Dv moy (H) = 0,307 '

la moyenne a Me etablie sur plusieurs annees.
De par sa nature merne le rayonnement solaire

reel ' ' dI .n est pas accessible aux calculs. II fa~t . one
.~ mes~~er et deduire les integrales caracte,nstlq.ue~
I urnaheres et annuelles des diagrammes reels amsi
obte~us. Qn est mesure au pyrheliographe, Qg au
Solangraphe et on deduit Ov. Malheureusement,
ces ' . trnesures ne sont effectuees systematlquemen
rue dans un tres petit nombre de stations. Plus
requernment Q est mesure d'une maniere continue

et Q ,g . "d td n seulement par del clair. II est evi e? que,
dan, ces Conditions il est vain de vouloir tirer
es rnoyennes calcuiees sur ces mesures la valeur

llloyenne de OV.
aIl resulte de cet etat de choses que l'on ignor.e
dpeu pres tout pour le Sahara, encore qu'aujourd'hUl,
~~ yaleurs de o: Par del clair, il semble que les

~i he~ du del qui diffusent scient V?IS~neS ,de ~a
rechon du soleil et que l'energie amsi diffusee soit

de l'ordre du dixierne de la radiation directe. On
peut en tenir compte dans les diagrammes normalises
en affectant la constante solaire d'un coefficient
de majoration de 1,1, qui est, il faut le reconnaitre,
tres arbitrairement apprecie.

Par del nuageux, c'est toute la vofrte celeste
qui diffuse plus ou moins, et I'energie ainsi diffusee
depend de la hauteur du soleil. Selon la distribution
et la nature des nuages, les resultats sont tres va
riables; tantot la radiation globale est superieure a
la composante verticale de la radiation directe,
tantot inferieure, et rien de precis ne peut etre donne
ace sujet. Si l'on se contente de moyennes, on peut
utiliser les formules donnees ci-dessus.

Diagrammes reels equivalents

La plupart des stations meteorologiques ne pos
sedent que l'heliographe, appareil qui ne permet
que de determiner le facteur d'ensoleilIement, lequel,
ainsi qu'on le sait, est le rapport de la duree d'acti
nisme du solei! a la duree totale du jour. La question
se pose de savoir si la simple connaissance du facteur
d'ensoleillement suffit a determiner une forme
approximativement suffisante du diagramme d'inso
lation. Cadiergue et Fournol ont resolu la question
pour la metropole, en partant toujours des releves
.de l'observatoire de St-Maur et dans I'hypothese
ou la connaissance des moyennes est suffisante.
Nous allons essayer ci-apres de donner le principe
d'une methode plus generale.

Dire que la connaissance du facteur d'ensoleilIement
suffit pour determiner les integrales caracteristiques
du diagramme reel, c'est supposer qu'il existe :

1) Un diagramme monotone type;
2) Un precede de transformation de ce diagramme

qui ne depend que du facteur d'ensoleillement,
susceptible de donner apres transformation un dia
gramme monotone possedant les memes integrales
caracteristiques que le diagramme reel.

Pratiquement, designons par dil le diagramme
monotone reel correspondant au jour j de I'annee 1
et ail le facteur d'ensoleillement reel de ce meme
jour. On considere le diagramme monotone dj

ramene a un jour de l'ensemble des diagrammes
djI> di2 ... djn releves pour le meme jour calendaire
dans un nombre n assez grand d'annees. Soit Dj
le diagramme monotone etabli dans les memes
conditions a partir de l'atmosphere type. Le facteur
d'ensoleillement qui .ressort des diagrammes dj est
evidemment

J:. aj
a =--

n

c'est-a-dire le facteur moyen. Le pro cede de trans
formation a appliquer a Dj pour obtenir dj peut se
concevoir comme une transformation des ordonnees,
c'est-a-dire des radiations, suivant une loi determinee,
suivie d'une transformation des abscisses, c'est-a-dire
des durees, suivant une loi egalernent determinee.
Or les ordonnees de Dj sont de la forme

Q = Qoe-K m
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Figure 8

D'apres lesreleves effectues dans les observatoires
du Nouveau Mexique s, il aete propose pour j (er)

2 Voir Solar Energy, janvier 1957, VD!. 1 n> 1, "Solar Radiation
A vailability on Surfaces in the United States as affected by
Season, Orientation, Latitude, Altitude and cloudness", par
Clarence F. Becker et lames s. Boyd, reproduit dans l'article
de M, Remeniera.

i' = i tjJ (er)

La verification experimentale consiste adeterminer
les fonctions j (er) qJ (er), tjJ (er) et a montrer qu'elIes
ne dependent pas de j. Remarquons que j (er) doit
satisfaire aux conditions

La transformation envisages sur les ordonnees peut
s'ecrire, si l'hypothese etait experirnentalernent
verifiee, ..

Q' = Qat (er)e-K'l' (er) m

La transformation envisagee sur les abscisses peut
s'ecrire

. avecQH = Qo"j~ e-Kja + b cos HH

H~ =Hc
cr

une forme lineaire, 0,37 + 0,6220-, qui n'est v~,l:!al~
que pour les valeurs de er > 0,2. Elle ne sa \ons
pas en effet a la condition j (0) = O. Nous propo ,
la forme .J~ qui resulte des mernes releves e\ q~~
differe tres peu de la precedente pour le,s v~:~ge
de er comprises entre 0,2 et 1. Cette forme a I avadeter.
de ne posseder aucun coefficient exigeant u;e ne la
mination experirnentale 3. La figure ~ . oUue les
comparaison entre les deux formes aIrSI qtations
releves experimentaux executes dans e~ sappro'
de Lander et d' Albuquerque, qui sont sItuees

ximativement sous le 35e parallele. 1
. t Fourno

Les hypotheses faites par CadIe~gue e, edeutes,
se ramenent en definitive aux hypot~esesp~ee ce qui
mais n'ont fait l'objet de verification qu en ue ees
concerne les moyennes. On peu~ penser ~r suite
verifications justifient les hypotheses, et PraeteriS'
leur application a toutes les integrales ea our la
tiques. Toutefois les resultats obtenus 'r1ficatioJl
metropols ne sauraient etre etendus san~ ve ebulosite
prealable au Sahara, d'autant plus. que al~s elevee
est generalement, dans ces regIOnS, P
I'apres-midi que le matin, . vauJi. . t des tra

Mais tout est it faire dans ce domame. ~ t Meteoro-
systematiques en liaison avec l'Ins!Itf doivent
logique et de Physique du Globe d A ger

r ue. , 'tre appIq ,
. peut e . ire'

3 Il faut bien remarquer que le facteur ne t donc ecr
qu'a la double transformation envisagee- Il fau in 8 sin ~

a "" S 8 cos~
b "" COS

He
diti HH,,-et la con 1 !DU 15

1(1) = 1t (0) = 0

Deux simplifications, d'ailleurs tres arbitraires, peu
vent etre essayees :

1) Choisir une atmosphere type moyenne de ma
niere que l' on puisse supposer

qJ (er) = 1

2) Admettre, ce que font en' definitive les divers
auteurs qui se sont occupes de la question, que er
represente une propension generale du diagramme
monotone it se retractor en duree, et poser

i' = i er
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etre organises a cet effet. En particulier, il serait
interessant de pouvoir relier au facteur d'ensoleil
Iement la radiation diffusee par la vofrte celeste.

Les integrales caracteristiques du diagramme reel
pourun facteur d'ensoleillernent moyen 0'se calculent
ainsi a partir des integrales caracteristiques du dia
gramme tyre au moyen desformules :

Qmax reel - Qmax type
Qmoy reel t (0') Qmoy type
Greel t (0') Gtype

illreel t (0')3 Mtype

Dans le cas ou I' on adopte

f (0') = ,J;;, on a t (0')3 = 0'5l2

Le facteur d' ensoleillement au Sahara

Les fractions d'ensoleillement horaire sont toujours
tres elevees au Sahara, avec un minimum de 0,90
en novembrc et un maximum de 0,99 en juillet
aofit , il existe un minimum secondaire de 0,92 en
avril et un maximum secondaire de 0,96 en fevrier.
En gros, la moyenne des maximums d'insolation
oscille entre le 17e parallele en hiver et le 27e en ete.

On peut remarquer que les durees d'insolation
sont toujours plus longues le matin que l'apres-midi:
la dissymetrie du diagramme journalier est un fait
general plus accuse en ete qu'en hiver.

Les heures du maximum diurne d'insolation varient
clans 1'annee entre 10 et 12 heures l'hiver, entre

8 et 10 heures en juin, entre 9 et 11 heures de juillet
aseptembre, ce qui montre qu'il y a interet aorienter
vers l'est, de 15° a 20° environ, les insolateurs fixes.

Le tableau 1 donne le facteur moyen d'ensoleil
lement annuel de diverses stations sahariennes avec
leurs coordonnees geographiques (d'apres Dubief),
ainsi que les valeurs de ,J~ et 0'5/2.

Critere d'ensoleillement

L'etablissement des diagrammes de radiations
pour une station donnee fournit les moyens de deter
miner l'energie qui peut etre retiree d'un appareil
convertisseur du rayonnement solaire, et par conse
quent de pouvoir comparer entre eux divers appareils
au point de vue du rendement de la transformation,
du prix de revient de l'energie obtenue, etc.

Mais on peut avoir a resoudre un autreprobleme :
celui du choix de la region la plus propice pour l'ins
tallation d'un appareil determine. Un tel choix
fait intervenir non seulement des conditions de
radiations, mais aussi des conditions economiqucs
et des sujetions d'exploitation. Aussi n'est-il pas
utile de rechercher de critere trap precis. Par contre,
il serait interessant de disposer d'un critere simple.
Il est naturel pour cela de comparer les valeurs de
la radiation normale pour une heure et un jour
caracteristiques, par exemple a midi vrai le jour de
l'equinoxe. Or cette radiation normale s'exprime
par la formule

. 1-
Qn = Qe moy 'V0' p~/cos~

Tableau 1

Stations ~
a ..;~ a 6 / J

Adrar. 27° 52' 258 0,888 0.942 0.742

Am-Sefra . 32° 45' 1'072 0,754 0,868 0,493

Abule£. ., 26° 58' 290 0,842 0,917 0,649

Beni-Abbes , 30° 08' 498 0,795 0,891 0,564

Biskra 34° 51' 124 0,750 0,866 0,552

Colomb-Bechar. 31° 36' 770 0,788 0,887 0,552

Djanet 24° 33' 1079 0,849 0,920 0,664

Djelfa. 34° 41' 1 160 0,683 0,826 0,386

El Golea .. 30° 35' 397 0,849 0,920 0,664

Fort Flatters. 28° 06' 381 0,843 0,918 0,651

Fort-de-Polignac . 26° 30' 566 0,847 0,919 0,660

Ceryville 33° 41' 1305 0,717 0,846 0,435

Ghardaia 32° 29' 527 0,777 0,881 0,531

Laghouat . 33° 48' 767 0,732 0,855 0,458

Ouallen. 24° 36' 347 0,867 0,930 0,698

Ouargla. 31° 57' 138 0,802 0,895 0,562

Tamanrasset . 22° 48' 1376 0,830 O,911 0,570

Timirnoun. 29° 15' 284 0,808 0,898 0,585

Touggourt , 33° 07' 69 0,808 0,898 0,585

27° 56' 6 0,613 0,784 0',296
Cabo j uby 0,740 0,860 0,471
Aioun el Atrous

20° 31' 227 0,720 0,848 0,439
Atar
Fort-Gouraud 22° 41' 297 0,745 0,863 0,479

16° 37' 269 0,707 0,840 O,42U
Nema ,

18° 07' 5 0,741 0,860 0,473
Nouakchott .

20° 56' 8 0,726 0,851 0,449
Port-Etienne.

20° 12' 4!l6 0,754 0,868 0,494
Tessalit .

14
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Il vient

On peut done prendre comme critere de l' ensoleillemeni
en un lieu donne l'expression

e =~ = ,J~ p~/COS'l'
Qemoy

qui ne fait intervenir que les parametres ayant une
incidence sur la radiation : c, t, ~ et qJ.

On peut simplifier les recherches de la region la
plus propice, en faisant les observations suivantes :
t et cr sont sensiblement constants a l'interieur de
zones assez etendues, d'autre part p et ,J~ sont
toujours inferieurs a 1.

cos qJ
Posons E . -~-

On peut prendre E comme critere local d'ensoleil
lement. On voit que e croit avec E.

Si dans la zone consideree, on considere les courbes
de niveau, ce sont egalement les courbes a ~ = cte,
par consequent la valeur de E sur ces courbes sera
d'autant plus elevee que qJ sera plus petit. Le point
le plus ensoleille est le point de tangence de la courbe
de niveau avec le parallele le plus au sud, ou adefaut
de la tangence, le point d'intersection le plus au sud
de la courbe de niveau avec les limites de la zone
etudiee. Les points ainsi obtenus s'alignent genera
lement sur une courbe E qui est la courbe des valeurs
maxima de e dans la zone. Il y a lieu de rechercher
la plus grande valeur de e sur E. Or il est evident

cos qJ All ., '1'que E = -~- croit orsque e. terrain s e eve vers

le sud. Lorsqu'il s'abaisse, E croit jusqu'a une certaine
pente definie par la condition

aE aE
a~ d ~ + aqJ d qJ. °

ou encore
d~
dqJ (= 10 -2):,; '?

La pente du terrain est

. d ~ ':{ ~
tg z = d f cos Cl' = ,,~cos Cl'

U.: ?

a etant la longueur d'un degr« sur le meridien. et
Cl' l'inclinaison de la courbe E sur le meridien-

°~ Cl' ~ 90
0

Entre le 20e et le 30 e parallele, la moyenne de a
est environ 111 km;

. 10-Z
d'ou t tg z = III cos Cl' g cp

. (J.-O
Le tableau 2 donne les valeurs de tg z pOUf -t~

c'est-a-dire les valeurs les plus elevees de la pen,
d t . Cl" , ut le VOir,u erram. es va eurs, amsi qu on pe 30e
sont encore assez faibles. Entre le 20e et le des
parallele, elles varient de 2 a 5 p. 100 pour (re
stations d'altitude 3000 m au plus. On e!\,;et
cette conclusion" qu'on a le plus souvent In eau
a s'installer en altitude, sauf sur les platea~r a
dans les plaines ou la pente est tres faible; I Y
alors interet a s'installer le plus au sud.

Conclusion
, .' t d'etre

Il resulte des considerations qUI Vlennen nnes
developpees que la seule connaissance des mOY~culS
de la radiation solaire est insuffisante po~r l~s Ctrans
economiques qui concernent les appare11s e forrue
formation de l'energie solaire en une .autr~ fallu
d'energie. Or pour etablir ces moyennes, 11 a bIe!cierees
partir des mesures. instantanees ou ~ons aires).
comme telles (moyennes horaires ou seml-horsures,
Il eut ete alors plus utile d'etablir avec ce~ ~~e les
P?ursuiviesI:endan~ une, a~sez longue peT1~di~tion
diagrammes journaliers equivalents de la r diation
normale (ou radiation directe) et de la ra effet
globale. Ces diagrammes monotones sont e~ dia
comparables, et comparables egal~m~nt a~atoires
grammes types; ils eliminent les varIatIOnS a e

'" 0,8425 - 0,0167 t, t tension de la vapeur
d'eau atmospherique,
en mm de Hg

Z altitude en km

avecp
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et permettcut de rechercher le processus mathema
tique smpirique qui permet de les retrouver approxi
mativement a partir des diagrammes types.

Ces considerations invitent done a un veritable
changemen'.. de methode dans la conception de
l'exploitatio: 1 des releves meteorologiques,

Ainsi, on peut conclure que le rayonnement solaire
considere dans ses applications pratiques est encore
fort peu connu, Il importe sans doute, avant de
s'aventurer dans des calculs d'exploitation indus
trielle, de trouver d'abord les· precedes pratiques
d'utilisation de l'energie solaire. Les releves meteo
rologiques actuels, interpretes selon les methodes
que nous veuons d'exposer, paraissent etre suffisants
pour I'instar.t, a la condition, bien entendu, que ces
travaux d'interpretation soient executes.

Celaexige le choix definitif d'une atmosphere type
adaptee am differentes regions sahariennes, le calcul
des diagrarr.mes journaliers des radiations normales

et verticales et la determination des radiations
maxima, des facteurs moyens d'ensoleillement et
des integrales caracteristiques,

Cela exige egalement les verifications experimen
tales des formules qui permettent I'etablissement
des diagrammes reels equivalents. Ce sont des travaux
assez simples, mais longs et minutieux.

Il ne faut pas oublier cependant que les mesures
de rayonnement demandent, pour etre utilisables.
a etre etendues sur de nombreuses annees, au moins
une dizaine, Or i1 est certain qu'avant dix ans
les appareils d'utilisation de l'energie solairc auront
ete mis an point, et les problemes de prix de revient,
de rendement industriel, d'amortissement, ne pour
ront pas etre resolus si l'on ne dispose pas a ce moment
de statistiques suffisantes.

Il est done deja tard pour commencer ce travail
systematique de mesures; il n'y a plus de temps
a perdre.

Resume

Les diagrammes de la radiation solaire etablis
par les meteorologistes ne font habituellement etat
que de valeurs moyennes; s'ils sont utiles dans
l'eiude des phenomenes atmospheriques OU les tran~
ferts de chaleur obeissent generalement a des 101S

lineaires, ils ne rendent pas a l'heliotechnicien les
services dont il a besoin. Ce dernier desire en effet
dans certains cas acceder aux puissances instantanees,
,D'autre part, on peut observer que le reseau

d,ob~ervation meteorologique du Sahara est as~ez
dilue et que fort peu de stations, pou~ ne I;as. d ire
auc~ne, se preoccupent 'de mesures actmomet~lq?eS

continues interessant simultanement la radiation
directe et la radiation diffuse. Par contre, toutes les
stations possedent des heliographes.

Il est done apparu aux auteurs comme necessaire
de definir d'abord la nature des diagrammes actmo
metriques utiles a l'heliotechnicien et a rechercher
ensuite les moyens d'etablir ces d~agrammes avec
les seuls releves heliographiques eXlstants.

Le memoirs presente comporte en consequ~nce
deux parties. La premiere est un ~appel SUC~l.~Ct
de la tbeorie des diagrammes, qui est f~mlhere
aux hydrauliciens et aux thermiciens, mars dont
l'application au rayonnement solaire ne semble pas
encore avoir ete faite. La seconde concerne plus
specialement l'etablissement de diagrammes types
de la radiation solaire pour un lieu donne.

Les auteurs proposent en 1'absence de toute autre
methode, un moven de transformer ces diag.rammes
types a 1'aide du facteur moyen d'ensolell1~ment
Pour obtenir des diagrammes que 1'on peut conslderer
comme equivalents aux diagrammes reels. . ,

,Le memoire se termine par un expose d'~~ critere
d ensoleillement dont la conception denve :~es
considerations precedentes et qui peut etre . utilise
dans les espaces sahariens pour la determmatlOn

des lieux les plus propices a 1'utilisation d'appareils
de captation, de transformation et d'utilisation de
l'energie solaire.

Les diagrammes de puissance

PERTES ET RENDEl\1E~n

Les echanges ou les transformations industrielles
d'energie se font generalement par l'interrnediaire
d'organes echangeurs affectes de pertes d'energie non
recuperables. L'energie ainsi perdue par le fonction
nement de 1'organe retourne generalement au milieu
exterieur sous forme de chaleur. .

Si 1'on designe par Pe la puissance totale entrantc,
qui est a echanger ou a. transformer, de 1'un de ces
organes, P, la puissance totale sortante utile evaluee
dans les memes unites, et c; la puissance perdue
ou pertes, on a

(;) = Pe-Ps

On considere generalement (;i comme une fonction
de la puissance sortante Pi; il est commode, en helio
technique, de la considerer comme fonction de la
puissance entrante,

(;) = er (pe)

On peut ecrire en developpant en serie cette fonction

(;) = a + bP; + C Pe2 + e Pe" + f P e4 + ....
On appelle puissance entrante initiale la puissance

Peo definie par la condition P, = 0 ou P; = (;);
c'est la puissance entrante minimum necessaire
pour compenser les pertes. Au-dessous de cette
puissance, les pertes sont fournies par une source
d'energie auxiliaire. C'est ce qui arrive par exempIe
pour un insolateur qui rayonne sur un ciel tres clair
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2:-i W T, = W T

2:-i r, = T
I

T' =!.. = T moy. n

et en appliquant les result; is demontres dans le
memoire,

M' _I M,
1 - 11. 1... •

~avec m = a + bcos H

G'= GP:Uoy = Pmoy

Application aux diagrammes de la radiation
solaire

E" . ' . lents auttablissemeni des diagrammes types equzva
diagrammes reels

.: .' peuvent
Des diagramrnes types de la radIatIOn li tion

.Mre obtenus dans un lieu determine par app ICa
de la loi de Bouguer

Q=Qoe-km

D'autre part P'max est le ru.iximum maximorum
des Pi max-

Le nouveau diagramme ai:l"j obtenu est le dia
gramme total ramene a la pl:riode moyennc.

Dans le cas particulier ou lcs periodes Tv T2 ...,

correspondent a des joumecs, le diagramme obtenu
comme il vient d'etre indique, est le diagramme

,journalier equivalent. La surface du diagramme,
qui represente I'energie P' muv- T'moy, represente

1' .1. ' • I" PmoyTenergle moyenne journa ierc .-
n

En resume, le diagramme [ournalier equivalent
n'cst ni le diagramme moye«, ni un diagramme
probable; il resume en quelque S(.':' taus lesdiagrammes
qui font compose. Nous verron.. ci-apres qu'il pent
etre pris comme base d'etud- du fonctionneme~t
d'un appareil transformateur ('1' .changeur d'energle.

On montre aisernent en efh que l'energie utile
totale dans la periode T peut se .nettre sous la forme

W 8 =-aT+(-b + I) W e- 2 c GeWe-3eMt.t ...

et on en deduit sans difficult.' ]" rendement moyen
dans la merne periode. ,

Il est des lors facile de unuprendre pourquOl
les diagrammes des meteorologistes. qui ne sontetai
blis que sur des moyennes, ne pf'uvent generalemen.
pas servir a l'heliotechnicien. C'est que les pMno
menes naturels sont provoques par des dif£eren~es
de temperature relativement faibles, pour lesque es
la courbe des pertes peut Hre consideree co~me
lineaire, Les moyennes ont alors une significatl~n;
tandis qu'en heliotechnique les courbes des p~{ er
sont au moins paraboliques, et l'on a besoin d'utn

se

les integrales caracteristiques du diagramme.

a = sin 0 . sin cp

b = cos 0 . cos cp

Z
~=I--, 10 '

. . du lieU,
oest la declinaison solaire, cp est la latlt~de't de dtl
Hest l'angle horaire du soleil, Z est 1altl u,;::; e-J{
lieu, en km, m est la masse atmospherique, .~t Pappro
est un facteur d'absorption qui en prrnllere

DIAGRAMME DE PUISSANCE

alors qu'un obstacle cache le solei1; c'est le milieu
ambiant qui fournit I'energie ainsi rayonnee.

On appelle rendement de l'organe le rapport.

P 8
p=-

Pe

de par la nature merne de la question, p n'a de signi
fication que pour les valeurs du Pe ;;:: Pe, et on a
alors p ~ I.

Les puissances en jeu dans un ensemble d'organes
varient generalement avec le temps et le plus souvent
d'une maniere tres irreguliere, On appelle diagramme
chronologique le diagramme representatif de la puis
sance en fonction du temps. Si P est la puissance
au temps t, on a

P = f (t)

On appelle diagramme des puissances classees
ou diagramme de duree ou encore diagramme
monotone pendant-la periode T, le diagramme obtenu
en classant par ordre de puissances decroissantes
les ordonnees du diagramme chronologique.

Si i est la duree; on a aussi bien .

j ' T p dt = rFM i dP
o Jo

,On montre que les ord~nnees moyennes, les ordon
nees du centre de gravite, les moments d'inertie
de divers ordres par rapport a l'axe des abscisses
sont les memes pour le diagramme chronologique
et le diagramme monotone correspondant. .

Les puissances moyennes, l'ordonnee du centre
de gravite, les moments d'inertie de divers ordres
sont dits iniegrales caracterisiiques du diagramme.

. Ce sont ces integrales caracteristiques qui inter
viennent dans le calcul des energies totales sortantes
et du rendement moyen de l'organe etudie.

,I?ans le cas d'un diag!amme forme de plusieurs
penodes, par exemple diagrarnmes journaliers pour
obtenir le diagramme annuel, on a .'

P _ 2:-iTiPimoy
moy - 2:-i T, avec

G __ 2:-i Gi W T,
avec

2:-i W T,

M1 = 2:-iM1,

M 2 = ··......
Si. n est le' nombre de periodesqui entrent dans

le diagramme total, la periode moyenne est :

T moy = !.. = 2:-i T i
n n

Si I'on reduit alorstoutes les durees du diagramme
total dans le rapport de I a n, on a

. I.
Z = -'Z

n
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ximation depend de la seule tension de vapeur d'eau
dans I'atmosphere.

Lesauteurs proposent en se basant sur les travaux
de Cadiergue et Fournol a I'observatoire de 51. Maur
(France) et Ies releves experimentaux des stations
de Lander et Albuquerque aux Etats-Unis de deter
miner le diagramme journalier equivalent dans une
station donnee en appliquant a Qo le facteur .J~,
en designant par cr le facteur moyen d'ensoleillement
de la station, et de reduire la duree du jour dans le
rapport cr. .

Ce facteur "jcr peut d'ailleurs fort bien interpreter
les releves «ffectues aux Etats-Unis par 35° de
latitude (voir figure 8 du memoire),

Les integ,'dles caracteristiques du diagramme
reel pour u n facteur d'ensoleillement moyen cr se
calculent ainsi a partir des integrales caracteris
tiques du diagramme type au moyen des formules :

Qmax reel = Qmax type
Qmoy reel = f (cr) Qmoy type
G reel = f (cr) Gtype

J1 reel = f (cr)3' Mt~pe

Danslecas ou l'on adopte j (cr) = ,J~, on af (cr)3 = cr5/2•

Critere d'ensoleillemeni

L'etablissement des diagrammes de radiation
pour une station donnee fournit les moyens de
determiner I'energie qui peut etre retiree d'un appareil
convertisseur du rayonnement solaire et par conse
quent de pouvoir comparer entre eux divers appareils
au point de vue du rendement de la transformation,
du prix de revient de l'energie obtenue, etc.
M~is on pent avoir a resoudre un autre problerne :

celUl du choix de la region la plus propice pour

I'installation d'un appareil determine. Un tel choix
fait intervenir non seulement des conditions de
radiations, mais aussi des conditions economiques,
des sujetions d'exploitation. Aussi n'est-il pas utile
de rechercher de critere trop precis. Par contre,
il serait interessant de disposer d'un critere simple;
il est naturel pour cela de comparer les valeurs
de la radiation normale pour une heure et un jour
caracteristiques, par exemple a midi vrai le jour
de l' equinoxe.

Les auteurs observent que 1'0n peut se contenter,
pour une region donnee ou le facteur moyen d'enso
leillement et I'humidite moyenne sont a peu pres
constants aux divers points, d'utiliser cornme criterc
I'expression :

cos rp
e=-~-

dont I'interpretation sur la courbe hypsometrique
de la region consideree est facile.

Conclusion

Les considerations ainsi developpees semblent
inviter a un veritable changement de methode dans
la conception de l'exploitation des releves meteo
rologiques.

Il .ne faut pas oublier cependant que les mesurcs
de rayonnement demandent, pour etre utilisables,
a etre etendues sur de nombreuses annees, au moins
une dizaine. Or il est certain qu'avant dix ans les
appareils d'utilisation de I'energie solaire auront
Me mis au point, et les problemes de prix de revient,
de rendement industriel, d'amortissement, ne pour
ront pas etre resolus si 1'0n ne dispose pas ace moment
de statistiques suffisantes.

PRACTICAL USE OF SOLAR RADIATION DIAGRAMS TO DETERMINE THE EFFICIENCY,
OPERATING COSTS AND DEPRECIATION CHARGES OF SOLAR POWER PLANTS

Summary

b The actinometric solar radiation diagrams drawn
i Y meteorologists usually take only mean val~es
a~to acco~nt. While they are useful for studymg
Imosphenc phenomena where heat transfer gener

~ ly Obeys linear laws,' they fail to provide .the
I1formation required by solar engineers, who occaSIOn
a ly need to know the instantaneous power.

Moreover the meteorological network is rather
sparse in the Sahara and very few stations, if any,
~ake continuous actinometric records of ~oth
h~~ct and diffuse radiation. All these statIOns,

ever, do have heliographs.
th;he authors therefore wish,. first of all, to define
S I nature of the actinometnc dIagrams that the
o ar engineer can use and then to study the methods,

of drawing these diagrams from the present helio
graphic data alone.

This paper consequently consists of two parts.
Part I is a brief review of the diagram theory already
familiar to hydraulic and heat engineers, though
apparently not yet applied to solar radiation. Part II
deals more specifically with the technique of drawing
typical solar radiation diagrams for a given locality.

In the absence of any other method, the authors
propose the transformation of these typical diagrams
by means of the mean sunshine factor to obtain
diagrams that may be considered equivalent to
real diagrams.

In conclusion, the authors give a criterion for
the duration of sunshine based on the above considera-
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T "i~; t,
Tmean = - = .-

n ',"
. reducedIf all the durations of the total dIagram are

in the ratio of 1 to n, then:

wr.. "l'2:t W T, = Wr

T
T ' = - = T mean

n
. 1.
z = - z

n

2:t Gt W T ,

2:tW T ,

= 2:tMI'

G

M 1

M 2

If n is the number of periods ;,1 the total diagram,
then the mean period is:

and, applying the results of the paper,
1 I'

P ' P G' = G MI' = -n 1\ 1, ..,mean = mean

. of the
while P:Uax is the maximum maxImoruill

~~. ID
The new diagram so obtained is the total diagra

reduced to the mean period. T .."
In the special case when the period~ Td,as2'jUSt

correspond to days, the diagram obtame surface
indicated is the equivalent daily diagram. The P' an'

of the diagram, representing the energy
p men T
~'

T:Ueall' represents the mean daily energy n.
. a"" IS'l dzagr 'I'To summarize, the equivalent dazY diagratn,

neither the mean diagram nor a proba.ble
ratnS

COIII

but, in a sense, a summary oj all t~e diag be takel1
posing it. We shall see later that I~ mar n euerrJ
as the basis for studying the operation 0 a
converter or exchanger. r""

1 eiul eUe El)
It can be easily shown that the tota u~ ill:

during the period T may be put into the or

W out = - a T + (- b + 1) Win 1\1 -+- ..,
_ 2 C Gin Will - 3in 1,.

The paper shows the mean ", Iinates, the ordinatas'
of the centre of gravity, and t: (. moments of inertie
of various orders about the <le -cissa axis, to be the
same for the chronological CD;, c as for the corre
sponding monotonic curve.

The mean powers, the OH .nates of the centre
of gravity, and the moments of inertia of various
orders are termed the characteristic integrals oj the
curve.

These characteristic integrals enter into the
calculation of the total output energies and the
mean output of the element under study.

To obtain the annual curve from a curve composed
of several periods, for instance daily curves, we
have:

P _ 2: t Tt Pt mean where 2:t T, = T
mean - 2:t Tt

LOSSES AND EFFICIENCY

Energy exchange or conversion is usually accom
plished in industry by means of exchangers with
non-recoverable energy losses. The energy so lost
in the operation of the device usually returns to
the external medium in the form of heat.

If Pin is the total power input to one of these
devices for exchange or conversion, Pout the total
useful power output, measured in the same units,
and (;) the power losses, then we have:

w= Pin-Pout

W is usually considered as a function of the power
output Pout. In solar engineering, however, it is
convenient to consider it as a function of the power
input instead:

w= CP (Pin)

Expanding into series, this function may be
written:

w= a + bPin + C Ptn + e Pfn + t Ptn + ...
The power P,«, defined by the condition Pout = 0

or Pin = W,

Power diagrams

tions, which may be used in the Sahara to determine
the most favourable localities for. plants to collect,
convert and utilize solar energy.

is called the initial power input. This is the minimum
power input necessary to compensate the losses.
Below this power level, the losses are made up by an
auxiliary source of energy. This occurs, for instance,
when a solar power plant radiates into a very clear
sky whenever the sun is hidden by an obstacle;
the source of the energy so radiated is the ambient.

The ratio •
Pout

p = Pin

is called the efficiency of the element. In the very
nature of the case p has a meaning only for values
of Pin ?: P ino. Then p ~ 1.

POWER DIAGRAM

The values of the power in an assembly of elements
generally vary with time, most often very irregu
larly. The term chronological diagram is applied to
a curve representing the power as a function of the
time. If P is the power at time t, we have

P = t (t)

A diagram obtained by arranging the ordinates
of a chronological diagram in decreasing order of
power is called a power duration curve, duration
curve, or monotonic curve, during the period T.

If i is the duration, then :

(T P dt (FM i dP
~I 0 J 0
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Application to solar radiation diagrams

Drawing of typical diagrams equivale~t to real dia- .
grams

Typical diagrams of the direct radiation may be
obtained fo: a given locality by applying Bouguer's
law:

and the mea 11 efficiency over the same period may
be found without difficulty. . .

It will new be easily understood why the meteo
rological Cl! rves, which are based only on average
values, are not as a rule of use to the solar engineer.
The point is that meteorological phenomena are
produced by relatively small temperature differences,
for which the loss curve may be considered linear.
In that case the mean values are significant, while
in solar engineering the loss curves are at least
parabolic, and the characteristic integrals of the
diagram must be used instead.

a = sin a. sin rp

b = cos a.cos rp

Z
.~ = 1-10

ais the declination of the sun, rp the latitude of the
place, H the hour angle of the sun, Z the altitude
of the place in km, m the mass of the atmosphere,
and p = e-K an absorption factor depending in first
~pproxim'ation only on the vapour pressure of water
in the atmosphere. . ..' . ,

Based on the work of Cadiergue arid Fournol,
of St. Maur observatory (France), and on theexperi
tnental data of the Lander and Albuquerque stations
(United .States), the authors propose t? determ~ne
the eqUIvalent daily diagram at a gIven station
by applying the factor ,J; to Q», where rr is the mean
sunsh~ne factor of the station, and to reduce the
duratIOn of the day by the ratio 1 to cr.
. This factor ,J;, moreover, gives an excellent
Interpretation of the United States data for Lat.
35°N (see figure 8).

The characteristic integrals of the real diagram
for a mean sunshine factor are calculated from the

Q = Que-Km ~
where m = .+ b Ha cos

characteristic integrals of the typical diagram by
means of the formulas:

Qmax real = Qmax typical
Qmean real = t (e) Qmean typical
GreaI = t (cr) GtyplCal

M reaI = t (cr)3 MtyplCal

If we take t (cr) = ,J-cr, we have t (cr)3 = cr5/2.

Sunshine criterion

The radiation diagrams for a given station enable
us to determine the energy that can be drawn from
a solar radiation converter, and consequently make
it possible to compare the conversion efficiencies
of various devices, the cost of the energy generated, etc.

The problem, however, may be different: to
select, the most favourable region for installing a
certain plant. Such a choice involves not only
radiation conditions, but also economic conditions
and the demands and constraints of actual operation,
so that there is no point in seeking too precise a
criterion. On the other hand, a simple criterion
would be desirable. For this purpose one would
naturally compare the normal radiation values for
a characteristic hour and day, for instance true
noon at equinox.

The authors point out that for a given area where
the mean sunshine factor and the mean humidity are
almost constant at the various points considered,
it might be sufficient to use, as the criterion, the
expression:

cos rp
e:=-~-

which is easily interpreted from the hypsometric
curve of the region.

Conclusion

These considerations seem to call for a complete
methodological change in the approach to the
utilization of meteorological observations.

We must not forget, however, that any useful
series of radiation measurements must cover an
extended period-at least ten years. But the industrial
development of equipment for utilizing solar energy
will surely not take another ten years, and unless
adequate statistical data are available at that time,
it will be impossible to solve the problems of power
cost, industrial efficiency and plant depreciation.
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LA MESVRE ABSOLVE DE L'ENERGIE SOLAIRE

Roger Peyturaux *

Bien que les tentatives pour capter l'energie
du soleil remontent a I'antiquite, ce n'estqu'au
siecle dernier que les chercheurs ont essaye de
mesurer en valeur absolue l'energie recue par la
terre du soleil. Les premiers essais serieux ont ete
ceux de Pouillet en 1838. Toutefois, les-premieres
mesures dont les resultatsont ete reellement utili
sables sont celles du Smithsonian Institute, princi
palement sous la direction d'Abbot, depuis le debut
de ce siecle,

Evidemment, c'est l'energie recue au niveau du
sol qui est utilisable; mais si l'on veut des donnees
universelles, il faut determiner l'energie solaire
au-dela de I'atmosphere, car celle-ci absorbe consi
derablernent les radiations. Elle les absorbe de
facon tres differente selon les longueurs d'onde.
Par exemple, le rayonnement ultraviolet (au-dessous
de 3 000 A) est completernent absorbe, En' outre,
il y a dans l'infrarouge d'importantes regions spec
trales qui sont partiellement ou totalement absorbees,
et cela plus ou moins selon l'altitude et la position
geographique du lieu d'observation.

Le rayonnernent solaire Iui-meme ramene au
dessus de l'atrnosphere terrestre est tres complexe.
n se compose d'un rayonnement a spectre continu,
un peu analogue acelui d'une source aincandescence,
dans lequeI diverses radiations sont plus ou moins
absorbees par les corps contenus dans l'atmosphere
solaire. Ces radiations attenuees constituent les
raies de Fraunhofer que 1'0n voit apparaitre en noir
sur un spectre du soleil, La figure 1 nous montre
quelques aspects du spectre solaire.

Enfin, le rayonnement :solaire est variable d'un
point a un autre du disque apparent du soleil,
meme si 1'0n ne tient pas compte de ses irregularites
locales (taches, facules, granulation). L'observation
directe et les mesures longueur d'onde par longueur

. d'onde ont montre que ce rayonnement diminue
du centre vers le bord, et ceci d'autant plus que les
longueurs d'onde sont plus courtes. Les raies spec
trales ont aussi un comportement tres particulier
et different de l'une a l'autre.

Ces considerations nous montrent que pour posse
der tous les elements du rayonnement solaireil
faut connaitre :

a) Le rayonnement a spectre continu pour toutes
les longueurs d'onde et pour tous les points situes

* Institut d'astrophysique, Paris. Laboratoire de I'energie
solaire, Mont-Louis:

entre le centre et le bord ell! disque apparent du
solei!;

b) L'intensite des raies spectr.iles.
Meme pour une determination globale de l'energie

solaire, ces connaissances semi utiles. En effet,
s'il est possible de determiner I'absorption atmo
spherique pour beaucoup de l(;!:~~lleurs d'onde, ce,tte
determination n'est possible (: 11e si l'absorption
n'est pas totale. Si c'est le cas, on doit faire appel
a des considerations theoriquc- '~0nnaissantafond
tous les aspects du rayonnemcu solaire, on p~ut
en deduire par des theories l" const~nte ~m~ho
ration l'etat physique interne: ·'u soled. Ainsi on
peut calculer le rayonnement cwis da?s les regIOnS
spectrales inaccessibles a nos cb·<:rvatlOns. De cette
facon, on peut atteindre avec cutitude.1a constante

solaire qui est, rappelons-le, l'.;nergle recue de
l'ensemble du disque solaire, pour toutes les longueurs
d'onde, au-dessus de l'atmospherc.

Mesure directe de la constante solaire

Les . mesures directes de la constante soIraire. . us-
effectuees en grande partie par le Smlthso~l~n ltats
titute sont classiques 1. En attenda~t les res:a!eur
des mesures modernes en cours, c est la" heIle
de la constante solaire qui permet de fixer I ecNous
des mesures spectrales de l'energie solalr.e.. tant
rappellerons l'essentiel de ces mesures en~nsls tiou
un peu plus sur la determination de l'a ~orpt le
atmospherique qui se pratique toujours SUlvan
rneme principe. " Mer

Pour atteindre la constante solaire, il faut proc

en trois temps : . lour
1) Mesurer l'energie solaire recue au so ~jses

l'ensemble de toutes les longueurs d'onde trans
par l'atmosphere terrestre; ines

2) Determiner l'energie absorbee dans les dO~~rgie
spectraux ou une petite partie de cette e
subsiste au niveau du sol; , danS

3) Evaluer l'energie totalement absorbeeornpIe
les domaines spectraux ou l'atmosphere est c
tement opaque. " ff ctuee

La premiere partie des mesures ~ e~e e ee'est
a l'aide d'appareils appeles pyrhellOmetre~. degre
Abbot qui a porte ces appa~eils a ~n ha~lise, le
de perfection. Dans le dernier modele r

. d 115 le5
• jOU rs a '1 le

1 Les travaux ont ete publies de 1900 a n?s nian Instt u
Annals of the Astrophysical Observatory of the S~zthsO
et dans la Smiihsonian Miscellaneous Collectwn-

412
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rayonnement solaire etait recu dans une enceinte
noircie interieurement. Cette enceinte etait baignee
par de l'eau constamment agitee. La mesure consis
tait essentiellement a determiner l'elevation de
temperature de 1'eau dans un temps determine.
Afin de rendre la mesure plus relative, done plus
precise dans 1'absolu, un deuxieme appareil identique
etait chauffe electriquernent et on mesurait la puis
sance necessaire pour elever la temperature de l'eau
du deuxieme appareil au meme niveau que pour
le premier. Ensuite, les deux appareils etaient
substitues 1'un a 1'autre afin d'eliminer 1'action des
differences materielles.

Pour la deuxieme partie, il n'est-pas possible de
determiner l'absorption atmospherique simultane
ment pour toutes les longueurs d'onde. En effet,
la formule de Bouguer

1').. = 1')..,0 ek').. H')..sec Z

ou 1')..,0 est I'energie recue au sol,
h I'energie recue au-dessus de I'atmos

phere,
K').. le coefficient d'absorption atmosphe

rique,
H').. le chemin optique parcouru dans

l'atmosphere par le rayon lumineux,
Z la distance angulaire du soleil par

" rapport au zenith,

n'est valable qu'en rayonnement monochromatique,
car tous les elements autres que Z varient avec Aet
independamment les uns des autres. Ainsi pour
determiner h il faut mesurer au cours de la journee
la variation de 1')..,0 en fonction de Z pour diverses
longueurs d'onde. Ensuite on porte sur un graphique
log 1')..,0 en fonction de sec Z. On doit obtenir une
droite que 1'on extrapole jusqu'a sec Z = 0, car
sec Z est toujours superieure a 1 (sec 0 = 1). L'or
donnee obtenue est proportionnelle a lA' Cette
methode est encore celle que 1'on emploie a 1'heure
actuelle en remplacant H').. sec Z par la « masse
d'air » traversee 2. De te1les masses d'air ont e16
calculees par Link (1). Pour les longueurs d'onde
ou 1'absorption atmospherique est fortement selec
tive, la fonction log 1')..,0 = f (sec Z) n'est plus
une droite et ne peut pas etre extrapolee avec cer
titude, de sorte que I'on ne peut pas determiner
avec precision l'absorption atmospherique pour ces
regions spectrales. On conceit par consequent qu'une
determination globale precise de l'absorption atmos
pherique est impossible. Ceci nous achemine pro
gressivement vers les methodes modernes dont il
sera question plus loin.

La troisieme partie est encore plus delicate, car
on peut difficilement evaluer des energies non
mesurables si 1'on ne possede pas d'autres informa
tions qui permettent cette evaluation par le calcul.
Abbot et ses collaborateurs ont evalue ces rayon
nements en admettant que le soleil rayonnait comme
un corps noir dans les domaines inobservables.

2 La masse d'air est proportionnelle asec Z jusqu'aux environs
de Z = 70°.

Une legere amelioration a ete ~..portee aces donnees
par les mesures faites a l'aidr ' es V2 et des ballon,
Ces mesures ont permis de: ",eciser la correction
ultraviolette.

En faisant une synthesc, tous ces resultats
on est arrive a la valeur 2.00 ,,;.1 cm-2min-1pourla

constante solaire. L'incertitu.le reste cependant
de l'ordre deIi p. 100.

Les mesures spectropuotometrlques
du rayonnement solaire

Quand les astronomes ont commence a etudier
la structure de l'atmospherc solaire (d'ou nous
parvient tout le rayonnernent !,tile), Us ne posse
daient comme donnees d'obscr. .ition que les resul
tats du Smithsonian Institute ";: de quelques tra
vaux partiels. On s'est aper~u ::lrJrS qu'ils n'etaient
pas adaptes a de te1les recherch:..

Mulders (2) a transforme c. . resultats pour .Ies
rendre utilisables. En groupant t., constante ~olaIr~,
les donnees sur la repartition ':~" ctrale de l'e~er'pe
en fonction de la longueur d'on.i.. et sur la van~tIOn
de cette energie entre le centre Li le bord du dl~gue
solaire, il a obtenu en valeur al.solue la repar~ltIOn
spectrale de l'energie emise par le centre d~ disque
solaire. Cependant ses resultats daient tres mcer
tains du fait de la dispersion spcctrale irisuffisan~e
des appareils utilises par les observateurs et d~ .faIt
de l'incertitude sur l'energie absolue dans les regIOns
spectrales inobservables.

11 etait done necessaire d'entreprendre des ll1esures
separees de differents types : cl

a) Mesure absolue de la repartition speetrale t e
1, , . d 1 .. . ar le cen reenergie ans e spectre contmu emlS p
du disque solaire; t

b) Mesure de la variation de l'energie emi~e en~~
le centre et le bord du disque solaire, en seleetlonn~re
bien les zones spectrales appartenant au ~lteedu
continu et en s'approchant le plus pres pOS~1 e
bord solaire; I s

. peetra e
c) Mesure de l'absorption dans les ral~S S tre le

d' origine solaire et variation de ces rales en
centre et le bord du disque solaire. eS

Les mesures de type (b) et (c) sont des 1l1.es~:nt
relatives. La mesure (a) est absolue et par conse~ous
doit etre raccordee a des donnees etalonsfi etueS
decrirons maintenant les travaux recents ~ es sur

. di t10ndans ce sens et nous donnerons des In ica
les recherches en cours.

ctr1l1e
La mesure absolue de la repartition .spe e1l1is

de l'energle dans le spectre contlnu
par le centre du disque solaire

GENERALITF:S
genre

Pour obtenir des resultats tres surs dans c1atives,
de travaux, il faut se ramener ades mesures re eI1lent
c'est-a-dire a la comparaison entre le r~yo~source
recu du solei! et le rayonnement recu dun
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terrestre. En -ffet, pour des travaux de precision,
on ne peut FtS compter sur le caractere non selectif
d'un recepte.: d'energie, 11 faut en quelque sorte
eliminer ce l~;i:epteur par une methode de compa
raison. Ainsi on se rend compte que le probleme
pose est autr.nt un probleme de source etalon que
d'observation,

La source (~talon doit etre parfaitement connue
au point de vue de la repartition spectrale et de la
valeur absolue de son rayonnement. En outre,
eIle doit etre d 'une brillance aussi elevee que possible,
car il n'est pas encore possible de realiser une source
stable d'une brillance egale a celIe du solei!.

Les observations sont delicates, precisement parce
que l'on compare des sources de brillance parfois
tres differentcs, En outre, la determination de
l'absorption atmospherique devant et re effectuee
avec soin, il faut mettre' en ceuvre un materiel
specialement etudie et selectionner les journees
d'observatio-: 0

LES SOURCES DE COMPARAISON

. QueUe que soit la source de comparaison employee,
il faut qu'ell-. soit etalonnee d'apres un corps noir,
car, :omme pour les recepteurs, on ne peut pas
defilllr a priori les caracteristiques d'une source
etalon. Les observateurs modernes emploient la
lamps a ruban de tungstene, l'arc electrique et le
corps noir Iui-meme.

La lampe aruban

,La lampe a ruban de tungstene est d'un emploi
tres commode. On peut en realiser avec un ruban
ve:tical assez long (par exemple avec une longueu:
utIle de 20 mm pour une largeur de 2 mm), .ce.qm
permet une utilisation aisee en spectroscopie. En
out~e, si la temperature est assez elevee, l'uniformite
lummeuse peut etre excelIente. La temperature
de service peut etre sans dommage de 1'ordre de
2 ~OO "K, et elle peut etre maintenue constante a une
tresgrosse precision en maintenant le courant constant
dans la lampe avec un controle au potentiometre
~e precision. Toutefois la lampe doit etre comparee
a un corps noir. En outre la brillance evolue avec
une rapidite plus ou moins grande suivantIa tem
perature de service' par usure du ruban qui change
la t' , . 11'. emperature a courant constant, par cnsta 1-

~~hon d~ ruban, et par noircissement de 1'at;:poule.
s vanatIOns sont selectives de sorte qu 11 fautCo ,.
mparer frequemment la lampe au corps noir.

Ces' 11 'ConsIderations nous montrent que a ampe. a
~ban ne peut pas constituer un etalon absolu precis.

ar contre, c'est une source tare ideale.

L' .
arc electrique .

oL'a~c electrique au graphite ?-.l~ g:~6 ii~antageode
teuVOIr atteindre une temperature VOISl?~?e 4 000 K.

pendant pour des travaux vde prtjcIsIqn on ?e
~eut pas le considerer comrne titi?corps noir. parfait,

ar contre, on peut dans uge" certain~ mesure ,

(domaine spectral pas trop large) le considerer comme
un corps gris. Ainsi quand on a determine sa tem
perature de couleur par comparaison a un corps
noir, on peut considerer celIe-ci comme et ant cons
tante si l'on maintient stable la temperature de 1'arc
avec controle au pyrornetre optique. Ainsi on se
rend compte que 1'arc au graphite n'est pas non plus
une bonne source absolue. Par contre, i1 constitue
une excelIente source pour etudier la repartition
spectrale de I'energie en valeur relative, d'autant
plus que du fait de sa grande brillance il facilite les
operations de comparaison avec le soleil.

Les corps noirs

Si 1'on veut determiner avec precision l'energie
en valeur absolue, on se rend compte qu'il est sou
haitable d'effectuer la comparaison aussi directement
que possible avec un corps noir. Pour cela, il faut
realiser d'abord un corps noir d'un emploi assez
commode pour pouvoir etre employe directement
dans 1'observatoire. Depuis longtemps, on a realise
des corps noirs en metal ou en graphite. Mais a
notre connaissance tous les modeles realises pre
sentaient un inconvenient pratique, soit une puissance
consornmee tres elevee, soit une duree de chauffe
tres importante. Ceci nous conduit a realiser 1'ap
pareil dont nous alIons donner une description
sommaire et que nous employons actuellement.

L'element rayonnant est constitue par un tube
de tantale de 0,1 mm d'epaisseur, 10 mm de diametre
et d'environ 250 mm de longueur totale. A l'interieur
de 1'appareil sont disposes des ecrans et diaphragmes
qui permettent a 1'enceinte centrale de rayonner
comme un corps noir. 11 est fixe verticalement a un
support constitue par trois barres de molybdene
de 8 mm de diametre assemblees par des pieces
en alumine frittee, La fixation superieure est rigide,
la fixation inferieure est souple afin de permettre
la dilatation du tube. Afin de reduire la consomma
tion electrique, tout en ayant une vitesse de chauffe
assez grande, le calorifugeage de l'ensemble est
assure par des ecrans cylindriques en molybdene
et nickel.

L'appareil ainsi realise travaille sous vide. La
precision est de I'ordre de 10-6 mm Hg afroid. Elle
s'eleve a 10-4 mm Hg en chauffe. On atteint cou
ramment une temperature de 2 600 OK en 15 minutes,
et la duree de vie d'un tube semble etre du meme
ordre que celIe d'une lampe legerement poussee.

On voit qu'un tel appareil (ou un appareil ana
logue, car on peut envisager des variantes suivant
les besoins) permet de s'affranchir de tout etalon
nage, car la seule donnee de la temperature permet
de connaitre avec precision la repartition et la valeur
absolue de l'energie emise. La temperature peut
etre mesuree aisement a 1'aide d'un pyrometre
optique que 1'on etalonne a partir d'un corps noir
au point de fusion de l'or. Bien entendu, i1 faut tenir
compte de 1'absorption de la glace de fenneture et
du miroir a 45° qui renvoie la lumiere dans une
direction horizontale. La, figure 2 montre une vue
schernatique .de .I'apparejl.
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Cela nous conduit a mesur.e-, outre le rapport
de comparaison soleil source :

L'absorption atmospheriqu.-:
La transmission des syster. S optiques destines

a rendre comparables I'energi.: solaire et l'energie
de la source;

Les facteurs de reflexion ,1.:; rmroirs qui sont
utilises sur un trajet et non si.r l'autre.

L'absorption atmospheriqu.. est generalement
mesuree avec un appareil sp(cial. Les deux der
nieres mesures sont effectuees au laboratoire.

12

La comparaison proprement di:« soleil source

L'image du soleil est captc.- it l'aide d'un side
rostat polaire 3 qui renvoie le Lisceau sur un miroir
concave, lequel forme une im L;.~e du soleil sur la
fente d'entree du monochromat-air. Afin d'elimirer
photometriquement les miroir- du siderostat, iI
est bon d'utiliser le siderostat 1.;i meme pour capter
la lumiere de la source de cor ,ciraison. Comme le
soleil est a l'infini et la source distance finie, on
envoie l'image de cette dernicr.: it l'infini a l'aide
d'un miroir collimateur. Bien (i-,tendu, afin que la
comparaison ait un sens il faut q[le le miroir con~ave

final soit seul alimiter les faisceaux des deux trajets.
La comparaison peut etre Iaite longueur d'onde

par longueur d'onde en selectionnant des tr~nches
etroites dans le spectre solaire, ou en enregIstr!~l
a tour de role des bandes spectrales larges du so el
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Figure 3 a. Resultats recents sur la mesure . es corilpa'
au Centre du disque solaire : mesures relat1V~ frarou~e
rees de Pierce et de Peyturaux dans le proche 111

autreS
3 Le siderostat; polaire est utilise de prefe~en~~ a~: surles

appareils pour le cas particulier actuel, car 1'1?Cl en
miroirs est independanu, de la position du soleil-
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LES OBSERVATIONS ET LES ETALONNAGES

Principes_generaux
Pour effectuer la comparaison entre -Ie soleil

et une source etalon, on forme tour a tour, sur la
fente d'entree d'un systeme dispersif, une image
du soleil et une image de la source. Pour des mesures
absoluesprecises, le systeme dispersif est un mono
chromateur suivi d'une cellule photo-electrique dont
le courant est amplifie et enregistre. 11 faut ensuite
tenir compte : de la presence de I'atmosphere ;
de la difference d'intensite des deux sources acompa
rer; de la dissymetrie des deux chemins optiques.

FigiJr~ 2. Schema d'un corps noir dans le vide

I) Element chauffant - Corps noir. -
2) Ecrans calorifuges.
3) Bane support - Amendes de courant,
4) Pieces en alumine frittee,
5) Arrivee de courant liee par une tresse au passage air-vide

non represente,
6) Support isolant en steatite, '
7) Eau.
8) Joint de vide.
9) Manchon en Pyrex.
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Figure 3 b. Resultats recents sur la mesure de l'energie au Centre du disque solaire : mesures diverses dans le visible
. et l'ultraviolet

et de la source. Les deux procedes sont defen
dables et dependent surtout du materiel mis en
~uvre.

Les recepteurs employes couiamment sont :

it Pour.le~ regions visible et ultraviolette, les cellules
mUlhphcateur d' electrons;

Pour les regions du proche infrarouge, les cellules
au sulfure de plomb;

Pour les regions d'infrarouge plus lointain, les
~f~~UI~s au tellurure de plomb, les recepteurs thermo-

tnques ou les bolometres.

Mesure de l'absorptio« atmospherique

L Le principe de la mesure a ete indique plus ~aut.
d: p.rocede le plus pratique consiste a ~nr,eglstr~r

PUIs le lever jusqu'au coucher du solell I energIe
~~~ochromatique recue de celui-ci. On. peut enre:
d er une seule longueur d'onde par Jour, ce qUI
lo~nne un resultat tres precis, o~ une gam~e de

g.Ueurs d'onde distinctes ce qUI donne une infor- .
~~h~!}- plus large. La lUI~iere du s~leil. est .re<;ue
la IlntermMiaire d'un isysterne optique, sOft sur
u fente d'entree d'un monochromateur, S~lt sur
n filtre' a bande etroite. Elle est recue ensuite par

un recepteur photo-electrique, L'ensemble est fixe
sur une monture equatoriale qui suit le soleil. Pour
le recepteur, nous donnons la preference a la pile
thermo-electrique suivie d'un galvanometre sensible.
Ce precede, malgre une certaine incommodite (sen
sibilite mediocre, vitesse de reponse lente, fragilite
du galvanometre), est le seul qui permette de garantir
la stabilite de reponse du recepteur au cours de la
[ournee, et ainsi evite des etalonnages.

M esures de laboratoire

Le rapport entre le soleil et la source etalon varie
de quelques unites a plusieurs centaines selon la
longueur d'onde. 11 faut done intercaler un systerne
affaiblisseur sur le trajet du faisceau lumineux
solaire. On peut proceder par diaphragmation,
mais dans ce cas on ne peut pas atteindre de grands
rapports d'affaiblissement sans perturber de facon
difficilement calculable l'uniformite du faisceau
lumineux. Nous donnons la preference aux filtres
en verre absorbant dans la masse qui, malgre un
etalonnage laborieux, offrent toute securite.

Enfin, les miroirs tels que le collimateur de la
source etalon ou les autres miroirs introduits dans
les faisceaux pour des besoins geometriques doivent
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Figure 4. L'assombrissement centre-bord du solei!

a) Selon Pierce, McMath, Goldberg, Mohler: AA 83 000 Aet 16 932 A; b) Selon Peyturaux : AA 6689 Aet 3 300 A
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etre mesures avec soin par des pro cedes classiques
sur Iesquels nous n'insisterons pas.

RESULTK"S OBTENUS ET PROGRAMMES EN COURS

Les resutats de mesures vraiment absolues sont
encore tres fragmentaires et provisoires. Par contre,
il est bon de faire etat de travaux recents qui ont
eu pour but de determiner avec soin la courbe d'ener
gie du centre du disque solaire en valeurs relatives.
L'echelle a ete obtenue par raccordement a la courbe
de Mulders, Nous citerons les travaux de Chalonge
et collaborateurs (3), de Pierce (4) et de l'auteur (5).
La courbe de Labs (6) est relative, mais un point
a Me mesm e de facon absolue, ce qui fixe I'echelle
de l'ensemble sans- raccordement a des resultats
anterieurs. Enfin 1'auteur (7) a obtenu a Mont-Louis
quatre poi ts absolus qui constituent les premiers
resultats cl 0 ill programme en cours. Ce programme
doit couvrir le plus grandintervalle spectral possible:
ultraviolet, visible, infrarouge. De son cote, a notre
connaissarice, Labs poursuit un programme analogue
en Suisse.u ]ungfraujoch et Sitnik, a Moscou, a
aussi entrcpris des travaux sur le merne sujet. De
toutes falf"~ls, plusieurs annees seront necessaires
avant que 'lOUS possedions un ensemble de resultats
ho.mogene ;;t precis. Toutefois les donnees fragmen
talres peuvent etre utilisees au fur et a mesure de
leur parutinn. La figure 3 montre les courbes obtenues
a la suite des travaux recents. On voit que des
divergences considerables apparaissent avec les resul
tats anciens. Ceci nous montre l'importance des
mesures en cours pour une connaissance complete
et precise du spectre solaire. .

Les mesures de raies spectrales

On ne peut traiter completement la question de
la mesure absolue du rayonnement solaire sans
parler au moins sommairement des mesures de raies
spectrales. Les mesures comportent la determination
de l'intensite globale des raies et leur profil. Ce sont
la des travaux tres complexes qui ont ete effectues
surtout pour evaluer l'abondance et la repartition
en profondeur des elements responsables de ces
raies. Nous donnerons seulement quelques indica
tions sur la physionomie generale du spectre des
raies solaires.

On distingue les raies fortes, dues pour la plupart
a l'hydrogene, qui est l'element fondamental de
toute atmosphere stellaire. Ce sont les raies de la
serie de Balmer qui sont situees de 6 563 A jusqu'a
3 700 A OU le spectre continu montre une forte
discontinuite (voir figure 3). Ensuite, on ales raies
H et K du calcium dans l'ultraviolet. Les autres
raies sont dues a des metaux, surtout le fer. Ensuite
on distingue quelques bandes moleculaires dues
a CN, a CH, a 0, etc.

Ces raies ont fait l'objet d'etudes approfondies,
non seulement du point de vue de leur intensite
au centre du disque solaire, mais aussi du point
de vue de leur variation centre bord. L'energie
globale absorbee par les raies a ete evaluee a plu
sieurs reprises. D'apres les travaux les plus recents
(10), elle serait d'environ 12 p. 100.

Conclusion

L Les travaux modernes sur la mesure absolue de
a mesure de l'assombrissement centre-bord l'energie solaire ont ete surtout entrepris dans un

du solei! but purement astrophysique. Cependant, meme
Quand on observe le disque solaire, on constate pour les applications pratiques, les resultats obtenus

que .le bord est plus sombre· que le centre. Cela et a obtenir sont d'une grande importance.
pro~lent du fait que l'atmosphere solaire o.u photo- Tout d'abord il est bon de precis er la valeur de
sphere est a la fois rayonnante et partlelle~ent la constante solaire. En regroupant :
transparente. Ainsi le rayonnement qui nous parvient a) Les resultats de mesures sur la repartition
du centre du disque solaire vient en moyenne de spectrale de l'intensite au centre du disque solaire
co~ches plus profondes, done plus chaudes, que celui en valeur absolue,
qUI nous parvient du bord.

L' d it d.(" .(t' b) Les resultats de mesures d'assombrissementassombrissement centre-bor avai eja e e
mesure par Abbot mais les mesures modernes ont centre-bord,
d?nne un ensemble de resultats homogene et precis. c) La determination de l'energie absorbee dans les
Cltons les travaux de Pierce, Me Math, Goldberg, raies spectrales, et
Mohler (8) et de 1'auteur (9). d) L'evaluation par la theorie des energies emises

La rnethode de mesure est la merne pour tous les dans les regions spectrales non observables,
auteurs, a quelques variantes pres. On forme sur on doit arriver a une valeur de la constante solaire
la fente d'entree d'un monochromateur l'image qui peut etre tres precise, car les caIculs comportent
~u ,soleil et on fait defiler cette image d'un b~rd surtout des integrations.
a 1autre. On obtient des courbes plus ou moms E it '1 t b d At 1 .( ..al' . 1 nsui e, I es on e connai re a repartition
p ahes suivant les longueurs d'onde, ainsi que e spectrale de l'energie, car on peut etre amene a

montre la figure 4. . utiliser le rayonnement de telle ou telle region du
Les resultats de mesures d'assombrissement sont spectre.

tres utiles car ils permettent [umeles avec les donnees
absolues, de determiner la' structure interne de la Enfin, d'une maniere generale, une connaissance
Photosphere qui est la source du rayonnement que· .approfondie des proprietes d'une source d'energie
nous recevons. peut faciliter l'etude d'applications particulieres.
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Resume

Bien que l'energie recue du soleil au niveau du
sol soit la seule utilisable, il est necessaire, si 1'0n
veut des donneesuniverselles, de connaitre l'energie
recue au-dessus de l'atmosphere. En effet, celle-ci
absorbe le rayonnement solaire de facon considerable,
et surtout d'une facon tres variable selon le domaine
spectral (ultraviolet lointain et larges bandes infra
rouges totalement absorbees par exemple).

En outre, le rayonnement propre du soleil est
lui-meme tres complexe, du fait de la presence de
raies d'absorption tres nombreuses.

Par suite, pour avoir une connaissance complete
du rayonnement solaire, il faut mesurer l'energie
a spectre continu emise. par les differents points
du disque solaire et l'energie absorbee dans les raies
spectrales.

M esuredirecte de la constante solaire

La constante solaire est, rappelons-Ie, l'energie
recue de l'ensemble du disque solaire, pour toutes
les longueurs d'onde, au-dessus de I'atmosphere,
Cette determination directe qui ne se pratique plus
de nos jours, car on espere obtenir un resultat plus
precis par les methodes indirectes, a ete d'une grande
utilite et constituait encore il y a quelques annees
la seule donnee absolue sur l'energie solaire.

La mesure se faisait en trois temps :

1) Mesure de l'energie solaire recue au sol pour
toutes les Iongueurs d'onde transmises par l'atmos
phere terrestre; c.ette mesure etait effectuee a I'aide
d'un pyrheliometre;

2) Mesure de l'absorption atmospherique par la
methode des droites de Bouguer.

3) Evaluation de l' energie totalement absorbee
dans les domaines spectraux oil I'atmosphere est
completement opaque. Cette evaluation etait faite
en supposant que le rayonnement « invisible» etait
voisin de celui d'un corps noir. En outre, quelques
progres ont ete apportes par les mesures en V2•

La constante solaire est d'environ 2.00cal cm2

min? avec une incertitude de I'ordre de 5 p. 100.

M esures specirophotomitriques .i rayonnement solaire

Dne analyse approfondie (11': anciennes m,e~u!es

a montre, il y a quelques ;" l (es, leur p:ecIsJOn
insuffisante pour une conn. - -unce certame de
I'emission energetique du sCI L Les chercheu~s
modernes ont oriente leurs P ;'Jerches dans trois
voies principales : . . cl

a) Mesure absolue de la rep. ·~i.tion spec~r~e e
l' energie emise par le centre d» .nsque solaire:

b) Mesure de la variation ch l'energie entre le
centre et le bard du disque sabre; .

c) Mesure de I'energie absm1H~e dans les rales
spectrales..

, ,. d di ue solaireM esure absolue de l'energte au centre u isq
t le soleilCette mesure se pratique en comparan lie-

'1" usuea une Source terrestre. Les sources uti isees
ment sont : titue

. . ui cons Ia) La lampe a ruban de tungstene, q 't er un
une bonne source tare mais ne ~eut const~ ~ernps;
etalon absolu du fait de son evolutIOn dans I o0I{

b) L'arc electrique, qui permet d'atteindre 4 o~iS n~
est un bon etalon de repartition spectral~ ~urnent
peut etre non plus considere comme a so
stable dans le temps; rfait.

c) Le corps noir, qui est I'etalon absolu P~etal.
On realise le corps noir en graphIte ou enornpose
Celui qui a Me construit par l'auteur .se cchauffe
essentiellement d'un tube de tantale mlfce2600°I{
sous vide. On atteint la temperature e oir sont
en 15 minutes et les conditions de corps n
satisfaites a qu'elques milliemes pres. '1 e fait

1 soleI 5La comparaison entre la source et e 'un rnono-
en projetant successivement sur la fente d ~ source.
chromateur l'image du soleil et celle de ;oto-elec
L'energie est recuei11ie par une cellule P rnesurer
trique et enregistree. On doit en outr~ BoUguer
l' absorption atmospherique parla meth?de eoptiques
et etalonner au laboratoire les systemes paraison.
qui ont ete mis en ceuvre pour faire la corn recises

Des courbes d'energie relative aS~fZbofateursl
ont deja ete obtenues par Chalonge et eo a
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Pierce, Lab' et l'auteur. Les mesures absolues ont
eM faites pour peu de longueurs d'onde par Labs
et l'auteur. Les chercheurs qui a notre connaissance
traitent le probleme sont Labs, Sitnik et l'auteur.

La mesure de l'assombrissement centre-bord du soleil

L'observation montre que le soleil est plus sombre
au bord qu'au centre. Les mesures ont montre que
cet assombrissement est plus important quand la
longueur d'onde diminue. Des mesures tres precises
ont ete faitrs.

M esures de raies spectrales

De nombreux chercheurs ont etudie les raies
spectrales du soleil, pour diverses raisons. L'absorp
tion totale dans les raies est d'environ 12 p. 100.

Conclusion

Les mesures decrites doivent aboutir aune connais-
sance precise de : .

a) La constante solaire;
b) La nature du rayonnement solaire;
c) La structure interne du soleil.

THE ABSOLUTE MEASUREMENT OF SOLAR ENERGY

Summary

Althougl. the energy received from the sun at
ground lev 1 is the only solar energy that can be
used, the "nergy received above the atmosphere
must be kr.own if universal data are desired. For the
a~mospherc absorbs solar radiation very substan
tIal!y and "/ery variably, according to the spectral
;eglOn (for instance, the far ultraviolet and broad
infrared bands are completely absorbed).

Moreover, the sun's own radiation is itself highly
complex, owing to the presence of very numerous
absorption lines.
C.on~equently, for complete knowledge of the solar

radIatIon, one must measure both the energy of.
th~ Continuous spectrum emitted at the various
pomts of the solar disc and the energy absorbed
m the spectral lines. .

Direct measurement of the solar constant

W,e recall that the solar constant is the energy
receIved from the entire solar disc, at all wavelengths,
ab~ve the atmosphere. Its direct determination,
WhIC.h is no longer performed today, since more
preCIse results are expected by indirect methods,
w~s very useful, and only a few years ago it was
stIll the only absolute datum on solar energy.

This measurement was performed in three stages.
(1) Measurement of the solar energy received

at the ground for all the wavelengths transmitted
by the earth's atmosphere. This measurement was
acComplished by means of a pyrheliometer.
b (2) Measurement of the atmospheric absorption
y the Bouguer method.

i (3) Estimation of the energy totally absorbed
n the spectral regions where the atmosphere IS
Completely opaque. This estimation was. b~sed on
the assumption that the "invisible" radIatIOn was
near that from a black-body. Moreover, measure
ments in V2 missiles were responsible for some
progress.

.The solar constant is about 2.00 cal cm" min-I
,

WIth an uncertainty of the order of 5 per cent.

spectrophotometric measurements of solar radiation

A few years of extensive analysis of old meas
urements showed their inadequate accuracy for a
reliable knowledge of the emission of energy from
the sun. Modern investigators have directed their
research in three main directions:

(a) Absolute measurement of the spectral distri
bution of the energy emitted by the centre of the
solar disc;

(b) Measurement of the variation of the energy
between the centre of the solar disc and the limb;

(c) Measurement of the energy absorbed in the
spectral lines. .

A bsolute measurement of the energy at the centre of
the solar disc

This measurement is performed by comparing
the sun with a terrestrial source. The sources usually
employed are:

(a) The tungsten ribbon lamp, which is a good
calibration source but cannot be an absolute stan
dard, on account of its variation with time.

(b) The electric arc, which may reach 4000oK,

is a good standard of spectral distribution, but
neither can it be considered absolutely stable with
time.

(c) The black-body, which is the perfect absolute
standard. Black-bodies are made of graphite or
metal. The black-body constructed by the author
consists essentially of a thin tantalum tube heated
in vacuo. The temperature of 2 6000K is reached
in fifteen minutes, and the black-body conditions
are satisfied within several thousandths. .

The source and the sun are compared by successive
projection of the image of the sun and that of the
source on the slit of a monochromator. The energy
is collected by a photocell and recorded. The atmos
pheric absorption must also be measured by the
Bouguer method, and the optical systems used for
the comparison must be calibrated at the laboratory.
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Rather accurate relative energy curves have
already been obtained by Chalonge and associates,
Pierce, Labs, and the author. Absolute measures
have been made on a few wavelengths by Labs
and the author. The investigators dealing with this
problem, to our knowledge, are Labs, Sitnik and
the author.

Measurement of the darkening between the solar
centre and limb

Observation shows the sun to be darker at its
limb than at its centre. Measurements have shown
that this darkening increases with decreasing wave
length. Very accurate measurements have been made.

Measurements of spectral line:

Numerous investigators ha', studied the spectral
lines of the sun for various rea:' '15. The total absorp
tion in the lines is about 12 .er cent.

Conclusion

The measurements describe.' should lead to an
accurate knowledge of:

(a) The solar constant;

(b) The nature of the solar . idiation:

(c) The internal constitutior of the sun.
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SOLAR RADIATION AND ITS MEASUREMENT AT A NETWORK OF STATIONS,
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Td"A = 10-0·0353/).,0...

and

absorbs completely in the region 0.20 to 0.33 [J
and to a small extent in the visible region 0.44 to
0.76 [J-. Water vapour has a number of absorption
bands in the near infra-red centred at 0.93, l.13,
1.42 and 1.47, while carbon dioxide absorbs in the
region of 2.7 IL. These bands cut off a significant
percentage of the radiation from the sun in these
regions of the spectrum.

As discussed by Moon (6), the transmission coeffi
cients with the sun at zenith (vertical) Ta)., T w)."
and Td )., associated with atmospheric scattering,
water vapour and dust, respectively, at the wave
length A (expressed in IL) can be represented as

Ta"A = 10-0.00380/).,' (at pressure of 760 mm of Hg)

Tw)., = 10-0.0075/).,' (when w, precipitable water,
is 20 mm)

(when dust content d is 800
per cubic cm).

The combined transmission T)." when the baro
metric pressure is p, precipitable water wand when
the sun's rays are incident at an angle e, is given
by Bouguer's equation, .

T)., = [(Ta).,)p/760 X (Tw"A)w/20 X (Td).,)d/800jrn

where m = sec e.
The above values of T"A, corrected for ozone

absorption, provide a theoretical basis for computing
the solar radiation which reaches the earth's surface,
provided reasonable values of w, d and ozone contents
of the atmosphere are available for different months
of the year at different places on the earth's surface.
Many excellent review articles containing full discus
sions of the physical aspects of the problem have
already been published. Reference may be made here
to the articles by Fritz (8, 9) and Angstrom (10).
The present writer had occasion to discuss solar
energy in relation to the factors controlling the
thermal balance at the ground surface in his presi
dential address to the Physics Section of the Indian
Science Congress in 1948. The title of this address was
"Physics of the Bottom Layers of the Atmos
phere" (7).

In concluding these introductory remarks, it may
be pointed out that, though there is general apprecia
tion of the fundamental role of solar radiation as a
basic factor in the physics of the atmosphere and as a
bountiful source of energy for many practical appli-

423

That the sun sustains life on our earth and is
directly o: indirectly the ultimate source of most
forms of energy available to us has been known
from anoi-nt times. It was only in the nineteenth
century ard thereafter, however, that atmospheric
and astro r;1ysicists began to study the total intensity
as well as "he spectral distribution of radiation from
the sun.r\·om measurements of the total intensity
of solar rrdiation at different zenith distances from
the sun, corresponding to different effective air
masses tt'.ough which radiation has to pass before
reaching the earth's surface, the solar constant
has been computed. This constant is defined as the
amount cf solar energy incident per minute per
square cer-timetre of a plane surface held normal
to the solar rays, above the earth's atmosphere.
Its value is of the order of 2.0 gramme calories per·
minute, per sq cm, and it is being periodically revised
as more and more information regarding the contri
bution in the ultra-violet and near infrared regions
of the solar spectrum becomes available from rocket
and satellite records. To the Smithsonian Institute
goes the main credit for most of our basic knowledge
of solar radiation and the solar constant. Langley,
Fowle and Abbot have been the pioneers in this
field (1 - 5). .

.From the point of view of the present symposiu.m,
the main interest lies in assessing the intensity
and duration of the solar radiation that actually
reaches the surface of the ground in different parts
of the earth and in different months of the year.
It is already known that, while passing through
the atmosphere, solar radiation is depleted by the
process of (a) absorption, mainly by oxygen and
ozone, in the upper atmosphere, and water vapour
and carbon dioxide in the lower layers of the ~tmos
phere, (b) molecular scattering by the gases III the
~tmosp~ere and (c) scattering by dust and other
ImpuntIes suspended in the atmosphere.

Ths distribution of energy in the solar .spe~trum,
partIcu.larly in the light of. new inlorrnanon III the
ultra-vIOlet region may not conform entirely to the
radiation from a black-body at 6000 A. J:Iowever,
over most of the visible and infra-red regions; the
~lack-body radiation gives a pretty close apprOXIma
tIon to the general energy distribution.

Oxygen in the uppermost layers cuts off the
extreme ultra-violet (0.12 to 0.18 [J-), while ozone---• Na.tional Physical Lab~ratory, New Delhi.
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cations, there are still many extensive regions of
the earth for which practically little or no precise
measurements are available. In spite of the enormous
strides that were made during the recent Inter
national Geophysical Year, the solar radiation net
work has still many wide gaps. Until these gaps
are fully filled, and actual observations begin to be
recorded, one can only estimate the likely values
of the intensity of solar radiation from knowledge
regarding the relationships between this factor and
other climatic factors that have already been
established from the data accumulated and studied
in areas like, the United States and western Europe.
This aspect of the subject will be discussed very
briefly in the next section. Thereafter, in the succeed
ing sections of the paper, the instrumentation aspects
are briefly discussed.' "

Estimation of "q", "Qo" and "Q"

, This section discusses the estimation of the intensity
"q" of solar and sky radiation on a horizontal surface
as well as the total daily radiation "Qo" received
from the sun and the sky during cloudless conditions
and of "Q", the actual radiation. Relationships
between the intensity of the solar radiation and the
other controlling factors in the atmosphere have been
worked out on the basis of actual. systematic meas
urements carried out over a number of years in the
United States at a network of stations. This informa
tion is available in the 1951 edition of the Smith
sonian Meteorplogical Tables (11). These data may
be used to estimate the average values of solar
radiation over other regions for which no information
is available at present. The present writer and

Yegnanarayarian (12) had to adopt this approach
in 1954 in a paper, "Solar EW~Tgy in India", read
before the international symposium on wind and
solar energy, held under the au-pices of the United
Nations Educational, Scientific und Cultural Organ
ization (UNESCO) in New Ix-Ihi in 1954. That
paper discussed the values of solar radiation computed
for a network of twenty-two sta nons in India. The
method followed is briefly as follows.

Table 149 of the Smithsc.iran. Meteorological
Tables (11) prepared by Fritz (l:i) gives, in the form
of isopleths, the variation in the ntcnsity of radiation
from the sun and the sky (i.e., "q") for cloudless
skies with the air mass and the amount of precipitable
water vapour in the atmosphc r • The value of w
above the selected twenty-two ~lltions in India for
different months of the year v .s computed froJ?
Hann's well-known relation, woo. 0.21 e, where e IS

the normal value of the vapo» pressure at t~e
bottom of the atmosphere in ill' , of Hg, and W IS

in cm. From the computed zeni 1 distances of the
sun, the air masses at different h: ". s of the day were
also computed for these stations f, different .months
of the year. With these values of ~.,) and the air mass,
the values of q for different hours rf the day for th~
twenty-two statio?.5 and for ~h\: !welve months Od
the year were obtained from Fritz< isopleths, re!er:e
to above. From curves showing tl.: diurnal vanatlO~
of q it was easy to estimate, by in1cogration, the t.ot~
mean daily values of Qo, the total rudiation recelv~
by a horizontal surface from the sun and the s;
under, cloudless conditions. These values! for t e
Indian stations are given in table 1.

For ,many practical purposes one wishes to knfw
the value of qo, the intensity of the direct so ar
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Table 2. Hourly values of qo. the intensity of direct radiation from the sun falling on a surface
, , held perpendicular to the solar rays, ' ,

(gm cal/cm2/mt)

January April

Slcdion Latitude Longitude
6AM 7AM 8AM 9AM lOAM llAM 12~ 6AM 7AM 8AM 9AM lOAM llAM 12
6PM', 5PM 4PM 3PM 2PM lPM' Noon 6PM 5PM 4PM 3PM 2PM lPM Noon

Trivandrum 08°-29' 76°-57' 0.91 1.28 1.39 1046 1.46 1.47 0.20 1.10 1.30 1.38 1.42 1.41 1.43
Bangalore 12°-58' 7R35' 0.58 1.17 1.30 1.36 1.38 1.39 0.17 0.99 1.22 1.31 1.31 1.31 1.29
Madras 13°-04' 80~-15' 0.84 1.25 1.41 1048 1.51 1.52 0.21 0.94 1.30 1.42 1.43 1.44 1.40
Dharwar. 15°-27' 75°-00' 0.77 1.30 1.30 1.38 1.40 1.42 0.24 1.10 1.24 1.37 1.36 1.35 1.35
Bombay. 18°-54' 72QO' 0.63 1.26 1.35 1.44 1049 1.48 0.24 1.15 1.29 1.44 1.45 1.45 1.43
Poona 18°-32' 73°-51' 0.67 1.31 1.40 1.50 1.54 1.55 0.28 '1.12 1.24 1.37 1.37 1.38 1.39
Shakarnagar 18°.39' 77°-45' 0.66 1.24 1.33 1.43 1049 1048 0.27 1.15 1.29 1.41 1.41 1.42 1.41
Samalkot 17°-03' 82°-13' 0.68 1.24 1.33 1.46 1.50 1.50 0.28 1.12 1.31 1.44 1.43 1.42 1.41
Ahmedabad 23°-02' 72°-35' 0044 1.27 1.38 1.43 1048 1.50 0048 1.22 1.37 1.47 1048 1.50 1.51
Labhandi 2to-20' 8to-45' '- 1.22 1.35 1.45 1048 1.50 0.32 0.97 1.30 1.42 1.44 1.44 1.47
Karachi a 24°-53' 67°-07' , '0.24 1.23 1043 1.44 1.49 1.49 0040 1.15 1.29 1.39 1.44 1.42 1.43
]odhpur. 26°-18' 73°-01' 0.24 1.18 1.37 1.41 1.49 1.49 0048 1.22 1.35 1.45 1.45 1.47 1.47
]aipur. 26°-55' 76°-50' 0.23 1.15 1.32 1.37 1.45 1.44 0047 1.17 1.32 1.42 1.43 1.44 1.44
Allahabad 25°-26' 81°-50' 0.28 1.23 1.41 1.44 1.49 1048 0040 1.20 1.33 1.43 1.44 1048 1.47
Calcutta. 22°-32' 82°-20' 0044 1.22 1.38 1.43 1048 1.50 0.95 1.12 .1.30 1.41 1.43 1.46 1048
Delhi . 28°-35' 77°-12' _. 0.20 1.14 1.33 1.36 1.45 1.45 0.56 1.21 1.33 1.41 1.44 1.45 1.42
Quetta a . 30 0-10' 67°-01' 0.97 1.13 1.15 1,19 1.25 0.36 1.07 1.13 1.22 1.25 1.26 1.25
Lahore a 31°-35' 74°-20' 1.14 1.34 lAD 1.43 1.46 0.63 1.28 1.36 1.46 1.46 1.47 1048
]ullundur 3to-25' 75°-35' 1.14 1.32 1.38 1.42 1.45 0.63 1.26 1.36 1.46 1046 1.47 1.48
Peshawar a 34°-01' 71°-35' 0.94 1.26 1.32 1.33 1.32 0.56 1.19 1.31 lAD 1.41 1.42 1.42
Srinagar. 34°-05' 74°-15' 0.80 1.09 1.14 1.15 1.16 0048 1.02 1.15 .1.23 1.24 1.27 1.25

July October

St.atiow Latitude Longitude,
7AM 8AM 9AM lOAM llAM 12. 6AM 7AM 8AM 9AM lOAM llAM 126AM

6PM 5PM 4PM 3PM 2PM lPM Noon 6PM 5PM 4PM 3PM 2PM lPM Noon

Trivandrum 08°-29' 76°-57' 0.28 1.10 1.27 1.36 1040 1041 1040, 1.05 1.30 1.39 1.45 1.43 1.44

Bangalore 12°-58' 77°-35' 0044 ,1.02 1.15 1.26 1.27 1.30 1.30 .0.92 1.19 1.29 1.34 1.31 1.32

Madras 13°-04' 80°-15' DAD 1.07 1.23 1.31 1.39 1.42 1.41 0.98 1.30 1.41 1.47 1.44 1.44

Dharwar 15°-27' 75°.00' 0.56 1.12 1.12 1.32 1.34 1.33 1.32 0.95 1.21 1.28 1.33 1.35 1.35

Bombay. 18°.54' 72°-40' 0.64 1.15 1.17 1.39 1.39 1.38 1.39 1.05 1.26 1.34 1.42 1.43 1.41
Poona 18°-32' 73°-51' 0.64 : 1:15 1.21 1.39 1.42 1.39 1.41 0.73 1.28. 1.40 1.46 1048 1048

Shakarnagar . 18°.39' 77°.45' 0.63 1.09 1.16 1.32 1.34 1.32 1.34 0.70 1.20 1.33 1.41 1.40 1.40

Samalkot .. 17°-03' 82°-13' 0.59 1.14 1.30 1.35 1.37 1.38 1.37 1.05 1.24 1.37 1.41 1.40 1.42

Ahmedabad 23°-02' .72°.35' .. .0.81 .1.19 1.21 1.38 lAD 1.39 1.37 . 1.23 1.26 1.41 1.46 1.45 1.45

Labhandi 21°-20' 81°-45' 0.68 1.11 1.24 1.34 1.34 1.35 1.36 1.12 1.29 1.32 1.37 1.38 1.38

Karachi a 24°-53' 67°-07' 0.77 1.12 1.31 1.38 1.39 1.39 1.38 1.09 1.21 1.32 1.42 1.45 1.45

]odhpur. 26°.18' 73°.01' 0.91 1.19 1.27 1.34 1.38 1.36. 1.36 1.09 1.21 1.30 1.41 1.41 1.41

Jaipur . 26°-55' 75°-50' 0.90 1.17 1.24 1.32 1.35 1.34 1.32 1.08 1.19 1.28 1.39 lAD 1.41

Allahabad 25°-26' 81°_50' 0.77 1.10 1.31 1.36 1.36 1.36 1.35 1.09 1.23 1.31 1.44 1.44 1.45

Calcutta. 22°-32' 82°-20' 0.81 1.19 1.30 1.39 1.39 1.40 1.39 1.16 1.20 1.37 1.39 1.44 1.44

Delhi. 28°-35' 77°-12' 0.83 1.12 1.25 1.34 1.35 1.36 1.38 1.16 1.26 1.35 1.42 1.45 1.44

Quetta a: 30°-10' 67°-01' 0.87 1.03 1.09 1.18 1.20 1.19 1.18 0.95 1.09 1.17 1.24 1.26 1.25

Lahore a 31°.35' 74°.20', 1.02 1.19 • i.24 1.34 1.36 1.36 1.35 1.20 1.27 1.30 1.41 1.42 1.44

JUllundur 31°.25' 75°-35' 1.02 1.19 1.24 1.34 1.36 1.36 1.35 1.20 1.27 L30 1.41 1.42 1.44

Peshawar a 34°-01' 71°.35' 0.95 1.17 1.24 1.31 1.36 1.35 1.36 0.87 1.25 1.29 1.35 1.41 1.42

Srinagar . . 34°-05' 74°-15' 1.85 1.01 1.09 1.1g 1.19 1.17 1.21 0.79 1.08 }.14 1.18 1.24 1.22.
• Stations in West Pakistan.

radiation alone on a surface held always perpendi- Kirnball worked out the ratio "r" of ql to q (table

cular to the sun's rays. 150 on page 439 of Smiihsonian Meteorological Tables,
1951 edition). .

qo = q1secS
Thus g; = rq. secB

Whe~e q is the intensity of the verti~al component
of dIrect solar radiation alone on a hOrIzontal surface Values of qo have been worked out for the twenty-two
an.d S is the zenith distance of the sun. From compar- stations from the values of q referred to earlier,
atlVe observations of ql and q recorded on' clear days, using Kimball's factor r; they are given in table 2.
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So far, the available solar energy during clea~ or '.
cloudless conditions has been discussed. Table 3
of the earlier paper mentioned above (12) summarizes
the information regarding the duration of bright
sunshine collected with Campbell-Stokes sunshine
recorders at thirty-three stations in India, for different
months of the year. Values of the maximum possible
duration of bright sunshine, when there are no
clouds, and the actual duration, are also shown
clearly in figure 1 of the present paper.

If the actual duration of sunshine is 5 and the
possible duration is So, the ratio 5/50 denotes the
fraction of the sunlit hours when the sunshine could
reach the sunshine recorder without obstruction
by clouds.

Using Angstrom's relation:

Q = o, (0.35 + 0.61 ffJ
the values of Q, the actual solar energy incident
per sq cm of a horizontal surface, were computed,
using the values of Qo already computed for clear
days. These values of Q for the twenty-two stations
are given in table 3 for different months of the year
as well as for the year on an average.

At the time these values of Qo and Qwere computed,
there were only two stations (New Delhi and Poona)
for which actual measurements of Qo and Q were
available from Moll solarigraphs. For the Inter
national Geophysical Year and after, data are now.
available for only two more stations, viz. Calcutta
and Madras. This does not represent an adequate
network for a large country like India. Nevertheless,
it is satisfactory to note that the computations for

normal values of Q are in gPLral agreement with
the actual measurements, wh. ": are only for a few
individual years. These meavrernents, so far as
available, have ?een discussed . detap in the paper
by S. P. Venkiteshwaran.! :" c' this paper gives
a full discussion of the actual .' .easurements so far
recorded in India, they need nul be discussedfurther
here.

Instruments for recording solar radiation

In this section the various tvpes of instrument
that have been devised for recor.Iing solar radiation
are mentioned briefly. Fuller det.i ils concerningthese,
together with a critical appra.s.d of their relative
performances, will probably be .liscussed by other
participants at the Conference.

I t is not only necessary tu use sensitive and
efficient equipment, but also " ensure th.at .the
records will be reliable on a 1" [y-term baSIS, i.e,
over a period of many years. 1'1:. '~:al1s for ma~nten
ance of standards in the Iabor, ,ry for ~ufficIe~t1y
frequent comparison with the ins uments III contIllu
ous use in the open. Among ccr ponents that may
undergo deterioration with use may be mentioned.
first, the black paint or depos: i on. t~e sensItIv~
face of the thermopile or other receiving surface,
then the progressive deterioration in the trapspar
ency to visible radiation of the ,~lass cover III the
case of instruments provided with such an enclosure,

1 Distribution of Solar Energy over India, Proceedings ~~~~~
United Nations Conference on New Sources of Energy, '
included below, paper S/60.

Table 3. Actual solar and sky radiation Q, all days

(gm cal/cm2/day) ---Station Jan. Feb. Mar. Apr.. May June July Aug. Sept. Oct. Nov.
Dee Ann","
~

Trivandrum , 561 533 577 504 413 503 487
536 405 402 491 481 440 467

Bangalorc 473 520 580 544 513 408 381 416 431 415 473 450
530

Madras 526 610 643 626 581 495 442 467 510 489 489 473
480

Dharwar . 506 544 588 604 541 388 336 398 437 425 497 489
499

Bombay. 464 547 596 631 626 459 358 373 457 496 499 477
506

Poona . 488 561 631 620 632 489 378 375 475 474 489 464
505

Sakarnagar . 491 557 622 626 620 487 390 389 444 465 501 465
520

Samalkot 516 573 636 632 615 478 470 431 429 463 495 496
543

Ahmedabad 476 556 596 696 673 586 452 408 545 557 513 462
516

Powerkhera 470 536 567 681 642 549 413 369 497 5~!l 503 449
490

Labhandi 418 538 572 592 618 486 399 373 465 492 466 457
5I!

Karachi 444 491 583 643 645 554 423 437 510 513 462 420 534
Jodhpur . 418 522 561 657 697 668 523 470 531 513 461 393 495
j aipur . 382 476 570 650 616 560 436 423 489 517 447 381

5I!
Allahabad 415 480 546 655 644 570 488 485 475 501 467 414 486
Calcutta 442 506 568 617 682 482 416 441 387 431 445 415 489
Delhi 361 441 509 599 610 571 491 486 478 524 442 353 472
Quetta. 280 371 440 576 579 627 587 578 551 511 337 283

505

Lahore. 319 420 513 630 661 635 539 553 539 532 394 320 496
Jullundur. 314 421 473 627 679 641 528 535 509 524 374 323 454
Peshawar 253 318 434 536 622 651 576 570 489 421 329 249 361

Srinagar . 185 225 315 435 505 509 490 455 425 357 278 155
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Figure 1. Mean daily duration in hours of "possible" and "actual" bright sunshine at different stations in India
(for the different months of the year)

The hatched portions, viz., the difference between the possible and the actual durations,
represent the duration of clouds obscuring solar radiation.

Slow eh - in th itif anges may also take place III t e sensi rveness
~h thermal junctions, Where recorders are used,Th:e to,o may undergo progressive deterioration.
for l?amtenance of reliable laboratory sta~d:l:rds

dIfferent types of instrument and penodlcal
~S! of these for testing similar equipment in the
ce d require adequate laboratory facilities and a
01llpetentphysicist to be in charge of the programme.

For measuring the duration of solar radiation or
of bright sun~hine one uses ,th~ well known Campbell
Sto~es sunshine recorder with Its glass sphere focusing
an Image of the sun on a blue card. There is a con
tinuous burn on this chart whenever clouds do
not obstruct the solar radiation. This instrument is
simple and robust; its needs very little attention
and maintains itself over many decades. The more
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difficult problem is to record the intensity of solar
. radiation. Here it is necessary to consider methods.

of measuring:
(a) The direct solar radiation, S, alone. (This

information is also valuable in the design of solar
machines and appliances where solar radiation is
concentrated by condensing mirrors.)

(b) The direct solar radiation from the sun plus
the diffuse radiation from the sky.

(c) The diffuse sky radiation alone.
Obviously, (a) may be measured directly and may

also be estimated as the difference between (b) and
(c). Similarly, (c) may be estimated by shading (b)
from direct radiation alone, but otherwise fully
exposed to the sky. Equipment that has been devised
for measuring (a), (b) and (c) included the following.

(a) Direct' solar radiation

The Angstrom pyrheliometer. This consists of two
blackened metallic strips, one of which is shaded
from, while the other is exposed to, direct solar
radiation. The shaded strip is heated by an electrical
current which can be so adjusted that its tem
perature becomes equal to that of the exposed strip
when the galvanometer connected to thermocouples
in contact with the strips records zero deflection.
The heat losses due to heat radiation and convection
are thus equalized so that Ki2 (where K is the constant
of 'the instrument and K is the electrical current for
zero deflection) is an exact measure of the solar
radiation. This instrument is an ideal, absolute type,
very useful for calibrating or standardizing other
types of instrument.

The silver disc pyrheliometer. This has been deve
loped by the Smithsonian Institute. Solar radiation
passing through an aperture warms the blackened
surface of a silver disc which contains a sensitive
thermometer. The intensity of the incident radiation
is obtained from the rate of temperature rise after
appropriate corrections for heat losses from the
sensitive surface. This instrument is not an absolute
one like that above, but it is supposed to maintain'
its constancy over long periods.

Other instruments. The Marvin pyrheliometer and
the Michelson pyrheliometer are other instruments
in which the rate of heating and cooling of a body,
when exposed' to direct solar radiation and shaded
from it in alternate time intervals, is measured for
estimating the radiation intensity. Besides these ins
truments, there is also the thermopile type exposed to
direct radiation alone through an aperture and connec
ted to a millivoltmeter or sensitive galvanometer. In
some forms of this instrument there is also provision
for measuring radiation in different parts of the
spectrum. .

(b) Direct solar radiation plus diffuse radiation from
the sun-lit sky incident on a horizontal surface

The energy received by the unit area of a horizontal
surface exposed to the sun and. the sky is a funda-

mental factor controlling the .~liermal balance at the
earth's surface. In solar in..allations where flat
collectors are exposed to the'l1crgy from both the
sun and the sunlit sky witlrut any concentration
by concave or parabolic mirrors, the energy from
both the sun and the sunln :.j y are utilized. This
factor is recorded with 0;." of the following
instruments.

The Moll-Gorczynski solarinieter, This has a
flat thermopile element COVE'i, cl by a pair of glass
hemispheres and .connected iu a recording milli
voltmeter. It is made by KIp!'> Delft, Netherlands.

The Eppley pyrheliometer. Tl.is has a flat thermo
pile element enclosed in a sph-rical glass bulb and
connected to a recording mill i· '. oltmeter. It is made
by the Eppley Laboratory, li.c., Newport, Rhode
Island. This type is now in extensive use in many
countries.

The Bellani distillation PY1i!.ilOmeter. This has a
blackened horizontal surface. T ,:; solar heat evapo
rates very pure alcohol in th: container b~low the
sensitive surface. This condens. into a receiver, and
the quantity of alcohol so dl<::l-]ed is a measure of
the total energy received from the s~m a~d the

. sunlit sky in a given interval of rime. ThIS eqUlpment
is reported to be under develo!,ment at the Davos
Observatory in Switzerland.

Bimetallic actinograph of Robtizsch type. Here the
blackened bimetallic element which is heated by
radiation actuates a recording pen as in a thermo

dgraph.. It has a large temperature coefficient an
. t' ed above.IS not as accurate as the first two men IOn

The integrating solarigraph. Momin (15), wtk.~j
under the present writer at the Meteoro ogI t. tegra'Office, Poona, a few years ago, developed an in f olll
ing solarigraph in which the amplified current f~ it
a photoelectric cell charges a condenser un Weh
~ttains the striking potential of a n~on lamP'rWFor
III turn actuates an electromagnetIc count~. The
fuller details, see the paper referred. to (1 ). few
instrument worked quite satisfactonly for tgieal
years at the Central Agricultural Met~orOe~t of
Observatory at Poona. Obviously,. equIpIl1ssfully,
this kind needs. a physicist to run It. suc

1ce
types

since is more complicated than the snnp er
referred to above.

(c) Diffuse sky radiation alone dd
h sha e

. The instruments referred to un~e~ (b) ~ eUredUced
Just to cut off direct solar radiation g~ve I to the
deflections in the millivoltmeter proportl~rncts fof
diffuse radiation from the sky. Suitable a JU diatioll
shading the receiver from the direct solar !aterva!s,
alone, either continuously or at regular in
have been devised. . s the

. . . discusse
The next section of this paper . ivit of all

problem of time of response and sens1tI Yof the
Eppley thermopile in relation to the pressufinterest
surrounding air. This problem is of very g:rea used at
since instruments of this type are beIng
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present ir: soundings of the upper atmosphere,
for recording the changes in solar radiation on 'ap
proaching 1he upper limits of the atmosphere.

where 5 is the thermal capacity of the thermopile
element. The equation [lJ may be written as:

d/T, _ Q-(4crn +P) (Tt-To)
(It- 5

and

1R' log [Ql - R (Tt - T o)J = - t + k, where k is

the constant of integration.

When t = 0, then Ti--« To = 0

[2J

[3J

t = 00

1
k = - ·logQl

R

Ql _ Qand R _ 4 cr n + P
- 5 - 5

sr,
- = QI_R (Tt-To)
dt

1
The numerator d/T, = - R d [Ql_ R (Tt - To)J

put

then

~ . d [QI-R (Tt- To)J = _ dt
R QI-R(Tt-To)

Integrating:

Substituting:

1 1 rQI-R (Tt- To)l- t
R og L Ql _--

QI-R(Tt-To) _ -RI
Ql - e

R
1- Ql (T t - To) = e-R/

A Tt = ~ (1- e- Rt)

t =0 b.Tt =0

or

since Ql and To are constant.

For

When the termopile is in vacuum, and P is zero,

i.e.,

and

for

Ql Q 5 Q
AT"" = R =S· 4crn +P 4crn+p

So, with the thermopile surrounded by air:

ATdair) = 4 cr Ti +P ll- e - (4J ·P) . t1

A Tt{vac) = 4Jn [l-e-(~n)tl [4J

It is easy to see from [3] that when both radiation
and convection are controlling factors, the final
deflection is smaller and takes less time to attain
than in the case of [4J, where radiation alone controls
the growth of the temperature rise on exposure to
the steady radiation source.[lJ«r, Q-(4crn+ p)ATt

(It= 5

Response time of the Eppley thermopile

The problem is now examined of the response time
of the Eppley thermopile when its enclosure is (a)
filled with dry air at atmospheric pressure and (b)
completely evacuated (vacuum). This investigation
of the relation of the thermopile to the pressure
of the air in its enclosure has been taken up for the
entire pressure range from zero to one atmosphere,
but for the present conference,' is confined to the
twoextreme cases, viz., one atmosphere and complete
vacuum, which have already been examined.

'The Epploy thermopile is connected to a very
sensitive ~\jl)ll microgalvanometer of period of 1/5
second.TIE' deflections are proportional to the voltage
developed in the thermopile. On switching on the
radiation from a 200-watt lamp the galvanometer
deflection rises from zero, rapidly at first, theu more
and more slowly, until the final steady deflection is
attained. Similarly, when the radiation is switched
off, the deflection, initially at its maximum value,
decreases rapidly at first and less and less rapidly
later and gradually comes to zero. The times taken
for the "growth" and "decay" of the deflection in
the "on" and "off" cases mentioned above are equal.
It is found that the deflection with the thermopile
in vacuum is almost twice the deflection when it is
surrounded by air at atmospheric pressure. The time
taken for attaining the maximum value is of the
order of about 50 seconds in the former case (vacuum)
and about 25 seconds in the latter (air-filled). The
r~ason for such a large difference in the response
hme in these two cases is explained as follow.

Radiation of intensity Q gramme calories per or
square centimetre per second is incident on, and
absorbed by, the blackened area of the flat exposed
surface of the thermopile. The temperature o~ t?IS
s~rface t seconds after switching on the radiation
WIll be TOt absolute the initial temperature To
being equal to the temperature of the enclosing
sur~ace which may be assumed to be sensibly constant
dunng the short spell of the experiment. A. part
of the heat gained by the thermopile surface WIll 1?e
lost by radiative exchange, and another part will
be .lost by convection within the confined vol~me,
WhIch will be of the cellular type. Since there IS no
general wind velocity, the convective loss may be
put equal to P.b.Tt, where P is a constant and
ATt = T, _ To. The radiative loss is assumed to be
equal to 4 cr TO . b.Tt where er is the Stafan Boltzman
~O~stant. It, is

3
also assumed that in the infra-red

egIon of the spectrum' at the temperatures con-
ce d ' '1f rne , both the glass sphere and the thermopI e.sur-
acebehave like black-bodies. With these assumptions,
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Integrating:

Substituting:

1R . log (Tt-To) =-t +k

When t = 0, T, = Ts, the maximum deflection at
t = o.

Concluding remarks
, 1 r radiation

In the present paper some aspects of so.a h ve been
and its measurement on a long-term baSIS. a ofclear
discussed. Information regarding the duratlOfstations
sunshine as actually recorded at a ne~workf 0 radiation
in India is presented. The intensity 0 ID uted f~r
from the sun and sunlit sky has bee~ eo lveenthiS
Indian stations from known relatio~shIPsb~~osphere,
factor and the controlling factors In th& \ cl States.
as obtained from data recorded in the ni er (5/60),
As will be observed from another Pf~eshwaran
submitted at the Conference by S. P. Ven I cl at fOUl
of India, the actual observations recordeical yeal
stations during the International GeophyscOJ1lputed
are in reasonable agreement wi~h th~S~he pre~erli
normal values. In the last sectIOn 0 and WJ1C

., nesspaper, the dependence of the senSItIve

Thus, from the galvanome: er deflections plotted
against time, until the maximum value is attained
corresponding to the inten-r.v of the radiation
the values of the radiation ant the convection terms
in the exponential can be e< imated.

Figure 2 shows the "growth" and "decay" curves
on putting on and switching off the radiation, in the
case of the air-filled (upper curves) and the vacuum
(lower curves) thermopile. The smooth curves give
the computed theoretical values of deflection, and
the points are the actual expcrrmental values. The
general agreement is quite satisfactory though
simplifying assumptions haw' been made in the
above theory. The experiments at various pressures
are completed, it will be possible to see exactly how
the convection term P varies wn h pressure.

In the preliminary experiments, the question
whether the "growth" and "c>'('ay" curv~s depend
on the actual inclination of th' thermopile surface
was examined. For this puqli-e the re~dings were
taken with the thermopile s ..:;hce horizontal ~nd
facing upwards, vertical and ");'izontal .but ~aclllg
downwards. There are detect-role variations III the
time of response in "vertical" -md "horizontal but
facing downward" positions ,1~ compared to the
usual "horizontal facing UPW<:lY':' position when the
thermopile container has air at ».mospheric pressure.
In the case of the vacuum thermopile, however, no
such variations wee found.

It may be 'mentioned here that when the the~r
piles "in vacuum" and "with air" were expose, 0

actual solar radiation, the ratio of the defl~tlO~~
recorded was 1.8, which is of the same or erre
magnitude as was noted in the laboratory measu .
ments discussed above.

. . ents frol1lIt may be noted that In recent expenm ed
'1 h been us .aeroplanes and rockets, thermopi es ave cuul1l

It is obvious that for such purposes, the v~ew of
thermopile is superior to the air-filled one m v se in
its greater sensitivity and constancy of respon
different positions.

[5]

or P = .644 X 4 0'n

when the thermopile enclosure
contains air at one atmos
phere pressure;

when the thermopile is in
vacuum.

log (Tt - To) = -Rt
Ta;-To

Ll r, = Ll Ta;' e-R1

R=40'T~+P
S

and R = 40' n
S

1 '
k = R log (Ta;- To)

sr,
dt = -R (Tt- To)

!. d (Tt-To) =-dt
R Tt-To .

Here, again, the deflection comes down to zero
value, faster in "air" than in "vacuum".

Coming back to equations [3] and [4], the value
of the exponential constant R may be found by
noting the time taken for the indicating galvano
meter to attain a deflection equal to half the final
value. This was 4.5 seconds in the case of the air
filled thermopile.

S R' _40'n+p
• 0, . air - S

and Ll Tt _ 1. - 1_ erR1
LlT

oo
-2-

log (.5) = -Rair X 4.5 X logfo

R a1r = .1540

Similarly, in vacuum, the time to attain the half
value of deflection was 7.4 seconds. .

R vac = .0937

Th Ra1r 40'n +p p
us R- = 4 P = 1 + 4 T3 = 1.644

vac 0' 0 0' 0

P
40' n = .644

The value 4 0' n can be computed readily, since
To is known. The value of P can be computed, since
4 0' n is known.

On switching off the radiation after the galvano-"
,meter connected to the thermopile has already

attained a steady maximum deflection, if t = 0,
when the radiation is switched off :
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Figure 2. "Growth" and "decay" curves showing deflection against time on putting on
and switching off the radiation

Upper curves refer to thermopile "air-filled" and lower curves to thermopile "in vacuum".

of response of an Eppley thermopile on the pressure
ff the surrou?-ding gas has been examined a~ some
ength, and It is shown that though the time of
r1sponse is greater in vacuum, the sensitiveness is
a so greatly increased These times of response aresum . .cIently small, less than a minute, to ensure
~ccuracy of recording when the equipment. is exposed
a~ s?lar radiation. Further studies on this problem

e In progress.
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SOLAR RADIATION RECORDS IN AUSTRALIA AND THEIR PRESENTATION

C. M. SnpsJord *

Australia is particularly well endowed with sun
shine, and this fact has undoubtedly contributed to
its development as an important primary producing
country during its relatively short history. It may
at first seem surprising" that more data have not
been obtained about the quantities of solar radiation
received il the country, but the reason is quickly
seen whr 1 it is realized that the availability of
water ha., been the major, controlling factor in
settlement and in utilization of the potential of the
country. Where sufficient, water has been found,
there ha" usually been sufficient solar radiation to
provide ('xcellent growing conditions for crops and
pasture, while in many cases the solar radiation has
~e~n excessive enough to produce uncomfortable
living corditions for humans and animals.

With the development of. devices to utilize the
solar radiation in' ways to improve the comfort
of settlers, combined with. the present intensive
studies on the water resources of Australia conducted
by the Water Research : Foundation, it should
now become possible to utilize many parts of the
country previously thought to, be . unsuitable for
settlement. It is unfortunate to find in these cir
cumstances that the available solar radiation records
are in many cases inadequate to design. effic~ent
apparatus to provide some of the comforts desired
?y settlers, or to assess the practicability of provid
lllg distillation plants for purification of salt or
brackish water, using solar' radiation..

I~ i~ the intention in this paper tt? review the. solar
radIatIon data available in Australia and to dISCUSS
?1ethods of presenting these data to give maximum
lllf~rmation to persons likely' to use the data for the
deSIgn of solar operated devices. Some examples
are given of the use of the data for equipment in
which the input solar energy is intended to be u.sed to
~,Upply energy for heating units with or without
carry-over" storage capa,city. .

Review of solar radiation recor.ds in Australia

Mount Siromlo, 1927 to 1939

The earliest known extensive series of records of
solar radiation in Australia was made at the Com
monwealth Observatory at Mount Stromlo, Can
b~rra, from 1927 to 1939, and was published. by
RIrnmer and AlIen (1). These observations comJ?n~ed
Continuous records of total (sun + sky) radiation---* :New South' Wales Institute .of· Technology, Sydney..

on a horizontal surface, obtained from an Angstrom
thermoelectric pyranometer (2) together with daily
observations of direct solar radiation at noon on
suitable days with an Angstrom pyrheliometer (3)
and some standardizing checks with an Abbot
silver disk pyrheliometer (4). Individual daily values

.of the total solar radiation are not published by
Rimmer and AlIen, but these authors do show the
monthly mean values for each of the 144 months
of records, the average of. all monthly means for
each of the twelve months of the year, and a compari
son between observed and calculated total solar
radiation. Study of the relationship between hours
of sunshine, as recorded by the Campbell-Stokes
sunshine recorder, and total solar radiation resulted
in linear curves for each month, from the maximum
hours down to approximately one hour of sunshine
per day. These curves also showed that for zero
hours of bright sunshine approximately 100-150
cal cm-2 day-l of solar radiation w~re observed.

Riverview Observatory, Sydney, 1925 to 1931

A fairly extensive but not continuous series of
observations by the Abbot silver disk pyrheliometer
and Abbot pyranometer (5) was carried out, mostly
on clear days, at the Riverview Observatory, Sydney,
during the years 1925 to 1931 (6). The original inten
tion of this work was to study the variations of the
solar constant, but the work was discontinued in
1931, partly owing to the unsuitability of the site
at 80 ft above sea level and partly because of diffi
culties in continuing the observations. The main
value of these observations to the architect or
engineer can be summarized in a figure showing a
smooth curve, very closely approximating a sine
curve, of seasonal variation of maximum solar
radiation on a surface normal to the sun's rays at
noon on clear days. The maximum value is 1.54
gm cal/cm" min. on 1 January, and the minimum
value is 1.32 gm cal/cm'' min. on 21 June.

Dry Creek, South Australia, 1947 'to the present

The longest continuous period of observations of
solar radiation in Australia was commenced on
1 January 1947 at the salt fields of Imperial
Chemical Industries of Australia and New Zealand
(ICIANZ) at Dry Creek, South Australia; these
observations are still being continued and published
as daily totals of total solar radiation for each day
of the period by Bonython (7). Total solar radiation
on the horizontal surface is being observed on a

433
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Kipp and Zonen solarimeter whose output is recorded
on a Kent potentiometric recorder. A Cambridge
millivoltmeter recorder was used for the first two
years of the records; since 1953 a mechanical inte
grator has been used in connection with the Kent
records. Bright sunshine hours have also been record
ed at the site, using a Campbell-Stokes sunshine
recorder; and in certain cases where the solarimeter
records were not complete, the solar radiation has
been estimated, using a well-known relationship
between solar radiation and hours of bright sun
shine.

CSIRO stations in Australia

Numerous observations have been made at various
locations by a number of sections of the Common
wealth Scientific and Industrial Research Organ
ization (CSIRO), but in most cases the solar obser
vations were ancillary to another main research
problem which was being studied. In this way some
useful data have been obtained, but no long periods
of records are as yet available.

CSIRO Division ofMeteorological Physics, Aspendale

Solar records at this station were commenced in
1957, and at the present time total solar radiation,
diffuse radiation, net radiation and hours of bright
sunshine are being observed continuously. For total
and diffuse solar radiation, solarimeters manufac
tured by Kipp arid Zonen are used, the diffuse unit
being installed in conjunction with a shading ring
similar to that described by Drummond (8). The
net radiometers were developed by CSIRO, Aspen
dale, and are described by Funk (9); the Campbell
Stokes sunshine recorder is used to determine hours
of bright sunshine: Total "radiation records are
available from April 1958 to the present, net radia
tion from August 1958 to the present, and diffuse
radiation from September 1958 to the present (10).

All three series are obtained l:, a multi-point elec
tronic recording potentiometer.

CSIRO Division of Plant Inn i3!ry, Deniliquin

Total solar radiation has '.:c,-;n recorded since
March 1956, using a Kipp ar.« Zonen solarimeter
connected to a two-channel Cambridge thread re
corder. The second channel on (ite recorder has been
used since 1960 to record net radiation, using the
net radiometer developed by Funk (9). The records
of solar radiation have been published by De Vries
(11).

CSIRO Irrigation Research Siction, GrifJith

Total solar radiation has bc:n observed at this
station for some years, using fir:"; a Kipp and Zo.nen
solarimeter, and later a Fuess l»-ietallic strip actino
graph. Records from these inst . urnents are held at
Griffith and used when needed, lut the records have
not been integrated and pubr.vhed ; there is no
present intention to publish (1;. ~

CSIRO Division of Land Rezc.rch and Regional
Surveys, Canberra

Various records of total, diffu: , and net radia~ion
have been made since 1956 by th-s division at vanons

places in the Northern Territor '7 and Western An.s
tralia. The locations and dates' are summarized III

table "I, and though none of these has so far. be~
published, it is expected that some data wIll e
ready for publication soon (13).

Radiation network of Commonwealth Bureatl oJ
Meteorology

. . . ' AustraliaA network of SIX recording statIOns III ed
was set up by F.R.W. Albrecht; it comme~~re
continuous recording in 1953. The instruments

Tablet. Solar radiation records obtained by CSIRO, Division of Land Research and Regional
Surveys, Canberra

Location and type 0/ radiation

AIice Springs, "17-mile site":

Global
Diffuse
Net .

Alice Springs:.
Global ...

Research Institute, Katherine, W.A., research
station:

Global .

Humpty Doo coastal plains research station:

Global .

Kimberley, W.A., research station:

Global .

. I nstrllment

Kipp and Zonen
Kipp and Zonen

Deacon ventilated, Funk

Kipp and Zonen

Kipp and Zonen

Kipp and Zonen

Kipp and Zonen

Period of records

Dec. 1958-Apr. 1960
Jan. 1959-Jan. 1960
Apr. 1959-Apr. 1960
May 1959-Apr. 1960

Aug. 1960-prcsent

Dec. 1959-prescnt

Oct. 1960-present

Nov. 1956-May 1957-
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fully described by Albrecht (14), and some results
were published by Albrecht for the Canberra sym
posium (15). Since 1955 records from two more
stations at Rabaul, New Guinea, and Mawson,
Australian National Antarctic Research Expeditions
(ANARE) base in Antarctica, were included in the
radiation network. The observations of all eight
stations are being published yearly by the Australian
Commonwealth Bureau of Meteorology under the
title, Australian Radiation Records (16), giving the
data detailed below:

1953-195a. Published as hourly means of global
radiation, millicalories cm-2 min-I for each hour of
the day and each month of the year; and, in addition,
the average, maximum and minimum daily totals
in calories cm-2 day-I.

1957. To be published in similar form as the records
for 1953-1956.

1958 and sl{bsequently. To be published as daily
totals in calories cm-2 day-I only.

Obseroaiions at University oj New South Wales

Solarimetors manufactured by Kipp and Zonen
are used in the solar recording stations of the Uni
versity of New South Wales at Kensington and at
Broken Hill, New South Wales. Records of total
radiation were started in June 1957 at Kensington,
and diffuse radiation was obtained from September
1958, using a Drummond type shading ring (8) over
a standard Kipp solarimeter. Total radiation has
been measured at Broken Hill since 1959. All three
instruments are connected to Kipp and Zonen
clockwork driven recording millivoltmeters. Most
ofthe records have been integrated, and it is proposed
to publish these in the near future.

Methods of presenting solar radiation data

.V~rious methods of summarizing the solar ra
diatIon observations have been devised over the
years, and it has been realized that any satisfactory
pro~edure for designing equipment to utilize the solar
ra~lat.ion must take account of (i) the mean. v~lue
of InCIdent solar radiation, (ii) the r~n~om variations
f:om that mean, (iii) the charactenstIcs of t~e par
~cular equipment as a solar absorber, and (IV) the
IUfluence of the environment. Some of these factors
have been dealt with recently at the radiation
symposium held in Oxford, England, in July 1959,
a~d have been published in papers by de Barry (17),
1IlUzpeter (18), and Fritz and MacDonald (19).
Some Australian radiation data, taken from the
Aus!ralian radiation records (16), have been sum
rn,anzed here in the. form of isopleths for Melbourne,
VIctoria (Lat. 37° 48' S) and Garbutt, Queensland
(~at.. 19° 15' S) in figure 1 and figure ~. ~requency
dlstnbutions of daily totals of solar radIatIOn, based
upon the 12-year records for 1947 to l!l58 at Dry
;;eek, South Australia, published ?y Bonytho,n f7),

e also presented here in figure 3 III a form similar
to that used by de Barry (17).

The application of solar radiation data to the
design of flat plate solar collectors was covered very
fully by Hottel and Whillier (20), leading to the
definition of a "utilizability" function 0, calculated
from the solar weather analysis, and this function 0
represented "the fraction of the total month's
incidence on a horizontal surface, for one particular
hour from solar noon, which arrived with sufficient
intensity to justify attempted collection". .

The function 0 defined above certainly makes a
distinction between a climate which is variable, on
the one hand, and one which is composed of all
identical days, on the other, but there are still
certain difficulties associated with the occurrenCe of
sequences of above-average or below-average radia
tion income. These difficulties can be particularly
serious when it is not practicable to depend upon
standby heating from other energy sources; in
these conditions the solar energy collectors must
be designed to have a larger collecting surface than
would be called for in a design based only upon the
average solar radiation income, and it may also be
necessary to provide extra energy storage capacity.
It has been generally conceded that solar energy
collectors cannot be economically justified unless
standby heating is provided, but if the analysis
detailed below is carried out for suitable localities
(mostly tropical), it should be found that collectors
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[3]

[2JDIHa=HIHa · - 1

it rea of
QuiA = Useful energy collection per urn a

collector surface Jl ctor
F R = Heat removal efficiency between eo e

. surface and working fluid . rface
H = Total solar radiation on honzontal SU

where

Application to design of solar energy collectors

With the information detailed above for ~~~
place of the proposed equipment, together. WIbe
knowledge of longer sequences, should thIS I
necessary, the designer is in a position ~o apI:e
this knowledge to his proposed installatIOn. I 5
:nethod is explained have by means of simple.examp ed
Illustrating a number of likely installatIOnS, an f
in each case it is assumed that the performa~ce ~f
the installation can be defined by an equ~'~Jier
the type originally used by Hottel and 1

(20, 21), and described. below:

where

D = deviation of anyone d,jly value from the
average

H = total solar radiation [')1' anyone day
Ha = average monthly mr.ui daily total over

12 years.

Dividing by Ha to obtain all values as ratios of the
average gives

Obviously D could have positive or negative
values, and it was found convenient to define D
positive as an excess, and D negative as a deficit.
A sequence was defined as any period of days during
which D was always positive for :.' positive sequence,
or always negative for a negat ive sequence. An
initial survey of the results for December showed
that, in general, negative sequences were rather
severe, causing a relatively large cumulative deficit
over short sequences, and only one sequence of 5
deficit days was noted over the whole 12 years.
Positive sequences were of longer duration; DjHa

never exceeded 0.3 per day, awl there were .few
sequences of more than 5 days, so j hat it was decided
to study the frequency distribution of all groupS of
2, 3, 4 and 5 days occurring over the 12 years. The
results of these calculations are shown in figures
4 and 5.

When using these frequency plots, one may decide
to design in future to meet the worst conditi?n ob
served over the 12 years. Since, however, thIS does
not of course guarantee that a worse condition may
not occur in the future, it seems justifiable to ~eSIgn
to cover' a certain percentage of the preVIously
noted occurrences, and the values of 95 per c~nt
and 90 per cent have been selected here to gtve
examples of the use of the data.
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at Dry Creek, S.A., 1947-1958 (June)

Proposed method for study of sequences

The monthly mean values of total solar radiation,
for the months of June and December over the
12 years 1947-1958, at Dry Creek, South Australia,
were first determined, and their average values over
the period computed. The deviations of all daily
values, from the 12-year average for the month in
question, were then determined and expressed as
ratios of the average. These values were defined by
the equations [lJ and [2J below:

D =H-Ha [1J

designed to operate from solar energy alone can
~ompete.with alternative means of providing energy
III certain cases. . .

The proposed method of tackling the problem is
det::il~d in the following paragraphs, using the solar
radiation data from Dry Creek, South Australia, for
the years 1947-1958. Only the records for December
(summer) and June (winter) have been used, these
representing the extremes of radiation income; this
has been considered sufficient to show the working of
the proposed method. It would be necessary, however,
to study the records for the other months of the
year in a similar fashion to obtain a full assessment
of the desig~ requirements over the whole year.
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Examples of the application
of the proposed method

Consider the simplest case of a water heater with
storage tank capacity equal to one day's energy
demand. This would allow no carry-over of energy
stored. The values of the constants are assumed to
be those detailed in table 2, and the calculations are
summarized in table 3. It will be clear from table 3
that the most serious limitation in useful energy

where Cl and C2 are constants determined for each
month.

The heat balance of the solar collector assembly
may now be prepared for the various sequences,
making allowance for the fact that it may be neces
sary to utilize only a proportion (K) of the average
incident total radiation (Ha) in order to allow some
storage of energy to meet the demands of later days
in the sequence.
Input energy over n days = Cl ~ H

n

= Cl (nHa + ~D)

= Cl Ha (n + t~) [5]

.Outputenergyoverndays=nKHa+nC2QL/A [6]

Thus

C1 Ha(n+r) =n(KHa+C~QL)
Divide by Ha and bring K to the left:

K = Cl (n + ~ D) _ C2 QL [7]
n Ha HaA

- .(~D)
It will be seen that values of Ha can be obtained

directly from figures 4 and 5, and then l/n (n + ~
. . n

D/Ha) can be computed for all values of n of interest.
This represents the extent of handling the solar
radiation data and can be carried out independently
of the application of the values of Cv C2 and QL/A,
these latter being functions of the collector design.
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June December Unit

tt«, 201 676 Cal cm-2 day-l

R 1.90 0.90

't' (X • 0.70 0.65

F R (C2) . 0.95 0.95

QLIA. 60 50 Cal cm-2 day-l

QL!A Ha 0.30 0.074

C1=R't'(XFlI. 1.255 0.554

QuiA. 195 324 CaI cm-2 day-l

QuiA Ha . 0.97 0.48

Table 2. Characteristics of projected solar collector
at .Dry Creek, South Australia

[4J

R = Geometric factor for converting energy
per unit horizontal surface to energy per
unit collector surface

'" IX = Transmissivity-absorptivity factor for
cover material and collector surface

QL/A = Energy losses per unit collector surface.

. It is further assumed that the solar radiation ~at.a
for H is in the form of daily totals, and that It ~s
Possible to compute values of the factors FR, ,

'l',.1X and QL, representing mean values for. t~e day,
SUItably weighted to allow for diurnal vanatIOns of
~e a~gles and intensities involved in these factors.

quahon [3] can be simplified to

QuiA = C1H~ C2 QLIA
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Table 3. Effect of negative sequences upon performance of projected solar collector at Dry C;r;,,:l.:, South Australia

( ~ D) C, QD K Ha K HaC, n
n ~DIH. - n+-

H.A
K

QuiA Cal cm-' dar'n n H.

December A B A B A B A B A B

1 . -0.525 -0.407 0.262 0.327 0.070 0.192 0.277 0.40 0,57 129 184
2 . -0.8 -0.6 0.332 0.387 0.070 0.262 0.317 0.54 0.6(; 175 213
3 . -0.9 -0.6 0.387 0.443 0.070 0.317 0.373 0.66 0,77 213 249
4. -1.0 -0.7 0.415 0.454 0.070 0.345 0.384 0.72 0,80 232 258
5. -1.2 -0.9 0.420 0.454 0.070 0.350 0.384 0.73 0,80 235 258

June

1 . -0.632 -0.480 0.462 0.652 0.285 0.177 0.367 0.241 0.50U 36 74
2 . -0.9 -0.6 0.690 0.876 0.285 0.405 0.591 0.550 0,80i5 82 119
3 . -l.l -0.9 0.794 0.879 0.285 0.509 0.594 0.694 0,8Un 102 120
4 . -1.3 -1.0 0.846 0.940 0.285 0.561 0.655 0.763 0.89! 113 132
5 . -1.4 -l.l 0.904 0.978 0.285 0.619 0.693 0.841 0,9.JA 124 140

collection must be made to satisfy the single expected
day of low radiation income, and the provision of
even a relatively small amount of extra· storage
capacity to enable some carry-over of energy should
surmount this difficulty.

I t is found that on many occasions' only one day
of excess radiation preceded a sequence of deficit
days, - and the frequency distribution shows that
on 95 per cent of occasions, the excess was > 20 cal
cm-2 day"! or 0.03 Ha in December and> cal cm-2

day-I or 0.045 Ha in June. On 90 per cent of occasions,
excess was> 40 cal cm-2 dayr! or 0.06 Hain December
and> 18 cal cm-2 day! or 0.09 Ha in June. The heat
balance then for n days of a negative sequence
preceded by one day on which incident energy is
CsHa would be:

Input energy = Cl Ha (n + ~~) +c,Cl Ha

[8]

where
Cs = 1.03 for 95 per cent of occasions I

in December . ) [A]
= 1.045 for 95 per cent of occasions \

in June
and

Cs = 1.06 for 90 per cent uf occasions
in December [B]

= 1.09 for 90 per cent of occasions
in June

(
, C2 QL)' [9]

Output energy = (n + 1) I{ Ha + --x-
tc =~ (n + Cs + ~ D) _ C2QL [10]

or n + 1 Ha Ha A

The results in table 4 show that by providinxg
. the e .energy storage capacity of only 1.03 [nnes cl in

pected useful energy collection on the average ar of
December and using each day only 72 J?er Cftion
this average useful energy collection, the instal \elY
should meet all design requirements for approXlll1a

Table 4. Effect of negative sequences upon performance of projected solar collector with carry-over storage
, at Dry Creek, South Australia ___

C ( ~ D) C, Qr, K H.
KHa

n ~DIH. -'- n + C, + '!-- 'B. A K
QuiA

ea cm"' day"n n + 1 H. ==--------
December C3 = 1.03 for 95 per cent C3 = 1.06 for 90 per cent

BA B A B A B' A B A

233
2591 . -0.525 -0.407 0.416 . 0.457 0.070 0.346 0.387 0.72 0.80 259

2 . -0.8 -0.6 0.411 0.454 0.070 0.341 0.384 0.71 0.80 230 275
3 . -0.9 -0.6 0.431 0.479 0.070 0.361 0.409 0.75 0.85 243 278
4. -1.0 -0.7 0.446 0.483 0.070 0.376 0.413 0.78 0.86 252 275
5 . -1.2 -0.9 0.445 0.477 0.070 0.375 0.407 0.78 0.85 252

June C3 = 1.045 for 95 per cent C3 = 1.09 for 90 per cent
146

1 . -0.632 -0.480 0.886 1.010 0.285 0.601 0.725 0.62 0.75 121 155
2 . -0.9 -0.6 0.896 1.044 0.285 0.611 0.769 0.63 0.79 123 144
3 . -1.1 -0.9 0.922 1.000 0.295 0.637 0.715 0.66 0.74 128 151
4 . -1.3 -1.0 0.940 1.026 0.285 0.655 0.751 0.68 0.77 132 155
5 . -1.4 -l.l 0.972 1.044 0.285 0.687 0.769 0.71 0.79

138 ____
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90 per cent of the time (product of the two proba

bilities). If 81 per cent (90 1~0 90) availability is

acceptable, then storage capacity of l.06 times the
expected useful energy collection on the average
day allows one to use 80 per cent of this average
collection. It is clear that greater storage capacity
could be provided and could allow somewhat higher
values of K to be used if the designer could expect
sufficient days of excess radiation to charge the
extra storage capacity. Unless long-term storage is
being considered, however, the ratio

KHa

QuiA

cannot exceed unity, -and the design analysed in
table 4 is already approaching this limit. Decisions
on the suitability of providing extra storage capacity
would have :0be based upon economic considerations,
by comparing the cost of extra storage capacity
with the saving on collector surface area.,This
aspect 15 not discussed here.

Conclusions

The summary of solar radiation observations in
Australia shows that the coverage has been excep-

tionally sparse in the past but is now improving,
owing to the efforts of many independent observers.
There are still vast areas very poorly covered by
solar radiation observations, or even by records of
hours of sunshine, so that estimations of solar radia
tion income have to be made from records of cloudi
ness by methods similar to those proposed by
Black (22), Albrecht (23), De Vries (11) and others.

Some typical techniques of presenting the mean
solar radiation data have been shown, and a method
of assessing the probability of sequences of above
average and below-average radiation income outlined.
This method has shown that it should be possible to
design solar operated equipment for heating purposes,
without using standby heating, by making suitable
provision for .short-term storage and by utilizing
only a calculated proportion of the useful energy
collection expected on an average day. A reasonable
period of solar radiation observations must, however,
be available to apply the method.
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Summary

A review of the solar radiation records available
in Australia shows that although Australia has a
very high radiation income rate, detailed data are
not very plentiful. It is thought that this is mainly
due to the fact that the availability of water has
been a very much more important criterion for
determining which parts of the country could be
habitable and arable.

Some long-term records of solar radiation are
available from Mount Stromlo, Canberra, for the
years 1927-1939 (1), and these include a useful
study of the relationship between solar radiation
and hours of bright sunshine, from Riverview
Observatory, Sydney, for the years 1925-1931 (6)
and from Dry Creek, South Australia (7), the latter
records being continuous from 1947 to the present.
Various sections of the Commonwealth Scientific and
Industrial Research Organization (CSIRO) have
made observations recently at a number of stations;
the University of New South Wales has records from
1957 to the present at Kensington, N.S.W. and from
1959 to the present at Broken Hill, N.S.W.; the Com
monwealth Bureau of Meteorology has operated
six stations since 1953, increasing this to eight
stations since 1955. The setting up of these eight
stations of the Commonwealth Bureau of Meteorology
has been reported by Albrecht (14, 15), and the
standardizing of most of the observing instruments
in Australia is carried out by the CSIRO Division
of Meteorological Physics at Aspendale, Victoria.

The work of the radiation symposium held. in
Oxford, England, in July 1959 is noted in the paper;

. and isopleths and frequency distributions of daily
totals at Melbourne, Victoria, at Garbutt, Queensland,
and at Dry Creek, South Australia, are shown in
figures 1, 2 and 3 in a form similar to those recom
mended by de Barry (17) at the radiation symposium.

A method of analysing a I:.? vvar period of records
at Dry Creek, South Australia.jor summer and winter
months (December and JU!lt) to allow design of
heating equipment to operate only from solar energy
is outlined. The cumulative clivcrgences from the
average monthly mean values for all groups of 2
to 5 days are summarized ill figures 4 and 5, and
from these it is shown that hca i balances (equations
[5J to [10J in the text) can be drawn to determinethe
operating characteristics of tl«: solar heaters over
the sequences noted.

Two examples are calculated using the propo~ed

method, one being a solar or.orated heater w~th

storage capacity equal only to j he expected daily
demand so that no carry-over st:» ;cge can be.assum~d.
In the second example, the systrm is provided With
sufficient storage capacity to routain the expected
useful energy collection on th 'c::1ne day of above
average radiation to be expectr« for 90 per cent or
95 per cent of all occasions, ,:Old to carry over as
stored energy the difference be t wcen t~~t ~ollected
energy and the useful daily eJl('gy utilization pe~

mitted by the design. In each case, pe~formanc~ 1~
defined by equation [3J, which is simIlar to t a
proposed by Hottel and Whillicr (20, 21). The ca~~
lations carried out in tables 2, :~ and 4 showtha !~
all cases the greatest reduction jn permitted fS~ u
output must be made to satisfy the one day 0 to~
radiation' for the first example only 40 per cen ~
the expe~ted useful energy collection (QuiA) ca~ i~
permitted in December and only 24 I?er c~n 103
June. The provision of storage cap~Clty QO fiin
times QuiA in December and 1 045 tl1l;e.s ~on of
June allows the designer to permit ntilizati t of
72 per cent of QuiA in December and 62 per cen
QuiA in June.

RELEVES DU RAYONNEMENT SOLAIRE EN AUSTRALIE

Resume

L'etude des donnees dont on dispose sur le rayon
nement solaire en Australie revele que, bien qu'il
y soit extremement abondant, ces donnees, tout au
moins detaillees, sont rares. On estime que cela
s' explique principalement par le fait que les ressources
en eau representaient une consideration beaucoup
plus importante quand i1 s'agissait de juger des
regions du pays qui seraient habitabIes et pourraient
etre mises en culture.

On dispose de releves complets du rayonnement
solaire a l'observatoire de Mount Stromlo, Canberra,
pour les annees 1927 - 1939 (1), et ces archives
comportent une etude utile des rapports entre le
rayonnement solaire et les heures de fort ensoleil
lement, fournie par l'Observatoire de Riverview,

, (6) ainsi q~eSydney, pour les annees 1925 - 1931 , strabe
des donnees en provenance de Dry Creek. en A~ vont
du Sud (7). Ces dernieres sont c~)l1tmues/ US du
de 1947 a la date actuelle. PlusIeurs se~ l~ustrial
CSIRO (Commonwealth Scientific and ,n rnll1ent
Research Organization) ont pro cede ;eceiversite
a des observations en nombre de p~ints; I ~~rchives
de la Nouvelle-Galles du Sud dISp~se. J{ensing
allant de 1957 a l'heure actuelle, etabhes a MeteO
ton, Nouvelle-Galles du Sud. Le J?urea~ postes
rologique du Commonwealth exploI.te S\ tion de
depuis 1953, et huit depuis 1955. L'I~stal ~u Col11
ces huit postes du Bureau Meteorologtqu~,Albrecbt
monwealth a fait l'objet de rappor~s ite deS inS
(14, 15) et la normalisation de la maJorI
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truments cl'observation en Australie est en cours,
sous les auspices du CSIRO, Division de la physique
meteorologique, a Aspendale, Victoria.

Les travaux du colloque du rayonnement, tenu
it Oxford, Angleterre, en juillet 1959 ont ete pris en
consideration dans le memoire, et les isoplethes et
les repartitions de frequence des totaux quotidiens
it Melbourne (Victoria), Garbutt (Queensland) et
Dry Creek (Australie du Sud) sont indiques aux
figures 1, 2 et 3, d'une maniere analogue a celle qui
a ete recam mandee par de Barry (17) au colloque
du rayonnement.

Ce memoire proposeune methode d'analyse des
12 annees sur lesquelles portent les archives de Dry
Creek, Australie du Sud, pour les mois d'ete et d'hiver
(decembre f:i: juin), visant a permettre la realisation
de materiels de chauffage destines a fonctionner
exclusivement au moyen de l'energie solaire. Les
ecarts cumulatifs par rapport aux valeurs moyennes
mensuelles Four tous les groupes de deux acinq jours
S?ut resume <lUX figures 4 et 5, et il en ressort que des
Mans thermiques (equations 5 a 10 incluse) peuvent
etre etablis pour determiner les caracteristiques
de fonctionnement des dispositifs de chauffage
solaire pendant les periodes indiquees.

Le memoire presente les calculs pour deux
exemples, en mettant en ceuvre la methode ainsi
proposee, dont l'un est relatif a un dispositif de

chauffage solaire prevoyantune capacite d'accumu
lation qui ne depasse pas les besoins quotidiens
prevus, si bien qu'on ne peut pas poser l'hypothese
qu'il y a des reserves a reporter. Dans le deuxieme
exemple, le systeme est sense etre dote d'une capacite
d'emmagasinage suffisante pour tenir en reserve
la quantite utile d'energie que l'on s'attend
arecueillir pendant le jour de rayonnement superieur
a la moyenne a envisager dans 90 a 95 p. 100 de
toutes les situations possibles de maniere a pouvoir
reporter, sous forme d'energie accumulee, la diffe
rence entre le nombre de calories ainsi recueilIies
et celui qui en sera consomme chaque jour confor
mement aux plans. Dans chaque cas, le regime de
fonctionnement est defini par l'equation 3, analogue
a celle que proposent Hottel et Whillier (20, 21).
Les calculs qui sont indiques aux tableaux 2, 3 et 4
revelent que, dans taus les cas, la plus grande reduc
tion du debit utile autorise doit etre realisee pour
satisfaire les besoins du seul jour oii le rayonnement
est faible et, pour le premier exemple, on ne peut
autoriser que 40 p. 100 du total d'energie utile que
l'on compte recuperer (QuiA), avec 24 p. 100 seule
ment pour juin. Le fait de prevoir une capacite
d'emmagasinage egale a 1,03 fois QuiA en decembre
et 1,045 fois QuiA en juin permet a l'ingenieur
charge du projet d'autoriser l'utilisation de 72 p. 100
de QuiA en decembre et 62 p. 100 en juin.
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INSTRUMENTATION FOR SOLAR RADIATION MEASUREMENT~~

P. SchojJer,* P. Kuhn * and C. M. SapsJord t

This paper summarizes the results of several
developments in solar radiation instrumentation
designed and used for the measurement or integra
tion of incident solar energy. The following instru
ments are discussed: photovoltaic devices for measure
ment of radiation intensity; use of photovoltaic
devices for high solar flux measurements; a current
sampling integrator for integration of radiation;
and an inexpensive radiometer for total or net
radiation measurements.

Photovoltaic cells for radiation measurement

Silicon photovoltaic cells are far superior in effi
ciency to the older selenium photovoltaic cells;
mainly because of this they can also be much more
accurate and less temperature-dependent in measur
ing applications. In addition, they are rugged and
have been used outdoors in the Wisconsin climate
for more than a year without protective covering,
with no detectable change in appearance or cali
bration. Because the silicon cell responds to the high
energy· part of the solar spectrum it is natural to
explore the possibility of its use for measuring
solar power. The low series resistance and high
reverse resistance furthermore make it possible
to measure energy flux up to at least twenty times
the normal solar flux.

* University of Wisconsin, Madison, Wisconsin,

t New South Wales Institute of Technology, Sydney,

PRINCIPLE OF OPEI~ATION

A photovoltaic cell behaves as a constant current
source with a load having ell 1 exponential voltage
current (V-I) relationship, a shunt and a series
resistance, as shown in fignn 1. The light curre~t,

h, is proportional to the nurn ber of photon~ st~k
ing the cell. In a silicon ccj l this proportionality
holds up to high fluxes. It is ( ustomary to measure
I L by measuring the shor r-circuit current. At
high fluxes, however, the Hlj i age drop over the
series resistance of the cell .innot be neglected;
figure 2 shows experimental h:1: 11 flux current-voltage
characteristics of a 1 X 1 cm <iltcon cell (1). As ,h
increases the curves shift drvn along the R, line
to the left, and a' point is r ached at which the
I-axis (i.e., the V = 0 line) i..tersects a non-linear
part of the curve. Resistance rr the externa~ measuding circuit has basically the sane effect as lllcrease
Ii. in limiting the maximum flux which can ,b~
measured without non-linearity; a measuring r;~
lies at the intersection of a load line throug istic
origin in the fourth quadrant and the charactensle
curve for the particular I L value.

The series resistance determined by the locuS a~~
points at which the I-V curves deviate from nents
zero slope is denoted by p. Ideally, meas~rernrigin
should be made along a line through t e 0 2). figure 'parallel to the p-line (shown as PM III iIiean
Because of the high shunt resistance of the sative
cell, however, it is possible to use a constanitegsitive
bias of up to 2.5 volts. Because of the sma )P'n the
slope of the dark-current curve (h = 0 I

I ........--...--....-----'L

...

v

Figure 1. Equivalent circuit for a silicon photovoltaic cell

444
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Fi~ure 2. V-I characteristics of a silicon cell at various radiation levels, at a temperature of 77°F

~~ird quadrant (not visible in figure 2 because of
e large scale) a small current is obtained with

a J?-egatively biased cell when the cell is in the dark.
~Ith a bias of 1.5 volts this dark current is equivalent
0° the cu~rent measured at a r~diat~on. of. ~bout
.02 Ly/mlll; this dark current vanes With individual

cells' and increases with temperature.

INSOLATION MEASUREMENTS

ofThe simplest way to measure the I L over a ran.ge
ti ze:o to 2 Lyjmin, the normal range of solar radia

?n llltensities is to use a d' Arsonval type of meter
:lth a low voltage drop. Meters with a 10 mA rar:ge
a~d. a resistance of about 1.5 ohm~ are readily

aI1able. The scale can then be adJusted to the
output of the cell by appropriate shunting. A mini
~~m.practical cell size is then 1 X 1 cm; a cell. of
F IS SIzewill have an output of about 16 mA/Ly/mlll.
° Or smaller cells, e.g., a 2.5 x 5 mm cell with an
utput of about 1.6 mA/Ly/min., it is necessary to

fue a more sensitive meter, which normally has a
ll-scale voltage drop of 50-100 mV. A 2.5 X 5 mm

cell has an additional internal voltage drop of about
80 mV at 2 Ly/min, and therefore non-linearities
are experienced at the high end of the scale. In
selenium cells this non-linearity has been taken
for granted at a much lower light level; with silicon
cells, however, bias can successfully be used. With
a bias the voltage drop in the measuring circuit
external to the cell is not critical, and sufficient
po,,:er is av~ilable to drive (in addition to a meter)
an inexpensive Rustrak recorder having a 1.0' mA
movement, and a simple integrating device built
around a contact meter. The fixed bias can be
provided with a mercury cell with an e.m.f. of 1.35
V?lts. Disadvanta9"es. of this method of providing
bias are that a periodic check on the condition of the
cell is necessary, and a small dark current exists
as noted above; on the other hand, more than one
volt is available to drive instruments. A self-contained
system can be obtained by using a larger silicon
cell (e.g., 5 X 5 mm) to bias the measuring cell
(2.5 X 5.mm). By ::~propriate loading of the biasing
cell, the Ideal condition can be approximated where
measurements are made on the pm line. Figure 3

15"



SPECTRAL RESPONSE OF SILICON PHOTOVOLTAIC CELL

Figure 4 shows the spectral response of an average
silicon cell (2). Because of a change in effective energy

shows a circuit for this measurement. Non-linearity
of the biasing voltage has an undetectable effect
if one stays to the left of the pm line at radiation
values below full scale.

Cells used for measuring and bias can be cemented
with epoxy resin on an aluminum (or other metal)
plate. Because the hacks of the cells have to be
insulated from each other, a "thin layer of epoxy
is applied on the plate before the cells are mounted.
Heating can be provided by a .s-watt . resistor,
cemented under the mounting plate, if the cells are
to be used in climates where snow and ice removal
are necessary.

A large-area cell is being used as the detector in
a hemispherical reflectometer where" because of
excellent integration over the surface of the cell,
stray radiation (i.e., image diffusion) caused by
optical imperfections of the hemisphere can be
measured..This integration. can be demonstrated .
easily by varying the size of the image of the sun
(of fixed total energy) on the cell; the current output
of the cell is constant.

446 III.A Availability and measurement

gap, there is a shift in spectr .i response with tem
perature; however, this shift ; small and has little
effect in' insolation mcasur.. {l:'n15. Furthermore
heating the cell during wink to an approximat~
summer temperature is nec.-. 'cry for removal by
melting of snow and ice deposi 'J on the cell.

The output of a horizonta ' silicon cell and an
Eppley pyrheliometer (pyranon.eter] was measured
over several winter months (! :muary to March)

.during clear and overcast day-. (During days with
scattered. clouds, measuremei.t.. were not taken
because of the large differcn.:- in time constant
between the Eppley and the cell ) The cell washeated
to about 60°F to remove snow r.ud ice and to dryit.
One typical set of clear day Cl .rves for 30 March
1961, for Madison, Wisconsin, : given in figure 5.
The cell output was adjusted ~, an arbitrary value
close to the output of the Epp; .'/ at noon. Two s,ets
of diffuse radiation values, 01', ;lined by shadmg
the detectors from beam radia: .:n, are shown. The
cell is seen to have a lower 01:'iUt relative to the
Eppley at low solar elevatioris Lhan at ~igh. solar
elevations. This can result fror.. a combmatlOn of

. factors, including a shift of '<,ctral distribution
of radiation with air mass, and effects of angle of
incidence on the relative respons-: ,A the instrurne?t~.
For diffuse radiation the cell alsr. reads low, and It IS

BIAS CELL
5x5 mm

"'3 mA/LV IMIN.

MEASURING C~LL

2.5 x5 mm
-1.5 mA/Lv/MI N.

BIAS CELL
RESISTOR

+ -IOOmV AT 2Ly/MIN.... lit
-

t +
METER CiRCUIT

MAX. VOLTAGE DROP
"'300 mV

Figure 3. Circuit for light current measurement with biasing cell
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Figure 4. Spectral response of a silicon cell, compared to the spectral distribution

of solar radiation for an air mass of 2 (from Moon (11»

therefore necessary to calibrate the cell separately
for total horizontal radiation and beam radiation.

The relation between air mass and relative response
over a three-month period had the general trend
of figure 5 but exhibited a spread, probably due to
temperature effects on the Eppley and changes in .
atmospheric conditions; the deviations were never
larger than ± 0.05 Ly/min, overcast days included.
Further. experimental comparisons are being under
~aken with better instrumentation and measurements
III several wavelength bands.

High flux measurements

A silicon cell, biased with a mercury cell of 1.35
volts, can be used to measure radiation intensities
up to 30 Ly/rnin. In these measurements, the dark
Current can be neglected, since it will be a very
s~all percentage of the full-scale radiation values
beIng measured. Because silicon is an excellent
heat conductor the cells can be soldered directly
o~to a water-c~oled heat sink. Since i; is linear
WIth r~diation intensity up to very high. flux va~u~s
(expenmentally verified up to 50 Ly/mm (1)), It IS
Possible to measure fluxes at least up to that value.
A fixed bias, however, would have to be over 2.5
volts for a silicon cell as shown in figure 2, t? o~erate
to the left of the p-line Since in the fabncatIOn .of
solar cells the reverse .current properties are not
C?ntrolled, some individual cells will have a very
hIgh dark current at bias voltages of more th.an
2.5.volts. It is then necessary to adjust t~e bias
dunng measurements. In addition, cell coolIng can

become a problem with much higher radiation
fluxes. .

Silicon cells have been used in mapping the inten
sity of flux at the focal areas of solar reflectors (3).
In this application biasing cannot be provided by
silicon cells (as noted above for low flux measure
ments) because the flux field is not homogeneous;
also, because of the necessity for cooling, electrical
insulation may become a problem. Measurements
in a parabolic collector are now being carried out
with the aid of a screen to keep the flux below 30
Ly/min. In measurements of reflected flux distri
bution, it is advisable to measure the incident
radiation as well with a silicon cell, to minimize
differences of spectral response.

Radiation integrator

Solar data are more useful for some purposes
in integrated form. While recorded insolation values
can be hand integrated, the integration is time
consuming and generally unsatisfactory. A survey
of types of integrator is given in reference 4
which describes an integrator that can be used with
low output instruments (i.e., radiation detectors).
B.ecause.~f the high availabl~ output voltage of a
biased sIhc~n .cell, .a much SImpler integrator can
be used; this IS built around a meter relay and a
synchronous motor, thereby avoiding amplifier
systems.

.The new integrator is. a discontinuous system
in the same class with that described by Kassander
and Knowles (5). A voltage-divider (potentiometer)
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is continuously driven by et -ynchronous motor.
A constant voltage is appli-« across the voltage
divider, and the output vole .,;', is changed at a
constant rate during one revolu 'on. At the time this
voltage is equal to the volt. , to be integrated
(obtained from the silicon celllment by means of
a voltage-dropping resistor), " ccond synchronous
motor is connected to its pow, . supply for the rest
of the cycle. The angular posit: ,;, of the shaft of the
second motor is then proportioi 1 i TO the accumulated
samples of the input voltage i-iken during every
revolution (cycle) of the first motor. A diagram of
this integrator is shown in figwc: 6. Sampling takes
place with a decreasing voltaic>: thus part of the
high range can be used for swn clnng.

The second motor drives all' nter which can be
a printing type. AlternativelyJ.ll electrical pu~se
counter can be driven by a sv,..ch and cam on Its
shaft.

The meter relay is a Westo "'0. 1092 Sensitrol
relay which is reset by a SW11' > and cam on the
shaft of the first motor at the P(' : where the poten
tiometer output is zero. A rE-I .:i actuated by the
meter contact switches the secon' motor on and off.

16 18
MARCH 30,I9CI

14

1.5 1.8 2.5 4.5

o
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Diffuse radiation measured by shading from beam radiation
by the two instruments is also shown by 0 for the Eppley,

and by <i1 for the silicon cell.
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Figure 5. Comparison of total horizontal radiation mea
surements with a silicon cell and an Eppley pyrhellometer
for a clear day
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Figure 6. Schematic diagram of the dlscontinuous radiation integrator



Instrumentation for' radiation measurements 8/92 8choffer et al. 449

A capacitor is charged while the second motor is
running awl discharges through the motor windings
for fast stepping. The transformer shown in figure 6
is not necessary if the line voltage is 115 V because
the contacts of the meter are insulated from the
meter movement.

In a battery driven unit, the potentiometer would
have to be driven by a clockwork, or a constant
speed D.e. motor. It would be necessary to use a
secondary shaft connected to the constant speed
shaft by a magnetic clutch, instead of a second
motor.

The accuracy of this integrating system is deter-
mined by: .

(a) N on-linearity oj the potentiometer. Potentiometers
with a linc,""rity of 0.1 per cent are reasonably inex
pensive, and this error is therefore insignificant. -

(b) Lag :if the contact meter. The meter requires
time to re-ach a full scale value at the beginning
of a cycle (typically 0.25 sec); therefore, the whole
slide wire .annot be used. The time lag of the meter
used in this study is mainly due to the time it takes
the movin.. contact to reach the fixed contact under
the influe~;ce of the magnetic field of the fixed
contact. This time lag is fairly constant and c~n,

therefore, be compensated by adjusting the phasing
of the reset switch. .

(c) Acc~tracy oj the meter. The Weston No. 1~92
can switch, according to the manufacturer, WIth
an accuracy of ± 0.5 mV,-i.e., with an accuracy
of± 0.25 per cent, if the full scale voltage.is 200 mY.
Because of loading of the voltage dividers, the error
Would be slightly larger than ± 9.25 pe~ cent.
(Errors larger than this were found m .expenme~tal
stUdy of this integrator, and an electncally locking
contact meter would result in improved accuracy.)

(d) Starting and stopping lag oj the se.con~ motor.
~topping time is negligible if D.e. braking IS used
(i.e., it is on the order of 5 milliseconds). However,
the starting time lag is in the order of 0.1 second
for a motor with a good starting torque and a low
Inerti.a rotor (a Hurst synchronous moto.r was
Used In this study.) This lag decreases proportIOnally
for running times under 0.2 sec and therefore canpot
be completely corrected by phasing. ~t is possIble
!o compensate for a variable stoPPIng time. by
~ncreasing the charging time (R~) of the cap.acIt~r_
In the stopping circuit, but this compe~satIOn. IS
~ather erratic. The minimum useable cycling per~od
IS, ~herefore, limited by the starting lag. At a cyclmg
perIod of 10 seconds the maximum error caused by
sl0'Y starting is thus on the order of 1 per cent of the
perIod. This is the most significant source of error
In integration, and the use of a magnetic clutch
should result in improved accuracy.

(e) Relay switching time. This error is small and
can be neglected.

(f) Non-continuous sampling. The average of t.wo
samples is not necessarily the average of t~e function
of the variable. According to the informatIOn theory,
no Information is lost only if samples are taken

at intervals Ij2F, where F is the bandwidth of the
signal (here effectively the highest frequency com
ponent in the signal). However, if the variable
has a low correlation with the cycling period, the
error tends to average out.

(g). Sampling intersection error. This error can be
more serious and is caused by the variation of the
time of sampling within the cycle. Sampling takes
place on the intersection of a sloping line with the
curve of the variable (on a time plot). If the sampling
line intersects the curve in more than one point,
it will end at the topmost one (figure 7), thereby
causing high reading. If the variable is a harmonic
function of time, the error can occur when (SjT)
< [(2 7t a)jP] where a = amplitude of the variable,
P = period of the variable, SjT = the speed of
sampling. In an extreme case (i.e., for fast moving
scattered clouds) it was observed, for the output
of a horizontal silicon cell, that a = 0.15 of a full
scale value of 2.0 Lyjmin, for P = 10 seconds. Then,
(2 7t a)jP = 0.095 full-scale units per second; this
is nearly equivalent to a full-scale change in 10 sec
onds. It therefore appears that a IO-second sampling
time is short enough to result in negligible error
from this source.

An integrator of the type described above has
been built and operated in the laboratory. After
adjustments, a maximum error of 2 per cent of
full scale was found for constant input voltages
between zero and 220 mY.

Economical pyrheliometer (radiometer)

The "economical" radiometer of Suomi and
Kuhn (6), with modifications, can be used to measure
the incoming and outgoing (reflected) solar radiation
flux density, as well as incoming and outgoing long
wave radiation currents. The theory, application
and testing of this instrument for solar radiation
measurements are briefly discussed here.

TIME-

Fi~ure 7. Effect of a varying instant of samptlng
(example of slow sampling)
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ward facing surface) having diffe . d spectral absorp
tivities. By use of an opaque 1)! te under the radio
meters the instruments can me>- .rre only the down
ward radiation streams; figure (' shows an assembly
of two radiometers, one with "l .ck" and the other
with "white" surfaces used fo: this purpose; this
assembly is referred to as the ',(onomical" pyrhe
liometer. Any temperature ser ·,ng elements may
be used under the black or white " rrfaces, to measure
the surface temperatures, from which the radiation
intensities can be determined.

CALCULATION OF RAJ JATION

From the properties of the pol-, ('thylene and black
and white surfaces for a pyrl- i iometer assembly
as shown in figure 8, and ener 'I' balances ~f !he
type of equation [IJ, an expressi- , for the radiation
in terms of the temperatures of .)i'~ surfaces can be
derived. The derivation is discus- 1 III references (8)
and (9). The result of this analy- . is the express~on
for, incident solar energy on C,::, upward-facmg
radiometer:

[7J
[8J

[4J

[5J

[6J

a
A

K

k-I

K
B - k-I

1

L

Rat =

A (Tw4 - T b4) +B (Cfw + Ctw) - ~j (Cib + Ctb) [2J

Here

R, t= solar radiation (downward).
Tb = temperature of the (upper) black surface.
T w = temperature of (upper) white the surface.

The system parameters are defined as follows:

[3J

IX (I-IXL)

k = lXaw (I-lXaw L).
IXlw (1 -lXlw L) .

the
The four terms, C, denote conducted energy, ula-
first subscript denoting conduction acros~ lUSting
tion (i) or top air cell (t), and the second eilt

O
('1£1).

the black instrument (b) or the white instrumeil ture
The, same subscripts are used for the tempera
'differences. Thus

Ci» = kf f). Tfb/2.8 and C110 = k1 f). TiWf2.8

Ctb = kt f). T tb/1.4 and Ctw = kt f). T tw/1.4.

The following additional symbols are used:
, , e absorp
lXaw and .lXlw = short-wave and long-~avd tector,

tivities of the white e
.respectively. . k used

absorptivity of the non-selectiv" blac
on the black radiometer. I thylene.
reflectivity of two layers of po ye
(= 0.22). kt is

Further, note that in equations [7J and [~J~ tbe
the thermal conductivity of the air cell, 1. .,

Figure 8. Section diagram of the economical radiometers
as used for solar radiation measurements

For net thermal radiation measurements
only the left hand unit is used, without the aluminum plate;'

P denotes polyethylene film, B the black sensing surface,
W the white sensing surface, and T the points

. of surface temperature measurement

The radiometer described by Suomi and Kuhn
has been used, extensively to measure the upward
and downward propagating night-time thermal
(long-wave) radiation currents, both as a function
of geography and of height in the atmosphere (7).
For this purpose, the instrument consists of two
blackened sensing surfaces, one facing upward and
one facing downward, shielded from ventilation
effects by spectrally transparent (one through 50
microns) polyethylene film and separated from one
another by an insulating medium such as expanded
polystyrene. A section of this radiometer is shown
on the left side of figure 8 (for this application,
the aluminum plate is not used). The basic energy
balance equation for such a radiometer, considering,
for example, one of the radiation currents (in this
case the downward radiation RvD, and steady state
conditions, is given by:

RL t = (J T t4 + K (kt f). t, + kf f). t; + t (u) f). Tt) [IJ
The constants and parameters are as follows:

a = Stefan-Boltzmann constant, 0.817 X 10-10

cgs units'
T, = Observed top sensor temperature
f). T, = Difference in top sensor and ambient air

(or polyethylene) temperatures
f). T f = Difference in top and bottom sensor

(surface) temperatures
t (u) - Ventilation factor, identically zero in the

case of the economical radiometer
K A constant measured from the transmis

sivity of the polyethylene ventilation
shield, and absorptivity of the blackened
sensor surfaces

k f - Thermal conductivity of the insulating
medium (expanded polystyrene)

k t = Thermal conductivity of upper air cell

Combinations of equations of this type are used to
calculate the various currents, as may be appropriate.

Incoming solar and long-wave radiation, and
reflected solar and long-wave radiation, can be
measured with these instruments, by use of two,
sets of surfaces (each with an upward and a down-
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Table 1. Summary of comparisons of Eppley, silicon cell and "economical" pyrheliometer

R,
R, from economical pyrkeliometer at given values

Date (1915 'J and time
of lXlw and cx.w

Eppley Cell a,w = 0.88
Remarks

0.70 0.60
a,w= 0.306 0.263 0.238

DCl 8:

11:00 Ll7 Ll4 Ll7 Ll9 Ll7
11:45 1.21 Ll9 Ll9
12:30

Ll9 .Ll9
Ll7 Ll6 Ll5 Ll5 Ll5

1:00 Ll2 Ll2 1.11 Ll2
1:30 1.03

Ll2
1.02 1.03 1.04 1.04

.2:00 0.91 0.91 0.92 0.92 0.93
2:30 0.77 0.77 0.78 0.79 0.80

OCl. 19 :

9:30 Not in 1.06 1.41 1.43 1.43 No fan

o-., 16 :
0:38 1.24 1.29 1.37 1.36

11:05
1.36 No fan

Ll9 Not in 1.38 1.38 1.38 No fan

Oc' . 19 :
2:00 Not in 1.05 1.11 Ll2 No fan

1) .•. 7:
11:45 i.l6 1.14 1.18 1.18 1.17

D·. 10:
9:45 0.83 0.84 0.84 0.84 0.84

10:50 1.01 1.00 1.06 1.07 1.07

De.... 16 :
4:44 0 0 - 0.02 -0.01 0

4:50 0 0 -0.02 -0.01 - 0.02 Fan off

4:55 0 0 -0.02 -0.01 - 0.01

Dcc. 21 :
1:00 1.06 1.05 Lll 1.11 1.12

1:30 0.98 0.97 1.02 1.02 1.03

2:30 0.73 0.72 0.64 0.64 0.64 May be due to shading by
cloud

Dec. 18 :
9:10 0.74 0.70 0.74 0.74 0.75

11:15 Ll3 1.09 1.16 1.16 1.16

1l:40 1.14 Ll2 1.21 1.21 1.20 Fan off

1l:54 Ll5 Ll3 1.18 1.18 1.18

2:00 0.89 0.87 0.94 0.95 0.96

• The cell constant 'was adjusted to indic~te approximately the same radiation as the Eppley at noon of a clear day.

~hermal conductivity of air at the mean cell temper
iure. The constants 2.8 and 1.4 are the thicknesses

o the styrofoam insulation and air gaps, in centi-
met . .ers, m the standard instrument configuratlOn.
. Though the description of the terms of working
equation [2] appears lengthy, the parameters A
and B are fixed for instruments with given surfaces
~nd .are determined only once. The values for con-
uctlon, mdicated in equations [7] and [8], depend

on the measured' temperatures and are readily
calcUlable, or can be found from convenient norno
Waphs. Thus equation [2] is readily solvable for
. st the solar radiation In effect then, a SImple andlne' .' 1 . .xpenslVe pyrheliometer is used, but a calcu ation IS
reqUIredto determine the incident radiation from the
~~asured temperatures. (A conveni~nt nomo&,ram

also be devised to carry out this calculatlOn.)

Two further observations are made on the econo
mical. pyrheliometer. The derivation of the working
equation and ,the energy balance equations of the
type of equation [1] are based on the assumption
of absence of convection in the air spaces under the
polyethylene covers; evaluation of the extremes
of, Gras.hof number to be expected for the 0,7 cm
thick air layers used in the radiometer shows that
the heat. transfer is always by conduction alone.
Further, It should be noted that the black surface
is non-s,el~~tive, that the white surface has different
a.bsorptrvItres for long-wave and short-wave radia
tion, and that the long-wave absorptivities of
the white and black surfaces are the same'
surfaces that meet these requirements are Fullers
flat black "Decoret" paint and lead carbonate
white.
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STANDARD RADIOMETER

Radiometers for' use in thermal radiation meas
urements as noted above are being manufactured; by
changing the surfaces and use' in pairs they can
provide solar radiation measurements. The produc
tion radiometers have the following important dimen
sions: Thickness of styrofoam insulation, 2.8 cm;
width of each air gap, 0.7 cm (or 1.4 cm from outer
polyethylene cover to the black (or white) surface).
The black and white surfaces have the shape of an
equilateral triangle (for convenience of manufacture),
13 cm on a side. The cost of the standard, black
radiometer to the United States Weather Bureau
is approximately $10 each, including thermistor
sensors. (The cost of the pyrheliometer assembly
would thus be somewhat more than double this

. figure.) The plans and specifications of the radio
meter are available from the United States Weather
Bureau Project, Department of Meteorology, Univer
sity of Wisconsin, Madison 6, Wisconsin.

EXPERIMENTS -ON USE OF THE PYRHELIOMETER

"Black" and "white" economical radiometers
as shown in figure 8 were used for solar radiation
measurement by the Solar Laboratory of the Uni
versity of Wisconsin. The assembly was mounted
on a flat aluminum sheet carried on a wood frame
and mounted on the laboratory roof. The radiometers
were taped to the aluminum sheets, and connections
were made to four thermocouples in the radiometers
and one thermocouple in their shade for meas
urement of shade ambient temperature. (The black
radiometer was modified by the addition of fine
threads stretched under the polyethylene covers,
to reduce the unsupported span and maintain the
air cells between layers. Without this support, the
polyethylene softened at high temperature, and
sagged to the extent that sections of adjacent
layers of it adhered together.) Records obtained
from this economical pyrheliometer were compared
with records from an Eppley pyrheliometer and from
a silicon solar cell (i.e., measurements of short
circuit current from a 1 X 1 cm cell) when all instru-

ments were mounted on the Solar T, boratory roof
at 35° to the horizontal, facing soutb

Preliminary observations made 0;- these instru
ments gave rather unsatisfactory re- Its, with the
economical pyrheliometer always givn'6 low values
when compared with the other inst: uments, and
showing considerable instability. '] lie constants
for the white paint were not known ,Jlld attempts
were made to obtain values of (/.su and IXlw by
treating sets of readings in simultaneous equations.
The radiation was measured by the other mstruments,
but the nature of the solutions gave . rratic results
of the properties.

The procedure was reviewed, and ;1 was decided
to ventilate the outer polyethylene SfI' -ts (by b.low
ing air across the top of it with a small "an, to s~mu

late wind) to hold them at temperature'; , ear amb:e~t,
and to apply the best available values, ! absorptlVlty
and emissivity to the white painted } ylar surface.
Thus assuming that (/.lw was 0.88 and .ing observa
tions on 8 December at 11: 45 a.m., t~ correspond
ing value of (/.sw was 0.306; applyingL'se constan.ts
to all other observations when the uni: were ventIl
ated gave a good agreement betw -n radiation
measured by all three instruments 11 all cases.
(Two other assumed values of «i« of ( 70 and 0.60
with corresponding values of CXsw of 0.::'i3 and 0.238,
respectively, also showed good agreement over. the
whole range.) Table 1 summarizes these calculatIOns
and results.

These 'results show the importance of ventilat~on
in achieving satisfactory observations, when usmg
the economical radiometer, and they also tend to
show that the absorptivity of coated sensing surfac~
is unimportant over a fairly wide range. The seconk
point is being further studied, and more chee f
observations are to be made. Final assessmen~ 0

these observations should be delayed until that tImet
More extensive tests recently completed but ?o1
yet fully evaluated indicate that the economlCa

pyrheliometer can be used at the 5 per cent accuracy
level with encouraging results (10). Continue~ use
of the instrument in remote areas and for maxImuIU
areal coverage is indicated to be feasible.
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Summary

is built around a meter relay and synchronous motor
arid avoids amplifier systems. This integrator is
a discontinuous, current-sampling device.·A voltage
divider is continuously driven by a synchronous
motor. A constant voltage is applied across the
voltage divider, and the output voltage is changed
at a constant rate during one revolution. At the time
this. voltage is equal to the voltage to be integrated
(obtained from the silicon cell current by means
of-a voltage-dropping resistor), a second synchronous
motor is connected to its power supply for the rest
of .the cycle.. The angular position of the shaft of
the second motor is then proportional to the accumu
lated samples of the input voltage taken during every
revolution (cycle) of the first motor. A diagram of
the integrator is shown in figure 6. Integrated output
is obtained by accumulated revolutions of the shaft

. of the second motor.
. An economical radiometer is described which

can be used for measurement of incoming and
reflected short-wave (solar) radiation and incoming
and outgoing long-wave (thermal) radiation. With
modifications, pairs of the radiometers can serve
as a pyrheliometer for solar radiation measurement.
The basic radiometer consists of two blackened
sensing surfaces, one facing upwards and one down
wards, shielded from ventilation effects by pairs of
spectrally transparent polyethylene film, and sepa
rated from one another by an insulating medium
such as expanded polystyrene. Radiation is deter
mined from air temperature and from the tempera
tures of the two blackened surfaces, which may be
measured. with any convenient temperature detec
tors.
" For pyrheliometer use, a pair of radiometers, one
with "black" and one with "white" sensing surfaces,
are used, over an opaque shield. They constitute an
"economical pyrheliometer", and are shown in
figure 8. Measurements are made of the temperatures
of four surfaces and ambient air temperatures. From
the energy balances for the surfaces, an equation
can be derived relating the incident solar radiation
to the measured temperatures, in terms of the
properties of the system; equation [2] of the paper
is the working equation:

Rd =A(Tw4_Tb4) +B(Ciw+Ctw)-B(Cib+Ctb)

The terms' of the equation are explained above,
under the heading, "Calculation of radiation".

The basic radiometers are commercially avail
able, and the estimated cost of a pyrheliometer
assembly is under $50, depending on what tempera
ture detectors are used. Comparisons of the output
of an Eppley pyrheliometer, a silicon solar cell,
and the economicalpyrheliometer have been made,
and show good agreement when the top layer of
polyethylene is near ambient temperature. Further
comparisons are being made of these instruments.

This pape: summarizes the results of- several
development, in solar radiation instrumentation.'
These include silicon photovoltaic cells for solar
radiation measurement; use of silicon cells for
measurement of high fiuxes of solar radiation; a
current-sampling integrator for integrating radiation
measured with silicon (or other high-output) detec
tors; an inexpensive radiometer. for total or net
radiation measurements. , ,.'

The properties of silicon photovoltaic icells are
such that the)" can be used for solar radiation meas
urements, tJ~': light current, h, being proportional
to the numl 'or of photons (in the proper energy
range) striki.g the cell. The light current can be
measured b .: measuring the short-circuit ' current
of the cell. At high fluxes, however, the voltage
drop over h", series resistance of. the cell, cannot
?e neglected,md the measuring cells can be biased
m the nega ive direction to extend the range. of
fl?xes over vhich the output of the cells is linear
WIth radiation. In low flux measurements biasing
can be used to increase the allowable measuring
resistance. The biasing voltage canbe provided by
a mercury dry cell, or by a second silicon cell of
larger area than the measuring cell. For example..a
self-contained system can be obtained by using
a 5 X 5 mm cell to bias a measuring" cell
of 2.5 X 5 mm; the output can be read with a d'Ar
sonval-type meter, or recorded with an inexpensive
Rustrak recorder. '

The silicon cell has a spectrally selective response,
and some errors are introduced in radiation meas
u~e~ent~ made with it by variations in the spect!al
dlstnbutIon of incident solar radiation. Comparative
measurements were made with a cell and an Eppley
fyr~eliometer, for clear and overcast day:". at
iadlsOn, Wisconsin' the deviations of radiation

tneasured by the cell from that of the Eppley we~e
never larger than ± 0.05 Lyjmin. Further compan
?ons are being made. The cells are used unprotected
In. the Madison climate but are heated to remove
WIntertime ice and snow: no detectable change in
appearance or output has been noted in' over a
Year.

.Silicon cells' have been used' for experimental
Purposes for measurements of solar radiation fluxes
bP t~ 50 Lyjmin. For this purpose, constant voltage
bla~ IS use~, ar:d the cells must be artificially: cooled
c~ ImmersIOn m cooling water or by s?ldenng the
. I on a cooled heat sink. The application has been
~n flux mapping of the focal areas of focusing solar
th~hangers, where the non-homogeneou? natur~ of

flux field makes use of a biasing cell Impractlcal.

For s~me purposes solar radiation data are more
~~e~uI in integrated' form. Because of the. high
. al1able output of a biased silicon cell, a sImp~e
Integrator can be. used to integrate radiation; this
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INSTRUMENTS DE MESURE DU RAYONNEMENT SOLAIRE

Resume

Ce memoire resume les resultats de divers travaux
entrepris dans le domaine des instruments servant
a la mesure du rayonnement solaire. Les instruments
en question comprennent : les cellules photovoltaiques
au silicium pour les mesures du rayonnement solaire;
les cellules au silicium pour la mesure des flux eleves
de rayonnement solaire; unIntegrateur d'echantil
lonnage du courant, qui sert a integrer le rayonne
ment mesure au moyen des appareils au silicium
(ou d'autres detecteurs a grand debit); et un radio
metre de prix modique pour les mesures du rayonne
ment totalou net.

Les proprietes des cellules photovoltaiques au
silicium sont telles qu'on peut s'en servir pour des
mesures du rayonnement solaire, le courant produit
par la Iumiere, Li. etant proportionnel au nombre
de photons (dans la gamme d'energie qui convient)
qui frappent ces cellules. Onpeut mesurer ce courant
en lisant le courant de la cellule en court-circuit.
Cependant, quand le flux est eleve, la chute de
potentiel dans la resistance en serie constituee par
la cellule ne peut pas etrenegligee, et on peut pola
riser les cellules de mesure dans un sens negatif
pour elargir la gamme des flux sur laquelle il est
possible d'etablir une fonction lineaire du debit des
cellules par rapport au rayonnement incident. Dans
les mesures portant sur de faibles flux, on peut se
servir de la polarisation pour augmenter la resistance
de mesure acceptable. La tension de polarisation
peut etre fournie par une pile seche au mercure,
ou bien par une deuxierne cellule au silicium de plus
grande surface que la cellule de mesure. On peut
realiser un systeme autonome, par exemple en se
servant d'une cellule de sx 5 mm pour polariser une
cellule de mesure de 2,5 X 5 mm. Le debit peut etre
lu au moyen d'un appareil dugenre d'Arsonval
ou enregistre avec un appareil peu cofiteux de
Rustrak.

La cellule au silicium a une reponse spectrale
selective, et quelques erreurs sont introduites dans
les mesures du rayonnement faites au moyen 'de
cette cellule par des variations dans la repartition
spectrale du rayonnement solaire incident. On a
fait des mesures comparatives avec une cellule et
un pyrheliometre d'Eppley pour les jours clairs
et les jours nuageux a Madison, (Wisconsin), Etats
Unis; les ecarts du rayonnement ainsi mesure avec
la cellule, par rapport aux donnees d'Eppley, n'ont
jamais depasse ± 0,05 Lyjmin. On precede actuelle
ment a d'autres comparaisons. On utilise les cellules
sans protection sous le climat de Madison, mais
elles sont chauffees pour eliminer le givrage et la
neige de l'hiver. On n'a pas observe de modifications
perceptibles d'aspect du materiel ou de son debit
sur plus d'un an.

Les cellules au silicium ont et\; utilisees a des
fins experimentales pour les mesnres des flux de
rayonnement solaire rjusqu'a 50 Ly/min. Dans ce
but on se sert d'une polarisation a tl'l\sion constante,
et les cellules doivent etre refroidics artificiellement
par immersion dans l'eau, ou encor- etre soudees
a un absorbeur de chaleur refroi.". L' application
en a ete faite pour la determination r,: -s flux dans les
zones focales d'echangeurs solaires ;: concentration,
dans lesquels la" nature non-homo-one du champ
de flux rend peu pratique I'utilisatic.i d'une cellule
de polarisation.

Dans certaines applications, les!onnees sur le
rayonnement solaire sont plus l' -les sous leur
forme integree "qu'autrement. Etal:: donne que la
cellule polariseeau silicium a un grc~h~bit, on peut
se servir d'un integrateur simple V';lr calculer ~e
rayonnement accumule. Ce dispositv est constrUlt
autour d'un relais de mesure et d'ru moteur syn
chrone, ce qui evite le besoin d'Jll1plificateurs:
Cet integrateur est un dispositif de sond~ge qUI

prend des lectures discontinues et intermlttent~S
de ce courant. Un repartiteur de tens10n est conti
nuellement entraine par un moteur synchrone. On
applique une tension constante au repartiteur. de
tension, et la tension de sortie varie done aun regr~e
constant sur un cycle. Au moment ou cette tenslor
est egale a la tension a integrer (prelevee su~ e
courant de la cellule au silicium au moyen ~,une
resistance de chute de potentiel), un deuxle~e
moteur synchrone est relie a sa source d'energle

pour le reste du cycle La position angulaire de l'arbre
du second moteur 'correspond alors aux lectu~ees

. . d' t ee prlSpartielles accumulees de la tension en r La
sur chaque tour (cycle) du premier moteur. r
figure 6 montre un diagramme de l'integrateur~
Le debit integre est fourni par le nombre de tau
total de l'arbre du deuxieme moteur.

C ~ . decri diomi mique donte memoire ecrit un ra iometre econo t a
on peut se servir pour mesurer le rayonnemen nt
ondes courtes (solaire) d'entree et le rayonne~~fi'
thermique d'entree et de sortie. Avec des rno 0r
cations, des paires deces radiometres peuvent ser nt
de pyrheliometre pour les mesures du rayo~ne.mear
solaire. Le radiometre de base est constltue Pst
deux surfaces de perception noircies, dont l'u~~g~es

'. dirigee vers le haut et l'autre vers le bas, pr? e de
contre les . effets de ventilation par des palres a
pellicules de polyethylene spectralement tran%it
rentes, separees l'une de l'autre par un pronne_
isolant tel qu'un polystyrene developpe- Le ral

o
l'air

ment est calcule a partir de la temperatur~ .e sur
et des temperatures. des deux surfaces nOlrcles de
lesquelles on peut faire des mesures au moyen
tout detecteur de temperature commode.
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Pour l'err.ploi du pyrheliometre, une paire de
radiometres, dent l'un est noir et l'autre blanc, est
utilisee avec un ecran opaque. lIs constituent un
pyrMliometr(· economique et on les voit ala figure 8.
Les mesures se font sur les temperatures des quatre
surfaces et 'le l'air ambiant. D'apres les bilans
energetiques des surfaces, on peut ecrire une equa
tion qui et<l olit les rapports entre le rayonnement
solaire incident et les temperatures mesurees, en
fonction de" proprietes du systeme ; l'equation 2
du memoire ost notre equation de travail:
Rsj, =A (1' - T b4) +B (C~w+Ctw)-B (C~b +Ctb)

Les termes de l'equation sont expliques dans le
memoire.

Des radiometres de base sont fournis dans le
commerce, et le prix evalue d'un pyrheliometre est
inferieur a 50 .dollars, suivant les detecteurs de
temperature utilises. Des comparaisons sur les
debits d'un pyrheliometre d'Eppley, d'une cellule
solaire au silicium et du pyrheliometre economique
ont ete faites, et indiquent un bon accord entre la
couche superieure de polyethylene et la temperature
ambiante. On precede actuellement a d'autres
comparaisons sur ces memes instruments.
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THE AMOUNT AND PROPERTIES OF SOLAR RADIATION IN JAPAN
AND THE INSTRUMENTS FOR ITS MEASUREMENT

Kyo Sekihara *

Knowledge of the amount of solar radiation fall
ing on the earth's surface is the most fundamental
problem of. solar energy utilization. It is strongly
affected by the latitudinal location and of the weather
conditions at the observing station. As Japan consists
of several islands which lie south-to-north from

* Meteorological Research Institute, Tokyo.

300N to 45°N, near the eastern boi Ct;;r of the Asian
continent, it has a fairly comr.licated climate,
varying from place to place and ab) from time to
time,· in spite of the comparativ-lv narrow areas
of the territory.

On the other hand, in Japan, -.here there has
been a tradition of meteorological «bservation for
about ten years, there is a well-devclv.ed network of

Figure 1. Distribution of solar radiation in Japan: spring (cal/cms/day, on horizontal surface)

456
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Figure 2. Distribution of solar radiation in Japan: summer (cal/cm2/day, on horizontal surface)

solar radiation measurement and because of agri
cult 1 ' '. ura. or industrial requirements, there are many
~nte~estlng research works of solar radiation for
peClal purposes.
t The author intends to describe, first, the present
~hatus o~ usual radiation measurement; secondly,
he. specIal variation of solar radiation falling on a
onzontal surface' and finally the rather specified
llleas' . 1urement of solar radiation for some specia
purposes. '

Networks of usual solar radiation measurement
S'th lnce the days before the Second World War,
ere has been a network of solar radiation measure

~~t of t~e intensity falling on a horizontal ~urface
r of dIrect solar radiation of normal incidence,
espectively. But this network suffered considerable

damage during the war and it was not until several
years after the end of the war that recovery was
completed. There are now sixty stations of Robitzsch
actinograph and twelve stations of silver disc pvr-
heliometer. -

In addition, more 'accurate measurement using
other types of instruments has been planned and
carried out since the start of the IGY period, i.e.,
since the latter half of 1957 or so. The instruments
that h~ve been newly equipped are the Eppley 180 0

pyrhellOmcter for five stations, the Angstrom pyrheli
ometer for one station and the Gier-Dunkle venti
lated pyranometer for five stations. The last-men
tioned instrument is that designed for the measure
ment of atmospheric net radiation.

All these works of solar and atmospheric radia
tion are administered by the Japan Meteorological
Agency, and the results of observation are reported in
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the Actinometric Bulletin and the Report of Pyrheli
ometric Measurement, both of which are published
by the Japan Meteorological Agency, and also in
the Report on I GY Radiation Observation in Japan,
published by the National Committee for the Inter
national Geophysical Year, Science Council of Japan,
Ueno, Tokyo.

Distribution of solar radiation in Japan (1, 2)

On the basis of the data of Robitzsch actinographs
of about thirty stations during the period from 1948
through 1956 which are reported in the Actinometric
Bulletin, mean values of each station were calculated
seasonally or on a year-round basis. From these
calculated mean values, contour lines of iso-radia
tion are drawn to show the general aspect of solar
radiation distribution in Japan. These are shown
in figures 1-5.

Viewing the distribution diagra« .. , we can point
out the following characteristic to .Iencies:

(a) Solar radiation is generally i..ore intense in
the inland area than in the coastal ~ .ic:

(b) The large values of spring al·,lummer seasons
are contrasted with the small valu. ' of autumn and
winter seasons;

(c) In autumn and winter, the i;ltitudinal effect
is notable, showing remarkably S11 .dler values for
the Hokkaido area, the northern-most island of
Japan; .

(d) In winter, the difference betw..cn the coastal
areas of the western and eastern sic} is conspicuous.
That is, the lower values of the JaV'n Sea side are
noticeable compared with the val...: of the Pacific
side.

These features can be explained v.i.cn we consider
. ~ geographical or meteorological ·mditions.

Figure 3. Distribution of solar radiation in Japan: autumn (cal/cm2/day, on horizontal surface)
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Figure 4. Distribution of solar radiation in Japan: winter (cal/cm2/day, on -horfzontal surface)

The characteristic noted in (a) is partly due to the
g;ographical fact that the inland area is at a higher
e evation than the coastal one and partly due to the
~ete~rolOgica:l fact that the amount of average
c oudmess is less in an inland area than in a coastal
one.

The characteristics described in (b) and (c) are the
~~sults explainable from a geographical considera
ion that the elevation of the sun is the chief

controlling agent of the amount of solar radiation.

ehThe fa~t described in (d) comes from the climatic
aractenshc that the continental westerly monsoon

prevails in winter and causes steadily cloudy weather
.~n the area of the coast and steadily fine weather

th
n the Pacific, side In summer on the contrary,er . . , .o e IS a steady south-east wind from the Pacific

f cean, but the characteristic feature that comes'

trh
om this climate is not so remarkable as that of
e c tion mental monsoon.

Measurement of solar radiation
for special purposes

In addition to the usual network of solar radiation
measurement which is chiefly administered by the
Japan Meteorological Agency, there are some inter
esting observations of solar radiation for specific
purposes carried out in other organizations, as
described below.

RADIATION MEAS1!REMENT IN DIFFERENT
SPECTRAL REGIONS

Aside from the very, rigorous measurement from
a pu:-eIy scientific interest in solar or atmospheric
phySICS, there are many practical requirements of
measuring sol~r radiation in a definite spectral region,
One of them IS the measurement of ultraviolet solar
and sky radiation from the viewpoint of the effect
of colour fading or photochemical deterioration of
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280

". Figure 5. Distribution of solar radiation in Japan: annual mean
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Figure 6. Integrating actinometer: sensing part

Figure 7. Integrating actinometer: recording part
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Table. 1. Amount of solar and sky radiation in three different spectral regions

(in mW/day/cm2, on a horizontal surface, 5-day means, except when otherwisevnotcrl
observed at Toyo-Rika Instruments, Inc., Shinjuku, Tokyo)

---'-"--
Date Ultraviolet Visible Infrarccl

1959

Aug.

1-5. .. 658 (4 days) 4484 (4 days) 5650 (4 <lays)
6-10 582 4129 6435

.11-15 642 3F11 ·4488
16-20 556 4.117 6248
21-15 426 3..785 4173
26-30 735 5485 6702

Sept.

31-4. 853 5974 7687
5-9. 548 3964 4566

10-14 444 3305 3824
15-19 662 5117 6006
20-24 472 3342 4517
25-29 480 3094 5049

Oct.

30-4. 497 3048 (4 days) 3585
5-9. 548 3621 4476

10-14 580 3750 4425
15-19 504 3015 3383
20-24 153 3330 4340
25-29 375 2223 2458

Nov.

30-3. 379 2034 2390
4-9. 441 2179 2726
9-13 244 1223 1353

14-18 295 2227 (4 days) 3459
·19-23 328 1848 2750
24-28 272 1659 2154

Dec.

'29-3. 325 1 556 (3 days) 2504
4-8. 313 1643 2894
9-13 286 1630 2712

14-18 234 1205 l 1928
19-23 228 1181 2292
24-29 285 1365. 3182

1960

-Jan.
29-2. ,227 (3 days) 1 124 (1 day) 1 983 (3 days)

3-7. 273 1291 278!)
8-12 218 1039 1959

13-17 279 974 2593
.18-22 272 . 1217 2726

. 23-27 309 1369 4181
Feb.

28-1. 324 1249 4295
. 2-6.

.~.: . 250 (4 days) 1 027 (4 days) 2 804 (4 days)
7-11 246 1138 3533

12-16 284 1430 4172
, .17-21 268 1581 3194

22-26 208 810 3129
Mar ..

27-2.' . 159 624 1980
, 3-7. 198 789 2073

8-12 364 1994 3032
13-17 586 3567 5494
18-22 594 3389 5463
23-27 613 3544 5300
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Table 1. (continued)

Date Ultraviolet Visible Infrared

..cl t.r,

::8-1. 567 3279 4625
2-6. 550 2985 4007
7-11 782 5142 6988

rsie 418 2478 3208
[7-21 517 3348 4612
:2:;-26 529 3366 .4689

l1l"y

:27-1. 383 1 993 2 715

~-6. 582, 3378 4635

1-11 410 1960 2896
;2-16 804 4727 5129

)7-21 684 4338 4927

1000900
( lnjl )

800
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700600
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500400
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Figure 8. Spectrai response curves of the integrating actinometer
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Figure 9. Automatic colour meter for light source: photometric part

plastics, and the other is that of visible radiation
to see its illuminating effect for buildings. As regards
the usual utilization of solar energy for its heating
effect, we are chiefly interested in the total sum
of visible and infrared radiation.

Thus the separate measurement of solar radiation
in the three regions-i.e., ultraviolet, visible and
infrared-is very important for practical use. In
Japan an integrating actinometer is designed and
manufactured commercially.

The principle of measurement is to use a photo
electric tube and a filter and to measure the accumu
lated photoelectric current as counted values of a
relay counter. Selecting a suitable combination of

a filter and a phototube, we can make all observation
of a desirable spectral range as mentioned above.

This kind of measurement was carried out at the
Meteorological Research Institute, Tokyo. (3), ~
well as at Toyo-Rika Instruments, Inc. F~gureS rt
and 7 show the sensing part and the countmg pa 1
of the instrument, respectively. Curves. of speetr~
response of this instrument are shown 111 figure ..

Some of the results of observation are given In
table 1.

AUTOMATIC COLOUR METER FOR LIGHT soVRCE

Although this was originally designed for meat
r;

ing and calculating colour properties of CO ou

Figure 10. Automatic colour meter for light source: colour calculating part



television or the illuminating light sources, it can
also be used for measuring colour properties of solar
or sky radiation. The sensing part consists of a'
photoconductive cell and of a set of standard colour
filters of red, green and blue, as shown in figure 9.

The calculating part consists of a balancing motor
and a computing circuit as shown in figure 10.

The merit of this instrument is that the photo
metric results can be automatically converted to
the values of chromaticity of the XYZ system.

LINE-SHAPED PYRHELIOMETER

This is just the same as the Eppley 180° pyrheli
ometer except for its shape. The sensing 'element
is a black and white strip' of rectangular shape,
10 mm X 200 mm in size. It is designed for measur
ing solar radiation falling on a surface of rectangular
shape such as a ridge of a crop field.·It can be used
for an agricultural or other specific purpose of solar
energy utilization. Figure 11 shows the sensing part.

Solar radiation in Japan

Fig'.;re 11. Line-shaped pyrheliometer
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Summary

In Japan there is a network of solar radiation
measurement which is administered by the Japan
Met~orological Agency and which contains. sixty
staho,ns of Robitzsch actinograph for the int~nsIty~:m
a hOrIzontal surface and twelve stations of silver dISC
pyrheliometer for the intensity of normal incidence.

I,n addition to this, since the beginning of the IGY
penod, five stations of Eppley 180 0 pyrheliometer,
one. station of Angstrom pyrheliometer and five
~tatlOns of Gier-Dunkle ventilated pyranometer

aYe been added for routine observation.
f On the basis of the data of Robitzsch actinographs

~ thirty stations for eight years from 1948 to
f 955, the contour curves. of iso-radiation were drawn
Or each of four seasons and the yearly average,
~espectively. Concerning these diagrams, the follow
Ing characteristic features can be pointed out:
th (a) SOlar ~ad~ation is generally more. int,en~e in

e Inland district than in the coastal district:
a (b) The large values of spring and summer seasons
re contrasted with the small values of autumnand .

winter seasons'
. (c) In autumn and winter the latitudinal effect
IS t '.'II no ~ble, showing remarkable smaller values III

okkaIdo, the north-east island in Japan;

(d) In winter the difference between the coastal
districts of the western and eastern side is conspicu
ous, that is, the lower values of the Japan Sea
side are noticeable compared with the values on the
Pacific side. (See figures 1-5.)

In addition to the usual network of solar radiation
measurement that is administered by the Japan
Meteorological Agency, there are some other instru
ments for specific purposes.

An integrating actinometer is designed for the
measurement of solar radiation in the approximate
spectral region of ultraviolet, visible and infrared.
Measurement has been carried out at the Meteorolo
gical Research Institute, Tokyo, and also at Toyo-Rika
Instruments, Inc., Shinjuku, Tokyo, using these
instruments. (See figures 6-8 and table 1.)

An automatic colour meter is designed for measur
ing the chromaticity of a light source. It consists
of a spectral photometric (by filter) system and the
colour computing system. (See figures 9 and 10.)

A line-shaped pyrheliometer 'is designed for the
measurement of solar radiation falling on a horizontal
surface of a rectangular-shaped long area such as
a ridge of a crop field. (See figure 11.)
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INTENSITE ET PROPRIETES DU RAYONNEMENT SOLAIRE AU JAPON
ET INSTRUMENTS UTILISES POUR SA MESURE

Resume

Le J apon est dote d'un reseau de mesure du
rayonnement solaire administre par 1'Agence me.teo
rologique japonaise. Ce reseau comporte 60 stations
pourvues d'actinographes de Robitzsch servant
a determiner l'intensite du rayonnement sur le plan
horizontal et 12 postes ayant des pyrheliometres
a disque d'argent servant a mesurer l'intensite du
rayonnement dont l'incidence est normale.

Par ailleurs, depuis le debut. de la periode de
1'AGI, on a complete ce reseau par cinq stations
pourvues de pyrheliometres d'Eppley a 180°, une
station pourvue d'un pyrheliometre d'Angstrom et
cinq stations pourvues de pyranometres ventiles
de Gier-Dunkle, toutes destinees aux observations
courantes.

En se basant sur les donnees fournies par les acti
nographes de Robitzsch de 30 stations pour la
periode de huit ans allant de 1948 a la fin de 1955,
on a etabli les courbes d'iso-rayonnement pour
chacune des quatre saisons, ainsi qu'une moyenne
annuelle. En ce qui concerne ces diagrammes, on
peut signaler les caracteristiques suivantes :

a) Le rayonnement solaire est generalement plus
intense a I'interieur des terres que sur la cote;

b) Les valeurs considerables notees pour le prin
temps et I'ete sont a opposer aux faibles chiffres
de l' automne et de 1'hiver;

c) L'effet de la latitude est sensible pendant
1'automne et l'hiver, et on observe que les valeurs

sontbeaucoup plus faibles. pour Hokkaido, ne situee
au nord-est de l'archipel japonais: .
. d) En hiver, la difference observee entre les cotes

ouest et est est tres marquee. Les v.ileurs relevees du
cote de la mer du Japon .sont ndJ('me~t moindr~s

quecelles trouvees sur la cote du Pacifique (voir
figures 1 a 5). '

Outre le reseau habituel de mesur.- du rayonnement
solaire, administre par 1'Agence I.deorologique du
Japon, on trouve, en divers lieux, quelqu~s a~tres

instruments destines a des mesnrcs partlcuheres.
L'auteur cite un actinometre .:,:rCgrateur concu

pour la mesure du rayonnement :<)lai~e dans le~
bandes du spectre correspondan I sensl?lement a
1'ultraviolet a la lumiere visible ft a 1'mfrarouge.
Des mesur~s ont ete executees " l'Institut de
recherches de· meteorologic de Tokyo, ain~i.qu'a
la compagnie Toyo-Rika Instrument, Inc., ShlllJ~ku,
Tokyo, avec cet instrument. (Voir les figures 6 ~ 8.)

On a mis au point un colorimetre automatlque
servant a mesurer la chromaticite des sour~e~ de
lumiere. Il se compose d'un systeme photometnq~e
spectral (a filtre) et d'un dispositif de calcul de a
couleur (voir figures 9 et 10).

Enfin on a realise un pyrheliometre Iineairc pour
, . . id t sur nnela mesure du rayonnement solaire mer en

. , I 11 'de formesurface honzontale dune p age a ongee h mp
rectangulaire, telle qu'une butte dans un c a
cultive (voir figure 11).
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National Radiation Centre

(ii) The instrument chart needs replacement only
every 3 days.

(iii) Physical shock from high winds can cause
the chart zero to be displaced, resulting in the
indication of a false radiation record.

(c) Maintenance and economy of operation:
the surfaces of the bimetallic strips should be recon
ditioned every 3 or 4 years at the time of general
overhaul.

Recorders

Minneapolis Honeywell electronic self-balancing
potentiometer:

(a) Accuracy: within t of 1 per cent.
(b) Dependability: only 1 per cent or less of the

radiation record is lost under routine maintenance.
(c) Maintenance and economy of operation:
(i) Routine maintenance of motors, slidewires,

etc., should be made every 6 months.
(ii) Routine calibration checks should be made

every 12 to 18 months.
(iii) A lifetime of nearly 5 years is expected before

full overhaul is needed.

Expansion plans

The solar radiation network has grown from one
station in 1937 to 5 in 1950, and to 30 in 1960, and
by the end of 1963 will include 32 stations.

For the next two years the emphasis in
the Canadian expansion plans will be in the direction
of greater accuracy of measurement and of more
automation of output.

To achieve greater accuracy of measurement:
(a) all stations will be equipped with thermo-electric
pyranometers by the end of 1963; (b) the National
Radiation' Centre at Toronto will provide better
control of instrumental calibration than is 'at present
possible.

Graphical output will be replaced by integrator
printout at all but 6 stations within the next 3 years.

The National Radiation Centre. serves as the
heart of the Canadian radiation network by main
taining the quality control of the radiation instru
ments, by reducing the radiation charts received

467

Radiation instruments and recorders

The network of 30 stations measuring solar
radiation in Canada, listed in table 1, is operated
on a co-operative basis. Although 17 stations are
operated by other governmental agencies or insti
tutes of higher learning, the equipment used at
8 of these s~ ations is owned by the Meteorological
Service of Canada.

Measurements of the total daily solar radiation
received on Ft horizontal surface are made at 21 pri
mary stations, equipped with thermoelectric pyrano
meters of b-; Eppley pyrheliometer type, and at 9
secondary stations, with bimetallic actinographs.

The radiation record is in graphical form at all
locations, but 9 primary stations also are equipped
with integrutor-printers. _

Thermoelectric pyranometer: Eppley 1800 pyrheliometer

(a) Accuracy: within 2 to 5 per cent when tem
pera~urecorrections are applied to the observed out~ut

and If daily inspections of the instrument are carried
out.

(b) Maintenance and economy of operation:
.(i)-The Eppley must be freed of frost or ice un~er

Wlllter conditions. This requires at least one routme
early morning inspection.

(H) The Eppley should be recalibrated and the
level of the thermo-pile surface should be checked
at least every 2 years.

(Hi) With good care, a new Eppley should last
about 5 years before need for repair.

Bimetallic actinograph

(a) Accuracy: within 5 to 10 per cent.
Most bimetallic actinographs (1) used ~y the

~eteorological Service of Canada are _subject to
arge thermal effects due to convection currents
and thermal lag. These seasonal effects are large
and must be allowed for in the reduction of the
observed data. \
c (b) Dependability: the bimetallic actinograph
1an be operated with only about 3 to ~ per cent
oss of record if routine attention is provIded.
C (i) ~ecause of severe thermal exposure.at some
t anadlan locations the clockwork mechanism con-
hOlling the chart' recorder is inoperative during

Sort periods of extreme cold.--• Meteorological Service of Canada, Toronto.
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Table 1. Radiation network in Canada

Lat. N Long. W Height above
Operating agencyStation and province Class» msl, Start of record, ,

(feet)

Beaverlodge, Alta. 2a 55 11 119 22 2500 1960 Dept. of Agriculture
Churchill, Man. $3a 58 45 94 04 115 1953 Defence Research, Northern Lab.
Dartmouth, N.S. 2aI 44 36 63 28 103 1957 Naval Research Establishment
Departure Bay, RC. 2a· 49 13 123 57 60 1959 Fisheries Research Board
Edmonton, Alta. 2aI 53 34 113 31 2219 1948 Meteorological Branch.

Fredericton, N.B. 2aI 45 55 66 37 130 1960 Dept. of Agriculture
Fort Simpson, N.W.T. 3b 61 52 121 21 422 1954 Meteorological Branch

I~. Goose, N fld. 3b 53 19 60 25 144 1954 Meteorological Branch
Guelph, Onto S3a 43 33 80 16 1050 1953 Ontario Agricultural College
Inuvik, N.W.T. 2aI 68 18 133 29 198 1948 Meteorological Branch

Kapuskasing, Onto 3b 49 25 82 28 752 1954 Meteorological Branch ~
=0

KentviIIe, N.S.. 2aI • 45 04 64 29 50 1960 Dept. of Agriculture ....
Knob Lake, Que.. 3b 54 48 66 49 1681 1957 McGill University ~
Lethbridge, Alta.. 3b 49 38 112 48 3018 1952 Meteorological Branch =:....
Moncton, N.B. 3b 46 07 64 41 248 1953 Meteorological Branch '<

=0
Montreal, Que. 3c 45 30 73 37 435 1956 College Jean de Brebeuf 1:1

Co
Moosonee, Onto 2a 51 16 80 39 34 1957 Meteorological Branch SNormandin, Que. 2a 48 51 72 I 32 450 1957 Dept. of Agriculture (0

=0
Ocean Station P . 2a 50 00 145 00 0 1960 Meteorological Branch '"l:Ottawa, Onto 2aI 45 27 75 37 320 1949 National Research Council '"I

(0

Resolute, N.W.T. 2a 74 43 94 59 209 1957 Meteorological Branch S
(0

Saint John's, Nfld. 3b 47 31 52 47 375 1954 Dept. of Agriculture e
Saskatoon, Sask.. S3a 52 08 106 38 1690 1953 National Research Council
Suffield, Alta. 2b 50 16 III 11 2543 1959 Defence Research Board
Surnmerland, B.C. 3b 49 34 119 39 1491 1954 Dept. of Agriculture

Swift Current, Sask. 2aI 50 15 107 45 2440 1960 Dept. of Agriculture
Toronto, Onto 2a 43 40 79 24 379 1937 Meteorological Branch
Toronto, Scarborough, Onto 11 43 43 79 14 528 1959 Meteorological Branch
Vancouver, B.C. 2a 49 16 123 15 305 1959 University of British Columbia
Winnipeg, Man. 2aI 49 54 97 14 786 1949 Meteorological Branch

-,.y..,-----~_._~.~

I
• 1 = National Radiation Centre; 2a = station equipped with Eppley 180· pyrheliometer and hourly v....hicn record c:;:,.,,:,:.., ,\::) E)~ ;,~aied \~: (:1(' =.i,S.C. Fi cal radiation data arc: provid.rd by d1'2 f'('-CiJ'::':[J.-ung I

data are published; 3a = station equipped with Eppley 180" pyrheliometer but only daily totals are publlshed ; agency for pubhcation ; 1 ==- 'station equipped with integrator-output along with the regular graphical
lib = station equipped with M.S.C. type actinograph and daily totals are published; 3c = station equipped output.
with Japanese pattern Robitsch actinograph and daily totals are published; S = co-operating station for
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from the r-twork and publishing the corrected
data, and by providing technical assistance and
advice to o.her agencies.

Quality control

The Toronto standard of radiation is maintained
with a group of reference standard pyrheliometers
including: J silver disc pyrheliometer, 4 Angstrom
compensation pyrheliometers (Swedish model), 1 Ang-_
strom compensation pyrheliometer (Smithsonian
model), 1 Abbot pyranometer with tube attachment.

It is planned that one member of the above
group will be compared with an accepted inter
nationalstandard of pyrheliometry at least once every
five years and preferably every second year.

To facilitate the accurate calibration of field
instruments, an integrating sphere (6ft. in diameter)
WIll be in operation by summer 1961. To investigate
t~e instrumental response with respect to ambient
air temperat:.::re, a cold chamber has been constructed
and will be in operation by May 1961; and to in
vestigate other instrumental response characteristics,
such as the azimuth and cosine errors, an optical
bench is presently under construction. Finally,
to study the variation of instrument response when
the attitude of operation is different from the atti
tude of calibration, an optical bar is also under
construction. .

Processing and publication oj data

. Hand-scaling of recorder and actinograph charts
IS .the normal procedure. However, the integrator
pnntout at 9 stations allows about a 75 per cent
reduction in the scaling time for each location.
The ~aw scaled or printed data are submitted yia
tranSIt documents to the Data Processing Section
of the Meteorological Service of Canada where the
data. are punched on cards and then corrected .for
am~Ient air temperature. Within 5 years, the hand
s~ahng procedures will be replaced by integrator
di~play output or by punched-tape output. Before
belllg stored in the library, the punched card data
are ~abulated, assembled in logical order and t~en
pubhshed once a month in the Meteorological
~erViee's publication entitled Monthly Radiation
ummary.

Technical assistance

. Scientific advice and assistance in regard to radia
~Ion problems are provided to research institutes,
Industry, etc. Calibration services are provided
~h request. Laboratory and field investigations of
d e properties and accuracy of existing and newly
F~veloped radiation instruments are conducted.

malIy, a limited number of radiation instruments,
M~mely, two Linke-Feussner actinometers and one
teIchelson-Beuttner. actin01:~eter, are .~aintained for
. rnporary loans to scientific expedItIons, research
Inst.ttutes and universities engaged in special research
proJects.

Surveys of solar radiation-past and future

A preliminary: survey of the radiation climate
of Canada was published by C. L. Mateer (2), who
analysed the data which were recorded before
1955. This study utilized Canadian sunshine records
in order to extend the loose-knit primary radiation
network into sections of Canada where few or no
radiation measurements had been made.

A more complete survey of the above-mentioned
type will be made over the next two or three years
after the primary radiation record at each station
extends over more than five years, and after the
data observed prior to 1958 have been corrected,
chiefly for ambient air temperature and the change .
in pyrheliometric scale.

Daily totals of the solar radiation received on a
horizontal surface at selected Canadian stations have
been published in the Monthly Radiation Summary
since December 1952, and hourly and daily totals
since January 1960. Hourly and daily totals of solar
radiation observed in Canada during IGY and IGC
are in the process of being published by WMO.
Monthly means of the total daily solar radiation
received on a horizontal surface at selected stations
in Canada will appear in 1961 in a compilation of
world-wide solar radiation data to be published in
the United States.

Solar energy utilization

Table 2 lists the monthly totals (in watt hr cm-2)

of the total solar radiation received on a horizontal
surface at 17 Canadian stations arranged in order
of increasing latitude. The first eleven stations are
strung out across Canada near the southern border,
while the last six extend northward into the interior.
An analysis of the values leads to the following
poi~ts:

(a) In the winter and fall months, September
to February, the solar energy has a definite latitudinal'
variation with maximum values being observed
in the southernmost areas. Differences between the
totals for southern Canada during this period depend
on the geographic location (inland or maritime) as
well as the normal climatic regime;

(b) In the early spring and mid-summer months,
the northern stations receive about the same amounts
of radiation as the southern maritime stations
(cf. Moncton and S1. John's). In the months April
to June, the northern stations, because of the longer
daylight period, receive radiation amounts equal
to or greater than those observed in extreme
southern Canada. In particular, Resolute, some
2200 miles north of the Lower Great Lakes, receives
the most solar radiation in Canada during the months
of May and June;

(c) The maritime nature of the climates of Moncton,
S1. John's and Vancouver is pointed out by the
low yearly totals. Toronto, although the most
southerly location listed, shows a low yearly total

16
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Table 2. Monthly totals of solar radiation received on a horizontal surface

(In watt hr cm-2)

Station and province Latitude oLongitude,
Height above ::!. sea level Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Year ....

(feet) >-
Toronto, Ont.. 43 40 79 24 379 4.0 5.9 9.9 12.9 16.0 18.0 18.5 15.8 11.8 8.0 4.0 3.2 128 >
Ottawa, Onto . 45 27 75 37 320 4.8 6.9 11.8 13.1 17.1 18.3 19.3 16.9 10.3 ' 7.8 ' 4.0 4.3 135 <:

Montreal, Que. 45 30 73 37 435 4.0 6.6 11.5 14.0 16.9 17.1 18.4 15.9 10.8 7.2 3.5 2.9 129 a
5'

Moncton, N.B. 46 07 64 41 248 3.7 5.9 10.4 13.2 15.8 15.7 16.9 14.7 10.8 7.5 3.9 3.2 122 0-....
St. John's, Nfld. 47 31 52 47 375 2.9 5.0 8.6 11.2 14.4 15.0 15.8 12.3 9.8 6.1 2.8 2.5 106 ~Vancouver, B.C. 49 16 123 15 305 2.7 5.0 9.0 13.2 17.7 18.1 20.1 16.9 U.2 6.5 3.1 2.4 126
Lethbridge, Alta. 49 38 U2 48 3018 4.3 ' 6.9 12.3 14.6 18.7 20.2 22.0 18.7 12.9 8.6 4.8 3.2 147

~:::
Winnipeg, Man.. 49 54 97 14 786 4.3 7.2 12.1 14.3 17.9 17.8 20.1 16.6 11.0 7.2 3.9 3.1 135 Q.

Medecine Hat, Alta.. 50 01 UO 43 2365 4.3 7.2 11.5 14.6 19.1 19.5 21.3 18.0 11.5 7.9 4.5 3.7 143 S
Armstrong, Onto

~

· . 50 17 88 54 1065 4.3 7.5 13.0 15.7 17.7 17.4 19.1 15.8 9.8 6.1 3.3 3.2 133 ~'

(Jl'

Regina, Sask. ... 50 26 104 40 1884 4.3 7.2 13.0 15.0 19.1 18.5 21.3 17.3 11.5 7.5 3.9 3.7 142 I::

'"'Port Harrison, Que. . 58 27 78 08 66 2.2 5.3 10.4 15.4 16.3 16.4 16.6 13.0 7.0 4.3 1.9 1.1 UO ~'

S
Churchill, Man. . . . 58 45 94 04 U5 2.4 5.0 11.0 15.5 18.4 18.5 18.2 13.7 7.9 4.2 2.0 1.3 U8 ~

Pine Creek, Y. T. 60 45 137 35 2030 l.l 4.0 8.6 13.6 17.7 18.1 16.6 13.3 7.6 4.3 1.6 0.5 107 :::
· . ....

Fort, Simpson, N.W.T.. 61 52 121 21 422 l.l 3.0 8.3 13.6 18.0 18.1 16.6 13.3 7.6 4.0 l.l 0.3 105
Aklavik, N.W.T. 68 14 135 00 198 0.1 1.5 6.4 13.1 17.4 18.4 15.5 10.4 5.4 1.9 0.3 0.02 90
Resolute, N.W.T. · .. 74 43 94 59 209 Nil 0.5 4.5 12.6 19.5 21.6 15.5 9.6 4.0 l.l 0.3 Nil 89
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(when compared with non-maritime stations) in
dicative to some extent of urban pollution and of
proximity to the Great Lakes.

(d) The sunniest areas over the full year lie in the
southern parts of Alberta and Saskatchewan, as
well as in south-western Quebec.

The southern sections of Canada show a good
potential for solar energy utilization, especially
during the spring and summer months. It is impor
tant to note that useful applications of solar energy
maybe possible in the far northern sections of Canada
during the long periods of daylight experienced
in the spring months, April, May and June.

Simplified instrumentation

In areas of the world where economical utilization
of radiation instruments must be made, it appears
that bimetallic actinographs would be useful. Although
subject to the large errors mentioned in the section
on bimetallic actinographs above, which reduce
their accuracy by about 10 per cent, actinographs
can be easily maintained and operated and the
records scaled by unskilled personnel. However,
Canadian experience has shown that meaningful
results can only be achieved if the data so observed
are subject to' quality control which is exercised by
a competent radiation centre.

References
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Summary

. The Canadian network measuring solar radiation
IS comprised of 30 stations operated jointly by the
Meteorological Service of Canada and other govern
mental agencies or institutes of higher learning.

Measurements of solar radiation are made at
21 primary radiation stations, equipped with thermo
electric pyranometers, and at 9 secondary stations,
:-Vlt~ bimetallic actinographs. The radiation record
IS III graphical form at all locations, with inte
grator printers also being installed at 9 primary
stations.

The most accurate radiation measurements are
re~orded by Eppley pyrheliometers allied with
~hnneapolis Honeywell electronic recorders. These
Instruments are easy to operate, and if th~y are giv~n
good care and routine maintenance, their useful life
before major overhaul or replacement is approxi
mately five years for the Eppleys and the associated
recorders.

By the end ~f 1963 the network will be expanded
to in~lude 32 statio~s, all equipped with thermo
elec~nc pyranometers. Within 3 years, all but 6
statIons will have integrator-printer output. ,

The National Radiation Centre at Toronto serves
the folloWing three main functions: ,

i (a) .Quality control. A group of reference stan~ards
; ~aIlltained and compared with recogni~ed inter
/tIonal standards of radiation at regular mt~rvals.
. 0 further ensure that field instruments will be
~ns~ected and correctly calibrated on a routine bCl:sis,
bn Integrating sphere, a cold chamber, an optical
.ar and an optical bench are either under construe
~on or have just been installed at the National

adiation Centre. .'

th(b) Processing and' publication of data. Most of
e current radiation data are hand-scaled from

graphs; about 25 per cent is read from integrator
printer tapes. The raw data are then entered on
punched cards, corrected for the error due to ambient
air temperature and the corrected data are published
fn the Monthly Radiation Summary. Within the next
iew years, hand-scaling will be eliminated and only
quality control of the automated output will be
necessary.

(c) Technical assistance. The' National Radiation
Centre provides advice to research institutes, industry,
etc., in regard to their radiation problems; calibra
tion services on request; loans of radiation instruments
to agencies engaged in special research proj ects;
and evaluations, in the laboratory or the field, of
existing or newly developed radiation instruments.

A preliminary survey of the radiation climate
of Canada, published in 1955 by C. L. Mateer, will
be extended within the next-few years. Daily totals
of solar radiation received' at selected Canadian
stations have been published in the Monthly Radia
tion Summary since December 1952, and hourly
and daily totals since january 1960. Hourly and
daily totals of solar radiation recorded during
IGY and IGC in Canada are in the process of being
published by the WMO. Monthly means of the solar
radiation 'received on a horizontal surface in Canada
will be published in 1961 in the United States.

A study of the monthly totals of solar radiation
received at 17 selected' Canadian stations yields
the following results: ' _ -

(a) In the fall and winter months, the solar energy
has a latitudinal dependence. Maximum values are
observed in southern Canada where geographic
location and climatic factors cause minor variations;

(b) In the early spring and mid-summer months,
northern stations and' southern maritime stations



472 III.A Availability and measurement

receive comparable amounts of solar. energy. For the
spring months, April to June, the northern stations
receive equal or greater radiation amounts than those
observed in southern Canada because of the greater
length of day; .

(c) The maritime nature of certain stations is
shown by the low annual totals of radiation. However,
Toronto, in the extreme south of Canada,. has a
low annual total because of urban pollution and
proximity to the Great Lakes;

(d) The sunniest areas of Canada are in the
southern sections of Alberta and 'Saskatchewan
and in south-western Quebec. .

Regions which show a good ro~ential for solar
en~rgy utilization are southern se...tions of Canada
during the spring and summer months, and far
northern areas of Canada during tl.e spring months,
when the long periods of daylight occur,

Canadian experience with bimetallic aetinographs
indicates that these instruments, although only
accurate to within 10 per cent, can be operated
and maintained (and the records scaled) by unskilled
personnel in areas where economical utilization of
radiation instruments must be made, However,
to achieve meaningful results, the data must undergo
quality control exercised by a cam petent radiation
centre.

MESURES DU RAYONNEMENT SOLAIRE AU CANADA

Resume

Le reseau canadien de mesure du rayonnement
solaire est forme de 30 postes qu'exploitent
en commun le Service meteorologique national et
diverses autres institutions gouvernementales ou
d'enseignement superieur. '. .

Les mesures de rayonnernent solaire se font a
21 postes principaux dotes de pyranometres thermo
electriques et a 9 postes secondaires pourvus d'acti
nographes bimetalliques. Les valeurs enregistrees
sont inscrites sous forme de graphiques a tous ces
postes. Neuf des stations principales sont dotees
d'integrateurs enregistreurs.

Les mesures les plus exactes du rayonnement
se font avec des pyrheliometres d'Eppley combines
avec des enregistreurs· electroniques .Minneapolis
HoneywelL Le maniement de ces instruments est
facile et. a: condition qu'ils soient bien soignes et
fassen~ l'objet de mesures d'entretien appropriees,
Ieur VIe utile de service, avant les revisions d'en
semble ou le remplacement, est de l'ordre de cinq
ans pour les appareils d'Eppley et lesenregistreurs
qui les completentv . .

Le reseau sera developpe d'ici la fin de 1963 et
pO,rte a 32 postes u?iformement dotes de pyrano
metres thermo-electriques. Dans les trois ans, tous
les postes, sauf six, seront dotes d'integrateurs
enregistreurs. .' . .' . . . . .
. Le Centre national du rayonnement, situe a

Toronto, a trois fonctions principales: .
a) Controle','de'la qua!ite. Le Centre tient a jour un

systeme de normes servant de reference, et les
compare aux normes internationales de rayonnement
officiellement reconnues a intervalles reguliers. Pour
assurer que les instruments en service aux divers
postes soient examines et correctement etalonnes
d'une.. maniere systematique, une sphere d'inte
gration, unechambre froide, une barre optique et
un banc optique sont en construction ou viennent.
d'etre installes au Centre national du rayonnement.

b) Exploitation, et publication des donnees. On
evalue la majeure partie des donnees communes.

sur le rayonnement a partir des h:,es. On lit une
proportion d'environ 25 p. 100 d'c"re eux sur les
bandes en papier des integrateur., enregistreurs.
On inscrit alors les donnees brutes sur des cartes
perforees, et les donnees corrigees cy2.nt aux err~urs

dues a la temperature de l'air ambiant sont pubh~e~
dans le Sommaire mensuel du rayonnement. D ICI

quelques annees, les operations manuelles seront
eliminees, et il suffira aux techniciens de pr~ceder
au controle de la qualite des donnees de sortie des
instruments automatises.

c) Aide technique. Le Centre national du rayonne
ment fournit : des conseils aux instituts de recherche,
a l'industrie, etc., quant a leurs problemes ayant
trait au rayonnement; des services d'etalonna~~
sur demande; des prets d'instruments de rayonnh
ment aux agences qui menent des projets de ~echerc ~
speciaux: et des evaluations, au laboratOlre oU ~
pied d'ceuvre, des instruments courants ou recemmen

mis au point de lecture du rayonnement.

Une etude preliminaire du c1imat du rayonnemen1
au Canada, publiee en 1955 par C.L. Mateer, s:~

'reprise au cours de ces quelques prochaines an~e. ~
Les totaux quotidiens de rayonneme~t. sa a:~t
recu en certains postes canadiens. ,speC1ale~ du
choisis ont ete publies dans le Sommaire mensu~ x
rayonnement depuis decembre 1952, et les to ~s
horaires et quotidiens depuis janvier 1960. I ire
totaux horaires et quotidiens du rayonnernentJo ada
enregistre pendant l'AGI et le CGI au Mantes
sont en. cours de publication par l'OMr: reyu
moyennes mensuelles du rayonnement solarre ant
au Canada sur une surface horizontale ser
publiees en 1961 aux Etats-Vnis. t

.V ' d nnemen
. ne etude des totaux mensuels u ra~o. 1ment
solaire recu a 17 postes canadiens specla e ,
choisis donne les resultats suivants : .

. l'energle
a) Pendant les mois d'automne et d'hlVer, leurs

solaire depend de la latitude. On observe leslvaueIle
maxima au sud du Canada, region dans aq
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la position geographlque ,et les e~e~ents climatolo
giques provoquent de legeres variations.

b) Pendant les mois du debut du printemps et
du milieu de l'ete, les postes septentrionaux et ceux
qui sont at; sud, mais au bord de la mer, recoivent
des quantites d'energie solaire comparables. Pour
les mois de printemps, d'avril a juin, les postes
septentrionaux recoivent des quantites de rayonne
ment egales ou superieures a celles que 1'on observe
dans le sud du pays, en raison de la plus grande
longueur des journees sous ces latitudes.

c) Le regime maritime applicable a certains des
postes est irvlique par la modicite des totaux annuels.
Neanmoins, Toronto qui est a I'extreme sud du
pays, presen te un total annuel faible en raison des
irnpuretes de 1'air, frequentes dans de tels centres
urbains, et de sa position proche des Grands Lacs,

d) Les parties les plus ensoleillees du Canada
se trouvent dans les regions meridionales de l'Alberta

et du Saskatchewan, ainsi que dans le sud-ouest
de la province de Quebec.

Les regions qui se preterit bien a l'utilisatio?
eventuelle de l'energie solaire sont les regions men
dionales du Canada pendant les mois de printemps
et d'ete, et le grand nord, pendant les mois de
printemps, epoque a laquelle les jours sont tres
longs.

L'experience acquise au Canada avec les acti
nographes bimetalliques indique que ces instruments,
bien que leur precision ne depasse pas 10 p.. 100,
peuvent etre manies et entretenus (et les gr.ap.hlq?eS
interpretes) par un personnel sans speclallsa~IOn

dans les regions oii il faut faire un usage economique
des instruments de mesure du rayonnement. Cepen
dant, pour assurer des resultats significatifs, les
donnees doivent faire l'objet du genre de controle
de la qualite que peut exercer un centre de rayonne
ment speci~lise.
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DISTRmUTION· OF SOLAR ENERGY OVER INDIA

s. P. Venkiteshuianui *

The data of duration of bright sunshine obtained
with the Campbell-Stokes sunshine recorder over
nearly SO stations have been studied, and figure 1
shows the distribution, over the Indian peninsula,
of the mean daily hours of bright sunshine for each
month.

It will be seen that during the cold season, Novem
ber to February, the duration of sunshine in the
Indian peninsula is greatest to the south of the
Gangetic plains and to the north of ISDN, the dura
tion exceeding 10 hours in certain places. North of
this region, the duration is less, as a result of the
passage of winter disturbances from the west and
the decrease in the length of the day with latitude.
To the south, cloudiness associated with disturbances
in the Bay of Bengal or the Arabian Sea and convec
tional clouds associated with higher humidity as a
result of the flow of currents from the adjacent seas
are responsible for the reduction in the hours of
sunshine.

With the advance of the year, the region of clear
skies shifts towards the north-west, till in April the
region with 'hours of sunshine exceeding 10 lies over

As compared to energy from the wind,' solar
energy is known to have a greater certainty of
occurrence, though it is totally absent at night. In
India, while there is a strong annual variation in
the. wind in many regions, the variation. of sunny
periods is. equally ,well marked; during the monsoon
months, June to September, when the skies are
mostly overcast, wind is strongest. This indicates
that wind energy can' supplement solar energy in
many parts of India.

Ramdas and Yegnanarayanan (1) briefly analysed
the duration of bright sunshine and calculated the
total solar radiation using Angstrom's well-known
empirical formula correlating hours of sunshine 5
with the total solar radiation Q. Since then, a few
stations have been started by the India Meteorological
Department for recording total radiation from sun
and sky as a routine. Since a study of the distribution
of sunshine over the country and its variations
are of interest in a study of the spatial distribution
of solar energy over India, the distribution of sun
shine and its variation in time and space over the
sub-continent are discussed in this paper.

Mean daily duration of bright sunshine

* National Aeronautical Laboratory, Bangalore, India.

Gujarat and the adjoining regions of Sind and
Rajasthan. This extends further to the north over
West Pakistan in May, but the m.rximum remains
over Gujarat.

With the onset of the monsoon ir: [une, the region
of maximumsunshine lies over W {..,:: Pakistan and
the adjoining regions of Rajasthan .1nd ~he Punjab.
From July to September the clearrrt sk~es are o~er

Quetta and the nearby districts of Pakistan. Skies
begin to clear over India by Octob.r an? the days
become shorter over the northe: latitudes, rill
by November the region with clearest skies lies over
Gujarat and the adjacent regions. .

Considering the whole year, the ~egion. WIth
maximum sunshine is Rajasthan ccr,d Its adjacent
areas, with an average distribution of 8 to 9 hours
a day. There is also a small area in 1\1yome and near-.by
Andhra Pradesh where the duration of sunshllle,
exceeds 8 hours, f

ti 0Except in the extreme north, the dura I~n t
bright sunshine is least over the whole sub-contmen

during the monsoon months of July and August,
t~e sunshine received being less than hal,f the P:d
sible value. In the west coast of the penInsula ~, s
over Bengal and its adjacent districts, the S;le

remain overcast for days together. At Born ::~
for example, more than 20 days in each mons of
month receive, on an average, less than 3 hourSthe
sunshine per day. In the extreme north. on 'bIe
other hand, the sunshine is less than half Its P~SS\he
value during the months from December to Apnl'b r
maximum occurring during October and Novem t~~
just after the retreat of the monsoon, but before al
incidence of the western disturbances. The sea~ofhe
variation, namely, the monsoon and the rest ° the
year, is a general feature over India, ~xc~p~ °:rrced
east coast of the peninsula, which IS In U iated
by the north-east monsoons ~md. its asso~acent
cyclones and depressions occurnng 1p the a~J the
seas. Even here, less sunshine is receIVed dunng oon
south-west than during' the north-east monS
period,

Mean duration of brtght sunshine
durrng each hour

. 'each
Isopleths of duration of bright sunshIne In tions

h?ur. for the different months for fiftee~ s~drurn
distributed from Kashmir in the north to Tnva The
ir: t~e e:ctreme south are shown in .fi~ure 2barac
d1S~n?ubon of bright sunshine has slm~lar \hrnir.
teristics at all the stations in India except In Ka

474



Distribution of solar energy over India S/60 Venkiteshwaran 47!;

OEC..

,s11'T.

.. ".r :
7 : "

a"';; .'..........,-'JAN,

Figure 1. Hours of bright sunshine-average total per day
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Frequency distribution of occurrence of bright
sunshine of different durations

Th . .th e Important factor in the study of solar energy IS
y e freguency distribution of sunny days during the
ear, SInce in addition to .large values of hours of

bright sunshine, a continuity in the supply is neces
sary for the proper utilization of solar energy. Table 1
gi~es the monthly frequencies of occurrence of days
with 0.1-3 hrs., 3.1-6 hrs., 6.1-9 hrs. and more than
9 hrs. of bright sunshine for 15 stations in India.
It will be seen that sunshine for more than 6 hours
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, . . '. .'. . ' '. ,. - b tween Julya day can be expected. to occur for more than half, at Tnvandrum m June, It occurs e . higher
the number of days in the 'months throughout the" an~ August i!1 Bombay .and ir: Angust InaxilJ1Urn
year only at Jodhpur. During the monsoon, sunshine 'latitudes. During these months, It IS at a ~t out in
exceeding 3 hours occurs "daily for more than half _,at Srinagar. These features are also br~u~ccurrence
the month throughout theyear at all stations except figure. 3b, which shows the frequency Oh 3 hours.
Kodaikanal, Bangalore, Bombay, Poona and Nagpur. of days with duration of sunshine less t an

Figures 3a and 3b show the latitudinal variation 11

f 'Illsuof the frequency of occurrence of days with durations Measurement of the total radiation ro
of sunshine exceeding 6 hours and less than 3 hours, "',' and sky in India
respectively. For this purpose, the values used are en started
those for Trivandrum, .Bombay, Ahmedabad, Jodh- Measurements of solar radiation have bde. by the

. . . In lapur, Delhi and Srinag.ar,WhI1et~eminimum number regularly at a number of statIOns .Ill 957 These
of days with sunshme, exceedmg 6 hours. occurs India MeteorQlqgical -DepartmentS1JlCe 1...



consist of continuous records of the total incoming
radiation on a horizontal surface with solarimeters;
measurements of total radiation from sun, sky
and ground with spherical pyranometers, daily
measurements of the direct solar radiation with
and without filters and daily measurements of the
lo~g wave effective outgoing radiation are also
belllg made. Some observations on the continuous.
records of the total incoming radiation on a horizontal
surface .with Moll-Gorczynski solarimeters at a
few statIOns are described below. '
. Table 2 gives the mean daily total radiation(T)
l(n cal per sq cm for each month during the IGY
1958) for four stations in India.

T Figure 4 gives the isopleths of total' ~ra~iati~n
. (cal/cm2/hr.) showing the hourly variation 1ll

~l~erent months at the above four stations. Figure 4
rIngs out clearly the chief features in the seasonal

and diurnal variation of solar radiation.

OL-....L..-!._l---L---L--l_.L-...J---l---J'---'
JF I.tAMJ.TA50ND

Fi~ure 3 a. Freque~cy of days with sunshine > 6 hrs

Calculation of total radiation Q from values
of duration of sunshine S

According to Angstrom (2), an approximate
estimate of the solar radiation received at the
surface of the earth could be obtained from observa
tions of bright sunshine by a relationship between
the received solar radiation at the earth's surface
and the duration of sunshine. It was expressed in
the form

Q = Qo [0(1 + (1 - 0(2) %01
where Q is the radiation actually received, Qo is the
total radiation income on a clear day, 5 is the number
of hours of sunshine measured on a sunshine recorder,
and 50 is the maximum possible hours of sunshine;
0(1 and 0(2 are constants. With an overcast sky,
Q/Qo equals 0(1 while with a perfectly clear sky,
Q = Qo. It has been pointed by Angstrom (3) that

III
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o
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Figure 3 b. Frequency of days with sunshine < 3 hrs
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Table 2

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. l'lot'. D,-:.

Madras 472 559 590 591 546 523 423 422 503 369 373 =:"17
Poona , 460 562 598 617 . 664 588 395 402 496 518 474 ~ '{ 7
New Delhi 350 447 556 606 630 614 245 452 491 501 418 ,.i-1;;

Calcutta. 339 394 489 506 542 472 454 481 430 396 393 :v:{

(Xl is dependent on the latitude and altitude of the
station and on the reflectivity of the ground and the
frequency with which higher or low clouds are
present when the sky is overcast.

Angstrom found a l to have a value of 0.25 for
Stockholm, and Kimball and Hand (4) obtained
a value of 0.22. for Washington. Estimates of the
values of al and a2 using Angstrom's formula, ob
tained from the daily values of the total radiation Q
and the duration of sunshine 5 for the four stations,
namely, Poona, Delhi, Calcutta and Madras, on the.
basis of the IGY data for 1958, are given in table 3.

The values estimated by Ramdas and Yegnanaraya
nan (1) for Qo and 50 were used; y represents the
correlation coefficient between Q!()u and 5/50 ,

Table 3

Station "1 ,:~ y

Poona 0.44 0, ~ i 0.93
Delhi 0.38 o..:': 0.90
Calcutta 0.33 (I.', -: 0.84
Madras 0.37 O-j,j 0.89
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Figure 4. Isopleths of total radiation T (cal{cm2/hour) showing hourly variation in different months
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Table 4

July-September Rest of the year

IX l-lXs y IX1 l- cx ll y

Poona. 0.42 0.61 0.91 0.42 0.52 0.90
Delhi ... 0.29 0.71 0.95 0.47 0.45 0.85
Calcutta. 0.35 O,M 0.88 0.32 0.49 0.86
Madras 0.39 0.49 0.89 0.37 0.49 0.90

Angstrom's formula gives only approximate values
of Q, the total radiation actually received, for
typical average days when cloud cover is nearly
normal. In India the variations are very large in
the different seasons, during which long spells with
skies either perfectly clear, overcast or partly cloudy
generally occur. Thus, if using the relation Q/Qo =
(Xl on overcast days, one obtains the values of Cl1

and the values of Cl2 are estimated, the values of Q may
be underestimated on partly cloudy days, since the
cloud layers on overcast days are much denser than
at other times and will give a low figure for the
constant . However, the formula can give a fair
estimate the radiation values on clear days, if
the values of the constants are known for such days.

Estimates of the values of Cl1 and Cl2 for the four
stations for the monsoon months July to September
and for the rest of the year have been calculated
and are given in table 4. .

Ramdas and Yegnanarayanan (1) worked out,
on the basis of sunshine data for India, the provi
sional estimates of the total solar radiation received
during the day for different months of the year
for a number of stations. For computing the values
of q, the amount of radiation from the sun and the
sunlit clear- sky per sq cm on a horizontal surface
per minute at the ground surface, they used isopleths
of q computed by Fritz (5) for different values of
the precipitable water and air masses corresponding
to the different hours of the day at the selected

Table 5. Sun and sky radiation on a horizontal surface (cal/cm2/day)

Jan. Feb. Mar. May June July Aug. Sept. Oct. Nov. Dec.

Poena .-

Computed by Rarndas
Measured during IGY .

Delhi .-

Computed by Rarndas.
Measured during IGY .

Calcutta .-

Computed by Ramdas .
Measured during IGY .

Madras .-

Computed by Rarndas
Measured during IGY :

488 561
460 562

361 441
350 447

'442 506
339 394

526 610
472 359

631
598

509
556

568
489

643
591

620
617

599
606

617
506

626
595

632
664

610
630

682
542

581
546

489 378 375
589 395 402

571 491 486
614 245* 452

'(485)

482 416 441
472 454 481

495 442 467
523 423 422

475
496

478
491

387
427

510
503

474
518

524
501

431
396

489
369

489
474

442
413

445
393

489
373

464
447

353
345

415
363

473
397

• 245 cal/cm'/day were received in July 1958, while 485 cal/cm.'/day were received in July 1957. One may assume that July 1958 was an abn~rmal month.

stations for the middle of each of the months of the
yea~..From curves showing the computed ~iurnal
vanatIon of q, the total mean daily radiation Qo
for cloudless skies in different months of the year
Was ~stimated by integration. From the data of
duratIon of sunshine the ratio 5/50 was calculated
and they used the f~rmula Q = 0.35 + 0.61 5/50

fnd t~e computed values of Qo to obtain 9, the
nsolatlOn on a horizontal surface for the different
ll10nths of the year.

The values ofQ measured for Poona, D~lhi,
~alcutta and Madras during 1958 and those obtamed
y ca~culation by Ramdas and Yegnanarayanan (1)

are gIven in table 5. It is interesting to note how

well the computed values for these four stations
agree with the actual observed values of the total
radiation from the sun and sky during the IGY.
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Summary

The paper discusses the hours of bright sunshine
over India collected with Campbell-Stokes sunshine
recorders. The distribution of the mean daily hours
of bright sunshine for each month shows the charac
teristic large decrease during the monsoon months,
June to September, over almost the whole of India;
during this period, the average number of hours of
bright sunshine is even less than three on many
days at some stations. The mean duration of sunshine
during each hour in different months is also described
for a selected number of stations.

Since the important factor in the study of solar

energy is the frequency distribution of bright sun
shine of different duration, tables and curves show
ing the mean monthly frequency cA occurrences of
bright sunshine of different dura.ions have been
given for a representative number of stations. .

The paper summarizes also the total radia
tion from the sun and sky in India measured at a
selected number of stations in India during the
IGY and shows how these observations agree
very well with the values computed by Ra~d~~
and Yegnanarayanan from the values of brig
sunshine.

REPARTITION DE L'ENERGIE SOLAIRE EN INDE

Resume

Ce memoire .passe en revue les heures, notees au
moyen d'un appareil enregistreur de Campbell
Stokes, ou l'insolation est brillante sur l'etendue
de l'Inde. La repartition du nombre moyen d'heures
de soleil brillant par jour et pour chaque mois
accuse une reduction caracteristique marquee pen
dant les mois de mousson, de juin a septembre, sur
la presque totalitedu pays. Pendant cette periode,
le nombre moyen des heures d'ensoleillement brillant
tombe, au-dessous de trois pendant nombre de jours
et a certains postes. La duree moyenne d'insolation
pendant chaque heure pour des mois differents est
egalement donnee pour un certain nombre de postes
specialement choisis.

Pour autant que le facteur important, dans toute .

etude sur l'energie solaire, est la repartitio~la:
frequence des jours ou l'ensoleillement est bn des
pour des durees differentes, I'auteur presenteuelle
tables et des courbes indiquant la freq~enc~mens en
moyenne des manifestations de soleil bnllant Pn
dant des durees diverses pour un nombre represe

tatif de stations. I tif
, , ' me re aL auteur donne egalement un resu soleij

"au ray?nnement total fourni ~n Inde par
d

le ostes'
et le ciel, mesure en un certam nombre; e1 hy
specialement choisis, au cours de I'Annee g °lrva
sique internationale, et il en res sort que ces

l
ob~ ca!

tions sont en tres bon accord avec les va ~urpartir
culees par Ramdas et Yegnanarayanan a
des valeurs applicables au soleil brillant.
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NOCTURNAL HEAT LOSS FROM HORIZONTAL SURFACES IN ARID REGIONS

John Yellott and Panos Kokoropoulos *

Exchange of long wave-length thermal radiation
between the earth and the sky has been the subject
ofseveral in vestigations during the past half century,
notably by Angstrom (1), Brunt (2) and Elsasser (3).
Parmelee (J). using a convection-compensated radio
met~r, measured the long wave-length radiation
received during the daytime on vertical and horizontal
surfaces at Cleveland, Ohio. He concluded that his
results were adequately expressed by an equation
developed by Brunt, but with constants determined
from his own experimental data.

Yanagimachi (5), in Tokyo, and Bliss (6), in Tucson,
Anzona, have successfully used night radiation from
bare roof-top flat plate collectors to dissipate heat
removed by refrigeration of a residence and a labo
ratory during summer days.

During the winter of 1960-1961 at the Yellott
Solar Energy laboratory in Phoenix (elevation
1225 feet or 400 meters), measurements were made
of nocturnal heat loss from horizontal glass plates
to clear desert skies. Analysis of the data showed
that a modification of Angstrom's procedure led
to an equation which is in good agreement with
the.experimental results. The desert sky apparently
radIates as a "gray body", with an emissivity which
depe?ds upon its humidity. When the ground level
ambIent air temperature and vapor pressure are
known, the downward radiation from the atmosphere
can be calculated. By using conventional methods
to evaluate outward radiation and convection ex
change between the surface and the atmosphere,
the loss or gain of heat can then be calculated for
Surfaces which face upwards towards the sky.

This paper presents a brief description of the
~pparatus used in the investigation, and gives typical
best results. The experimental data are then correlated
. y. the method suggested by Angstrom, and a chart
~ tncl~ded by which atmospheric radiation can be
etermmed for night desert conditions.

Experimental apparatus and procedure

The calorimeter used in the present work was
~n exact duplicate of the apparatus built in 1947
l~ Parmelee (7) and his colleag~es at the Cl~veland
Veor.ato~y of the American Soclety.of Heatmg an.d

n~Ilat1ng Engineers. As shown m figure 1, It
c~nslsted of a semi-cylindrical copper heat absorber
~lt~ a 45-inch (114 cm) square opening. Copper
ubtng Was soldered to the inner surface of the heat---• y

elIott Solar Energy Laboratory, Phoenix, Arizona.

absorber, and a dull black paint (emissivity = 0.975
for wavelengths from 3 to 30 [L) was applied. The
calorimeter was insulated with glass wool and alu
minium foil reflective surfaces. Heat transfer through

,the insulation was measured by calibrated heat-flow
meters.

Nocturnal heat loss from the calorimeter was
determined by measuring the temperature drop of
water flowing through the tubing at a fixed rate
(5251b or 234 kg per hour). Two 25-junction copper-.
constantan thermopiles were used for this purpose,
while single copper-constantan thermocouples were
used to measure the surface temperatures of the
calorimeter and the test glasses. The loss of heat
by radiation exchange with the sky and the resulting
value of the downward atmospheric radiation were
calculated from calorimeter heat balances. For this
purpose, wind speed and direction, as well as the
wet and dry bulb temperatures of the ambient air,
were measured in the usual manner.

Both single and double glass samples were used
in the test program. All samples were 48 inches

FIBERGIASS

CALORIMETER
SHELL

N~~-----+ HORIZONTAL
SUPPORT

e' x B I PLyWOOD
PANEL

Figure l. Cut-away isometric of solar calorimeter

481
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Table 1. Data and results of test run on 30-31 December 1960

Observed temperatures and temperature difjerences

Time AST 11 12 1 '. 2 3 4 5 6

1. Ambient air temperature to 46 42.5 42 41 40.2 38 38 38 37
2. Dew-point temperature t d p 41 39 38 37 38 37 34 33 33
3. Calorimeter temperature t c 7L1 71.3 70.5 69.7 68.7 67.8 67.3 66.8 55.7
4. Indoor glass temperature t qj 60 59.1 58 57.2 56.4 56 55 54.3 53.9
5. Outdoor glass temperature. tqO 47.2 45.5 44.6 43.8 42.8 41.8 41.2 40.5 40.3
6. Calorimeter to indoor

glass (3) - (4). ~tc 11.7 12.2 12.5 12.5 12.3 11.8 12.3 12.5 11.8
7. Outdoor . glass to ambient

air (5) - (1) . ~to 2 3 2.7 2.8 2.6 3.8 3 2.8 3.5

Calculated heat flows, BtuJhrJsq [t
1. Calorimeter to indoor glass

by conv, and radiation. qRCi 18.7 ' 19.5 20.1 20.1 10.7 18.8 10.7 20.1 18.8
2. Outdoor glass to ambient air

by convection qeo 4.8 4.8 4.3 4.5 4.2 6.1 3 2.8 3.5
3. Net measured heat loss by

radiation = (1) - (2) qRo 13.9 15.7 15.8 15.6 15.6 12.7 16.7 17.3 18.3
4. Black-body rad. at outdoor'

glass temp. = 1723 XTgO{
107X 1()-9 .' . RFgO 114 112 III III 110 lOO 109 108

5. CaIc. atmospheric rad.
, (3)

QRs 89.6 89.5(4) - 0.892 . 98 95.3 93.3 93.5 92 93.6 90.3

6. Atmospheric radiation from
chart (figure 7) q'Rs 98 92.5 91 89 00.5 87.5 84 83 82

Table 2. Data and results of test run on 31 December 1960-1 January 1961 -
Observed temperatures and temperature diUerences -

Time AST 11 12 1 2 3 4 5 6 --
1. Ambient air ,temperature . to 43.5 42 39 38. 37 40 36.8 36.8 35.8

2. Dew-point temperature . . t dp 34 34 33 ' 31 30 29 28 28 29
3. Calorimeter tempmerature . t c 68.9 68.3 67.7 67.2 66.8 66 65.2 64.9 69.4
4. Indoor glass temperature tgj , 55.7 55.3 54 53 .'>2.3 .'>2.3 51.2 51.7 50.7

5. Outdoor glass temperature. tgO 41 39.5 37 36.4 33.8 36 34 34.8 33.8

6. Calorimeter to indoor glass ~tc 13.2 13 13.7 14.2 14.5 13.7 14 13.2 13.7

(3) -(4).
7. Outdoor glass to ambient

_2.0air (5) - (1). ~to -2.5 -2.5 -2 -1.6 -3.2 -4 -2.8 -2.0

Calculated heat flows, Btu/hrJsq /t
1. Calorimeter to indoor glass

22.1by co'nv , and radiation, . qRcj 21.3 21 22.1 22.9 23.4 22.1 22.6 21.3
2. Outdoor glass to ambient

_5.0air by convection qco -3.5 -3.3 -2 ~2.4 -6 -8 -5.6 -3.2
3. Net measured heat loss by

27.1radiation = (1) - (2) qRo 24.8 24.3 24.1 " 25.3 29.4 30.1 28.2 24.5
4. Black-body rad. at outdoor

glass temp. = 1.723 X
104Tgo, X 10-9 • RFgO 108 107 105 104 102 104 103 103

5. CaIc. atmospheric rad.
3 73.6

(4) - 0.892 qRs 80.2 79.9 78 75.6 69 70 70.9 75.5

6. Atmospheric radiation from
73chart (figure 7) q'Rs 86 85 82 78 76 76 72.5 72.5 ---



Nocturnal heat loss 8/34 Yellott and Kokoropoulos 483

(121 cm) S'luare, mounted in wooden frames i~ such
a manner rhat the outer glass surface was 1ll the
same plane as the large wooden panel which surround
ed the calorimeter, The calorimeter was supported
by an altazimuth mounting, so that is could be
turned and tilted to any desired orientation; all
tests reported in this paper were run with the glass
in the horizontal position, facing upward toward
the zenith.

Test data and measured results

The measured quantities consisted primarily of
temperatures and temperature differences which
were recorded at two-minute intervals on a 24-point
potentiometar recorder. Wind speed and cloud cover
were determined by direct observation; the results
presented nelow were obtained when the sky above
the laboratory was completely clear. Changes of
temperatm c in the glass and the calorimeter were
so gradual that there was no appreciable storage
of heat in (he apparatus.

Results of two of the many tests are presented
in tables t and 2. These tests were run on a double
glass, which consisted of two sheets of 3/16 inch
(4:76 mm) thick sodalime plate, separated by .a
[Inch (6.3;; mm) air space. The glasses were hermeti
calIy sealed within a metal frame, so that only the
outer surface temperatures could be measured. These
tests were run from 11:00 p.m. on 30 December
until 7:00 a.m. on 31 December 1960, and during
the same hours on 31 December 1960, and 1 January
1961.

The important temperatures are plotted against
apparent solar time in figures 2 and 3. On the first
ni.ght, the outer glass surface temperatures remained
shghtly higher than the ambient air temperature.
During the second night, with considerably lower
dew~point temperaturss, the glass was consistently
colder than the air.

The heat quantities were calculated by the methods
outlined in the next section of this paper. The
objective of the tests was to find the net loss of .
heat by radiation from the exposed glass, and then
to determine the atmospheric radiation. On the
first night, the net loss of heat by outward radiation
fro~ the glass ranged from 18.6 to 15.1 Btu/hr/sq.ft,
WhIle the downward radiation from the sky vaned
from 95.9 to 90.1 Btujhr/sq ft. The dew-point
temperature range was from 41°F at 11:00 p.m.
(solar time) to 33°F at 7:00 a.m. The dry bulb tem
perature also ranged downward from 48°F to 37°F.

On the second night 31 December-l January,
the dry bulb temperatures were almost exactly
the same as those measured on 30-31 December,
ranging from 48°F to 38.5°F. The dew-point tem
peratures were considerably lower, from 34°F to
2~oF. The net loss by radiation was markedly
hIgher, averaging about 27 Btu/hr/sq ft, and the
downward radiation from the sky vaned from 82.9
at 11:00 p.m,' to 71.7 Btu/hr/sq ft at 4:00 a.n:.
The importance of the dew-point temperature IS

immediately apparent, since the dry bulb tempera
tures were essentially the same at comparable hours
during both nights.

The results shown in tables 1 and 2 were quite
similar to those obtained in a total of twenty tests.
Minimum dew-point was 5°F, at a dry bulb tempera
ture of 33°F. Maximum dew-point temperature was
44°F, at a dry bulb temperature of 53°F..Higher
dry bulb temperatures were encountered occasionally,
but they were accompanied by lower dew-point
temperatures.

Study of the test results confirmed the conclusions
of earlier workers in this field as to the importance
of vapor pressure in determining the magnitude of
nocturnal atmospheric radiation. The analysis ~e

scribed in the last section of this paper was carried
out to find a generalized relation by which atmos
pheric radiation could be estimated when the
ambient temperature and the dew-point temperature
are known.

Calculation of results

The objective of the present test program was
to determine the rate at which heat is radiated from
the clear night skies. Since this quantity, qRs (the
terminology is explained in annex 1) could not. be
measured directly, it was calculated by the followmg
analysis.

The heat lost by the water flowing through the
calorimeter (corrected for the insulation heat flow)
was transferred outward by radiation and convection
from the calorimeter shell to the inner glass surface.
It was conducted through the glass to the outer
surface, where heat exchange took place b~ radiation
to the atmosphere and by forced convection to the
ambient air which blew across the glass surface.
The following equations express the conditions which
must exist when there is no appreciable storage of
heat in either glass or calorimeter:

k
qW-qI =qRci = 1 (tgi-tgO) =qnco [IJ

qnc« = qRo + qcs = qRgo - qRs + qco [2J

qRs can be found by using anyone of the values for
the net heat loss from the calorimeter and substitut
ing it into a revised version of equation [2J.

qRs =-[qRCi-qRgo +qco)] [3J

During many tests, the outer glass surface tem
perature was below the ambient air temperature, and
so the convection heat flow, as found by equation [4J,
was negative, since it was directed towards the calori
meter.

qco=lco(tgo-to) [4J

The outer surface convection coefficient, [c«. was
calculated from the following equation (8), which is
believed to be reliable for wind speeds up to 25 miles
per hour (42 km per hour) :

[c« = 1.0 + 0.31 X Vo X (530/T o) [5J
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Figure 4. Outside convection coefficient vs. wind velocity

Wind direction can be neglected, since all tests
rep?~tedhere were run with the glass in the horizontal
POSItIon.
b Outgoing radiation from the glass is calculated
y the usual Stefan-Boltzmann equation:

qRo = eg X 1.723 X 10-9 X T g04 [6J

The average emissivity of soda lime glass, eg, at
wave-lengths from 3 to 30 microns, is approximately
0.89. The net loss of heat by radiation exchange is :

qRo = eg (1.723 X 10-9 Tg04_qRS) [7J

Analysis of results

IT~e purpose of the analysis was to find a consistent
re atIonship between atmospheric radiation, qRs,
grOund level ambient temperature, to, and vapor
pressure, Pv. The first attempts were made with
the fOlloWing equation, proposed by Brunt (2) as
~ result of this study of data obtained by Dines (9) .
In England:

qRs/(T04) = a + b ,JPv [8J
The constants a and b have been evaluated by experi
rnenters in various parts of the world. As summarized

by Elsasser (3), the average values were 0.50 for a
and 0.34 for b; Parmelee (4), used a = 0.55 and
b = 0.33, but this equation did not give consistent
correlation for the present work.

Trials were then made with Angstrom's equations,
developed from data taken at night in Algeria and
California in 1912 and 1913. The first of these is:

qRs = A Ts4 (B - e-c po) [9J

where T, is a mean atmospheric temperature.
The second Angstrom equation relates the atmos

pheric radiation at a given dew-point to the ambient
air temperature:

qRs =D (pv) X T 04 [10J

D(Pv) is a function of the vapor pressure of the
atmosphere at ground level. For dew-points from 5°F
to 35°F, as shown in figure 5, this function was found
to be approximately liriear.

Angstrom's procedure resulted from the fact that
his first series of tests (1912) at Bassour, Algeria,
extended over a three-month period, during which
the ambient air temperatures varied only from
59°F to 80°F, while vapor pressure varied from
0.15 inches (3.8 mm) to 0.42 inches (13.29 mm),
corresponding to a dew-point temperature range
of 25°F to 55°F. The elevation at Bassour is 3 800 feet
(1 160 m).

During his California tests (1913), the humidity
varied only from 0.236 in (6 mm) Hg, dew-point 38°F,
to 0.35 in (9 mm) Hg, dew-point 54°F, but his
temperatures varied from 82°F at Indio (sea level)
to 27°F at Mt. Whitney (14400 feet, 4420 m).

Angstrom's study of his California data led him
to conclude that, at constant humidity, the atmos
pheric radiation varied as the fourth power of the
ambient absolute temperature:

(qRsh/(qRs)2 = (TO)1/(To)24 [11J

In order to evaluate the vapor pressure factor,
D (Pv) in equation [10J, Angstrom reduced his Cali
fornia test data to a common ambient temperature,
68°F. Since this procedure led Angstrom to a satis
factory correlation of his results obtained at night
under desert skies, it was tried with the data from
the present investigation. \

Values of atmospheric radiation (qRs), calculated
from observed calorimeter heat loss data, were
tabulated for a number of night-long tests under
cloudless skies, during which the dew-point tempera
tures were substantially constant. These data for
varying dry bulb temperatures were then reduced
by equation [11J to a common value of to = 75°F.
Table 3 gives values of the atmospheric radiation,
and the factor D (Pv) for four values of vapor pressure.
Within the range of vapor pressure covered during
these tests, D(pv) is essentially linear, as shown
by figure 5. The equation for this line is:

D (Pv) = (0.674 + 3.33pv) X 10-9 [12J

Consideration of Angstrom's equations [9, 10, 11J
in the light of the data obtained during the present



486 III.A Availability and measurement

Hg
~o;0

.,-

f

/ ---

4, ~7$Qr

(;) .-

/

/
-

o J 4/ a2 I a" Q41nd

_ Figure::5. Factor D (Pv) vs. water vapor pressure, P v

~o

~

0/

~

~/
o~

~ I fJ./ a2 I a" a~ IneII Hi

tJ.5

xld

Figure 6. Atmospheric radiation vs. w~ter vapor, pressure, P v



Nocturnal heat loss 8/34 YeUott and Kokoropoulos 487

al-+---l
I~ +---+----+----+----I---~

o -/./ 0.16 .(1,2

4020o-/0

/0

o O+-~--.-+-..:....-.y.-+--r--t-~-+-"'IT--t--r-r---l
o ao

Figure 7



488 III.A Availability and measurement

Test date

12/20-21 1960
12/20-21 1960
12/22-23 1960
2/8/1961 . .

Table 3. Values of factor D (p~) and qR, for night tests
at a dry bulb temperature of 75°F

TVater vapour Dew-poi'" qRg D (Po) x 10'pressure temp. 'F Btu/lt'/h,

0.048 5-7 69 0.84
0.06 10 73 0.89
0.12 23 91 1.11
0.174 31 106 1.3

which is approximately linear for the limited range
of vapor pressures considered here.

To evaluate the constants A', B, and C in equa
tion [14J, the data from three of the tests listed

work led, by dimensional reasoning, to the conclusion
that the mean atmospheric temperature, T s, proposed
by Angstrom could be replaced by the existing
ambient air temperature, To, multiplied by a new
constant, A', which has the dimensions of the
Stefan-Boltzman constant. Thus:

qRs = A' T o4 (B-e-CPo)

Thus, by combining equations [10J and [13J,

D (Pv)' = A' (B - e-cpo)

[13J

[14J

in table 3 were inserted into the equation and the
following solutions were found :

A' = 1.515 X 10-9

B = 1.41
C = 3.33

Inserting these values, we obtain:
qRs = 1.515 X 10-9 (1.41- e-:v' lo) X T 04 [15J

A graphical version of equation l i :;1 is pr~sente.d
in figure 7. From this chart, when ':'(~ ambient.air
temperature and the relative humic \y are kno~.
the atmospheric radiation, qn«. car, be found III

both the English and cgs units. From t>.r compans0t:s
given in tables 1 and 2, it is seen that the expen
mental data agree with the calcula tcd values to
within ± 4 per cent.
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Annex I

TERMINOLOGY AND UNITS

Heat flow rates, symbolized by "q" with appropriate subscripts,
are expressed in British thermal units (Btu) per hour per square
foot of radiating surface. Heat flow is considered positive, when
it is directed away from the calorimeter, negative when it is directed
towards it.

qR, = heat radiated downward from thc atmosphere
qw' qr = heat lost by water and through calorimeter

insulation
qRCi' qRCo = heat transfer by radiation and convection at

glass inner and outer surfaces
kg = thermalconductivityofglass,Btu/hr/sqft/(OFjinch)

= thickness of glass, inches
alorimeter,= effective temperature within the c

OF, oR een ollter
='heat transfer by convection alone betw

surface and ambient air .
= heat radiated outward from glass 5

, , outer glas= net heat loss by radiation from
surface

= vapor pressure, inches of mercury 10-9, BtU/

= Stefan-Boltzman constant, 1.723 X
hrjsq ft/op4
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to.' To.
to, To

Io«

.= emissivity of glass surface
,= temperature of outer glass surface, degrees

Fahrenheit and degrees Rankine
= temperature of inner glass surface, of and oR
= temperature of ambient air, of and oR
= outer surface convection coefficient, Btujhrjsq

ft/oF

VO

A,B,C
a, b
D (Pvl

1, 2

= wind speed, miles per hour
= constants in the Angstrom equation [11]
= constants in Brunt's equation [10]
= factor in Angstrom's equation [12] dependent

upon vapor pressure
= subscripts used in equation [13] to denote data
, determined during different tests

qRs =D (Pv) X T o4 X 10-9

Where D(Pv) is a function of the vapor pressure
of the form:

qRs = atmospheric radiation, Btu/hr/sq ft
T, = mean sky temperature
A, B, C = experimentally determined constants
P» = vapor pressure at ground level, inches Hg.

In converting the data from the present work
by means of Angstrom's analysis, his two suggestions
were combined into:

D (Pv) = A' (B - r CPo)

The constants were evaluated by solving simultane
ous equations in which data were inserted from tests
run with widely' differing vapor pressures. The
resulting equation is :

qRs = 1.515 X T o4 (1.41- e: 3.33 Po) X 10-9

The experimentally determined values of the
atmospheric radiation agreed within ± 4 per cent
with values calculated by this equation.

The net loss of heat at night from any surface
which is exposed to the desert sky can be determined
by calculating the convection transfer in the usual
manner and adding the radiation exchange which
can be found from:

qRo = eg X (1.723 X T g4 X 10-9 - qRs)

qRo = net radiation exchange, surface to
atmosphere Btu/hr/sq. ft.

eg = emissivity of glass or other surface
T g = temperature of glass or other surface,

OR.

Summary

Loss of heat by radiation to the night sky has, phere varied as to the fourth power of the ambient
in the past, been of primary interest to meteorologists temperature at ground level. For varying humidity.
concerned with the earth's solar energy balance. Angstrom proposed the following equation: .
The investigations of Brunt and Elsasser in this field c

qRs = A T s4 (B - e: ,Po) X 10-9
are well known, but the earlier experimental work
of Angstrijm, carried out in desert regions during 1912 where
and 1913, has received. less attention.

Recentlv, night sky radiation has taken on new
significance in air-conditioning technology, and par
ticularly iT!. the dissipation of heat removed by re
frigeration of buildings. Yanagimachi and Bliss have
successfullv used bare metallic roof surfaces, both
as solar :'aergy collectors during the winter days
and as heat radiators during summer nights.

The present paper deals with measurements of
nocturnal heat loss to desert skies by radiation from
~arge horizontal glass surfaces. The test glasses were
III a calorimeter which is a duplicate of the apparatus
?riginally used by Parmelee at the ASHVE laboratory
III Cleveland. By the use of heat balances, the down
wards radiation from the atmosphere was calculated,
and found to be very strongly influenced by the
dew-point temperature of the ambient air.
. Results of two eight-hour tests are given in detail,

SIllce they were run on consecutive nights when
the dry bulb temperatures were virtually identical
but ,the dew-point temperatures were quite different.
Dunng the first night, with high dew-point, the glCl;ss
surface temperature was warmer than the air,
During the second night, the loss .of heat by radiation
to the relatively dry atmosphere was so great that
the glass was colder than the ambient air.

In the analysis of twenty similar tests, using
both single and double glass, it was found that the
procedure originally proposed by Angstrom gave
a much better correlation of the data than the more where
familiar equation of Brunt. As a result of his measure-
mAents at Bassour, Algeria, and Indio, Califorl!ia,

ngstrom concluded that, at constant humidity,
the downward radiation at night from desert atrnos-

PERTES NOCTURNES DE CHALEUR DES SURFACES HORIZONTALES
DANS LES REGIONS ARIDES

Resume

jusqu'a une epoque tres recente, les pertes de
~ha,1eur 'par rayonnement vers l~ del ?octurl!e
In~eressalent surtout les meteorologistes qui travail
lalent a l'etablissement de bilans d'energie solaire
Pour l'ensemble du globe. Les travaux de Bru~t
et Elasser dans ce domaine sont bien connus, mars

les travaux experimentaux preliminaires de Angstrom,
executes dans des regions desertiques au cours de 1912
et 1913, ont recu moins d'attention.

Tout recemment, le rayonnement vers le del
nocturne a pris une nouvelle importance pour la
technologie de la climatisation, en particulier en ce
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qui concerne la dissipation de la chaleur evacuee
des batiments par leur refrigeration. Yanagimachi
et Bliss ont fait usage, avec succes, de toitures en
metal nu, tant comme colIecteurs d'energie solaire
pendant les jours d'hiver. que comme radiateurs
de chaleur pendant les nuits d'ete. .

Le present memoire discute les mesures des pertes
nocturnes de chaleur par rayonnement vers les deux
du desert pour les grandes surfaces horizontales
en verre. Les verres essayes se trouvaient dans un
calorimetre reproduisant 1'appareil utilise a1'origine
par Parmelee au laboratoire de l'ASHVE, a Cleve
land. On a calcule le rayonnement de I'atmosphere
vers le bas, en ayant recours aux bilans thermiques,
et on a pu noter que ce rayonnement subit fortement
I'influence de la temperature du point de rosee de
1'air ambiant.

Les auteurs donnent dans le detail le resultat de
deux essais de huit heures, executes pendant deux
nuits consecutives, les temperatures mesurees au
thermometre aboule seche etant presque identiques,
tandis que celles du point de rosee etaient tres diffe
rentes. Au cours de la premiere nuit, le point de
rosee etant eleve, la temperature de la surface de
verre etait superieure a celIe de 1'air.Pendant la
deuxierne nuit, les pertes de chaleur par rayonnement
vers une atmosphere relativement seche etaient
si fortes que le verre etait plus froid que 1'air ambiant.

Dans 1'analyse de vingt essais analogues, en faisant
usage de verres simples et doubles, on a trouve
que la technique proposee a 1'origine par Angstrom
permettait une bien meilleure correlation des donnees
que l'equation plus commune de Brunt. En conse
quence des mesures qu'il avait faites a Bassour,
Algerie, et Indio, Californie, Angstrom avait conclu
que, pour un etat hygrometrique constant, le rayon
nement nocturne vers le bas, en provenance de l'at
mosphere d'un desert, variait comme la quatrieme
puissance .de la temperature ambiante au niveau
du sol. Pour un etat hygrometrique variable, Ang
strom a propose I'equation.suivante :

qRs = ATs4 (B - e-c po) x 10-9

I .

dans laquelle qRs = radiation atr-i:..spherique, ne
BTUJhJpied C~li';e

T s = temperature moyenne du ciel
A, B, C = constantes de crrninees par ex

perience
P; = tension de vaV.~lr au niveau du
, sol, en pouces de mercure.

En transformant les donnees du I .rcsent memoire
par l'analyse d'Angstrom, on a pn associer ses deux
suggestions dans l'equation suivant« :

qRs =D (Pv) x T o4 X !0-9

dans laquelle D(pvJ est une fonctiou de la pression
ou tension de vapeur de la forme:

D (Pv) = A' (B - e-r:h )

On a evalue les constantes p:, i la resolution
d'equations simultanees dans Iesqucrcs des donnees
numeriques furent introduites aT"; iir des essalS
effectues a des tensions de vapeurres differentes,
On obtient ainsi I'equation suivant« :

qRs = 1,515 X T o4 (1,41- e: 3,T' ;;,) X 10-9

Les valeurs du rayonnement atmo-:,herique deter:
minees experimentalement etaient en accord, a
± 4 p. 100 pres, avec les valeurs calculees au moyen
de cette equation.

La perte nette de chaleur d'une surface quelcon~ue
exposee au del du desert pendant la nu it peut etre
determinee en calculant la transmission par convelc,
tion de la maniere habituelIe et en ajoutan~ e:
echanges de rayonnement que donne l'equatlOll'

qRoJ"=. eg X (1.723 X T g4 X 10-9
- qRS)

dans laquelIe qRo = echange net de rayo~nemell~'
de la surface vers I'atmosphere, en BtuJhJpled carr '

eg . emissivite du verre ou d'une autre surface
T g = temperature du verre ou d'une autre surface,

en degres R. .
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In the following sections, the primary concern
will be with new materials as applied to solar heat
exchangers. These exchangers' are usually items
of major cost in solar energy applications, and impose
limitations on the other parts of a process. (Materials
for other parts of the process, for example, the air
conditioner in :a solar cooling application, may be
more or less conventional, and some attention is
given to them in the appropriate sessions.) Considera
tion here is given to the effects of materials and their
properties on exchanger performance and cost. A
statement of the energy balances describing the
performance of solar exchangers is presented to aid
in understanding the effects of materials' properties
on performance. The relationship of cost to perfor
mance is noted. In the following sections, desirable
goals in materials' properties are noted, and radiation
properties of absorbers, transmitters, reflectors and
refractors are reviewed. Other means of controlling
energy losses through use of unique configurations
and fabrication techniques are noted. As is inevitable,
the selection of materials for a given application is
based on compromises, and the subject of optimum
combinations of properties is briefly treated.

The ten papers on this agenda item constitute
a substantial review of these many facets of the sub
ject of materials for solar energy applications. They
cover a spectrum of topics and describe developments
of widely varying nature, all of which are contributing
or can contribute to the successful, economical
application of solar energy for terrestrial applications.
They contain a substantial body of useful data
and interpretation thereof which cannot be included
in this brief review, and those interested in assessing
the utility of solar erergy in meeting an energy need
are of necessity referred to the complete papers
for details.

This conference deals with the application of
energy resources to solve practical problems. In
order for these applications to be made,materials
must be available that have, in so far as possible,
desirable j-roperties and are of reasonable cost.
The technology of materials is developing rapidly,
and the more basic research. on the properties of
materials <')ld on solar energy processes improves
our understanding of these properties. and the uses
t~at can be made of them. It is appropriate to con
sider new ;::aterials as a significant subject area of
the Conferc.lce.

The designer of solar equipment is limited by
and dependent on the materials at his disposal.
The development of new materials with desirable
sets of properties may reduce limitations and open
newpossibilities of solar energy applications. Consider,
for example, the limitations which have existed
on the use of flat-plate solar heat exchangers (collec
tors). The materials available in the past have limited
the usefulness of these exchangers· to operation at
temperatures no more than 50-75°C above ambient
air temperatures. With new materials for covers
and for solar energy absorbing surfaces, the tempera
ture range of practical operation is being pushed
upward, and the new application of solar energy
to such purposes as solar power generation and
absorption air-conditioning becomes more promising.

Many aspects of materials and their properties
are Important in that they substantially affect both
the per~ormance of a solar energy device and its cost.
An ultimate consideration is the cost of energy
or product delivered by the solar device; thus,
both performance (output per unit area of solar
heat. exchanger) and cost (per unit area) must be
C~tsldered, and thus also the material properties
a ecting them. There are suggested at least three
approaches to materials problems: first, the improve
Fe:t;t of performance or raising of temperature .Materials' properties and their significance-
ImItations by use of materials with superior radiation performance
properties, obtained possibly at additional cost; The properties of materials that make them of
second, the reduction of cost through the useof . interest in solar energy applications include radiation

ve;y durable materials, or very inexpensive .. h b b
matenals which may in fact have a shorter expected properties, i.e., ow they a sor , emit, transmit
usef 11'£ . d or reflect radiation of various wave-lengths, and
of u ~ e; .third, the development of unique metho s physical properties, which determine weight and
ti applIcation of materials of older or more conven- thickness requirements and resistance to mechanical
dor:al types, to improve the performance of solar f vari I
eVlces or decrease' their costs. All three of these failures 0 vanous types. n solar energy exchanger

t
approaches are well represented in the ten contribu- design, the former properties substantially determine
IOns to this agenda item. . performance, and thus area requirements for a
__ '.' given output ;: first consideration is thus given to
M:d.nirecto~, Solar Energy Laboratory, University of Wisconsin, the radiation properties, with subsequent considera-

ISon, Wisconsin. . tion of the physical properties. To aid in understand-
493
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(1)
plane

(2)

ing the importance of the radiation properties,
the energy balance equation which describes the
performance of a solar exchanger is briefly reviewed.

A solar exchanger is a unique type of heat ex
changer in that energy is transferred from a remote
source of radiation to (usually) a fluid in the ex
changer. The temperature of the source of radiation
(effectively about 6 OOOOK) is such that the radiation
on the exchanger is substantially all in the wave
length range of 0.4[1 to 2.5[1, while the radiation
emitted by the exchanger (at a temperature no more'
than a few hundred degrees above ambient) is sub
stantially all of wave-length greater than 2.5[1.
Thus there exists a significant difference between
the incoming solar radiation and the outgoing long
wave radiation.

The distance of the sun from the earth, and its
size, dictate that the flux of energy on the solar
exchanger (i.e., the energy per unit time per unit
area) is low relative to the fluxes encountered in
more conventional exchangers, and at best is about
1.6 cal/cm'' min (350 Btujhr ft2) . Flat-plate exchangers
use this low flux without concentration; focusing
exchangers use optical systems to increase this flux
at the energy absorbing surface to levels permitting
operation at higher temperatures.

The energy balance

The performance" of the solar exchanger is described
by an energy balance, which can be written in the
following general form:

HA ar y T 0(. = [qu + "J:.qth + "J:.qhc] Aa:
where H ..:...- incident solar radiation on the
of the exchanger, per unit area;

Aa . effective radiation-intercepting area of the
exchanger; . .

r = specular reflectivity of any reflector between
the sun and the energy-absorbing surface,
for focusing systems;

y = an intercept' factor, for focusing systems;
the fraction of specularly reflected radiation
which is intercepted by the energy-absorbing
surface;

T = transmissivityof any optical system cover
ing the energy-absorbing surface for solar
radiation;

0(. = the absorptivity of the energy-absorbing
surface for solar radiation (Note: 0(. is
the same as a in paper S/42);

Aa: = the area of the energy-absorbing surface
(Aa: = Aa for a flat-plate exchanger);

qu = useful energy gain from the solar exchanger,
per unit area of energy-absorbing surface;

qth = sum of the thermal energy losses from the
energy absorbing surface,. by conduction,
convection and radiation, per unit area of
energy absorbing surface (See discussion

. below); .
qhc = sum of heat capacity effects, if the exchanger

is not operating at steady temperature,
per unit area of, energy-absorbing surface.

The left side of the equation represents the amount
of energy absorbed by the exchanger, while the right
side shows the distribution of this absorbed energy
into useful gain and various types of losses. The
objective of solar exchanger desli;n is to obtain
good -perforrnance (with due coisideration given
to costs) by use of materials with properties which
will maximize the absorbed energy and minimize
the losses, thus resulting in high useful gain.

A bsorbed radiation

Maximizing the absorbed energy is accomplished
by maintaining high values of <111 of the fa~tors
in the product Hrv-x«, Radiatior IS determmed
by factors external to the exchanr.er, except that
an optimum orientation of the exclr-nger should be

. used for the time and purpose of , ,~prgy collection.
The two factors rand y are included m the product
only for focusing systems; r is Cl »roperty of the
material used as the reflecting sur: ..re, and y, the
intercept factor, is a function oi rhe shape and
position of the reflector (or refract '."1) and ener&y
absorbing surface, and thus of the pl/sical p~opert1es
of the materials and structures ~~npport1Dg and
shaping the reflecting surface. Tr::nsmissivity, r,
is a function of the refractive index of the cove~
materials, thickness, and the angle of incidence 0

the solar radiation' increasing the numbers of trans-
, bi urfaceparent covers over an energy-absor mg s,

decreases T. Absorptivity, 0(., should be as hIgh ~~
possible and is a function of the nature of the ~
sorbing surfaces and angle of incidence of sf0 ar

di . idi sur acesra iation ; many methods for provl mg
of high 0(. are available.

Therr.nal losses
. cipally

The .th~rmalloss term, fJth' is made up pnn ward
of radiation and convection losses III the out h'ch
direction, i.e., to the atmosphere and sky ~ ~rn
the energy-absorbing surface faces. The lossehs, r

UIl1
an uncovered exchanger, can be written as t e s
of radiation and convection as follows:

qth = O"e: (T b4,- Ta4) + hw (Tb- Ta)
. di onstant;

where: 0" =Stefan-Boltzmann ra iation c . of
e: = emissivity for long-wave radiatl.onthe

the energy-absorbing surface (c ~/46);
. same as e in papers S/42 and t' oll

hw = a convection coefficient, dependen

wind speed; ature;
Tb = energy-absorbing surface temper

h ex
Ta = air or sky temperature above t e

changer.
. ger

These losses, which increase with increasing excbhanany
temperature, can be controlled or reduced y
one of or a combination of three means. se

. . d b the u(a) Radiation losses can be reduce 'y. a low
of selective surfaces, i.e., surfaces havlllg. ity rJ.

emissivity e, yet retaining a high' absorptl~so be
for solar (short-wave) radiation. (It s~lO:rld :oo!ing,
noted that for some purposes, e.g. radIatIve .
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surfaces with low short-wave absorptivity and high
long-wave emissivity may be desirable.) ,

(b) Radiation and convection can both be reduced
by the use, over the energy-absorbing surface, of
one or more covers transparent to solar radiation
but opaque to long-wave radiation. This reduction of
thermal losses is accompanied by an increase in
transmission loss (i.e., a decrease in -e in equation (1))
and thus by a decrease in absorbed energy; these
two losses must be added to determine an optimum
number of covers.

(c) Radiation and convection losses can be reduced
by use over the absorbing surfaces of structures
which suppress convection and effectively reduce
e!U!ssivity without substantially reducing absorp
tivitv,

Examples solar exchanger energy balances .

The significance of the loss terms in the energy
balance and the effect of controlling or reducing
the losses are illustrated for flat-plate exchangers
by t~e example of Tabor et al. (5/46), which indicates
effieIencies improving from zero to 39 per cent
for a 200°F exchanger, as covers and selective
surfaces are added to control thermal losses. For
a focu~ing system, an example may also be cited: for
operatlOn of a cylindrical parabolic system at a
temperature of 300°F at a concentration ratio
of 10 and without c;vers over the non-selective
energy-absorbing surface, the optical losses were
34 per cent, the thermal losses were 36 per cent,
and t~e. efficiency was 30 per cent; for improved
r~flectlvlty and use of a selective surface, the effi
Clency would be raised to 48 per cent.

Ideal properties

. In general, then, the desired propertiesin an absorb
Ing sur~ace for solar exchanger application are high
~bsorptlvity for solar radiation and low emissivity
or long-wave radiation. Cover transmissivity for

solar radiation should be high, but covers. should
h~ve low transmissivity for long-wave radiation, i.e.,flgh reflectivity (preferably) or high absorptivity
Or long-wave radiation. Cover materials must retain
~sefu.l physical properties and be capable of operation
t hIgh temperatures. For reflectors for focusing

exchangers, specular reflection must be high through
Oft the solar spectrum, and the shape and orientation
~ .the reflecting surface must be established and main
r:lUed. so that the intercept factor y is high. For
IfractIng concentrators -r of the refractor must
~ so be high. Low heat capacity is also desirable
o reduce heat capacity effects. .

All of these desirable properties must be met in
greater or less degree in an exchanger when it is
f~W and also must be maintained through the useful
bee of t~e exchanger. Durability and weat~eringm~y

pa.rtlcularly important where organic (plastic)
~at~nals are used. Further, it is not possible to
e talU all of these desirable properties in a single
Xchanger, and it is usually necessary to sacrifice

in one property to gain in another; the evaluation
of these balances must be made for each solar
energy application, and it is not now possible to
state in completely general terms which are the most
important. properties. .

It has been noted that the availability of a cover
material with 100 per cent transmissivity for solar
radiation, opacity for long-wave radiation, and re
tention .of . useful physical properties at elevated
temperatures would permit use of many covers
and thus operation of flat-plate exchangers at
temperatures limited (in theory) by the temperature
of the sun, or by the temperature limitations of the
cover material.

Materials' properties and their significance
costs

As noted, an objective of solar process design
is the delivery of energy (or other products of the
process, such as distilled water) at minimum total
cost. In the broad sense, all process costs should be
included, but a completely general treatment of
the effects of materials and materials' properties
on costs is difficult to formulate. However, several
general principles can be set forth by which selection
of materials for the solar process can be made.

(a) Fot a specific output of the. process, at some
predetermined. temperature, energy balances of the
type of equation (1) can be used to determine the
area of exchanger required, when properly integrated
to account for variations in . solar energy supply
and changes in other meteorological variables over
the time period of the year in which the process
is to be operated. Thus the effects of the properties
of materials are two-fold: first, they affect the per
formance of the exchanger (as shown by the terms
of the energy balance) and thus the exchanger area
requirements; second, the materials affect and deter
mine the cost per unit area in meeting structural
requirements.

(b) Changes in materials and their properties
can increase the temperature range, or increase
the time-fraction of the day over which the solar
exchanger can operate. These increases can affect
the quantity of energy needed and/or the performance
of. the rest of the system. For example, increasing
the output temperature of an exchanger supplying
energy to a heat engine will result in improved heat
engine efficiency and thus less energy input to the
engine. Ultimately, then, the effects of materials
and their properties on the total process must be
considered in evaluating the costs of output of the
process.

(c) Selection of materials will be influenced by
other than first costs, as maintenance requirements
and lifetime will vary with materials. For example,
plastic -covers (glazing) on an exchanger will cost
less but have a shorter lifetime than glass.

(d) The properties of materials vary with temper
ature, time (i.e., ageing), and environmental factors
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such as corrosive or erosive atmospheres; In predict
ing performance and fixing structural requirements,
properties of aged or weathered materials should be
used, or account should be taken by other means
of the possibility of diminished output of the process
with time.

Each, solar process and, application .should be
studied to determine the best combinations of
materials to be used. For example, the incremental
cost of a selective black surface over a non-selective
black may be less than the value of increased output
of a heat engine using energy from the exchanger
and available at higher temperature because of
the selective surface.

Many of the materials' properties cannot be con
trolled or fixed independently of other processes.
Example's' are: the use of multiple cover which
decreases convection and radiation loss, but results
in decreased -e: the IX and e for the practical selective
surfaces now available are not independent of each
other, arid an increase in IX (e.g., by thicker surface
coating) is generally accompanied by an increase
in e. The gains in performance on improving one
property are offset (more or less) by losses due to
changes in the other property. The net gain (or loss)
in performance on change of two interrelated pro
perties can only be determined from the integrated
energy balance. This question is treated, for the
example of the interrelationship of IX and e, by Tabor
et al. (S/46) and Edwards et al. (S/43); an expression
is derived; (S/46, equation [6J) showing in terms of
the radiation exchange the criterion for. changes
in IX and e which willimprove exchanger performance..
Similar relationships can be derived for other com
binations of interdependent properties; they must,
however; be viewed in the light of costs of changes
in the materials and properties. '""

The question can now be asked, "What new
materials are available for solar energy applications,
and what are their useful properties?" In general
terms, the following may be stated:

(a) A number of studies of radiation properties
have been made which result in surfaces with desir
able combinations of radiation properties. (particular
ly « and e) and in processes for making these surfaces
(S/6; S/42; S/43; S/46; S/86);

(b) Studies have been made of optical properties'
of glass and plastic transparent media for solar
exchanger covers, with desirable combinations of
properties for reduction of thermal' losses (S/33;
S/91) ;

(c) New materials and methods have been pro
posed for construction and use of reflectors and
refractors in focusing exchanger systems (S/22; S/33;
S/91; S/104), and represent promise for solutions
of the difficult problems of optical quality in focusing
exchanger systems;

(d) A new method of construction of' flat-plate
exchangers (or receivers for focusing exchangers)
has been reported (S/71) which reduces both radiation
and convection losses and permits operation at
substantially higher temperatures.

. In the following sections, these materials develop
ments, as described in the paper~; for this agenda
item. are reviewed. '

Properties of energy-absorr-tng surfaces

The field of radiation properties ')! surfaces absorb
ing solar energy,. i.e., of sp~ct.rat variati0Il: o! ~he
radiation properties' absorptivity and emISSIVIty,
has received much attention in th- last few years,
with the first papers significant JIl s~lar energy
applications presented at the H;:>,>. ~nzo~a solar

.energy conference. More recently, a.lditional impetus
has been provided by the needs Ior solar energy
applications in space.

Mechanisms of selectivity
Basic studies of the reasons for sr.ectral variation

of absorptivity (and thus emissiv: y), as noted by
Edwards et al.. (S/43), have sugg,; .ed ?everal me
chanisms of selectivity of energy-;,i::,orbmg surfaces
and thus several methods of tkir preparatIOn.
These mechanisms, or reasons for se] <,tivity,include:
variation of the optical constants n (index of refrac
tive)a~d K (absorptive ,~ndex) "with wave-leng~
for a single surface material, surface roughness
dimensions that are large relative to solar ener~y
wave-lengths but small relative to locg-wave rera~a
tion (leading to multiple reflection and I.ncreasfi ~
for short-wave radiation but having lIttle e. ~c
on long-wave emission), layers of small partl~e~
of dimensions larger than solar wave-lengths. t
smaller than long-wave reradiation (with the part;~:~
able to absorb radiation of wave-lengths le~s. )
their size but transparent to longer-wave radIa~I~~y'
thin anti-reflection films which increase absorptlVl v~
and thick semiconductor films, opaque to sho~~-7i~n
radiation, but transparent to long-wave ra. l~vity'
over metal substrates which have low emlsSffeet~
Also; combinations of these structures and e
act to produce selectivity.

A bsorptivity-emissivity data
. " " f mance

The materials properties needed for pe.r ~r and
calculations are absorptivity for solar radIatIOnetral
emissivity for long-wave radiation. The spe tent
di.stribution of solar energy varies to. some d~tions,
WIth solar elevation and atmosphenc con of IJ,

but for most practical purposes a single valu~ tion.
can. b~ .n.sed, irrespective of t~is. small vartaSOll1e
Emissivities for long-wave radiation are. to alues
degree a function of surface temperature, WIth Val air
of e frequently given for temperatures near USU tures
temperatures and occasionally for higher temperabient
(e.g., of 1 OOOOK); the data given for near a~anger
temperatures can be used for most solar eXC sured
calculations. These data on IX and e are me~itions

~ by heat balances under known or controlled con ined) ,
(where· the radiation fluxes can be deteTrabor
as by Trombe et al. (S/6), Gaumer (S/42) an ments
et al. (S/46) , or are calculated from measuremined
of reflectances at various wave-lengths as deter
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with appropriately equipped :spectrometers, as by
Edwards c: al. (S/43).

Secondarv measurement methods can also. be
used to g;;t at least qualitative information on
absorptivity and emissivity. Vachet and Mercier
(5/86) measured equilibrium temperatures of surfaces
exposed to solar, radiation (where the absorbed
energy equals the thermal losses) and made compara
tivemeasurements of useful gain from solar exchang
ers similar except for known and unknown radiation
properties. Quantitative data on oc and e from these
measurements depend on the availability of sufficient
data on other factors in the energy balances.

Table 1 shows oc and e for several surfaces of actual
or potential interest in various solar applications.
More data an many other surfaces and information
onsurface preparation are contained in the references.

Selective surface costs

Few cos: data are available on surface treatments
to produce selective surfaces. Tabor et al. (S/46)
estimates H'", cost of the nickel black coating at about
5 per cent cf the total collector costs. Other processes
of oxidation, plating, chemical treatments, coating
and heating are more or less expensive, depending
on the complexity of the operations and the scale
onwhich they are carried out. Furthermore, particu
lar materials may be required for the substrate of
a selective surface and 'may add significant increments
to solar exchanger costs.

It is of interest to note that there are now two
commercial selective surface coating processes. A
pla?t for coating nickel black on galvanized iron
IS 1U. operation, making absorbers for solar water
hea~ers in Israel (S/46). Ebonol is a commercially
avaIlable treating compound (S/43), and surfa;ces
are treated with this material for a number of optical
applications.

Stability of selective surfaces

Terrestrfal application of solar· energy absorbers
reqUIres operation of the surfaces at more or less

elevated temperatures in oxidizing atmospheres for
extended periods of time. Other corrosive, or erosive,
agents may also be present, and the surfaces must
be protected against these agents by a transparent
cover, or be stable in their presence, in order that
desirable radiation properties are maintained. .

Other considerations

For focusing exchanger systems of high ratio of
Aa/Aa;, termed the "concentration ratio", oc becomes
the more important property of the surface, and as
operation is at a higher temperature, maintenance
of the surface becomes more difficult. However,
it may be observed that the absorbing surface area
per unit of useful energy gain is low, allowing higher
investment in obtaining good surfaces. Gaumer (S/42)
explores some possibilities of unusual materials,
such as thin foils of rare earth metals, which are
expensive but which could be used in small quantities
in focusing exchanger receivers, to take advantage
of chemical stability or desirable radiation properties.
Trombe et al. (S/6) reports on surface roughening
by folding, grooving, or etching to improve oc by
obtaining multiple reflections; these techniques
should also be applicable to receivers for focusing
exchangers, possibly in combination with materials
proposed by Gaumer. .

While radiative cooling itself is not strictly a solar
application, the performance of radiative coolers
can be treated by the same types of energy balances
which describe the performance of solar exchangers.
Radiative coolers generally work best with surfaces
of low oc and high e; surfaces such as alumina films
on aluminium (S/6; S/86)· and paints pigmented
with materials of high refractive index (S/42) have
these desirable properties.

Properties of cover materials

Significant new developments in cover materials for
solar energy exchangers have been made in plastics
(S/33), with new materials of properties different

Table 1. Some a. and e data for surfaces for solar energy application

Surface

CuOonAl.
Tabor Ni-black treat

ment 120-20 on. gal
vanized iron

Ebonol C on copper .
Stainless steel, 16 per

cent Cr., heated 3 hr.
at 600°C.

Aluminum treated with
KMn04

Commercial flat black
paints.

Platinum black .

IX, Solar
radiation

0.85

0.89
0.91

0.75

0.80

0.93
0.95

Approx.
•, at temp. upper temp. References

less than lOO·C. range
of application

0.11 200°C S/46

0.12 S/46; S/43
0.16 400°F S/43, figure 7

0.1 S/6; see also S/43, fig. 6

0.35 S/6, figure 5; S/86

0.93 5/6, figure 5; 5/86
0.91 900°C S/42
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from those of glass and having advantages and
disadvantages relative to glass. In the field of glass
technology, there are possible methods of modifying
and controlling the properties of glass, to improve
its performance as a cover material (S/6; S/91).

Transparent materials, without practical exception,
reflect and absorb some radiation. At a given wave
length, or over a particular range of wave-lengths,
the sum of the transmissivity, absorptivity and
reflectivity must be unity. Thus, complete data
on a cover, or glazing, material should include
these properties in appropriate wave-length ranges;
the ranges of primary interest are solar, where the
transmissivity should be high, and long-wave,
where transmissivity should be low.

Plastics

Several newly available plastic films can be
considered for covers for solar exchangers and are
discussed by Edlin and Willauer (S/33); they include
a fluocarbon film, "Teflon", a polyvinyl fluoride film,
"Tedlar", and a polyester film, "Mylar" type W.
These materials vary in chemical composition,
physical and radiation characteristics. They should
not, in general, be considered as direct substitutes
for glass, as exchanger designs should. be modified
to account for the different properties of the various'
plastic films. The properties most, unique in these
films can be summarized: they are used in thin
sections (1 to 5 mils, or 25 to 125 11-), they are generally
partially transparent to long-wave radiation, their
physical properties are in most cases strong functions
of temperature and temperature limitations must be
considered in design, and their lifetimes are more
or less limited by weathering.

Weatherability, or the ability of a material to
retain its properties when exposed to weather,
radiation, moisture, flexing due to wind, etc., is
a critical property of plastics. It is a' combination
of optical, physical and chemical properties, and
structural factors, that determine the potential
lifetime of a material under given conditions of use.
An accurate picture of potential life for all films
under all conditions is not available; however
the projected lifetimes of three unsupported film~
exposed to Florida weather are noted (S/33) as:
-Teflon, 20 + years; Tedlar, 9 years; Mylar type W,
4 years.

Physical properties of films are widely variable,
with, for example, the tensile strength of Mylar W
being 24 000 psi at 25°C and that of Teflon, 3000 psi
at 25°C. The properties vary with temperature and
exposure time; extensive data are presented (S/33)
on these properties which serve to assist in the solu
tion of evaluation and design problems.

Of particular concern for solar exchangers is
the transmissivity of the film to solar radiation.
Teflon and .Ted~ar have .the advat;ltage of relatively
low refractive index, with resulting low reflection
loss and good transmission. The films being thin,
absorption is also low. Data are also presented (S/33)

on transmissivities of various numbers and thicknesses
of the three types of films. For E" .mple, at normal
inci~ence, the. t:an~missivity of . single layer of
ImI1 Teflon IS indicated as 0.97, and of 1 mil of
Tedlar, 0.94.

The transmissivity of plastic films for long-wave
radiation is not covered in the paph'S on this agenda
item, and for many plastics it is higher than that
of glass. With non-selective energy-absorbing sur
faces, the higher transmissivity permits higher
radiation loss; with selective surfac-s where radiation
is a lower fraction of the total thr-rrnal losses, the
increased long-wave transmissivity le; less significant.
I t is not possible to generalize on these effects
at the present time, and new analy« .s are now being
made of exchanger heat balances to assess their
importance.

Glass

Glass, in its varying compositio: , has properties
which have long been used to ad . antage in solar
exchangers. Glass of low iron conte-it, having a re
fractive index of 1.52, will have d transmissivity
(typically) of 0.90 for solar radi.rcion at normal
incidence. (There are surface tr- atments w?~ch
increase the transmissivity of gLss by addItIOn
of films of refractive index intermediate between
glass and air, and transmissivity can be raised
to 0.95 with these treatments. However, they are
at the present time expensive.) Glass has the advandtages of a very long lifetime if properly sURP~r~e
and protected from shock, and low transmlsslvlty
for long-wave radiation.
. The effects of several variables of glass specificadtions on the usefulness of glass covers is discussed
by Peyches (S/91). Composition can be .a1ter~e
and thus the cut-off wave-length above which t
glass becomes essentially opaque. For a cover
material for high temperature exchan.gers, wht
the wave-lengths of emitted radiation beglll to over a)
the solar spectrum, borosilicate glasses (pyref
are suggested, as their transmissivity cuts off shar~ ~
at wave-length below 2.5 11 thus being opaque ~

t"'"' . ' froll'
the short-wave end of the emitted radIatIOn, h'n
h . d WIt 1

t. e.exchanger. Thickness may.also be vane, 05tS.
Iimits set by structural requirements and c teS
The slope of the transmission curve that sepir~er
a region of. high transparency from one of ~ for
t~ansparency is steeper at greater ~hickness~skness
h~g~-temperature operation, an optImum thlC
glVlllg best performance may exist. 5

As previously noted, it would be. advantag~°ft,
to reflect long-wave radiation, rather than absO{asses
Trombe et al. (5/6, figure 9) point out that g la ~
have reflection bands in the range of 8 to at
(the range of maximum emission for surface~ype
lOO°C) with the reflectance varying with thetivity
of glass. Peyches (S/91) suggests that the reftec sed
for long-wave radiation of glass can be l1~cr~~ner
by very light gold films deposited o~ theIr little
surf~~e and that by control of the thl~k~ess'would
additional reflection for short-wave radIatIOn



General report GR/12(S) Duffle 499

be incurred. Data are needed to evaluate the effects
ofthis kind of surface treatment on solar exchanger
performance.

Properties of refractors and reflectors

Refractors

Little attention has been given in the past to
the use of refractors in practical solar energy applica
tions, on the basis that lenses are substantially
more expensive than reflectors. The development
of Fresnel lenses (step lenses), and their mass manu
facture foe use (in small sizes) in cameras, leads
to consideration of them for focusing devices for
solar exchangers. Oshida (S/22) reports a study of
concentration of solar radiation with molded plastic
Fresnel le.ises and their use in increasing the level
ofradiation on silicon photovoltaic cells. The present
cost of polymethylmethacrylate lenses for view
finders for cameras is about U.S. $10 per square foot,
with cost reductions •expected. The material has
high transparency for solar radiation; its weather
ability is not specified but should be good, and
other materials might be used. These refractors
ha:,e advantages in that they pack and .ship easily,
being essentially flat. sheets, and are mounted
In. flat frames. Cylindrical step lenses, and step
pnsms for use with photovoltaic converters of varying
spectral response, are also possible applications of
refractors. .

Reflecting surfaces

A major problem in applications of focusing
exchanger systems for other than laboratory purposes
has been to find a material which has and can retain
a . high specular reflectivity for' solar radiation,
WIth reasonable maintenance. Loss of reflectivity
~ay result from degradation of the surface, erosion,
dirt accumulation and action of cleaning agents.
For some applications, back-silvered glass has served
:ne~l ~nd has good durability, but its applicability
IS hl?Ited by physical strength and shock resistance,
partIcularly where movable surfaces are concerned.
. A new method of making large glass reflectors
I~ suggested by Peyches (S/91). Commercial produc
tion of continuous strips of. polished plate glass,
2.? meters wide, is now being started and large
illlr!ors may be fabricated therefrom having the
desIrable characteristics of glass reflectors but not
Some of the disadvantages of small segmented
reflectors.
. Metallized plastic films may also be used, when
support.ed and shaped, for reflecting surfaces. Edlin
and WIllauer (S/33,figure 19) present some data
On initial total (specular and diffuse) reflectivity
of aluminized Mylar and Tedlar, indicating that
re~ectivities of 60 to 70 per cent (initial values)
~Ight .be expected for such films. (Other published
8ata mdicate specular reflectivities from 65 !o
5 per cent, with variation due to differences In

the film substrate and the amount of metal applied

to the film.) Weatherability of these films, supported
on a rigid structure, would be better than for un
supported films. Data on reflectivity vs. time for
these films are not now available. They have the
advantage of costs generally less than 10 cents
per square foot.. for the metallized films only,
without supporting structure.

Anodized aluminium represents another reflecting
material which should be considered for focusing
system application.

Reflector support

Materials such as plastic films must be supported
and retained in the proper shape. Daniels and Breihan
(S/104) note the use of glass-fiber reinforced polyester
plastic shells, with metallized Mylar reflecting sur
faces adhered to the shells with epoxy resins. The
reflectors are formed over molds.: are reinforced
at the rims, and are mounted on frames constructed
on thin-wall tubing. The cost of materials for experi
mental reflectors of this type is aboutU.S. $1.00
per square foot.

Many engineering problems must be considered
in designing and selecting materials for focusing
solar exchangers. In addition to the reflection
(and refraction) properties noted, stiffness, dis
tortion in winds, distortion due to thermal stresses,
and their effects on the optical quality of the system
and thus on its performance, must be evaluated.
These factors are' particularly important if the
concentration ratio, Aa/A x, is high, as is generally
necessary for high-temperature solar energy applica
tions.

Other "energy control" methods

It is possible to affect, within limits, the absorption
and emission of radiation by the shape or configura
tion of the surfaces. A well-known example is the
isothermal black-body cavity (large compared to
the wave-length of the radiation) which absorbs
and emits with unit absorptivity and emissivity.
Another example is the increase in absorptivity
due to multiple reflections in grooved or corrugated
surfaces, with an attendant increase in emissivity,
as discussed by Trombe et al. (S/6).

Francia (S/71) has proposed an energy-absorbing
surface arrangement designed to retain high absorp
tivity and at the same time reduce the effective
emissivity, without the use of a selective surface
in the usual sense. In essence, an assembly of thin
cylinders, black to long-wave radiation and of high
length/diameter ratios [i.e., a "deep" honeycomb)
is placed over and perpendicular to the black energy
absorbing surface in such a manner that it limits the
field of view of the surface to a small solid angle in
cluding the energy source (the sun). The temperature
of the walls of the cylinders decreases with distance
outward from the energy-absorbing surface; heat
transfer outward is by successive reradiation and
~bsorption, with some convection effects, when the
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cylinders are constructed of low conductivity material.
Thus, in effect; a surface is made having high emissi
vity in the normal direction but substantially reduced
emissivity in directions other than the normal,
resulting in reduced hemispherical emissivity. (See
S/43 for discussion of directional and hemispherical
properties.) The honeycomb must also serve to reduce
the usual convection losses.

An analytical study of radiation effects, i.e., of
temperature gradients along the length of the
honeycomb (cylinders) (S/71), indicates that the
temperature should decrease as the fourth root
of the distance out along the length. The analysis
indicates that radiation losses from deep honeycomb
should .be a small fraction of that from a plane
black emitter (if conduction and convection.effects
are neglected).

Francia describes experiments with several models
of the honeycomb' absorber, operating his Collector
No. 2 (S/71), a 0.5 m2 exchanger without optical
concentration generating superheated steam at 230°C
and operating at a maximum temperature of 320°C,
with efficiencies estimated at over 50 per. cent.
In this system, the honeycomb was made of carbon
ized paper hexagons with mean diameter of 0.8 cm
and length of 12 cm. The system was oriented so
that beam radiation was normal to the absorbing
surface. In another experiment, with Collector No. 4
(S/71), which uses a conical reflector to concentrate
beam radiation by a factor of about 15, steam was
generated at about 100 atm and 450°C; in this appa
ratus, glass tubes were used to make up the honey
comb, meeting the requirement of being black for
long-wave radiation but obviating the need for paral
lel incident radiation.

These temperatures. of operation are higher than
ordinarily encountered in solar exchanger operation.
In contrast, for example, the equilibrium temperature
of a one (glass) cover exchanger, with a highly
selective energy-absorbing surface and without radia
tion concentration, might typically be 250°C; at
this equilibrium temperature, the useful gain is zero.

No cost data are yet available on these new
"surfaces", nor are complete data on their perfor-

. mance yet at hand. A number of possible materials
may be considered for honeycomb construction,
including widely available and inexpensive paper
honeycombs, if protection is provided. If the honey
comb is not transparent or highlyrefleetive to solar
radiation, the exchanger will operate primarily on
beam radiation and must "track" the sun with
motion about two axes; if it is transparent, some
degr.ee of tracking may still be needed.

Conclusion

The radiation properties of materials determine
to a large degree the performance of solar exchangers,
while the .. physical properties determine design
variables such as thicknesses of sections. New mate
rials are becoming available, and new modifi~ations
of old materials are being developed, which are of

immediate and potential importmce in reducing
the cost of the use of solar energy and increasing
the temperature range over which solar exchangers
can operate. Notable among tJle:~,' materials are
plastics for cover use or for r,·1("cting surfaces,
selective surfaces such as nickel black or Ebonol,
glasses with particular properties ;.llvantageous for
cover materials or reflectors, and the honeycomb
absorber which limits reradiation and convection.

The field of materials is a rapid] y advancing one,
anf of necessity, some of the developments discussed
in the papers on this agenda item are based on
research rather than on experience with practical
applications. By the same token, costs of the materials
discussed are in many instances not based on quantity
production, are projected costs, ore are present costs
in times of significant cost changes. Our understand
ing of the basic problems of solar energy collection
is developing to the point where ma.erials, propert~es

can be specified, and the papers Lldicate pr~mIse

of additional significant developments to contribute
to the progress of practical economical applicahons
of solar energy.

Topics proposed for discussion

In a session covering a broad subject are~ such. as
new materials, a wide variety of topics for ~hscussJOn

arises. These topics vary from very practical prob
lems of immediate interest to the builder and ~ser
of solar equipment, to more theoretical queshOn~
of significance to the designer. It is expected th~
the authors of several of the papers will have a~dl'
tional data and information to present. The folloWIng
are also proposed for discussion. .

(a) Reflecting surfaces. What practical experie~ce
is at hand on the use of reflecting surfaces in focU~1Ug
solar exchangers? What have been the corroslof'
erosion and cleaning problems? It is necessary ~
protect .reflecting surfaces with transparent covers.

(b) Plastic glazing. What is the best way of.rno~t;
ing and supporting plastic glazing? What relatr~fst'Je
are there between method of mounting and ~I e/ US

or temperature li.mitati<?ns? Should combllla I~he
of glass and plastic glazmg be considered. e.g., tiaI
use of an outer glass, cover to increase the paten
lifetime of lower plastic cover?

(c) Reflector fabrication. What generalizatixns t~;
be .made on strength, wind resist~nce, an ~ssist
design problems of reflectors, which would fleetor
in materials selection? Several methods of re m])
construction are noted in the papers ; are honeycO or
reinforced structures, or electtoformed sh.a~~~~nsl
other reflectors of interest in terrestrial appI1C

l' alions.
(d) Use of developments in. space app ZC rnents

A substantial effort is now going into develoP space
of materials fo~ ?olar energy applica!ion.s for

ust be
use. What additional or different crltena rn se of
applied for terrestrial applications, to make U
this data and information on materials?
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(e), Selective surfaces. What data are there available
onthe Ions-time thermal stability of various selective
surfaces in the atmosphere? What cost projections
can be made for applying selective surfaces? What
are the cntcria for selection of materials for the sub
strate for selective surface coatings? ' .

(f) Surface geometry. What generalizations can be
made on the relationships between surface geometry
(i.e., cavity or roughness size and shape) and absorp
tivity and, emissivity at various wave-lengths?

(g) Radiation properties measurement. Several
methods of measurement of radiation properties are
noted in the papers. What methods are there available
for measuring absorptivity and emissivity in situ,
i.e., non-destructive methods?

(h) Honeycomb absorber. What is the effect of
the Francia honeycomb. on convection loss from the
energy-absorbing surface? What materials and fabri
cation techniques can be used? What are the effects
of a cover, if used to protect honeycomb materials?

17
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La presente Conference traite de l'application des
ressources energetiques a la solution de problemes
pratiques. Pour pouvoir realiser cette application,
il faut pouvoir disposer de materiaux ayant, dans la
mesure du possible, les proprietes voulues et un
prix de revient raisonnable. La technologie des. mate
riaux se developpe rapidement, et les recherches
fondamentales sur les proprietes des materiaux et
sur le processus de l'energie solaire ameliorent notre
connaissance de ces proprietes et les utilisations
qu'on peut en faire. L'etude des matieres nouvelles
constitue done un sujet important de la Conference.

Celui qui dresse les plans d'un equipement solaire
est limite par les materiaux dont il dispose, et il doit
en tenir compte dans ses conceptions. La mise au
point de nouveaux materiaux possedant un ensemble
de proprietes souhaitables peut diminuer les limita
tions auxquelles on est soumis et ouvrir de nouvelles
possibilites d'application de l'energie solaire. Etu
dions, par exemple, les limitations imposees dans
le passe a I'utilisation des echangeurs de chaleur
solaire a plaque plane (collecteurs). Les materiaux
dont on disposait dans le passe ont Iimite les possi
bilites d'utilisation des echangeurs au fonctionnement
a des temperatures ne depassant pas 50 a 75°C
au-dessus de la temperature de l'air ambiant. Avec
les nouveaux materiaux utilises pour les couvertures
et les surfaces absorbant l'energie solaire, la gamme
de temperature de l'exploitation pratique augmente
actuellement, et les nouvelles applications de l'ener
gie solaire a des fins telles que la production d'ener
gie helio-mecanique et la climatisation par absorp
tion deviennent plus prometteuses.

De nombreux aspects des materiaux et de leurs
proprietes presentent de l'importance du fait qu'ils
influent beaucoup sur les performances des helio
moteurs et leur prix de revient. Ce qui importe en
fin de compte, c'est le prix de revient de l'energie
ou du produit fourni par le dispositif solaire; il faut
done etudier la performance (debit par unite de
surface de l'echangeur de temperature solaire) et
le cofrt (par unite de surface) ainsi que, bien entendu,
les proprietes du materiau dont ces elements sont
fonction. On a suggere au moins trois methodes
d'etude des problemes des materiaux : premierement,
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amelioration des performances 01' elevation des
limitations de temperature par utilisation de m~te
riaux ayant des proprietes superi« l!eS, en matiere
de rayonnement, obtenues eventu. Ilernent moyen
nant un supplement de prix; deux'.mement, n~~uc
tion du prix de revient par utilisaton de materiaux
tres durables ou de materiaux tres bon marche qUl
peuvent de ce fait avoir une dureo probable ~e vie
utile plus courte; troisiemernent, m.se au pOl,n~ de
methodes nouvelles .d'application des mater~aux

des types anciens ou plus traditionncl.. pour ameho~er
les performances des dispositifs sot.rires ou redurre
leur prix, Ces trois methodes sont cxposees dans le
detail dans les dix memoires consacres aux nouveauX
materiaux.

Les memoires en question etudwnt surtout les
nouveaux materiaux tels qu'ils sont apphques au~
echangeurs de chaleur solaire. Ces echangeurs s~
generalement les elements les plus cofiteux es
applications de l'energie solaire et imposent des
limitations aux autres parties du dispositif. (~es
matieres premieres destinees aux autres partIes
du processus, par exemple le climatisateur dans ft
application de refrigeration solaire, pe~vent t~/:
plus ou moins classiques et ils sont etudles au 1us

' . ) Noudes points correspondants de l'ordre du Jour. I s
etudions ici les effets des materiaux et de ~urt

. ,t ' I I . de revlenpropne es sur es performances et e pnx d s
d~s echangeu:s; nous presentons une etude d:s
bilans energetlques decrivant les performances les
echangeurs solaires, pour aider a comprendre f r
effets des proprietes des materiaux sur les p~r Ode
mances. Nous notons la relation entre le. pnxsui
revient et les performances. Dans les seetlOn~. uJ{
vantes, nous notons les proprietes des rnaten~ns
dont il serait souhaitable de disposer et nous pa~des
en revue les proprietes relatives au rayonnernen et
absorbeurs, des transmetteurs, des reflecte~rstreS
des re£racteurs. Nous notons egalement d ~l~ ant

d ' A hId" . en utI ISmoyens empec er es pertes energie . tion
de~ configurations et techniques de. fabr1caate
umques, Comme i1 est inevitable, le chOlX des 111 des
riaux pour une application donnee repose s~re leS
compromis, et nous avons bnevement exarn1n

combinaisons optimales des proprietes-
. . ., . tableau

Les dix mernoires presentee fourmssent u~ t envi-
tres complet des nombreux aspects du suje 'veUt
sage. Bien des problemes y sont etudies et I1s decn

502
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(1)

'rJ.

Le bilan d'energie

Le fonctionnement de l'echangeur solaire est
decrit par un bilan d'energie qui peut s'ecrire sous
la forme generale suivante :

HA ar y -r rJ. = [qu + 'i:.qu/, + 'i:.qhc Aa;]

les notations etant :

.H = rayonnement solaire incident sur le plan de
l' echangeur par unite de surface;

Aa = surface efficace de I'echangeur interceptant
. le rayonnement;

r = reflectance speculaire d'un reflecteur entre
le soleil et la surface absorbant I'energie
pour les systemes convergents;

r - facteur d'interception pour les systemes
convergents, fraction du rayonnement re
flechi speculairement qui est interceptee
par la surface absorbant l' energie ;
transmittance d'un systeme optique cou-

. vrant la surface absorbant I'energie pour
le rayonnement solaire;
absorbance de la surface absorbant l'energie
pour le rayonnement solaire (Note: rJ. est
le meme que a dans le mernoire Sj42);

Aa; - aire de la surface absorbant I'energie
(Aa; = Aa pour .un echangeur a- plaque

plane); _ '.
gain utile d'energie realise par I'echangeur
solaire par unite d'aire de la surface absor
bant I'energie ;

.somme des pertes d'energie thermique par
la surface absorbant l'energie, par conduc-

'. tion, convexion et rayonnement, par unite
d'aire de la surface absorbant I'energie (voir
discussion ci-dessous);
somme des effets de capacite calorifique, si
l'echangeur ne fonctionne pas a- tempera
ture constante, par unite d'aire de la surface

. absorbant l'energie.

Le membre gauche de I'equation represents la
quantite d'energie absorbee par I'echangeur, alors
que le membre droit represente la repartition de cette
energie absorbee, entre le gain utile et les differents
types de pertes. Lorsque 1'on fait un projet d'echan
geur solaire, le' but est d'obtenir un bon fonction
nement (compte tenu, comme il se doit, des prix
de revient) grace a- l'utilisation de materiaux ayant
des proprietes qui porteront au maximum l'energie
absorbee et reduiront au minimum les pertes, et
donneront ainsi un gain tres utile.

Rayonnement absorbs

On obtient la valeur maximale de I'energie absorbee
en maintenant a des valeurs elevees les facteurs du
produit Hry't"fX. Le rayonnement est determine par
des facteurs exterieurs a l' echangeur, l'exception
etant qu'il faut orienter l'echangeur le mieux possible
compte tenu du moment et du but de I'operation.
Les deux facteurs r et y ne sont inclus dans le produit
qu.e pour les sy~teme~ ~onvergents; rest une pro-

, priete du materiau utilise comme surface reflechis-

Proprietes des materfaux et leur importance;
rendement des materlaux _

des progres tres divers qui tous contribuent ou
peuvent contribuer au succes economique des appli
cations de l' energie solaire pour des usages terrestres.
11s fournissent sur ce sujet un ensemble substantiel
de donnecs et d'interpretations utilesdont .nous ne
pouvons hire etat dans notre bref expose; pour les
details, les lecteurs qui voudraient savoir dans quelle
mesure I'energie solaire peut faire face aux besoins
d'energie mecanique doivent obligatoirement se
referer aux rnemoires complets:

Les proprietes quedoivent avoir les materiaux
pour qu'ils puissent presenter de I'interet en rnatiere
d'applications de l'energie solaire sont : les proprietes
~elat1ves .ru rayonnement, c'est-a-dire la facon dont
ils absorbent, emettent, transmettent ou reflechissent
les ra.di2-t ions de diverses longueurs d' ondes ; et les
propr~ete:; physiques qui deterrninent les imperatifs
de poids et d' epaisseur et la resistance aux incidents
mecaniqw2S de differentes categories. Dans les plans
~'echangeurs d'energie solaire, les proprietes rela
tives au rayonnement sont celles qui, dans une Iarge
mesure, determinent le rendement de 1'appareil et
par consequent les surfaces necessaires 'pourune
p;oduction donnee ; c'est pourquoi nous examinerons
d abord les proprietes relatives au rayonnement,
~~l1S les proprietds physiques. Pour aider a- comprendre
llrnportance des proprietes relatives au rayonnement,
n?us passerons brievement en revue l'equation du
~llan d' energie qui decrit le fonctionnement d'un
echangeur solaire. . . - .

L'echangeur solaire est un type unique d'echan
g~ur de chaleur du fait que l'energie est transferee
dune source de rayonnement eloignee a- (generale
ment) un fluide contenu dansI'echangeur.i La tempe
rature de la source de rayonnement (effectivement
aux environs de 6 000 OK) est telle que le rayonne
ment Sur l'echangeur se trouve presque entierement
dans la gamme de longueur d'onde de 0,4 (.I. a 2,5 (.I.,
alors que le rayonnement emis par I'echangeur (a
une temperature ne depassant pas quelques centaines
de .~egres au-dessus de l'ambiante} est presque
e?t1erement compose de longueurs d'ondes supe
neures a- 2,5 (.I.. Il existe done une difference impor
tante entre le rayonnernent solaire incident et le
rayonnement a ondes longues qui est emis,

.La d~stance qui separe le solei! de 'la terre etses
d1m~nslOns font que le flux d'energie sur l'echangeur
sol.a1;e (c'est-a-dire I'energie par unite de temps et
Umte de surface) est. faible par rapport. aux flux
renco~tres dans les echangeurs plus classiques; i1 est
a~ m1eux. d'environ 1,6 calories par centimetre carre
~lllute (350 BTUjheurejpied carre). Les echangeurs
a p~aque plane utilisent ce faible flux sans concen
trat~on; les echangeurs convergents utilisent des
systemes optiques pour augmenter ce flux a la
surface absorbant I'energie etpermettent le fonction
nement a des temperatures superieures,
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Pertes calorifiques

Le terme des pertes calorifiques, qth, est constitue
principalement des pertes par rayonnement et par .:
convection vel'S l'exterieur, c'est-a-dire vel'S 1'atmos- :
phere et le ciel vers lesquels est dirigee la surface
absorbant l'energie, Les pertes provenant d'un
echangeur san couverture peuvent etre ecrites sous
forme de la somme des pertes par rayonnement et
convection comme suit :

(2)

sante et y, facteur d'interception, est fonction de la
forme et de la position du reflecteur (ou refracteur)
et de la surface absorbant l'energie, et par consequent,
des proprietes physiques du materiau et des struc
tures qui supportent la surfacereflechissante et lui
donnent sa forme. La transmittance -r est fonction
de 1'indice de refraction des materiaux de couverture,
de leur epaisseur, et de 1'angle d'incidence du rayon
nement solaire; l'augmentation du nombre de couver
tures transparentes au-dessus de la surface absorbant
I'energie, reduit -r, L'absorbance IX doit etre aussi
elevee que possible, et est fonction de la nature des
surfaces absorbantes et de l'angle d'incidence du
rayonnement ,solaire; il existe de nombreuses me
thodes pour obtenir des surfaces ayant un fort IX.

qth = (j e: (T b4 -'-T a4) + hw (Tb- Ta)

les notations etant les suivantes :

constante de rayonnement de Stefan-Boltz
mann;

e: - emissivite pour les rayonnements a ondes
longuesde la surface absorbant l'energie
(e: est le meme que e dans les mernoires Sj42
et Sj46); .

hw = coefficient de convection dependant de la
vitesse du 'vent;
temperature de la surface absorbant l'ener
gie;
temperature de 1'air ou du ciel au-dessus
de l'echangeur.

Ces pertes, quiaugmentent lorsque la temperature de
I'echangeur ' augmente, . peuvent etre reglees ou
reduites par 1'un des trois moyens suivants ou 1'une
de leurs combinaisons :

,a) Les pertes par rayonnementpeuvent etre
reduites par utilisation de surfaces selectives, c'est-a
dire des surfaces ayant une faible emissivite e, tout
engardant un fort coefficient d'absorption IX pour le
rayonnement solaire (a onde courte). (Il faut egale
ment noter que pour certains usages, par exemple
le refroidissement par' rayonnement, des surfaces
ayant un faible coefficient d'absorption pour les
ondes courtes et une forte emissivitepour les ondes
longues peuvent etre souhaitables.)

b) Le rayonnement et la convection peuverit etre
tous deux reduits si 1'on place au-dessus de la surface
absorbant l'energie, uneou plusieurs plaques trans
parentes au rayonnement solairemais opaques au
rayonnement .a ondes longues. Cette reduction des
pertes thermiques s'accompagne d'une augmentation
des pertes de transmission (c'est-a-dire une reduction.

de "t" dans l'equation (1)) et par consequent d'une
reduction de l'energie absorbee , ces deux pertes
doivent etre ajoutees pour determiner le nombre
optimal de vitrages.

c) Les pertes par rayonnem, ::i et convection
peuvent etre reduites grace a I'utuisation, au-dessus
de la surface absorbante, de structures qui suppriment
la convection et reduisent efficaccrnent l'emissivite
sans reduire substantiellement le coefficient d'absorp-
tion. '

Exemples de bilans d'energie d' echungeurs solaires

L'importance des termes de pertes dans le bilan
de l'energie et l'effet du reglage "'1 de la reduction
de ces pertes, sont illustres dans le cas des echangeurs
a plaque plane, par l'exemple cite par Tabor et ses
collaborateurs (memoire Sj46), qui indiquent des
rendements augmentant de 0 ]F;qu'a 39 J? 100
pour un echangeur a 200 OF Iorsque des Vltra&eS
et des surfaces selectives sont ajou.ees pour redUlre
les pertes thermiques. Dans le (,'S d'un systeme

. convergent, on peut aussi citer un exemple : pOUf
le fonctionnement d'un systeme {t cylindre para
.bolique, a. une temperature de 30() OF et a. un taux
de concentration de 10 et sans vitrage au-dessus
de la surface absorbante non selective, les p.ertes
optiques etaient de 34 p. 100, les pertes thermlques
de 36 p. 100 et le rendement de 30 p. 100; avec une
receptivite amelioreeet I'emploi d'une surface
selective, le rendement serait .porte a 48 p. 100.

Proprietes ideales .

, En general, par consequent, les proprietes de~.a~~
dees aune surface absorbante qui puisse etre utll~set
dans un echangeur solaire sont un fort coe~c~Ne
d'absorption du rayonnement solaire et une ai La
emissivite du rayonnement a ondes longues. nt
transmittance du vitrage pour le rayonnen;ent
solaire devrait etre elevee, mais les vitrages devr~e it
avoir une faible transmittance des rayonneme~ ~ce
ondes longues, c'est-a-dire une forte refiec ~ion
(de preference) ou un fort coefficient d'abso~r ux
du rayonnement a ondes longues. Les matenaro.
destines aux vitrages doivent conserver lerSfEnc.
pritetes physiques utiles et etre cap ables 'fie teurs
tionner a. temperature elevee. Pour les re ,ec xion
destine~ aux. echangeurs convergents, la re~~aire,
speculaire doit etre forte sur tout le spec!re.s antes
et la forme et l' orientation des surfaces reflechlSS e le
doivent etre fixees et maintenues de fac;on q~cen'
facteur d'interception y soit eleve. Pour. les c~rnent
trateurs refractants, le -r du refracteur dOlt egf egale'
etre .eleve. Dne faible capacite calorifique eS

I
capa'

ment souhaitable afin de reduire les efiets de a
cite calorifique. 'tre. doi nt e.Toutes ces proprietes souhaitables OIVd11S un
presentes a un degre plus ou moins grand a teUes
echangeur lorsqu'ilest neuf, et doivent !est~rle. La
quel~es. ~out au co,:rs de sa du!ee de ,v:e u euvent
longevite et la resistance aux mtempene,s p utilise
etre particulierement importantes lorsqu OD
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des matiriaux organiques (matieres plastiques). En
outre, il n'est pas possible de trouver toutes les
proprietes souhaitables dans un seul echangeur, et
il est generalement necessaire de sacrifier une pro
priete pour en gagner une autre; I'evaluation de
ces bilans doit etre faite pour chaque cas d'espece,
et il n'est pas possible actuellement d'indiquer d'une
maniere absolument generale quelles sont les pro
prietes les plus importantes..

On a note que la presence d'un materiau pour
vitrage possedant 100 p. 100 de transmittance du
rayonnernent solaire, d'opacite au rayonnement des
ondes longues, et de conservation de ses proprietes
physique- utiles aux temperatures elevees permet
trait d'utiliser un vitrage a plusieurs plaques et par
consequent d'exploiterdes echangeurs a plaque
plane a des temperatures limitees (theoriquement)
par la temperature du soleil, ou par les limitations.
de temp/rature du materiau de couverture.

Propr'ietes des materlaux et leur importance;
prix de revient

Ainsi qu'on l'a note, un des objectifs que l'on
recherche lors de l'etablissement d'un projet de
dlSpositif solaire est la fourniture d'energie (ou
d'autres produits, tels que de I'eau distillee) au prix
~e revient total minimum. D'une maniere generale,
11 faudrait tenir compte de tous les couts du processus,
mais il est difficile de formuler 1'examen absolument
complet des effets des materiaux et de leurs proprietes
sur le prix de revient. On peut cependant proposer
plusieurs principes generaux dont il faut tenir
C?l?pte lors du choix des materiaux pour les dispo
slilfs solaires.

a) Pour un debit specific du dispositif, a une
t~mperature predeterminee, on peut utiliser des
bl1ans d'energie du type de l'equation (1) pour
determiner la surface necessaire d' echangeur lors
qu'elle est integree correctement pour tenir compte
des variations de fourniture d'energie solaire et de
celles desautres variables meteorologiques au cours
de la periode de l'annee pendant laquelle l'appareil
sera exploite. Les effets des proprietes des materiaux
?ont par consequent doubles. Premierement, elles
Influent Sur le rendement de l'echangeur (comme le
lllontrent les termes du bilan d'energie), et par conse-

Dquen~ sur les imperatifs de surface de l'echangeur.
~ux1emement, les materiaux influencent et deter

lllInen.t le cofrt par unite de surface par la maniere
dont ils s'adaptent aux imperatifs de structure.

b) Des modifications des materiaux ou de leurs
proprietes peuvent augmenter la gamme de tempe
ratures, ou la periods du jour pendant laquelle I'echan
geur solaire peut fonctionner. Ces augmentations
peuvent influer sur la quantite d'energie necessaire
f.t/ou le rendement du reste du systeme. Par exemple,
,augmentation de la temperature de sortied'un
eC?angeur fournissant l'energie a un moteur ther
111lque donnera une amelioration du rendement de
ce dernier, et par consequent une reduction de sa
consommation. Finalement, i1 faut tenir compte,

par consequent, des effets des materiaux et de leurs
proprietes sur le processus total lorsqu'on evalue le
prix de revient de production de ce dernier.

c) Le choix des materiaux subira d'autres 'in
fluences que le prix de premier etablissement, car les
imperatifs d'entretien et la duree de vie varieront
avec les materiaux. Par exemple, les couvertures
plastiques (glacage) sur un echangeur cofrteront
moins, mais auront une duree de vie plus courte que
le verre.

d) Les proprietes des materiaux varient avec la
temperature, le temps (c'est-a-dire le. vieillissement),
et les facteurs ambiants tels que les atmospheres
corrosives ou erosives. Lorsqu'on predit le rendement
et qu'on fixe les imperatifs de structure, ondoit
calculer en fonction des proprietes des materiaux
ages ou ayant deja subi l'attaque des intemperies,
ou tenir compte d'autres rnanieres des possibilites de
reduction de production du processus avec le temps.

Chaque dispositif ou application solaire devrait
etre etudie pour determiner les meilleures combi
naisons de materiaux a utiliser. Par exemple, le
supplement de prix d'une surface noire selective
par rapport a une surface noire non selective peut
etre inferieur a la valeur de l'augmentation de pro
duction du moteur thermique utilisant I'energie
provenant de l'echangeur et disponible atemperature
plus elevee par suite de la selectivite de la surface.

De nombreuses proprietes des materiaux ne peuvent
etre reglees ou fixees independamment d'autres pro
cessus. En voici des exemples : l'utilisation de vitrages
multiples qui reduit les pertes par convection et
rayonnement, reduit egalement -e ; 1'1X et l'e dans le
cas des surfaces selectives dont on peut disposer
actuellement dans la pratique ne sont pas indepen
dantes 1'une de l'autre, et toute augmentation d'lX
(par exemple, par des revetements superficielsplus
epais) est generalement accompagnee d'une augmen
tation de e. Les gains de rendement resultant de
I'amelioration d'une propriete sont contrebalances
(plus ou moins) par des pertes dues aux variations
d'une autre propriete, Le gain net (ou la perte nette)
de rendement par suite de 'changements de deux
proprietes connexes ne peut etre determine que
d'apres le bilan d'energie integre. Cette question est
traitee, dans le cas de l'exemple des relations liant IX

et e par Tabor et ses collaborateurs (memoire 5/46)
et Edwards et ses collaborateurs (memoire 5/43);
une expression a ete etablie (memoire 5/46, equation
(6)) pour montrer, en fonction des echanges de
rayonnement, le critere des variations de IX et s
qui arneliore le rendement de l'echangeur. Des
relations semblables peuvent etre etablies pour
d'autres combinaisons de proprietes interdependantes:
toutefois, on doit tenir compte, lorsqu'on les etudie,
du cofrt des modifications des materiaux et des

.proprietes.
On peut maintenant se demander: (( quels sont

les nouveaux materiaux disponibles pour les appli
cations de I'energie solaire, et quelles sont leurs
proprietes utiles? » D'une maniere generale, on
peut indiquer ce qui suit ': .
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a) Un certain nombre d'etudes des proprietes
relatives au rayonnement ont ete effectuees et ont
permis de mettre au point des surfaces presentant
des combinaisons souhaitables de proprietes rela
tives au rayonnement (en particulier a. et e) et des
processus permettant de ,fabriquer ces surfaces
(memoires 5/6, 5/42, 5/43, 5/46, 5/86); ,

b) On a egalement etudieles proprietes optiques du
verre et des milieux transparents plastiques pour
les vitrages d' echangeurs solaires, ainsi que les
combinaisons souhaitables des proprietes permet
tant de reduire les pertes thermiques (5/33, 5/91);

c) On a propose, pour la construction et 1'utilisa
tion des reflecteurs et refracteurs dans les systernes
d'echangeurs convergents (5/22, 5/33, 5/91, 5/104),
des methodes et materiaux nouveaux grace aux
quels il est possible d'esperer trouver des solutions
aux problemes difficiles de la qualite optique des
systemes d'echangeurs convergents;

d) On a indique une nouvelle methode de construc
tion des echangeurs aplaque plane (ou des recepteurs
pour echangeurs convergents) (5/71) qui reduit a la
fois les pertes par rayonnement et convection, et
permet un fonctionnement a des temperatures net
tement plus elevees,

Les sections suivantes passent en revue ces perfec
tionnements des materiaux, tels qu'ils sont decrits
dans les divers mernoires.

Proprietes des surfaces absorbant I'energte

Le domaine des proprietes relatives .au rayonne
ment des surfaces absorbant I'energie solaire, c'est-a
dire des variations spectrales, des proprietes relatives
de rayonnement, telles que le coefficient d'absorption
et l'emissivite, ont fait l'objet de nombreuses re
cherches au cours de ces dernieres annees, comme en
ternoignent les premiers memoires de valeur dans
le domaine des applications de I'energie solaire
qui ont ete presentes a la Conference de I'energie
solaire de 1955 en Arizona. Plus recemment, ces
recherches ont encore ete stimulees par les besoins
d'application de l'energie solaire pour les vehicules
interplanetaires.

M ecanismes de selectivite

Des etudes fondamentales portant sur les raisons
de la variation spectrale du coefficient d'absorption
(et done de I'emissivite}, (voir Edwards et ses colla
borateurs, memoire (5/43), ont suggere plusieurs
mecanismes de selectivite des surfaces absorbant
l'energie, et par consequent plusieurs methodes pour
les preparer. Cesrnecanismes, ou raisons de la selec
tivite, comprennent : la variation des constantes
optiques n (indice de refraction) et K (indice d'absorp
tion) en fonction de la longueur d'onde pour un seul
materiau superficiel; la presence de rugosites super
ficielles de dimensions importantes par rapport aux
longueurs d'onde de l'energie solaire mais faibles
par rapport au re-rayonnement a ondes longues

(qui provoque des reflexions multij-ies et un accrois
sement de a. pour les rayonnemen!.. a ondes courtes,
mais a peu d'effets sur I'emissicn Lt ondes longues);
la presence de couches de petites particules de dimen
sions plus grandes que les longueurs d'ondes solaires
mais plus faibles que le re-rayornement a ondes
longues (ces particules etant susceptibles d'absorber
le rayonnement des longueurs d' ondes inferieures
a leur propre dimension mais transparentes pour
les rayonnements de plus grande longueur d'onde);
la presence de fines pellicules anti-reflexion qui
augmentent le coefficient d'absorption et de pe~lic~les
semi-conductrices epaisses, opaqw:s aux radiations
de courtes longueurs d'ondes, mars transparentes
pour celles de grandes longueurs cl'ondes, rec?u~r~~t
un substrat metallique ayant une faible emissivite.
Des combinaisons de ces structure- et de ces effets

,contribuent egalement a produire la selectivite.

Coefficient d'absorption et d'bnissio.:

Les proprietes des materiaux l,ecessaires P?ur
ca1culer le rendement sont le coefficvnt d'absorptlOn
du rayonnement solaire et le coefficient d'e~ission de
rayonnement a ondes longues. La repartltlOn sp~c

trale de l'energie solaire varie dans une certame
mesure en fonction de la hauteur cl" solei! au-dess~s
de 1'horizon, et des conditions atmospMriques, ~a~~
en pratique, dans la plupart des cas, on peut Ut11~te
une seule valeur de a., sans tenir compte de ce
faible variation. Les coefficients d' emission de ray?U
nement a ondes longues sont dans une certalre
mesure fonction de la temperature superficielle, ~
valeurs de e etant souvent donnees pour des temp t
ratures proches de la temperature ambianteve~s
occasionnellement pour des temperatures plus ele es
(par exemple pour 1 000 OK); les chiffres donn t
pour les temperatures proches de 1'ambiante p~u~e~_
etre utilises pour les calculs de la plupart des ec ~es
geurs solaires. Ces valeurs de a. et de e ~~nt mesu~ues
par des bilans de chaleur dans des condItIons con eut
ou controleesjou les flux du rayonnement peu~er
etre determines), comme par Trombe (5/6), Gaubien
(5/42) et Tabor et ses collaborateurs (5/46), oueflec
elles sont calculees d'apres des mesures ~es r 'nees
tances pour diverses longueurs d'ondes dete~mlence
avec des spectrometres equipes en conseq~eurs
(voir par exemple Edwards et ses collabora
(5/43)). 'tre

Des methodes secondaires de mesure 'peuven~nfor_
egalement utilisees pour obtenir au moms des I tion
mations qualitatives sur les coefficients d'absor~sure
et d'emission. Vachet et Mercier (5/86) ant mosees
les temperatures d'equilibre des surfaces ~XPetant
au rayonnement solaire (I'energie a?sorbe~esures
egale aux pertes thermiques) et ont fait des echan
comparatives du gain utile obtenu par de~ sauf
geurs solaires ayant des proprietes semblab t~con
en ce qui concerne les proprietes connues e ~anti
nues relatives au rayonnement. Les donnees q sureS
tatives sur a. et e obtenues grace. a ceS ~ennees
dependent de la possibilite d'avoir desd'e~ergie.
suffisantes sur les autres facteurs des bl1ans
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Tableau 1.. Quelques valeurs de 0( et dee pour. les surfaces destlnees aux applications
,de l'energie,solaire

Sur/ace a, rayonnement e pour temp. Temp. superi.';re
solaire into II 100'C d'applie. Refirenees.

(approx.)

CuO sur Al 0,85 0,11 200°C S/46
Traitement de Tabor au

noir de nickel 120-20
sur fer galv. 0,89 0,12 S/46; S/43

Ebonol C sur cuivre . 0,91 0,16 400 of S/43, figure 7
Acier inoxydable 16 p.

100 Cr., chauffe 3 hres
a 600°C. 0,75 0,1 S/6; voir aussi S/43, fig. 6

Aluminium traite au .
KMn04 0,80 0,35, ' S/6, figure 5; S/86

Peinture noire mate com-
merciale . 0,93 0,93 S/6, figure 5; S/86

Noir de platine . 0,95 0,91 900°C S/42

Le tableau 1 donne (:J. et e pour plusieurs surfaces
qui presentent ou pourraient presenter de I'interet
p.our differentes applications solaires. Les ouvrages
cItes en reference donnent des renseignements comple
mentaires sur de nombreuses autres surfaces et sur la
preparation des surfaces.

Prix de reoient des surfaces silectiues

qn dispose de peu de donnees sur les prix de
re':Ient des traitements superficiels destines a pro
dUlre des surfaces selectives, Tabor et ses collabora
teurs (5/46) estiment le prix de revient de la couver
ture de noir de nickel a environ 5 p. 100 du prix
de revient total du collecteur. D'autres procedes

. d'oxydation, de placage, de traitement chimique,
de peinture et de chauffage sont plus ou moins cofi
!eux selon la complexite des operations et I'echelle
a laquelle 11s sont executes. En outre, des materiaux
p~rticuliers peuvent etre necessaires comme base
dune surface selective donnee, et accroissent nota
blement de ce fait le prix de l'echangeur solaire.

I1 est interessant de noter qu'il existe maintenant
deux precedes commerciaux de revetement selectif
d~ surface. Une installation pour couvrir de noir de
ntckel le fer galvanise est en service et fabrique des
absorbeurs pour les chauffe-eau solaires en Israel
(5/46). L'ebonol est un compose de traitement que
l'on trouve dans le commerce (5/43), et cette matiere
est ufilisee pour traiter les surfaces d'un certain
nombre d'applications optiques.

Stabilite des surfaces selectioes

L~s applications terrestres des absorbeurs d'energie
~olaIre necessitent le fonctionnement des surfaces
a ~es temperatures plus ou moins eleveesen atmos
p~eres oxydantes pendant de longues periodes,
D autres agents corrosifs ou erosifs peuvent egale
ment etre presents, et les surfaces doivent Mre
protegees contre ces agents par un vitrage trans
paren~, ou etre stables en leur presence, afin que les
propnetes relatives aux rayonnements restent in
tactes.

Autres considerations

Pour les systemes d'echangeurs convergents ayant
un rapport Aa/Ax eleve (c'est ce que l'on appelle le
« facteur de concentration »), (:J. devient la propriete
la plus importante de la surface, et comme la surface
fonctionne ahaute temperature, son entretien devient
plus difficile. On peut observer, cependant, que l'aire
de surface absorbante par unite de gain d'energie
utile est faible, ce qui permet des investissements
plus eleves pour obtenir de bonnes surfaces. Gaumer
(5/42) etudie les possibilites d'utilisation qu'offrent

.certains materiaux inhabituels tels que des minces
feuilles de metaux de terres rares, qui sont couteuses
mais pourraient etre utilisees en faible quantite dans
les receveurs-echangeurs convergents pour tirer parti
de la stabilite chimique ou des proprietes relatives
.aux rayonnements. Trombe et ses collaborateurs
(5/6) indiquent des methodes pour rendre rugueuses
les surfaces, par pliage, rainurage ou attaque chimique
pour ameliorer (:J. en obtenant des reflexions mul
tiples; ces techniques pourraient Mre egalement
applicables aux recepteurs des echangeurs conver
gents, en combinaison eventuelle avec les materiaux
proposes par Gaumer.

Bien que le refroidissement par rayonnement ne
soit pas strictement une application solaire, le ren
dement des refrigerateurs par rayonnement peut Mre
etudie par le meme type de bilan d'energie que celui
qui est utilise pour les echangeurs solaires. Les refri
gerateurs par rayonnement fonctionnent generale
ment mieux avec des surfaces afaible (:J. et ae eleve ;
ces proprietes peuvent Mre obtenues par des surfaces
telles que des pellicules d'alumine sur aluminium
(5/6, 5/86) et despeintures pigmentees a l'aide de
materiaux ayant un fort indice de refraction (5/42).

Proprietes des . materiaux de couverture

De nouveaux progres importants ont ete faits
dans le domaine des materiaux de couverture pour
les echangeurs d'energie solaire grace aux matieres
plastiques (5/33), ou de nouveaux rnateriaux ont Me
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mis au point qui possedent des proprietes differentes
de celles du verre et presentent des avantages et des
inconvenients par rapport a. ce dernier. Dans le
domaine de la technologie du verre, il existe des
methodes permettant de modifier et de controler ses
proprietes pour ameliorer ses performances en tant
que materiaux de couverture (Sj6, Sj9I).

Les materiaux transparents, sans exception pra
tique, refletent et absorbent certaines radiations.
Pour une longueur d'onde donnee ou sur une gamme
particuliere de longueurs d'onde, la somme des coeffi
cients de transmission, d'absorption et de reflexion
doit etre egale a. N. Parmi les donnees completes sur .
un materiau de couverture ou de glacage, il faut
done que figurent ces proprietes dans les gammesde
longueur d'onde convenables; les gammes d'interet
principal sont les gammes de rayonnement solaire
pour lesquelles le coefficient de transmission doit etre
eleve et les ondes longues pour lesquelles le coefficient
de transmission doit etre faible.

M atieres plastiques

On peut envisager d'utiliser plusieurs pellicules
de matiere plastique qui viennent d'etre mises au
point pour les vitrages des echangeurs solaires et
qui sont etudiees par Edlin et Williauer (Sj33);
citons une pellicule de fluocarbone, le « Teflon »,
une pellicule de fluorure de polyvinyle, le « Tedlar »,
et une pellicule de polyester, le « Mylar » type W.
Ces materiaux sont differents quant a. la composition

.chimique et aux caracteristiques physiques et rela
tives au rayonnement. lIs ne doiventpas etre, en
general, consideres comme des produits de rempla
cement directs du verre, car la construction. des
echangeurs doit etre modifiee pourtenir compte des
differentes proprietes des diverses pellicules de plas
tique. Les proprietes les plus particulieres de ces

,pellicules peuvent etre resumees comme suit : elles
sont utilisees en sections minces (1 a. 5 mils, ou 25
a. 125 [L), elles sontgeneralernent partiellement trans
parentes aux radiations a. ondes longues. leurs pro
prietes physiques sont dans la majorite des cas
fonction directe de la temperature (il faut done envi
sager des limitations de temperature dans les pro
jets), et leurs durees de vie sont plus on moins Iimitees
par l'action des intemperies.

La resistance aux intemperies, c'est-a-dire I'apti
tude d'un materiau a conserver ses proprietes lors
qu'il est expose aux intemperies, aux rayonnements,
a. I'humidite, aux flexions dues au vent, etc. est
une propriete critique des matieres plastiques. C'est
une combinaison de proprietes optiques, physiques
et chimiques, et des facteurs structurels qui deter
minent la duree de vie possible d'un materiau
dans certaines conditions d'utilisation. On ne possede
pas de renseignements precis sur toutes les pellicules
dans toutes les .conditions; on a! cependant enre
gistre, en Floride, les durees de vie possibles de
trois pellicules non montees sur des cadres et exposees
aux intemperies (Sj33). Ce sont : pour le Teflon,
20 ans; pour le Tedlar, 9 ans; et pour le Mylar
type W, 4 ans.

Les proprietes physiques des pcllicules sont tres
variables; on note par exemple, UIl resistance ala
traction de 24 000 psi (1 687 kg F,r cm-) a 25QC
pour le Mylar W et de 3000 psi (:2W kg par cm2) it
25°C pour le Teflon. Ces proprietes varient avec la
temperature et la duree d'exposition ; le memoire
Sj33 presente des renseignements nombreux sur
ces proprietes, qui contribuent a. resoudre les pro
blemes d'evaluation et de conception.

Le pouvoir de transmission du rayounement solaire
de la pellicule est particulierement important pour
les echangeurs solaires. Le Teflon cl le Tedlar pre
sentent l'avantage d'avoir des indices de refraction
relativement faibles,donnant par consequent des
pertes par reflexion faibles et une borme transmission.
Les pellicules etant minces, I'absorpiion est egale
ment faible. On a egalement prese'~te des donnees
(Sj33) sur le coefficient de transmis-ion de differents
nombres et epaisseurs des trois types de pellicules
Par exemple, sous une incidence no. male, le coeffi
cient de transmission d'une couche simple de 1 mil
de Teflon est de 0,97 et pour 1 mil .le Tedlar, 0,94,
selon les indications recues.

Les coefficients de transmission des rayonnements
a ondes longues des pellicules de plastique ~e sont
pas indiques dans les rapports de cette se~slOn, et
pour de nombreuses matieres plastiques ils sont
superieurs a celui du verre. Avec lcs surfaces non
selectives absorbant l'energie, le coefficient de trans
mission plus eleve permet des pertes par rayonne
ment plus elevees: avec les surfaces selectives d.a~s
lesquelles le rayonnement constitue une plus faIb e
fraction des pertes thermiques totales, l'augmr
tation du coefficient de transmission des o~ ~s
longues est moins importante. 11 n'est pas possIb e
actuellement de generaliser en ce qui concerne1ces
effets, et de nouvelles analyses des bilans de cha eur
des echangeurs sont actuellement en eours pour
determiner leur importance.

Verre

L . "f s a dese verre, dans ses differentes compost IOn, ta-
proprietes qui ont longtemps ete utilisees avan ae
geusement dans les echangeurs solaires- Le vtn
a faible teneur en fer ayant un indice de re£ra~ 10 )
de 1,52 aura un coeffi~ient de transmission (tYPI~uel'

WC de 0,90 pour le rayonnement solaire sous une . Is
deJ.1ce normale. (11 existe des traitemente st;p~rfiCldU
qUI augmentent le coefficient de transmlssl.01~rces
verre par addition) de pellieules ayant des In 1rre
de refraction intermediaires entre celui du .v

e·
on

et cel~i de l'air, et le coefficient de .transnl1SS1ns
peut etre porte a' 0,95 grace a. ces traItement~erre
sont cependant cofrteux a. l'heure actuelle.) Le d ree
presente l'avantage d'avoir une tres longue Ute'ge
d . "1 t proe VIe, s I est correctement soutenu e t pS-
contre les choes, et un faible coefficient de ra
mission des rayonnements a. ondes longues. . rs

~eyches (Sj9I) a etudie les effets de pIUSl~~si_
v~~Iables, d~s. specifications du verre sur les r La
bilites d utilisation des couvertures en verrv- i la
composition peut etre modifiee, et donc aus

s
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longueur rl'onde au-dessusde laquelle le verre devient
essentielIcment opaque. Comme materiau de couver
ture pou: les echangeurs-a haute temperature, ou
les longueurs d'onde du rayonnement emis commen
cent a recouvrir le spectre solaire, Peyches propose
le verre ?JJ borosilicate (Pyrex), car son coefficient
de transmission tombe nettement aux longueurs
d'onde inferieures a 2,5 fL, et ce verre devient ainsi
opaque pour I'extremite ondes courtes du rayonne
ment ernis par l'echangeurvL'epaisseur peut egale
ment varier entre des limites imposees par les impe
ratifs structurels et le prix de revient. La pente
de la courbe de transmission qui separe une region
de grande transparence de celle a transparence infe
rieure dcvient plus raide lorsque l'epaisseur aug-

,mente; pour le fonctionnement a temperature elevee,
il doit exister une epaisseur optimale donnant les
meilleurs (cndements., -

Comm« on l'a note precedemrnent, il serait avan
tageux d. reflechir les rayonnements aondes longues,
plutot q,:,::; de les absorber. Trombe et ses collabo
rateurs (:;;/6, figure 9) signalent que les verres ont
des band-s de reflexion dans la gamme de 8 a 10 fL
(gamme J'emission maximale pour les surfaces a
100oq, le coefficient de reflexion variant avec le
type de verre. Peyches (5/91) .suggere que le- coeffi
cient de reflexion du verre pour les rayonnements a
ondes longues peut etre augmente par des pellicules
tres legeres d'or deposees a sa surface interne et, si
l'epaisseur est correcte, on ne subira qu'une legere
reflexion supplementaire du rayonnement ia ondes
courtes. Des donnees sont necessaires pour evaluer
les effets de cette sorte de traitement superficiel
Sur les performances des echangeurs solaires. '

Proprietes des refracteurs et reflecteurs

Refracteurs

On ri'a accorde que peu d'attentiori, dans le passe,
it l'~tilisation des refracteurs dans les applications
p~a~lques de l'energie solaire, parce qu'on a consi
dere que les lentilles cofrtent nettement plus eher
que les reflecteurs. La mise au point de lentilles
de Fre;>nel (lentilles a gradins), et leur fabri.cation
en .serie . pour les appareils de photographle· (en
peht~s dImensions), ont amene it les envisager pour
les ~hspositifs convergents des echangeurs solaires.
OShIda (5/22) signale une etude de concentration
du rayonnement solaire a l'aide de lentilles de
Fresnel en matiere plastique moulee et leur utilisation
pour augmenter le niveau de rayonnement sur les
cell~l1es photo-voltaiques au silicium. Le prix de
revlent actuel des lentilles en polvmethyl-metha
~~Ylat.e pour les viseurs d'appareils de photos est

environ 10 dollars par pied carre, et l'on envisage
des reductions de ce prix. Ce materiau est tres trans
parent au rayonnement solaire; sa sensibilite aux
lUte~peries ri'est pas specifiee, mais doit etre bonne,
et Ion pourrait utiliser d'autres materiaux. Ces
~6fr~cteu,rs. presentent l'avantage de s'em?aller et
des exped1er facilement (constituant essentlellement

es feuilIes planes) et sont montes dans des cadres

plats. Les lentilles cylindriques a gradins et les
prismes cylindriques pour convertisseurs photo
voltaiques ayant des reponses spectrales diverses,
constituent egalement des applications possibles des
refracteurs,

Surfaces, reflechissantes

Un probleme majeur rencontre dans les applica
tions des systemes d'echangeurs convergents a,
d'autres fins que les essais de laboratoires a consiste
a frouver un materiel ayant et pouvant conserver
un coefficient de reflexion speculaire eleve pour le
rayonnement solaire, avec un entretien raisonnable.
La perte de reflectivite peut resulter de la degrada
tion de la surface, de l'erosion, de l'accumulation de
saletes et de l'action des agents de nettoyage. Pour
certaines applications, le verre argente au dos a
rendu de bons services et possede une bonne dura
bilite, mais ses possibilites d'application sont limitees
par sa resistance mecanique et sa resistance aux
chocs, particulierement lorsqu'il s'agit de surfaces
mobiles.

Une nouvelle methode d'execution de grands
reflecteurs en verre est suggeree par Peyches (5/91).
La production commerciale de bandes continues de
verre pIat poli, de 2,5 metres de large,· a maintenant
demarre et de grands miroirs peuvent etre fabriques
dans ce materiau ; ils possedent les caracteristiques
souhaitables des reflecteurs de verre, mais non
certains des inconvenients des petits reflecteurs
fragmentes,

On peut egalement utiliser des pellicules plastiques
metallisees lorsqu'elles sont soutenues par un cadre
et mises en forme, pour constituer des surfaces refle
chissantes. Edlin et Willauer (5/33, figure 19) pre
sentent certaines donnees sur le coefficient initial
de reflexion totale (speculaire et diffuse) du Mylar et
du Tedlar aluminise, et ils indiquent que l'on peut
esperer des coefficients de reflexion de 60 a70 p. 100
(valeurs initiales) avec ces pellicules. (D'autres
donnees publiees indiquent des coefficients de
reflexion speculaire de 65 a 85 p. 100, avec des
variations dues aux differences dans la pellicule
servant de base et la quantite de metal applique sur
cette derniere.) La sensibilite aux intemperies des
pellicules soutenues sur une structure rigide serait
meilleure que celles des pellicules non soutenues par
une armature. On ne dispose pas actuellement de
donnees sur les variations du coefficient de reflexion
de cette pellicule en fonction du temps. Elle presente
l'avantage de couter generalement moins de 10 cents
par pied carre pour les pellicules metallisees seule
ment, sans structure-support.
. L'aluminium ayant subi un traitement anodique
represente un autre materiau reflechissant qui devrait
etre envisage pour les applications aux systemes
convergents.

Support de refiecieur

Les materiaux tels que les pellicules plastiques
doivent etre soutenus par une armature et main-

17*
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tenus dans leur forme correcte. Daniels et Breihan
(S/104) notent l'utilisation de coques de plastique
au polyester armees de fibre de verre avec des sur
faces reflechissantes en Mylar metallise, collees aux
coques a l'aide de resine epoxy. Ces reflecteurs sont
formes sur des moules, renforces sur les bords et
mentes dans des cadres construits en tubes a. mince
paroi. Le prix de revient des materiaux pour des
reflecteurs experimentaux de ce type, est d'environ
un dollar par pied carre,

II faut tenir compte de, nombreux problemes
techniques lorsqu'on conceit et qu'on choisit les
materiaux pour echangeurs solaires convergents.
Outre les proprietes de reflexion (et de refraction)
notees, il faut evaluer la rigidite, la distorsion sous
le vent, la distorsion due aux sollicitations ther
miques et leurs effets sur les qualites optiques du
systerne et par consequent sur son fonctionnement.
Ces facteurs sont particulierement importants si le
rapport de concentration, Aa/Aa; est eleve, comme
cela est generalement necessaire pour les applications
de l'energie solaire a haute temperature.

Autres methodes de cc contrOle de l'energle »

II est possible d'agir, dans certaines limites, sur
l'absorption et l'emission des rayonnements par la
forme ou la configuration des surfaces. La cavite
isothermique en corps noir (grande par comparaison
a. la longueur d'onde du rayonnement) qui absorbe
et emet avec des coefficients d'absorption et d'emis
sion egaux a. 1, en est un exemple bien connu. Un
autre exemple est constitue par l'augmentation du
coefficient d'absorption dfr aux reflexions multiples
sur les surfaces rainurees ou cannelees, avec une
augmentation correspondante du coefficient d'emis
sion, comme l'ont etudie Trombe et ses collabora-
teurs (S/6). .

Francia (S/71) a propose une disposition de surface
absorbant l'energie, concue pour conserver un coeffi
cient eleve d'absorption tout en reduisant simulta
nernent le coefficient effectif d'emission, sans utiliser
de surface selective dans le sens habituel. II s'agit,
essentiellement d'un ensemble de cylindres minces,
noirs pour le rayonnement a. ondes longues et ayant
des rapports longueur/diametre eleves (c'est-a-dire
un nid d'abeille « profond ») qui est place au-dessus
de la surface noire absorbant l'energie et perpendi
culairement a. cette derniere de maniere a limiter
le champ visuel de la surface a un petit angle solide
comportant la source d'energie (le soleil). La tempe
rature des parois des cy.indres decroit avec la distance
lorsqu'on s' eloigne de la surface absorbant l' energie ;
la transmission de chaleur vers l'exterieur s'effectue
par, re-radiation et absorption successives avec
certains effets de convection, lorsque les cylindres
sont construits en materiaux de faible conductivite,
On obtient ainsi, en effet, une surface ayant un
coefficient d'emission eleve dans la direction normale,
mais fortement reduit dans les autres directions,
ce qui donne un coefficient d'emission hemispherique
reduit. (Voir dans S/43 la section consacree a l'etude

des proprietes directionnelles et he",'ispheriques.) Le
nid d'abeille doit egalement serv.r a reduire les
pertes habituelles par convection.

Une etude analytique des effets dc:':; rayonnements,
c'est-a-dire des gradients de tempcr-uure en fonction
de la profondeur du nid d'abeille (cylmdres), indique
que les temperatures doivent decroitre comme la
racine quatrierne de la distance en profondeur
(memoire 5/71). L'analyse indiqu« que les pertes
par rayonnement provenant des nids d'abeille pro
fonds devraient etre une faible fract jon de celle d'un
emetteur noir plan (si 1'0n neglig'" les effets de la
conduction et de la convection).

Francia decrit des experiences sur plusieurs mo
deles d'absorbeurs en nid d'abeille , l'exploitation
de son systeme n" 2 (5/71), un echrugeur de 0,5 rn2

sans concentration optique, produit de la vapeur
surchauffee a 230 cc et fonetionnai.: a. des tempe
ratures maximales de 320 "C, avcc des rendements
estimes a. plus de 50 p. 100. Dan. cc systeme, .le
nid d'abeille etait constitue d'hexa.jones de papIer
carbonise ayant un diametre moyer ,1P 0,8 cm et une
longueur de 12 cm. Le systeme etait ,.'nente de f~c;on
que le rayonnement en faisceau sett normal a la
surface absorbante. Duns une autre c;,perience, avec
le systeme n? 4 (5/71) qui utilisait un refl~eteur
comque pour concentrer le rayonnernent en faIsceau
d'un facteur d'environ 15, on a produit de la vape~r
a. environ 100 atm et 450 "C: dans cet apparetl,
Francia utilisait des tubes de ~erre pour copsti,t,uer
le nid d'abeille, qui satisfaisait a I'irnperatif d et~e
noir pour le rayonnement a ondes longues ~aIs
evitant la necessite de rayonnement incident parallel~.

Ces temperatures de fonctionnement sont supe
rieures acelles que l' on rencontre ordinairement dars

les echangeurs solaires. Par contraste, par exemp e,
la temperature d' equilibre d'un echangeur a. couve~
ture (de verre), avec des surfaces absorbant l'energIe

fortement selectives et sans concentration du :ay~~
nement, peut atteindre normalement 250 -c: a ce t
temperature d'equilibre, le' gain utilisable est ~u.

On ne dispose pas de donnees sur le prix de rev~f~
de ces nouvelles « surfaces» ni de donnees comple en

' . r Usur leur fonctionnement. On peut enVIsage _
certain nombre de materiaux susceptibles de co~~:s
nir a. la construction des nids d'abeille, notammen t
nids d:abeille en papier, facilement disJ:l0ni?I~~i1re
peu couteux, si on peut les proteger. Si le nid d a ir
n'est pas transparent ou presente un fort ~?U;~n_
reflechissant pour le rayonnement solaire, I eC

t
en

geur fonctionnera surtout sur le rayonneme~ nt
faisceau et devra etre « oriente » vers le soleil SUIV~t
~n mouvement selon deux axes; s'il est transpa;ein~
11 peut encore etre necessaire d'assurer une cer a
orientation.

Conclusion
te

Les proprietes relatives au rayonnement des ll1n
a
de_. de . le renaux eterminent dans une grande mesure .eteS

ment des echangeurs solaires, alors que les propr:ruc_
physiques determinant les variables de la cons
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tion telles que l' epaisseur des sections. On commence
a disposer de nouveaux materiaux et de nouvelles
modifications des vieux materiaux sont en cours; ces
progres presentent une importance immediate et
potentielle puisqu'ils permettent de reduire le cofrt
de l'utilisation de l'energie solaire et d'accroitre la
gamme de temperatures dans laquelle le sechangeurs
solaires peuvent operer, Il faut noter parmi ces
materiaux les matieresplastiques destinees :aux
couvertures ou aux surfaces reflechissantes, les
surfaces selectives telles que le noir de nickel ou
l'Ebonol, les verres ayant des proprietes particulieres
qui peuvent servir utilement pour les materiaux de
couverture ou les reflecteurs, et l'absorbeur en nid
d'abeille qui limite la re-radiation et la convection.

Le dornaine des materiaux fait des progres rapides,
et, necessairernent, certaines des nouveautes etudiees
dans les memoires presentee au titre du pointIII. B
de l'ordre du jour ont fait l'objet de recherches et
non pas dexperiences pratiques. De meme, le prix
de revient des materiaux, dans la majorite des cas,
ne correspond pas a. une production en serie, mais
represenn, un cofit calcule ou un cofrt actuel qui
pourra subir d'importantes modifications. Notre
connaissal1ce des problemes fondamentaux que pose
le captage de I'energie solaire a atteint un point ou les
proprietes des materiaux peuvent etre specifiees,
et les mernoires permettent d'envisager de nouveaux
progres qui contribueront au developpement des
applications economiques pratiques de l'energie
solaira,

Sujets de discussion proposes.

Dans une session couvrant un sujet aussi etendu
que les nouveaux materiaux, une grande variete
de sujets s'offre a. la discussion. Cette gamme va des
problemes tres pratiques, d'interet immediat pour
le constructeur et l'utilisateur d' equipement solaire,
~~x questions plus theoriques qui presentent de
llmportance pour l'inventeur. Il est probable que
les auteurs de plusieurs de ces memoires auront des
donnees et informations complementaires apresenter.
Les points de discussion suivants sont egalement
proposes:

a). Surfaces reflechissantes. De quelle experience
pratIque dispose-t-on sur l'utilisation des surfaces
reflechissantes clans les echangeurs solaires conver
g;nts? Quels ont ete les problemes de. corrosion,
d erOSIOn et de nettoyage? Est-il necessaire de pro
teger les surfaces reflechissantes a l'aide de couver
tures transparentes?

b) Glayage plastique. Quel est le meilleur moyen
de'monter et d'armer les glacages plastiques? Quels

rapports y a-t-il entre les methodes de montage et
les limitations de duree de vie ou de temperature?
Devrait-on envisager des combinaisons de verre et
de glacage plastique, par exemple l'utilisation d'une
couverture exterieure en verre pour accroitre la
duree de vie potentielle de la couverture plastique
inferieure?

c) Fabrication des refiecteurs. Quelles generalisa
tions peut-on faire sur la resistance mecanique, la
resistance au vent et autres problemes de conception
des reflecteurs, susceptibles d'aider au choix des
materiaux? Plusieurs methodes de construction des
reflecteurs sont indiquees dans les rapports; les
structures renforcees en nid d'abeille ou les formes
obtenues electriquement ou d'autres reflecteurs pre
sentent-ils de I'interet pour, des applications
terrestres ?

d) Utilisation de ces nouoeaux .materiaux dans les
applications interplanetaires. Un grand effort est
actuellement en cours en vue de perfectionner les
materiaux pour les applications de l'energie solaire
pour les usages interplanetaires, Quel critere comple
mentaire ou different doit-on employer si l'on veut
utiliser ces donnees et informations sur les materiaux
pour ·les applications terrestres?

e) Surfaces selectives. De quelles donnees dispose-t
on sur la stabilite thermique a long terme de diffe
rentes surfaces selectives dans l'atmosphere? Quels
sont les cofrts que l'on doit prevoir pour l'application
des surfaces selectives? Quels sont les criteres a.
appliquer pour le choix des materiaux destines aux
bases recevant les reveternents superficiels selectifs?

f) Geometrie des surfaces.' QueUes generalisations
pent-on faire sur les rapports entre la geometrie des
surfaces (c'est-a-dire les dimensions des cavites ou
asperites et les formes) et les coefficients d'absorp
tion et d'emission pour differentes longueurs d'ondes?

g) M esures des proprietes relatives au rayonnement.
Plusieurs methodes de mesure des proprietes rela
tives au rayonnementsont indiquees dans les me
moires. QueUes sontles methodes disponibles pour
mesurer les coefficients d'absorption et d'emission
in situ, c'est-a-dire les methodes non destruc
tives?

h) Absorbeur en nid d'abeille. Quel est l'effet du
nid d'abeille de Francia sur les pertes par convection
provenant de la surface absorbant l'energie? Quels
materiaux et quelles techniques de fabrication peut
on utiliser? Quels sont les effets d'une couverture, si
on en utilise une pour proteger les materiaux du nid
d'abeille?



NEW MATERIALS IN SOLAR ENERGY UTll.IZATION

Rapporteur's summation

Radiation and convection loss control

Further data and commentary were provided
on the use of non-isothermal honeycombs over
energy absorbing surfaces to reduce radiation loss
and suppress convection. The conical reflector systems
using a ~oneycomb of glass were noted to ~a~e
good efficiency at high temperatures, WIth ~elatIv~ Y
low concentration ratios. The need for one~taho~
of the system, or use of honeycomb matenals d
high. transpa;-ency for solar ;adiation, was n.o~ ;
particularly If the absorber IS to be used WIt
solar concentrator.

were presented, particularly for Irigh-temperature
application on receivers for focusing solar exchangers.
For example, nickel oxide on a platinum substrate
was noted as applicable at temperatures of 800°C,
with good selectivity. The effects of grooving .or
corrugating an energy-absorbing surface on ~ts

absorptivity for (beam) solar radillion and on Its
emissivity were discussed at some length, with the
conclusion that grooving to prov;, le multiple r~

flections, and thus high absorptivi. v, can r~sult ~n
very high absorptivity but at sr.me sacrifice III

increased emissivity. (A grooved sur!:lce havmg two
reflections for normally incident radiation ~ay have,
for example, about two times the CHl1SSIVlty of. the
flat surface if the flat surface is h i::;hly selective)
The possibilities of development of :.;elective paints,
to provide selective surfaces by simpler and presu
mably less expensive processes, was also noted.

In contrast to sessions on the applications of solar
energy, the session concerned with agenda item
HI.B, on new materials, dealt with the relatively
basic problems of how materials can be used in the
construction and operation of solar heat exchangers
(collectors). The properties of the materials of
construction largely determine the performance of a
solar collector (under specified conditions of radiation,
orientation, and ambient conditions), its area for a
specified output, and thus its cost. It follows that
the cost of energy (or other product) delivered from
the exchanger is substantially dependent on the
materials used, their costs, and their properties.
With solar energy being now economically com
petitive in restricted areas and applications, the use
of new materials and new methods of solar exchanger
construction noted at this session can in the future
substantially enhance the potential breadth of solar
energy applications.

The subject matter of the session was diverse, as
was to be expected from consideration of the type
of properties affecting solar exchanger performance.
For convenience in noting the contributions to the
session, the subjects have been divided into four
categories, and will be dealt with in the following
sections. These categories are: (a) energy-absorbing
surfaces and their properties; (b) unique methods
for control of radiation and convection losses from
exchangers by use of honeycombs; (c) properties
of transparent materials useful for covers for solar
exchangers; and (d) properties of reflecting and
refracting surfaces and support for them.

It may be noted that there was relatively little
mention or discussion at the session of mechanical
properties, which are of importance in determining
how structural requirements may be met.

The material contained in the papers was not, for
the most part, reviewed at the session, and reference
must be made to the individual papers and to the
General Report 1 for the material therein.

Energy-absorbing surfaces

The continuing interest in, and developments of,
surfaces having the desirable properties of high
absorptance for solar radiation and low emittance
for long-wave radiation were well illustrated at this
session. New data, of varying nature and indicative
of the selectivity of the surfaces and their durability,

Transparent materials

Radiation and convection losses from solar heate~
surfaces can also be suppressed by transpar~nn

. f rnaho
covers over the surface and further ill or '.,, he,,-
and commentary came forth at the session par w
larly on the use of plastic films. A review of a n

e
d·

paper on plastics and solar energy was prese~~eer~
~t dealt with .the important problems of.the wea ties,
mg of plastics and its effect on theIr proper jer
with the measurement of weatherability by a~~t~ 'ns
ated tests in chambers having severe c.on ~{:ra
analogous to unfavourable weather (e.g., hIgh. in
violet radiation), and with ageing of plastICS
various solar energy applications. 11y

The use of plastic covers on solar stills is genertion
unsatisfactory on account of dropwise condersaties'
occurri?g when. water does not wet the P ad bY

1 Duffie, J. A., Proceedings of the United Nations Conference a possible solution to this problem was note on-
on New Sources of Energy, 1961; included above, paper GRj12 (S). roughening the plastic: The maintenance of a e

512



Rapporteur's summation 513

tinuous film of water between a plastic film and a
metal collector plate, by taking advantage of the
surface tension of water, may allow easy fabrication
of a water heater.

Reflectors and refractors

More attention was given to this area than any
other at this session, with interventions dealing
with materials and methods of manufacture of
reflectors and refractors. A cylindrical reflector
(with a triangular receiver) and a concentration
ratio ?f about 3, made of an inflated plastic cylinder
~lear In its upper portion and aluminised inside on
Its lower portion,. has been shown to operate at
150°C; Its developers consider that it can be produced
for less than $20jm2• A method of construction of
light-weight solar reflectors, with aluminium as the
reflecting surface, supported on an aluminium
"honeycomb sandwich" was described; the process
provides duplicates of a master, which can be used
repeatedly.

Two methods were proposed for local fabrication
of reflectors: a technique for reflector fabrication by
co~structjon of a mould by rotation of a shaped
kl~llfe about a vertical axis to form a plastic mould,
with subsequent casting of plastic replicas on the
mo~ld; and a design for a coarse Fresnel reflector
WhICh.would start with a single flat sheet of reflecting
matenal to be cut and formed (without compound
curvature) into conical sections. It was suggested
that the only material needed for reflector manufac
ture to be supplied from outside a local area would
be the reflecting material itself; aluminium foils
and aluminized plastics were considered promising
matenals. .

Conclusions

The discussions of this session dealt with a variety
~f materials, and the question must be asked:
f In the light of the information made available in the
o~mal papers and by interventions, what procedure

mIght be followed in selecting new materials for
solar-energy use?" .

. In a sense, it is unfortunate that we are unable
to give a specific answer to this question. Too few

cost data are available on most of the materials and
techniques noted in the sessions. Furthermore, the
effects of the properties of materials on exchanger
performance (and thus on costs) are so dependent
on the temperature and other characteristics of an
application that a single recommendation for most
economic energy delivery cannot be set forth. How
ever, the application of sound, ordinary engineer
ing and economic principles, with the unique aspects
of solar energy applications taken into account, will
provide adequate answers. Among these unique
aspects of solar exchangers may be listed:

(a) The low energy density of received solar
radiation, which dictates very low energy flux in
the exchanger compared to usual heat exchanger
practice and results in the exchanger's accounting
for a major part (usually) of the cost of the total
solar apparatus.

(b) The energy fluxes being low, performance is
highly dependent on the poperties of materials
affecting the fraction of incident energy which is
absorbed and the thermal losses. Since these radiation
properties are usually subject to deterioration for
a number of reasons, the long-time value of the
properties must be considered.

(c) The general observation may be made that
low costs will usually be associated with good perfor
mance, but that there are many obvious exceptions,
and small increments in collector performance may
be more expensive than the gain in collected energy
will justify.

(d) It may also be observed that performance of
the exchanger may be interrelated with performance
of the rest of a solar energy utilization system;
ultimately the performance and costs of the complete
system must be considered.

The basic objective of the considerations of
materials is to minimize the cost (in whatever terms
may be appropriate) of collected and delivered
energy, at the desired temperature level. Knowledge
of the properties and utility of materials can be
described as very good, although we can conceive
of ideal materials with better properties. Our know
ledge of the costs of these materials, however, as
they affect the cost of delivered energy, is in a less
satisfactory state.



MATIERES NOUVELLES EMPLOYEES DANS L'UTILISATION
DE L'ENERGIE SOLAIRE

Resume du rapporteur

A la difference des seances consacrees aux appli
cations pratiques de l'energie solaire, la seance
consacree au point III.B de l'ordre du jour, relatif
aux matieres nouvelles, a traite des problernes rela
tivement importants de la maniere d'employer ces
matieres pour la construction et le fonctionnement
des echangeurs de chaleur solaire (collecteurs). Des
proprietes des matieres employees dans la construc
tion d'un collecteur solaire dependent dans une grande
mesure ses caracteristiques (dans des conditions
donnees de rayonnement, d'orientation et de milieu
ambiant), la surface qu'il doit avoir afin de fournir
une quantite d'energie donnee et, par suite, son
cofit. Il s'ensuit que le prix de l' electricite (ou de
toute autre forme d'energie produite par le collec
teur) fournie par I'echangeur depend essentiellement
des matieres utilisees, de leur cofrt et de leurs pro
prietes. L'energie solaire etant deja competitive
dans certains domaines limites, l'emploi de matieres
nouvelles et de precedes nouveaux de construction
d' echangeurs solaires signale a la seance peut elargir
sensiblement a I'avenir la portee des applications
pratiques de l'energie solaire.

La question a l'ordre du jour de la seance presentait
plusieurs aspects, comme il fallait s'y attendre vu
le genre de proprietes qui influent sur le fonctionne
ment d'un echangeur solaire. Pour des raisons de
comrnodite, nous avons divise les sujets traites dans
la seance en quatre categories : a) surfaces qui
absorbent l'energie et leurs proprietes ; b) elimination
des pertes de rayonnement et de transmission de
chaleur des echangeurs par l'emploi d'alveoles ;
c) proprietes des matieres transparentes pouvant
servir de reveternents pour les echangeurs solaires;
d) proprietes et support des surfaces reflechissantes
et refringentes,

. On notera que 1'0n a relativement peu parle ou
discute en seance des proprietes mecaniques de ces
matieres, qui ont de I'importance quand il s'agit
de determiner la maniere de repondre aux besoins
structurels.

La plupart des renseignements contenus dans les
memoires n'ont pas ete examines en seance, et 1'0n
doit se reporter a chaque memoire et au rapport
general ! pour en connaitre la teneur.

1 ]. A. Duffie, Actes de la Conference des Nations Unies sur
les sources nouvelles d'energie, 1961; voir ci-dessus document
GR/12 (5).

Surfaces absorbantes
L'interet continu que l'on porte ;lUX surfaces q~i

ont les proprietes souhaitables (~,. haut pou~olr

absorbant pour les rayons solaircs et de faible
pouvoir emissif des radiations a i~l ande lonPJ:eur
d'onde, ainsi que les progres realises ,1;CtDS ee do~allle,

ont ete bien mis en lumiere lors de Ia seance. Diverses
donnees nouvelles qui illustrent 1:, selectivite des
surfaces et leur duree d'utilisation 0];', He presentees,
en particulier en ce qui concerne le revetement des
collecteurs de concentration de hautes temperatures
des echangeurs solaires. On a note par exernple que
l'oxyde de nickel sur pellicule de platine avalt u~e
bonne selectivite a des temperatures de 8?O C.
On a examine de maniere assez approfondle les
effets que le rayage ou le striage d'un~ surface
absorbante peuvent avoir sur son pouvoir a~s~f
bant pour un faisceau et sur son pouvoir eI~J.lSS~,
et I'on a conclu que le rayage, qui a pour obJe

1
t e

. d' everprovoquer la polyreflexion, et, par SUIte, '~1 r
le pouvoir absorbant, permet en effet d~ 1e e,~ee
tres fortement, mais il a l'inconvenient d aee!ol \
le pouvoir emissif. (Dne surface rayee .refIe~hlsS:~t
dans deux directions un rayon perpendleulalre p 's
avoir, par exemple, un pouvoir emissi~ a peu t:~t
double de celle d'une surface plane SI celle-e .

te 1 pOSSIfortement selective.) On a egalement no e a e . les
bilite . de mettre au point des peintu~es sp Cldes
permettant d'obtenir des surfaces selectlves par 'ns
pro cedes plus simples et vraisemblablement mOl
cofiteux.

Pertes de rayonnement et de transmission ,
. . 11 ont ete

Des donnees et des observations nouve es 1 non
communiquees au sujet de l'emploi d'alveo ~ de
isothermes sur des surfaces absorbantes, ~r;iner
diminuer les pertes de rayonnement et d ~ I 'flee
la convection. On a signale que les systemes a r~ient
teur conique utilisant des alveoles en verre av t un

. '1 's eun bon rendement a des temperatures e evee faible.
pourcentage de concentration relativemen~ te 011

On a note que le systeme devait etre pam ~ntes
qu'il fallait utiliser des matieres tres transpa~rtollt
aux radiations solaires pour les alveoles, s merne
si I'on veut faire fonctionner l'absorbeur en
temps qu'un concentrateur solaire.

M aiieres transparentes an-
On peut egalement eliminer les pertes deh~~*ees

nement et de convection des surfaces c
514



Resume du rapporteur 515

par le soleil en /employant des revetements trans
parents, et de nouveaux renseignements et obser
vations ont ete donnes en seance, notamment sur
l'utilisation de revetements en matiere iplastique.
On a analyse un memoire nouveau sur les matieres
plastiques et I'energie solaire dans lequel l'auteur
traite des problemes importants de l'alteration des
matieres plastiques et de son effet sur leurs proprietes,
des moyens de mesurer l'alterabilite par des tests
acceleres en chambre ou les matieres sont soumises
a des conditions rigoureuses similaires aux intern
peries (par exemple, fort rayonnement ultra-violet),
e~ du vieillissement des matieres plastiques dans
diverses utilisations pratiques de l'energie solaire.

L'ernploi de revetements en matiere plastique
pour lE'S alambics solaires est vgeneralement peu
satisfaisar.t, parce qu'il se produit une condensation
sous forme de gouttelettes quand l'eau n'humidifie
pas ~a matiere plastique; on a signale une solution
possible de ce probleme consistant a utiliser un
reveternent rugueux en matiere plastique. Le main
hen corrtinn d'une pellicule d'eau entre une pellicule
de matters plastique et un collecteur plan metallique
peut, gr~ice a la tension superficielle de l'eau; per
mettre de fabriquer facilement des chauffe-eau.

Riflecteurs et rifracteurs

On s'est interesse plus a ce domaine qu'a aucun
autre au cours de cette seance, et les interventions
ont .eu pour objet les matieres et les rnethodes de
fabncation des reflecteurs et refracteurs. On a pre
sent~ un reflecteur cylindrique (avec recepteur trian
g~laIre) ayant un taux de concentration de 3 environ,
fa~t d'un cylindre gonfle en. matiere -plastique de
teinte claire au sommet et aluminise a l'interieur
et a la base qui fonctionne a une temperature de
150.°C; des constructeurs estiment que son prix de
reVIent peut etre inferieur a 20 dollars le metre
c~m~. On a expose une methode de construction de
reflecteurs solaires legers dont la surface reflechis
sa!1t.e, en aluminium, est montee. sur un bati d'alu
mmlUm en « sandwich alveole »; on pro cede par
moulage d'unematricequipeut etre utilisee un
grand nombre de fois,

On a propose deux ~ethodes pour la fabrication
locale de reflecteurs : la premiere consisterait a faire
tourner un couteau de' forme voulue autour d'un
a.xe vertical de maniere a former une matiere plas
tique, a partir de laquelle seraient ensuite faits des
moulages en matiere plastique; la deuxieme methode
concerne la fabrication d'un reflecteur de Fresnel
grossier fait essentiellement d'une seule feuille de
mat~ere reflechissanto que l'on decoupe et a chaque
partle de laquelle on donne une forme (sans courbure
composee) conique. - On a laisse entendre que la
S;}~le matiere necessaire pour fabriquer un reflecteur
qu on !le. trouverait pas sur place serait la matiere
~~flech~ss.ante elle-meme ; on a estime que les feuilles

alumImum et les matieres plastiques aluminisees
sent des matieres interessantes.:

Conclusions.

Les debats de cette seance ant parte sur des
matieres diverses et il y a lieu de se demander,
compte tenu des renseignements donnes dans les
mernoires et au cours des interventions, quelle pour-.
rait etre la procedure asuivre pour determiner quelles
sont les matieres nouvelles qui pourraient servir dans
l'utilisation de I'energie solaire.

Il est regrettable, en un sens, que nous ne soyons
pas en mesure de donner une reponse precise a cette
question. Mais on a encore trop peu de donnees
concernant les prix de la plupart des matieres et des
techniques dont il a ete question en seance. De plus,
les proprietes des matieres et leurs effets sur le ren
dement des echangeurs (et, par suite, sur les cmIts)
dependent tant de la temperature et d'autres caracte
ristiques de l'appareil qu'il est impossible de formuler
une recommandation unique touchant le moyen le
plus economique de produire de I'energie. Cependant,
la mise en ceuvre de principes techniques et econo
miques sfirs et simples, compte tenu des aspects
uniques des appareils solaires, fournira les reponses
voulues. Parmi ces aspects uniques des echangeurs
solaires ont peut citer :

a) La faible densite energetique du rayonnement
solaire capte, qui impose un flux d'energie tres faible
dans l'echangeur, a la difference de ce qui se passe
generalement dans un echangeur classique, et qui
fait :que l'echangeur represente (en general) une
grande partie du cout de l'ensemble de l'installation
solaire; .

b) Le flux d'energie etant faible, le rendement de
l'appareil depend en grande partie des proprietes des
matieres, qui determinent la quantite d'energie
incidente absorbee, et des pertes thermiques. Les
proprietes relatives au rayonnement tendant generale
ment a s'alterer pour plusieurs raisons, il faut tenir
compte de la longueur de la periode pendant laquelle
elles demeurent intactes; .

c) On peut observer en regle generale que le plus
souvent si les cofrts sont peu eleves le rendement est
bon; mais les exceptions sont evidemment nombreuses
et de petits gains de rendement du collecteur peuvent
etre plus cofiteux que le justifie l'augmentation de
la quantite d'energie captee:

d) On peut egalement observer que le rendement
de I'echangeur peut etre lie a celui du reste de l'appa
reil solaire; en fin de compte, il faut prendre en
consideration le rendement et les cofrts de l'installa
tion tout entiere.

L'etude des matieres a pour objectif essentiel
de minimiser le cofrt (en termes les plus appropries)
de l'energie captee et fournie a la temperature
souhaitee, On peut dire que la connaissance des
proprietes des matieres et de la maniere de les
employer est excellente, mais on peut concevoir
des rnatieres ideales ayant des proprietes meilleures.
Ce que nous savons des couts de ces rnatieres, dans
la mesure DU ils influent sur le eout de l'energie
fournie, laisse toutefois a desirer,
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SOLAR FOCUSING COLLECTORS OF PLASTICS

F. Daniels and R~ H. Breihan *

S/104

The simplest focusing collectors were made by
cutting a circular hole 40 inches in diameter in a
rectangle .of reinforced plywood, and stretching
aluminized Mylar one mil thick over the hole. A
layer of cloth and of burlap is stretched over the
aluminized surface of the Mylar, and a heavy coating
of liquid plastic is applied. The frame is then inverted
and supported at the edges while fine sand is piled
onto the stretched Mylar, causing it to sag like a
hammock. After setting overnight the plastic hardens..
the sand is poured out, and a reasonably good focusing
reflector is obtained. It is not a true parabolic shape,
but resembles a catenary. Fairly good, but not sharp,
focusing is obtained, sufficient for use with a cooking
vessel. .

Replicas were' made of a searchlight 5· feet in
diameter. Here, of course, the shape was excellent.
The searchlight was rubbed thoroughly with auto
mobile body wax (as a parting compound), and then

Attempts have been made to develop focusing
collectors which can be made without highly skilled
labor and without electricity or special manufactur
ing facilities. High optical precision is unnecessary
for producing temperatures in the neighborhood of
500°C, which is sufficient for heat engines, refrigerat
ing units and thermoelectric converters. These
temperatures can be achieved with reflectors made
of aluminized sheet plastics supported on plastic
shells made by hand. A simple equatorial mounting
for such a collector is described in this. paper.

Two types of setting plastic have been used.
Epoxy resin and hardener are mixed in the ratio
of 4 to 1 and set at room temperature within a few
hours. This type of material adheres well to Mylar
film and to aluminum surfaces. A polyester resin,
mixed with a small amount of accelerator, is useful
also. It costs about half as much as the epoxy, but
it is less adherent to aluminized surfaces. These
liquid plastics are applied to curved surfaces of
fibre-glass cloth, or fiber-glass matt, and they set to
give hard permanent shapes. (This technique is
widely used in the construction of boats, and the
materials can be purchased from motorboat supply
houses.) Fine and coarse cloth can be used instead
of the fiber-glass, but they are weaker and less
permanent on long exposure to outdoor weather.

Experimental techniques

* University of Wisconsin, Madison, Wisconsin.

fiber-glass matt was packed in and soaked with the
liquid plastic. After setting, it was r. moved f~om the
searchlight reflector, and the convex replica was
used as a mold on which to make several concave
collectors with stretched aluminized Mylar, fiber-glass
matt or cloth, and plastic.

The best reflecting surface wit], the aluminized
Mylar was obtained by inflation .·:chniques. The
stretched aluminized surface gives c' .Jearer reflected
image and a higher measured reflec -,vity than when
the Mylar is attached to another :;l1rfac~. A large
circle of aluminized plastic was seal-d at Its edge to
a flat board, and the space between the plastic and
the board was inflated with a hand pump, The curved
surface was then covered with plastic and fibe~-glass
matt. Small leaks led to an imperfect shape whileth~
plastic ~as hard~ning. B~tter results were .obtatrr:d
by making a CIrcular rmg of t mch rhin-wa
tubing and attaching layers of alullli~ized. Myl~~
and clear Mylar to the two sides of the nng WIth ~
hesive tape (Scotch tape) and soldering an aUbo:
mobile tire valve through the ring. The sp~ce t edtween the two circles of plastic were then infla ed
with compressed air attached to a small leak ar~~ll~~e
so that a constant pressure was maintained whi e
fiber-glass plastic form was setting.

A good 6-foot parabolic reflector was madetbIJ
revolving a parabolic knife edge around a cell ~th
vertical tube. The central tube was surrounde~ ~~ng
a pile of sand, which was shaped by the ro a 1of
knife. Building plaster was then piled on top ra
the sand, and while setting it was shaped to a para_
bolic shape with the rotating knife edge. The paing
boloid plaster mold was then used to Iorrn t.he fOM~lar
reflector. Pie-shaped sections of alu1ll1D1zed ther
were laid. over the mold and attached. tOg~hese
with adhesive Scotch tape. The outer edges o~ bing
sections were attached to a ring of steel cl the
6t feet in diameter with adhesive tape, an f the
ring was then forced down around the edge ~n 6
plaster mold. A slightly smaller ring of tUb~cted
feet in diameter was then laid on t~e .strelastic
Mylar, and the fiber-glass matt and lIqUId ~ight.
were then applied and allowed to set over then
The extra plastic outside the smaller hoop WL~t froUl
cut away and the focusing reflector rem~ve n the
the mold, the smaller ring serving as a run 0

finished reflector. .
, . £lector,

Good focusing was obtained with this ~ets with
as determined by photographic measuremen ts as
moonlight and by calorimetric measuremen
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The solar reflector is expected to deliver It kW of
heat to a target 5 inches square. The cost per square
foot of collecting area is approximately $1.00.

*in. steel conduit (at 8 cents per foot), circular rim of $

6 ft collector and mount, 80.5 ft 6.40
Axis I H conduit 5* ft . . . . . . .75
2 thrust bearings with ball bearings 2.00
I door hinge . . . . . . . . . . . .40
2 iron plates 6H X 3H X fo H • • • • .50
Polyester plastic, 2 gallons . . . . 12.00
Fiber-glass matt, 28 sq ft (30 cents per sq ft) 2.80
Aluminized Mylar, 28 sq ft (5 cents per sq ft) 1.40
Cradle and support for thermoelectric unit (shown in

photograph) 2.00
28 bolts . . . . . . . . . . . . . . . . 1.75

TOTAL 30.00

Mounting stand for focusing reflector

The stand is shown in figure 1. It is made by hand
from t inch thin-walled galvanized steel tubing
used for electric conduits. The various parts are
cut to length, and the ends flattened in a vise. They
are then drilled and held together with bolts. Two
thrust ball-bearing mountings permit easy rotation
of the central tube one-inch in diameter. It is pointed
north and south, and it is adjusted for latitude and
season. Each week the axis is changed, depending
on the declination. The rotation east and west from
8 am to 4 pm is accomplished with a heavy coun
terpoise. Each morning the collector is tilted by hand
toward the sun and the counterpoise swings it
around steadily through the day. The rate of turning
from east to west is controlled by leakage of oil
through a small valve as it is forced by a tightly
fitting piston from one end of a cylinder to the other.
Plans are under way for a sun-tracking attachment;
without this it was frequently possible to adjust
the valve so that the collector turned with the sun
and kept the focus on the target for periods of one
to three hours.

The cost of the solar collecting unit shown in
figure 1, at United States retail prices, and excluding
labor and the tracking unit piston and cylinder, is
summarized below:
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solar radiation intercepted by the reflector was
calculated from the area and a solar radiation meter
measuring the beam radiation.

Solar focusing collectors of plastics

Figur<: 1. Focustng collector of plastic, six feet
in diameter, with metal stand

described in another paper presented at this sym
posium.!

The amount of solar radiation focused onto a given
target was determined calorimetrically by holding
a heavy, blackened copper target at the focus for
~hort periods of time and immediately plunging it
Into a calorimeter can holding 500 milliliters of
water. The copper block was immersed in the. water
of the calorimeter for two minutes to achieve the
temperature of the calorimeter and quickly dried
before exposure to the focused radiation. After ex
posure, the copper block was immersed immediately
In the calorimeter, and the rise in temperature was
measured with a 1/100 thermometer. A knowledge
of the heat capacity of the water and copper block
a?d copper calorimeter can and the temperature
rise permitted calculation of the heat received. The-P 1 !lr~ihan, R R, Daniels, F., Duffie, J. A., and r.er, G. O. G.,
. rehmmary Tests of a Solar Heated Thermoelectric Unit, Proceed
~ngs of the United Nations Conference on New Sources of Energy,

5
9/ 61; included above under agenda item rr.c.i (h) (i), paper
103.

Surnrnary

Several types of plastic focusing reflectors with aluminized Mylar poly
ester film reflecting surfaces are described in this paper. They include focusing
shapes made by replicas from searchlight reflectors, by sagging hammocks,
by inflated bubbles and by rotating parabolic knife edges. The efficiency
of concentration of radiation is measured calorimetrically.

A satisfactory tripod arrangement with a rotating axis is described;
this is easily made from half-inch galvanized steel thin-walled tubing used
for electric conduits. Adjustment is made weekly for the season, and a
counterpoise and oil leak allow the collector to follow the sun during the day,
with occasional hand adjustments. Cost estimates are given in the paper.
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COLLECTEURS DE CONCENTRATION SOLAIRE
EN COMPOSITION PLASTIQUE

Resume

Ce memoire decrit plusieurs types de reflecteurs de concentration
en matiere plastique recouverts d'une pellicule d'un polyester au Mylar
aluminise, et en particulier des formes de concentration faites en constituant
des reproductions de reflecteurs de projecteurs, des hamacs avec fleche
au centre, ou des bulles gonflees, ou encore en imprimant un mouvement de
rotation aux lames de couteaux paraboliques. Le rendement de la concentration
du rayonnement est mesure par des procedes calorimetriques.

Les auteurs decrivent un dispositif satisfaisant a trepied et a axe rotatil,
que l'on peut facilement construire avec du tube de 1{2 pouce (13 mm) a
parois minces en acier galvanise, du type dont il est fait usage pour les conduits
electriques, On precede au reglage hebdomadairement pendant la saison :
un contre-poids et une fuite d'huile permettent au collecteur de suivre le
solei! pendant la journee, avec des reglages manuels occasionnels. Le mernoirc
donne des evaluations des prix.
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PLAS1'IC FILMS FOR SOLAR ENERGY APPLICATIONS

F. E. Edlin and D. E. Willauer *

WEATHERABILITY

ficantly from those of the standard test procedures.
Thus, the basic requirements of films for the com
mercialization of products should be reviewed and
critical properties should be checked carefully.

Properties of plastic films

The selection of a plastic film for solar energy
application must complement the process design so
that the most economical costs are obtained. Due
consideration will be given to the initial investment, its
rate of amortization, and the production capability.
Generally, the service life and replacement costs
are major economical factors. Weatherability of
plastic film is therefore of commanding interest in
evaluating economic practicability.

The weatherability of a plastic film is a complex
property which describes its probable useful life
outdoors for a variety of applications. Weather
ability is stated in arbitrary and relative terms. ~or

specific conditions. The ~roperty ~f weatherabI~Ity

is the net result on the optical, physical and chemical
properties of a plastic film from its reaction t~ many
environmental and structural factors. Resistance
to photodegradation is a major requirement. Resis
tance ·to oxidation, thermal ageing, hydrolysis and
chemical reaction, and several kinds of mechanical'
stress may also determine the useful life of a film.

1. One measure of the weatherability of a plastic
film is determined by exposing samples at a south
facing angle of 45° in a hot, humid climate of ~igh

solar radiation intensity, such as southern Flonda,
for a period of years. Film life is assumed as the
period when the tensile elongation is thereby reduced
to 10 per cent. Transparency, color, and surface pro
perties must be relatively unaffected. This test is
reliable for estimating the life of non-weatherable
films having a life of one year or less. However,
this test can be misleading for weatherable films
having a longer life. For example, when the tensile
elongation of "Tedlar" film has decreased to 10 per
cent by exposure for nine years, the tensile strength
is 50 per cent of its original value and the clarity
is relatively unaffected. Complete embrittlement
requires an additional four years' exposure.

2. The Florida test results for weatherability
given in table 1 are based on 10 per cent residual
tensile elongation. The weatherability life of "Tedlar"
(1, 2) and "Teflon" FEP-fluorocarbon film is esti-
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PLASTIC FILMS WHICH ARE DISCUSSED

In the past, plastic films have been unsuited for
solar em;rgy applications because of their short life
outdoors, poor mechanical strength, and low melt
ing temperature. New strong, temperature-resistant
plastic films are being developed which are quite
resistant to outdoor ageing under severe operating
conditions. Also, new treatments are improving
the requisite properties of older plastic films. As a
consequence, successful experiments in the collection
of solar ,;,:ergy have utilized these new materials.

New types of plastic films which are made from
new polymers include a tetrafluoroethylene hexa
fluoropmpylene copolymer hereafter designated
"Teflon" 1 FEP-fluorocarbon film; and a poly
vinyl fluoride film: hereafter designated "Tedlar" 2

PVF film. New modifications have been developed
for polyethylene terephthalate film, hereafter desig
nated Type W "Mylar" 3 polyester film, and for
polyethylene film, which extend the outdoor use
fulness of these low-cost materials.

1. "Mylar" and "Teldar" are modified physically
during manufacture to cause the molecular structure
to become oriented, thereby improving the mechanical
strength properties. "Teflon" FEP and polyethylene
film with little molecular orientation are superior
in other physical properties.

2. In general, plastic films are not satisfactorily
substituted directly for a vitreous glazing in con
ventional designs. New structural designs are required
to. take advantage of the favorable properties and
mInimize the unfavorable properties of plastic
fil.ms. Different structures and operating conditions
Wlll usually dictate the choice of a specific plastic
material. Data and information are presented to
exemplify and compare various properties of plastic
films for consideration and choice for outdoor and
solar energy applications.

.3. The data which are presented are intended
to serve as a guide to the selection of plastic materials
for evaluation. The environmental and structural
Conditions for specific applications may differ signi--D * E. 1. du Pant de Nemou~s and Co., Inc., Wilrnington,

elaware, United States.

1 "Teflon" is Du Pant's registered trademark for its FEP
fluorocarbon film.

fi 2 "Tedlar" is Du Pant's trademark for its polyvinyl fluoride
lm.

fil
3

"Mylar" is Du Pant's registered trademark for its polyesterm.
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Table L Exposure life (weatherability) of plastic films

llo The exposure life is the time required to decrease the tensile elongation to
10 per cent. T':xposure samples are mounted, unsupported (attached at edges
only) on test Jacks facing south at an angle of 45°.

b Projected life.

mated frem accelerated weathering tests, correlated
with sh(j<er periods of exposure in Florida. Early,
experimental polyvinyl fluoride films, upon exposure
in Florida, have retained 50 per cent of their original
tensile elongation after ten years (3). Another
sample \V,tS clear and strong after an outdoor exposure
of 16 years. The effect of weathering on the plastic
film properties of tensile strength, tensile elongation
and tensile modulus is given in figures 1, 2 and 3,
respectively.

3. The rate of degradation of "Tedlar"', "Mylar",
and polyethylene may be increased from 1.5 to 3 for
each 100 e rise in temperature. There does not
appear to be a similar increase in degradation for
"Teflon" FEP-fluorocarbon film. The correlation
?etween degradation rate and weatherable life

.1S not known. Mechanical stress points and wind-
fl~tter severely reduce the life of weatherable films.
Minor stress irregularities in large glazings will
be minimized after several months from "cold-flow"
of the plastic film along stress lines.

4. Transparent plastic films may be adhered
t.o ~lgld substrates, whereby their weatherable
life IS increased substantially. "Tedlar" PVF film,

Film

"Teflon" FEP .
"Tedlar"
"Mylar", t , pc \V
"Mylar", type A
Polyethylcne
PVC (unplasticized)
Cellulose acetate butyrate

Thickne;s ut» in Florida
(mils) (test years)

2 20+ b

2 9 b

54!?
5 Ij4
4 Ij4
5 Ij2
5 Ij2

with an unsupported normal outdoor life of nine
years, may be bonded to a rigid substrate and an
outdoor life of as much as 20 years may be obtained.
Also, the addition of some pigments to films greatly
increases their weatherable life. Transparent poly
ethylene and polyvinyl chloride films which normally
have a weatherable life of less than a year may be
compounded with 2 to 3 per cent of carbon black,
antioxidants and other chemicals, whereby the life
may be increased by a factor of as much as 2Q.

PHYSICAL PROPERTIES

Molecularly oriented plastic films such as "Tedlar"
and "Mylar" W offer the advantages of high tensile
impact and burst strengths. Films with lesser degrees
of orientation, such as .polyethylene, "Tedlar"
Type 40, and "Teflon" FEP, are superior with
respect to tear strength, elongation, and shrinkage'
at elevated temperatures. The physical properties
of seven plastic films are compared in table 2.

1. The effect of heat ageing on the plastic film
properties of tensile strength, tensile elongation,
impact strength and flexure is given in figures 4,
5, 6 and 7, respectively. The tensile strength and
tensile elongation of "Teflon" FEP film are un
changed after 10000 hours exposure in air at 2000 e.
Although "Tedlar" and "Mylar" W films have
relatively good ageing properties at 1500 e, service
temperatures should be kept below 1000 e.

2. The effect of temperature on the plastic film
properties of tensile strength, tensile elongation and
tensile 'modulus is given in figures 8, 9 and 10,
respectively. Molecularly oriented "Tedlar" and
"Mylar" films lose some of their orientation at higher
temperatures, and consequently their tensile pro
perties approach those of unoriented films.

3. The effect of steam ageing on the plastic film
properties of tensile strength, tensile elongation
and tensile modulus is given in figures 11, 12 and 13,
respectively. The mechanical strength of "Tedlar"

Table 2. Physical properties of plastic films

"Tefion" "TedIar" "Tedlar" "Mylar"
Cellulose PVCPolyethylene acetate

FEP 20 40 W butyrate (unplasticized)

Thickness, mils . 2.0 2.0 2.0 5.0 4.0 5.0 2.0
Density, gjcc. . 2.15 1.38 1.38 1.39 0.91 1.19 1.36
Refractive index n 1.34 1.45 1.45 1.64 1.5 1.48
T ' D'

16000 8000 24000 2000 7500 7200Tens!le strength, psi, 25'C 3000
Tens:'e mOdulus, psi, 25'C . . . . 43000 260000 260000 550000 40000 225000 360000
I enslle elongation, per cent, 25'C . 300 135 250 100 500 50 110
1\mpact strength, kg cmjmil, 25'C. . 4 5.7 2 5.8 1.5 2.3 0.3
IUlIen burst strength, psijmU, 25'C . 40 15 52 60 13

Iear strength, gjmil, 25'C . . . . . 125 18 180 33 300 4
Cccele:ated flex life, cycles, 25'C . 90000 230000 10 000 5000 40000 80 1300
Zoefficlent of friction (film to film) . . 0.09 0.4 0.4 0.4 0.4 0.5 0.4

er t . > 300 > 300 250 110 190 180Th 0 s rength temperature, 'C . . . . 290
Th ermal conductivity, Btujhr sq ft . . 1.35 1.05 1.6

.ermal coefficient of linear expansion,
IUchesjinch ('F) 60 X 10-6 24 X 10-6 24 X 10-6 15 X 10-6 300 X 10-6 50 X 10-6SI . . ...

~kage at 130'C, per cent 3 3 Neg. 1 Melts 30 40
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EFFECT OF HEAT AGING ON PLASTIC FILM PROPERTIES

o

Figure 5. Tensile elongation of films t, :,posed to hot ai:
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and "Teflon" FEP films is relatively unaffected
by steam ageing while the strength of "Mylar" poly
ester film decreases.

4. Air-supported plastic, film structures and taut
plastic glazings which are unsupported for several
feet are best designed using films of high tensile
strength, low tensile elongation and resistance to
flexural fatigue. Empirically, design stresses of
film systems are usually kept below 10 per cent of

. t streSSeS
the weathered tensile properties. Translen f wind,
of short duration which are due to gusts -it etc"
rain, mechanical loading and movemen,thered
should not exceed one-fourth of the wea
tensile strength.

HEAT-SEALING PROPERTIES led
- 'I heat-sea- The polyethylene films are readl y '1 units.

by bar, rotary band and other commercIa
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EFFECT OF TEMPERATURE ON PLASTIC FILM PROPERTIES
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Table 3. Chemical resistance of plastic _films

"Teflon" FEP "Tedla," IIMylar" Polyethy/ene

10 per cent HCI
1 wk. at 25'C 1 1 1
2 hr. at boil . 1 1 1

10 per cent NaOH
1 wk. at 25'C 1 1
2 hr. at boil . 1 2

Acetone
1 wk. at 25'C 1
2 hr. at boil . 1

Benzene
1 wk. at 25'C 1 1
2hr. at boil . 1 . 2

Carbon tetrachloride
1 wk. at 25'C 1 1 1 1
2 hr, at boil. 1 1 1 2

1 : no change in physical properties.
~: dissolves.

"Mylar" film is very difficult to heat-seal in sub
stantiallengths, and is generally classed as not heat
sealable. Adhesives are available for sealing "M.ylar"
film for a variety of applications. "Tedlar" film is
available in two modified forms, one that is heat
seal~ble and one that is receptive to adhesives. Heat
sealIng of relatively simple structures of "Tedlar"
may be done with the impulse bar or rotary band
sealers, Complex structures of "Tedlar" are more
readIly heat-sealed with dielectric or ultrasonic
devic.es. A seal peel-strength of up to 20 pounds
per lineal inch may be obtained on "Tedlar" 3 mil
film, although peel-strengths of 12 to 15 pounds
are more common at present. Heat-seal shear
strengths up to 80 per cent of the film tensile strength
may be obtained with "Tedlar", "Teflon" FEP film
may be fabricated by both conventional heat-sealing
and thermal welding techniques. ...

CHEMICAL PROPERTIES

Plastic films such as "Tedlar" and· "Teflon"
FE.P which contain fluorine are generally quite
resIstant to chemical attack. Weatherable plastic
films are generally hydrophobic. Chemical resistance

decreases with increased temperature, mechanical
stress and often with radiation intensity. There has
been no indication that sea water has any greater
effect on weatherable plastic films than fresh water
at moderate temperatures.

1. The chemical resistance of "Teflon" FEP,
"Tedlar", "Mylar" and polyethylene films for a
number of chemicals is summarized in table 3.
"Teflon" FEP film is compatible with other usual
materials of construction. "Tedlar" film is slowly
degraded by intimate contact with other materials
which contain halogens. Chlorine-containing syn
thetic rubbers and elastomeric materials, for example,
which may be used as adhesives, seals and gaskets,
appear to reduce the local weatherability of "Tedlar"
film under rigorous weathering conditions due to
chemical interaction. "Mylar" film is resistant to
neutral chemicals but may be attacked slowly by

. acidic and alkaline materials such as organic acids
and moist lime mortar.

2. Reflective films of aluminum, vapor-deposited
in-vacuuo on "Mylar" and "Teflon" FEP films as
second surface coatings and protected from the
weather are usually quite durable. Aluminum
coatings which have been deposited on "Tedlar"

Table 4. Permeability of plastic films to gases

g/lOO metress, hr, mil of thickness

"Tefion" FEP "TedIar" UAlj'lar" Polyethy/ene

Oxygen, 25'C 30 0.3 0.35 18
Nitrogen, 25'C 12 0.02 0.04 2.4
Carbon dioxide, 25'C . 40 1.4 1.8 97
"Vater vapour, 40'C. 40 180 160 100
Ethanol, 35'C 4 35 1
Ethyl acelate, 35'C 1000 55 9500
Acetic acid, 35'C 27 45 3
Acetone, 35'C . 56 20000 350 4000
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Figure 14. Transmittance of solar radiation through one to five glazings of "Tedlar" film
for various angles of incidence

film have lost their relfletivity upon exposure for
a year due to chemcai incteraction. New processes
now being tested are expected to produce a "Tedlar"
film which can be given a more permanent aluminum
coating. The reflectance data for aluminized "Tedlar"
film which are given in the annex were measured
on samples of stabilized material.

1 "3. The permeability of "Teflon" FEP, "red ar ,
. . ht gases;"Mylar" Wand polyethylene films to eig t
is given in table 4. The permeability of filmTh~
'gases increases substantially with temperature.
permeability of "Tedlar" film increases the ~?fe
rapidly. "Tedlar" film has a water vapor l?ermea~5~Z.
of 340 g!lOO square meters, hour, mil, at '
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However, the loss of condensate from •a plastic
solar still from permeability is inconsequential,'
being 1 to 2 per cent.

Transmittance of radiation

The transmittance, absorbance and reflectance
of radiation for diaphanous materials have been
examined by theory (4, 5), and measurements have
been reported for single and multiple glass panes
(6, 7, 8, 9), and early compositions of weatherable
plastic films (lO, ll). Weatherable plastic films
facilitate the study of radiation for they are available
as extremely clear surfaces as thin as a few wave
lengths of radiation. The precise values from the
measurement of the optical geometry of transmit
tance, absorbance and reflectance are not applicable
m many cases to the practical utilization of solar
energy fer the following reasons:

(~) From 15-100 per cent of the total daily solar
radiation will be received diffusely from all angles
of the sky. varying in intensity and angle of incidence
throughout the day.

(b) In terms of the wave lengths of the solar
spectrum, the surface irregularities and internal
crystalline structures of many glazings, and particu
larly plastic glazings, are heterogeneous.

(c) Spectral absorption of solar radiation within
polymeric materials is not uniform for various
w~ve lengths. The quality of transmitted radiation
WIll not correspond to that of incident radiation.
. (d) After first surface reflection, the wave front
IS not propagated equally in all planes and an
undetermined amount of polarization occurs.

'(e) The photon unit energy level varies widely
in nature. The extinction of solar radiation in dia
phanous materials appears to vary with the "bright
ness" of the day.
, Values of transmittance, absorbance and reflectance

are reported for weatherable plastic films and selected
other materials, and these data are compared to
theory.

ApPARATUS

Transmittance and absorbance of solar radiation
were measured with a horizontal, facing upward
pyroheliometer. 4 A 0.75 meter square plastic
film glazing was mounted taut in a frame, centered 2
to 4 cm above the pyroheliometer, and supported
in an alta-azimuth mount. Black cloth curtains
surround the mount below the frame to eliminate
stray radiation. The sun angle of incidence was
measured with a shadow gauge on the mount.
Radiation was measured with and without the
glazing in place. The transmittance -r is the ratio
of the radiation through the glazing I g, to the
incident radiation 1 8 ,

I g
-r = - [lJ18

DATA

The' transmittance of solar radiation through
one to five glazings of "Tedlar" film' for various
angles of incidence is given in figure 14; for one to five
glazings of Type W "Mylar", in figure 15; and

4 Eppley 50-junction pyroheliometer having V.S. Bureau of
Standards calibration.

1.00

0.90
z
0

I- 0.80
-c
Cl

0.70-c
n:

n: 0.60-c
..J
0
V)

0.50
uJ
u

0.40z
-c
I-
I- 0.30
:::E
V)

z
0.20-c

n:
I-

0.10

-- r-,
-.......... <,--................... <, <,
<, I<, <, "- ONE GLAZING

<,<, -,

""" '\.'\."\. ' TWO GLAZINGS

'\.\{HREE GLAZING!

'\
FOUR GLAZINGS

o
o 15 30 45 60

ANGLE OF INCIDENCE, DEGREES

75 90

Figure 16. Transmittance of solar radiation through one to four glazings of crystal-clear
polyethylene for various angles of incidence
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Table 5. Incremental loss of transmittance of solar radiation through multiple glfczings
of clear plastic films

Angle 0/ incitlence, degrees 0 15 30 45 60 75

"Tedlar" film

First glazing 0.053 -, 0.053 0.053 0.065 0.132 0.290

Second glazing 0.045 0.045 0.045 0.045 0.062 0.145

Third glazing 0.045 0.045 0.045 0.045 0.050 0.104

Fourth glazing 0.043 0.043 0.041 0.045 0.045 0.066

Fifth glazing . 0.032 0.032 0.034 0.035 0.035 0.035

Poiyethylene, clear

,First glazing . 0.064 0.064 0.064 0.075 0.128 0.296

Second glazing 0.053 0.053 0.053 0.054 0.067 11.129

Third glazing 0.045 ' 0.045 0.045 0.047 0.050 0.080

Fourth glazing .0.043 0.043 0.043 0.043 0.044 '),047

"Mylar" W-l

First glazing 0.132 0.132 0.137 0.143 0.177 11.311

Second glazing 0.063 0.062 0.064 0.075 0.078 0.087

Third glazing 0.050 0.050 0.049 0.053 0.054 0.067

Fourth glazing 0.041 0.040 0.040 0.039 0.040 0.041

. Fifth glazing . 0.035 0.035 0.036 0.036 0.037 0.038

for one to four glazings of commercial, clear poly
ethylene film, in figure 16. The incremented loss
of radiation which was not transmitted through
each glazing is tabulated in table 5. Transmittance
of solar radiation through glazingsof "Teflon" FEP,
polyethylene. and glass is given for various angles
of incidence in figure 17.

RESULTS

The transmittance of solar radiation through clear,
weatherable plastic films is high. Transmittance

through single glazings of 2 mil " films at normal inci,:
dence is: "Teflon" FEP 0.977 "Tedla:" 0.943,"Mylar
W-2 0.874, crystal clear polyethyiene 0.923; and
single strength window glass 0.921. Fresnel ~as
expressed the reflectance p, of non-polarized.,radT
tion from a glazing for i angle of incidence and ~ ang e
of refraction as

sin 2 (i - i') tan2 (i - i') [2J
P = 2 sin'' (i - i') + 2 tan" (i + i')

5 Que mil in thickness is 1/1000 inch or 1/40 millimeter.
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Absorbance of solar radiation

6 In collaboration with Dr. Maria Telkes, Curtiss-Wright
Corporation.

The correlation is poor, possibly due to the varying
types of cloud cover on different days. It would
appear that transmittance is related to the clarity
of the sky and the altitude of the sun. •

The absorbance of solar radiation in plastic films
may be estimated conveniently by measuring the
transmittance of a series of single films which vary
in thickness. The slope of the transmittance curves
per unit thickness provides the extinction coefficient
as shown in figure 21. The following extinction
coefficients were obtained:

Klmil

0.001
0.001
0.003
0,0034

Extlnctio.. coefficient

"Teflon" FEP . . . . .
Crystal clear polyethylene
"Tedlar" ....
"Mylar", type \V . . . .

TRANSMITTANCE OF THERMAL RADIATION

The transmittance of dry and wetted "Tedlar"
and "Mylar" type W were measured with
a bolometer. 6 Good correlations with these data
were obtained under 100°C by placing these films
as a radiation shield between two nearly black-

. body surfaces which were maintained at different
and constant temperatures. The transmittance of
thermal radiation for dry and wet "Tedlar" PVF
film and type W "Mylar" polyester film is given
in figure 22.

From Snell's law the angle of refraction i', for a
material in air having n' index of refraction, may
be evaluated

.., sin i [3Jsm s = -,
n

The sum of the transmittance .r, absorbance «,
and reflectance p is unity.

't' + rJ.+ P = 1 [4J

Neglecting, for the present, the small value of
absorbance for. thin plastic films, the transmittance
!Fay be. estimated from the Fresnel expression [2J.
. he estimated value of transmittance at normal
lllcidence for 5 glazings of "Tedlar", figure 14, of
0.69 compares closely with the measured value of
0.675", Contrarily, the estimated transmittance for
? glazlllgs at an angle of incidence of 75° of 0.355
IS considerably less than the measured value of
0.450. This departure from theory is exemplified
~urther in table 5. The incremental loss in transmit
. a~ce approaches a constant value for all angles of
tCld~nce after the third or fourth glazing, and this
'd~sffs IS nearly independent of the transmissivity for

1 erent materials.

TOTAL TRANSMITTANCE THROUGHOUT THE DAY

, One pyroheliometer was mounted below 3hori
~ortal glazings of "Tedlar", and a second pyro
Te lometer was mounted nearby and uncovered.
ofhe total. daily ~ra.nsmittanceis shown as a function
t the dally radiation level, figure 23, and compared
f0 the mathematical integration of transmittance
Or the day given for three glazings in figure 14.
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From Lambert's law of radiation absorption, the
transmittance due to absorption for an intitial
radiation intensity Is, and a transmitted radiation
intensity It, after passing through a material having
an extinction coefficient K, and a length of radiation
path L, is:

[5]

by rearrangement and expansion:

- (KL) 2

l' a = e-J{L = 1 - KL +-
2!

(KL) 3 (KLl--,-+'" I3. n.

".TEDLAR". 1 MIL

~~ "TEDLAR", Z MIL

~DL'R""""
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l

.J8J

~or purposes of solar energy applications the expan-
sion may be simplified to: .

-rec = l-KL e7J
and the absorbance is unity minus the transm~tta1!ce
due to absorption and equivalent to the extinction
coefficient multiplied by the radiation path length
computed from Snell's law.

Cl; = l--rCl; ,1-(I-_KL) =KL

Reflectance of solar radiation

The reflectance of solar radiation from materials
inv~lves geeometrical optics of complex sy~tems.
A.hIgh-quality parabolic reflector will focus all; Image
WIth .a flux which approaches that of the collimated
or dIrect radiation from the source. Instruments
having collimated incident and reflected beams are
properly used to measure the reflectance. A flat,
re~ective surface which may-or may not-have
mIn~te imperfections will reflect diffus.e as :well
as dIrect radiation. The radiation which IS received
a~ a point near the center of a large, flat refle~tor
will be the Sum of the reflectances coming directly
from the sun, diffuse sky radiation, and the int~grated
Scatter which may be due to the imperfections of
the reflector. For these reasons the spectacular reflec
ta~ce is important in precise geometrical. systems
WhI~e total reflectance is more important for systems
havIng low. concentration ratios. Aluminized plastic
films have high total reflectance and m?d~rate
specular reflection and they are most useful m solar
Collectors of moderate concentration ratio. :Also,
the measurement of. total solar reflectance from
tr " . h .ansparent glazmgs provides a value WhIC IS

additive to the transmittance and absorbence in
accordance with equation [4J.

ApPARATUS

The apparatus which was used for transmittance
measurements may be modified by providing an
axle above the mounting. The pyroheliometer was
mounted to the axle so that it could be rotated from
a horizontal, upward-facing position to a horizontal
downward-facing position, with the pyroheliometer
bulb being about 10 cm from the glazing as supported
in the mount. A black felt of "Orlon" acrylic fiber, 7

of reflectivity 0.04, was placed beneath the plastic
glazing. The mount was made level and the solar
altitude was read from the shadow gauge,. and then
inclined as desired. The pyroheliometer was read
facing upward, then downward, then upward to
make certain of the constant quality of the solar
radiation. The pyroheliometer was calibrated in
the downward-facing position by placing a black
felt of "Orlon" over the lower hemisphere of the
pyroheliometer bulb.

DATA

The intensity of the reflected radiation which
is measured by the instrument during calibration I i
is the sum of that reflected from the pyroheliometer
bulb I b, and from the black felt 1,.

Ii=h+1, [9J
The intensity of the reflected radiation which is
measured from a clear glazing sample I m is the sum

7 "Orlon" is Du Pont's registered trademark for its acrylic
fiber.
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of that reflected from the glazing I r , from the black
felt and from the bulb.

I m = L, + If + I b [10]

. by substitution and condensation

[11]

The intensity of the reflected [CH1 I'" lion which is
measured from a reflective glazing-vhich is nearly
opaque omits reflectance from the black felt beneath
it, so the expression must include tI,e reflectance P
from the felt which is used during, alibration.

. Ir=Im-li+lt=Im-l, +-pI s [12J
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Table 6. The sum of the incremental transmittance, absorbance and reflcctuv..'c
of multiple glazlngs of "Tedlar" film

Angle oj incidence, degrees

(-r + p + ex = 1)

One glazing of 1 mil

Transmittance .
Reflectance .
Absorbance

Total

Two glazings of 1 mil each

Transmittance
Reflectance .
Absorbance

Total

Three glazings, 2-1 mil, 1-2 mil

'. Transmittance
Reflectance .
Absorbance

Total

Four glazings, 2-1 mil, 1-2 mil, 1-3 mil

Transmittance
Reflectance .
Absorbance

Total

Five glazings, 2-1 mil, 1-2 mil, 1-3 mil, 1-4 mil

Transmittance
Reflectance .
Absorbance

Total

26.5

0.947
0.037
0.003

0.987

0.902
0.085
0.006

0.993

0.853
0.140
0.012

1.005

0.810
0.180
0.021

1.011

0.774
0.219
0.033

1.026

45

0.934
0.056
0.004

0.994

0.890
0.104
0.007

1.001

0.837
0.157
0.014

1.008

0.795
0.186
0.024

1.005

0.752
0.236
0.038

1.026

0.86K
0.07,;
0.00r.

0.94~

o.soo
0.15~.

O.OO!)

0.74('
0.22b
o.ore
0.992

0.7H,
0.26;;
0.031

1.006

0.652
0.344
0.049

1.045

The reflectance of the sample is estimated from the
easily derived geometrical expression for the solar
altitude h, and the angle of solar incidence on the
glazing i,

I R sink
p = Is sin (180° -k- 2i) [13J

The reflectance of solar radiation from. one to five
glazings of "Tedlar" is given in figure 18 for various
angles of incidence. The reflectance of solar radiation
from miscellaneous surfaces is given in figure 19
for various angles of incidence,

RESULTS

The reflectance of solar radiation from one to five
glazings of "Tedlar" at normal incidence corresponds
to that which is estimated from the Fresnel express
ion [2J. However, the reflectance at an angle of
60° is less than that which is estimated. The second
surface reflectance of solar radiation from aluminized
"Tedlar" and "Mylar" at normal incidence is 0.65
and 0.67, respectively, and relates to total sky
radiation where direct radiation is 84 per cent.
The commercial, quarter-inch plate-glass mirror
has excellent specular reflection. Its reflectance of
0.57 of total sky radiation indicates the loss through

. (vely
one-half inch of plate glass and a compara I h
poor reflective surface. It has been found that tIe
quality of reflective metal deposit vanes WIde y
on both plastic films and glass plates.

Summary of radiation properties'
. . f h .easured

From equation [4J the sum 0 t e m als
transmittance, absorbence and reflectance eifues

'unity. Table 6 shows a summary of the v eU-
"T dl " Aereported for. one to five glazings of ear· 1 er

mulative errors in measurement range ~p tot la
cent. This energy balance of the intenSIty 0 r~roIIl
tion indicates that the measured reflectance that
multiple glazing systems does not conform to sion
which may be estimated from the Fresnel expresdue
for non-polar radiation. This difference may beitted
to varying degrees of polarization of the ~ransmental

.beam or to other unknown factors. The lll~rem and
transmittance loss through fourth glazmr f the
lower appears to become almost independ~ .ont of
angle of incidence and the extinction coe cie
the material. . filIIlS

It is concluded that weatherable plastIcany of
offer a range of materials which could meet rationS.
the basic requirements of solar energy app IC
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Summary

Weather-resistant or "weatherable" plastic films, potentially, are low
cost materials which may be used as transparent, reflective or absorptive
surfaces for solar power devices. Pertinent physical, chemical, structural
and radiation properties of weatherable plastic films are compared herein.
Included are polyester films and films of hydrocarbon and halocarbon polymers.
Outdoor and exposure life expectancies of plastic films are predicted as a
guide to their choice for specific applications. The radiation properties of
transmittance, reflectance and' absorbance are given for single and multiple
glazings.

PELLICULES EN COMPOSITION PLASTIQUE POUR LES
APPLICATIONS DANS LE DOMAINE DE L'ENERGIE SOLAIRE

Resume

Les pellicules en composition plastique resistantes aux intemperies
peuvent devenir des materiaux d'un prix modique que 1'on pourrait even
tuellement utiliser comme surfaces transparentes, refiechissantes ou absor
bantes a .l'intention des dispositifs a energie solaire. Le present memoire
compare les proprietes physiques, chimiques, structurelles et relatives au
rayonnement des pellicules en composition plastique capables de resister aux
intemperies. Il s'agit notamment des pellicules constituees par des polyesters
et des hydrocarbures et des polymeres de ceux-ci, Les durees de service
attendues au dehors et dans le cas d'une exposition aux intemperies des
pellicules en composition plastique sont predites pour servir de guide a leur
choix en vue d'applications particulieres. Les proprietes relatives au rayon
nement,. telles que la' transmittance, la reflectance et l'absorbance, sont
indiquees pour les glacages a couche unique et multiple.
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SPECTRAL AND DIRECTIONAL THERMAL RADIATION CHARACTEUISTICS
OF SELECTIVE SURFACES FOR 'SOLAR 'COLLECTORS·

D. K. Edwards, J. T. Gier, K. E. Nelson and R. D. Roddick *

[l]

A solar heat collector, by definition, serves to In general, the collector with surface of tempera-
convert solar energy into thermal energy by absorp- ture T c is irradiated by thermal radiation with
tion of the incident photons. Thermal energy may' intensity lA + (0, <1» where 0 is the polar angle
be desired for a thermal environment control system, from the surface normal and <I> IS the azimuthal
a chemical process system, or a heat-power engine. angle from some reference, such a- a striation, in
The purpose of this paper is to present spectral and the plane of the surface. Of the irr idiation in solid
directional radiation characteristics of materials angle d Q about the direction 0, Ql and with wave
which may be used in solar collectors. lengths between A and A + dA, a r.ction O(A (O, <Il)

As a simplification, the absorption and emission is absorbed. The quantity O(A (0, ';'j is termed the
processes in the collector itself are considered to be directional absorptance. From Ki-vhoff's law t~e
confined to an isothermal layer on the surface at intensity of radiation emitted by the collector 15

temperature Tc. However, this surface may be only then 1- = O(A (0', <1>') hA (Tc), where hA (Te)
a component of a collector system whose various is the black body intensity given by Planck's law.
components would be at different temperatures. .The total irradiation absorbed is then the

0( G =.foOOj~2TrfoTr/2 O(d0, <1» It (0, <1» sin 0 cos 0 d 0 d <I> d A

where
(00 (2Tr)"'Tr/2

G = J 0 J 0 0 It (0, <1» sin 0 cos 0 d 0 d <I> d A

The total emissive power of the surface is

(00 (2Tr (Tr/2
e fI T c 4 = J 0 J 0 J 0 O(A (0', <1>') I hA (Tc) sin 0' cos <1>' d 0' d <1>' d A

where

[2J

[3J

[6J

[4]

* University of California, Los Angeles.

rr is the Stefan-Boltzmann constant

a T C4 =c.::hA (Tc) sin 0' cos 0' d 0, d <1>' dA

fITc4 . rtfoOO hdTc)dA'

/ . . . make a
For an optimum solar collector to operate at conclusions concerning what characte[1stl~s . tion

temperature T c, the rate of energy absorbed O(G,. material desirable for use in collectors, the ~rra~~ation
and hence the absorptance 0(, should be as large as is considered to be composed af only solar irra l~ave
possible, while that emitted eo T c4, and hence the Gs for which the absorptance is «s and lo.ngi ken
emittance e, should be as small as possible. That 0( . irradiation GL for which the absorptan.ce IS dure
is related but not necessarily equal to e is seen at ' to be identical with the .emittance e. ThIS pro~enges
once from comparison of equations [1] and [3].' is realistic for many materials, as marked ~ trared

The irradiation generally is composed of undeviated . In 'lA usually occur in the visible or near-Ill
solar irradiation, scattered solar irradiation, sky as opposed to the regions beyond 6 or 7 [L. nee
irradiation, and irradiation due to other surrounds. . With the above simplification, a solar absorpta
If no concentrator is used, the undeviated solar of merit 0(' can be defined
irradiation is quite directional. Also the bulk of ,. fI T c4 - GL
the solar irradiation is confined to the short-wave- 0( = O(S - e G
length region, about 0.3 to 3.5 (.L outside the atmos- s radiant
phere (1) and 0.35 to 2.1 (.L inside the atmosphere (2). The quantity 0(' Gs represents the net urfaee.
In order to facilitate reaching some fairly general power transferred to a unit area of thehSthat (j,'

The quantities O(s and e should then be sUC tion [6J
is as large as possible. It is seen from equa

536
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Figure 1. Near-normal spectral reflectance of oxidized titanium (AM8 4901)
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Figure 2. Near-normal spectral reflectance of oxidized titanium (AM8 4908)
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Figure 3. Near-normal spectral reflectance of oxidized titanium on alumlnurn

'[6J

that the irradiation, Cs and CL, and the collector
temperature, have a profound influence on the
choice of IXs and, e.' In particular,' the IXs/e ratio
alone is not meaningful.

The quantity .
" '_ ((1 T c4. - CL)
~- C 's

may be termed the rxs-i trade-off ratio, since it
gives the maximum decrease in rxs that a designer
would be willing. to sacrifice to gain a unit decrease

in e. It may be noted that for lower collector. teN;
peratures, an increase of 0.01 in IXs is mo~e deslr~ 11
than a decrease of 0.01 in e. This situation IS espeCla Y
true when a concentrator is used.

Equ~tions [1J and [3J may be used to dete:i~)
. the optimum cut-off wavelength Aeo where IX').. ( ~ith
should under&o a step decrease. ~or examplei case

.a perfectly diffuse collector and 1~ the. ~~a reas'
when It is monatonically decreasmg w~t ~n~reas.
ing Aand I"i" monatonically increasing WIth III
ing Ai it is seen that Aeo occurs where (3)

Presented;
actual isothermal surface' systems are and eva'
these actual materials are compared
luated. '

. .",' .' " , ' ,-r: '/>rt/2 '. I?" (rt/2 . '.

, J 0 J0 It (0, <1» sin 0 cos 0 d 0 d <I> =.J 0 J o' t; (0, <1» sin 0cos 0 d 0 d <I>

Naturally, unless a concentrator is used, or it is
,desired to' collect scattered solar radiation from the
entire sky, a perfectly diffuse collector is not optimum.
For a low collector temperature and low concentra
tion (low Cs), however" the cut-off wavelength is
not critical, and equation [7J is useful to indicate
the approximate location of Aeo. "

The introductory'remarks above serve to indicate
what types of spectral and directional character
istics are desirable. In the' following' sections, simple
surface systems exhibiting selective spectral charac
teristics and their directional characteristics are
summarized; measured characteristics. of several

[7]

.'. . ectral1Y
Isothermal surface systems for sp

selective, collectors
, " be. , ..", may

Several' elementary. surface systemS " t The
considered for creation of spectral seleetl~{/~ecog·
partial list below contains some of the teaSyl systerJlS
nized ones. Combinations of such elemen ar
would probably yield best results.



Radiation characteristics of selective surfaces 8/43 Edwards et al. 539

Homogeneous plane slab

The simplest system which may be considered is
the isotrcnic, perfectly plane slab. The directional
reflectivity of such a system is given by the Fresnel ,
relations (i)

Layer oj small particles

A coating of small particles may also be used to
provide spectral selectivity. When the wavelength
is .smaller than the particle size, absorption may
occur, while at longer wavelengths the layer is
transparent (5).

proper type of variation of nand k with wavelength
to make selective absorbers, but the cut-off wave
length Aeo is usually too short. However, in' some
applications, such as thermal environment control,
economic or other considerations may dictate use of
"this simple surface.

Homogeneous rough slab

Surface roughness may be used to provide another
'element of spectral selectivity. If the roughness is
large compared to the wavelength, the cavities in
the surface result in interreflections with consequent

-increase in absorptance. However, in the long
wavelengths, where the roughness is small compared
to the wavelength, little effect is present.

[8J

[9J

!!1 = ~ - fA ,no = 1.00
)

!!o cos 0 1~ !!t cos 0 0
!!ocos 0 1 + !! cos 0 0

" nocos 0 0 - n1 cos 0 1r s = ~-~~-="'-------:~
-1 !!ocos 0 0 + ~ cos 0 1

n1 sin O; = no sin 0 0 = sin 0 0

p (0 0) = 1/2 [!:p!:; + rs r;r [IOJ

where n1 is the refractive index, k is the absorptive '
index, i" -vr-; -1, p refers to incident polarization
parallel le the plane of incidence, s refers to polariza
tion perpeidicular to the plane of incidence, and
r* is the (.omplex conjugate of r. ,

Spectra. selectivity' arises from the variation of
nand k \\-1:11 wavelength. Metals typically have the
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Figure 4. Normalized directional reflectance of oxidized titanium on aluminum
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10
o

R = ?:1 + ~2 e: 2i 3, 2 7t n1 0
- 1 +~ ?:2 e- 2i 3, a1 = ~ d cos ·1 [12J

In th.iscase, the subscripts 0, 1, and 2 refer to vacuum
~r air), the thin film, and the substrate respectrvely.

he Fresnel coefficients for the substrate-film inter-

Plane slab with homogeneous antireflection film

.The solar absorptance of a metal may be increased
WIt~out greatly increasing the long-wavelength
e~ll1ttance by a thin non-absorbing homogeneous
dIelectric surface coating. In this case, the directional
reflectance is (4)

where
P(0 ) = n RR*o 0--

[llJ

face are obtained from equation [8J by replacing
subscripts °and 1 with 1 and 2 respectively. The
spectral range of high absorptance is limited for a
single layer but may be extended by use of multiple
films (6).

Plane slab with inhomogeneous antireflection film

The effectiveness of a non-absorbing dielectric
antireflection film can be increased on the short
wavelength side by contriving a continuous change
in the index of refraction from a low value at the
surface to that of the absorbing substrate (7). For
non-absorbing film and substrate, the normal reflec
tance of a film with an index of refraction varying
exponentially from n1 to ~'

P = v, (a) 10 (~) - 10 (a) v, (~)

Q = 11 (ex) Y1 (~) - Y1 (ex) 11 (~)

T = v, (ex) 11 (~) - 10 (a) Y1 (~)

5 = Y1 (ex) 10 (~) - 11 (a) Yo (~)

IX :::::: 2 7t~ dlA Ln (~'I~) ~ = 2 7t nI' dlALn (n1'ln1)

where

(no n2P + n1nI' Q)2 + (no nI' T + n1n25)2
p (0 = 0) = (no naP-n1

nI' Q)2 + (no nI' T - n1 n25 )2 .[13J

where I and Y are Bessel functions of the first and
second kind respectively.

Thick film semiconductor coating

The absorption coefficient of a semiconductor
increases greatly with increasing photon energy for
energies near .the band gap energy, since higher
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energy photons free bound electrons into the conduc
tion band (8). The film is then opaque in the short
wavelength region and may be transparent in the
long wavelength region. If the thick film exists on

a metallic substrate, reflection Iror , this substrate
occurs where the film is transparei. t The effects of
phase reinforcement and cancellation given by equa-
tions [10J and [llJ average to give '

where PI and P2 refer to the reflectances of the
air-film interface and film substrate interface given
by equation [9J.
The absorption coefficient K is

K=41tnk [15J
Ao

When Ais larger than ACo, K is small, and

P = PI+ P2 (1- PI)2 [16J
I-PIP2

When A is smaller than ACo, K is large and

P- PI [17J

The cut-off wavelength is related to the band gap
energy by Einstein's Photoelectric Law

E g =hv'co = ~ [18J
Aco

Directional spectral reflectances of materials
for solar absorbers

Spectrally selective materials previously investi
gated are the Tabor electrochemical treatments (9);
oxides of copper (10-12), cobalt (12, 13), and chrome
nickel-vanadium alloy (13); metal blacks (5); and
interference film systems (6). T,) these may .be
added oxidized or chemically treated metals having
a homogeneous or inhomogeneous film perhaps
combining interference effects with oelective absorp
tion effects. Directional and spect: "I reflectances of
some of these materials are presc~'ted.

Directional reflectance measurements in the 0.3
to 3.4 micron region were made v, th a directional
integrating sphere (14) somewhat similar to that 0;
Toporets (15). Near-normal reficc tances shown

1 These near-normal ((j = 70) reflectanccs were extrac~ed
from the compiled data of Professors R. V. Dunkle and J. T. Gler.
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were obtained with a heated cavity reflectometer
for the 1.5 to 25 (J. region, a General Electric spectro
photometer for the 0.4 to 1 (J. region, and a Beckman
DK2 spectro-reflectometer in the 0.25 to 2.5 (J.

region. The short-wavelength data obtained with
these latter two instruments was corrected for error
dus to direct irradiation of the detector. It is empha,;.
?Ized that the spectral data presented here are valid,
I~dependent of whether or not the specimens are
dIffuse, specular, or' have an arbitrary distribution
of ~eflected radiant flux (14). The few normal total
emIttance measurements shown in figures 7 and 9
~er~ determined with a cooled radiometer (14)
SImIlar to the Schmidt type (17). .

Me~als oxidized by heating give rise to spectrally
~lectIve surfaces from the antireflection oxide film.

hese films may be rough, porous, inhomogeneous,
a~d <l:bsorbing as well. However, the spectral a~d
dIrectIOnal characteristics of' oxidized titanium III

~gures 1 to 4 suggest largely an interference effect.
ata for oxidized chromium and stainless steel are

shown in figures 5 and 6. _
. Directional spectral .reflectances of copper and.

steel subjected to commercial chemical dip treat
~ents are shown in figures 7 to 9. Ebonol treatments·
w Enthone, Inc., of New Haven, Connecticut,

ere used. The. Ebonol C commercial process pro-

duces a black cupric oxide coating on copper which
is very adherent and resistant to atmospheric attack
at temperatures up to 400°F. The Ebonol S commer
cial process produces a black or dark blue oxide
film on steel.

.Spectral and directional reflectances of' several
- electrochemically treated surfaces prepared by

H. Tabor are shown in figures 10-15. It cannot be
definitely concluded from the data what mechanism
makes these films so selective. Several observations
can be made, however. First, the index of refraction
of the metallic substrate is decreasing rapidly with
decreasing wavelength in the visible. Uncoated zinc
itself is fairly selective. Next, the variation of the
reflectance with increasing angle from the normal
is not as pronounced as for a single homogeneous
non-absorbing antireflection film as indicated by
equations [1OJ and [l1J. The data for oxidized
titanium in figure 4 can be examined for comparison.
Finally, the damped oscillations in the reflectance
with wavelength in the visible are characteristic of
an inhomogeneous film. However, it is probable
that the films have selective absorptive properties
as do semiconductors.. Such absorption, together
with the change in optical properties of the sub
strate, would also damp the oscillations in the
visible.
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In view of the remarks in the section on thick
film semiconductor coating above, a desirable semi
conductor for a selective absorber should have the
following properties:

(a) A band gap energy of approximately 0.5 ev
giving a Aeo in the 2 [1 region of interest;

(b) A sufficiently low absorption coefficient in
the infrared K R and a sufficiently high absorption
coefficient in the visible K v such that a thickness d
of about 10 to 100 microns exists such that Kvd > 4
and KRd < 10-2 ;

(c) A resistance to atmospheric attack or vapor
ization in space;

(d) A low reflectance.

Un-doped silicon with and without an antireflection
coating was chosen for investigation. As shown in
figure 16, an extremely sharp cut-off was obtained
at the band energy wavelength of 1.1 [1. The direc
tional characteristics are shown in figure 17. Com
parison of these characteristics at wavelengths of
0.7 and 0.9 [L shows agreement with the Fresnel
relations of equations [10J and [llJ within 0.02 at
angles up to 75° from the normal. Figure 18 shows
the reflectance of a doped silicon solar cell, which
has a sintered nickel electrode on the back surface.

Evaluation of measured dircr';:.!Jnal spectral
reflectances

Spectral selectivity

As explained in paragraph 7, cCluation [5J may
be used to evaluate selective absorbers, It is seen
that the absorptance of merit «' depends on the
quantity ~ defined in equation [ri] as well as the
solar absorptance and total hemispherical emittance.
Two extreme values of ~ are chosen, one of 0.37
and another of 4.0. The former ropresents a low
temperature collector, such as one at 555 R outside
the earth's atmosphere, and the latter represents a
fairly high temperature collector,~uch as one at.
1 000 R outside the earth's '~t'nosphere. Solar
absorptances were evaluated for i,·,':.diation outside
the atmosphere (1), and emittanc.: were evaluated
at 555 R for ~ = 0.37 and 1 011\: R for ~ = 4.0.
Spectral characteristics were assun.rd to be indepen
dent of temperature for the above range.

Table 1 shows. the results. Neg:;.,ive values of rt'

indicate the material will not operate at all. Several
materials are attractive for low teJ;perature collec
tors. Among the best are the Tabor surfaces, the
Ebonol treated surfaces, and the c;:-,lar cell. At the
higher value of ~, however, only the Tabor surface
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110-30 and theSi02 on Si' on Al are outstanding.
However, when the former material was heated to
960 R in air, the emittance increased to above 0.11
and t.he visual color changed from a dark blue-black
to a light gold, indicating a decrease of solar absorp-
tance; . ; . .... . .

Directional selectivity

If a collector is being used together with a con
centrator,if collection is desired on overcast days,
or if the collector is' located on a space vehicle
f~r .temperature control purposes, the solar irra
~Iahon is not just from the normal direction. It
IS thus of interest to compare hemispherical with
nor~al solar absorptances. For this purpo~e h~mis
phencal values were estimated from the directional
data, again for solar irradiation outside the atmos
phere.

.Table 2 shows a comparison of CXs (0 = 20°)
with cxSR. It may be noted that the Tabor, Ebonol,
and silicon surfaces all have a hemispherical absorp
tance which is only slightly less than the normal
value. The titanium oxide coated aluminum, how
ever, has a hemispherical absorptance appreciably
smaller than its normal absorptance, .

Conclusion

This paper has considered the following ques
tions:

(a) What directional spectral thermal radia
tion characteristics are desirable for solar collec
tors? .

(b) What surface systems exist for obtaining
spectral selectivity?

(c) What are the directional spectral character
istics of known solar collector surfaces?

(d) Which known surfaces are better?

(e) Is directional variation of solar absorptance
important for known solar collector surfaces?

Equation [5] gives an approximate answer to the
first question. The section on isothermal surface
systems for spectrally selective collectors, and the
data contained in figures 1-18, give partial answers
to the second and third questions respectively.
Equation [5J, together with the data presented, can
answer the fourth question, and table 1 indicates
general trends. Table 2 supplies a partial answer to
the final question.
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Table 1. Absorptance of mertt for collectors in space

, (GS = 442 Btu/hr ft 2 ; GL = 0)

Figure
No, Sur!tu:e (1.8 '

TO = 555 R
.2:" ; (X'

1 Titanium 75A (AMS 4901) heated 300 hr at 850°F in air
2 Titanium C-llOM (AMS 4908) heated 100 hr at 800°F in air
2 Titanium C-llOM (AMS 4908) heated 300 hr at 850°F in air .
3 Titanium vapor coated on bright' side of Reynold's Wrap

aluminum foil, 80 to 100 microns thick, heated 3 hr at 750°F
in air . .. ..,.,...,..,........

5 Chromium plate, 0.1' mil thick, on 0.5 mil nickel plate on 321
stainless steel, exposed to JP4' combustion products 50 hr
atl 100°F.

6 410 stainless steel heated to 1 300°F in air . . . . . . . . . .
7 Ebonol C on copper dipped 5 min at 175°F in 219°F boiling point

solution
9 ( Ebonol S on steel dipped 15 min in a 286°F boiling solution

10 Tabor solar collector surface treatment 110-30 on nickel-plated
copper .p.'. ; ....

10 Tabor solar .collcctor surface treatment 125-30 on nickel-plated
copper

13 Tabor solar collector surface treatment 120-20 on galvanized iron.
:16 Crystalline un-doped silicon, 0.5 mm thick; on evaporated alu-

minum.. ' '. .,. ";.,,:. : ',
16, Silicon dioxide" 833 A 'thick, on crystalline un-doped silicon,

0.5 mm thick, on evaporated aluminum
18 Silicon Solar Cell, International Rectifier Corp., Boron-doped

crystalline silicon on sintered electroless nickel plate substrate .

0.80
0.52
0.77

0.75

0.78
0.76

0.91
0.85

0.85

0.85
0.89

0,50

0.65

0.94

0.21
0.16
0.20

0.14

0.15
0.13

0.16
0.10

0.05

0.11
0.12

0.12* ,

0.12*

0.32

0.72
0.46
0.70

0.70

0.72
, 0.72

, 0.85
, 0.81

0.84

0.81
0.84

0.46

0.60

0.82

0.29
_0,34

0.20
_0,26

0.25
_0.19

0.21
_0,08

0.18
0.07

0.18
0,06

0.08
0.55

0.27
_0.20

0.26
_0.14

0.12*
0,02

0.12*
0.17

0.50
_0.99

* Extrapolated.
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Table 2. Ratio of hemispherical solar absorptance
to near-normal solar absorptance

Surface Figure

Titanium vapor coated on bright
side of Reynold's Wrap alumi
num foil, 80 to 100 microns thick,
heated 3 hr at 750°F in air.. 3

Ebonol C on copper dipped 5 min.
at 196°F in 219°F boiling point
solution. . . . . . . . . . 8

Tabor solar collector surface 110-30
on nickel-plated copper . .. 11

Tabor solar collector treatment
120-20 on galvanized iron " 14

Tabor solar collector treatment
125-20 on galvanized iron .. 15

Silicon dioxide, 833 A thick, on
un-doped crystalline silicon,
0.5 mm thick, in evaporated alu-
minum 16

0.75

0.87

0.85

0.89

0.90

0.65

I1.SHI1.!S
(20 0

)

0.68

0.94

0.93

0.96

0.96

0.94

The following conclusions are "", .. ~. ched.
(a) Promising low-temperature ;~,)llector surfaces

appear to be copper or steel treated by the commer
cial Ebonol processes. These surfaces compare
favorably with Tabor surfaces.

(b) Stable surfaces for higher temperature collec
tors appear to be thick film semiconductors such
as silicon, with antireflection coatings such as
silicon dioxide.

(c) Directional variation of solar absorptance of
materials investigated to date is of major significance
only at angles' of incidence above 60° from the
surface normal. Hemispherical solar absorptance
differs 32 per cent at most from no-mal solar absorp
tance for the materials investigated.
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The purpose of the paper is to present spectral
and directional characteristics of materials which
may be' used in solar collectors. Only isothermal
surfaces are considered. .

The collector surface is considered to be irradiated
by intensity It (0, <I:J), where 0 is the polar angle
from the surface normal and <I:J is the azimuthal

Summary

. . (0 tP)
angle in the plane of the surface. J: fraet IOaCJ(6 about
of the incident energy flux in solid angrll WS froJIl
0, <I> is absorbed by the surface. It. 0 ~ by the
Kirchoff's law that the intensity eIDltte I). (rcl
surface is I~ = IX). (0', <1>') h). (Tc) .w~ere absorbed
is given by Planck's law. The irradIatIOn t xt and
IXC is then given by equation [lJ of the e ,
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the radiant flux emitted EaTe4 is given by equa
tion [3J d the text.

For an optimum solar collector «G should be
large and EaTe4 small, but a. and E are related as
indicated by equations [1J and [3].

In order to make some useful generalizations, the
irradiation is considered to be composed spectrally
of a solar component Gs and an infrared component
GL . The absorptance for the former is .designated «s
and that for the latter is taken as E.

A solar absorptance of merit r/.' can now be defined
as in equation [5J.

The quantity ~ defined by equation [6J can be
designate.l the etS-E trade-off ratio, since it gives
the max.-num decrease in r/.s that a designer would
willingly sacrifice to gain a unit decrease in E. For
low collector temperatures, covered collectors and/or
concentrators, this ratio is low.

Equations [lJ and [3J may be used to determine
the opl.ir ium cut-off wavelength Aeo for each
directjor; [0, <1>. For a perfectly diffuse collector only,
the cut-off wavelength where etA should undergo a '
step dec1:case is given by equation [7J. For low
temperature collectors and low concentration, the
cut-off wavelength is not critical, however.

The introductory remarks above indicate what
characteristics are desirable. The sections below give
some simple selective systems; present measure
ments; and show an evaluation of the measured
materials.

Isothermal surface systems for spectrally selective
collectors

Several elementary surface systems are considered.

Homogeneous plane slab. The simplest is the
h?mogeneous slab whose directional reflectance is
gIven by equation [10]. Spectral selectivity arises
~rol? variation of the refractive and absorptive
llldIces with wavelength. However, Aeo is usually
too short for known materials.

Homogeneous rough slab. Surface roughness may
add to the selectivity.

Layer of small particles. Finely divided particles
SUch as metal blacks (5) are selective.

Plane slab with homogeneous antireflection film.
Use of an interference film gives the directional
re~ectance indicated by equation [l1J. The sub
SCrIpts 0, 1, and 2 refer to vacuum (or air), the
film, and the substrate respectively. Multiple films
can be used to extend the spectral range of high
absorptance (6).

A PI~ne slab with inhomogeneous antireflection film.
n lllhomogeneous antireflection film increases

absorptance in the short wavelengths. The reflec
tance of a dielectric film with an expontent~ally

increasing refractive index from nl to nI' in a depth
d is given by equation [13J (7).

Thick film semiconductor coating. The absorption
coefficient of a semiconductor changes greatly at
the wavelength corresponding to the band gap
energy (8). Equation [14J gives the directional
reflectance of a thick film. Equation [16J gives the
reflectance in the long wavelengths where the
semiconductor is transparent; and equation [l7J
gives the reflectance when the film is opaque in
the short wavelengths.

Directional spectral reflectances of materials for solar
absorbers

Several selective materials have been' reported
(5, 6, 9-13).

An integrating sphere (14) was used for short
wavelength measurements and· a heated cavity
reflectometer (16) for long wavelengths. It is emphas
ized that the measurements are valid for specular,
imperfectly diffuse, or perfectly diffuse materials.

Figures 1 to 6 show the reflectance of oxidized
metals.

Directional reflectances of copper and steel treated
with Ebonol chemical dips are shown in figures 7 to 9.

Reflectances of several Tabor surfaces are shown
in figures 10 to 15.

A desirable semiconductor is one with a band gap
energy of about 2 ev.

Figures 16 to 18 show the directional reflectances
of silicon on aluminum and nickel.

Evaluation of measured directional spectral reflectances

Spectral selectivity. Equation [5J is used to compare
the merit of several of the surfaces for two values
of ~. Table 1 shows the results. High values of r/.'
are best. It is not certain that all of the materials
are stable at 1 000 R.

Directional selectivity. Solar irradiation at off
normal angles occurs when the sky is overcast, when
the collector is not oriented toward the sun, or
when a concentrator is used.

Table 2 shows a comparison of ets (8 = 20°) and
the hemispherical solar absorptance «su-

Conclusions

The conclusions are as follows:
(a) Promising low temperature collector surfaces

are copper and steel treated with the Ebonol process;
(b) Thick semiconductor films may offer selective

surfaces with high-temperature stability;
(c) Hemispherical absorptance may differ by

32 per cent from normal absorptance.
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CARACTERISTIQUES SPECTRALES ET THERMO-DIRECTIONNELLES n}.~ SURFACES
SELECTIVES POUR LES COLLECTEURS SOLAIRES

Resume

. Cette communication presente les caracteristiques
spectrales et directionnelles de materiaux qui peuvent
etre utilises a la realisation de collecteurs solaires.
Elle ne considere que les surfaces isothermiques.

Les auteurs admettent que la surface du collecteur
est irradiee par une intensite It (e, 1J) dans laquelle
e est l'angle polaire compte a partir de la normale
a la surface et 1J l'angle azimutal dans le plan de
~a ~urface. Une ,fraction cx" (e, 1J) du flux d'energie
incidente dans I angle solide d Q autour de e, 1J est
absorbee par la surface. 11 s' ensuit, de la loi de Kirchoff
que I'intensite ernise par la surface est I~ = cx~
(8', 1J') I b" (Tc), expression dans laquelle I b" (Tc)
est donne par la loi de Planck. Le rayonnement
absorbe «G est done fourni par l'equation 1 du
texte et le flux rayonnant emis e rr T c4 est donne
par l'equation 3 du texte.

Pour que le collecteur solairesoit ideal, il faut
que «G soit grand et e cr T c4 petit, mais oc et e sont
lies de la maniere exprimee par les equations 1
et 3.

Pour faire quelques generalisations utiles on
considere l'irradiation comme etant constituee, spec
tralement parlant, par une composante solaire Cs
e~ une ~omposante infrarouge CL. Le coefficient
d absorption pour la premiere est designe par CXs
et celui de la seconde par e. .

"On J?eut done maintenant definir, comme dans
I equation 5, un coefficient de merite pour l'absorp
tion (absorbance) solaire.

L~ ~r~ndeur ~ definie par l'equa.tion 6 peut etre
consideree comme etant la proportion ocs-e accep
table de perte, car elle donne la reduction maximale
de CXs qu'un ingenieur serait tout dispose a sacrifier
pour gagner une diminution unitaire de. e. Pour les
collecteurs a basse temperature, les' collecteurs
couverts etlo» les concentrateurs, cette proportion
est faible.

.On peut se servir des equations 1 et 3 pour deter
mmer la longueur d'onde de coupure iideale Aco
pour chaque direction e, 1J. Pour un collecteur parfai
tement diUus seulement, la longueur d'onde de
c?upu~e pour laquelle cx" doit faire l'objet d'une
reduction marquee est donnee par I'equation 7.
Pour les collecteurs a basse temperature et a faible
concentration, cependant, la longueur d' onde de
coupure n'est pas critique. •

Ces remarques mettent en lumiere les caracteris
tiques souhaitables. Les sections qui suivent men
tionnent quelques systernes selectifs simples, resument
les mesures et donnent une evaluation des materiaux
sur lesquels on les a faites.

Systemes a surface isothermique trour collecteurs tl
selection spectrale '

.Le memoire examine plusieurs systemes elemen
taires de surface.

Plaque. homogene plane. Le ph.s simple de ces
systemes est la plaque homogene, .lont le coefficient
directionnel de reflection est donno p;u l'equation 10.
La selectivite spectrale est due nux variations des
indices de refraction et d'absorp: ion en fonction
de la longueur d'onde. Neanmoi..», Aco est ha?i
tuellement trop court pOUf les r l/',teriaux connus.

Plaque homogene rugueuse. Le' rugosite de la
. surface peut ameliorer la selectivite du systeme

ci-dessus.

Couche de petites particules. Les pCi.Jtlcules finement
divisees telles que les noirs metalliques (5) sont
selectives,

; Plaque' plane avec pellicule homogene contre la
refiexion: L'emploi d'une pellicule a interference
donne la reflectance directionnelle indiquee par
I'equation n. Les indices 0, 1 et 2 se rapportent
au vide (ou a l'air), a la pellicule et a son support
respectivement. On peut se servir de pelhcules
multiples pour augmenter la largeur de la. plag~
spectrale sur laquelle le coefficient d'absorptIOn es
eleve (6).

Plaque plane avec pellicule non homogene contre fa
rtfiexion, La pellicule non homogene contre a
reflexion augmente le coefficient d'absorpti?n dads
les ondes courtes. La reflectance d'une pelhcule t:
dielectrique dont l'indice de refraction augmen

I

suivant une fonction exponentielle entre. n1 et (~1)
sur une epaisseur d est donnee par l'equatlOn 13 ..

Enduit constitue par une pellicule epaiss~ de s::~:
conducteur. Le coefficient d'absorption d und~ de
conducteur change beaucoup a la longueur °(8).
qui correspond al'energie de la coupure de ~andel de
L'equation 14 donne le coefficient direetlOI1;ne 16
reflectivite d'une pellicule epaisse. L'equatIOn ue
donne la reflectance dans les ondes longues 1?rs\7
le semi-conducteur est transparent, et l'equatIOnque
donne la reflectance lorsque la pellicule est opa
dans les ondes courtes.

, . .. d materiauX
Reflectances spectrales dlrectionmelles es

utilises dans les absorbeurs solaires
. selectifs

Le memoire signale plusieurs matenaux
(5, 6, 9-13). . ., our

Une sphere. d'integration (14) a ete u,tIhS~~nfetre
les mesures sur les ondes courtes et un reflec
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it cavite chauffee (16) pour les ondes longues. Ces
mesures s'appliquent a des materiaux speculaires,
imparfaitement ou parfaitement diffus.

Les figures 1 a6 donnent la reflectance des metaux
oxydes, La reflectance directionnelle du cuivre et
de l'acier traites par immersion dans des produits
chimiques Ebonol est donnee aux figures 7 a 9.
Les figures 10 a 15 donnent les reflectances de
plusieurs surfaces Tabor.

Un semi-conducteursouhaitable presente une
energie de coupure de bande de l'ordre de 2 ev.

Les figures 16 a 18 donnent les reflectances direc
tionnelles du silicium sur aluminium et sur nickel.

Evaluation des refieciances spectrales directionnelles
mesurics

Selecti';',fe spectrale. On se sert de l'equation 5
pour conzparer le merite de plusieurs des surfaces
pour deux valeurs de·~. Le tableau 1 donne les
resultats, Les grandes valeurs de rJ.' sont les mei11eures.

Il n'est pas sur que tous les materiaux soient stables
a 1000 R.

Selectivite directionnelle. L'irradiation solaire a des
angles differents de la normale se presente lorsque
le ciel est couvert, lorsque le collecteur n'est pas
oriente vers le soleil, ou quand on se sert d'un
concentrateur. .

Le tableau 2 donne une comparaison entre rJ.s
(6 = 20°) et l'absorbance solaire hemispherique rJ.SH·

Conclusions

On aboutit aux conclusions suivantes :
a) Des surfaces pour collecteurs a basse tempe

rature qui promettent d'etre bonnes sont constituees
par le cuivre et l'acier traite par le procede Ebonol.

b) Les pellicules epaisses de matieres semi-con~uc-

trices peuvent constituer des surfaces selectives
ayant une grande stabilite aux temperatures elevees,

c) Le coefficient d'absorption hemispherique peut
differer de l'absorbance normale de 32 p. 100.
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7t' T~ = 0,0000678 T~ (2)

ou l'on a suppose la surface du corps noir perpendi
culaire aux rayons du soleil et, done, dans la seconde
partie, cos q:> = 1.

De I'equation (2) il resulte :

r; = 0,0682 TB

La temperature d'equilibre d'un collecteur clas
sique d'energie rayonnante, compose par exemple
d'un corps noir expose au soleil, est de loin inferieure
ala temperature du soleil, meme quand, comme dans
le cas d'un corps noir, toute l'energie incidente
est retenue et transformee en chaleur.

Cela s'explique par exemple par le fait que l'angle
solide dans lequel le corps- noir re-emet l'energie,
est d'un demi-espace, c'est-a-dire 2 re, tandis que
l'energie arrivee est contenue dans un angle solide
fort petit, qui est l'angle sous lequel on voit le soleil
et qui, si la grandeur apparente de celui-ci est de
32', est egal a 0,0000678.

Compte tenu de la regle du cosinus et de la pro
portionnalite entre I'energie irradiee et la quatrieme
puissance de la temperature absolue, la temperature
du soleil mesuree par la methode du corps noir etant
denornmee TB, et celle du collecteur T n , de simples
calculs nous donnent la relation d'equilibre :

/>7< .

2 7t') 0
2 T~ cos q:> sin q:> dq:> --:- 0,0000678 T~

c'est-a-dire

laquelle la concentration de l'energi« devient impos
sible n'est pas aussi evidente. Cette limite, requise
par le deuxieme principe de th-rmodynamique,
est en effet liee a des proprietes j;es generales de
toute l'energie rayonnante qu'il n'y ,]. pas lieu d'ex
poser ici. Nous voulons dire seulem-.ut que de l'etude
de ces proprietes l'auteur a deduit l~1. theorie et les
applications qui en decoulent et (;; sont exposees
par la suite dans ce memoire.

L'augmentation jusqu'a quelque- -nilliers de .fois
de l'angle solide de l'energie a l',;rivee s'obtlent
facilement avec des miroirs ou de" lentilles et, en
accord avec I'expose ci-dessus, per.net d'atteind~e
des temperatures assez proches de celle du soled.
Cette methode, tres utile quand en demande des
temperatures tres elevees mais avec une modeste
quantite d'energie, est toutefois, ~l elle seule, trop
cofrteuse pour l'exploitation industrielle de l'energle

solaire.
La methode de la limitation de l'energie re-irrad!ee

(1) parait beaucoup plus economique, soit que Ion
exploite « l'effet de serre » en protegeant le coll~eteur
avec des surfaces a transparence selective, SOlt qu~
l' on utilise les collecteurs selectifs etudies par Tabor e
son ecole, soit par les deux moyens combines.

Le but du present memoire est de decrire u~
appareil de limitation de l'energie re-irradiee q~l,
non seulement permet d'atteindre, en cas de bes?~n~
des temperatures tres elevees, mais encore pe,ut e

d\
(3) construit par des methodes industrielles. Cesmetho

l
.ee

- . t At .,. l' , gie so aIrpourraien e re SI econormques que ener , , ie
et, avec une assez bonne approximation, TB = 6000 "K, rayonnante en arriverait a concurrencer 1energ
sera T n = 409 "K, equivalant a 136°C. obtenue par les autres sources actuelles.

Cette temperature, qui doit de toute facon etre Soit 1 (figure 1) la surface d'un collecteut c1assique~
consideree comme une temperature limite, est par exemple un corps noir; soit 2la directIOn rnoyen~s
tellement basse que toute utilisation industrielle des rayons solaires qui entrent dans 1. NouS avo

pe_par ce seul moyen est a ecarter, deja dit que, en conditions d'equilibre, l~ /~feure
L'augmentation de la temperature du collecteur rature T n du collecteur est de beaucoup Ill, ~ ie

peut etre obtenue soit en augmentant l'angle solide ala temperature TB du soleil, l'angle solide de 1ener~p
de I'energie a l'arrivee, soit en limitant de quelque re-irradiee par le corps noir rechauffe etant bea~C~ue
facon I'energie re-irradiee. plus grand que l'angle solide dans lequel est con e

Nousavons a dessein employe la locution « en I'energie a l'arrivee. 'fi;e
augmentant l'angle solide de l'energie a I'arrivee » La situation est toutefois radicalet?et;t rnod~t~,
au lieu de celle plus employee « en concentrant si on limite l'angle solide de l'energre a, la, sotree.
l'energie a I'arrivee » pour eviter une equivoque qui sans modifier l'angle solide de l'energw Aa 1e~teint
peut deriver de cette derniere. EJ;1 effet, il est evident Nous demontrerons que ce resultat peut etre ~crans
que l'angle solide de l'energie a l'arrivee ne peut en appliquant devant le collecteur 1 des 'ssent
depasser un demi-espace, mais la limite au-dela de appropries. Dans la figure 2, ces ecrans ap~aral3 it

schematiquernent comme un tronc de cone ~nt
parois parfaitement noires et calorifugeeS, ay

554
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le corps noir classique 1 comme base mineure, l'axe
dirige vers le soleil et une ouverture egale a la
grandeur apparente de l'astre.

Avant d'exposer le developpement analytique qui,
tout en ne presentant aucune difficulte particuliere,
est toutefois quelque peu complexe, nous pouvons
nous rendre compte du phenornene par un raisonne
ment qualitatif. Sauf un avis contraire explicite,
tous les raisonnements qui suivent feront abstraction
de toutes les proprietes selectives des surfaces
d'absorption, d'emission, de reflexion ou de trans
parence.

Examinons (figure 3) les divers rayons sortant
d'un point P de la surface du corps noir 1. Ils sont
de trois sortes :

1) Les rayons qui, partant de P, arrivent directe
ment au soleil sans toucher les parois du tronc de
cone ;ils sont contenus dans le cone pointille 4 de
la figure 3. Sans I'aide des proprietes selectives,
on ne peut limiter l'energie sortant avec ces rayons
sans limiter en meme temps I'energie a I'entree,

2) Les rayons qui, partant de P, sortent du tronc
de cone sans en toucher les parois et ne rencontrent
pas le soleil; ils sont compris dans la zone 5 quadrillee
dans la figure 3 et delimiteepar deux cones sortant
du meme sommet P. L'energie qui sort avec ces
rayons peut etre diminuee en allongeant le tronc
de cone 3 jusqu'a 1'annuler a la limite.

3) Les r~yons qui, partant de P, rencontrent la
paroi du cone. .Soit 6 un de ces rayons, et A le point
de rencontre. En supposant que la paroi du cone
soit noire, c'est-a-dire parfaitement absorbante,
toute I'energie du rayon 6 sera absorbee par le point A
et, en conditions d'equilibre, re-irradiee degradee
(puisque, comme nous le demontrerons, la tempe
rature de A est toujours inferieure a la temperature
de P) dans toutes les directions, avec la regle bien
connue du cosinus. Suivons le chemin des rayons
re-irradies par A.

a) Une partie retourne sur 1 et limite ainsi la
perte d'energie,

b) Une partie sort du tronc de cone et doit etre
consideree comme perdue.

c) Une partie rencontre encore les parois du tronc
de cone : eUe est absorbee, et re-irradiee de la merne
facon decrite plus haut.

L' examen qualitatif effectue demontre la limitation
que le cone 3 apporte a I'energie re-irradiee par la
surface 1. Ledeveloppement analytique, qui sera
expose plus bas, nous donnera la mesure quantitative
de cette limitation. Nous verrons ensuite, dans
1'exemple numerique que nous baserons sur les
donnees fourniespar le collecteur du moteur solaire
construit par l'auteur, que la limitation de la perte
d'energie peut facilement permettre a elle seule
d'atteindre .des temperatures proches de ceUe du
soleil ou, pour des temperatures plus basses mais
toujours elevees et suffisantes pour une utilisation
industrieUe,. des rendements depassant 95 p. 100.

Trois observations sont encore necessaires pour
bien apprecier la portee de ce qui precede et duo

developpement analytique qui SUi\Ta, en vue d'une
utilisation industrieUe et economiquement viable
de l'energie solaire:

Premiere observation. A cause df' la petitesse du
diametre apparent du soleil, le cone 3 des figures 2
et 3 peut etre remplace par un cylindre, OU meme,
pour des raisons' pratiques, par un prisme hexagonal
ou carre ou de quelque autre forme. En unissant
un grand nombre de ces prismes (figure 4), leurs
parois ne devront plus necessairement etre calori
fugees, et ant donne que deux prisrncs adjacents ont
des distributions de temperatures egales et, de ce
fait, aucun passage de chaleur a travers les parois
n'a lieu. L'ensemble forme par un b,and nombre de
ces prismes (disposes, par exemple comme da~s la
figure 4, en nid d'abeille, avec des parois mmces
et noires, chaque prisme etant tres long par rapport
a la corde la plus longue de sa section] pourra etre
denomrne corps noir absolu parco qu'il absorbe
toute l'energie rayonnante proven.mt d'une s0:tlfCe
lointaine sans re-ernettre de I'energie dans une direc
tion differente de ceUe de la source n.eme.

Le corps noir absolu peut etre considere, tout
compte fait, comme une materialisation des tubes
de flux de l'energie al' entree; comme nous le ~emo~
trerons, il peut aussi ordonner et guider l'energie
a la sortie en l'obligeant a parcourir les memes tubes
de flux de l'energie a l'entree. . . ,

Ce1a explique comment un tel collecteur dirige
vers une source, meme tres lointaine, se trouve er
condition d'equilibre thermodynamique avec a
source, a la t~mperature de cette derniere.

Deuxieme observa'tion. Le coUecteur que nous avogs

denomme corps noir absolu et qui est a la base le
toutes les applications qui seront exposees par a
suite, est difficilement utilisable comme colleeteur

d'energie solaire sur une echelle industrielle, d~;s
la forme schematique que nous avons decn~,
surtout a cause de la faible densite de l'ene:gJ~
solaire. Nous reportons la description des utili~atJ?n
particulieres a la seconde partie de ce meI?olr~
mais nous remarquerons ici que, si on veut :~~noC
contenter de temperatures entre 400 et 'tr~
les parois du corps en nid d'abeille peuv~nt t~ve
composees d'un materiau a transpare~ce ~elec 1 d~
et plus precisement noir pour les radiatlOns al~ti~ns
longueur d'onde et transparent pour les :,a I las
solaires, tel que le verre, le mica, les ~atler~s Pdiee
tiques, etc. Un limitatenr de l'energle re~lffaetrie
en une de ces. matieres, s'il. a,la meme &eo~rnent
que le corps noir absolu, en differe substantJel .
par les deux caracteristiques suivantes : t eS

a) Il ne peut pas atteindre des temperatu~es / y
elevees auxquelles,si les matieres pouval~ans_
resister, il manquerait la selectivite de la ative.
parence; et celle-ci est une caracteristlque ne.g te en

b) Il ne doit pas necessairement etre P~I~ergie
direction du soleil, puisqu'il peut absorber de I;'angle.
des rayons a n'importe queUe incidence antite
Il suffit de noter que la composa~te ~e la qclon la
de mouvement des photons a I arrlvee, s
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direction des axes des prismes, n'est pas alteree
par les refractions ou reflexions successives provo
quees par les parois des prismes memes 1.

Cette qU2J ;te est extremernent avantageuse parce
qu'elle perrnct d'utiliser le collecteur sans devoir
lui faire suivre le mouvement du soleil ou de l'utiliser
en concentrant moderement les rayons solaires.
C~s deux caracteristiques qui, au moyen de schemas
bien etudies, peuvent etre exploitees en meme
temps, sont celles qui pourraient permettre aces
collecteurs de concurrencer les autres sources
d'energie dans l'industrie.

!roisfeme observation. Le limitateur de I'energie
re-Irradlee peut dans certains cas se reduire a un
systeme de plans paralleles entre eux et a la direction
des rayons a l'entree, Un tel partialisateur peut etre
~mploye, par exemple quand la direction des rayons
a 1entree se deplace sur un merne plan.

Developpement des calculs

e Soit S une source ponctuelle (figure 5) et 7 un
~tment du corps noir absolu oriente vers cette source.

Us exactement, soit 7 un prisme que nous suppo
~erons de section rectangulaire, ouvert a l'extremite
dour~ee vers la source 5 et ferme par le corps noir 1
d~ co~e oppose. Les quatre parois 8 paralleles a la
IrectIon 2 de la source sont noires et calorifugees.

t rous avons donne plus haut une description quali
a lYe du fonctionnement des parois 8 en tant que--le I Nous r~marquons que cela n'est pas vrai si I'on protege

it tcorps non- avec des plaques de verre ou une autre rnatiere
D ransparence selective, comme pour obtenir I'effet de serre.

d,ans
t

ce cas, les deux reflexions partieIIes de la lumiere sur la face
en reles ee. ~t sur ceIIe de sortie de chaque plaque content, dans

de ~,~ndlh?n~ d'incidence les plus favorables, a peu pres 10 p. 100
des ten:rgle mcidente, si les surfaces ne sont pas protegees par
au r~ltements speciaux et jusqu'a present onereux, et toujours
de mOlUS Iy. 100 si eUes le sont. Cela limite le nombre de couches
mat~oteC!lOn possibles. Puisque la protection au moyen des
rechleres Iusqu'icl employees est verifiable par absorption et

aUffage SUbsequent, n couches de protection reduisent I'energie
perdue ' I .'

a nn et le nombre des couches requises pour une re-
duction suffi t . iffe t . 1prot ' . ,sa? e est trap eleve, Ce serait bien di eren SI a
de echon etait verifiable par reflcxion selective, Une surface
de lP:otec~io,n en matiere transparente pour la longueur d'onde
d'on~~ergle~.rent~ee,eten matiere re,flechissante p,our la lo~gueur
Problem~~ 1 energts a la sortie serait une parfaite solution du

limitateurs de I'energie re-irradiee de 1. Pour etudier
le probleme du point de vue quantitatif, nous le
diviserons en deux parties :

1) Nous supposerons la temperature du collecteur
connue, c'est-a-dire, pratiquement, que nous suppo-

Figure 6
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serons la temperature de regime etablie et nous
chercherons la distribution des temperatures sur les
parois 8;

2) La distribution des temperatures sur les parois
du prisme ouvert 7 etant connue, on peut calculer
l'energie qui sort par rayonnement de la facade
opposee a. 1-

Soit l et m les cOtes du rectangle 'Y formant la
base du prisme, que nous supposerons coincidant
avec la surface 1, a la temperature constante du
collecteur; soit h la hauteur; soit x, y, z trois axes
cartesiens sortant de sommets de la base 'Y comme
indique a la figure 6; x et z coincident avec deux
aretes sur la facade 'Y, y est dirige vers la source S.
La temperature constante de la base r est To, et
les quatre faces laterales du prisme ouvert a. l'extre
mite superieure sont supposees noires et calorifugees.
Nous cherchons la distribution des temperatures
sur ces faces, en conditions d'equilibre,

Soit P un point d'une des faces laterales du prisme,
dans le cas de la figure 6, la face qui se trouve sur
le, plan yz; soit 0, y, z les coordonnees de P; soit
6..P = 6..y6..z pres de P. La condition d'equilibre
demande que l'energie irradiee par 6..P soit egale

a la somme des energies qui, S1.;l 6.P, irradient la
base 'Y et les autres faces laterales, re, ~, W, du prisme.

Nous supposerons que la tempc: ature d'un point
generique P des parois laterales depend seulement
de la distance y de la base 'Y : now, appellerons cette
temperature T (P) = T (y) 2.

Par la loi de Stefan-Boltzmann, I'energie emise
par rayonnement par l'element de surface 6.P est:

I p 6..P = 1t a T4 (P) 6..P = k TJ (y) 6..y 6.z (4)

Nous calculons separernent l'eucrgie que chacune
des autres faces du prisme envoie sur 6..P.

Energie irradiee sur 6..P par la [ace o: Soit A (l, ~A,

ZA) un point de 0(, et 6..A = 6..YA ' un autre pomt
pres de A; la temperature de ,,; sera T(YA)' ~n
tenant compte de la loi du cosinu-, on trouve facile
ment que l'energie envoyee par ,~,i1 sur 6.P est:

I 6..A6..P= kl2T4(YA)6..y!:J.Z'\YA6..zA (5)
A,p [l2 + (y _ YA)2 + (:->-- ZA)2J2

L'irradiation totale de la face 0( Sc'''- 6..P sera l'inte
grale de lA, p6..A 6..P etendue a ~ oute la face (1.,

c'est-a-dire :

. I 6.P - k z 6..y 6..z rh 4 (' ) l 1 l' 1d
,~,p - 2 )0 T YB (Yn-y)2+ z2-l2+(Yn-y)2+z2, :yn

Energie irradiee sur 6..P de la face W: De I'equation (7) on deduit, en substituant m - z a z :

. = k (m - z) 6..y 6..~ j"h 4 l 1 _ 1, _] dYIJ
I~, p6..P 2 • 0 T (Yn) (Yn-y)2 + (m-z)2 l2+ (YB-y)2 + (m_z)2

(7)

(8)

(9)

----". une" cerc1e ou
2 L'hypothese est vraie quand la base 1 est un s qui nons

bande de plan; l'erreur introduite dans les autres ea
interesscnt est absolument negligeable.

Energie irradiee sur 6..P de la face 'Y' En reprenant les precedents raisonnements, on trouve :

kyT~6..yf:,.z [1 m-z I z I m-z l'~]I y , p6..P = - arctg-- +- arctg - - .aretg - . arctg I-~
2 Y y Y Y ..jl2 +y2 ..jl2 +y2 ..jl2 +y2 .' -yl2 +Y

. ue
on trouve la condition d'equilibre thermodynan l1

Q
pour l'element de surface 6..P.

En imposant la condition que I'energie totale
irradiee par l'element de surface 6..P et exprimee

, par le second membre de I'equation (4) soit egale
a. la somme des energies irradiees sur 6..P par les
parois O(,~, W, y, respeetivement exprimees par les
seconds membres des equations (6), (7), (8) et (9),
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Mais en vue de l'hypothese ci-dessus que la tem
perature de ~P depend de la seule variable y, hypo
these deja utiliseepour aboutir aux equations (6),
(7), (8), (9), condition d' equilibre thermodynamique
pourra etre imposee a l'entiere bande horizontale

.contenant I:1P. Cela equivaut a integrer, par rapport
a z entre 0 et m, les deux membres des equations (4),
(6), (7), (8), (9).

En effectuant ces integrations, en egalisant et
en reduisant, on trouve la condition d'equilibre :

. '~h ,., .

m 7':: :f4 (y) = m 12} T4 (t) [12+ (y - t)2]- 3!2 arctg m 'dt
. • 0 '~. . .J12 + (y-t)2

+ ~ rh T4 (t) [In (y-t)2 + m
2
-In (y_t)2 + m

2+1
2]

dt ,(10)
2 j 0 (y - t)2 (y - t)2 +12

4 [ m my,' m. y m2+ y2 Y m2+ y2 + 12]
+ Tom arctg - - .J arct'g .J - 2'" In --2- + -2 In 12 + 2. . Y 12 + y2 [2 + y2 Y Y

L'equaticn (10) donne la distribution T(y) d~s seconde en substituant la valeur obtenue dans le
temperatui -s, C'est une equation integrale, du type second membre de I'equation (10), et en calculant
de Fredhol.., et elle peut etre facilement resolue, le premier membre pour un certain groupe de valeurs
m~me si c\:e ne remplit .pas la condition generale de y. Les secondes approximations ainsi obtenues
d'mtegrabiE,-,-? pour. ces equations... ' different de tres peu des premieres, ce qui confirme

En effet. .lans I'equation (10) la validite de la procedure. . ,
. . . Nous avons deja dit que, dans certains cas, le

T4 (y)= a + by (11) limitateur de l'energie re-irradiee peut etre forme
en effectuc:.;t les calculs et posant une fois y=o et par une serie de plans paralleles entre eux et aux
un.ef~isy ~'''' h (par analogie avec ce qu'on fait dans le rayons en arrivee, comme indique a la figure 7. .
~nncI.Pe d'identite des polynomes) , on obtient deux De tels collecteurs, cap ables d'absorber de l'energie
equatlOns ;,,, moyen desquelles .on peut trouverles rayonnante. dans toutes les directions d'un plan
valeurs inconnues de a et de b. En substituant ces .plutot que dans une seule, sont compris dans la
v~leu~s dans (11), on obtiendra une premiere appro- theorie emise dans les precedents paragraphes,a la
XlmatlOn de la fonction qu'on recherche. .'" condition qu'un des cotes du rectangle de base du

Comma des considerations physiques, omises pour tube devienne infini.
b~leve~e, le laissaient prevoir, cette premiere appro- Pass ant a la limite par m = 00 l'equation (10)
Xlmahon est deja tres bonne. On' en trouve une devient:

.. Tt [. Y ] . 12 rh T4 (t) dt
T4 (y) = 2 1- .Jy2 +12 + '2 .J 0 [12 + (y _ t)2]3f2 (12)

L'equation (12), qui est du meme type que (10), La comparaison entre cette geometrie de l'energie
donne la distribution des temperatures aux diffe- a la sortie et celle de l'energie sortant d'une source
rents points des parois en fonction de leur distance situee dans le foyer d'un reflecteur parabolique
du fond.' rend compte de la capacite des deux systemes

La solution de (12) est semblable a celle de (10), d'atte~ndre de~ temperatures elevees quand ils ~ont
comme pr'd . bi . , It t touches par 1energie rayonnante provenant dune
U oce u!e aUSSl ien <;tue comme resu A a. source lointaine.

n collecteur a plans paralleles ne pourra etre .
considere comme un corps noir absolu que pour Pour des temper~tures du collecteur rel~hvement
une energie rayonnante distribuee uniformement basses par rapport a celle de la source mars, dans le
en toutes les directions d'un plan; nous verrons
comment on peut construire des appareils realisant
cett~ condition, au moins a la premiere approxi-
matlOn. .

La connaissance de la distribution des tempe
ratures sur les parois et sur le fond du prisme de
.a fi&,ure 6 permet de calculer facilement l'energie
17adlee par celui-ci en chaque direction de 1'espace
e , par consequent, I'energie totale irradiee,
a?uand la hauteur h devient tres grande par rapport

a corde la plus longue de la base, l' energie irradiee
peut etre consideres nulle en toute direction autre
fue celle commune aux parois laterales des prismes.
. e corps noir absolu acquiert ainsi la propriete de
~envoyer l'energie rayonnante irradiee par sa base

ans des tubes de flux, les parois desquels coincident
avec les parois de sa structure cellulaire., Figure 7
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y

0,9722 - 0,003783 y .
T4 (y) .
E = T4 (y) - [0,9722 - 0,003783 y]
T (y) . . . . . .. . ....

y

0,9722 - 0,003783 Y . . . . . . . .
14 (y) •.........•.•.
E = 14 (y) - [0,9722 - 0,003783 yJ
T(y) .
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Tableau 1

0 2 10 50 100

.' . 0,9722 T 0 4 0,9646 To 4 0,9344 T 0 4 0,7830 T,' 0,5939 T
0

4

0,9722 T 0 4 0,9639 T 0 4 0,9339 T 0 4 0,7827 ;', 0,5939 T
0

4

0,0000 - 0,0007 T 04 -0,0005 T 04 -0,0003 T,,' 0,0000
0,993 To 0,991 To 0,983 To 0,941 T" 0,878 To

150 200 240 248 250

0,4047 T 0 4 0,2156 T 0 4 0,0643 T 0 4 0,03401,,1 0,0264 T04

0,4047 T 0 4 0,2158 T 0 4 0,0.653 T 0 4 0,03501,,' 0,0264 T04

0,0000 0,0002 T 0 4 0,0010 T 0 4 0,0010 T p ' 0,0000
0,798 To 0,682 To 0,504 To 0,429 To 0,403 To

cas du soleil, encore assez elevees pour une bonne
utilisation de l'energie thermique absorbee, un
rapport longueur-corde de l'ordre de 15 a 20 suffit
deja a reduire les pertes d'energie par rayonnement
a des valeurs de l'ordre de 3 p. 100 des pertes qui
auraient ete subies sans la protection.

La capacite de la structure cellulaire decrite
d'absorber toute I'energie a I'arrivee n'existe que
dans le cas limite de rayons paralleles, c'est-a-dire
d'une source infiniment lointaine. L'energie rayon
nante solaire est, au contraire, contenue dans un·
angle solide qui est negligeable seulement au cas
ou le rapport entre la hauteur h des prismes et la
corde la plus longue de la base est assez petit, par
exemple inferieur a 25, en d'autres termes, tant
que la grandeur apparente du soleil est faible par
rapport a la grandeur apparente de l'ouverture
du prisme, pour un observateur se trouvant sur la
base du prisme meme.

. Dans ce cas, qui est celui de l'exemple numerique
ci-dessous et de toutes les experiences effectuees

jusqu'ici, . l'equilibre energetique ,·~ource-collecteur

peut etre etabli simplement en le,ant compte de
l'energie a I'arrivee, de I'energie r-i-irradiee e~ de
celle absorbee et transformee en ElL 'gie thermique.
Dans les autres cas, il faudrait ar.v-i tenir compte
deI'energie a l'arrivee absorbee par .cs parois e~ de
la diminution de l' energie atteigna role fond qUI en
resulterait, ainsi que de la distrib .tion differente
de la temperature sur les parois. Tcdefois, en pre
miere approximation les deux choses tendent a se
compenser.

Exemple numerique

Dans la plupart des experiences fait~s jusqu:a
present par l'auteur, la structure cellulalre en nid
d'abeille a ete constituee par des cylindres. des
prismes hexagonaux ou d'autres prismes avec u~
rapport longueurjcorde la plus longue allant. de ~
a 18. Dans l'exemple numerique de solutIOn ~
l'equation (10), nous avons pose m = 1 = 1\1e
h = 250, pour nous rapprocher autant que paSS!

200-t50'10050
O'i"r.,.----.----~,.----_,__.:.-----,_..-----'l--rr

o '10
Figure 8



T

Un nouveau collecteur de I'energfe rayonnante solaire 8/71 Francia 561 .

O.5~

o
o .f0

I
50

j

-tOO

Figure 9

j

-t50
I

zee
11· Y

240 250

des donnees du dernier appareil construit, dont la
structure cellulaire est en tubes de verre mince
d'un diametre approximatif de 14,5 mm et de 250 mm
de longueur. Pour phis de commodite, nous suppo
serons une temperature exterieure nulle (en degres
absolus).

Vu que T4 (y) = a + by dans (10), et une fois les
calculj, avec les valeurs numeriques effectues, on
obhent une relation entre a, b,yet naturellement To'
En donnant ay tour a tour la valeur 0 et la valeur
250, on trouve le systeme d'equations qui nous donne
les valeurs de a et b. On obtient :

{
a = 0,9722 Tt

(13)
b = - 0,003783 Tt

I
En premiere approxim~tion, nous trouvons ainsi

a solution

T (y) = To \10,9722- 0,003783 Y (14)

d En rempla<;ant ces valeurs dans le second membre
i e ,(10), et en le resolvant pour les valeurs de y
dndlqUeeS dans le tableau 1, nous trouvons un groupe
e v?-leurs de la fonction inconnue en seconde ap

proxImation.

Vu que les valeurs qui nous interessent reellement
sent celles des quatriemes puissances des tempe-
ratu,res, le tableau 1 indique : "
I a) Sur la premiere ligne, les valeurs de y pour
esquelles le calcul a Me effectue ;
, b) Sur la seconde ligne "les valeurs de a + by,

e est' di , ,ti -a- Ire de la solution en premiere approxlma
Ion;

c) Sur la troisieme ligne, les valeurs de T ·calculees
en seconde approximation;

t) Sur la quatrieme ligne, les differences entre les
va eurs en premiere approximation et celles en
seeonde approximation.

Les differences entre la premiere et la seconde
approximation des resultats sont mmrmes, et
confirment la validite de la procedure.

La figure 8 represente le graphique des T4 (y) :
il ne semble pas differer d'un segment de ligne
droite. Il est interessant de noter que la quatrieme
puissance de la temperature a une discontinuite
entre le fond 1 et le debut des parois laterales 8
du prisme. La temperature decroit le long des
parois laterales de facon presque lineaire jusqu'au
bord extreme du prisme. Entre la quatrieme puissance
de sa temperature et la quatrierne puissance de la
temperature exterieure, que nous avons supposee
nulle, il y a encore une discontinuite egale a celle

,/

,/

-:
,/

,/

./

Figure 10
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deja relevee. Toute la courbe, y compris les disconti
nuites, est _symetrique par rapport a son point
central.

La figure 9 represente le graphique des tempe
ratures T (y). Qualitativement, l'experience confirme
assez- bien la courbe theorique : il faut tenir sompte .
du fait que, la variation de la temperature n'etant
pas Iineaire, la conduction le long de la paroi du
tube et la convection due' aux mouvements assez
limites de I'air a l'interieur du tube alterent la courbe
theorique.

Verifications experlmentales. Realisation d'un
collecteur a caractertstiques elevees pour
moteur solaire

A ppareil nO 1

Dans les premiers mois de 1960, un premier appareil
fut construit, dans le seul but de verifier la theorie.
Dans cet appareil, le collecteur en nid d'abeille etait
realise au moyen de prismes hexagonaux d'a peu
pres 8 mm de diametre, et de 160 mm de longueur,
les parois desquels etaient en papier de 0,03 mm
d'epaisseur environ, carbonise avec une extreme
lenteur dans une atmosphere depourvue d'oxygene,
On obtint ainsi une structure tres fragile mais
extremement legere et repondant aux caracteris-

o0-t--r- .-- --r__--l_t
30'

Figure 11

»:
/

-:
/

/
/

Figure 12

tiques geometriques. optiques et thc.rniques req~ses,
L'entiere structure avait la forn.: d'un cylmdre
de 20 cm de diametre environ.

Derriere cette structure en nid d'abeille etait
place un corps noir classique, egaIc-.'nent en ceIIulo~e
carbonisee ; la meme cellulose ctil'bonisee servalt
d'isolant thermique posterieur, d'tine epaisseur,?1
15 cm approximativement. L'emploi de matefle

d'un maniement si difficile etait impose par la neees;
site d'avoir une masse thermique extrememeo

basse, afin d'obtenir un instrument sensible a~
faibles quantites d'energie en jeu, de l'ordre e
quelques cal/sec. ,

Un therrnometre de quartz a ['arriere perme,ttaJ
;

de mesurer les temperatures (figure 10);. un VI~e~t
pour le controle de la direction et un trepled aplV 0

universel completaient l'equipement. .A:ucun, m~Y:o
de recueillir l'energie thermique n'etalt. pr~vu~use
effet, elle aurait ete perdue par conductlO~ a c. 05
de l'isolement insuffisant du aux petites dlmenslO
de l'appareiL . 1

Le but de ces experiences etait de mesurerlecl
temperature d'equilibre ; en se basant sur u~ c~·ou
approximatif de l'energie perdue par c~n UC1{e_el
on aurait pu deduire la validite de la th6o~le. Ce des
a ete confirmee.vcar en plusieurs expef1ence~ ete
temperatures de I'ordre . de 230-240 °C onhi ues
atteintes. La figure 11 rapporte un des graPte~Ps,
de la temperature du collecteur par rapport au

Appareil nO 2 ,
d •col1ee-

Un second appareil, avec le merne type e haIeu!
teur, en plus grand et muni d'echangeu.r deb~orbee,
pour une mesure directe vde l'ene~gle at favo
fut construit apres constatation des resuIta s
rables obtenus par le premier. !ps

12) le eo. Dans ce second appareil (voir figure '. ative'
noir absolu etait encore forme par approx1I1l cl'uu
ment 10 000 prismes presque hexagonaux, ur de'
diametre moyen de 8 mm et d'une longue
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120 mm, qui Iormaient dans l'ensemble un cylindre
de 80 cm de rliametre. La plaque d'absorption etait
un disque d,:' cuivre de 0,1 mm d'epaisseur, noir
sur sa face an ierieure: sur son cOte posterieur etait
soudee une spirale de tube en cuivre d'une longueur
totale de 26 m. Une ouverture calibree a I'entree
du tube pour I'eau, et une autre a la sortie pour la
vapeur, permettaient de connaitre la portee en fonc
tion des sauts de pression. De la temperature, qui
pouvait facilcment etre mesuree, decoulait la quantite
de chaleur fournie,

Les experiences furent effectuees en partie a
Sestrere, localite alpestre a 2 018 metres d'altitude,
et en partie a Genes. En conditions de regime,
l'appareil foi.rnissait un maximum de 0,1 gr par
seco~de de vvpeur surchauffee a 230 QC approxi
mativement ('; a2 atmospheres a peu pres a la sortie;
mais, en conditions particulieres, on a obtenu jusqu'a
320. oC, avec 0,085 gr de vapeur par seconde. Cela
equivant approximativement a 70 cal/sec ,dans le,
premier cas, et a 63 caljsec dans le second cas. Vu
que les experiences etaient faites dans d'excellentes
co~dit~ons, il y a lieu de pens er qu'au mains 125 cal/sec
arnvarenr sur la plaque; le rendement, total de
l'appareil depassait done de peu les 50 p. 100, ce
qUI est assez bas etant donne les previsions theo
r.rques: Toutefois, cela s'explique soit par le paralle
hsme Insuffisant des prismes du collecteur accentue
par ,u!1 petit incendie au cours d'une des premieres
expenences, soit par l'insuffisance de l'isolement
thermique de la plaque. •

Il pent etre interessant de noter qu'en ajoutant
~?e J?laque en verre devant le collecteur en nid

a.bellle, le rendement diminuait de 7 a 8 p. 100.
PUI.Sgu'une plaque en verre diminue de presque
mOIM l'energie perdue par re-irradiation, mais cause
r~e perte de 10 p. 100 de l'energie a l'entree, la
alblevaleur de l'energie re-irradiee semble confirmee,

1 .Nous avons deja ditque le corps noir absolu a
dUI s~ul ne. s'adapte pas a une utilisation i~dustrie~lef 1energle.. C est pourquoi les appareils decrits
,~us haut doivent etre consideres sous le seul point

e Vue scientifique.
Nous avons aussi mentionne l'avantage d'une

concentration moderee de l'energie. Celle-ci permet,
~n effet, de remplacer une grande partie de la surface
du collecteur (dont le cofrt, y compris l'echangeur
ae cha.leur et l'isolant, ne peut pas etre inferieur

certarnes limites) par des miroirs en feuilles minces

te~ aluminium que I'industrie produit a des prix
res bas. '

Cela demande des materiaux noirs pour les lon
~ueurs ,d'o,nde de l'energie re-irradiee et transparents
n~ reflec~Issants pour I'energie en arrivee. L'aute~r

connalt pas de materiaux suffisamment selectlfs
~our ce qui conceme la reflexion mais tout le monde
rinnait les proprietes selective; de plusieurs mate-
~x en ce qui concerne la transparence.

5' e nombreuses experiences ant e16 faites pour
oa~surer que, ces materiaux soient non seulementl ~es, mais «. noirs » pour les grandes longueurs

On e a tous les angles d'incidence. A cet effet,

l'energie rayonnante a grande longueur d'onde etait
introduite dans des tubes en materiaux a tester,
en verre en particulier. On comparait ensuite
I'energie a la sortie avec celle qui, dans les memes
conditions, sort de tubes a parois egalement opaques
mais pas noires puisqu'elles refletent ou diffusent,
Apres le resultat positif de ces experiences, qu'il
est inutile de decrire ici, le collecteur nO 3 et le
grand collecteur pour moteur solaire nO 4 ant ete
construits.

Appareilno 3

Il a ete construit dans le seul but, de fournir une
confirmation qualitative des proprietes d'un collec
teur en nid d'abeille en materiel transparent pour
l'energie en arrivee, noir pour l'energie re-irradiee.
Le collecteur est forme d'environ 150 tubes en verre
de 14 a 15 mm de diametre, de 250 mm de longueur
et de 0,2 a 0,3 mm d'epaisseur, disposes de facon
a former un cylindre (figure 13) aparois en aluminium
reflechissant, de 200 mm de diametre et de 250 mm
de longueur. Un corps noir classique, forme par une
mince feuille de cuivre noirci a la resine de silicone,
complete le collecteur; derriere cette plaque est
place un thermometre en quartz.

Devant le collecteur, un tronc de cone en alumi
nium speculaire concentre les rayons lumineux en
arrivee sur la bouche d'entree, dans le rapport
theorique d'environ 6 : 1. Le tout est isole avec de
la laine de verre et renferme dans un cylindre.
Puisque la plus grande partie des rayons lumineux

-~
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Figure 13
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subit plus d'une reflexion sur l'aluminium avant
d'etre absorbee, la concentration effective de la
lumiere sur la surface noire est inferieure a 6 : 1,
mais encore suffisante pour nous. Le viseur et
un robuste trepied non indique dans la figure
completent l'appareil.

Dans la figure 14 est indiquee une des courbes de
la temperature par rapport au temps d'exposition.

Figure 15

La temperature finale de 488°C peut Stre consideree

satisfaisante si l'on tient compte, comme pour
l'appareil nO 1, des pertes par conduction,dans ~
appareil aussi petit, La temperature maxlmale't:
la plaque a Me de 520°C, avec un thermome r
place autrement qu'indique dans la figure,

La figure 15 est une photographie du col1ec~u:~
a la fin d'une experience, prise avec une ouv~ 1'~ .
d'objectif de 1 : 2 et une duree de 2 seconde;" P

'I " /. 1 1 "e exteneure.parei etait protege contre a umier , la
On peut voir la clarte de la zone centrale due a
couleur rouge naissant du centre de la plaque,

Appareil nO 4 .
struetlOn

En octobre 1960, on commence la ,c?~ mrne
d'un collecteur qui pouvait etre utilIse cOlaire;
source d'energie thermique pour un moteur so1961.
il a eM terrnine et monte vers la fin de mars t urs

. , ·'1 e d s collec eEtant donne les rendements e ev sed' dapter
decrits, il a ete considere plus a propo,s ~es deS
les rendements du collecteur aux eXlgenles tur
machines thermiques modernes, te~les que ntraire.
bines a vapeur, plutot que de faire le eo d'tions

Sur la base de cette consideration, les con 1

de regime suivantes ont ete etablies : ~ l'eUre
~ ti supt:ra) Pression de la vapeur a la sor le

a 100 atmospheres; , '450°C.
b) Temperature de la vapeur a la sortie" lisabli
On a etudie un systeme facilement dre~Ollcen'

sur une echelle industrielle et permett~n\" eergie er
trer economiquement de 10 a 15 fOlS ~n coJ1ll1)(
arrivee sur des collecteurs fixes. Toutefol\ 1 et 3
nous l'avons deja remarque pour les apparel
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Figure 16
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parcourt toute la plaque dans u conduit d'a peu
pres 46 m, se vaporise dans la vartie centrale et
sort du centre de la plaque par une <oupape comman
dee de l'exterieur.

Comme la capacite de l'eau de !(::lrer de la chaleur
est tres grande, comme celle du m.Jange eau-vapeur
est moins grande, comme celle ..i,' la vapeur sur
chauffee est minime, et corn me le c.utre de la plaque,
a cause de la configuration des l.ryons en arrivee,
recoit la densite maximale c!'(nergie, il fallait
rapprocher le plus possible les spirales dans la zone
centrale et les ecarter dans la /~(,ne peripherique.
Cela a ete fait en tirant les vingt-six metres de spirale
de la plaque interieure, au moyei. cl'un tour, direc
tement d'une plaque en acier ep"!<~ie de 20 mm, et
en formant ensuite la canelure ansi obtenue avec
un listel soude electriquement sur ~oute la longu~ur;

Dans la partie peripherique, le eo .luit est constitue
d'environ 20 metres de tube en .icier inox soude
a une plaque mince.

Ftgure 17

certaines difficultes, comme celle d'assurer un bon
isolement thermique, augmentent grandement avec
la diminution des dimensions; on a done prefere
obtenir la concentration etablie par le systeme
classique des surfaces coaxiales en tronc de cone
et en aluminium speculaire. .

L'appareil nv 4 est forme de trois troncs de cone
coaxiaux qui, partant d'un diametre de 3,20 m,
concentrent l'energie rayonnante sur un colIecteur
en nid d'abeille de 0,80 m de diametre avec une
concentration theorique de 16 : 1 (figures 16, 17, 18).

Le colIecteur en nid d'abeille, du type a trans
parence selective, se compose de pres de 2 000 tubes
en verre de 14 a 15 mm de diametre, de 250 mm de .
longueur et de 0,2 a 0,3 mm d'epaisseur poses sur
la plaque, qui fonctionne en meme temps conime
recepteur et echangeur de chaleur. Comme dans
1'appareil nO 3, les tubes en verre sont enfermes
dans un cylindre a parois reflechissantes.

Pour eviter des' pertes dans l'absorption de
l'energie .rayonnante, la face de la plaque. de verre
tournee vers le soleil est entierement sillonnee
d'une incision en spirale semblable a- celles des
disques de gramophone, qui oblige les rayons de

I l'energie ineidente a un nombre de reflexions suffi
sant pour en assurer l'absorption presque totale.

Comme il· faut prevoir entre le centre et la peri
pherie des differences de temperature qui peuvent
etre au moins de 400°C, et comme il faut eviter
que les differentes dilatations ne deforrnent la plaque,
celIe-ci a ete divisee en deux parties concentriques,
reunies par un anneau elastique soude electriquement
aux deux parties.

La partie exterieure est une couronne circulaire
de 46,5 cm et de 79,5 cm de diametre ; la partie
interieure est un disque de 46 cm de diametre.
L'eau arrive aun point de la circonference exterieure, . Fi~ure 18
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L'isolemerit posterieur de la plaque est assure par
it peu pres 4:) cm de laine de verre. Les parois late
rales du cylindre contenant la structure en nid
d'abeille SOl; t aussi protegees par une epaisseur
minimale d~ 22 cm du meme isolant. ,

.L'appareil est soutenu par un robuste support
qui lui permet de tourner horizontalement et verti
calement, de: facon a prendre n'importe quelle
position. Le tout est monte sur une camionnette,
pour faciliter le transport. A cet effet, le cone majeur
peut facilement etre dernonte en douze pieces.

La temperature du cOte posterieur de la' plaque
est mesuree en divers points (peripherie, anneau
moyen, et :"c;ntre) par trois thermocouples relies
it un milliv.-ltmetre a trois lectures et calibre en
degres,

Un quatrerne thermocouple,' place sur le tube
de sortie de lei. vapeur, peut etre relie au millivolt
metre, au lieu de l'un des precedents. On prevoit
l'emploid'un thermometre de quartz, pour le controle.

Quatre manometres, deux pour les pressions
elevees et d::,lX pour les pressions basses, mesurent
la pression de l'eau a l'entree et de la vapeur a la
sortie derriere la soupape de reglage placee au centre
de la plaque. L'eau comprimee est contenue dans le
meme tube de support qui sert de reservoir a haute
pression; une couche d'air assure l'elasticite neces
saire et la continuite de debit.

Les faibles portees d'eau de 1 a 2 cm 3jsec, et les
hautes pressions prevues (l'appareil a ete experiment~
P?ur 350 atmospheres) rendent difficile I'ernploi
d appareils pour mesurer la portee.

Le probleme a Me provisoirement resolu en appli
quant a la decharge un ajutage du type Laval,
c'est-a-dire, pour plus de clarte, semblable a ceux
employes pour les fusees, Des formules connues et

Figure 19

Figure 20

tres exactes permettent de deduire la portee de
ces ajutages par rapport a la pression et a la tem
perature a l'amont. Une petite serie de tels ajutages
a Me construite. Un nomogramme a deux entrees
permet de deduire immediatement la portee des

. mesures indiquees par les autres instruments.
Les experiences effectuees jusqu'ici avec cet appa

reil confirment tres bien les resultats prevus par la
theorie. En particulier, des portees de 5,5 kgjh
de vapeur surchauffee a 450 QC ont Me depassees,
et nous pouvons raisonnablement esperer atteindre,
en conditions de regime, 7 kgjh de vapeur a 450 QC et
100 a 150 atmospheres.

Nous avons plusieurs fois parle de temperatures
d'absorption proches de celles de la source; il devrait
surement etre possible, dans le cas du soleil, d'at
teindre des temperatures de quelques milliers de
degres avec un corps noir absolu du type decrit,
et sans concentration de rayons. Un tel resultat
ne peut etre o?tenu qu~ p~r une,tech~ique ~~es
raffinee ; il serait toutefois dune tres faible utilite
pratique a cause de la faible densite .de I'energie
solaire; il suffit de mentionner les difficultes de
l'isolement d'une grande surface et l'inevitable
inertie thermique de cette derniere.

Mais si nous retournons a la premiere schematisa
tion du corps noir absolu representee par la
figure 2, nous voyons que le parallelisme des rayons

. en arrivee n'est .pas une condition necessaire a la
realisation d'un corps noir absolu, vu que pour cela
il suffit que la surface absorbant les rayons soit
protegee de facon a limiter l'angle solide de l'energie
en arrivee. Cela signifie que, meme dans le cas
d'energie concentree par des lentilles ou des miroirs,
le collecteur pourra etre protege par des surfaces
limitant l'angle solide de l'energie re-irradiee par
le collecteur merne.

Dans le cas de lentilles ou de miroirs paraboliques,
l'avantage d'une telle protection est assez limite,
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etant donne qu'en general1'angle solide de l'energie
en arrivee est deja tres grand: des concentrations
de l'energie jusqu'a 10000 fois et plus sont normales
dans ces cas. Mais d'autres moyens plus economiques
permettent d'obtenir des concentrations de l'energie
allant a quelques centaines de fois. De telles concen
trations suffisent pour la densite de l'energie, mais
non pour atteindre des temperatures elevees sans
protections appropriees. .

Examinons, en effet, un miroir en forme de tronc
de cone d'une semi-ouverture de 45°, et un collecteur
d'energie cylindrique dispose sur son axe (figure 19).
De l'energie concentree, mais avec un angle solide
insuffisant pour atteindre des temperatures elevees,
arrive sur le collecteur. Des surfaces noires en forme
de cercles egaux a la base mineure du cone et paral
leles a celle-ci, ainsi que des surfaces trapezoidales
sur des plans passant par 1'axe du cone (voir figure 20),
formeront un limitateur de l'angle de re-emission
possedant les proprietes deja decrites.

Au point de vue de la realisation, il peut etre
important de remarquer que les surfaces du limitateur
ne doivent pas necessairement-etre continues. Elles
peuvent, par exemple, etre formees par des fils de

tungstene de 10 a 50 microns de diametrs, tendus
sur des chassis, eloignes des zones chaudes pour les
plans passant par l'axe, et tenu.. par d'autres fils
de tungstene en forme de toile d' araignee pour les
plans perpendiculaires a l'axe. UT! tres faible courant
de gaz inerte peut etre suffisant pour proteger la
structure.

Une derniere application des str uctures cellulaires
decrites merite d'etre brievement mentionnee, Dans
un certain sens, ces structures pcuvent etre consi
derees comme des corps froids par rapport al'energie
rayonnante : elles sont par consequent utilisables
comme isolants thermiques pow' les temperatures
tres elevees, tout en permettanr la vision directe,
d'une certaine direction, du corps isole, En outre, SI

elles sont, par exemple, en fils (:2 tungstene, ~lles
peuvent etre caracterisees par me masse thermiqie
extremement basse.

Appendice

Au cours des experiences, on a r.connu la necessite
de munir 1'appareil nO 4, qui a deja (ce decrit, d'autres
moyens de mesure.

- lJe/,it tlt'!~ V';I'PVI" A'p/h
--------- . Prpsslon dp I.; v';l'pvr ~' I" soro...
-- Teml'er"tvrp dp I" v"l'eor iJ'liJ sortlp .
-._. _.-'- kml'eriJforp peril'hlri9oe de liJ jJliJfVP .
_ ••_ ••- ••_ •• TeIIl,o.l(<lcur" de /.; ("Cl' I'Dsfer/~u", qV centr» tie Is pl"9ur
_ ... -"'-'''- TemjJeNtvrp d. la f"cl' "nfer/pore iJU centrl' dt' I.. jJ/a'lvl'
............................................". Hors tie /ee;'p//p tit' /a t hermoeovple

I~ E 0
I

~ -..:. 'V<:::t:

8 ~60 800·

I Vr-..... r-,
7 140 700·

~ V f'.,
,~

"
6 ~20 600· ~

V
r-.

~ 1>-'..( ~'"-( _ool '. ~.

/
~

.,/ ""r--<./\J;:,
5 WO 500·

I
~. .,/

~
P ~...p-..-" 1'"

./
~.,

~~" I p........).

if/
Y' ...."'I ••...< ..- "-i fy-....(

~..... -'""4- 80 400· / .' -
V

I""

{ /
/13 60 300· f !
//

:>

i /1 y' ''c1--I ~ ( >-,..( --<
200·

V-
I

.2 40 .A
/y'( 1>-. ~.(p-.. i ';>-. 1--<1)-" r-'( ~.(

)-.

b-)
6--"< 1"-'(

1--')! :i ~- --( \1,/ ~ ) -- "0('"
'1 20 ~OO· J-

!~ "I.
\t l,'""

iO'bo' (

j>--<

1\ I

1\ V1\
I'---

1\ 1/
1\. - )-'..- "r-.."".J

\ V.l -'~ \
1>-'" <, \ /p... \

I'~.~Y"'" .... )-'"
_., ~..

"\r-.. /
)o'"~-. ..... ........,,,,0 -' -~

"0, /1 ,..~..,.., "....".... """, ..". """""" ...
:'-, ........

<, ~/

;>-- ....,
" (/ '\ -,

b')-, -.(p-- - :>-- -r- v·D-.( !>-•.(:>-0. r-' )-. r-' t>--. J-.
_.

IJ-. p-' ~.

.-..1.....
-I----h 0'

iP
09'bo'

. Figure 21

~O'08~o'07~51



Un nouveau collecteur: de I'energfe rayonnante solaire 8/71 Francia 569

Deux autres thermocouples, relies a un nouveau
millivoltmetre regle en degres et pouvant mesurer
des temperatures atteignant 800 QC, ont ete mis en
contact avec la face anterieure de la plaque. On a
trouve une difference tres importante, par rapport
aux previsions, entre les temperatures de la face
anterieure de la plaque et celles de la face poste
rieure et de la vapeursortante, respectivement.
Cette difference atteint 100 QC dans debonnes
conditions de fonctionnement, mais peut merne
atteindre 2)-;0 QC quand la pression de la vapeur est
trap basse.

Pendant les premieres experiences, a cause de
l'impossibilite de connaitre la temperature sur la
face anteri-ure, des temperatures de beaucoup
superieures aux previsions ont ete atteintes, tempe
ratures qu'. Cl peut evaluer a 720-750 QC. Cela a
provoque h fusion des parties en aluminium et
verre en CO:', tact, ainsi que la destruction partielle
du vernis nc.r au silicone.. ,

Pour mesnrer avec plus de precision la production
horaire de vapeur, un petit echangeur de chaleur
a ete constrrrit , qui permet de condenser et recuperer
sous forme d'eau froide la vapeur sortante. Cet
ec~angeur est compose d'un serpentin de tube en
curvre, dans lequel circule 1'eau de refroidissement,
et qui contient a I'interieur un autre tube en cuivre,
plus petit; ce demier est relie d'un cote a 1'ajutage
~'ou sort la vapeur surchauffee, et de 1'autre cote
a un recipient gradue qui mesure 1'eau condensee,
Le tout est bien isole avec de la laine de verre.
. Par cette methode, les portees, theoriques des

aJutages ont ete controlees ; elIes concordaient

parfaitement. Un controle facile, et d'ailleurs superflu,
de la quantite de chaleur foumie a ete obtenu en
mesurant la quantite del'eau de refroidissement, et
sa temperature a la sortie.

Les resultats des experiences ainsi effectuees ont
ete nettement superieurs a ceux des experiences
precedentes. Cela s'explique facilement en remarquant
que, comme on a vu ensuite, les 5,5 kgjh de vapeur
avaient ete obtenus avec l'appareil endommage,

La figure 21 rapporte les nouveaux resultats.
On voit qu'une portee de 7 kgjh avec des tempe
ratures de la vapeur oscillant de 450 a 500 QC peut
etre atteinte et maintenue.

La difference de plus de 100 QC entre les tempe
ratures de la face anterieure de la plaque et de la
vapeur sortante, tout en representant une confir
mation ulterieure du bon rendement du colIecteur,
denonce un mauvais rendement de l'echangeur de
chaleur. Cela est dfi en grande partie a une distri
bution de I'energie rayonnante en arrivee sur la
plaque non adaptee a des pressions d'exercice
inferieures a 100 atm. L'elimination de ce defaut
augmentera le rendement total.

Le rendement total de 1'appareil dans les conditions
actuelles peut etre calcule en raison de 70 p. 100 a
75 p. 100 pour une temperature de la vapeur de
450 a 500 QC. '

Toujours a cause des avaries subies, il ri'a pas
encore ete possible de repeter les experiences aux
hautes pressions pour lesquelles 1'appareil a ete
concu, ElIes seront reprises apres nouvelle revision
de la plaque..

Resume

.Les principaux obstacles a 1'exploitation indus
i~lelle de l'energie solaire sont la faible densite et
llls~ffisante temperature a laquelIe les colIecteurs

classlques la recueillent. L'auteur entend exposer
un no~veau type de collecteur, peut-etre assez
eCOnomlque pour une production industrielIe, et
~apable de fonctionner avec des rendements eleves
a des temperatures de 400 a 500 QC. Les experiences
effectuees en 1960 avec trois differents modeles de
ce collecteur et les premiers resultats d'un collecteur
~aur moteur solaire a turbine, qui fournit 5 a 7 kg/h

e vapeur surchauffee a 450 QC et 150 atmospheres,
semblent confirmer la theorie.
d \~ comJ?araison entre la petitesse de 1'angle soli~e

e energle rayonnante qui nous arrive du soleil,
~esure a 0,0000678, par rapport a l'angle solide
l'~ns l~quel les corps noirs classiques re-emettent
b nergle (2 n), est une des facons d'expliquer leurs

asses temperatures d'absorption.
III Les lentilles et les miroirs paraboliques sont les
s fYens les plus communs pour agrandir 1'angle
l~ulde ~~s rayons incidents; mais leur cofit empeche

r utIhsation sur une echelle industrielIe. '

La solution proposee par 1'auteur est plus econo
mique, et peut etre schematisee comme suit.

Un tronc de cone ayant 1'axe en direction du
solei! et une ouverture egale a la grandeur apparente
de ce dernier est pose devant un corps noir classique;
il ne limite pas l'energie en arrivee,

Au contraire, s'il a des parois noires et calorifugees,
le tronc de cone limite l'energie re-irradiee ; le deve
loppement analytique demontre que, en conditions
limites, l'energie re-irradiee se reduit a celle contenue
dans le merne angle solide de l'energie en arrivee,

En d'autres termes, on peut affirmer que, a l'ex
treme, un tel limitateur de l'energie re-emise oblige
cette derniere a parcourir le merne tube de flux de
l'energie en arrivee. La source et le collecteur sont
ainsi relies, de telle facon que l'equilibre thermo
dynamique se fait a des, temperatures egales: pour
des temperatures du collecteur inferieures a celIe
de la source, le premier absorbe de l'energie avec
un rendement qui augmente tres rapidement avec
la chute de la temperature du collecteur.

Vu la petitesse de 1'angle solide de l'energie rayon
nante envoyee par le soleil, le colIecteur schernatise
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plus haut peut etre realise par un cylindre a parois
noires: quand un grand nombre de ces cylindres sont
reunis de facon a formerune structure en nid d'abeille,
la condition que les parois soient calorifugees n'est
plus necessaire, etant donne qu'on peut considerer
que deux cylindres contigus ont la merne distribution
de temperatures. Cette structure est denommee ici
corps noir absolu, pour sa qualite a la limite d'ab
sorber toute I'energie en arrivee, sans en re-emettre
dans une direction differente de celle de la source.

L' etude analytique de la distribution des tempe
ratures aux divers points des surfaces de la structure
en nid d'abeille demontre que celle-ci, avec une
tres bonne approximation, diminue en proportion
a la quatrieme racine de la distance entre le point
et la bouche.

Quantitativement, pour des tubes dont le rapport
longueur/diametre est de 15 a 20, la reduction de
l'energie re-irradiee est approximativement de 96 a
98 p. 100 de celle qui sortirait si la protection etait
absente.

Des temperatures de 400 a 500 QC sont actuelle
ment considerees assez bonnes pour convertir l'energie
thermique en energie mecanique, au moyen de
moteurs a vapeur. D'autre part, des temperatures
meme inferieures permettent d'accumuler de l'energie
thermique avec des systemes qui, sur une vaste
echelle, pourraient merne etre tres economiques.
Par exemple, un hectometre cube de terrain pauvre
en eau peut etre considere comme un accumulateur
completement gratuit, sauf pour les frais d'installa
tion de l'echangeur de chaleur al'interieur : le ca1cul
demontre qu'une telle masse thermique ne necessite
pas d'isolement autre que celui irepresente par la
terre meme ou par la roche a 1'entour.

Toutefois, en comparaison avec la temperature
du soleil, 400 a 500 QC sont des temperatures basses
au point de suggerer l'emploi de surfaces a trans
parence selective.

.Une structure en nid d'abeille composee de materiel
transparent par rapport a I'energie solaire et « noir »
par rapport a l'energie irradiee de 400 a 500 QC
aura, jusqu'a concurrence de ces temperatures, la
meme efficacite que celui que nous avons denomme
corps noir absolu, sans qu'elle doive necessairernent
etre pointee vers la source.

On peut en outre etudier des schemas facilement
et economiquement realisables (pas sur une petite
echelle) pour concentrer de 10 a 15 fois sur un tel
collecteur suppose fixeI'energie rayonnante solaire,
avec des miroirs composes de minces feuilles d'alu
minium. Avec ce systeme, 9/10 a 14/15 de la
surface du collecteur, ainsi que I'echangeur de
chaleur et l'isolant qui le completent, sont remplaces
par des feuilles d'aluminium, avec un evident avan
tage economique. Les etudes conduites par 1'auteur,
meme si elles ne sont pas encore pretes a etre publiees,
laissent prevoir le moment on I'energie solaire
pourra concurrencer l'energie actuellement obtenue
d'autres sources.

Une breve description des verifications experi
mentales deja obtenues permettra de se rendre

compte des developpements in.lustriels possibles
de ce qui a ete expose.

Un des appareils consistait cri une structure de
pres de, 10 000 prismes adjacent- presque hexago
naux, de 8 mm de diametre et de i 20 mm de hauteur
et construite avec des feuilles de cellulose carbonise
par un precede special; elle fu i posee devant une
mince plaque de cuivre noirci, purtant sur le cOte
posterieur a peu pres 26 m de tube en spirale, et
elle etait protegee par du matcriel isolant. Ce coIlec
teur-echangeur de chaleur, d'unr surface totale de
0,50 m2, pointe vers le soleil, a fou ['11i en conditions de
regime pres de 0,1 gr/sec de \:<.peur surchauffee
a 230°C et 2 atmospheres, avec UJ'(~ pointe inaximale
de 0,085 gr/sec a 320 QC. Cela t':q;,;ivaut a un rende
ment a peine superieur a 50 p. 1(:,', et par consequent
nettement inferieur au rendemcn: theorique. Cela
s'explique par certaines imperfections dans l'execu
tion d'une structure aussi cornv't-xe.

Vn autre appareil consistait r un ensemble ~'a
peu pres 150 tubes en verre de 1; a 15 mm de dia
metre, de 250 mm de longueur, ,;~e 0,2 a 0,3 m~
d'epaisseur, protege par un cy1ili(ire a surface sp~
culaire et place devant une plaque noire et calon
fugee. Ce fut le premier echantillon -de structure
en nid d'abeille en une matiero it transparence
selective. Aucun echangeur de chalcur ne fut pref'
et la chaleur partit par conduction it travers'tes

parois insuffisamment isolees a cause des petrles
dimensions. Devant le collecteur, un cone en a~'
minium concentrait theoriquement a pe~ Tr~
6 fois l'energie en arrivee. La plaque attelgn

h
1 t

.( , 't' P 00-temperature limite de 520 QC; on reUSSI a I
graphier la couleur rouge naissant de la zone centra

e;

Les rendements favorables de ces colleeteurs oUx
permis d'adapter les services du collecteur a~u
exigences des moteurs therrniques it vapeur, eil

' lieu du contraire. On a ainsi construit un af?~ee
capable de fournir 5 a 7 kgfh de vapeur sure, a de
de 4?0 a 500 QC avec 100 a 150 atmo~ph~~~eille
pression, Il se compose d'un collecteur en nid d t en
du type a transparence selective et cons1S eune

. 's surenviron 2000 petits tubes en verre, pose t talite
plaque en vernis noir qui absorbe la presq?e 0 res
de l'energie incidente. Sur ~e ~ollect~ur d'a pe~Jrni'
0,50 m2 de surface, des rmroirs COll1quesend ns le
nium concentrent de l'energie rayonna~te a orte
rapport geometrique de 16 a 1. L'appared, suPPuvre
par un robuste trepied, muni des leviers ~e ma;faeile'
necessaires, est rnonte sur un petit camlOn e arties
ment deplacable, apres le Mmontage "de~rJrnent5
les plus encombrantes. Vncadre d lUS etc.1'tres '(thermometres a thermocouple, manome '
permet la lecture directe des resultats, ortee

Au cours des premieres experiences, u~C Pa Me
de 5,5 kg/h de vapeur surchauffee a 450t esperer
obte,nue. Nous pouvons raisonnablemen vapetIf
atteindre, en conditions de regime, 7 kg/h de phere5'
surchauffee a 450 QC et de 100 a 150 atmOS peul

L . bso1u
,a structure cellulaire du co.rps noir a exernple,

avoir de nombreuses applications : par erature5
ce memoire decrit un four solaire pour temp
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de l'ordre d'~ 3000 °C, forme par un miroir en tronc
de cone qt!: concentre l'energie sur un cylindre pose
sur son 3Jc et protege par une structure cellulaire
formee, non par une surface continue, mais par des
fils de tuncstene de 10 a 50 microns de diametre,
tendus sur ;,i,~s chassis et eloignes des parties chaudes.

Par ailleurs, la structure cellulaire qui a la pro
priete d'etre froide et, dans une certaine direction,
transparente, peut etre mise a profit, dans des
conditions particulieres, pour des isolants thermiques
de masse thermique negligeable a des temperatures
tres elevees, -
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coming energy cannot exceed a k:f space, the limit
beyond which the concentration of the, en,er&y
becomes impossible is not so ol-vious. This lI~lt,
required by the second law of :hermo~ynamIcsl
is connected with very general ;:>ropertIes ~f all
radiant energy, which there is no .eason to dISCUSS
here. We may say only that, from '.;lC study of these
properties, the author has deducrd the theory and
the resulting applications which v.ill be set forth
in this paper.

The solid angle of the incominr: energy may b1
easily increased up to a factor of several thousa?h
by means of mirrors or lenses. In accordan~e WIt t
the above exposition, this permits the attalllme~
of temperatures rather close to that of the s~h
This method which is very useful when very hig
temperatures' with only a modest quantity of e~ertY
are required, is nevertheless too costly, use Y
itself, for the industrial utilization of solar energy,

The method of limiting the reradiated r~~
seems much more economic, whether by exp0 the
the "hot-house effect", that is, by proteetlllg or
collector with selectively transparent. surfac~Jbor
employing the selective collectors studied by a
and his school, or by a combination of the two,

. . t a systeJ1l
The purpose of this paper IS to presen b'lity

of limiting the reradiated energy combining,th~ a Ivith
to produce high temperatures, if d~sIre 't;odS
suitability for manufacture by industrIa.1 meener~
perhaps so economic as to make solar radI~ntd froJ1l
competitive with the energy currently derIve
other sources. , al

ntlO11
In figure I, let I be the surface of a conve t 2 be

collector, for instance a black body, and le, g 1.
the mean direction of the solar rays ent~F;riUJ1l
We have already stated that, under eq~II 1Iluch
conditions, the collector temperature Tn IS the
lower than the temperature T s of the sunblack
solid angle of the energy reradiated by thetainillg
body being far greater than the solid angle con
the energy on its arrival. oJid

But this situation is radically modifi~d if th1t~out
angle of the outgoing energy is limIt~d, w ergY'
changing the solid angle of the incorrung ~~ained
We shall demonstrate that this result may b~a collec
by placing appropriate screens in front of t e ticallY
tor 1. In figure 2, these screens are shown scherablack,
as the frustum of cone 3, with perfect Y

572
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insulated walls, having the conventional black body 1
as its minor base, having its axis directed towards
the sun, and having a vertex angle equal to the
apparent diameter of the sun.

Before our exposition of the analytic development,
which, although it presents no particular difficulty,
is still a little complex, we may reach an understand
ing of the phenomenon by qualitative reasoning.
Unless explicitly otherwise stated, all the arguments
that follow will omit from consideration all the selec
tive properties of the absorbing, emitting, reflecting
or transparent surfaces.

Let us examine (figure 3) the various rays leaving
the point P of the black body surface 1. They may be
divided into three types:

1) Rays which, on leaving P, arrive directly at
the sun without touching the walls of the frustum;
they are contained within the inner hatched cone 4
of figure 3. Without the aid of selective properties,
the outgoing energy accompanying these rays cannot
be limited without at the same time limiting the
incoming energy.

2) Rays, which, on leaving P, leave the frustum
of the cone without touching the walls, arid do not
meet the sun; they are contained within the zone 5,
cross-hatched in figure 3 and bounded by two
cones leaving the same vertex P. The outgoing
energy accompanying these rays may be diminished
by lengthening the frustum 3 of the cone until
the limit is entirely elimiriated.

3) Rays which, on leaving P, meet the wall of
the cone. Let 6 be one of these rays, and A the point
of contact. Since the cone wall has been assumed
to be black, that is, perfectly absorbing, all the energy
of the ray 6 is absorbed by the point A, and, under
equilibrium conditions, it will be reradiated in de
graded state (since, as we shall show, thetemperature
of A is always lower than that of P) in all directions,
obeying the well-known cosine rule. Let us trace
the path of the rays reradiated by A.

(a) One part returns to 1, thus limiting the energy
loss.

(b) One part leaves the frustum of the cone,
and must thus be considered lost.

(c) One part meets the walls of the frustum again;
it is absorbed, and then reradiated as described
above.

This qualitative examination demonstrates the
limitation imposed by the frustum 3 on the energy
reradiated by the surface 1. The analytic development
to be given below will give us the quantitative mea
sure of this limitation. We shall see, still later,
in the numerical example that will be based on the
data of the collector of the solar motor constructed
by the author, .that the limitation of the energy loss
can by itself easily permit attainment of temperatures
close to that of the sun, or, for temperatures that
are lower, but still elevated and sufficient for indus
trial utilization, of efficiencies exceeding 95 per cent.

Three more observations are still necessary to
permit us to understand all the implications that

the foregoing exposition, and the analytic develop
ment to follow, have for the indu..trial and economi
cally competitive utilization of ~:niar energy.

First observation. Because of the smallness of
the apparent diameter of the S l' n, the frustum 3
of figures 2 and 3 may be replaced by a cylinder,
or even, for practical reasons, hy a hexagonal or
square prism, or one of any other section. When
assembling a large number of these prisms (figure 4),
their walls need not necessarily r'i; insulated, since,
by hypothesis, two adjacent tn'jsms have. equal
temperature distributions, and, .-wing to this fact,
there will be no heat transfer acr:..'SS the walls. The
assembly formed by a large number of these pris:ns,
arranged, for instance, as in figm·' .1, like.a beehl~e,
having thin black walls, and ::,ch pnsm being
very long by comparison with ':ie longest chord
of its section, might be termed .:.1 absolute black
body, from its ability, at the L"...t, to absorb all
the radiant energy arriving fror: a distant. source
without reradiating energy in a. .iirection different
from that of the source itself.

Taking everything in account, ;~:e a~so~ute.black
body may be considered as a :~~3.tenahzatlOn of
the tubes of incoming energy flux; as we shall show,
it is also possible to order and g'lide the outgomg
energy by forcing it, at the limit, to traverse the same
tubes of energy flux as on arrival.

This explains how such a collector, directed tow;.rd~
a source, even a very distant one, c~~ b~ su ~~h
to conditions of thermodynamic eqUIhbnum
the source, at the temperature of the source.

. hi h we haveSecond observation, The collector w IC. I1 the
termed absolute black body, and on WhICh a are
applications subsequently to be presented hefI~etor
based, is difficult to utilize as a solar .energy ~o hich
on an industrial scale, in the schematic form III ~ the
we have described it, primarily on ac~ounte°must
low density of the solar energy. WhI~e W es to
postpone the descript.ion of the speclfi~ u: that,
the second part of this paper, we note erfficient,
if temperatures ofabout 400 to 500°C are s~ made
the walls of the beehive black body may ~ciselY,
of selectively transparent material, or, more pr parent
black for the long-wave radiation and. translastiCS,
for the solar radiation, such as glass, mice. Pf such
etc. A reradiated-energy limiter made 0 try as
materials, while having the saIJ:.le ~~mefr01l1 it
an absolute black body, would still di e: tics:
substantially in the following two charaetenseratures,

(a) It could not attain very elevated temI: t thelll,
at which even if the materials could resIS longer, . I Id nothe transparency of such matena '3 wou haraeter-
be selective' and this is an unfavourable c
istic; , ointed

(b) It would not necessarily. have to bfd Pabso~b
in the direction of ~he. sun, since It cO~e. It WIll
the energy of rays incident at any ang mentulll
suffice to note that the compoJ?-ent of ;°clireetion
of the incoming photons, accordlllg to t ecl through
of the axes of the prisms, remains unchange
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the successive refractions or reflections caused by the
walls of th,-; prisms themselves.' -

This qu-iiity is extremely advantageous, for it
permits th: use of the collector without making it
follow the (notion of the sun, or its use with a moder
ate concentration of the solar rays. These two charac
teristics, which, with systems opportunely studied,
ca? be simultaneously exploited, are those which
might authorize the industrial utilization of these
collectors in competition with the other sources
of energy.

Third observation. The reradiated-energy limiter
can in some cases reduce to a system of planes parallel
to each other and to the direction of the incoming
rays. Such a partializer might be used when, for
example, the direction of the incoming rays is dis
placed while still remaining in a single plane.

Development of the calculations

Let S be a point source (figure 5) and 7 an element
of an absolute black body oriented towards that
S?urce. More exactly let 7 be a prism which, for
SImplicity, we assume to be of rectangular cross
sectIon, open at the extremity turned toward the
S?urceS, and closed by the black body 1 on the oppo
SIte end. The four walls 8, parallel to the direction 2
of the source, are black and insulated.

We have given, above, a qualitative description
of the manner in which the walls 8 operate as limiters-,I We note that this is not true if the black body is protected
Wlt~ plates of glass or other selectively transparent material,
as I~ done to obtain the hot-house effect, In this case, the two
parlhal reflections to which the light is subjected at the entrance
wa I and ' t I I '11 t b t10 eX1 ' wa I, respectively, of each pate, W1 cos a ou

per cent of the incident energy under the most favourable
cond't' ,. I 1 Ions of incidence, unless the surfaces are protected by spe-
~;~h,tr~atments, which have been, and still are, costl~. ~v~n
th ISIS done, the loss will still be at least 1 per cent, ThIS Ill:lltS
at ~enumb,er of possible protective layers, Since such protection,
tion ast.wlth the materials used up to now, ,takes place b,Y absorp-

• With consequent heating, n protective layers WIll reduce

the energy loss to _1_ and the number of layers required
for suffi . ~ + 1 . .,
v ' cient protectIon will be too high. The situation would be
iner: different if the protection were realized by selective reflection
b s ead of selective absorption. A protective surface formed
e: a material transparent for the wavelength of the incoming
wo~~ and reflecting for the wavelength of the outgoing energy

be a perfect solution of the problem.

of the energy reradiated from 1. To examine the
problem from the quantitative point of view, we shall
divide it into two parts:

(1) Under the assumption that the collector
temperature is known, that is, practically, that the

Figure 6
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operating temperature has been established, we shall
seek the temperature distribution on the walls 8;

(2) The temperature distribution on the walls
of the open prism 7 being known, we may calculate
the energy radiated from the front opposite l.

Let I and m be the sides of the rectangle y, base
of the prism, which we shall assume to coincide
with the surface 1, at constant collector temperature;
let h be the height; let x, y, z be three Cartesian co
ordinates drawn from a vertex of the base y, as indi
cated in figure 6 : x and z coincide with two edges
of the base y, while y is directed towards the source S.
The constant temperature of the base y being denoted
by To, and the four lateral faces of the open prism
being assumed to be black and insulated, let us
seek the temperature distribution on these' faces
under equilibrium conditions.

Let P be a point of one of the lateral faces of
the prism - in the case of figure 6, the face located
in the plane y z; let 0, y, z be the co-ordinates of P;
let t1P = t1y t1z be near P. The condition of equili
brium requires that the energy radiated by t1P
be equal to the sums of the energies which, on t1P,

irradiate the base y and the othe]'::tieral faces oc
~, ~' of the prism. '

We assume that the temperatur.- of a generic
point P of the lateral walls depends only on its
distance y from the base y; let us call this temperature
T(P) = T(y).2

By the Stefan-Boltzmann law, the energy emitted
by radiation from the surface element 6.P is:

1p6.P = 1t a T4 (P) t1P = k T4 (y) 6.y 6.z (4)

We shall separately calculate the energy radiated
on t1P by each of the other faces of the prism.

Energy radiated on t1P by the [u:c IX. Let A (t,
YA, ZA) be a point of IX, and t1A--c 6.YA .:lZA be
another point near A; the temperature of A will be
T (YA)' We shall find, by easy calculations, taking
account of the cosine law, that the '.'i),orgy radiated
by t1A on b.P is:

1 6.At1P- kI2T4 (YA) t1y 6 ;f.1YA 6.zA (5)
A,P - [[2 + (Y-YA)2 -+- (Z-ZA)2J2

The total radiation of the face li en 6.P will be
the integral of lA, pt1A t1P taken ever the entire
face a, that is:

1 t1P - k z b.y t1Z1h T4 '( ) [1 1 1
I3,P - 2 0 YB (YB-y)2 + Z2 - [2 -+- (YB-y)2 + Z2 dYB

Energy radiated on t1P by the face ~'. From equation (7), by substituting m-z for z, we derive:

1 6.P = k (m - z) 6.y t1z rh T4 ( ) [- . 1 _ 1 ] d B
·13,p 2 Jo yn (YB-y)2 + (m-z)2 [2+(YB-y)2+(m-z)2 Y

Energy radiated on b.P by the face y. Repeating the above reasoning, we find:

(7)

(8)

(9)

. lane
2 This hypothesis is true when the base 1 is a ci:c1e or: !o US.

band; the error introduced, in the other cases of Interes
is absolutely negligible,

kyTo4t1y6.z [1 m-z 1 z 1 . m-z 1 z ]
1 , p6.P = 2 - artcg-- +- arctg - - V . arctg .Jl2+Yi - -= arctg / -==='2

. Y Y Y Y 12+ y2 [2+ y2 ~12+y2 '\i[2+Y

f the
Imposing the condition that the' total energy condition of thermodynamic equilibrium or

radiated by the element of surface b.P, expressed element of surface b.P.
by the second member of equation (4), shall equal
the sum of the energies radiated on t1P by the walls IX,

~, W, y, expressed by the respective right sides of
equations (6), (7), (8) and (9), one would find the
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But irr vi-w of the hypothesis already adopted, horizontal band containing !1P. This would be
that the ter.perature of P depends only on the vari-equivalent to integrating both sides of equations (4),
able y, a hypothesis already used to arrive at equa- (6), (7), (8) and (9) with respect to Z, between 0 and m.
tions (6), C;,l, (8) and (9), the condition of thermo- Performing these integrations, equating and reduc
dynamic equilibrium could be imposed on the entire ing, we find the conditions of equilibrium:

m 1, [4 (y) = m 12 [" T4 (t)[/2 + (y _ t)2J- 3/2 arctg m 'dt
J; '. ,Jt2 + (y-t)2

+! rh T4 (t) l- (y_t)2 + m
2
-In (y_t)2 +m

2+ 1
2]

dt (10)
2 J 0 (y - t)2 (y - t)2 +12 _

. [ m m1J m y m2+ y 2 y m2+ y 2 + 12]+ T 4 m arctg - - J arctg - - In + - In --=-=,-"'---=,--
o . Y ,J12 +y2 ,Jf2+y22 . y2 2 12+y2

Equation (10) gives the temperature distribution is found by substituting the value obtained into
T (y). It i; a Fredholm-type integral equation, the right side of equation (10), and calculating
and can be easily solved, even if it does not satisfy the left side for a certain group of values of y. The
t~e general ·~ondition of integrability for these equa- second approximations so obtained differ very little
tions. from the first approximations, which confirms the

Now, by setting validity of the procedure. '
4 _ . We have already stated that, in certain cases,

. T (y) - a + by (Il) the reradiated-energy limiter may consist of a series
in equation (10), performing the calculations and of planes parallel to each other and to the incoming
setting, once y = 0 and once y = h (as is done rays, as indicated in figure 7. .
m the principle of identity of polynomials), we get Such collectors, capable of absorbing the radiant
two equations, from which the unknown values of a . energy in all directions of a plane instead of in
and ~ may be found. Substituting the values into only a single direction, are included in the theory
equatIon (l i), we obtain a first approximation to treated in the preceding paragraphs, provided that
the function sought. one side of the base rectangle of the tube now

Aswould be predicted from physical considerations, becomes infinite.
:-vhIch we omit for brevity, this first approximation Passing to the limit, for m = 00, equation (10)
IS already very good. The second approximation becomes:

T04 [ . Y ] 12 rh T4 (t) dt
T4 (y) = 2- 1- ,Jy2+12 + '2 J 0 [12 + (y _ t)2]3/2 (12)

. Equation (12), which is of the same type as (10), .Comparison of this g~ometryof the outgoing energy
gI,:,es the temperature distribution at th~ d~fferent ~Nlth that of the outgoing ~nergy of a ~ou:ce placed
point, of the walls as a function of their distance In the focus of a parabohc reflector indicates the
from the bottom. . capability of these two systems for the attainment

The solution of equation' (12) formally resembles of high temperCl:tures under the action of radiant
that of (10), both in procedure and result. A parallel- energy from a distant source.
btane collector could be considered to be an absolute For collector temperatures low in comparison
.ac~ body only for a radiant energy uniformly to that of the source, but which, in the case of

dIstnbuted in all the directions of a plane. We shall the sun, are still high enough for good utilization
see ~o.w devices may be constructed in which this
C?ndItIoncan be realized at least in first approxima-
tion, '

The knowledge of the temperature distribution
~n the walls and on the bottom of .the prist? of
hgure 6 permits us, by easy calculatIOns, om!tted
ber~ for brevity, to calculate the energy radiated
t? It In each direction of space, and, consequently,

e total energy radiated.
When the height h becomes very great by compari-Son . .
. with the longest chord of the base, the energy

radIated may be considered zero in every direction
ot~er than that common to the lateral walls of the
~hIsms. '.!'h~ absolute black body thu.s takes the
ra a~actenstIc of sending out the radiant energy,
fdIa~ed by its base, in tubes of flux, the walls

at WhIch tubes coincide with the walls of the cellular
s ructure of that black body. Figure 7



578

:Y

0.9722 - 0003783 y . . . . . . .
1'4 (y) ....•..•....•
e = 1'4 (y) - [0.9722 - 0.003783 y]
l' (y) . . . • . .. . .•••

:Y

0.9722 - 0.003783 y. . . . . . . .
1'4 (y) ............•.
e: = 1'4 (y) - [0.9722 - 0.003783 y] .
T (y) .
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Table 1

0 2 10 50 100

0.9722 1'04 0.96461'04 0.93441'04 0.7830 To' 0.59391'04

0.9722 1'04 0.96391'04 0.9339 1'04 0.78271',) 0.5939 1'04

0.0000 - 0.00071'04 -0.00051'04 - 0.0003 To! 0.0000
0.993 To 0.991 To 0.983 To 0.941 To 0.878 To

150 200 240 248 250

0.4047 1'04 0.2156 1'04 0.0643 1'04 0.0340 1 0 '
0.0264 1'04

0.40471'04 0.2158 1'04 0.0653 1'04 0.0350 To' 0.02641'04

0.0000 0.0002 1'04 0.0010 1'04 0.0010 T r.' 0.0000
0.798 To 0.682 To 0.504 To 0.429 To 0.403 To

of the thermal energy absorbed, a length-chord ratio
of the order of 15-20 is already sufficient to reduce
the losses of energy by radiation to values of the
order of 3 per cent of the losses that such collectors
would have sustained without this protectior..

The ability of the cellular structure we have
described to absorb all the incident energy applies
only to the limiting case of parallel incident rays,
that is, rays from a source at infinity. The solar radiant
energy, on the contrary, is contained within a solid
angle that is negligible only in the case where the
ratio between the height h of the prism and the longest
chord of the base is sufficiently small, for instance
less than 25, or, in other words, so small that the
apparent diameter of the sun is small by comparison
with the apparent diameter of the prism aperture
for an observer at the base of the prism itself.

In this case, to which the following numerical
example refers, as well as all the experiments per
formed up to now, energetic equilibrium between

. source and collector may be established merely

by taking account of the incoming energy, the re·
radiated energy, and the energy absorbed and con
verted into thermal energy. In th« other cases,
one must also take account of the incoming energy
absorbed by the walls, and the consequent diminution
of the energy reaching the bottom, and also of the
different temperature distribution on the walls.
In first approximation, however, these two factors
tend to compensate each other.

Numerical example

In most of the experiments run up to now by
the author the beehive cellular structure was
obtained by means of cylinders or prisms, hexagonal
or with a different base, with a ratio of length. t~
longest chord ranging ~rom 12 to 18.. In the numerlc:

texample of the solution of equation (10), we P
m = l = 14 and h = 250, to come as close ilt.
possible to the data of the last apparat~s b~~s~
whose cellular structure is formed by thin f
tubes about 14.5 mm in diameter and 250 mm ong.

200150-too50
o-h--....----.....,....-----r-------r-------,.----T""""lrT:

o '10
Figure 8
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Figure 9

(13)

For convenience, the outside temperature is assumed
to be OCK.

Putting T" (y) = a + by, in equation (10), after
performIng the calculations with the above numerical
values, we get a relation between a, b,y, and natural
ly To. Setting, in the latter, once y = 0 and once
y.= 250, we find the system of equations that
gives us the values of a and b. Performing the
calculations, we obtain:

a = 0.9722 T o4

b = 0.003783 To4

In first approximation, we thus find the solution

interesting to note that the fourth power of the
temperature has a discontinuity between the bottom 1
and the beginning of the side walls 8 of the prism.
The temperature decreases almost linearly along
the side walls to the extreme edge of the prism.
There is also a discontinuity, equal to that already
noted, between the fourth power of the prism tem
perature and the fourth power of the outside temper
ature, which by hypothesis was zero. The entire curve,
including the discontinuities, is symmetric about its
midpoint.

Figure 9 is a graph of the temperatures T(y).
Experiment provides a rather good qualitative
confirmation of the theoretical curve: it must be

T (y) = T o4 ,J0.9722 - 0.003783Y (14)

SUbsti~uting these values into the right side of (10),
and solvmg for the values of y indicated in table 1,
;ve get a group of values of the unknown function
III second approximation. ,
thSince the values of real interest to us are those of

t b
el fourth power of the temperature, we give in

a e l :

th (a) On t~e first line, the values of y for which
e calculatIOns has been performed;

th (b) .On the second line, the values of a + by,
at IS, of the solution in first approximation;

. (c) On the third line .the values of T, calculated
III second approximati~n; ,
th (d) On ~he fourth line, the differences between

e values III first approximation and those in second
approximation. .

The differences between the first and second
approximation of the results are minimum, and
con~rm the validity of the procedure.
d.:IgUre 8 is a graph of T4(y); it does not appear

I erent from a segment of a straight line. It is Figure 10
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Figure 12

material so difficult to handle was imposed by the
need to have an extremely low ;:L~'rmal mass, so
that the instrument would be sensitive to the very
small quantities of energy involvv.t, of the order
of a few calls.

A quartz thermometer suitably lccated on ~he bac~
was used to measure the temperatures, FIg:ure It
is a schematic diagram of the systeI1!' !he equI~m~_
was completed by a sight for determining the onen
tion and a tripod with a universal joint. No m~ans

, ided SInceof collecting the thermal energy was ~rovI ~ t
it would have been lost by conduction." owmg 0

the small scale of the system.
. t measureThe purpose of these expenments was. 0 the

the equilibrium temperature, from WhICh, on y
basis of an approximate calculation of the en~r~t
lost by conduction the validity of the theory mlgd
be deduced This' validity was in fact confirme e'

. 40°C werfor temperatures of the order of 230-2. 11
attained in a number of experiments. FIgureture
shows one of the graphs of collector tempera
plotted against time.

Collector No. 2
f olleetor,

A second system, with the same type 0 C hanger
but larger, and provided with a heat exc ergy
for direct measurement of the absorbed eg bee~
was constructed after the results of the first ha
found to be favourable. 'all in

In this second system, shown sche~atlC s1sted
figure 12, the absolute black body.agam"~:r waS
of almost hexagonal prisms. Their num 8 mm,
about la 000, their mean diameter was lindrica1
and they were 120 mm long, formmg a cy plate
assembly 80 cm in diameter. The absorpJI?nfront,
was a copper disc 0.1 mm thick, blac~ene l~ength,
with a spiral of copper tubing, 26 m, III totathe inlet
welded to the back. A calibrated onfice at outlet
of the water pipe and another at the stea7unetion
allowed determination of the flow rate as a

30'
Figure 11

Experimental verifications. Realization
of a collector with high characteristics

for "a solar motor

O°+--,- --r -r-__.:»

Collector No. 1

In the early part of 1960, the first system was
constructed for the exclusive purpose of verifying
the theory. In this system, the beehive collector
was built out of hexagonal prisms about 8 mm
in diameter, and 180 mm long, with walls of paper
about 0.03 mm thick, carbonized at an extremely
slow rate in an oxygen-free atmosphere. The structure
obtained in this way was very fragile but extremely
light; and had the required geometrical, optical and
thermal characteristics. The entire structure had
the form of a cylinder about 20 cm in diameter.

Behind this beehive structure was a conventional
black body, likewise made of carbonized cellulose.
The same carbonized cellulose was also used
as the rear thermal insulating material," and
was about 15 cm thick there. The choice of a

borne in mind that, since the variation of the
temperature is not linear, the conduction along
the wall of the tube and the convection due to the
rather restricted motion of the air inside the tube
modify the theoretical curve.
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of the pressure drop, and, consequently, knowing
the temperature, which could easily be measured,
the quantity of heat delivered.

Some of the experiments were run at Sestrere,
in the mountains at 2018 m elevation, and some
at Genoa. ~:nder normal operating conditions, the
device delivered a maximum of 0.1 gls of superheated
steam at about 230°C, at about 2 atm. near the outlet,
but under special conditions temperatures up to
320°C were attained, with a flow of 0.085 g/s. These
results are equivalent to about 70 calls in the former
case, and f;3 calls in the latter. Since, under the
excellent conditions of the experiments, one would
think that at least 125 calls would reach the plate,
the global efficiency of the system was little rr;t0re
than 50 per cent, which is rather low by companson
with the theoretical predictions. This may, h?:ve-:er,
be explained by the insufficiently parallel positioning
of the collector prisms, aggravated by a sm~ll fire
during one of the first experiments, or by the insuffi
cient thermal insulation of the plate.

It may b-. of interest to note that when a glass
plate was placed in front of the beehive collector,
the efficiency decreased 7 to 8 per cent. Since ~ g~ass
plate almost halves the energy loss by rer.adIatI?n,
but also causes a 10 per cent loss of the mcormng
energy, this seems to confirm the low value of the
reradiated energy.

We have already stated that the absol~te bla~k
body by itself would not be adapted to industrial
utilization of solar energy. This is why the models
described above must be considered from the purely
scientific point of view.

We have also mentioned the economic advisability
?f a moderate concentration of energy. This would,
Indeed, permit replacement of a large part of the
collector surface, whose cost, including the heat
exchanger and the insulating material, could n?t .fall
be.low certain limits, by mirrors made of alumlI~lUm
fOIl, which is industrially produced at very low pnces.

This requires materials that are black for the wave
lengths of reradiated energy and transparent or
reflecting for the incoming energy. The a~t~or
~nows of no materials with sufficient selectivity
In this sense, with respect to reflection, but everyone
~nows this type of selectivity of a number of mate
nals, with respect to transparence.

Numerous experiments have been perfor~ed to
make sure that these materials can be considered
not merely opaque, but "black" for long ,wavelengths
at all angles of incidence. These expenments ~ave
been performed by introducing long-wave radIa,nt
energy into tubes of such materials, with spe~Ial
reference to glass, and comparing the outgOlll.g
e?ergy with the energy that, under the same condi
t~ons, is emitted from tubes with walls that ~re
hke~ise opaque but not black in so far a~ .reflectwn
of dIffusion is concerned. After the positive r~sult
of these experiments, which need not be descnbed
fere, Collector No. 3 and the large Collector No. 4
or solar motor were, constructed.

Collector No. 3

This was constructed for the sole purpose of
qualitatively confirming the properties of a beeh~ve

collector made of a material transparent to the m
coming energy, but black for the reradiated energy.
It consists of about 150 glass tubes 14-15 m~ m
diameter, 250 mm long and 0.2-0.3 mm thI~k,

arranged so as to form a cylinder (figu~e I?) with
walls of reflecting aluminium, 200 mm m diameter
and 250 mm long. A conventional black body,
formed by blackened copper foil with silicone resin,
completes the collector; a quartz thermometer IS
placed behind this plate.

A frustum of a cone of mirror-finished aluminium
in front of the collector concentrates the incoming
luminous rays on the entrance aper~ure in the
theoretical ratio of about 6:1. The entire assembly
is insulated with glass wool and placed in a cylinder.
Since most of the light rays undergo more than one
reflection on the aluminium before being absorbed,
the effective concentration of the light on the black
surface is lower than 6:1, but still sufficient for
our purposes. A sight and a sturdy tripod not shown
in the figure complete the set.

Figure 14 gives one of the curves of temperature vs.
exposure time. The final temperature of 488°C may
be considered satisfactory if we take account,
as with Collector No. 1, of the conduction losses
in so small an apparatus. The maximum temperature
measured on the plate was 520°C, with a thermo-

~
->

'II~
->
~

\VDI~~~
~

Figure 13
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meter in a position different from that shown on the
figure. .

Figure 15 is a photograph of the collector, at the
end of an experiment, taken with a shutter stop
of 1:2, time 2 seconds, camera protected against
outside light. The brightness of the central zone,
due to the incipient redness of the centre of the plate,
will be noted.

Figure 15

Collector No. 4

In October 1960 we commenced the construction
of a collector with characteristics suitable for use

f 1 r motor.as a source of thermal energy or a so a d
It was completed and assembled towards the en
of March 1961. h

. . f t eTaking account of the high effioencles 0

collectors we have described, it was considere~t~~~
appropriate to adapt the efficiencies of. the eo c~ as
to the demands of modern heat engmes, su d
steam turbine, rather than the other way aroun j

On this basis we established the following norma,
operating conditions: .

(a) Steam pressure at outlet: over 10? atm.,
(b) Steam temperature at outlet: 450 C. d
We studied a system that could easily be develo:,c

on an industrial scale, permitting the ecg~~mes
concentration, on fixed collectors, of 10 to 1 lready
the incoming energy. Since, however, as ~ diffi
noted in describing collectors 1 and 3, ce~tal~ation,
culties, such as that of ensuring. good insu ferred
increase sharply with decreasing ~lze, we pre ns of
to obtain the design concentration by m;a sttlUl
the conventional system of coaxial comcal ru
surfaces of mirror aluminium. l'cal

. 1 con
Collector No. 4 consists of three coaxia 3 20 rn.

frustra which, starting at a diameter .of 'llector
concentrate the radiant energy on ~ beehlve c~ration
0.80 m in. diameter at a theoretical concen
of 16:1 (figures 16 to 18). ency

. . transpar .The beehive collector, of selectlve- 15 mm in
type, consists of almost 2000 glass tubes 14- thick,
diameter, 250 mm long and 0.2-0.3 mm
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Figure 16
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Figure 17

suitably arranged and placed on the plate, which
operates at the same time as heat receiver and heat
exchanger. As in Collector No. 3, the glass tubes
are enclosed in a cylinder with reflecting walls.

To prevent losses in the absorption of radiant
energy, the entire face of the glass plate turned
towards the sun is spirally grooved, like a phonograph
record, in order to force. the rays of incident energy
to undergo a number of reflections sufficient to
ensure almost total absorption.

Temperature differences between the centre and
the periphery were to be expected, and were prudent
ly estimated at at least the order of 400°C. Therefore,
to avoid deformation of the plate owing to the differ
ences in -its expansion, it was divided into two
concentric parts joined byan elastic ring electrically
welded to both.

The outside portion is a circular annulus with
the respective inside and outside diameter of 46.5
and 79.5 cm; the lower part is a disc 46 cm in dia
meter. The water is admitted ata point on the outer
circumference, passes over the entire plate through
a duct about 46 m long, is vaporized in the central
part, and leaves the centre of the disc through an
externally controlled valve. .

Since the heat-removing power, which is very
great in the case of water, is less for the mixture
of water and steam, and becomes minimum for the
superheated steam, and since the centre of the plate,
on account of the configuration of the incoming rays,
receives the maximum density of energy, the spirals
had to. be brought together as closely as possible
in the central zone, and spaced farther apart in
the peripheral zone. This was accomplished by draw
ing the 26 m of spiral of the inner plate by directly
turning a steel plate 20 mm thick on a lathe, and
then forming the grooving so obtained with a fillet
electrically welded along its entire length. In the

peripheral portion, the duct is )'ll-med by about
20 m of stainless steel tubing ';,e:ded to a thin
plate.

The plate is insulated with abed 40 cm of glass
wool in the rear. The side walls of the l ylinder contain
ing the beehive structure are likewise protected by
a minimum thickness of 22 cm of the same insulating
material.

The collector is mounted on ,1 sturdy support
that allows its horizontal and vertical rotation
into : any desired position. The entire assembly
is mounted on a small truck, which transports it
easily from one location to another. For this purp.ose,
the main cone may easily be drsassembled into
twelve parts.

The temperature of the rear of th- ;.Iate is measured
at various points (periphery, central annulus, and
centre) by three thermocouples ronnected to a
three-scale millivoltmeter calibrated .n degrees C.

Figure 18
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A fourth thermocouple, placed on the steam
outlet pipe, may be connected to the millivoltmeter
instead of one of the other three. Provision is made
for the'use of a quartz thermometer as a control.

Four manimeters, two for high pressures and two
for low, measure the pressure respectively of the
water on admission and that of -the steam at the
outlet behind the expansion -valve --- at the centre
of the plate. The pressurized water is contained
in the same pipe that supports the sysfem,· which
serves as the high-pressure reservoir; a layer of air
ensures the requisite elasticity andcontinuity of flow.

The low flow rates of the water, 1-2. cm3/s, and
the high pnssures envisaged (the system has been
tested at 350 atm.) make the use offlowmeters
difficult. ..

Th~ probl;'Jn has been solved provisionally by
applymg a > aval nozzle to the discharge, that is,
to put it more clearly, one similar to those used in
rockets. Well-known and very exact formulae may
be used to estimate the flow rate through these
nozzles in relation to the pressure and upstream
temperature A small series of such nozzles has been
~onstructed A double-entry nomogram is used for
Immediate estimation of the flow rate from the
readings of the other instruments.

The experiments performed on this system up
to n?w are In very good agreement with the results
predIcted by theory. In particular, flow rates of
5.5 kg/h of steam superheated to 450°C have been
exceeded, and we can reasonably expect to attain,
under normal operating conditions, 7 kg/h of steam
at 450°C and 100-150 atrn.

We have spoken several times of absorption
t~mperatures close to those of the _source, and it
s ould surely be possible, in the case of the sun,

Figure 19

Figure 20

to attain temperatures of several thousand degrees
with an absolute black body of the type described,
without concentration of the rays. Such a result,
which can only be obtained by a very sophisticated
technique, would .be of very little practical utility,
however, on account of the low density of the solar
energy. It will suffice if we mention the difficulties
of insulating a large surface and the inevitable
thermal inertia of that surface.

But if we turn again to the first schematic represen
tation of the absolute black body shown in figure 2,
we shall see that the parallel direction of the in
coming rays is by no means a necessary condition
for the realization of an absolute black body, since for
this it is sufficient that the surface absorbing the rays
shall be protected in such a way as to limit the solid
angle of the entrant energy. This means that even
in the case of energy concentrated by lenses or mir
rors, the collector could be protected by surfaces
limiting the solid angle of the energy reradiated
by the collector itself.

In the case of lenses or parabolic mirrors, the ad
vantage of such protection is rather slight, since
in general the solid angle of the incoming energy
is already very great. Concentrations of the energy
up to a factor of 10000 and more are normal in these
cases. But there are other, more economic, means,
giving energy concentrations as high as several hun
dred, sufficient as far as energy density is concerned,
but insufficient to attain elevated temperatures
without appropriate means of. protection.

Let us consider a mirror in the shape of a frustum
of a cone with a half-vertex angle of, say, 45°,
and a cylindrical energy collector on its axis (figure
19). Energy that is concentrated, but has a solid
angle insufficient to allow the attainment of elevated
temperatures, arrives on the collector. In this case,
a limiter of the angle of reradiation, with the proper
ties already described, will be formed by black
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surfaces, consisting of circles equal and parallel
to the minor base of the frustum, as well as trape
zoidal surfaces lying on planes passing through the axis
of the frustum, as indicated by figure 20.

From the viewpoint of realization, it may be im
portant to note that the limiter surfaces need not
necessarily be continuous. They may, for instance,
be formed of tungsten wires 10-50 microns in dia
meter, stretched on frames remote from the hot
zones, in planes passing through the axis, and help
by other tungsten wires in spider-web form on planes
perpendicular to the axis. A minimal steam of inert
gas might be sufficient to protect the structure.

A final application of the cellular structures
we have described is worthy of brief mention. In
a certain sense, these structures may be considered
cold bodies with respect to the radiant energy.
They may consequently be used as thermal insulators
for very high temperatures, while still allowing
direct view of the insulated body in a certain direc
tion. Moreover, if they are made, for example, of
tungsten wire, they may be characterized by an
extremely low thermal mass.

Appendix

During the experiments, we fc·,;;td it necessary
to provide other measuring equipment for Collector
No. 4, described above.

Two other thermocouples, comccted to a new
millivolmeter calibrated in degree.. and capable of
measuring temperatures up to 80UGe, were placed
in contact with the front face of the plate. The
temperature difference between the front and rear
faces of the plate, and the temperature difference
between the front face and the discharged steam
were found to be far greater than expected. Under
good operating conditions, they reached 100°C, but
ran as high as 250°C when the steam pressure was
too low. .

Since the temperature on the fr,>T. face could not
be determined during the first exper irnents, tempera
tures far greater than those expecu.d were reached.
They were estimated at 720-750°·~. The parts of
aluminium and glass in contact ',,:,e melted, and
the black silicone varnish was parti-.oy destroyed.

To measure the hourly steam OF; ;ut with great.er
precision, a small heat exchanger w.is built, permlt-

Steam flow, kg/h
-------------. Steam pressure at outlet
------ St,;am temperature at outlet
-'-'-'-'- Peripheral temperature of plate
- ••- ••- ••-. Temperature of rear f~ce at -the centre of plate
-"'-"'-"_ Temperature of front face at the centre of plate
___•. .__ Temperature•. beyond the thermocouple scale
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ting the condensation of the discharged steam and
its recovery in the form of cold water. This heat
exchanger consisted of a copper coil through which
cooling water circulated, with another and smaller
copper tube inside it. This smaller tube was connected
at one end to the nozzle from which the superheated
steam issued, and at the other to a graduated receiver
to measure the water condensed. The entire assembly
was well insulated with glass wool.

By this method, .the theoretical flow rates of
the nozzles were checked and found to be in perfect
agreement. An easy, but also superfluous," check
on the quantity of heat delivered was provided
by measuring the quantity of cooling water and its
temperature at discharge.

The resu: cs of the experiments so performed were
clearly bettc:r than those of the earlier experiments.
This is easy to explain if we note that, as was found
later, the ~,c.::am flow of 5.5 kg/h was obtained with
damaged apparatus.

Figure 21 gives the new results. It will be seen
that a flow of 7 kg/h with steam temperatures ranging
from 450° to 500°C can be attained and maintained.

The difference of over 100°C between the tempera
tures of the front face of the plate and that of the
steam being discharged is a confirmation of the high
efficiency of the collector, but also indicates the low
efficiency of the heat exchanger. This is due largely
to the distribution of the radiant energy incident
on the plate, which is unsuitable for operating pres
sures under 100 atm. Elimination of this shortcoming
will improve the over-all efficiency. .

The over-all efficiency of the apparatus under
present conditions may be calculated to be 70 to
75 per cent for a steam temperature of 450° to 500°C.

The damage to the equipment still makes it
impossible to repeat the high-pressure experiments
for which the apparatus was originally developed.
They will be resumed after new modifications have
been made to the plate.

Summary

. The principal obstacles to the industrial exploita
ho.n of solar energy are its low density and the insuf
fiCient temperature at which conventional collectors
collect it. The author presents a new type of collector,
perhaps economical enough for industrial production,
and capable of operating at high efficiencies at tem
peratures of 400-500°C.Experiments in 1960 on
three different collectors of this type, and the first
results from a collector for a solar turbine engine,
which was designed to supply 5-7 kg/h of superheated
steam at 450°C and 150 atm., appear to confirm
the theory. . .

Comparison between the small solid angle covered
by the incoming radiation. from the sun, which is
0.00.00678 of the solid angle at which classic black
bodIes reradiate energy (271:), is one way of explaining
the low absorption temperatures of such bodies.

Lenses and parabolic mirrors are the means most
~ommonly used to increase the solid angle of the
I~coming rays; but their cost precludes their utiliza-
tion On the industrial scale. .

The solution proposed by the author i? more

f
economlc, and may be schematically described as
~~.. .

di A frustum of a cone with its axis pointing in the
lrection of the sun and a vertex angle equal to

the apparent diameter of the sun is placed in front
of a classic black body; it does not limit the incoming
energy. .

a O~ the other hand, provided its walls are 1;>lack
nd Insulated the frustum does limit the reradiated

en 'thergy. The analytic development de~on~trates
at, under extreme conditions at the limit, the

~r~ '.. a lated energy is reduced to that contamed·
1ll the solid angle occupied by the incoming energy.

In other words, it may be stated that, at the limit,
such a reradiated-energy limiter compels energy
to pass through the same flux tube as the incoming
energy did. The source and the collector are thus
connected in such a way that thermodynamic
equilibrium is established at equal temperatures;
at collector temperatures lower than those of the
source, the collector absorbs energy at an efficiency
that increases very rapidly with decreasing collector
temperature.

In view of the small solid angle of the radiant
energy from the sun, the collector schematically
described above may be realized by a black-walled
cylinder. When a large number of such cylinders
are assembled into a beehive structure, the condition
that the walls be insulated is no longer necessary,
since the temperature distributions of two adjacent
cylinders may be considered the same. This structure
will here be termed absolute black body, because
of its quality, at the limit, of absorbing all the in
coming radiation without reradiating it in a direction
different from that of the source.

The analytic study of the temperature distribution
at various points of the surfaces of the beehive
structure described shows that, in very good approxi
mation, the temperature decreases as the fourth
root of the distance between the point and the mouth.

Quantitatively, for tubes with a length-diameter
ratio of 15-20, the reduction in the reradiated energy
is approximately 96-98 per cent of the energy
that would be emitted in the absence of such protec
tion.

Temperatures of 400-500°C are today considered
very good for converting thermal energy into mechani
cal energy in the steam engine. On the other hand,
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temperatures even lower than that permit the accu
mulation of thermal energy with systems 'which,
on an immense scale, might even be highly economic.
For instance, a cubic hectometre of soil of low water
content might be considered an energy accumulator
available entirely without charge, except for the
cost of installing a heat exchanger inside it; for
calculation demonstrates that such a. thermal mass
would require no insulator other than that provided
by the soil itself, or by the surrounding rock.

In comparison with solar temperatures, however,
400-5000 e are so low as to suggest the use of selec
tively transparent surfaces.

A beehive structure of material transparent to the
solar energy but "black" with respect to the energy
radiated at 400-5000 e, would, outside this latter
temperature range, have the same effectiveness as
what we have termed an absolute black body,
without. necessarily having to be pointed towards
the source.

One might also study systems that can be easily
and economically realized (though not on a small
scale) for concentrating radiant solar energy, by a
factor of 10 to 15, on such a collector, using mirrors
made of aluminium foil. In this system, 9/10 to
14/15 of the collector surface, together with the
heat exchanger and insulation complementing it,
are replaced by aluminium foil, with an obvious
economic advantage. Although the author's studies
are not yet ready for publication, they do make
it seem possible to use this method to render solar
energy competitive with the energy now derived
from other sources.
. A brief description of the experimental verifica
tions already obtained will give an idea of the possible
industrial development of what has just been said.
. One of these devices consisted of a structure of
about .10O?O almost hexagonal adjacent prisms,
8 mm III diameter and 120 mm high, built out of
sheets of cellulose carbonized by a special method.
This structure was placed in front of a thin plate
of blackened copper with about 26 m of spiral tubing,
suitably insulated, placed on its rear. This collector/
heat exchanger, with a total surface of 0:50 m",
when pointed towards the sun, supplied understand
ard operating conditions 0.1 g/s of steam superheated
to about 230°C at 2 atm., with a maximum of 0.085 g/s
at 320°C. This was equivalent to a yield hardly
over 50 per cent, and thus distinctly lower than
the theoretical yield. This difference is explained
by certain imperfections in the construction of so
complex a structure.

Another device consisted of an assembly of about
150 glass tubes 14-~5 mm in diameter, 250 mm long,
and 0.2-0.3 mm thick, protected DV a cylinder with
a mirror surface, placed in front ot cl black plate and
suitably insulated. This was the first b'~'chive structure
made of material having a selec trv- transparency.
No heat exchanger was provided, and the heat was
allowed to leave by conduction through the walls,
which were inadequately insulated on account of
the small dimensions. An aluminium cone in front
of the collector concentrated the mcoming energy
at a theoretical factor of about 6. Tue plate attained
a maximum temperature of 520°C, and the red calor
produced in the central zone could he photographed.

The high yields of these collec t ors made their
application to existing steam . ngines possible,
instead of the reverse situation Thus a device
able to furnish 5-7 kg/h of steam superheated to
400-5000 e at 100-150 atm. was designed and con
structed. It consists of a beehive collector of selective
transparency type, formed by about 2 000 small
glass tubes, placed on a plate snitably prepared
and varnished black, so as to absorr: almost all the
incident radiation. On this collector, with a surface
of about 0.50 m 2, the radiant energy from conical
aluminium mirrors is concentrated 1[\ the geometncal
ratio of 16:1. The device, mountedon2,sturdysuPPO~,
provided with the requisite posltlCl1ing .levers, IS
installed on a small truck and can be easily moved
after' disassembly of the bulkiest parts. The results
can be read directly on an instrument board WIth
thermoelectric thermometers, pressure gauges, etc.

During the first experiments, a flow rate of 5.5 kg~
of superheated steam at 450 0 e was measure .
Under normal operating conditions we may rea;g~t
ably expect 7 kg/h of superheated steam at 4 .
and'100-150 atm.

'The cellular structure of the absolute black body
may' have numerous other applications. As an exam-

f t Pera
pIe, the paper describes a solar furnace or em.' f cone-tures of the order of 3 ooooe, conslstmg 0 a. der
frustum mirror concentrating the energy on a cyh~ re
placed on its axisand protected by a cellular stru\~en
formed, not by a continuous surface, but by ning es

. wires 10-15 microns in diameter, stretched on fram ,
and remote from the hot portions. ty

In a different area of application, the propeties
of the cellular structure described has the !J.ope;ion.
of being cold as well as transparent in on~ Ire~nder
These properties may be usefully applIed, r [ble
particular conditions, for heat insulators of neg Ig
thermal mass at very high temperatures.



5/42

THE SPECTRUM OF MATERIALS AVAILABLE FOR THE UTILIZATION. .

AND CONTROL OF SOLAR ENERGY

Roger E. Gaumer *

The connection between the thermal control of of the information to be presented has been obtained
spacecraft mid practical systems for solar energy under simulated space conditions. Secondly, this
utilization is, perhaps, not. obvious. A brief review report is concerned with materials, and convective
of the fundamental aspects of these two research losses from a system are not materials dependent
a.re~s should suffice to indicate the pronounced -'they are device dependent. The thermal conducti
similarities '.;hich exist. The :fundamental physical vity of a material becomes another significant
theory, heat .ransfer and energy conversion para- thermophysical property, along with solar absorp
meters, practical design methods, and optimum tance and infrared emittance, for practical solar
materials for thermal control will be found to be energy conversion apparatus.
virtually idei.tical. The task of designing a satellite The physical environment for a satellite thermal
sU:face so th;.,t it will maintain an average equili- control surface is much more severe than that
brium tempCfctture of 20°C in orbit is remarkably for terrestrial devices. In addition to all the terrestrial
s1mIlar to that of designing a solar collecting surface environmental phenomena, a spacecraft material is
to be used in conjunction with a solar still. . exposed to different environmental phenomena while

There are three sources of radiant energy incident exiting. from and re-entering the atmosphere of
upon a spacecraft. These are direct solar radiation the earth and is also exposed to the orbital space
(msolation), solar radiation reflected from a planetary environment. Operating lifetimes of contemporary
atmosphere (albedo), and direct thermal radiation spacecraft approximate the anticipated operating
Irom nearby planets (earthshine, etc.). Insolation period for solar energy conversion apparatus on
1S th~ predominant energy source for contemporary earth. A partial list of the environmental constituents
satel~Ite vehicles. Similarly, insolation is the pre- for a satellite thermal control surface is given below.
dommant source of energy for the solar energy Temperatures of 500°C during exit from earth-
cOnversi0!1 apparatus in use today. The. only signi- atmosphere
ficant dIfference between terrestrial and extra- Aerodynamic shear forces resulting from viscous
t~rrestrial insolation is that nearly all of the ultra- . drag
vIolet component of the solar energy has been ab- Amplified oxidation potential during exit
s~rbed by the earth's atmosphere prior to reaching Severe lateral and longitudinal vibratory forcesi e ground. Calculated values for the solar absorp- Extreme high vacuum (10-:12 mm Hg)
d~nce of various materials show' only very slight Temperature cycling between, perhaps, 300°C and
1fferences for terrestrial or extra-terrestrial solar _ 50°C

Spectra (1). Exposure to ultraviolet radiation

b
The physical mechanisms by which a. material Sputtering by neutral and charged particles

a sorbs and radiates electromagnetic energy are Micrometeorite erosion
cO~~on to all surfaces, regardless of the relative Van AlIen belt constituent irradiation
fOSIbon of the surface in space. The law of conserva- Magnetic storms, solar flares, meteor collisions, etc.
o~on of .en~rgy is fundamental to the developme.nt Temperatures up to 1000°C during re-entry

1 specIalIzed equations, whether for a satellite Very severe aerodynamic shear during re-entry.
s~ ar array or for an industrial solar furnace. The A comprehensive discussion of the nature of
b sorption of solar energy by a surface is controlled the environment for materials employed in the radia
t?e the. physical condition of the su~face a~d .by tive thermal control of spacecraft has been given
f optIcal characteristics of the material. Emission in .a brochure of the Defense Metal Information

o radiant energy from a surface is similarly controlled. Center (2). A critical assesment of the practical
Spac ft h li h d 1 t effects of the environment on materials for radiative. ecra t ermal control is accomp IS e a mos .

e~hrelYbyradiative heat transfer methods. Terrestrial· .control has been published by the author (3, 4).
to ~r energy devices must also consider hea~ transf~r Clearly, if a material will withstand the rigors of
f Y onvectIve and conductive energy losses III detail, .. the space environment, it should be admirably
Or two reasons. The first reason is that the bulk suited for use in terrestrial solar energy conversion
___ .and utilization apparatus. The practical demands
Co:

p
Locl~heed Missiles and Space Division, Lockheed Aircraft of the satellite industry have resulted in a very
oratIon, Sunnyvale, California. pconsiderable emphasis upon the development of
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new materials for radiative thermal control, which
are stable, reliable, durable and reasonablyeconomi
cal. It seems probable that much of the information
will be of equal value to the designers of practical
terrestrial equipment for, solar energy utilization.

The successful operation of any device whose
purpose is the practical utilization of solar energy
is primarily dependent upon the following two radia
tion characteristics of material:

(a) Solar absorptance, a: This is the percentage
of radiant energy of solar origin which is absorbed
by the surface.

(b) Infrared emittance;e: This is the percentage
of radiant energy emitted by a real surface as com
pared to the radiant energy emitted by a black body
at the' same temperature.

The ratio of solar absorptance to infrared emittance
- the so-called alpha-over-epsilon ratio -' will be
shown' to be an extremely significant physical
materials parameter. This ratio provides .an index
for the relative amount of energy retained, by a
surface which is exposed to solar energy, and thus
the alpha-over-epsilon ratio is useful in predicting
the 'ultimate equilibrium' temperature to which
a surface exposed to solar radiation will rise.

Mathematical analysis and the dictates of common
sense both lead to the conclusion that the solar
absorptance, a,' is the most important 'physical
characteristic for a material to be used' in any
device' whose function is the' utilization of solar
energy. For asolar collector of any type, a should be
as near unity as possible. Materials to be used for
the mirror systems of a solar concentrator should
have a as nearly zero as possible; for an opaque

surface the sum of the reflectance au] the absorptance
must be unity, hence maximum reflectance necessi
tates minimum absorptance.

The infrared emittance e is an iTG~)urtantparameter
,in determining the energy losses hI' radiation from
a solar collector and also in deterrm. 'ng the effective
ness with which the boiler of a s, .Iar concentrator
will absorb incident radiant energy Kirchoff's Jaw
dictates that the emittance of a surface equals its
absorptance when it is in thermal equilibrium with
its surroundings: adequate definition of the radiation
characteristics is dependent on an understanding
of the spectral distribution of the absorbed and
radiated energy. Complete and ,;,>tailed analyses
of optimization or radiation !Jar' meters for the
various .solar energy utilization Sj ·,terns have been
performed recently by Edwards er al. (5). The con
clusion of all investigators has bel! 1 that the det.er
mination of a, e, and ale is a vital step in assessmg
the applicability of any material tl) a solar energy
conversion apparatus. In practio it is necessary
to' determine all these quantities experimen.tal.1Y;
existing theory can be used to calci,i,;te the. radlatlOn
parameters of hypothetical subst:li.ccs With hypo
thetical surfaces; existing theory C m be employed
to correlate experimental results; bl!t the theory,
at present, is not adequate to consider the effect
of, surface condition upon the radiation character
istics of real materials.

There are basically two different m~thods fY
which a e and a,le can be determined expenmenta~y., , . non
These two methods are the calorimetric determma .
of emittance and absorptance, and the cal~ulatl~~
of the radiation parameters from expenmen a
determinations of reflectance.
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Figure 1. .Spectral ernlttance of aluminum foil



Spectrum of available materials' . S/42 . Gaumer 591

TH r:-:lMOCOUPLE
LEi,DS TO

POTLHIOMETER

. I'
I

THERMOCOUPLE LEADS
TO SPECIMEN

I
I

I"

BAFFLE

SPECIMEN

WINDOW, ,

LIQUID NITROGEN

PYROHElIOMETER

PYROHELlOMETER
LEADS TO

POTENTI OMETER

Figure 2. Schematic of apparatus for direct measurement of exs/e ratio
, ' ' ,~, c ,

Reflectance determinations are the most common,
and are particularly useful in providing information
~~.to the spe~tral nature of the radiationc~ara~ter
. ICS. A typical plot of reflectance data IS grven
I~ figu~e 1: These, data, for polished aluminium foil,
\~arly IndIcate the different behavior of the radiation
~ ~ra~teristics in the solar radiation region (0.2
25 mI~rons) and in the :50~C emissionregi0!1 (5.0-

.0 mIcrons). Values of absorptance and emittance
~:e d~termined from reflectance' data bymultiplica-
IVJ Integration of the spectral absorption curves

an. the black body radiation curve for the appro
fnate temperature. To determine solar'absorptance
tom reflectance data one must know the terrestrial

solar spectral distribution curve with adequate
precision. The absolute accuracy of radiative charac
teristics is frequently inadequate; since such de
terminations involve the subtraction of the reflec
tance from unity in order to determine emittance,
large errors are associated with low emittances.

Calorimetric determinations of a, e,' and ale
are based on the fundamental laws of thermodyna
mics. If a body is absorbing solar energy and emitting
radiant energy characteristics of its temperature,
the final equilibrium temperature of the body is
directly proportional to the ratio ale. If the source
of solar energy is removed, the temperature of the
body will approach that of its surroundings at a rate
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ioo

Figure 3. Temperature _of flat plate
solarcoJIector vs•. (XS!€TH

determined by its emittance, in accordance with
the Stefan-Boltzmann law. Figure 2 shows a calori
metric device which is operative at the Lockheed
thermophysics laboratory for the determination of
the radiation characteristics of materials. The solar
energy source can be the sun, a heliostat solar image, .
or anyone of a variety of commercially available
solar simulators. Incident radiant intensity is meas
ured with a pyrheliometer. Convective losses are elim
inated by the vacuum chamber, and conductive losses
minimized by mechanical design. Chamber walk
are maintained at the temperature of liquid nitrogen,
thereby making radiation from the walls a negligible
source of error. Walls are blackened with the platinum
black process so that nearly all energy emanating
from the sample is absorbed by the walls. The radia
tive parameters a, e and ale may be determined
for a material in approximately 30 minutes. Adequate
engineering accuracy of 5 per cent is easily main
tained. A plot of ale versus equilibrium temperature
is given in figure 3.

Research projects in progress use both reflectance
and calorimetric techniques, to provide a better
understanding of the physical parameters which
affect the radiative behavior of materials. Parameters
which are being investigated include the effect of
angle of incidence, the effect of surface roughness,
and the relationship of a and e to the optical constants
of materials. Certain conclusions of value have
already been drawn from these investigations, and
are stated here.

The radiative behavior of materials is entirely
characterized by a very thin layer of the exposed
surface. For a material which is a good electrical

EQUILIBRIUM TEMPERATURE (OCl

conductor, optical opacity from Oo~; to 25.0 microns
will result from a thickness of a l"W millionths of
an inch of the material, and for a (::o~lectric material
optical opacity throughout the S;,i r

, spectral range
will necessitate a thickness of only" Jew thousandths
of an inch. This is an import", nt consideration
for the designers of terrestrial devi us for solar energy
utilization; it means that very thin coatings or foils
can be used for radiative control. S:J1ce thin coatings
can be used.tthe relative cost of the material becomes
fairly unimportant. The price per pound of a material
is not important; considerations such as the cost
of vacuum deposition of thin met.il foils become of
considerable interest.

Indications are that the effect of ' nrface roughness
and surface profile upon the ractid .ve behavior of
materials can be adequately explair.ed if one evalu
ates the surface dimensions with re-r.ect to the wave
length of incident and emitted.-adiation. ~~ile
a surface will appear rough to incid-. t solar radiation
if the micro-profile of the surface : of the order ?f
one micron (40 micron-inch) the :"Ple surface WIll
appear smooth to incident for ifrared energy.
Surface roughness leads to mliL;ple reflectances
and consequent increased absorptic: for the surface
as a whole. The control of radiat i v-. charactenshcs
by means of suitable manipulation of surface profile
seems promising. Emittance and solar absor~t~nc~
control by means of the deposition of finely dIVIde
particles on a surface have already be~n proved
feasible. Surface profile may be practlcally an
economically controlled by such techniques as mecha
nical polishing and lapping, chem-millmg. and ~lectrod '
polishing. The control of pigment partIcle SIze a1
dispersion in film-forming paints is another examp et
The deposition of thin transparent or translu~~n1
coatings on the base material is still another ~rac rea
method of controlling radiative charactenstlCS.

Table 1 contains a list of materials which .~a~. b~
of interest to designers of solar energy Utl~Zf ~~d
devices. The values of solar absorptance ta u a As
refer to the extra-terrestrial solar speetfIumciiffer
mentioned previously, these values usuEY.ttance
only slightly from terrestrial valu~s. m~ttance
values listed refer to total hemisphencal e~l 'rable
at 4°~. For solar collector ~pplications a eS;ance,
matenal should possess high solar absorp high
low emittance at equilibrium temperature, boil
thermal conductivity, etc. Solar concentr~~ors,et of
ers, and radiators each require a Sp~Cl c ~hoice
optimum thermophysical properties. o.ptllll;um sually
of material for a specific applicatlOn 1S

t
udural

dependent upon cost,' durability, and s r~' sical
characteristics' as well as material thermop y
properties. , . •. . gly

. .' be stron
It would appear.that metallic foils may . s The

recommended for many practical ~ppltcatlOnviouslY
metallic foils possess all the attr~butes.pre ensive
listed a~d,additionally, are relatIvely lll~~. Alu
and easily bonded to structural fra~ewo ailable
minum foil is an inexpensive, commercIally ~~ about
material, and usually possesses an ale ratIO

+00300.zoo
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,';,Table 1. Radiation characteristics of, materials

Material, and surface condition.

0.341

0.936

0.898

0.908

l.ll

8.29

7.43
7.04
6.81

l.l4

6.75
5.54
5.33
4.36
4.28
3,94
2.90
1.60

0.41

l.l6

0.23
0.17

0.55
0.42

14.35
10.77
9.10

0.836

0,830
0.841

0.034

0.765
0.825

0.789

0.780

0.844

0.027
0.028

'0.033

0.030
.0.063
0.032

0.051
0.043

. '0.036
0.143
0.051
0.122
0.085
0.490

0.422
0.349

0.223
,0.444

',0.218
"

.0.195
0.141

'0.344
'0.238'
0.192

, 0.624
'0:218

",0.480
0.247
0.782

Aluminum: polished and degreased . ,0.387
Gold plated on stainless steel :.polished .. '. 0.301
Gold over titanium with resin undercoat :.polished .' 0.300
Gold vacuum deposited on MIL-A-148 slick l"

annealed aluminum foil: polished.. .. 0.282
Alumin'um foil, dull side: crinkle and then

smoothed
Beryllium: chemically 'and mechanically polished
Aluminum foil: cleaned with MEK and alcohol.
Vacuum deposited gold on silicone resin base:

polished . '. . . •.

Aluminum foil tape :as received
Aluminum foil, shiny':side: smooth
Inconel X foil : chemically polished
Aluminum: alchemized mill finish,
Molybdenum slug : polished .'. ',
Chrome -, aluminized mylar film: as received. ,
Four coats of aquadag on copper: clean
Carbon: black pigment K silicate, on Dow 17

on magnesium:' clean '.
5 mils of Rokide, C (Norton Abrasives Co.) on

Rene:41 . ; .' ... ','
Dull black micobond on bare magnesium, thick

wet coats: clean '.
Flame' sprayed aluminum oxide on aluminum:

mil thickness, clean
Magnesium coated with, 5 units of silica: clean.
Barium, titanate .pigmented silicone on Dow 17

on magnesium : clean . '"
Zicron pigmented K silicate on Dow.17 on mag-

nesium : clean ' .' ., .,
Sodium silicate D and wollastonite: clean

8-10. Precious metal foil~ are ~lso useful, available,
and practical. Foil materials of the' refractory
metals are becoming available: Titanium,tantalum,
and b~~yllium foils are all being produced in limited
quantities. Radiation' data' for these foil-type re
fractory materials will be reported soon~' Foils of
the. new, high-nickel-content superalloys are also
~vaI1able, but their atmospheric durability is limited.

he Use of foils for solar energy purposes ispredicated
upon .the availability of a suitable high-temperatur.e
adheSIve material with which to bond the foil
to t~e substrate. Research in ' high-temperature
adheslV~s is progressing. Inorganic adhesive materials
~f a SOdI~n: silicate + aluminium acid pho~phate type

aYe exhIbIted thermal stability up to 500 C. It would
seem perfectly possible to use any of the foils listed
In table 1 to achieve adequate, control of solar
energy devices. ,,' ",,-
~or certain purposes, materi~ls with very low ale

rahos are of interest. For example, it is possible,
at least in principle to construct a Carnot engine
(p/erating between th~ highest obtainable temperatureoe), and .the lowest obtainable temperature (a/e).
fo~e practIcal application for . low ale coatmgs IS
t tanks used for storage of fluids at reasonably low
emperatures. " . . ',: ,

ThMany white pai~ts have ale = 0.3/0.9 = 0.33.
e relatively high solar reflectance of 70 per cent is

achieved by means of pigmentation with a material
of characteristically high index of refraction. Still
lower ratios of ale, together with' solar reflectances
of about 95 per cent, are exhibited by second surface
mirrors. The mirror materials investigated have been
sapphire, fused silica, and various commercial glasses.
Gold; silver, and aluminum opaque coatings are
suitable for use in coating the second surface mirrors.

Metallized' transparent plastic sheet materials
have recently become commercially available. Alumi
nized mylar is probably the best known of these
materials; this product is available in thicknesses
of .0005" to .010"and the cost is a few cents per square
foot.

The' search for a material which varies its ale
ratio as a function of temperature in such a fashion
as to maintain an approximately constant tempera
ture even with varying incident flux has led to exten
sive consideration of the radiative behavior of the
rare earth elements. The radiative characteristics
ofthe rare 'earth metallic element gadolinium is such
as to make this metal appear to have distinct
promise for use in solar collectors. Measurements
of gadolinium indicate an a = 0.7-0.8, nearly twice
the solar absorptance of any other metal. This solar
absorptance of 0.7-0.8 was for a very highly polished
surface; most highly polished metals have solar
absorptances of about 0.3. Preliminary measurements
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and' a calculation based on the. Hagen-Rubens
relation indicate a room temperature total hemi
spherical emittance of 0.1. Since the solar absorptance
of gadolinium is twice that of other metals, the effi
ciency of a solar collector made of gadolinium vacuum
deposited on a structural framework would appear
to be. quite satisfactory. The cost of gadolinium
is about $400 per pound, or 25 cents per square foot
if a thickness of 10':"'5 inches is assumed. The cost
of vacuum deposition is, of course, a factor.

The question of stability,' durability, and, repro
ductibility of materials used for solar energy control
and conversion apparatus is of primary importance.
It would be absurd to make a solar collecting device
of copper, even though copper has initially satisfac
tory properties, owing to the fact that copper is.
known to oxidize progressively and hence degenerate
to a lower solar absorptance as a function of time.
Considerations available from the field of solid
state physics indicate that there are certain of the

-rnetallic elements which form so-called stable oxide
coatings. All of the metallic elements oxidize to
a greater or lesser degree. Some materials, however,
notably aluminum and beryllium, form very thin
(approximately equal to 50 Angstroms) coatings of
a stable surface material. Furthermore, this thin
oxide coating· does not significantly affect the
radiative properties of the basic material. In broad
outline, the conclusions cif the research program
are that the two most suitable metallic elements
are aluminum and beryllium. Data on aluminum
have been presented in this paper, and some data
on bulk beryllium have also been included. By
carefully controlling the surface condition of alumi
num foil and beryllium foil, it is possible to achieve
ale ratios of 10. By comparison .with figure 3, this
will yield an equilibrium temperature for a .solar
collector of 250°C in a vacuum.' .

, In addition to the effects of atmospheric oxidation,
it is also necessary to consider corrosion and tarnish
ing of some of the metallic materials. None of
the' elements is free from these effects. However,
the so-called superalloys are particularly poor as
to .their environmental resistance. Such alloys as
Rene' 41, Haynes Stellite, and Inconel X, to name
but a few, should immediately be eliminated on
the basis that they will not stand up, under more
than one year's practical application. In general,
the metallic elements characterized by .very. high
melting temperatures maybe considered the most
stable at ordinary temperatures of operation. This
consideration immediately. leads to the refractory
metals: . titanium, tantalum, beryllium, etc.: Some
of the other practical aspects that need to be con
sidered are the effects of (a) salt spray; (6) dust and
dirt; (c) fingerprint tarnishing; (d) ease of cleaning;
and (e) stability under thermal cycling. . . ; •.

An analysis of all the necessary practical' attri
butes for the optimum solar collector or solar
concentrator surface material indicates that, so far
as the radiative characteristics are concerned,
nearly all metals have rather similar characteristics.

Therefore, one should select it the high solar
absorptance material one whirl forms a stable
oxide; one which does not cc, nue to oxidize'
one which is resistant to corros.on and to atmos
pheric environmental effects; or; which does not
tarnish with fingerprints; and o· which is easily
cleaned. Again, the material ',. »ich continually
suggests itself froin every point of view is aluminum,
with the .possible addition of ber d hum as the foil
becomes available. The present l,.-ice of beryllium
foil is in dollars per square foot but the price is
steadily decreasing.

If paint-type materials are to let utilized, perhaps
for low temperature work, the que,..,(on of ultraviolet
stability inevitably arises. The er..:'1: of the ult,ra
violet constituent of even terrest:l solar radiation
is known to be very severe, and it is this which
causes the "yellowing" of paints Hesearch efforts
have led to the development of >' .)rganic paints of
a sodium silicate vehicle plus. rious refractory
oxide pigments. Perhaps the most ffective of,t~ese
pigments is zirconium oxide, wh 12 has exhibitei
relative stability to one year's co.' [;lUOUS exposure
to extra-terrestrial solar radiatior.. The ale value
for this paint is 0.25. Such an inors'dc paint should
be stable for 15 to 20 years of (;, (Hnary,terrestnal
application. As a matter of fact, he paint shoul?
be eminently suitable for painting dwellings. StabI
lity of paint-type coatings, particularly spectraIly
flat absorbers used on boilers, needs to be carefuIl~
examined under conditions of repetitive therma
cycling. ,

Certain practical applications for the matenalJ
mentioned in this paper have been comme~te
upon previously. The most obvious applicatlOnS

of high ale, high a materials are to s,olar col1eetor~
Metal foils .bonded to an inexpensive framewor

immediately suggest themselves.
Aluminum foil deposited on Mylar or on sOI?~

other thin,' flexible; inexpensive pl~stic .matf~t~s
could be used to construct a solar still whIch. a
like an umbrella; which can be packe~ away Tve.
small area. and which is light and mexpens. of
If set up ~n four stakes, sO that the two 10C~ing
suspension are catenaries, an adequate focfd be
effect for the concentration of solar ~nergy CO~ such
realized. Elemental calculations indIcate tha cen
a device 3 feet in diameter would achi~ve at cOfistill
trating factor of 2 and would be suffiCIent 0

about 2 pints of water per. hour. .' t I
. d t con ro

Coatings which have been develope 0 tive1y
the equilibrium temperature of solar cells ~e1;cwhich
reflect' all the solar energy other. .than t a nver
i~ known to ~e effec~iv~ in the actual ener1l ~~ noW
sion mechamsm within the 'solar cells. rlyall

. possible to apply a coating which reflects:e~ and
the energy between any two wave lengt s dtance
).,2 while absorbing outside the range. The emcoating
of the material is left unchanged ~ecause the tral the
is extremely thin. It is thu~ possible to cO~e which
amount of energy of a certain spectral na

h
tu pplica

is absorbed by a material by means of tea
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tion of a ve,y thin film. Within the last, five years,'
coating tecl.niques have been so extensively devel
oped that it i~, possible to absorb or reflect selectively
nearly any band wave. of desirable length;' these
techniques e,Ie relatively inexpensive for single films.

Another practical application for new materials
is to solar furnaces.' Materials 'for solar .furnaces
must have characteristics which differ,' slightly
from those previously discussed.' One necessary
property is the ability to withstand temperatures
of 1 000° to :J 000°c. This, of course, leads to intensive
research in the refractory metals' area. Aluminum
is an optimum choice for solar furnaces up. to 200 0

to 300°C. From there, to 700°C,beryllium is an
optimum choice. However, aL700°C" beryllium
begins to oxidize, and at about, this temperature
one must use tantalum, titanium,or molybdenum.
Data on the refractory metals. have been presented
in this pap(~t. Molybdenum has a reasonably high
thermal conductivity, is quite durable to a tempera
ture of 2 ooo"e, and is available in electro-deposited
coating forn.. ' . ' .. '" " ,', .',. .

Various coinponentsund d~~i~es for s~l~r energy
utIlIzation frequently require, a-coating which has
a very high absorptance at elevated temperatures.
A few materials have been developed which have
broad, high absorptance throughout the entire spectral
ran~e from 0.2 to 40 microns. A process called
platInum black, which results in leaving platinum
metal deposited in very intimately dispersed form
on a metallic substrate, is particularly, promising.
Its value of alpha and epsilon are a =.95
and e20'C = .91 This material has elevated tem
p.erature stability to 900°C, at least, and quite pos-
SIbly to temperatures in excess of this. .

Solar collecting mirrors could ,be.made of sapphire.
One pf the practical limitations in mirror-type
~olarc.oncentratorsis 'the temperature of the mirrors.
apphlre is a highly transparent material and

optically quite. satisfactory for use in, collectors.
Sapphire,·' however, has a thermal conductance
nearly two orders of magnitude higher than ordinary
transparent, materials. This, in turn, means that
differential thermal expansion and problems of
thermal cycling and consequent mirror breakage
will be minimized if sapphire-type materials are
utilized.: The cost of sapphire is not so prohibitive
as might .be expected. Synthetic sapphire is now
commonly made, but the cost is still quite high for
quantities of more than one square foot. Investiga
tions. indicate that .the optimum materials' for
coating sapphire mirrors are aluminum and silver.
Copper can then be electroformed onto the aluminum,
and the composite structure may be soldered to a
suitable framework.

Some work has been done on metal mirrors. Mirrors
have been made of polished beryllium and polished
aluminum. 'Such mirrors should be satisfactory,
except that they cannot be ground to as fine a
finish as' ordinary optical, materials, and there is
consequent loss of focusing power. For many purposes,
however, they are satisfactory, and they do not
suffer from any of the mechanical or thermal short
comings of conventional transparent mirrors.

Intensive research is being conducted in a quest
for devices and chemical methods for the conversion
of 'solar energy directly into useable electrical

. power. .The satellite industry uses an enormous
, number of solar cells for satellite power acquisition.
The isolar cells are, at this time, standard silicon
solar cells. Research is being conducted into solar

"cells of the cadmium sulfide and gallium arsenide
types. Solar cell temperature control is achieved
by .transparent cover plates, reflective coatings, and'
controlled emittance from the back face of the cells.
Developments in this area may well lead to devices
which have significant practical potential for terres
trial conversion of solar energy.
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principles controlling radiant energy emission and
absorption are outlined. It is noted that the total
environment for spacecraft materials is very severe.
Space environmental constituents are listed, and
discussed. Since spacecraft environment is quite
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severe, any materials employed in the thermal
control of spacecraft should be stable - for use in
terrestrial devices.

The importance of solar absorptance a, infrared
emittance e, and the ratio ale are established, with a
being the most significant material parameter. The
necessity for experimental determination of a, e, and
ale is proven, and the two common methods of
such experimental de terminations are treated in
detail. A comprehensive description of a calorimetric
device developed for experimental measurement
of radiative characteristics of materials is given,
together with a discussion of apparatus shortcomings
and assets. Research programs aimed at providing
a better understanding of radiation phenomena
of basic materials are described, and the principal
results to date are stated. Results of particular
import to designers of terrestrial solar energy appa
ratus are given; some results are minimum material
thickness for opacity, the effects of surface roughen
ing on a and e, radiative control by thin film deposi
tion, and effect of angle of incidence.

A lengthy list of useful materials with composition
of materials, surface condition, and radiation para
meters is included. Values of ale range from 15 to

0.25. Optimum radiation charact« ,otics for collectors
concentrators, boilers, and radiators are discussed
generally, and specific recomrncrdations are made.
Metallic foils of many types ,;i c:: described, and
practical application procedures ,pc considered. New
materials for use in concentrator: and solar furnaces
are mentioned, with emphasis on durability and eco
nomics. Practical uses for metalized plastic sheets are
conjectured. Gadolinium metal is pointed out to be
very promising as a material for solar collector use,

Optimum choices of materials tor use in terrestrial
systems are described, with a view to system stability,
durability, and ease of maintenance. Questions of
oxidation, corrosion, tarnishing a;H] similar materials
degradation mechanisms are consdered. The effects
of ultraviolet radiation and tl, rrnal cycling are
discussed with reference to pr. bable damage of
certain systems of materials.

A few practical applications t. .errestrial syste~l1S
for new materials developed by) ;;earch in satellIte
thermal control are given. Inr i\;ded are a solar
still of metalized mylar, a high tlermal conductance
solar concentrator, and metal mirror systems. Deve
lopments in the temperature co :::'01 of solar cells
are briefly noted.

CHOIX DE MATERIAUX DISPONIBLES POUR L'UTILISATION ET LE REGLAGE
DE L'ENERGIE SOLAIRE

Resume

L'auteur passe en revue les analogies de base entre
la conception des surfaces de commande aenergie
thermique des astronefs et les dispositifs pratiques
servant a regler et a utiliser l'energie solaire. Il
examine egalement les gammes spectrales d' energie
rayonnante disponible et les principes physiques
qui regissent I'emission de cette energie et son absorp
tion. Il fait observer que le milieu dans lequel se
trouvent les materiaux en service dans les astronefs,
pris dans son ensemble, est tres dur; il don ne une liste
des elements qui constituent le milieu interplanetaire
et les passe en revue. Etant donne que le milieu
dans lequel se trouve l'astronef est tres exigeant, tous

"les materiaux utilises en vue de leur commande
thermique doivent etre stables pour les applications
a des dispositifs terrestres. Le memoire etablit
1'importance du coefficient d'absorption solaire a,
du coefficient d'emission e dans 1'infrarouge, et du
rapport ale, a et ant le parametre materiel le plus
important. Il demontre le besoin d'une determination
experimentale de a, e et ale, et decrit dans le detail
les deux methodes les plus communes employees
pour ces determinations. Ce mernoire presente aussi
une description complete d'un dispositif calori
metrique mis au point en vue de la mesure experi
mentale des caracteristiques des materiaux quant
au rayonnement, ainsi qu'une revue des insuffi
sances et des qualites des appareils. Il resume des

. , urer uneprogrammes de recherches visant a aSS
meilleure comprehension des phenomenes de rayon-

. ., 1 t' . f ndamentauX,nement interessant es ma enaux 0 _ 'a
et enumere les principaux resultats obte,nuS ,JusiUnt
present. Il indique ceux des resultats qUI pr~e? i:ns
une importance particuliere pour l~s te,c n~~liser
mettant au point les materiels destllles a u 1 ent
l'energie solaire a la surface de la terr~, ,notalll~er
l'epaisseur minimale qui assure 1'opacIte, les ; fage
cuss ions des rugosites de surface sur a et e, le ~ll~ules
du rayonnement par la deposition de. pe
minces, et les effets de l'angle d'incIdence. t'riaux

L'auteur donne une longue liste des ma ~rface
utiles avec leur composition, l'etat de leur saleurs
et leurs parametres de rayonnement. Les0~5. Le
du rapport ale s'echelonnent entre}5 e~ " ale les
memoirs passe en revue d'une mamere g nerour jes
caracteristiques optimales du rayonneme~,tP et les
collecteurs, les concentrateurs, les chaudl.eres sped
radiateurs, ~t !ormule d~s recot,nm~ndatlOJ:divers
fiques. Il d~cnt des feUIll~s metalh.ques d'a plica
types et envisage des techniques pratI9~esx c!estines
tion. Il mentionne de nouveaux matenau les fours
a etre utilises dans les concentrateurs et r dura
solaires, en soulignant particuliere~ent le~ertaines
bilite et les considerations econom~ques. colllPo
utilisations pratiques pour des fe~llles, enexarnen
sition plastique metallisee font l'objet dun
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hypothetiquc. L'auteur souligne que le gadolinium
est un metal qui promet beaucoup comme collecteur
solaire.

Ce memoire presente un choix ideal de materiaux
destines a {;ire utilises dans les systemes terrestes,
dans le but de realiser une plus grande stabilite,
une plus grande durabilite et une plus grande facilite
d'entretien des systemes. Il examine l'oxydation,
la corrosion, le ternissement et d'autres mecanismes
portant prejudice a I'etat des materiaux. Il discute
les effets du rayonnement ultraviolet et des cycles
thermiques en se rapportant aux avaries qu'ils

infligent probablement a certains systemes de mate
riaux.

L'auteur signale quelques applications pratiques
pour les nouveaux materiaux mis au point par les
recherches ayant trait a la commande thermique
des satellites dans des systemes terrestres. Il men
tionne un distillateur solaire en mylar metallise, un
concentrateur a haute conductance thermique et
un systeme de miroirs metalliques, Il passe brieve
ment en revue les realisations faites dans le domaine
du reglage de la temperature dans les cellules
solaires..

20
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STEP LENSES AND STEP PRISMS FOR UTILIZATION OF SOLAR SNERGY

Isao Oshida *
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Figure 1

o 0

of polymethyl-meta-acrylate is tr nsparent to light of
from 0.3 /1. to 2 /1., and the tr.u -rnissive power for
solar radiation is very high.

Except for a circular area at 'he centre, which
has a diameter of 2 cm, it has vcry 'ine spiral notches,
about four per millimetre (figur 1). A flat surf~ce
of polymethyl-meta-acrylate wit: no anti-reflection
layer reflects back about 4 PC) cent of the solar
radiation at normal incidence. 1 of carved surfaces
the reflection coefficient may be .omewhat high~r,
because of the oblique incider.c 0 that necessanly
takes place at every part of the r.otches. Moreover,
the scattering of light by the ri' -tche~ and by. the
lack of homogeneity inside, v/,j .ch IS som~t:me~
remarkable for plastic materials, III 'Y cause addltlOna
losses.

To demonstrate the ability ot the Fresnel lens
. t wasas a collector of light the following expenmen

made. For convenie~ce, artificial sunlight from u~
150 watt xenon lamp was used. The la~p 'Ya~~er
at the focus of a concave mirror, 9 cm III diab ID
and 50 cm in focal length, and thus a parallelS ~~l
was produced. A silicon solar battery, name~ S tres)'
and 28 mm in diameter (6~15 square centIme wa~
produced by the Nippon .Electri~ Compan~~esne1
normally kept in the beam WIth or WIthout the t cl as
lens in front of it. The photocurrent I genera es~red
well as the applied bias voltage V, was. meaure 2.
by the zero method. The results are shown III fig

Plastic Fresnel lenses

For a solar collector, a concave mirror is used
more frequently than a convex lens, chiefly for
reasons of economy. In recent years, however, the
art has been developed of manufacturing various
types of lens, including step lenses such as Fresnel
lenses, and other optical surfaces, from synthetic
resins. They can be cast with a high degree of accuracy
and on mass production lines by using metal patterns,
and the cost of production is getting lower and lower.
It is of importance to investigate the applicability of
these moulded optical surfaces to the utilization of
solar energy.

Among others, Fresnel lenses, used as condensers
on reflex cameras, are now available commercially
at . quite low prices. In this paper, the possible
applications of Fresnellenses, as well as of cylindrical
step lenses and step prisms, are investigated.

At present, plastic Fresnel lenses for cameras are
produced by a number of manufacturers. Some
ingenious methods for making the original metallic
patterns have been patented, and the Fresnellenses
thus produced attain a considerable degree of accu
racy (1).

In Japan, lenses for use in 12 cm X 10 cm
stand cameras, 6 cm X 6 cm twin-lens and 35 mm
single-lens reflex cameras are available commercially.
The price of a sheet of mass produced, 12 cm X 10 cm
Fresnellens is reduced to about 500 yen ($U.S. 1.40).
The cost per square centimetre is about four yen
(about one cent), and is far lower than that of a
silicon solar battery, at about 350 yen (about $1.00).
Of course, larger plastic Fresnellense are more effec
tive for the utilization of solar energy;1 the main
difficulty in production is in making the large metal
pattern. However, a number of Fresnel lenses of
moderate size are also sometimes useful. For instance,
if solar batteries are combined with an equal number
of Fresnellenses of larger size, more solar radiation
can be utilized and at the same time there is a
possibility of lowering the initial cost per unit power
of electricity.

A test .was made with a plastic Fresnel lens,
12 cm X 10 cm in size, supplied by the Nippon
Kogaku Jushi Company. It is cast from polymethyl
meta-acrylate, about 1.5 mm thick. Such a thin plate

* Kobayasi Institute of Physical Research, Tokyo.
1 Large Fresnel lenses, or other types of step lens made from

hard glass, are used in projectors for stage lighting. .
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2 Private communication.
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Figure 2
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it is not used. Accordingly, if the lens collects about
ten times more radiation, the maximum power out
put is increased about 30 times. This figure is in
agreement in order of magnitude with the results
above.' At the same time, it implies that the loss
of radiation by reflection and scattering in using-
the Fresnel lens is not serious. ,

If a lens and a mirror of the same size are available
at the same price, the former is generally mo~e
advantageous as a solar colle.ctor .be.cause ther~ IS
no need for plating and for simplifying the desI15n.
Moreover; plastic step lenses have the following
advantages: .

(a) The lesser thickness requires less mate~ial

and results in, a . lighter weight, lower absorption
and reduced cost ..
.' (b) Variety of shape: The .lenses can easily be cast

in any form desired. For instance, a rectangular
lens can be moulded by a process similar to that for
producing a circular lens. Rectangular .lense~ can
be arranged so tightly that no area of IJ:.leffi.cIency
is left but circular lenses cannot. Thus, If -circular
solar batteries are combined with rectangular Fresnel
lenses, the space factor is much improved.

(c) Reproducibility: Lenses of the same size, focal
length and quality are readily reproduced by means
of the metal pattern.

There remain however, some difficulties in the
practical use ol Fresnel lenses as focus~ng .devic~s
for solar energy. The major drawback lies m their
vulnerability to high temperatures. Ad~quate atten-

Curve I in figure 2 shows the V-I characteristics tion to design will virtually overcome this defect.
without a Fresnellens. The maximum power output It is known that the efficiency of silicon solar
is indicated by the area of the largest ins~ribed batteries falls off considerably at very high radia~i~m
rectangle in the region under the V-I curve m the densities. Duffie et al.2 have shown that at densities
second quadrant. This is about 0.025 mW. as great as 1 000 mW/cm2, the efficiency ofthe silicon

When the Fresnel lens is put in front of the cell, cells they used dropped to .only 3 per cent or l~ss.
10.3 times more radiation is collected in the battery, This is the normal behaviour of solar battenes.
if loss by reflection and by scattering is eliminated. It is very unfortunate but not serious. ~ss?me tha~ a
Curve II shows the V-I characteristics when the" FresneUens increases normal solar radiation density
Fresnel lens is put in front of the battery, slightly 20 times that is 100 mW/cm2, and. that the cost
out of the focus so that the surface of the. battery per unit area of the lens is 1/90 that of the silicon solar
is illuminated as uniformly as possible byall of the battery' then even if the efficiency falls from 8 per
~ollected beam. Curve III shows the V-I character- cent to' 2.5 per cent, six times the e1ectri~ power
ISties when the battery is put just at. the .focus. is nevertheless obtained, and the cost per umt p~wer
9nly the centre of the battery is strongly illuminated of electricity is as low as one-third of that obtained
In this case, and it is interesting to note. tha~ larger without collectors.
photocurrents and hence higher efficIencIes. are The heat at the focus has unfavourable effects on
?btai~ed .in spite of the extraordinarily non-?mform photovoltaic cells. The temperature coefficient of
l11um~nat1on. The maximum power outp?t m these the power output of a photovolt.a~c cell is always
caSes IS about 0.40 mW, that is, 16 and 32 times larger, negative. The power output of the silicon solar battery
respectively, than that without a Fresnel lens. \ used here decreases by 0.6 per cent for every 10C

For such weak radiatio estimated to be on then it rises. Moreover, the cell itself is damaged at tempera
order of 0.4 mW/cm, the 'conversion efficiency ~f a tures above 170°C, and the acrylic capsule at more
photovoltaic cell varies with the intensity ofradIa.tIOn. than 100°C. Cooling by water or an air stream is
The short circuit photocurrent is nearly propor~IOn~l necessary. This also restricts the size of the lens to
to the intensity of the radiation, but the open Cl~<:Ult be used.
vOltage drops rather rapidly for weak intensities, The combination of a thermoelectric element and a
As a. result, the conversion-efficiency decreases for Fresnel lens seems to be. more promising. If the
l~w ~ntensities -roughly in proportion to th.e open
c1rcUlt voltage. Thus the efficiency when using the
Fresnel lens is about three times as large as when
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original solar radiation density is assumed to be
100 mW/cm2, it is intensified by 20 times by a
Fresnellens, giving a radiation density of 2 000 mW/
cm", which corresponds to the black body of 500°C.

The last' difficulty, which seems to be the most
important, is that the use of a solar collector must
be accompanied by a proper device, such as a heliostat
or an equatorial mounting. The use of a cylindrical
step lens, mentioned in the following section, suggests
a way to overcome this difficulty.

. Cylindrical step lenses

Here a cylindrical lens means a step lens which
operates as a convex cylindrical lens, just as a
Fresnel lens operates as an ordinary convex lens.
If a cylindrical lens is mounted so as to face directly
the position of the sun at noon and the axis is hori
zontal, the position of its focalline is almost unchanged
throughout the day, except for movement in the
straight line involving itself. When the length of the
axis is sufficiently longer than the focal length
the relative movement of the focal line is small.

This is an excellent feature of tL; cylindrical lens
and only the inclination requires «hanging. '

A cylindrical step lens can be <ast by moulding
in the same way asa Fresnel lens ;,Tld can be applied
to a photovoltaic cell, a therr.,oelectric .element,
solar steam boilers, solar cookers, etc.

Step prisms

Since the spectrum of solar radiation extends over
a wide range of wavelengths, from about 0.3 fL to
2.5 [1., it is expected that higher conversion efficiency
could be obtained if the different p~"tsof the spectrum
were utilized by different accept, .rs: for instance,
the photovoltaic cells might be oi different spectral
sensitivities. Thus the use of a prism is suggested.

In a spectrograph, a large p~lsm is preferable
because of its high resolving potrer. Large pnsms
are expensive and absorb a cc, .lderable amount
of radiation. In the matter of utii.zing solar energy,
therefore, a number of very thi '. prisms, closely
arranged, will fit the purpose. T'.ls naturally leads
to the idea of a step prism, cc transparent sheet

\
\

----

0.80.4

1~49

Pigure 3
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Figure 4

with corrugation capable of prismatic action. Such
step prisms could be. cast from synthetic resin by
a method similar to that used in making a plastic
Fresnel lens, and the weight, the .light absorption,
a~d the cost can be much reduced by comparison
wIth an ordinary prism.

Johnson (2) reported the refractive indices of
polymethyl-meta-acrylate for C, D and F lines of the
~~ectrum. Substituting these data for Hartmann's
Ispersion formula ,

c
n =no + A-Aa

the constants n, Ao, and C are determined as follows:

n = 1.4681 Aa = 1 235 A C = 93.42

The relation between n and A is shown in figure 3,
~s well as that of an optical glass, Scott's light
anum crown 0 1092. .

If the apex angle of a polymethyl-meta-acrylate
prism is 60°C, the incident ray is bent about 37°
at the minimum deviation, as shown in figure 4.
The change of the angle !l e of deviation with the
change !l 'YJ of the refractive index is given by

!l e di!In = 1.5 ra an

Since the total change of the refractive index
from 0.3 !J. to 2 !J. is about 0.05, as can be observed
in figure 3, the angle of deviation has a width of
about 0.075 radian, or about 4.5°, as seen in figure 4.

If the step prism is combined with a convex lens
or a Fresnel lens, the sun's image at the focus is
considerably enlarged, for the rays of different
wavelengths focus at different positions. The result
is a rather distinguished spectrum, without any slit,
because the sun's apparent diameter is only about
0.5°, much smaller than the angle of dispersion.

()
Figure 5
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As an example, when a Fresnel lens of 80 cm in
focal length is combined with a 60° step prism, the
length of the spectrum is about 5.5 cm, while the
diameter of the sun's image is about 7 mm. As a
result, the spectrum shown in figure 5 will appear.
Then if two or three photovoltaic cells of different
spectral sensitivities are put in favourable positions
to cover the spectrum, the over-all efficiency can be
greatly enhanced, compared with the use of a single
cell.

Jackson (3) has proposed a multilayer cell to
improve efficiency. In the multilayer cell, however,
the ineffective absorption of the front layers causes
some trouble.

At present, however, photovoltaic cells of high
efficiency, other than those made from silicon and
from germanium, are not produced. Introduction
of binary compound cells, such as those of GaAs,
InP and CdTe, seems to be promising. A more'
promising way is the production of a photovoltaic
cell whose surface has continuous different spectral
sensitivities at different positions. It is known that
if InAs and InP are mixed in varying proportions,
alloys having a band-gap of between 0.33 eV and
1.28 eV, corresponding to sensitivity maxima be
tween 0.6 fL and 3 fL, are obtained. Similarly, the
mixing of GaAs and GaP will provide sensitivity

maxima of between 0.3 fL and 0.6 fL, approxi
mately.

At the present time the conver-ron efficiency of a
silicon solar battery reaches 18 per c.-nt at the highest.
This implies that at a sensitivity maximum of
about 0.7 fL, the conversion efficiency is as high as
about 39 per cent. The latter figure is also the ex
pected over-all efficiency of an ideal solar battery
which has varying sensitivity maxima along its
surface in accordance with the solar spectrum,

, although the optical loss is left OH t of consideration
in this case.
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Summary

In recent years the art of manufacturing various
types of optical surface from synthetic plastics,
using metal patterns, has been developed. Thin
plates with corrugated surfaces and acting as lenses,
prisms, or other optical elements can now be produced
with a high degree of accuracy and on mass produc
tion lines. Among others, step lenses such as Fresnel
lenses, cylindrical step lenses, and step prisms often
serve as elements or parts in a solar plant, as sub-
stitutes for ordinary lenses, mirrors, or prisms. .

A test with a Fresnel lens, available commercially
for use in stand cameras, size 12 cm X 10 cm, showed
that it has 'enough potentiality to be used as a
focusing device in place of ordinary.lenses or concave
mirrors. Its cost, about four yen (one cent) per
square centimetre at present, will be lowered still
further in the future.

T on solar
The cost per square centimeter of a SI ICh ndred

battery is still far too high and about a bfnation
times that of a plastic Fresnellens. The cornthe cost
of a solar battery and a Fresnel lens low~rsAt high
per unit power of electricity produ~e. of the
radiation density, however, the e~clency erature
photovoltaic cells is lowered, and high te~~on this
at the focus causes unfavourable effectS.. lell1ent
Point a combination of a thermoelectn~ .eg, . rornlSlU .
and a Fresnel lens collector IS more P rofile

A cylindrical step lens, which. has a ste1uf as a
and. acts as a cylindrical lens, IS al~o t~:t it siI1l'
solar collector. The main advantage IS ernent of
plifies the mounting for following the mov
the sun. I t with a

A step prism, which is a transparen~ p a ~an alsO
corrugated surface operating as a pnsm,
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be applied fa the utilization of solar energy. If it is
combined with a Fresnel lens, a spectrum of the
sun shows itself. Then if two or three photovoltaic
cells of difu-rent spectral sensitivities, or a cell having
different spectral sensitivities along its surface, are
put in the spectrum, higher conversion efficiencies

are to be expected than if a single ordinary solar
battery is used. In the latter case, if such a cell of
a quality equal to that of the silicon solar battery
of the highest conversion efficiency now available,
18 per cent, is produced, the efficiency will reach
39 per cent, at least.

LENTILLES ET PRISMES A ECHELONS POUR L'UTILISATION
DE L'ENERGIE SOLAIRE

ResuJne

On a mis au point, au cours de ces quelques der
nieres annecs, l'art de realiser des surfaces optiques
de divers types a partir de produits plastiques et de
gabarits metalliques. Des plaques minces a surface
striees agissant comme des lentilles, des prismes
ou tous aut res elements optiques peuvent actuelle
ment se produire avec une grande precision et en
serie, On re:-:.lise, en particulier, des lentilles a echelons
telles que ce]]es de Fresnel, des lentilles cylindriques
a echelons et des prismes a echelons, utilisables
comme elements ou pieces d'une centrale solaire,
ou ils rernplaceront les lentilles, les miroirs et les
prismes ordinaires,

Un essai execute avec une lentille de Fresnel
qu'on trouve dans le commerce en vue de son utili
sation dans des appareils photographiques a pied
dormant des images de 12 X 10 cm a revele que ses
possibiIites autorisaient son emploi comme organe
de concentration du rayonnement en lieu et place
des lentilles ordinaires ou des miroirs concaves.
Son.prix de revient actuel de 4 yen environ (1 cent)
par centimetre carre sera encore reduit dans l'avenir. -

Le cout au centimetre carre d'une batterie solaire
au siIicium est encore beaucoup trop eleve, environ
le centuple de celui d'une lentille de Fresnel en
compo.sition plastique. L'emploi combine d'une telle
battene solaire et d'une lentille de Fresnel reduit le
cout. unitaira de l'electricite ainsi produite. Aux
densltes de rayonnement elevees, cependant, le rende-

ment des cellules photovoltaiques s'en trouve reduit
et les temperatures elevees qui regnent au foyer ont
des effets defavorables. C'est sur ce point que l'asso
ciation d'un element thermo-electrique et d'un
collecteur constitue par une lentille de Fresnel est
le plus riche en promesses.

L~s lentiIles plan-convexes a gradins, dont la
coupe presente un systeme d'echelons mais qui agit
comme une lentille plan-convexe, presentent egale
ment leur utilite comme collecteurs d'energie solaire.
Leur gros avantage est la simplification de l'appareil
lage necessaire pour suivre la course du soleil,

Le prisme a gradins, plaque transparente dont la
surface en echelons lui permet de se comporter
comme un prisme, peut egaiement s'appliquer a
l'utilisation de I'energie solaire. Si on le combine
avec une lentiIle de Fresnel, on obtient un spectre
de la lumiere solaire. Si done on installe dans ce
spectre, en des points convenablement choisis de la
surface en cause, un groupe de deux ou trois cellules
photovoltaiques presentant des sensibilites spectrales
differentes, on est en droit de s'attendre ades rende
ments de conversion plus eleves qu'avec un seul
element ordinaire de batterie solaire. En pareiI cas,
si on realise de telles cellules avee une qualite egale
a celle des batteries solaires au silicium ayant le plus
fort rendement de conversion actuellement connu,
soit 18 p. 100, le rendement minimal ainsi obtenu
sera de 39 p. 100.
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reflexion sur une surface en contact ou non avec le
verre.

Considerons un rayonnement i-rrmitif caracterise
par une certaine distribution spotrale ; il s'a&it,ici
du rayonnement solaire et, pOi;f fixer les ld.ee~,
nous rappelons qu'il s'agit d'un r;:'j'8nnement .asslml
lable a. celui du corps noir a 6 0';0 OK, m?dl.fie P~f
la traversee de l'atmosphere terr; 'He et allls~ pr~t1
quement Iimite entre 0,3 [L et ::. r; [1.. La dIffusIOn
atmospherique qui defavorise le' 'our~es longueurs
d'onde fait glisser d'autre part 1· maximum que la
loi de Wien fixerait a. 0,475 [L ver- :'1 region jaun.e du
spectre visible. La position du ;,lilximum .vral est
variable avec la hauteur zenitha'< du soled et les
conditions geographiques. et se '::+ue vers 0,503 i.L

pour une hauteur zenithale de 25° et 0,635 i.L

pour 60°.
De toutes facons 1'aire principale sous la courbe

d'emission solaire coincide avec le trou de trans
mission maximale de la courbe d'absorption chrom~·
tique des verres plats courants : glace et verre a
vitres (figure 1).

Dans la figure 1 :
S courbe du rayonnement solaire utile (unites

arbitraires) , lace
A facteur de transmission globale dune g

sous 1 cm d'epaisseur 'rre it
A' facteur de transmission globale d un ve

vitre sous 1 cm d' epaisseur ti due
(on notera vers 1 1 11 la bande d'absorp IOn et1

, r . d' mpur e,a. la presence de fer ferreux, au titre I
dans ces verres) . '400 0J{

N courbe de rayonnement du corps no~r ~ 600°J{
N' courbe de rayonnement du corps noir a

(pour la courbe P, voir plus loin) .
" ., d corpsnaif

Au contraire, les courbes clemlssIOn.~ siWees
aux basses temperatures sont tout entleres verres.
dans la region pratiquement opaque de ces it it

. licite ui condUIMais cette apparente simp l~l e q ransparel1t
considerer le verre comme parf:l;ltement t f iternel1t
vis-a-vis du rayonnement solaire et par a'chauffe
opaque pour le rayonnemeht du recepteur e
ne resiste pas a. un examen plus pro fond. d ur

d gran e'
Pour fixer simplement des ordres e nernel1t

indiquons les vicissitudes subies par un ra~?;paisseuf
primaire atteignant une lame de ;:errensite initiale
« courante » en verre « courant », L.lllt~ ent egale
de ce rayonnement et ant prise arbltralrem "re face
a. 100, la reflexion vitreuse sur la pre~~~atique
1'ampute de 4 p. 100 av~c un leger effet c

604

Les physiciens et les thermiciens qui se sont
penches jusqu'ici sur les problemes souleves par
l'utilisation de l'energie solaire se sont adresses,
pour leurs realisations, aux materiaux disponibles
sur le marche et, parmi eux, aux materiaux vitreux
(glace et verre a vitres) concus pour des usages gene
raux assez eloignes des conditions particulieres de
ces nouveaux emplois.

La presente etude se propose de degager les condi
tions optimales auxquelles devrait satisfaire le verre
pour de te1s emplois et d'indiquer les possibilites
techniques des maintenant a la disposition des
verriers pour y satisfaire.

Nous ne visons ici que les aspects strictement
thermiques. Les cas speciaux n'utilisant qu'une
partie du spectre d'emission solaire, comme c'est le
cas avec les photopiles, sont ici ecartes.

Avec cette restriction, le probleme eclate encore
en deux cas extremes. On peut desirer recueillir
un maximum d'energie de faible concentration et
done de bas potentiel thermique, comme ce sera le
cas pour le chauffage domestique, pour la cuisson
des aliments, pour l'epuration des eaux, etc., ou au
contraire desirer une forte concentration d' energie
pour obtenir des temperatures elevees tendant vers
celle de la source (fours solaires).
. Le premier cas fera appel a 1'effet de piege que
joue le verre par suite de sa forte transparence vis-a
vis du rayonnement solaire et de son opacite elevee
vis-a-vis de ce qu'on appelait naguere la chaleur
obscure. C'est 1'effet de serre bien connu. Le second
ne retient que l'effet reflecteur d'un miroir et peut
s'adresser a. d'autres materiaux que le verre, tels
que certains metaux susceptibles d'acquerir un poli
superficiel correct. L'effet de concentration dioptrique
(effet loupe) n'est pas utilise pour des raisons tech
niques evidentes (impossibilite d'obtenir economi
quement de grands dioptres).

Lorsqu'on s'adresse au verre en tant que reflecteur,
il est le plus generalement metallise sur sa face
arriere. Ainsi la couche de metallisation se trouve
parfaitement protegee des agressions atmospheriques.
Des metallisations face avant ont ete utilisees, pro
tegees par des couches minces de monoxyde de
silicium, mais cette technique ne s'est pas imposee,
Dans l'etat actuel, le rayonnement reflechi traverse
done deux fois la lame de verre. Cette remarque
rapproche les deux cas extremes precites. Dans tous
les cas, il y a traversee de verre et absorption ou
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dli a la forme de la regle de Fresnel donnant cette

t ' 'ft"" (n - 1) 2 C 'fl' hipar le re (":ine: --- e rayonnement re ec 1
n + 1

n'est pas perdu dans le cas du reflecteur, mais est
perdu pour un capteur. Sur les 96 p. 100 transmis,
l'absorption propre du verre va encore. sous l'epais-

0,80

0,60

0,20

o

Figure 1

A(t")

seur consideree (quelques millimetres) enlever 6 p. 100,
avec eventuellement un nouvel effet chromatique.
A cette phase, deux cas sont a considerer :

, a) Reflecteur (figure 2)

90 p. 100 du rayonnement incident atteignent la
surface arriere que nous supposerons metallique et
refiechissante. Celle-ci absorbe pour son propre
compte environ 9 p. 100. Apres reflexion et au cours
de la nouvelle traversee, 6 p. 100 du reste, soit
5 p. 100 du rayonnement initial, seront encore
disperses dans le verre. Au franchissement de la
face avant, la reflexion vitreuse intervient encore,
mais, a nouveau reflechie sur la couche metallique,
la fraction principale de ce rayonnement se retrou
vera dans le faisceau emergent, qui de ce fait reste
de l'ordre de 76 p. 100, a quoi viennent s'ajouter les
4 p. 100 de la premiere reflexion vitreuse. Au total,
le faisceau utile reflechi contient 80 p. 100 de l'energie
initiale. On notera qu'il y a a considerer deux sur
faces reflechissantes successives : celle de l'orienteur
et celle du concentreur. Au foyer, on disposera
done de 64 p. 100 du rayonnement incident, soit
grossierement 2/3. Pour une densite d'energie
de 1 kWh/m2 atteignant l'installation, il restera

®
Figure 2

20'



606 I1I.B Matleres nouvelles

0 5 o
)

0
-,

"I

E ;t._

Uo~ (,;0

C
(1)

C
003.- )

...1..J

.G- <,HI"
L
0
Cl)

..n~
,'0 >"

-0 <,lot -...,

..w
C01
(1)' .---

U
LL. _.
LL. ..1,:0 t:
ill
°0

U -273 0 500
(d'apres Genze1)

Temperature en °C
Figure 4

transparent possible pour le rayonnement sola,ire:
I . . ti fai a' la fois aa ors que pour le capteur 11 doit sa IS atre . . '.

cette condition et etre le plus opaque possIble :VlS'~t
vis du rayonnement propre du capteur ag1ssa

comme source secondaire,
. mains

A y reflechir, les choses sont beau.cOup. ble.
simples, et reverent tres vite un aspect lllexdtrlcarre

- , l' ff t e se .Prenons cet exemple si simple qu est e e
. . F I_Lorentz

Notons en passant que SI la 101 de res,ne _ 'treUSe
donnant la fraction atteinte par la reflexlOn VI

(
n - 1) 2 d' . e te1s'applique au rayonnement trtg
n +1 itee

qu'il provient du solei! et conduit a. la va~~urf~rrne
de 4 p, 100, elle ne s'applique plus sous ce c: secan
au rayonnement dijjus provenant de la sour "1 faut,
daire d'un capteur, et c'est sur 9 p. 100 q1U.1 ""'erne

f . . " h uffe Ul-ll'en ait, compter. Le verre, qUI s ec a ndaire,
en absorbant fortement ce rayonnement secoocessus
va donner lieu, couche par couche; a. tout un PJcepteur
de reradiation dont une partie emise vers 1~ rdique la
sera utilisee et le reste perdu. Gardon a l~tant de
demarche mathematique complexe per~e ner deS
'traiter formellement ce cas et a p~ o~ais non
chiffres relatifs a. une situation symetnq~~, la lame
'I it . di ,. . raetense Sa a SI uation issymetrique qUI ea d'fferente .
placee entre deux sources de temperatures 1 nt plUS

Si ce probleme n'etait pas apparu irnpofJ~gtemps
tot, c'est que l'effet de serre est :este , ferieures
limite a. de basses- temperatures, dlS0ns In

b) Capteur (figure 3)

Iei la seconde face n' est pas metallisee. Sur les
90 p. 100 de I'energie qui l'atteint, 4 p. 100 subiront
encore la reflexion vitreuse et, retraversant la lame
de verre, seront presque totalement perdus dans
l'espace.- 86 p. 100 de l'energie incidente seront en
principe utilisables dans l'enceinte de capture. Suppo
sons que celle-ci soit constituee par un corps noir,
materiellement separee de la lame de verre, pour
que seuls interviennent les echanges par rayonne
ment, et pour sa part parfaitement isolee sur sa
face arriere. Ce corps noir va s'echauffer et va emettre
pour son propre compte. Nous nous retrouvons
dans un cas ou la source primaire, le soleil, est
remplacee par une source secondaire de temperature
beaucoup plus basse, disons, pour fixer les idees,
450 "K, La limitation est evidemment la consequence
des pertes au travers du verre. Or vis-a-vis de ce
rayonnement dont le maximum est voisin de 6,4 (.I.

et qui commence vers 2,5 (.I., le verre, nous l'avons dit,
est pratiquemenf un corps noir. La partie de ce
rayonnement qui penetre dans le verre apres deduc
tion de la partie reflechie est done totalement absor
bee dans une couche mince qui contribue a. la mise
en temperature de l'enceinte, mais qui, par reradia
tion et conduction vers l'exterieur, provoque les
pertes definissant le regime d'equilibre atteint,

Tout cela est intuitif. On conceit sans calcul que
pour le reflecteur le verre doit etre seulement le plus

dans l'orienteur 0,2 kWhjm2 et dans le concen
treur 0,16 kWh.

Figure 3
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a 100,oC. L'energie rayonnee a cette temperature
par le recepteur, meme assimile a un corps noir,
restait faible, et la temperature de la lame de verre
fbsorbant cette energie restait peu differente de
a temperature ambiante.

d Or"la tendance est aelever la temperature de regime
u recepteur dans le but d'ameliorer le cycle de

Carnot dans les applications thermodynamiques.
~,n 'p.eut envisager, avec de faibles concentrations,

utihser comme fluide de transfert des rnetaux
~u alliages fondus, ou de vaporiser des liquides.

,ans ce cas, d'une part I'echauffement du verre
~ est plus negligeable et il en resulte une diminution
fie son opacite dans l'infrarouge, comme le montre la
egure 4, et d'autre part la courbe d'emission du
~,cepteur se deplacant vers les courtes longueurs
. onde, commence a filtrer par le trou de transmis

SIOn du verre.

t
;Autant que le facteur d'absorption du verre res-

aItPI' d ' ' .d " our es grandes longueurs don e, tres voism
Me,l unite, le role de l'epaisseur n'apparaissait pas.

aIS, aux approches du trou de transmission, la

forme exponentielle de la loide Beer peut distordre
totalement l'allure de la courbe de transmission
lorsque l'epaisseur varie. La figure 5 represente
pour quatre types de verres l'effet de I'epaisseur
correspondant a des multiples de 10.

Pour pieger le maximum d'energie pour une
temperature choisie du recepteur, nous avons anotre
disposition plusieurs variables dont nous examinons
successivement le role ci-dessous.

La composition du verre affecte sa transmission;
la bande centree sur 1,1 [L due a la presence de fer
ferreux dans le verre est de toute evidence nefaste,
puisqu'elle affaiblit le rayonnement solaire transmis,
sans retenir mieux pour cela le re-rayonnement de la
source secondaire. Des qu'une energie notable est
rayonnee par cette source secondaire au-dessous de
5 [L, le verre ordinaire ne peut plus etre considere
comme totalement opaque. Il y a interet a s'adresser
alars aux verres du type baro-silicate (Pyrex)
qui, sous des epaisseurs de quelques millimetres,
arretent tout ce qui est superieur a 3 [L (courbe P,
figure I).
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D'oll :
cr04 =D (T + 1) _i, ,-,et

Si Test voisin de l'unite (verre tre; clai~ et tores mince),
tout se passe comme si le recepteui recevait le rayon
nement de deux soleils.

Supposons maintenant que le Fege soit co~stitue
par deux lames de verre identiq ut s (double vitragel
(figure 6) qui vont prendre respeetwement les tempe-
ratures 01 et O2 , 0 '

Nous ecrivons de merne les cOI,ditions d'equlhbre

Recepteur :

Soit D la densite du flux solaire recu au niveau de
l'installation. 00 est la temperature d'ambiancs, ela
temperature du recepteur suppose constitue par un
corps noir, sans perte par sa face nrriere. Olla tempe
rature prise en regime permanent par une lame de
verre unique, et T sa transparence globale vis-a-vis
du rayonnement solaire. T est nul vis-a-vis du rayon
nement d'ambiance et en premiere approximation
vis-a-vis du rerayonnement du rccepteur.

L'equilibre du recepteur s'expnrne par:

a 04 = DT + (J o~

L'equilibre de la lame est dOl1T'15 par:

l rrOf = D (1- T) + rrO~ + er 64

lames on

er 04 = DP + er 0t

Ire lame a partir du recepteur :

2 cr Of = DT (1- T) + er 04 + er 6~

2e lame:
2 cr O~ = D (1- T) + (J 0t + er 6t

Il vient imrnediaternent

cr04 =D (1 + T + P) + cret

La generalisation est evidente. Pour n
aurait

. ' 64
rr 04 = D [1 + T + ... 0 • + TnJ + (J 0

Si Test voisin de l'unite

cr04 =D (1 + n) + crot
Ainsi avec deux lames la temperat~re alttl~~te !

'I . 0 t trOlS so e 'correspond a ce le que fourmralen 'ra-
La courbe ci-apres (figure 7) 0 donJ?-~ la t=~~;eils

ture atteinte par un corps noir irradie par
(00 = 290 "K = 17°C). 0 nU et

d rps naIf tLa valeur x = 1 correspon au eo 0 dissemen
dans le vide. Dans 1'air par suite du refrol ~t 54°C

, 0 eral
convectif, la temperature de regIme s
seulement. de 086

., lobale "tAvec le facteur de transmlSSlOn g pondral
adopte plus haut, un triple vitrage corres
encore a. 3,25 soleils. 0 ultiples

On voit done tout l'interet des vI~rag~ ~JisatiO~
pour former un capteur d'energie solalreo u condnl
d'un verre unique d'epaisseur eql!ival~nte.ne

es entre
rait pas au rneme resultat, les mterechangduetioll'
couches s'effectuant alors aussi par con

e = 1 10 100

1000 1000 1000
0,995 0,951 0,605
0,990 0,904 0,366
0,980 0,817 0,133
0,970 0,737 0,047
0,960 0,665 0,017
0,950 0,599 0,006
0,900 0,348
0,800 0,108
0,700 0,028
0,600 0,006
0,500 0,001
0,400, 0,0001

D(1-T)

~-------

DT

Figure 6

9
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La pente de la partie de la courbe de transmission
separant une region de grande transparence d'une
region de moindre transparence est d'autant plus
grande que I'epaisseur est plus importante. On peut,
en choisissant une epaisseur convenable, retenir
davantage d'energie rerayonnee qu'on perdra en
energie primaire.

Le facteur de transmission peut etre affecte en
dehors de ces deux premieres causes intrinseques
par des traitements superficiels. Un film d'or depose
sur la face interne du verre, si son epaisseur est
correcte, refiechit peu I'infrarouge proche contenu
dans le rayonnement solaire, et beaucoup 1'infrarouge
plus lointain. Des traitements chimiques simples
permettent d'obtenir de tels films sur de grandes
surfaces.

Le pouvoir emissi] du capteur lui-meme doit etre
choiside maniere a. ce qu'il corresponde au corps
noir au-dessous de 2,5 (1., et qu'au contraire il soit
faible au-dessus (rnetaux ternis et non metaux
noircis). '

Mais c'est surtout le facteur de deperdition globale
de I'ecran de verre qui a un effet important, et a. ce
point de vue les vitrages multiples doivent parti
culierement retenir 1'attention.

Examinons en effet le role de piege da a. 1, 2..... n
lames de verre. '

Epaisseur : le tableau ci-dessous donne, pour des
epaisseurs multiples de 10, les modifications du
facteur de transmission.
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verre de 3 X 30 m dressee sur sa tranche longue, et
deforrnee de maniere a ausculter un segment de
cylindre parabolique. Avec des epaisseurs courantes
de glace recuite, le foyer peut etre de 15 m; il peut
encore etre reduit avec des glaces durcies par une
trempe legere, La ligne focale serait alors reprise
par un concentreur de faibles dimensions (3 m X

·0,50 m), lie au four, l'ensemble se deplacant sur une
trajectoire asservie a la position du soleil.

La mise a la disposition des physiciens et des
thermiciens de produits verriers tres differents en
caracteristiques physiques ou en dimensions de ceux
auxquels ils pouvaient s'adresser jusqu'ici nous
semble de nature a faciliter la resolution du nombre
de problemes auxquels ils is'etaient heurtes.

L'industrie verriere a generalise depuis quelques
annees darts le batiment les doubles et les triples
vitrages de grandes dimensions (surfaces monobloc
de plusieurs metres carree). Certaines realisations
comportent des assemblages soudes qui assurent
l'etanchei te totale des espaces intercalaires.

Pour rester dans des limites raisonnables quant
au nombre de lames de verre ainsi assernblees, on
voit que, sans debit, la temperature du recepteur ne
saurait depasser 200°C. Pour monter au-dela, il
faut faire tomber sur le capteur un rayonnement au
mains partiellernent concentre, . .

Le probleme de la concentration pour un simple
but energetique echappe a certaines difficultes qu'on
rencontre avec les miroirs destines a fournir des
!ilages astronorniques. Dans ce dernier cas, et si l'on,
iveut beneficier de la meilleure resolution possible
les ondes reflechies ou diffractees doivent avoir
leurs phases coherentes, et l'on sait que les miroirs
mosai'que sont alors aproscrire. Ce sera au contraire
la regIe pour les grands orienteurs ou concentreurs.
S'il s'agit de Iaibles taux de concentration, n'importe
quel type de reflecteur peut etre utilise, mais s'il
s:.agit d'obtenir la plus haute temperature possible,
I'imago solaire doit etre d'une qualite suffisante
pour que le maximum d'energie se repartisse sur la
Surface utile minimale. Pour les fours solaires de
petite puissance, on utilisera des miroirs paraboliques
de grande ouverture et de court foyer, mais pour les
fOurs de grande puissance les realisations sont dn
type mosai'que, et la focalisation est obtenue par
deformation individuelIe des elements constitutifs.
Cette sujetion entraine une grande cornplexite des
Supports et des difficultes de reglage. Or, depuis
tre~ peu de temps, de nouveaux precedes de fabri
catIon en continu de la glace polie permettent de
!!let,tre.a la disposition des specialistes un ruban
;~d~fim de glace. Seules les difficultes de transport
Imltent la longueur de ces rubans, mais des unites
de 30 m de longueur ant ete deja transportees sur
de tres grandes distances. La largeur de ces rubans
est de 2,50 m et peut atteindre 3,20 m. Le prix de
telIes grandes glaces subira certainement dans un
proche avenir une evolution tenant compte de la
normalisation de ces productions. Il est tentant de
pen~~r qu'un reflecteur - preconcentrateur, en
PosftlOn fixe - serait constitue par une lame de
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Resume

Les progres ' recents realises dans differents do
maines par les verriers doivent permettre aux phy
siciens et aux thermiciens de tirer mieux parti des
produits verriers pour accroitre l'efficacite des cap
teurs de l'energie solaire.

Pour les pieges utilisant 1'effet de serre, l'auteur
attire l'attention sur la forme du front d'absorption
situe habituellement vers 2,5 microns, et sur les
manieres d'agir sur celui-ci : soit par la composition
du verre et le controle de certaines impuretes,
notamment du fer avec sa bande 1,1 !L, soit par l'epais
seur de la lame de verre. L'intervalle qui separait
l'extremite longue de la courbe du rayonnement
solaire de l'extremite courte de la courbe de rayon
nement du recepteur s'amenuise au fur et a mesure
que 1'on recherche, au besoin par une semi-concen
tration, a accroitre la temperature de ce dernier;
des lors, les pieges habituels perdent de leur efficacite
si le verre n'est pas specialement adapte a 1'effet
cherche, L'auteur attire ensuite 1'attention sur le

role preponderant joue par les vitrages multiples.
Un vitrage triple a une efficacite comparable it ce
que donneraient 3,25 soleils frappant le recepteur nu.
Les vitrages multiples actuellenient industrialises
sont' soudes d'une maniere autogene ou sertis dans
des garnitures metalliques ou plastiques parfaite
ment etanches. L'efficacite du piegc peut egalement
etre accrue par un tres leger depot d'or sur la face
interne de la demiere lame de verre.

Pour la realisation de grands concentreurs qui
jusqu'ici doivent renoncer aux pieces uniques et sont
des lors constitues par un damict d'eIements plans
approximativement parabolises, ~'industrie verriere
peut desormais fournir des rubnns de glace pohe
de longueur indefinie. On peut penser que ces longues
glaces permettront de realiser tres simple~ent
des pre-focaliseurs statiques en forme de cylindre
parabolique. C'est alors le dC1ixieme focalIseur
associe au four qui est asservi a'~ deplacement du
soleil,
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SPECIAl, GLASSES AND MOUNTINGS FOR THE UTILIZATION OF SOLAR ENERGY

(Translation of the foregoing paper)

1. Peyches *

The physicists and heat engineers who have been and brings them close to each other. In all cases, the
working on the problems raised by the utilization radiation passes through the glass and is then absorbed
ofsolar energy have been using the materials available or reflected by a surface that mayor may not be
on the market in developing their designs. The in contact with the glass.
commercial vitreous materials they have thus been Consider an original radiation characterized by a
employing -- plate glass and, window glass - were certain spectral distribution. We refer here to the
developed, however; for uses that were usually solar radiation. As an approximation, it may be
very different from the specialized conditions of identified with the radiation of a black body at
these new applications. 60000K, modified by passage through the earth's

This study proposes to determine the optimum atmosphere, and thus, for all practical purposes,
conditions that glass for such uses must satisfy, confined to the region between 0.3 (L and 2.5 (L.

and to indicate the technological opportunities now Scattering in the atmosphere, unfavourable to the
available 'le the industry for satisfying them. short wavelengths, shifts the maximum fixed by

We shall here be concerned entirely with the Wieri's law at 0.475 (L towards the yellow region of
strictly thermal aspects of the problem. We shall the visible spectrum. The position of the true maximum
not consider the special cases utilizing only part of varies with the zenith distance of the sun and the
the solar spectrum, such as photopiles. ' geographic conditions, being around 0.503 (L for a

With this restriction, the problem now breaks solar zenith distance of 25° and around 0.635 (L for
down into two extreme cases. One may wish to . a zenith distance of 6~0".
collect the maximum quantity of energy at low Ip .any case, t~e pnncIl?al area under the. solar
concentration, arid thus also of low thermal potential, emlSSlO? ~urve coincides Wlt~ the gap ?f maximum
as f~r domestic space heating, cooking, water puri- transmIs~lOn of the chrom~tlc absorption cu~ve of
ficatlon, etc. On the other hand, a high concentration- commercial flat glass, that I~, plate glass or window
of energy may be desired to produce elevated tem- glass (figure 1). '
peratures, approaching that of the source itself (solar In figure 1:
furnaces). S curve of useful solar radiation (arbitrary

The former case makes use of the trap effect units)
exerted by glass as a result of its high transparency A - total transmission factor of mirror glass
to solar radiation, and of its high opacity to what 1 cm thick . .
Was once called dark heat. This is the well-known A.' = total transmission factor of window glass
hot-house effect. The latter case utilizes only the 1 cm thick
reflector effect of a mirror, and may make use of (Note the absorption band towards 1.1 (L

materials other than glass, such as certain metals due to the presence of ferrous iron in these
that take a high superficial polish. The dioptric glasses as an .impurity.)
con~entration effect (lens effect) is not utilized, for N = radiation curve of black body at 4000K

obV1?us technical ressons (the impossibility of eco- N' = radiation curve of black body at 6000K

nOmIC production of large lenses). (The curve of P will be explained later on.)
When glass is to be used as a reflector, it is usually On the other hand, the low-temperature black

~etal-coated on its back surface. The metal film body emission curves are located entirely in the
IS thus perfectly protected against the corrosive spectral region where these glasses are practically
~hon of the atmosphere. While, metal coating on opaque.
thf front fac~ ~as also bee.n used. and pr?tecteq by a But this apparent simplicity, of considering
b n film of sibcon monoxide.vthis technique has not glass as perfectly transparent to the solar radiation
een generally adopted. In the present state of t.he and perfectly opaque to the radiation of the heated

~t. the reflected radiation must therefore pass twice receiver, is not adequate on examination.
eorOugh the glass sheet. This is a ~ircumstance Merely to indicate the order of magnitude, consider

mmon to both the extreme cases mentioned above, what happens to primary radiation incident on a
~r Res h Lb' t C g . de Saint-Gobain plate of glass of "commercial" thickness, made of
Paris. • earc a ora ory, ompa me • "commercial" glass. Since the initial intensity of the

611



radiation is taken arbitrarily as 100, the reflection
on the first face cuts off 4 per cent of this with a
slight chromatic effect due to the form of Fresnel's
law giving this reflected part:

612
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Figure 1

(n- l)2
n+l

N

III.B New materials

This reflected radiation is not lo-t in the case ofa
reflector, but it is lost with a ~,lar collector. The
absorption of the glass itself, to:: ,Le thickness being
considered (several millimetres), .,,)11 take 6 per cent

. of the 96 per cent transmitted, with a possible new
chromatic effect. In this phase, there are two cases
to be considered:

(a) Reflector (figure 2)

Ninety per cent of the incident radiation reaches
the back surface, which is assumed to be metallic
and reflecting. This surface, fa; rts own account,
absorbs about 9 per cent. After re flection and in the
course of the new passage throu 11 the glass, 6 per
cent of the remaining radiation, ' . about 5 per cent
of the initial radiation, will also .' dispersed in the
glass. On passage through the ront face, glassy
reflection will again take place but, when once
again reflected by the metal la.)f, the main part
of this radiation will be in tb useful emergent
beam, which therefore remains Of he order of 76 per
cent, to which we must add the ~ »er cent from the
first reflection. The useful beam '.3 a whole contains
80 per cent of the initial energy. :t should be noted
that two successive reflecting : irfaces are to be
considered: that of the orientatcr and that of the

®



Special glasses and mountings S/9l Peyches 613

500
(after Genzel)

•

Temperature, °c
o

2.50

2.25 " •

O~f--------''-+--------~--+-

Ol--------''-'-------------'''-'--
-273

....

's O?I-----+-------------+
If
'0

~
8

1'6cf.r-----+-------------+-
~

2.10 t

1.3 t

Figure 4

•
01 r------'-+-------------+-

All this is intuitive. It will be realized, without
calculation, that for the reflector, the glass need
only be as transparent as possible to solar radiation;
while for the collector, the glass must satisfy both 
this condition and be as opaque as possible to the
emitted radiation of. the collector itself.

On consideration, these problems become more
complex. -Consider the simple example of the hot
house effect.

We remark, incidentally, that while the Fresnel
Lorentz law giving the fraction of vitreous reflection

(
n _1)2
n+1

does apply to directed radiation, such as that from
the sun, and leads to the value of 4 per cent men
tioned above, it does not apply, in this form, to the
diffuse radiation coming from the secondary source
of a collector, and one must, in fact, count on !) per
cent reflection. The glass, which, in strongly absorb
ing the secondary radiation, itself becomes heated,
will then give rise, layer by layer, to a whole process
of reradiation, of which one part, emitted in -the
direction - of the receiver, will be utilized, while
the remainder will be lost. Gardon has indicated the
complex mathematical apparatus for the formal
treatment of this case, and has given figures relating
to a symmetrical situation, but not the bisymmetric
situation that characterizes a sheet of glass placed
between two heat sources at different temperatures.

concentraj('T. At the focus, then, 64 per cent of the
incident radiation, or roughly two-thirds, will thus 0;5 r-----I---+--------=""""'-------+-
be available. For an energy density of 1 kWh/m2

reachingthe installation, 0.2 kWh/m2 will be absorbed
in the orientator, and 0.16 kWh in the concentrator.

(b) Collector (figure 3)

Here the second face is .not metalized. Of the
90 per cent of the energy reaching it, 4 per cent will
again undergo vitreous reflection and return through
the glass sheet, to be almost completely lost in
space.

Eighty-six per cent of the incident energy will
in principle be useful in the collection enclosure.
Assume that this enclosure is a black body, materi
ally separated from the sheet of glass, so that only
radiative exchanges will be involved, and that the
black body is perfectly insulated on its back surface.
It will become heated, and will itself emit. Thus,
in effect, the sun, the primary source, is replaced
by'a secondary source at a much lower temperature
-say, for example, 450°K. The limitation is the
obvious result of the losses through the glass. But
WIth respect to this radiation, which has its maximum
near 6.4 and which begins at about 2.5, glass, as
alre~dy stated, is practically a black body. The
portion of this radiation penetrating the glass,
after allowing for the portion reflected, is therefore
totally absorbed in a thin layer that contributes
to !h~ heating of the enclosure, but which, by re
radIatIon and conduction towards the outside, causes
the losses defining the equilibrium state attained.

Figure 3. Black body receiver



614 III.B ~evv naaterials

\
\

e:100

e:1

20

10

30

70

40

90

80

T
100·~r---------"-----------'-----------'---

--- e:1cm
~

e:10

1 2 1 2 1 2 1

Figure 5

If this problem did not seem important before,
it was because the hot-house effect long remained
confined to low temperatures, say, below 100°C.
The energy radiated at this temperature by the
receiver, even one behaving like a black-body,
still remained small, and the glass sheet absorbing

. this energy differed but little in temperature from
the ambient.

But the tendency has been to increase the operating
temperature of the receiver with the object of
improving the Carnot cycle in the thermodynamic
applications. At low concentrations, one might envisage
the utilization of molten metals or alloys as heat
transfer agents, or the vaporization of liquids. In
this case, on the one hand, the heating of the glass
is not negligible, and its opacity in the infrared
decreases in consequence, as shown by figure 4. On
the other hand, the emission curve of the receiver
shifts towards the short wavelengths, and the receiver
emission begins to filter through the transmission
gap of the glass.

So long as the absorption factor of glass still
remained very close to unity for the long wavelengths,

the role of its thickness did not appear. BU:~tf~
approaching the transmission gap, the e;p;;t the
form of Beer's law could now totally I~h'ckness
shape of the transmission curve when th; II

SS
the

varied. Figure 5 shows, f?r four typ~s 0 !t ~O:
effect of thickness (e) varymg by multIples elected

To trap the maximum energy for la v~riables
receiver temperature, we hav~ severa 1 of each.
at our disposition. Let us examme the ro iff ts its

hi haecThe composition of the glass, W IC d centered
transmission: the presence of the b;n us ironin
about 1.1 !1. and due to the prese~ce of er~o evidence,
t~e gl~ss is determined, according to ~r radiat~on
smce It attenuates the transmItted .sol radiatIon
without making ~p for it by reducmg re .
of the secondary source. f energY IS

As soon as a considerable amount 0 rdinary
radiated by this secondary source beloW 511,°opaque.
glass can no longer be considered tota Y ider the

, . hi e to conS eSIt would be of mterest m t IS cas t thickness
borosilicate type of glasses (Pyrex), for~. tion longer
of several millimetres, they stop all ra la

than 3 !1. (curve P, figure 1).
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Thickness : the following table gives the trans-
mission factor for thicknesses in multiples of 10. 80
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8 DT
2

.

777/1/111111/11/1111111/111

1.000
IUl95
0.990
0.080
0.970
(1.060
0.950
0.900
0.800
0.700
['.GOO
{I.~OO

0.400

10

l.000
0.951
0.904
0.817
0.737
0.665
0.599
0.348
0.108
0.028
0.006
0.001
0.0001

100

l.000

~0.605
0.366
0.133
0.047
0.017

~0.006

DT

The slope of the part of the transmission curve
that separa tes a region of high transparency from
one of lower transparency is steeper, the greater
the thickness. By selecting an appropriate thickness,
!D0re .reradiated energy may be retained than is lost
m primary energy.

The transmission. factor may be affected not only'
by these two intrinsic causes, but by superficial
treatment as well.

A gold film deposited on the inner surface of the
glass, provided its thickness is correct, reflects
only a little of the near infrared in the solar radiation,
but much of the farther infrared. Such films may
be formed on large surfaces by simple chemical
treatments.

The emissivity of the collector itself should be so
selected as to correspond to a black body below
2.5 [1., but on the other hand to be low above that
wavelength.

But it is primarily the factor of over-all loss of the
glass ?creen that produces an important effect, and
~n thl~ connexion multiple panes are especially

eservmg of attention.

2 Let us now examine the role of the trap due to 1,
. " n sheets of glass.
Let D be the density of the solar flux received

~t the level of the installation. 00 is the ambient
emperature, .0 the temperature of the receiver,

assumed to be a black-body, without losses on its
~~ar face. ~ ~s the temperature reached under steady
"tate conditions by a single sheet of glass, and T
~s. Over-all transparency to the solar radiation.

IS zero with respect to the radiation of the sur
~oundings, and, in first approximation, with respect
o the reradiation of the receiver as well.

f I
T1he equilibrium of the receiver is expressed as° oWs:. .

0'04 =DT + O'0t
The equilibrium of. the glass sheet is given by:

l 0' 0t ~ D (1- T) + 0' 0t + 0' 04
Whence

0;04 =D (T + I) + O'0t

Figure 6

-If T is close to unity (very clear and very thin glass),
then everything takes place as though the receiver
received the radiation of two suns.

Assume now that the trap consists of two identical
sheets of glass (double pane) (figure 6), which will
assume the respective temperatures 01 and. 02'

We now write, similarly, the equilibrium con
ditions:

Receiver:
. 0' 04 = DT2 + 0' 0t

Ist sheet counting from the receiver:

2 0' 0t = DT (I - T) + 0' 04 + 0' O~

2nd sheet:

2 0' O~ = D (1 - T) + 0' 0t + 0' 0t
It follows immediately that:

. 0' e4 = D (1 + T + T2) + 0' 0t

The generalization is obvious. For n sheets we
shall have:

0'04 =D [1 + T ..... + Tn] + O'0t
If T is close to unity:

0'04=D(1 +n) +O'0t
Thus, with two sheets, the temperature attained

corresponds to what would be given by three suns.
The curve of figure 7 gives the temperature.

. attained by a black body irradiated by x suns
(eo = 2900K or 17°C).

The value x = 1 corresponds to the bare black
body in a vacuum. In air, owing to convective cooling,
the steady temperature will be only 54°C.

With the over-all transmission factor of 0.86
adopted above, a triple pane would correspond to
3.25 suns.

All the interest attaching to multiple panes in
designing a solar energy collector will thus be appa
rent. The use of a single pane of equivalent thickness
would not give the same result, since in that case the
interchange between the layers would take place
by conduction as well.
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Number of suns, x

Figure 7

with mirrors used to form astronomical images.
In the latter case, if optimum rcrolution is desired,
the reflected or diffracted wave-s i.iust be in phase,
and mirror assemblies cannot ;,,' used. It would,
on the contrary, be a rule to 1<ie mosaic mirrors
for large orientators or concentr.itors. If only Iow
concentration ratios are required, then any reflector
type at all may be used, but if the temperature is to
be maximized, the solar image must be high-grade
enough to have the maximum energy distributed
over the minimum useful surface. For low-power
solar furnaces, parabolic mirror-, of large aperture
and short focus are used, but for furnaces of higher
power, the embodiments are of mosaic type a~d the
focus is obtained by the individual deformatIOn of
the components. This severe C(,;;Jition m~kes the
mountings extremely complicated, and involves
great difficulties in adjustment. Very recently.
however, new processes of cor;' nuous pr?ductlOn
of polish plate-glass make a l:w! e-glass. r~bbon of
any desired length available to t''' specIalIsts. The
length of these ribbons is limited only by transport
problems, but units 30 m long l.ave already been
shipped very long distances. Tile WIdth of these
ribbons is 2.50 m and may read 3.20 m. The cost

-of such large glass plates will certainly ~nderg~
modification in the near future, as produetlOn. be
comes standardized. It is interesting to con~l~er
that a reflector-preconcentrator, in fixed postttOn,
will be made of a single sheet of glass 3 X 30 rot
on its longitudinal edge and deformed into a.segmen

of parabolic cylinder. With the present thlC~~SS~~
of annealed plate glass, the focal length cOd [th
15 m, and this could be still further r~duc~l1 ~en
lightly hardened plate glass. The focallllle Wo 50 ro)
be taken up by a small concentrator (3 X . bly
connected to the furnace, with the whol:. asseTtbe
moving on a trajectory following the POSItlOn

0

sun. t
.. t nd hea

This new availability, to phYSI~IS s ~eatl in
engineers, of glass products var¥lllg g {hose
physical characteristics or dimenSIOns fro~ure to
formerly available, appears to be of a f~s they
facilitate the solution of a number of prob e ,
have encountered.
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During the last few years, at the initiative of the
glass-making industry, the use of double and triple
panes of large size (single surfaces of several sq m)
has become general in building. Certain of these
embodiments are welded assemblies, which ensure
total sealing of the intermediate spaces.

To remain within reasonable limits as to the
number of glass sheets assembled in this way, it
will be seen that without heat outflow, the receiver
temperature could not exceed 200°C. To go beyond
that level, one would have to have radiation at
least partially concentrated falling on the receiver.

The problem of concentration for energy delivery
purposes is free of certain difficulties encountered
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The recent advances in various fields of glass
making will enable physicists and heat engineers
to make better use of glass products to improve the
efficiency of solar energy collectors.

For the radiation traps utilizing the hot-house
effect, the author calls attention to the shape of the

Summary

- wavelengt~
absorption edge, usually located n~a~ flueneing It
2.5 microns, and to the methods 0 III d control
by modifying the composition of th~ glass~:t its band
ling certain impurities, especially lrOn

h
:W~ness of the

at 1.1 microns, or by modifying the t t~C long-wave
glass plate. The interval between e
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end of the solar radiation curve and the short-wave
end of the receiver radiation curve diminishes as
the receiver temperature is increased, for example,
by using semi-concentration techniques. When this
is done, the conventional radiation traps lose their.
effectiveness unless the glass used is specifically
adapted to the effect desired. Attention is next
called to the importance of multiple panes. A triple
pane has an effect comparable to what would be
given by :U~5 suns incident on the bare collector.
The multiple panes now industrially developed are
assembled by gas welding or placed in completely
hermetic metal or plastic mountings. The efficiency
of the collector may also be improved by an extremely

thin film of gold deposited on the inner face of the
last glass plate.

To build the large concentrators that could not,
up to now, be made in a single piece, and had to be
constructed out of a checkerboard assembly of
plane elements deformed into approximately para
bolic shape, the glass-making industry is now in a
position to supply polished plate glass strips of any
desired length. Those long pieces of mirror glass
should permit the very simple realization of static
pre-focus units of cylindro-parabolic shape. In that
case, it will be the second focusing element of
the furnace that will follow the motion of the
sun.
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FURTHER STUDIES ON SELECTIVE BLACK COATINGS

H. Tabor, J. Harris, H. Weinberger and B. Doron *

[4J

[2]

of a solar heat

b] [3]
dYj = a [~d at - PQ d In

f rt and
changes 0

P

Q

[ (
le or + lr or) ]

"lj = a at ~ - b -PQ

h t lesS than
where a and b are constants somew a . the
unity and Qis the mean solar intensity dunng

day. iff ntia'. . bl byd1 ereAssummg that at and lror are vana e,
tion:

'YJ = at ~ PQ - (lr or + le or) = o: ~ _ {r or + le or [1]
PQ - PQ

where ~ _ transmission coefficient of the collector
system
concentration ratio (area of solar collee).

tor aperture to area of heated s~rfaee
solar radiation intensity per unit area
of solar aperture . t d
heat losses per unit area from hea ~
surface at temperature T, due 0

thermal radiation fan
le or = ditto, due to convection and condue1 .

Equation [1] is the instantaneous e;fficienJ\:;Q varies during the day, the mean effi~lency ~;Uli'
the day must be computed by graph1Cal o~ t the
algebraical methods. It will then be .found t:
average efficiency 'lj is given approx1mately Y

which means measurement usi ng some standard
sun - and the total thermal emittance e, at the
temperature of intended use, are also measured.
Indeed, it is usually easier to measure the integrated
values than the spectral distribution, though a
study of the latter is necessary wh.:n trying to develop
better surfaces.

It turns out in practice thai , in general,. any
attempt to increase at leads also in an increase III e.

. The significance of changes in IX and e may be deter
mined as follows:

The instantaneous efficiency
collector is:

The condition that simultaneous
l; or shall not reduce 'lj is that

b
d at ~ ----= d t; or

~PQ .
. . f the order

In practice, b is about 0.8 whilst ~ 1Sb~r of trailS'
of 0.7 to 0.9, dependent upon the num
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Requirements of a selective black surface

In 1955, at the First World Symposium on Solar
Energy, the basic principles of selective radia
tion applied to solar energy utilisation were
laid down (1) and a practical collector using
selective surfaces was demonstrated. At the same
symposium, Gier and Dunkle (2) discussed the impor
tance of selective spectral characteristics of materials
for solar collectors. Subsequently, work on selective
surfaces was reported from the Massachusetts In
stitute of Technology (3) and the University of Wis
consin (4), and several other papers on the subject
have appeared. Very recently, Gier and his colleagues
have published an excellent report (5) on spectral
properties of surfaces, with special reference to their
'use for solar energy, though the accent is on space
applications.

Since 1955 the National Physical Laboratory of
Israel has used selective surfaces for experimental
work and has set up an industrial plant for the
blacking of commercial solar collectors. It is only
in the last two years, however, that it has been
possible to devote time and energy to a more basic
study of what selective surfaces are and how their
properties are related to the methods of production.
This research is by no means complete, but some
observations to date are reported in this paper.

In effect, an ideal selective black surface for a
solar heat collector is a band-pass reflection filter;
in the solar spectrum reaching the earth, that is,
in the range 0.3 to 2.5 microns, the surface should
be non-reflecting - a complete absorber - whilst
for longer wavelengths it should be a perfect reflector,
that is, have negligible thermal emissivity. For terres
trial applications up to about 300°C the transition
between absorption and reflection should occur at
about 2.5 microns; for higher temperature, the
transition point should be at a somewhat shorter
wavelength. (Both graphical and mathematical meth
ods are available for determining the optimum tran
sition point.)

Because the real selective surface does not have
an ideal spectral distribution, it is usually more
convenient to deal with the integrated effects: the
integrated absorbtance 1 to solar radiation, at-

* Nationla Physical Laboratory of Israel, Jerusalem.
1 "Absorbtivity" and "emissivity" refer to properties; "absorb

tance" and "omittance" to values (cf. "resistivity" and "resis
tance").
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mission and reflection surfaces. Thus, as a first
approximation, equation [4] may be written

1
da>-=dlr-r [5]PQ .

Now s , = ee(J (P-T6)

where a Stephan-Boltzman constant
T temperature of the heated surface
To temperature of its surrounding envelope
ee effective emittance of the heated body

in its surroundings..

Equation [5] becomes:

(J (P- P)
d a> 0 de, [6J

PQ
In any practical design T, To, P, Q are known, so
that equation [6J is readily evaluated. As an example,
in a flat plate collector where P = 1; Q= 540. kcals
per hr, m2 (200 Btu per hr, ft2) ; T = 343°K; To =
298°K:

da>0.6dee [7]

If the surroundings have an emittance approaching
unity or the heated body is small compared with
~ts envelope, the effective emittance ee is almost
Identical with the actual emittance e.

Thus, for example, if a selective black surface for
this application has an absorbtance of 0.90 and an
e~itta~ce of 0.10, and a modified blackening process
will raise the absorbtance to, say, 0.93, the emittance
should not rise above 0.15 or no benefit will result
from the greater absorbtance.

For a focusing collector with P = 3, Q = 460,
T = 160°C and To = 40°C, equation [7] becomes

d a> 0.89dee

and the relative importance of a and e are not very
different from the flat plate collector case. Only
when .the concentration ratio is large, and the
oper~tmg temperature not unduly high does. the
dommant term become the absorbtance.
. In addition to the optical requirements of a selec
~1Ve surface there are some practical considerations:
It ~ust be stable against prolonged heating, stable
a.gamst atmospheric corrosion and, for space applica
tIons, not eroded by meteorites, etc.

Because a selective surface is a surface - and
as will be seen later, is formed by providing an
extr~mely thin coating to a metal base - this
~oat.mg cannot offer any substantial corrosion pro-
ectIon to the base. Thus the base must itself be a

surface stable to the effects of atmospheric corrosion
and oxidation. For this reason the first selective
sUlrfaces used in this laboratory employed a nickel
p ated base metal but for moderate temperatures,
su h as t ,c as m water heaters, other metals such as copper
fnd .gal~anised iron can be used. Since such. meta!s
tarmsh III the open air it becomes almost axiomatic
hat selective surfaces should be protected from rain

and dew by a (transparent) window.

Optical and chemical aspects

Methods of measuring absorbtivity (4, 6) and
emissivity (4, 5, 7) have already been described.

It has been pointed out (1) that the optical require
ments indicated in the previous section can be
achieved by one of two mechanisms:

(a) By taking a polished metal base, having low
emissivity and coating it with a very thin optically
dark surface layer which is substantially transparent
for wavelengths above about two 2 microns.

(b) By taking any base (but preferably dark in
colour) and covering it with a layer of finely divided
metal, such as gold, where the particle size is such
that, for visible light, it is virtually black but at
longer wavelengths the true reflecting character
of the metal is dominant.

Most of the practical surfaces are of the first
class (a). As one might expect from theoretical
considerations, the thin dark coating is usually a
semi-conductor. Some five or six coatings - usually
oxides or sulphides - were tried in the laboratory,
the most· important being copper oxide (on
aluminium) and a nickel-zinc-sulphide complex,

. called "nickel-black", obtained by electrodeposition.
The copper oxide layer is produced by dipping

an aluminium plate, whose surface has first been
"opened" or provided with a porous very thin oxide
layer - by mild anodising, MBV 3 treatment etc. 
into a hot acidic solution (90°C) of cupric nitrate
and potassium permanganate for ten minutes. This
causes a reddish brown deposit which appears to
be a mixture of cupric and cuprous oxides. The plate
is then dried and heated in air at 350°C for 5 to 10
minutes so as to convert the cuprous oxide to cupric
oxide, resulting in a nearly black surface. Emis-

.sivities of the order of 0.11 are obtained, but it is
difficult to get absorbtances above 0.85. Such surfaces
are stable to prolonged heating up to 200°C or more
and show very good corrosion resistance. (A collector
plate with glass protection window has been exposed
on the roof of the laboratory for nearly four years
and shows no sign of deterioration.) However, this
treatment is not very consistent and appears to
depend very greatly on the nature of the aluminium
used: every batch needs some modification in the
process. For this reason this process has not been
pursued further, though copper oxide on aluminium,
produced by other means, has been studied by the
MIT and Wisconsin groups. The MIT group sprayed
weak copper nitrate solution onto a heated alumi
nium plate and then baked the resultant thin copper
nitrate layer in air to yield copper oxide. By careful
choice of concentration, drop size, spraying rate,
baking cycle, the group was able to obtain good
surfaces with a ,....., 0.90 and e ,....., 0.10. The Wisconsin
group obtained about the same results by oxidising
a copper plate in a solution of sodium chlorite and

2 Terrestrial applications, moderate temperature.
3 A trade solution comprising 3 per cent sodium carbonate

and It per cent sodium chromate, used at 90·C.



sodium hydroxide or by electroplating a thin layer
of copper on a base metal and then oxidising in the
above solution or by heating.

The "nickel-black" layers have proven to be
extremely interesting: in addition to being used
for the last two years on commercial solar water
heaters they have great scientific interest and have
therefore been the subject of special study. Because
the number of variables in the process is very large
- temperature, pH, buffers, current density, elec
trode potential- the possibilities of getting specifi
cally desirable results are improved; on the other
hand a large number of variables means that special
care is required in controlling the process when used
industrially.

An important feature of the nickel-black coatings
on smooth metal bases is that the resultant layer
is smooth (cf. the copper oxide layers which are
usually matt) and this leads to the possibility of
interference colours. This was noticed quite early
and has been used to improve the absorptivity in
the solar spectrum by getting an interference zero
(or near zero) reflectivity in the middle-of the solar
spectrum.

An even more fascinating observation was that,
if the current density used in the electrodeposition
were changed in the middle of the process, better
results could be obtained. This at once suggested
that:

(a) The optical constants of the layer could be
changed by changes in conditions;

(b) Using a two-layer optical interference pheno
menon instead of a single layer clearly gives greater
possibilities, in particular in being able to extend
the effect of destructive interference over a wider
range of wavelengths.

All the deposited layers are extremely thin - from
as little as 250 Angstroms to about a thousand Ang
stroms.! Since there was reason to believe that thick
electrodeposited layers do not have the same composi
tion as thin layers, thechemical examination involved
handling very small quantities of material (about
500 microgrammes) and micro analytical techniques
had to be established for the determination of the
constituents of the layers. Nickel, zinc and sulphur
have been determined, and it is clear that there are
small amounts of oxide and possibly hydroxide in
the layer. It has been confirmed that, with change
in current density, the ratio of nickel, zinc and
sulphide in the deposit changes. Thus, for example,
the following figures were obtained.
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Current density
(per cent)

.Nickel .
Zinc .
Sulphur .
Unaccounted for (probably

oxides and hydroxides) .
Optical constants, n - ik

(A = 589 (L). . . . . .

0.5 malcm»

33.5
26
13

27.5

1.85-0.83i

III.B

1.5 majcm"

15
56.5
12.5

16

1.68-0.35i

New matertals

There is an unstable zone be;v-een these current
densities so that an infinitely gradrd range ofcompos],
tions and optical constants is 11~ obtainable; above
and below the unstable zonc n.: composition and
optical properties show only sli,~ht changes.

A method of measuring the qJtical constants of
these layers was evolved, based upon, measuring
the intensities of the reflected light polarised parallel
and perpendicular to the plane of incidence at a
particular angle of incidence. This method is at
present used on layers thick enough not to be confused
by reflections from the base, but it is shortly expected
that this restriction may be removed when the very
cumbersome mathematical form .ilae involved have
been put through a computer.

It has been confirmed that ti.: optical constants
change with the current density - as one would
expect if the chemical composii.on changes -.and
this may open up a new area .': research: tailor
made thin film optical filters.

A recent mathematical analy is (8) has. been
carried out; it shows that, whilst ~J obtain an inter
ference zero (blooming) on a mct:.! base puts severe
limitations on the optical prol-'i: '. ties of the. sup~r
imposed layer, a double layer giy'.~; a doubl~ infinity
of film combinations that will give blooIDlllg.

It is now believed that this explains the ve~
good results obtained with nickel-black: Thus aof
sorbtances of about 0.91-0.94 and eIDIttances bl
o11 or less have been obtained with the dou e

. kl h ki dl sured somelayer. Professor Dun e as III y me.a Gier
of these surfaces, and the results are gIVen byI r
et al. (5). The optical properties of one such 5ar~e
(index No. 17) on nickel-plated copper show to
emittance as 0 049 at 95°F and the absorbtance )
a 10 OOOoR PI~nkian radiator (sun in outer spact~
as 0.853. For sunshine at the surface of the e~~ed
(air mass = 2) the absorbtance has b.een lc~rafk on
as 0.901. Another measured layer (mcke -. (outer
galvanised iron, index No. 71) has e = 0.12;, \tance
space) = 0.885. For air mass = 2 the a sorcurves
is computed as approximately 0.886. These( = 2)
are shown in figure 1 with a standard sun m
superimposed.

Practical coatings and plant
u in the

About 2 t years ago a plant was set I~ subse-
National Physical Laboratory of ISfaeftute for
quently transferred to the Negev ~s I coating
Arid Zone Research in ~ee~sheba:-- ~~e nickel-
Plates up to 1 X 2 metres III SIze, using . d iron

f galvamse .black process. The plates are 0 . [dshIgher
-which, because of its crystalline surface, YI~ lvanised
emissivities, usually about 0.16-0. 18

i t;'er, and
iron however suited the local manu ac ted each

" tt~many thousands of these plates are t rs using
year and incorporated into water hea e
a single cover glass.

4 Thicknesses were measured by multiple-beam interferometry. 5 Table 5.2 in reference (5).
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increased by a factor of 1.81 because of the selective
surface (and this ratio will be maintained approxi
mately when real heat engines are used instead of
the ideal Carnot). An output of 10.7 per cent could
be obtained with the normal black if the concentration
ratio of the mirror were raised to about seven, but
in this case the mirror would require continuous
adjustment of tilt.

It is thus seen that an increase in output of 81 per
cent for the cost of the selective surface (about
5 per cent of total collector cost) may make all the
difference between a feasible and non-feasible solar
power unit,"

Another case in which the use of a selective surface
may be mandatory is in solar operated absorption
air conditioning. An operating temperature of at

6 See Tabor, H. and Bronicki, J. L., Small Turbine for Solar
Energy Power Package, Proceedings of the United Nations Confer
ence on New Sources of Energy, 1961; included above under
agenda item II.C.I(a), paper S/54.

The plant consists of ten tanks containing the
usual acid and alkali cleaning solutions, water rinses
and the nickel-black solution. Because of the varia
bility of the galvanised iron surface a thin flash of
electrodeposited zinc is applied before the nickel
black solution.

Practical benefits

The improvement in performance of a solar heat
collector gained by using a selective black coating
depends on the operating conditions. Thus in outer
space, where convection losses are non-existent,
the. improvement is very large. For terrestrial appli
catIOns, convection limits the benefit of selective
sUrfaces, and some designs have contemplated the
u
I

Se of partial vacuum conditions to reduce convection
osses.

For the usual flat plate collector it is found that
the.use of a selective surface (e ,....., 0.1) together with
thslllgle Cover glass gives a heat loss slightly less
~han that of a normal black with two cover glasses;

e benefit is thus the economy of the glass saved
and the reduction of transmission losses.

For mirror systems of low concentration - such
ar . the stationary cylindrical parabolic mirrors
?hvlllg a concentration factor of about three (11)

e use of a selective surface can make all the differ
ence in economic viability.
. Thus figure 2 shows the computed over-all effi

CIency for a Carnot engine (sink temperature 40°C)
C?Upled to a parabolic mirror (reflectance 0.85)
~I:'lllg a concentration of three and having a cylin
1~lcal receiver about 15 cm diam. surrounded by a
sh' cm. diam, glass tube. For a day with mean sun
ft21Ue llltensity of 0.59 kWjm2 or 187 Btu per hr,

, the peak performance with a black (et = 0.95,
e I ~.95) is 5.9 per cent conversion, at 100°C. For a
~~ectlVe black (et = 0.90, e = 0.1) the optimum is

.7 per cent at 160°C. The power output is thus
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7 In addition to the higher temperature, it should be noted
that the water heater has a "heating" efficiency whereas the
collector for an absorption machine has a "boiling" efficiency
which is considerably less; see reference 10. '

least 90°C at the collector is required for this appli
cation, whereas the ordinary flat plate collector is
used for producing hot water at 50-60°C.'

From figure 1 of reference (9) the following relative
clear-day collector efficiencies for large flat collectors
at 200°F have been computed.

New surfaces and outlook

Work is proceeding in the National Physical
Laboratory of Israel on two new selective surfaces,
one based on nickel-black and one on copper oxide.

The new nickel-black is obtained by electro
plating from nickel sulphate (no zinc salts are in-

This example brings out a well-known point of
discussion, namely that the lower losses of a selective
black can be obtained with a normal black by use
of extra glass covers. Apart from the cost of the'
covers and their installation, this system of multiple
covers will only become attractive when cheap non
reflecting windows have been developed. For focusing
collectors multiple covers are usually very difficult
to execute technically and the innermost cover
operates at an elevated temperature.

1 and Chemical
8 Mechanism "(b)" in the section on Optica

Aspects, above. 1o1 has litt e
9 Further reduction of the emissivity below - 1 s may

significance for terrestrial applications where other _o~:~s are
be dominant; for space applications lower emissrvt
exploitable.

eluded) and has emerged from some of the basic
studies ,now being conducted. At ,:;:st it was thought
that this black was a black of lb~ -econd kind.s i.e.,
a finely divided metal, since t1;( -imple electrolysis
of nickel sulphate should yield n;.Jd at the cathode,
but it was soon discovered that th- coating contained
nickel oxide and nickel hydroxide and thus is a
black of the first kind. This is dUI to the very strong
basic conditions that develop 1)(,,11' the cathode. If
a trace of a buffer, such as ammonia, is added, a
metallic nickel coating is produced, Some good
absorbtivity-emissivity ratios helve been obtained,
but the process is at present very inconsistent, and
the layer often not adherent. Much work still has
to be done to make this a practical method.

The copper oxide on aluminium system is attrac
tive because it shows a high chc:"ical stability even
at temperatures of several hun lied degrees. ~ut
it is difficult to get very high aL,;orbtivities whIl~t
keeping the emissivity low. Ex ;,(~riments now III

progress suggest that certain adcl:'i:'es to ~he co~per
oxide may increase the absorbt.vity which might
then make this surface as good .'3 nickel-black.

As understanding of the basic optical. J?henomena
of selective surfaces increases so the ability to .proi
duce surfaces that. more near~y 0;pproach the I~e:l
can be expected to Increase' with increased chemIc
studies the stability of the surfaces will also be
improved. Present selective surfaces are not very
far from the ideal," but some improvement may
be expected in the next few years.

0.49
LOO

1.14
1.26

Relative
to case 2

Relalive
Case number efficiency

(per cent)
1. Normal black (e = 0.91; Cl: = .

0.96) one cover glass . . . . 15
2. Ditto, two cover glasses . . . 31
3. Selective black (e = 0.12; Ct. =

0.92) one coper glass . 35.5
4. Ditto, two cover glasses . 39
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Summary'

The background of selective surfaces for solar
collectors is sketched in this paper, and the optical
requirement', of such surfaces restated: viz., a band
pass filter behaviour with high absorbtance for wave
lengths up to about 2.5 microns (the exact value
depends upon the temperature of operation and the
incident solar spectrum) and low absorbtance - i.e.,
low thermal (emissivity for longer wavelengths. Two
types of surface have these properties, the most
usual being a polished metal covered by a thin
dark layer transparent to long waves. Attempts to
improve the absorbtance of a surface tend to increase
~h~ emissivity, and it is shown that such an attempt
IS Justified «nly if .

d rr (T4-Tt) da> - ee
PQ

~~ere a (P-T40 ) is the radiation loss from the surface,
if It were a black body, P the optical concentration
~actor, Q the mean solar intensity, de; the change
III effective omittance and do: the change in absorb
tance. For a typical flat plate collector d« > 0.6 de;
IS obtained, 'whilst for a low concentration collector
d« > 0.89 de; is obtained. .

The substratc must be stable to heating and atmos
pheric corrosion, and the surface must be protected
by a window. ,

Two of the several surfaces developed in the labo
ratory are described in some detail, viz., copper oxide
pro~uced chemically and "nickel-black" - a complex
of ll1c~~1 and zinc sulphides - produced by electro
deposItIon. The former has also been studied abroad.
":ery high absorbtances are difficult to obtain. The
lllckel-black coatings have been specially studied
beca~se absorbtances up to 94 per cent have been
obtamed by exploiting destructive interference in

"the coatings which are smooth. Variations of the
plating conditions (e.g., current density) cause change
in the chemical composition and the optical pro
perties so that multiple layer interference effects
can be exploited. A recent mathematical analysis
shows the greater ease with which destructive inter
ference (zero reflectivity) can be obtained with
double layers than with single. Optical properties
of some double layer nickel-blacks, measured by
Dunkle, are shown; they indicate absorbtances
above 90 per cent and emittances as low as 5 per
cent.

A semi-industrial plant has been set up for applying
the nickel-black process to galvanised iron solar
water heater plates up to 1 X 2 m, of which several
thousand are sold commercially every year.' .

The benefits derived from the use of selective
coatings are indicated by several examples, such as
for heat engine operation from low concentration
mirrors (P = 3) where the power output can be
increased by 81 per cent because of the higher
optimum working temperature, and for flat plate
collectors (for absorption refrigerators) where higher
efficiency is obtained or fewer glass covers can be used.
In outer space, where no convection occurs, very

. large benefits derive from the use of selective surfaces.
Basic studies on the structure and optical pro

perties of selective surfaces are continuing, with a
view to achieving better surfaces ultimately, though
the present ones are not far from ideal optically,
at least for terrestrial applications, where still lower
emissivities bring little extra benefit. There is room
for better chemical stability and simpler production
techniques. Two new surfaces are being studied: a
simpler nickel-black (without zinc being present)
and copper oxide with additives.

ETUDES SUPPLEMENTAIRES SUR LES REVitTEMENTS NOIRS SELECTIFS

Resume

ti Ce memoire passe en revue l'ensemble de la ques-
Ion des surfaces selectives pour collecteurs solaires,

et met au point les exigences optiques ,auxquelles
~es sUrfaces doivent obeir : il faut qu'elles se compor
d~nt COmI?e un filtre passe-bande ayant u,n coefficient
'uabs?~ptI0J.1 eleve pour les longueurs d onde ~llant
~esqU a enviroj; 2,5 microns (la valeur exacte depend

I l.a temperature de fonctionnement et du spectre
~o ~lr~ ,incident), mais faible, ce qui signifie une
d~ISSlvlte thermiquepeu elevee, pour les longueurs

nde plus grandes. Deux types de surface pre
~~ntent ces qualites, celle que l'on voit le plus souvent
~nt un metal poli couvert d'une couche sombre

illI .
nce, transparente pour les grandes longueurs

d'onde. Les tentatives vis ant aameliorer le coefficient
d'absorption d'une surface ont tendance aaugmenter
son emissivite, et on montre qu'une telle tentative
n'est justifiee que si

d (J (T4- Tt) da> ee
PQ

expression dans laquelle cr (T4 - To4) est la perte par
rayonnement de la surface si elle constitue un corps
noir, P le facteur de concentration optique, Ql'inten
site solaire moyenne, de, la variation utile de l'ernit
tance et d« le changement du coefficient d'absorp
tion ou absorbance. Pour un collecteur type a
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plaque plane, on obtient d« > 0,6 de, tandis que,
pour un collecteur a faible concentration, il vient :
drx > 0,89 «;

La base sur laquelle repose le revetement doit etre
thermostable et resistante a la corrosion atmosphe
rique, et la surface doit etre protegee par une fenetre
appropriee,

Le 'memoire decrit en detail deux des surfaces
mises au point en laboratoire, a savoir : l'oxyde du
cuivre produit chimiquement et le « noir de nickel »,
compose de sulfures de nickel et de zinc produit par
electro-deposition. La pemiere formule a egalement
fait l'objet d'etudes en dehors d'Israel. 11 est difficile
de realiser de tres gros coefficients d'absorption.
On a prete beaucoup d'attention aux enduits en
noir de nickel, car ils ont permis de realiser des

. coefficients d'absorption allant jusqu'a 94 p. 100
par exploitation des interferences destructives au
sein de ces revetements lisses. Les variations dans les
conditions de placage (par exemple de la densite de
courant) provoquent des modifications dans leur
composition chimique et leurs proprietes optiques
telles que l'on peut exploiter les phenomenes d'inter
ference dus ala multiplicite des couches. Une analyse
mathernatique recente montre que les interferences
destructives (reflectivite nulle) se realisent plus
facilemen~ avec des couches doubles qu'avec des
cou~hes simples. Ce memoire donne les proprietes
optiques de certains noirs de nickel adouble couche,
mesurees par Dunkle, qui indiquent des absorbances
depassant 90 p. 100 et des emittances descendant
jusqu'a 5 p. 100.

On a organise une installation semi-industrielle
pour appliquer le precede de l;(,.§paration du noir
de nickel a des plaques de eh ;l1ffe-eau solaires en
fer galvanise ayant des dimensio: 5 pouvant atteindre
1 X 2 m. Plusieurs milliers en ')';11t vendues dans le
commerce chaque annee,

Les avantages que l'on tire de l'omploi des enduits
selectifs ressortent de plusieurs exemples, tel que
l'exploitation d'un moteur thermique au moyen
de miroirs a faible concentration (P = 3) clans
lesquels le debit d'energie peut etre augments de
81 p. 100 en raison de l'augmentation de la tempe
rature ideale de fonctionnement, et la realisation de
collecteurs a plaque plate (pOll': les refrigerateurs
par absorption), dans lesquels on realise un plus
grand rendement ou on peut red.rite le nombre ?es
couverc1es en verre. Dans l'esp.v;e interplanetalre,
ou il n'y a pas de convection, l'r;11ploi des surfaces
selectives assure de tres gros avantages.

On poursuit des etudes fonlamentales sur la
structure et les proprietes opi ;,jues des surfaces
selectives en vue de realiser de n.eilleures surfaces,
en fin de compte, bien que ce1k'ci don~ on dispose
actuellement ne soient pas loin C;'etre ~dea!es opt!
quement, tout au moins pour les apphcatlOns ter
restres dans lesquelles des emissivites encore pll~s
faibles ne conferent que peu d'avantages supp e
mentaires. La stabilite chimique de ces revetements
a besoin d'etre amelioree, et les techniques de Pdro-

, l' 't e'ductiOn aussi. Deux nouvelles surfaces sont a, e u 't
un noir de nickel plus simple (dans lequel i1n Yd~r·~~
pas de zinc) et de l'oxyde de cuivrc avec des a 11,
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RECHER5:HES SUR LES SURFACES SELECTIVES
UTILISAnLES POUR lA· CLIMATISATION DES HABITATIONS

F. Trombc, M. Foex et M. Le Phat Vinh *

Methodes de mesures

Realisation de surfaces selectives chauffantes

Cesrecherches ont pour but la realisation et l'etude
de surfaces chauffantes, refroidissantes ou trans
parentes servant a l'effetde serre.

Nous avcns precede a des mesures d'absorption
du rayonnement solaire pris dans son ensemble,
au moyen d'un dispositif calorimetrique a circulation
d'eau, comportant un thermocouple differentiel,
donnant I'cchauffement d'un courant d'eau dont le
debit est d6termine et sous une energie incidente
connue (fig'.ire 1). L'energie totale recue du soleil
est comprise generalement entre 0,1 et 1 kW, la
surface eclairee etant de I'ordre de 10 cm-, Les tales
metalliques resistent bien a l'action de ce rayon
nement, a condition d'etre suffisamment refrigerees
(debit d'eau de I'ordre de 50 a 100 cm 3/seconde).

La mesure de l'emission globale des toles a la
temperature ambiante a ete estimee par l'abaisse
ment de temperature qu'elIes donnent par rayonne
ment sur un del nocturne tres clair. Une surface
presentant une tres faible emission (aluminium non
oxY~e) qui reste pratiquement a. la temperature
amblan~e, et une surface (corps noir) qui se refroiditiU maXImum, ont servi de points de repere extremes.
1a He verifie qu'il ne se produit pas de rosee ou de

gelee blanche pouvant perturber les abaissements de
temperature.
d Des mesures d'emission energetiques en fonction

e la longueur d'onde ont ete faites par F. Cabannes.

necessaire, pour obtenir une valeur suffisante, de
realiser plusieurs reflexions du rayonnement incident.

Les metaux ainsi utilises doivent resister aux agents
atmospheriques, de facon a. ce que leur et at de sur
face n'evolue pas. Ils doivent par ailleurs presenter
une absorption beaucoup plus considerable dans le
visible et le proche infrarouge que dans l'infra
rouge moyen. Nous avons essaye les metaux sui
vants:

a) L'aluminium brillant absorbe environ 15 p. 100
du rayonnement solaire et ne presente, par contre,
qu'une faible emission propre a. la temperature d'uti
lisation dans les collecteurs (inferieure a. 3-5 p. 100
entre la temperature ordinaire et 100°C).

b) L'aluminium courant (99 a. 99,5 p. 100) pour
etre brillant doit etre a. la fois ecroui et finement
Iamine (0,1 mm). Des tales plus epaisses (1 mm)
brillantes peuvent etre obtenues par laminage d'alu
minium . plus pur (99,9 ou meme 99,99 p. 100).
Par ailleurs, la resistance a. la corrosion differe selon
la purete. Les premiers produits sont rneilleur marche ;
leur prix de revient ne depasse pas 6 nouveaux
francs le kilogramme, soit 22 NF le m2 en 1/10 mm.
L'aluminium plus pur est sensiblement plus cher
(de l'ordre de 20 p. 100 pour le 99,9 p. 100, de 100
p. 100 pour le 99,99 p. 100 au kg). Il faut noter
egalement que, au-dessous de 1/10 mm, le prix au
kg de l'aluminium pur est d'autant plus eleve que les
tales sont plus minces. Nous avons aussi commence
a. essayer differents alliages d'aluminium, dont le
duralumin.

c) Les aciers inoxydables absorbent une plus
grande fraction du rayonnement solaire que I'alu
minium, par exemple pres de 40 p. 100 lorsqu'ils
sont lamines, afin d'etre glaces autant que possible.

COLLECTEURS A REFLEXIONS MULTIPLES Le prix d'un acier inoxydable 18/8, en feuille de

1
. I1 est possible de realiser au moyen de tales metal- 0,1 mm et 150 mm de large, est de l'ordre de 2;4 NF
lques des colIecteurs selectifs absorbant le rayon- le kg, c'est-a-dire d'environ 19 NF le m2

• Les feuilles
nement solaire et presentant une faible emission plus fines seraient assez rigides pour etre utilisables,
propre On sait ff t I pouvoir reflecteur mais elles sont actuellement d'un prix plus eleve
d ; , en e e , que e e 0
.es metaux croit generalement d'une facon progres- a surface egale, n doit aussi noter que certains

~lve lorsque la longueur d'onde augmente, pour aciers exempts de nickel et contenant par exemple
}lndre asymptotiquement vers des valeurs tres 16 p. 100 de chrome sont sensiblement meilleur
e eVe marche,des, souvent comprises entre 95 et 98 p. 100
d~ns l'infrarouge moyen. Toutefois, le facteur d) Le zinc presente vers un micron un minimum
, absorption des metaux pour le rayonnement solaire de reflexion assez etroit, mais cependant bien marque
etant insuffisant (15 a 40 p. 100 selon le cas), il est (50 p. 100). Ce metal absorbe done assez fortement le
__ rayonnement solaire (40 p. 100), alors qu'il est tres

* Laboratoire d 1" . lai d C tre national de la reflecteur (jusqu'a 97 p. 100) pour le rayonnement
rech e energie soaire u en . f 8 '10' Ce imet I (erche scientifique, Mont-Louis, Pyrenees-Orientates. France. In rarouge vers a microns. e me a pur ou
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Figure 1. Dispositif calorimetrique pour la mesure deI'absorptfon de I'energte solaire pour differentes surfaces metalliqu
es

bl (figure 3).sous forme de tales galvanisees) est fortement selectif, d'incidence du rayonnement est con::enad e lleeteur
mais il ne presente pas une bonne resistance a I1 est necessaire de prevoir a I'arriere U ,cflechir le
la corrosion, sauf, peut-etre, en atmosphere tres une autre tale qui doit, de preference, re
seche, rayonnement d'une Iacon diffuse. 1 ayon-

, 'ment erNous avons essaye differents depots electroly- Afin de ne pas augmenter exagere eratures
tiques de metaux susceptibles de recouvrir des tales nement propre des tales, pour les .temPfaut pas
de fer ou d'acier. - d'utilisation (50-120 DC, par exempl.e), :1 ~~ecessaire

accroitre leur surface totale plus qU'll n es, huit fois
Differents precedes permettent de realiser des et ne pas depasser, si possible, quatre a

ment
aug-

r~flexior:~ multiple~. Ce son~ essentiell,:ment:, ,les la surface d'une tale simple. Le rayonne ent ala
toles pliees, le~ toles ~aralleles,. le~ tol;s stn.ees, mente en effet a' peu pres proportionnellem etal est
rayees ou depolies, les toles c?n~tItuees dun alhage surface lorsque le facteur d'emission du m
presentant une fine granulometne. / tres faible. " le

A' , 1 tAl 1" , 3 ° . nt pour
l?S~, I?ar ,exeu:p e, une 0 e p le~ 'l; 0 permet Les appareils precedents fonc~l,0nne aralleles

de r~fi~chlr ?1?C :OlS le :ayonne~ent.mcl~ent lorsque mieux si Ies tales metalliques phees ?U ~ante que
celui-ci est d,mge parallelem~nt a.la direction moy~nr:e presentent une surface polie aussl,Pe? diffurecedente
des plans reflecteurs et trOIS fOIS lorsque cette mci- possible. Une methode apparentee a la If onsiste
dence est a 45

0

(figure 2). . permet de s'affranchir de cette sujetion. El e csurface
Les tales paralleles permettent de realiser un a realiser les reflexions multiples ~ur ;;~ent we

grand nombre de reflexions successives si l'angle metallique rayee ou striee. Ces stnes
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Angll! d'mcidence du rayonncmcnt.

Tole mctalliquc reflectrice plice

Figure 2. Absorption du rayonnement solaire par r eflexions successrves sur des t61es pliees

Angle d'incidence du rilyonnement Surfaces metillliques selectives
(reflexion speculaire )

(reflexion diffuse)\ 11' "1 ..rneta Ique se ectlveSurface
Figure 3. Absorption du rayonnement solaire par reflexlons successives sur des totes paratletes
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a la fois aussi rapprochees et aussi profondes que
possible; elles peuvent etre croisees ou non. De cette
facon, on augmente sensiblement l'absorption, cepen
dant que la surface reelle est, par exemple, triplee,
Cette augmentation est surtout tres importante
lorsque 1'0n compare les resultats obtenus a ceux
d'une tale parfaitement polie; elle est moindre si
l' on considere une tale metallique laminee sans
precautions speciales, Ainsi, dans le cas de l'alumi
nium, nous avons observe les valeurs suivantes pour
l'absorption du rayonnement solaire : 45 p. 100
avec de l'aluminium strie avec des aiguilles de
0,35 mm de diametre, a pointes effilees, placees
cote a cote, dans un support, 25 p. 100 avec de
l'aluminium lamine ordinaire. De son cote, I'alumi
nium bien poli n'absorbe guere plus de 14 p. 100
du rayonnement solaire.

De meme, l'absorption pour le solei! d'un acier
inoxydable a 16 p. 100 de chrome passe de 40 a
55 p. 100 lorsqu'il est raye superficiellement. Des
valeurs plus elevees peuvent etre obtenues avec des
rayures profondes.

. Le sablage provoque aussi une augmentation de
l'absorption de ces differentes tales, ainsi que du
reste les reactifs chimiques, dont l'action corrosive
s'exerce en premier lieu au joint des grains. L'attaque

0,2
Prise de poicls: mg/cm

0.15

chimique aura un effet particul.erement favorable
lorsque le produit attaque est Iorrne de grains fins
et, plus encore, s'il s'agit d'un .uliage dont un des
constituants est dissous de VI' ,hence it l'autre,
C'est ainsi que certains alliazes en proportions
eutectiques ou eutectoides perruettent d'absorber
fortement le rayonnement solaire, apres corrosion
par un reactif chimique.

Dans une recente etude (1), rous avons montre
que les depots electrolytiques au tampon d'alliages
etain-zinc absorbaient mieux l '6ilergie solaire que
les metaux purs. Ces depots 1)1<1.ts presentent un
maximum d'absorption compris entre 70 et 80 p. 100
selon les traitements pour enviror 15 p. 100 d'etain
en poids dans le zinc. Certains ,:(' ces alliages ant
une bonne tenue a la corrosion

Le choix du dispositif a r;'::lexions multiples
depend essentiellement du prob.c.ne a resoudre. SI
I'on desire de' larges surfaces v ' <2changes pour le
chauffage de gaz a temperate c;S m~derees, on
utilisera avantageusement les totes pliees ou les
dispositifs a tales paralleles. L,o surfaces de tels
collecteurs sont deux a huit foi: . .iperieures it celles
d'un colleeteur plan ordinaire. L'Gbtention de tem~
peratures plus elevees necessaii 2S en general ~oUl
le chauffage de liquides ou p01.1i des applicatlOns

1

0,1

Aluminium traite a 500· C _--"::~--+_----=::~-----I--------l-------+----
0,05

PH de la solution

o 1 2 3 4 5 jr»
. e potllSS U

Figure 4. Prise de poids de toles d'aluminium traltees par des solutions sulfuriques de permanganate d
presentant dlffererits pH
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100
Absorpli(u du rayonnement selaire en 9'0

traite a500· C ---+------+--------1,
Alumin;'!fI1 traite a 100· C

Emissior; il la temperature ambiante en % -+__~,.".;;:~~-I_------__1_------__l

GO

80

40

5

PH de la solution

43

-- ------

traite a500·C

2

0-- -L -.L.. ~ ...l._ L__ __1

20

Figure 5. Absorption du rayonnement solaire et emissi~n de t61es d'aluminium traltees par des ~olutions sulfuriques
de permanganate de potassium presentant dlfferents pH

telles que les thermopiles, s'effectuera plus facilement
~u moyen de toles striees sur la surface receptrice

u r~yonnement. On notera cependant dans ce cas
res eehanges par convection un peu superieurs avec
a surface striee qu'avec la surface plane.

REALISATION DE SURFACES ~ELECTIVESCHAUFFANTES

PAR TRAITEMENT CHIMIQUE

cl'Nou~ avons, en particulier, colore des plaques
cl alumlm~m au moyen de solutions de permanganate
: potasSIum d'une concentration comprise entre 5

e 20 g au litre, avec des additions d'acide sulfurique
e~nvenables pour obtenir des pH compris entre 0,5
~ 6 (en l'absence d'acide, le pH est un peu superieur
~ .6

h
)· Les plaques sont prealablement traitees au

ne. 10rethyHme afin de dissoudre les depots de
falsse Superficiels, puis sont plongees verticalement
l'~~s ':~ bain parte a une temperature voisine de
t ulhtlOn. On precede ensuite a un lavage pousse,

et on recuit a des temperatures comprises entre 100
e 500 QC. .

» La coloration obtenue differe profondement sui
uant le pH de la solution utilisee, jaune clair pour
s1I:H 6; on obtient des teintes noires avec des
o utIons plus acides, les pH intermediaires dormant

des colorations bronze ou marron plus ou moins
foncees. Le temps de traitement a une influence
relativement faible, 10 minutes suffisant generale
ment. De meme, la concentration du permanganate
ne semble pas jouer un grand role, tout au moins
lorsque la concentration depasse 0,5 p. 100.

On a porte sur les figures 4 et 5 les resultats
obtenus pour une serie d'essais de ce genre. L'emis
sion propre des plaques a la temperature ambiante
est relativement faible tant que la prise de poids ne
depasse pas 0,1 mgjcm2• Cela correspond a une
epaisseur des depots inferieure au micron.

On peut egalement utiliser pour constituer les
plaques selectives les aciers « inoxydables », Une
oxydation de ces aciers ades temperatures comprises
entre 250 et 550 QC donne des surfaces d'oxydes
colorees extremement minces ne presentant pas,
apres traitement, de prises de poids superieures a
0,01 mg par cm", Une oxydation plus poussee par
un traitement d'une certaine duree vers 500 ou
600 QC conduit a l'apparition par place de petites
plaques de particules d'oxyde visibles a l'oeil
nu. .

L'emission dans l'infrarouge moyen reste limitee
a 10 p. 100 environ dans les differents cas. Void

21
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les resultats obtenus pour l'absorption du rayon
nement solaire :

Les tales gardent leur aspect brillant malgre la
legere oxydation. La resistance aux agents chimiques
est excellente et le prix de revient de tels traitements
reste tres bas.

Non traite 45 inalteree 40 inalteree
300°C. 52 jaune 48 jaune
400°C 60 rouge 55 orange
500 °C 70 violet 66 violet
600°C 75 bleu 70 bleu

REFLEXIONS MULTIPLES SUR TOLES
AYANT SUBI DES TRAITEMENTS CHIMIQUES

Aussi bien dans le cas de l'aluminium que dans
celui des aciers, les traitements chimiques precedents
peuvent etre combines avec les effets de reflexions
multiples (tales pliees, paralleles ou striees), mais il

convient dans tous les cas de rcaliser un equilib-,
judicieux, de facon a ce que l'absorption finale du
rayonnement solaire soit impor.a.rte, cependant que
l'emission propre de I'ensemble teste suffisamment
faible.

Dans le cas des tales pliees ou paralleles, il suffira
generalement d'utiliser des tolos presentant un
facteur d'absorption pour le ravonnement solaire
limite a 50 p. 100 de facon a avoir des tales recou
vertes de couches colorees tres minces gardant une
bonne reflexion speculaire et are-si une faible emis
sion propre.

Avec des tales striees, le probleme est quelque peu
different, le nombre de reflexions ainsi realisees
etant sensiblement moindre. La; sque ces tales sont
utilisees seules, sans adjonction Jp HUes reflectrices
auxiliaires, on aura interet autili-or des revetements
plus absorbants. Par exemple, ]':tluminium brillant
non raye et traite dans une so; ution a pH 3 de
permanganate de potassium ~l ;-, p. 100 absorbe
60 p. 100 du rayonnement solaire, cependant que
la meme tale prealablernent rayee absorbe 75 P: 10~
de ce rayonnement. L'emission prapre ~e .la tole a
la temperature ambiante est assez hmltee, (10
15 p. 100) dans le premier cas; elle est de lordre
de 30 p. 100 dans le deuxierne.

Couleur

Absorption
du rayonnement

solaire
%

Acier a 18 p. 100 de chrome,
8 p. 100 de nickel

CouleUT

Absorption
du rayon-nement

solaire
%

Acier a 16 p. 100 de chrome

Temperature
de traitement
(durle: 3 h)

I
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Figure 6. Evolution en fonction de la Iongueur d'onde du facteur d'emission de tOIes d'aluminium oxydees ano 1
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Figure 7. Evolution diurne et nocturne de la temperature de dlfferentes tOles d'aIuminium

'oxydees anodiquement, fournies par les Trefileries
du Havre et I'Aluminium Francais. On constate
que cette emission devient importante apartir d'une
epaisseur d'alumine de 1 micron et que l'on se
rapproche des conditions du corps noir a partir de
3 microns. On note cependant une forte augmen
tation de I'absorption dans la zone comprise entre
3 et 8 microns Iorsque l'epaisseur croit. La figure 7

d,~es toles d'acier « inoxydable )) sont susceptibles
. e~re a la fois striees et oxydees comme il a ete
~ndlqUe ci-dessus. Dans ces conditions, l'absorption
d~ rayonnement solaire peut atteindre oumeme
t:rasser 85 p. 100, cependant que I'ernission de la
o e reste faible (10 a. 15 p. 100).

EtUde de surfaces selectlves « fro ides » refle
chi,ssantes pour le rayonnement solaire et
presentant une forte emission propre

cl On a.etudie I'emission dans l'infrarouge (figure 6)
e feUllles d'aluminium A

9
(99,9-99,98 p. 100)

Tableau 1. Aluminium A
9

(99,99 p. lOO minimum)
. Dtcapage

Oxydation

Tableau 2

Bain

Epaisstur
de la

couche
d'oxyde

Absorption
du

,ayonne·
mem

solair«
%

lmission
propre

ve,s
10 ·C

%

d I EPaisseu, Absorption
Emission propre Aluminium As (99,7-99,79 p. 100 AI)

/o:m~ C?uche d'alumine
oers

du rayonnement solaire la temperature ambiante Non traite Non traite 0!l. 15 < 10
.ee electrolytiquement % % Decapage electroly--

o (non traite) a .
tique alcalin 504H z ord. 10 !l. 23 > 90

14 < 10 Brillante chimique-

o (brillante) . 14 < 10 ment. 504H z ord. 10 !l. 23 > 90
O,9!-L • 15 environ 40, . Decapage it. la soude 504H z ord. 10 !l. 26 > 90
1,5 IJ. • 15 environ 60 Decapage electroly-
3 IJ. • 15 environ 75 tique alcalin 504H z 60 !l. 65 > 95
61J. 15 > 90- Alliage d'aluminium et 5 p. 100 de silicium : ASs

I • La couch t . l' I ., Decapage it. la soudc 504H z ord. 10[1. 60 < 00
e plus e pro ectrice d'alumine qui se forme habituellement sur a urmmum a

eouventune epaisseur inferieure a 0,02 micron. '
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donne l'evolution diurne et nocturne de la tempe
rature des toles d'aluminium precedentes placees
horizontalement sur un calorifuge, la face superieure
libre, ne recevant de rayonnement que du soleil ou
du del. Le tableau 1 donne les resultats qui ont ete
observes.

Nous avons egalement effectue des essais avec
des toles d'alliages aluminium-magnesium a 3 p. 100
de magnesium polies (brillalumag), oxydees anodi
quement de la meme facon que les toles d'aluminium.
On note qu'a epaisseur egale l'emission est sensible
ment plus forte avec les alliages qu'avec l'aluminium
pur; des resultats apeu pres semblables sont obtenus
avec des couches d'oxydes deux fois plus faibles
environ.

Le tableau 2 concerne un aluminium ordinaire As
(99,7-99,79 p. 100) traite par la Societe Pechiney. On
note une forte emission propre de ces produits, dont
certains reflechissent bien le rayonnement solaire.

A titre indicatif, donnons les cours de differentes
varietes d'aluminium :

Pourcentage

99,5 it 99,69
99,7 it 99,79
99,8 it 99,85
99,85 it 99,89
99,9 it 99,98
99,9 (minimum)

Nouueaux francs
par tonne

2435
2485
2580
2730
3500
4300

Tableau 3. Depots d'aluminiurn "ar aluminium A
5

Vernis aluminium £1":: , propre A bsorptio.
1."'''',' ,'O°C du rayonnemenl

Nature Application
'J/ solaire
n %

Non traite 5 15
Cellulosique Pistolet ,)U 40
Synthetique Pistolet ~;O 46
Synthetique Brosse GO 39
Gras exterieur Pistolet C5 36
Gras interieur Pistolet 40 34

La Societe Pechiney nous a et;.clement confie des
plaques recouvertes par differents procedes de depots
d'aluminium. Certains de ces F\,duits bon marche
presentant une excellente en,i··,:.ion propre, leur
absorption pour le rayonnemer.' solaire est, dans
tous les cas, relativement e!,;v,;e. Les meilleurs
resultats ont ete obtenus avec les vernis cellulosiques
a l'aluminium deposes au pistolc.

Reottements a base d' etain : l' E·h.in brillante refie;
chit fortement le rayonnement :c(Jaire (87 p. 100)
par contre, les produits oxydes ;'.JlOdiqueI?ent. sont
colores par suite de la formation ,1'oxydes lllfer1e~rS,
et ne peuvent etre ainsi utilises pour la co?f~et~on
de collecteurs refrigerants, malgrc leur forte emiSSIOn
dans l'infrarouge.

1 i.,.L 1
_._.- Aluminium brillante, oxyde anodiquement -1----+----t-----r-
----- Tole peinte a I'oxyde de zinc

-"-"- Tole peinte a I'oxyde de titane (rutile) I
_..._..._"" " "" TTILjf----f-----jf---t------

+SOr-"!---,.--r---,-----r--r---,-----r---r-----,---,..--........---r---,--,

+30

+40

............ Tole peinte avec un melange d'oxydes de zinc et de titane I

+20

MARS

._- - -

Ti 02.n AI oxyde Zn0'1" TiOJ

I
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Figure 9. Reftexlon dans I'Infrarouge du verre ordinaire, du verre pyrex et du verre de silice,
d'apres Jellyman et Procter (3)

Tableau 4. Reveternents it base d'etaln

Nature du metal et de son l'evetement

Fer blanc etame a chaud
Fer blanc etame achaud

Fer blanc etarne a chaud
Fer blanc etame a chaud

Acier avec revetement electrolytique
brillant d'etain (epaisseur 250 mi
crons)

Acier revetu d'un depot electrolytique
de cuivre (13 microns) et d'un al
liage etain-nlckel (40 microns) ..

Acier revetu d'un depot eleetrolytique
de cuivre (13 microns) et d'un al
liage etain-cuivrc (7,5 microns) .'.

Traitement

Non traite
Traite 30 min a80 °C dans

l'acide chromique a
1 p. 100

Oxyde anodiquement
Chauffe a l'air a 210 °C

(film colore)
Oxyde anodiquement a

Non traite

Non traite

Absorption
du rayonnement solaire

%
25

17
78

30
56

35

28

Emission propre
vers la temperature

ambiante

%
Environ 10

Environ 75
75

Environ 10
90

Environ 10

Environ 10

• Solution de traitement 40 g{1 Na,HPO, et 20 g{1 H,PO, a 75', pendant 5 minutes, densite de courant 0,04 ampere/cm.

21'
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Fil?,ure 10. Elllission du verre ordinaire a differentes temperatures, comparee a celle du corps noir

Peiniures silectioes : la plupart des oxydes blancs
constituent d'excellents pigments pour la confection
de peintures selectives. On note que les peintures a
base de titane (rutile) reflechissent 75 a 80 p. 100
du rayonnement solaire au lieu d'environ 70 p. 100
pour celles a base d'oxyde de zinc, les indices de
refraction du rutile (2,616 et 2,903 produit quadra
tique) etant plus eleves que ceux de l'oxyde de zinc
(2,008 et 2,029 produit hexagonal). L'emission
propre des peintures est, a la temperature ambiante,
superieure a 90 p. 100 ou meme 95 p. 100. De tels
produits a base de resine glycerophtalique donnent
des resultats a peu pres aussi bons que l'aluminium
oxyde anodiquement, ainsi que le montrent les
courbes de temperatures diurnes et nocturnes de
tales peintes de cette maniere (figure 8) 1.

Remarques sur les parois transparentes uti
lisables .dans les collecteurs faisant appel a
« l'effet de serre »

Deux solutions sont ordinairement adoptees : les
plastiques transparents et les verres. Les premiers

1 En realisant des peintures plus riches encore en pigment ou
en saupoudrant les peintures avec les pigments precedents,
on pouvait obtenir des reflexions du rayonnement solaire supe
rieures a 90 p.' 100, mais les revetements ainsi obtenus sont
rugueux et preseritent des grains apparents.

. 't nt l'inconve-
sont plus economiques, mars presen e . 11 ment
nient, pour certains montages, .d'etre partl~r:qu'iIS
transparents au rayonnement mfrarouge
se presentent en feuille mince.

'. .fficil de songer
Dans l'avenir immediat, 11 est di Cl e 'vitres

a utiliser d'autres verres que les ver!J? a le role
ordinaires. En general, lorsqu'on consl. er~ ompte
des verres dans l'effet de serre, on ne hen

l
Crayon

que de leurs proprietes absorbantes pour
4

~icrons.
nement infrarouge plus long que 3 o~ nsiderer
I1 n'est pas sans interet, cepen~ant,. e c~ nt vers
aussi leur pouvoir reflecteur, qUl est lmp~; ade treS
9 microns (figure 9), pour une longue~r. onde ceS

. . . d' 'mIsSIon )voisme de celle du maximum eo fi ure 10.
verres chauffes entre 0 °C et 100 C (flts acelle
Cette.reflexion, assez semblable dans sehs.e et absorbe

~ 'fl 'c 1 es tdes metaux (le rayonnement non re e 'cisemen
sous tres faible epaisseur}, se place p~e terrestre
dans la principale fenetre du rayonne~en d'absorp
situe vers 8-12 microns entre des ban Ell a done
tion de la vapeur d'eau (figure Il). l~l'nterieur

-'-fl' hi verspour effet, d'une part, de rt:, e~ ir la tale absor-
du collecteur le rayonnement eII.llS par ra onnement
bante et . d'autre part de limiter le Yd rn1'er ne, , , ce e
propre du verre dans une. zone ou .
recoit aucune energie du ciel. . rre qUI

.., 1 mellleur ve reLe verre ordinaire n est pas e ff t le ver
puisse se concevoir a cet egard. En e e ,
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pyrex et le verre de silice presentent, dans la meme
zone, une bande de reflexion plus intense encore.
Ces deux derniers verres sont naturellement beaucoup
plus chers, mais il serait interessant de proceder a
des recherches de base en vue de trouver un verre
d'un prix abordable, presentant des proprietes
reflectrices plus accentuees, Les verres etant sus
ceptibles de dissoudre la plupart des oxydes metal
liques, le domaine d'investigation semble assez large.

Les plastiques, lorsqu'ils ne sontpas trop epais
(1/50 mm par exemple), laissent passer une partie
du rayonnement infrarouge et presentent des
courbes d'emission caracteristiques (figure 12) [selec-
tives au polystyrene). .

Un autre aspect de cette question est l'utilisation
de verres aindices de refraction cleves, dont l'empki
pourrait etre interessant dans le cas ou la surface
receptrice ne capterait pas 1;:;. totalite du rayon
nement solaire (cas general des surfaces selective]
et serait diffusante. Cela perrnettrait de recueiIIir,
par reflexion sur le verre, une grande partie
du rayonnement diffuse sous de grands angles,
Mais le precede ri'est guerc applicable qu'aux
collecteurs n'utilisant ·le solei I qu'un petit nombre
d'heures par jour, pendant le temps ou le rayon
nement solaire arrive lui-mernc normalement it la
su~f~ce du vitrage ou sous des angles relativement
voisms,
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Resume

Surfaces silectioes « chaudes » absorbant le rayonnement
solaire

\

On sait que les metaux absorbent generalement
beaucoup plus fortement le rayonnement visible et
le proche infrarouge que les radiations de plus
grande longueur d'onde. Les surfaces metalliques
permettent done d'obtenir des collecteurs selectifs
presentant une faible emission propre, l'absorption
du rayonnement solaire pouvant etre considerable
ment accrue en realisant plusieurs reflexions succes
sives du rayonnement incident. Les reflexions
multiples. s'obtiennent a l'aide de tales pliees ou
paralleles, de tales striees, rayees ou depolies, par
traitement mecanique, physique ou chimique. La
plupart de ces precedes permettent d'obtenir de
grandes surfaces d'echanges favorables surtout au
chauffage des gaz.

On a egalement realise des surfaces chauffantes
en. colorant des surfaces metalliques par des moyens
chlml9.ues. L'aluminium traite par des solutions
sulfunques de permanganate de potassium donne
de bons resultats, les colorations obtenues etant
d'autant plus accentuees que le pH est plus faible.
On peut egalement oxyder superficiellement les
aciers « inoxydables » de facon a leur donner une
teinte rouge ou bleue. Aussi bien dans le cas de
l'aluminium que dans celui des aciers, les traitements
chimiques precedents peuvent etre combines avec

les effets de reflexions multiples (tales pliees, para!;
leIes ou striees), mais i1 convient ?ans tous le~i~~s
de realiser un equilibre entre ces dlvers~s opera;rnaI.
de facon a obtenir un effet selectl~, matoXY_
Des tales d'aciers « inoxydables )~ stne~, ~ orber
dees superficiellement sont susceptlbles : ~ que
85 p. 100 du rayonnement solaire, c~pen an 100).
l'emission de la tale reste faible (10 a 15 P:

, h' t le rayon-
Surfaces silectioes « jroides » reflec tSsan

nement solaire
. Laboratoire

On a par ailleurs mis au pomt,. au urfaces
de I'energie solaire de Mont-Louis, des1s raYou
selectives « froides » reflechissantes pour ~missiou
nement solaire et presentant une forte e
propre. t ete. on

De bons resultats dans ce domallle, (999-, .' pur '
obtenus avec des feuilles d'alumllllUm . ion it la
99,98 p. 100) oxyde anodiquement. L'ermsslle d'uu

, . che de ce . etemperature ambiante se rappro h d'alu1J11U
corps noir lorsque I'epaisseur de ~a ;ouc e depots et
formee depasse 3 microns. Dlfferents, 'galerneu~
peintures a base d'aluminium o,nt etf l~siqueS ~
etudies, en particulier des verms eel ~t die aussl

l'aluminium deposes au pistolet On ~tanYque. CeS
des revetements a base d' etaIll m~, anodique'
derniers sont susceptibles d'etre oxy es
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ment, mais deviennent alors beaucoup moins reflec
teurs pour le rayonnement solaire.

Parmi les peintures blanches selectives, celles a
base d'oxyde de titane donnent les meilleursresul
tats, l'emission propre a la temperature ambiante
depassant 90 p. 100 ou merne 95 p. 100, cependant
que la reflexion du rayonnement solaire est de
l'ordre de 70 a 80 p. 100, ou meme plus lorsqu'on
realise des revetements avec pigments apparents.

Parois . transparentes uiilisables dans les collecteurs
faisant appe1 a « l' efJet de serre »

Les auteurs examinent, en particulier, le role des
bandes de reflexion presentees par des verres dans
l'infrarouge moyen pour des longueurs d'onde tres
voisines de celles du maximum d'emission des corps
chauffes entre 0 et 100°C. Des verres complexes,
autres que le verre ordinaire, pourraient dormer de
mei11eurs resultats encore dans ce domaine.
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STUDIES. ON SELECTIVE SURFACES FOR AIR.CONDITIONING n1YELLINGS

(Translation of the foregoing paper)

F. Trombe, M. Foex, and M. Le Phat Vinh *

Methods of measurement

MULTIPLE-REFLECTION COLLECTORS

Development of selective heating surfaces

The object of these studies is to ,develop and
investigate heating and cooling of transparent
surfaces exhibiting the hot-house effect.

Selective collectors which absorb the solar radia
tion and themselves have only a slight emission
may be realized by means of metal sheets. It is
well known that the reflective power of metals
generally increases progressively with the wave
length, tending asymptotically towards very high
values, often ranging from 95 to 98 per cent in the
middle infrared. But since the absorption factor of
metals for solar radiation is insufficient (15 to 40 per
cent), several reflections of the incident radiation
are necessary if a sufficient value is to be obtained.

The metals used for this purjJ\)SC must resist the
atmospheric aggressive agents, :;(, that their surface
state undergoes no change. The)' must also have a
much greater absorption in th. visible and near
infrared regions than in the middle infrared. We
tested the following metals.
. (a) Brilliant aluminium absorb: about 15 pe~ c~nt

of the solar radiation, yet it has only a low emIsSIOn
at the operating temperatures of solar collectors
(less than 3-5 per cent between room temperature
and 100°C).

(b) Commercial aluminium (ml to 99.5 per cen~)
must be both cold-worked and rolled very thin
(0.1 mm) if it is to be brilliant. Thicker sh~e~s (1 m~~
may be obtained by rolling purer alumllllUm (9, .
or even '99.99 per cent). Moreover, the corroslO

;

resistance varies with the purity. The former pro~~F)
are cheaper costing no more than (3 new francsp r

' hi k ureper kg, or 22 NF per kg in foil 0.1 ~m t .IC. kg
aluminium is considerably higher m price per nt
(about 20 per cent higher for the ~9.9 P~~r c~he
product, and about 100 per cent hIgher d that
99.99 per cent metal). It should also be. notef pure
in foil thinner than 0.1 mm, the ~nce ? kness.
aluminium per kg increases with decr~asmgthlC

. iurn
We have also initiated tests on vanous alumlll

alloys, including duralumin. . f the
(c) Stainless steels absorb a larger fractIOf ~bout

solar radiation than aluminium, fo~ exa~;; ~o take
40 per cent when they are rolled, m or. 1 s steel,
the highest polish possible. An 18/8. stam e:s about
in foil 0.1 mm thick and 150 mm wld;/, c~s Thinner
2.4 NF per kg, that is, about. 1.9 N mh for use,
foil than this would still be rigid enoug. higher.
but its present price for equal surface a:e:-f:~e steels,
We should also note that certam ~llC e are ap
with 16 per cent chromium, for mstance,

preciably cheaper. h zinC
(d) In the neighborhood of 1 [L wa,:elen~!nirnurn

has a rather narrow but marked reflectIOn1 absorbS
(50 per cent). This metal thus rather ~tro?gY highly
solar radiation (40 per cent), :VhI1~ l\n~~ared at
reflective (up to 97 per cent) m t e in the foJ!Il
about 8 to 10 [L. This metal (pure or (ve but Its
of galvanized iron sheet) is highly selec \ perhaps,
resistance to corrosion is not good, eXcep ,
in a very dry atmosphere. . f rnetalS

1 . d pOSIts 0 I
* Laboratoire de I'energie solaire du Centre national de la We tested various electro yhc . e r sheet stee·

recherche scientifique, Mont-Louis, Pyrenees-Orientales, France. that could be used to coat sheet Iron 0
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We measured the absorption of total solar radia
tion by means of a calorimetric set-up with circulat
ing water, comprising a differential thermocouple
indicating the heating of a stream of water of definite
flow rate and undera known incident energy (figure 1).
The total energy received from the sun generally
ranged from 0.1 to I kW on the .illuminated surface
of the order of 10 cm", Sheet metal has a good
resistance to the action of this radiation, provided
it is sufficiently cooled (water flow of the order of
50-100 cc/s).

The over-all emission of the metal sheets at the
ambient temperatures was estimated from their fall
in temperature due to their radiation into a very
clear night sky. The extreme reference points used
were a' surface with very low emission (unoxidized
aluminium) which remains practically at ambient
temperature, and a surface .(black body) which

. shows the maximum degree of cooling. We made
sure that there was no dew or frost that could have
interfered with the temperature drop.

Measurements of the energy emitted as a function
of wavelength were performed by F. Cabannes.
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Figure 1. Calorimetric set-up for measuring the absorption of solar energy by various metallic surfaces

Var~ous methods may "be used to obtain multiple
reflectIOns. They are essentially folded metal sheets,
parallel metal sheets, ruled on roughed metal sheets,
and sheets of an alloy with a fine grain structure.

Thus: for example, metal sheet folded at a 30°
~~gle .grves six reflections of incident radiation in a

IrectIOn parallel to the mean direction of the
reflecting planes and three reflections for incidence
at 45° (figure 2).
s Para~lel metal sheets give a large. nl;lmber of
hccesslVe reflections if the angle of incidence of

t e radiation is appropriate (figure 3). Anot~er
~etal sheet, preferably one giving a diffuse reflectIOn
o the radiation, must be placed at the back of the
collector.
f To prevent excessive increase of the radiation

(
rom the metal sheets at the operating temperatures
50 to 120°C, for instance), their total area must

not be more than necessary, and should not exceed
4 to 8 times the surface area of a single sheet. The
radiation increases about proportionally to the
surface when the emission factor of the metal is
very low. .

These devices operate best if the folded or parallel
metal sheets present a polished surface causing the
least possible diffusion. A method related to the
above makes it possible to escape this condition. It
consists in effecting the multiple reflections ona
ruled or grooved metal surface. These grooves must
be both as closely spaced and as deep as possible.
This appreciably increases the absorption, for the
real surface is, say, tripled. This increase is very
important if we compare these results with those
from a perfectly polished metal sheet; but is less
significant if we consider a metal plate rolled without
special precautions. Thus, in the case of aluminium
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Angle or incidence of radiation

Folded reflecting metal sheet

Figure 2. Absorption of solar radiation by successive reflections on folded metal sheets

•60

Selective metal surfaces
(specular reflection)

Angle of incidence of radiation

\
Selective metal surface (diffuse reflection)

Figure 3. Absorption of solar radiation by successive reflections on parallel metal sheets
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we observed the following values for the absorption
of solar radiation: 45 per cent for aluminium grooved
with needles 0.35 mm in diameter, with tapered
points, placed side by side in a support, and 25 per
cent with ordinary' rolled aluminium. And well
polished aluminium absorbs no more than 14 per
cent of the solar radiation.

Similarly, the absorption of solar radiation by a
stainless steel with 16 per cent chromium increases
from 40 to 55 per cent when it is superficially ruled.
Higher values may be obtained with deep rulings.

Sand blasting also increases the absorption of
these sheet-metal materials, as do chemical reagents,
whose corrosive action is primarily directed against
the grain boundaries. Chemical attack will have a
particularly favourable effect when the product
under attack consists of fine grains, and still more,
if it is an alloy, one of whose components is prefer
entially dissolved as compared with the other. Thus
certain alloys in eutectic or eutectoid proportions,
strongly absorb solar radiation after corrosion by a
chemical reagent.

~n a recent study (1), we have shown that electro
lytic deposits on a tin-zinc base were better absorbers
of solar energy than the pure metals. These matte
deposits have a maximum absorption between 70

and 80 per cent, according to the treatment, at a
tin content of about 15 per cent by weight. Some
of these alloys have a good resistance to corrosion.

The choice of the arrangement for producing the
multiple reflections depends essentially on the
problem under attack. If large heat-exchange surfaces
are desired, to heat gas to moderate temperatures,
folded metal sheets or arrangements with parallel
metal sheets may be used to advantage. The surface
area of such collectors is from 2 to 8 times as great
as that of an ordinary plane collector. The higher
temperatures generally necessary for heating liquids
or for applications such as thermocouples are
obtained more easily by means of metal sheets
ruled on the surface receiving the radiation. In this
case, however, it will be noted that the convectional
heat transfer is a little greater with the grooved
surface than with the plane surface.

REALIZATION OF SELECTIVE HEATING SURFACES
BY CHEMICAL TREATMENT

In particular, we have coloured aluminium plates
by means of a solution of potassium permanganate
of concentration ranging from 5 to 20 g/l, with
enough sulfuric acid added to adjust the pH to a
level between 0.5 and 6 (in the absence of acid,

I
O.2r-----,------.-----,------...,-----..,------,

Weight gain, mg/C1Jl

O.lSr------+------I-------+-------j--------I,------1

-,"""-. ~.,~."oo"

:---

2 3 4

pR of the solution

I
5

Figure 4. Weight gain of aluminium sheets treated with sulfuric acid solutions
of potassium permanganate of various pH values

21 **



642

100
Absorption of solar radiation, '1>

III.B New materials

80

GO

40

Aluminium treated at 500 °c

Alumlni\DD treated at 100°C

Emission et ambient temperature, '1> ---t--------f----"'""",,;;;~;;;:_-+_-----

20

o

-- ------

3 4

pll of the solution

5

Figure 5. Absorption of solar radiation and emission by aluminium sheets treated with sulfuric acid solutions
of potassium permanganate of various pH values

\ . ri htneSS jn
The metal sheets still retain the~r b ~stance to

spite of the light oxidation. TheIr reSIt of such
chemical agents is excellent and the cos
treatment remains very low.

the pH is slightly higher than 6). The plates are
first treated with trichloroethylene to dissolve the
superficial grease deposits, and then plunged verti
cally into a bath brought near the boiling point.
The plates are then thoroughly washed, followed
by annealing at temperatures between 100 and
500°C.

The color obtained varies greatly with the pH
of the solution used. At pH 6 it is light yellow;
blackish tints are obtained with solutions more acid
than that. The intermediate pH values give a more
or less dark bronze or chestnut calor. The treatment
time has relatively little influence. Ten minutes is
generally sufficient. The permanganate concentration
likewise does not appear to play an important
part, at least at concentrations over 0.5 per cent.

Figures 4 and 5 are plots of the results of a series
of experiments of this nature. The emission of the
plates themselves, at the ambient temperature, is
relatively low so long as the weight gain does not
exceed 0.1 mgjcm2, corresponding to a coating less
than a micron thick.

The "stainless'" steels may likewise be used for
selective plates. Oxidation of these steels at tem
peratures between 250 and 550°C gives extremely
thin surfaces of colored oxides, with a weight gain

Treatment
temperature

(duration: 3 h)

Untreated
300°C
400°C.
500°C.
600°C.

Absorption
of solar

radiation
%

45
52
60
70
75

Color

Unchanged
Yellow

Red
Violet
Blue

40
48
55
66
70

Co/Of
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MULTIPLE REFLECTION
ON CflEMICALLY TREATED METAL SHEETS

In the case of aluminium, just as in the case of
the steels, the preliminary chemical treatments may
be combined with multiple reflection effects (folded,
grooved or parallel sheets). In all cases, however,
a judicious equilibrium should be realized, so that
the ultimate absorption of solar radiation will be
high, while the over-all emission still remains low
enough.

In the case of folded or parallel metal sheets, it
will generally suffice to use sheets with an absorption
factor of only 50 per cent for the solar radiation,
so that one has metal sheets covered with extremely
thin colorcd layers maintaining good specular
reflection as well as low emission.

With grooved metal sheets, the problem is some
what different, since the number of reflections so
realized is appreciably smaller. When these metal
sheets an, used by themselves, without adding
auxiliary reflecting sheets, it will be advisable to
use the most absorbent coatings. For example,
unruled bright aluminium, treated at pH 3 in a
5 per cent solution of potassium permanganate,
absorbs GO per cent of the solar radiation, while
the same metal sheet, first ruled, absorbs 75' per

cent of the same radiation. The emISSIOn of the
metal sheet itself at the ambient temperature is
rather low (10-15 per cent) in the former case, and
of the order of 30 per cent in the latter.

"Stainless" steel sheets may be both grooved and
oxidized, as already stated. Under these conditions,
the absorption of solar radiation may reach, or even
exceed, -85 per cent, while the emission from the
sheet still remains low.

Study of selective "cold" surfaces which reflect
solar radiation and themselves have a strong
emission

The infrared emission of A9 aluminium foil (99.9
99.98 per cent), supplied by Trefileries of Le Havre
and by Aluminium francais, was studied. This
emission was found to become great when the
thickness of the alumina film reached one micron,
and it was found further to approach black body
conditions at a film thickness of 3 microns or more.
A great increase of absorption, however, is also
noted, in the zone between 3 and 8 microns, with
increasing thickness. Figure 7 gives the daily course
of the temperature of aluminium sheets placed
horizontally on thermal insulation, the upper face
free, and receiving no radiation except from the
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Figure 6. Variation, with the wavelength, of the emission factor of anodically oxidized aluminium sheets
for various thicknesses of the alumina film
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Figure 7. Day and night variation of temperature of various aluminium sheets

2435
2485
2580
2730
3500
4300

NF per
metric ton

99.5 to 99.69
99.7 to 99.79
99.8 to 99.85
99.85 to 99.89
99.9 to 99.98
99.9 (minimum)

Table 2

Bath

Percentage

Oxidation

Degreasing

We give for information the market prices of the
varieties of aluminium:

A bsorp- Emission
Thickness tion' at a~C"
of oxide of solar 1~

film rad,at,"" y,
t

--------------

---------------:-----

Table 1. Aluminium A9 (minimum 99.99 per cent)

sun and the sky. Table 1 shows the results that
were observed.

We have also run experiments on sheets of
aluminium-magnesium alloys with 3 per cent mag
nesium, polished (brillalumag), and anodically oxi
dized in the same way as the aluminium sheets. We
noted that at equal thickness, the emission was
appreciably less from the alloys than from the pure
aluminium. Almost the same results were obtained
with oxide films about half as thick.

Table 2 relates to an ordinary aluminium A5 (99.7
99.79 per cent) treated by the Pechiney Company.
We noted a strong emission from these products;
some of them are good reflectors of the solar radiation.

a The protective layer of alumina usually formed on aluminium is less than
0.02 fL in most cases.

Thickness of film of electrolytically
formed alumina •

o (not treated) a

o (brightened)
0.9 fL
1.5 fL
3fL
6fL

Absorption
of solar radiation

(per cent)

14
14
15
15
15
15

Emission
at ambient
temperature
(per cent)

< 10
< 10

about 40
about 60
about 75

> 90

Aluminium As (99.7-99.79 per cent AI)

Not treated. . .. Not treated 0 fL
Electrolytic alkaline

degreasing . . . H 2S0 4 ordinary 10 fL
Chemically bright-

ened . . . . . . H 2S0 4 ordinary 10 fL
Degreased with soda H 2S0 4 ordinary 10 fL
Electrolytic alkaline

degreasing . . . H 2S0 4 60 fL

Alloy of aluminium with 5 per cent silicon: ASs

Degreased with soda H 2S0 4 ordinary 10 fL

15
<: 10

23
.> 90

23
.> 90

26
» 90

65
» 95

.> 90

~



Selective surfaces for alr-condltlontng dwellings S/6 Trombe et al. 645

Table 3, Deposits of aluminium on aluminium As

Untreated 5 15
Cellulose Spray gun 90 40
Synthetic Spray gun 80 46
Synthetic Brush 60 39
Outside grease Spray gun 65 36
Inside grease . Spray gun 40 34

The Pechiney Company has also placed at our
disposal plates coated by various methods with
aluminium deposits. Certain of these inexpensive
products have an excellent emission, and their
a?sorption Ior solar radiation is in any case relatively
high, The best results have been obtained with
aluminium-base cellulose varnishes, applied with a
spray gun.

Tin-base coatings. Brightened tin strongly reflects
the solar radiation (87 per cent). On the other hand,
anodically oxidized products are coloured owing to
the formation of lower oxides and cannot be used
for the fabrication of cooling collectors, in spite of
the strong emission in the infrared.

/!11ttHil~ium varnish

N aiure Application

Emission
at about lO'C

(per cent)

Absorption
of solar

radiation
(per cent)

Selective paints. Most white oxides are excellent
pigments for compounding selective paints.' It is
noted that paints with a titanium (rutile) base
reflect 75 to 80 per cent of the solar radiation, as
compared to about 70 per cent for zinc-oxide base
paints, the refractive indices of rutile (2.616 and
2.903 square product) being higher than those of
zinc oxide (2.008 and 2.903 hexagonal product).
The emission. of the paints at ambient temperature
is over 90 per cent or even 95 per cent. Such products,
with a glycerophthalic resin base, give almost as
good results as anodically oxidized aluminium, as
will be seen from the day and night temperature
curves for metal sheets painted with them (figure 8).1

Remarks on the transparent walls that can be
used in solar collectors utilizing the hothouse
effect

Two solutions are usually adopted: transparent
plastic or glass. The former is more economical, but
has the disadvantage, for certain arrangements, of

1 If paints still richer in pigment are compounded, or if the
wet paint is strewn with the powder of these pigments, solar
radiation reflection over 90 per cent may be obtained, but the
coats so produced are rough and show apparent grains.
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Figure 8. Day and night variation of temperature of metal sheets painted with zinc oxide and with titanium oxide
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Table 4. Tin-base coatings

Nature 0/ metal and 0/ its coating Treatment
Absorption

0/ solar radiation
(per cent)

f mission
at ambirrt temperature

t bcr cent)

Steel with brilliant electrolytic tin coating (250 (L
thick). . . . . . . . . ., Anodically oxid-

ized a

Steel coated with electrolytic deposit of copper (13 (L)

and of a tin-copper alloy (40 (L) •••••••• Not treated
Steel coated with electrolytic deposit of copper (13 (L)

and of a tin-copper alloy (7.5 (L) • • • • • • • • Not treated

78 75

30 a l.out 10

56 !JO

35 ai~.tut 10

28 :1 Lnut 10

Hot-tinned tinplate .
Hot-tinned tinplate .

Hot-tinned tinplate

Hot-tinned tinplate • I.

Not treated
Treated 30 min

at 80°C in I per
cent chromic
acid

Anodically oxid
ized

Heated in air at
210°C (colored
film)

25
17

;:Lout 10
al\0ut 75

• Treatment solution 40 g{1 of Na,HPO. and 20 g{lof H,PO. at 75' for 5 min, current density 0.04 arnp/cm.

being partially transparent in the infrared when
present in film form.

In the immediate future, it is difficult to think
of using other types of glass than ordinary window
glass. In general, when we consider the role of the

glass panes in the hot-house effect, we take ~ccount
only of their absorbing properties forlI~frared
radiation of wavelengths longer than 3 or ~ mICrOn?
But it is not without interest to consider thw
reflecting power as well, which is important at
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Figure 9. Infrared reflection of ordinary glass, of Pyrex glass, and of silica 'glass, after Jellyman an
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Figure 12. Emission of a polystyrene film 70 microns thick at 100°C, compared with black body emission

around 9 [l. (figure 9), for a wavelength very close
to that of the emission maximum of these glasses
when heated between 0 and 100°C (figure 10). This
reflection, rather similar in its effects to that of
metals (the unreflected radiation is absorbed at a
very shallow depth), is located precisely in the
principal opening for terrestrial radiation, situated
around 8-12 microns between absorption bands of
water vapour (figure 11). Thus its effect, on the
one hand, is to reflect towards the interior of the
collector the radiation emitted by the absorbing
metal sheet, and, on the other hand, to limit the
radiation emitted by glass in a spectral zone where
the glass receives no energy at all from the sky.

Ordinary glass is not the best glass that could
be imagined in this respect. Pyrex glass and silica
glass, indeed, have an even more intense reflection
band in the same spectral zone. These two glasses
are naturally much more expensive, but it would be
interesting to stage basic research with a view to
finding a glass with more accentuated reflecting

, f b able price.properties, and at a cost sellm,g or a ea\ metallic
Since glasses are able to dissolve mos to be
oxides, the field for investigation would seem
rather broad. '1/50 rum)

The plastics, when not too thICk. (s~y, and have
transmit part of the infrared radIatIC;) (electives
characteristic emission curves (figure 1 s
with polystyrene). '1' att'on

, 'the uttlZ
Another aspect of this qu~stw.n I? h use of

of glasses with high refractive indices. t e eiving
which might be of interest in cases ~here t~e ;~~iation
surface does not capture the entire sola uld be
(general case of selective su:faces) anft ~fon bY
diffusing. This would permit the eo ec di~tion
reflection on the glass, of a large part °tt~~ould be
diffused at great angles. But this met °flizing the
applicable exclusively to collector~ u ~he period
sun only a few hours a day, dunn~ idence of
of the normal and close-to-normal me oIleetor

, , f of the cthe solar radiation on the sur ace
pane.

References

For references, see end of French version.
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"Hot" selcctiue surfaces absorbing solar radiation

It is wen known that metals generally absorb
radiation much more strongly in the visible and
near infrared regions than in the regions of longer
wavelength. Metallic surfaces may therefore be used
for selective collectors with low emission, which may
absorb considerably more solar radiation if designed
to have the incident radiation reflected several
times in succession. These multiple reflections are
obtained by means of folded or parallel metal sheets,
striated, ruled or dulled by mechanical, physical or
chemical treatment. Most of these procedures give
large heat-exchange surfaces favourable primarily
to the heating of gases.

He?-ting surfaces have likewise been prepared by
chemical colouring of metal surfaces. Aluminium
treated wit h sulfuric-acid solutions, of potassium
perrnangano te gives good results. The colouration is
more mari.ed, the lower the pH. Stainless steels
may likewise be superficially oxidized to give them
a red or blue tinge. With aluminium, as with steel,
these chemical treatments may be combined with
the mUltiple-reflection effects (sheet metal, folded,
parallel or striated), but in all cases equilibrium
s~oul~ be established between these different opera
tIons.lll such fashion as will yield the maximum
selective effect. Sheets of "stainless" steels, striated
and superficially oxidized, are able to absorb 85 per
cent of the solar radiation, while the emission from
the sheet remains low (10 to 15 per cent).

"Cold" selective surfaces reflecting the, solar radiation

The Solar Energy Laboratory at Mont-Louis has
also developed "cold" selective surfaces that reflect
solar radiation and themselves have a strong emission.

Good results have been obtained in this field
with pure aluminium foil (99.9-99.98 per cent),
anodically oxidized. The emission at ambient tem
peratures approaches that of a black body when
the thickness of the aluminium oxide film formed
exceeds 3 microns. Various aluminium-base coatings
and painting procedures have been studied, especially
cellulose varnishes deposited with a spray-gun.
Coatings based on metallic tin have also been studied.
They can be anodically oxidized, but in that case
they become much less reflective for solar radiation.

Among the selective white paints, those with a
titanium-oxide base give the best results. Their own
long-wave emission at ambient temperature exceeds
90 or even 95 per cent, while their reflection of solar
radiation is of the order of 75 to 80 per cent, or even
more when coated with more conspicuous pigments.

Transparent walls utilizing the "hot-house effect" and
available for use in collectors

The authors examine in particular the role of the
reflection bands shown by glasses in the medium
infrared for wavelengths very close to those of the
emission maximum of bodies heated to between
o and 100°C. Complex glasses, other than ordinary
glass, might give still better results in this field.
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EMPLOI DE CERTAINS ALLIAGES D'ALUMINIUM POUR L'UHLISATION
DE L'ENERGIE SOLAIRE

Pierre Vachet * et Jean M ercier **

Depuis quelques annees, 1'industrie du batirnent
utilise pour des buts decoratifs des panneaux de
toles ou des profiles d'alliages d'aluminium ren
fermant 4 a 5 p. 100 de silicium (connus sous le nom
d' A-S4 ou d' A-S5 dans la symbolisation francaise)
que I'on oxyde anodiquement en vue d'obtenir une
teinte gris fonce, presque noire.

Ces couches d'oxyde doivent cette teinte a des
inclusions de silicium ou de silice. Il etait logique
de penser qu'elles constituent d'excellents pieges
a rayonnement solaire.

C'est ce que nous nous sommes propose de verifier.'
Certains panneaux de tales furent remis a cet effet
au professeur F. Trombe, qui les compara a d'autres
echantillons, de tale d'aluminium non allie cette
fois, soit. nue soit revetue d'une couche d'oxydation
anodique apres differents traitements de surface.
Il n' est point question de revenir sur les resultats
obtenus.

De notre cote, utilisant un dispositif experimental
employe par le professeur Trombe, nous cherchames
a nous rendre compte de la facon dont variait la
temperature de tales d'A-S4 exposees horizontalement
au rayonnement solaire sur une table revetue de
100 mm de laine de verre.

Ces tales d'une epaisseur de 3 mm avaient un
format de 250 X 250 mm. En leur centre, sur leur
face inferieure, etait rivee une plaquette de cuivre,
au moyen de huit rivets. Au centre de cette plaque
etait brase un couple thermo-electrique (figure 1).
Les temperatures etaient relevees toutes les heures
durant 24 heures d'exposition a un ciel clair, a
Chambery. La temperature ambiante etait relevee
sous abri.

Sept echantillons furent ainsi simultanement
testes :

1. Aluminium A5 (99,5 p. 100) Brillant, nu.

2. Aluminium A5. Tale rendue mate par cinq ans
d'exposition en atmosphere industrielle parti-:
culierement corrosive (proximite d'une .fonderie
et d'une cheminee d'evacuation d'un labora
toire d'analyse chimique).

* Chef du service des recherches metallurgiques. Compagnie
Pechiney, Paris.

** Irigenieur, service des rccherches metallurgiques, Compagnie
Pechiney, Paris.

3. Aluminium A5. Oxydee ;l1io<1iquement sur la
face externe, sans decapage prealable (epais
seur de la couche d'oxvrle : 15 microns).

4. Aluminium A5. Non dCG11115e au prealab~e :
simplement revetue <I' line couche ml~ce
de Mn0

2
par immersion .lans une sol~tlOn

sulfurique de permanguiate de potasslUID,
sur sa face externe.

5. Aluminium-silicium A-S-L Oxydee anodjqur
ment sur la face extcn.c (epaisseur e a
couche d'oxyde : 15 microns).

6. Alu~inium-silicium A-S4. Oxydee ano~ique;
. ment sur sa face externe, mais aune epalsseu

de 25 microns.

7. Fer. Tale noire brute.
duit dans laLes couches obtenues sont repro Ul es 'des

figure 2. On a trace dans les figures 3 et 4, a ,
echelles differentes, les courbes donnant les tempe
ratures diurnes et nocturnes.

Figure 1

650



Emploi de certains alllages d'aluminium 8/86 Vachet et Mercier 651

11r- ,..
.>':

V- 1"'" V V ""0'
41

I1 V V Al.".. , i41 ,,;-~- /-....;K I~ V-Al br/1IPt

" i.V ,~, V ~A$4. !,.
If V'II~ t7" ...--A",I.;.,ftlli

-
l-t-..2f

'/. for'"
... >....

~ ~ /""AI.DIl "*1ID (? "'; ~l.L
11

1/Io-'t- "~11
~

1 ~
~C - [M-I ~

., I~~ la • iw• ...
& 10 11 11 I' 14 11 le 17 .,. lOZ1U2}24 1 1 , 4 1 6 7 8 ,

JlnIt IigoIe

Figure 2

Ces courbes peuvent etre resumees comme suit :

,On ~o~state bien, comme prevu, que la surface
d,alumInIUm nu brillante s'est comportee comme un
reflecteur .remarquable, absorbant peu de rayonne
ment solaira de jour et emettant peu la nuit.

11 ri'en est plus de meme lorsqu'un milieu agressif
- q~e. l'on ne trouve heureusement pas dans les
e:,poSltIons habituellement rencontrees en pays a
ciel clair - lui a fait perdre son aspect brillant
(echantillon 2).' .

,L'o?,ydation anodique a procure une surface
selectIve froide (echantillon 3) et la couche de Mn02
une surface selective chaude (echantillon 4), ainsi
que le professeur Trombe l'avait mis en evidence.

Q~ant aux surfaces 5 et 6, obtenues par oxydation
~~Odlque de toles d'A-S4, leurs proprietes se so~t

aut ant plus rapprochees de celles du corps noir
que la couche d'oxyde etait plus epaisse. .

Grace a l'aluminium et a l'alliage A-S4, on peut
do~c obtenir l'eventail complet des proprietes
optIques que l'on peutdemander a une surface
vIs-a.-vis du rayonnement solaire et du rayonnement
propre.

Temperatures diurnes maximales Tempiratures nocturnes minimalcs

17H<>u"'~ 1916If

Figure 3
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Nous etions done en droit d'esperer que nous
pourrions, grace a ces surfaces d'A-S4 oxydees, les
utiliser pour chauffer de l'eau.

A cet effet, nous avons realise des insolateurs de
la maniere suivante. La surface absorbante est
constituee par des Roll-Bond ou toles a circuit inte
gres, On connait ce type d'echangeur de tempe
ratures. 11 est normalement obtenu en laminant

3
2
0,5

-1,5
-2,0
-2,5
-3
-4

Degris
cenUsimaux

Temperature ambiante
EChantillon 1 .
Echantillon 4 .
Echantillon 2 .
EChantillon 3 .
Echantillon 5 .
Echantillon 7 .
Echantillon 6 .

50
44,5
39,0
36,0
34,5
27,0
24,0
15,0

Degres
centesimaux

Echantillon 7
Echantillon 6
Echantillon 4
Echantillon 2
Echantillon 5
Echantillon 1
Echantillon 3
Temperature a~bia~t~
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Figure 4

ensemble a chaud deux tales d'aluminium parfaite
ment propres et brossees, sur la face interne de
l'une desquelles on a dessine au moyen d'une encre
speciale le schema d'un circuit de fluide. Lors du
laminage a chaud, les deux tales se soudent sauf
sur les surfaces protegees par l'encre. Une des
extremites du circuit etant degagee, on applique
dans cet orifice une pression hydraulique qui fait

gonfler le circuit. On dispose arnsi d'un tube plus
ou moins replie sur lui-meme, en contact intime ayec

, 1" , d tempera-les surfaces planes servant a ccnange e
tures. A 'tail

Dans le cas actuel, ,rune. (~es deu~ toles,;_S4.
constituee non par de 1 aluminium, mars de,1 I
Le soudage des deux metaux s'est parfaltemen
effectue. La surface utile etait de 245 X 245 mm,

Figure 5 Figure 6
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Figure 7

soit 0,06 m", et le serpentin avait une longueur de
2,5 m. La section du canal etait de 30 mrn'',

. L'oxydation anodique fut realisee en bain sulfu
nque .de concentration 20 p. 100 a 20 QC pendant
45 rmnutes ; elle fut suivie de colmatage a I'eau
f,0Ulllante. Seule la face active en A-S5 etait oxydee,

a,:tre face ayant ete protegee pendant cette ope
ration de maniere a lui conserver son etat de surface

natureI brillant, afin de limiter les pertes par rayonne
ment de ce cote.

Afin de limiter les pertes par convection, .cet
element etait enferme dans un capotage metallique
dont la face anterieure est constituee par un hublot
de verre qui joue un double role. D'une part il
constitue une protection contre les depots de pous
sieres susceptibles de modifier l'etat de surface de

.ll~u"'teur

I", 1+ " '" I

Circula~io"
d'&ou',"id.'; 16'

.1:+--+- -.J+--- Jliv..... ~.~_ . .jf,..;:=::;-'-l_TIol...rI;'

'- InsQlateur _

Figure 8. Schema de l'installation de recuperation de I'energfe solaire
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Figure 9

l'element absorbant et, d'autre part, il sert de
piege pour le rayonnement de grande longueur
d'onde emis vers l'espace par l'element.

Ce type de hublot a. ceci de particulier qu'il est
parfaitement etanche, son cadre en alliage d'alu
minium a 5 p. 100 de silicium ayant ete direetement
coule sur la glace de 4,75 mm suivant un precede
etudie par Saint-Gobain et Pechiney. Il en resulte
d'une part une parfaite etancheite, et d'autre part
un effet de frettage de la glace qui augmente d'une
maniere considerable sa resistance au choc (figures 5
et 6). L'isolement thermique etait obtenu entre
l'element metallique et l'ensemble capot-hublot
au moyen de joints de caoutchouc mousse, et
a I'arriere par une plaque de polyethylene expanse
de 35 mm d' epaisseur.

Ce type d'insolateur fut comp.ire a un type ~imi.
laire dans lequel la surface active fut. ~onst1tuee
par un Roll-Bond entierernent en alummrum cette
fois, mais dont la' surface exposee au rayonneme.nl
etait recouverte d'une couche fres mince de graR,hItt
obtenue par pulverisation fine de graphite col101da,

L'insolateur en A-S5 et l'insolateur de refer~~e
graphite furent enchasses sur un pupitre en OIJ
incline a 30° sur l'horizontale et oriente vers le su
(figure 7). . t t

Les mesures furent effectuees non adebIt c~nsd~~ii
mais a temperature constante, en mesurant e ~ ee
obtenu. Pour obtenir ce resultat, l'eau est PU;:ur
au moyen d'une petite pompe mue par ~n m~e la
electrique dans un reservoir ou circule 1ea~ 'gale
ville dont la, temperature etait constante e e

161114l'12

'ROLL· BOND GRAPHITE.

oD b t I

1110

e I en itrurt:r ml de surface utile
T-mt 16" T-6Ol'tIe40'

/
V ~

""11 '\
1\

/ \
17 I'

\

I i\

I \o
8

LITRfI/ HIURE

25

20
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Figure 10
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Figure 11'

L'eau est recueillie dans un vase de Dewar de.
250 cc dans lequella temperature peut etre mesuree
avec exactitude, puis transvasee dans un recipient
gradue permettant de mesurer le debit.

La pompe et l'insolateur sont en charge par
rapport au niveau du reservoir de maniere a eviter
tout incident du aux bulIes qui se degagent pendant
l'echauffement du circuit.

Nous avons fait deux sortesde mesures : mesure du
debit a temperature constante, et mesure de la
temperature maximale a debit nul.

Dans les mesures du debit a temperature
constante, nous avons mesure le debit a chaque
heure de la journee pour des temperatures de sortie
de l'eau de 40, 45, 50 et 55°C. Nous avons trace les
courbes donnant les valeurs du debit en litres par
heure et par m2 de surface utile exposee en fonction
de 1'heure de la journee (figures 9 et lO).

Ces resultats, que resume le tableau ci-dessous, sont
obtenus par l'integration des courbes precedentes,
on figurent le debit par jour en litres par m2 de
surface utile, le debit encalories par jour et par m2

ainsi que la puissance moyenne recuperee en kW.
Les courbes correspondantes ont ete· tracees

(figure ll). Il apparait que si, pour les temperatures
depassant peu la temperature ambiante, la surface
graphitee est superieure a celIe de l' A-54 oxydee,
par contre, pour les temperatures plus elevees c'est
1'inverse qui se produit, ce qui tend a montrer que
pour le rayonnement de grande longueur d'onde
emis par la plaque chauffee a des temperatures
superieures a 50°C, le pouvoir ernissif de la tole
d'aluminium graphitee est superieur acelui de l'A-54
oxyde.

Une conclusion analogue decoule de la mesure
de la temperature maximale a debit nul. Nous avons
reproduit les courbes dormant les temperatures
atteintes a chaque heure du jour par l'un et I'autre
des deux dispositifs insolateurs (figures 12 et 13).
On voit que la surface en A-54 oxyde atteint une
temperature superieure a celle de l'aluminium
graphite: 70°C dans un cas, 68°C dans l'autre.

En conclusion, il semble donc bien que l'A-54
oxyde offre de grandes possibilites pour la realisation
de surfaces aptes a capter le rayonnement solaire,
Toutefois, il est probable que les metaux legers

\lrr~:t.s/JtAJR/"l --AS4 GRAPHIT~

\ ~Dtbirtn lirm/Jour/m l T"chftI6'
\. .

8:::-:::-:::8 PUIIYna I'TIO)'G'ne I"WJell1ic.

110

100

. 0

o4::0----.l.----...L---.-J

~ 16°C. La pompe et son moteur sont eux-memes
~mmerges dans ce reservoir de maniere a maintenir
eur temperature constante (figure 8).

Le fonctionnement de cette pornpe est commande
par un pyrometre regulateur relie a un thermocouple
~esurant la temperature de 1'eau a la sortie de
element chauffant. Ce regulateur assure la mise en

~oute de la pompe lorsque la temperature de 1'eau
depasse la valeur desiree et son arret au-dessous
e cette temperature. On evite ainsi .Ies ennuis que

nous avons rencontras dans les systemes a debit
~~r:stant ou des variations appreciables de debit
e aient dues a la formation de fines bulIes gazeuses
accroch ' 'I' .cl ees a a paroi des canaux et qUI augmentent
clans une l~rge mesure les pertes de charge aI'interieur

e ceUX-Cl.

Temperature de sortie

40 ·c 45 -c 50 -c 55 ·c

A-54 Graphite A-54 Graphite A-54 Graphite A-S4 Graphite

Debit par jour en litres
par m2 de surface utile a 131,5 145 82 79 50,6 47,5 23 15

Duree de fonctionnement . 7 h 1/2 8 h 1/4 7h 6 h 1/4 5h 4h 3 h 1/2 3 h 1/4
Debit en calories par jour

et par m2 ....... 3156 348O 238O 229O 172O 1615 897 525
Puissance moyenne recupe-

ree en kW....... 0,487 0,487 0,395 0,426 0,400 0,465 0,297 0,185

a Pour une temperature d'entree de I'eau de 16 DC.
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peuvent nous offrir d'autres surfaces inalterables
parfaitement adaptees a cet usage. Nous citerons
par exemple :

L'aluminium oxyde anodiquement a basse tem
perature pour obtenir des couches dures de 60 a
100 microns ;

L'aluminium-manganese (A-M) oxyde en bain
sulfosalicylique (procede Kalcolor); ,

L'aluminium-silicium (A-SG) oxyde en bain oxa
lique, etc.

, de t d l'aluminiumCette classe de metaux envan e .
merite done de retenir l'attention de ceux. qUl se
livrent a la recuperation de l'energie solaire. bIe~ que
leurs proprietes optiques souvent paradoxales. dero~:
tent parfois celui qui les utilise sans dIScern
ment.
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8/86 Vachet et Mercier 657

L'aluminium est employe pour l'utilisation de I'energie solaire. I1 est tres
facile de modifier son pouvoir absorbant vis-a-vis du rayonnement solaire
et son pouvoir ernissif dans la zone de longueurs d'onde correspondant a
son rayonnement propre en utilisant l'oxydation anodique. L'utilisation
d'alliages, et en particulier d'alliages a4 p. 100 de silicium, augmente encore les
possibilites du metal.

Des mesures dechauffement diurne et de refroidissement nocturne
ant ete effectuees sur divers echantillons, montrant que de jour on peut
atteindre des temperatures maximales de 44,5 °C sur alliage au silicium oxyde,
pour une temperature ambiante de 15°C. La nuit la temperature s'abaisse
a - 4 °C pour une temperature ambiante de + 3°C.

Des tales a. circuit integre dont la couche externe est en alliage a. 4 p. 100de
silicium oxyde ant ete utilisees pour constituer des insolateurs, et l'on a mesure
le debit pour une temperature donnee, A 50°C il est de 51lJm2 de surface utile
par jour, ce qui correspond a. 1720 calJjJm2•



5/86

USE OF CERTAIN ALUMINIUM ALLOYS IN THE UTILIZATION UF ~JOLAR ENERGY

(Translation of the foregoing paper)

Pierre Vachet * and Jean M ercier **

* Chief, Service des recherches metallurgiques, Compagnie
Pechiney, Paris.

** Research Engineer, Compagnie Pechiney, Paris.

For the last few years the building industry has
been using decorative panels of sheet or shapes of
aluminium containing 4 to 5 per cent of silicon
(known in the French. nomenclature as A-S4 or
A-S5) anodized to a deep gray, almost black.

The colour of these oxide layers is due to silicon
or silica inclusions. They could logically be expected
to be excellent material for solar radiation traps.

It is this proposition that we will discuss. Some
panels made of sheet were delivered to Prof. Trombe
in this connexion. He was kind enough to compare
them with other specimens, this time of unalloyed
aluminium sheet, either bare or with an anodic
oxide layer after various surface treatments. We do
not intend here to revert to his results.

The present authors used an experimental set-up
adopted by Prof. Trombe in our attempt to gain
an understanding of the variation of the temperature
of A-S4 sheet exposed horizontally to solar radiation
on a table lined with 100 mm of glasswool.

These sheets were 3 mm thick, and had a surface
250 X 250 mm. At their centre a copper plate was
riveted to their lower face by means of eight rivets.
A thermo-electric couple was brazed onto the centre
of this plate (figure 1). The temperatures were
read at hourly intervals during 24 h of exposure to
a clear sky, at Chambery. The ambient temperature
was taken under cover.

Seven specimens were simultaneously tested in
this way:

run"

3'C
2
0.5

_1.5
_2.0
_2.5
_3
_4

.Hinimum night temper~

Am~)i~nt temperature
Spc" imen 1
Specimen 4
Sp(·cimcn 2
Specimen 3
Specimen 5
Specimen 7
Specimen 6

Figure 1

50°C
44.5
39.0
36.0
34.5
27.0
24.0
15.0

Maximum day temperature

The coatings are shown in fi/ 1" 2. Figures 3 and 4
are curves of the day and ]l11.,Ill temperatures on
different scales:

These curves may be summar'.-d as follows:

5. Aluminium-silicon A-54. ,\no(]'rdII' oxidized on the outer
face 1"l;"lmess of the oxide
lav':: !:i microns)

6. Aluminium-silicon A-S4. Ano.l l' ,I \. oxidized on the outer
lac' to a depth of 25 mic-

7. Iron . . . . . . . . . Black,.

Bright, bare surface
Sheet dulled by five years of

exposure to a particularly cor
rosive industrial atmosphere
(near a foundry and the exhaust
chimney of an analytical
chemistry laboratory)

Anodically oxidized on the outer
face, . without first being
degreased (thickness of the
oxide layer, 15 microns)

Without first being degreased,
simply coated on its outer face
with a thin layer of Mn02 by
immersion in a sulfuric acid
solution of potassium perman
ganate

(99.t

4. Aluminium A5

3. Aluminium A5

1. Aluminium A5
per cent) .

2. Aluminium A5

658
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It was found, as foreseen, that the bare brightened
aluminium surface behaved as a remarkable reflector,
~bsorbing little solar radiation by day and emitting
lIttle by night.

It no longer does so when deprived of its shining
appearance by an aggressi,ve agent (specimen 2);

but such agents are fortunately not found in the
usual exposures in countries with a clear sky.

Anodic oxidation produces a selective cold surface
(specimen 3) and a coating of M.n02 a selective hot
surface (specimen 4), as previously shown by Prof.
Trombe.

1. Fe

2. A-S4, 25}A

.3. Mn02
4. Used Al sheet

5· A-S4, 15).f
6. Brilliant Al sheet

7· Oxide-coated sheet, 15)A

8. Ambient
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10 T·

i , Ambient

2. Brilliant 11.1 sheet

3. Mn°2
4. Used Al sheet

5. Fe
0

6. A-S4, I5)J

7. Oxide-coated sheet, I5fl

8. A-S4, 25)J
-1

18 20 21 21 2' 24 1. 2- , 4 1 6 7
time

Figure 4

The properties of surfaces 5 and 6, obtained by
anodic oxidation of A-54 sheet, are closer to those
of a blackbody, the thicker the oxide layer is.

Aluminium and A-54, then, yielded the complete
range of the optical properties that could be required
of a surface, with respect to the solar radiation and to
its own emission.

Figure 5

We thus had the right to expect that ~hese oxidized
A-54 surfaces could be utilized for heatmg water.

To this end we designed and built solar col1eetor~
as follows The absorbing surface was formed of
Roll-Bond' or integral-circuit sheet. This type od
heat exchanger is well known and is usually preparle
by diffusion bonding of two perfectly clean a u-

Figure 6
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Figure 7

m.inium sheets, scratch-brushed on the inner faces,
with the diagram of a fluid circuit traced on one of
them in special ink. During diffusion bonding the
two sheets form a bond at all points except those
pr?tected by the ink. One of the ends of the circuit
be~ng ~pen, hydraulic pressure is then applied to
thI~ onfice, thus causing the circuit to distend.
ThIS makes available a tube more or less convoluted

and in intimate contact with the plane surfaces
serving to exchange the heat.

In the present case, one of the two sheets was
not of aluminium but A-S4 alloy. The two sheets
had been perfectly bonded. The useful surface was
245 X 245 mm, or 0.06 m-, and the coil was 2.5 m
long, with a channel 30 mm- in cross section.

Anodic oxidation was accomplished in a sulfuric

1

8

1. Regulator
2. Desired temperature
3. Ambient temperature
4. Control thermocouple
5. Water level
6. Outlet temperature
7, Dewar vessel'
3. Volume delivered
9. Solar collector

10. Enclosure at 16 0

11. Pump
12. Cold water circulation (16°)9

5----~.__._*""=,,,+

t 12
3 -

I + ",I

- Figure 8. Schematic diagram of Solar Energy Collector Installation
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Figure 9

acid bath at 20 per cent concentration for 45 min,
and was followed by sealing with boiling water.
Only the active A-S5 was oxidized, the other face
having been protected during this operation so as
to preserve its natural brillant high finish in order
to limit the radiation losses on that side.

To limit the convection losses, this element was
enclosed in a metal casing whose front face consisted

of a glass porthole which played a dual role. O~
, • L" t depoS\'the one hand it provided proteclwn agams f

tion of dust that might change the state of th~ sur ac~
of the absorbing element, and on the other, It servbey., . t spaceas a trap to check longwave emISSIOn m 0

the element. .' f being
This type of porthole has the peculIanty 0 ']'eon

perfectly hermetic, since its 5 per cent 511

OXIDE-COATED ROLL-BOND A-54'

litres/hour Flow in litres per m2 useful surface;
'Inlet temperature l6°C
Outlet temperature 400C
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The A-S5 collector and the reference graphite
collector were mounted on a wooden desk tilted
30° and oriented to the south (figure 7).

The measurements were made, not at constant
!ate of flow, but at constant temperature, measur
mg the rate of ~ow obtained. To get this. result,
a small pump dnven by an electric motor was used
to fill a tank in which city water at the constant
~emperature of ie-c was circulated. The pump and
Its motor were both submerged in this tank so as
to hold them, too, at constant temperature (figure 8).

The operation of the pump was controlled by a
regulating pyrometer connected to a thermocouple
measuring the water temperature at the outlet
from the heating element. The pump was started
when the water temperature exceeded the desired
level and stopped when it fell below this level.
This avoided the trouble that we had experienced
with constant-flow systems in which appreciable
variations in flow were due to the formation of
minute gas bubbles adhering to the duct walls,
considerably increasing the losses of head in the
interior of the ducts.

The water was collected in a 250 cc Dewar vessel,
in which the temperature could be precisely measured,
and then transferred to a graduated receiver to
measure the flow.

The pump and the solar collector had a head with
respect to the tank level, so as to avoid all trouble
due to bubbles disengaged during the heating.

Measurements of two kinds were made: flow rate
at constant temperature and maximum temperature
at zero flow.

In the measurements of flow rate at constant
temperature, the flow was measured hourly at water
outlet temperatures 40, 45, 50 and 55°e. The flow
in litres per hour and per m2 of useful exposed surface
was plotted against time (figures 9 and 10).

These results are summarized in the table
helow, obtained by integration of these curves
relating flow per day in litres per m2 of useful surface,
flow in calories per day and per m", and mean power
output in kW.

Figure 11 shows the corresponding curves. It
will be seen that while the graphitized surface is
better than that of the anodized A-S4 at tempera-

4,. 50 11
Outlet temperature, °c

o4'="O----...L----L----l

o L-.--_~_L. L.- ...J

Inlet
temperature

Litres/(iB,y/m2 160c

\ I&=:=::8 Flow in litres/day/m2
\ \ 8::::.::=.~ Mean power output

\
:'I.

Figure 11. Graphitized A-34
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i

~l~~inium alloy frame is directly bonded to the
. d -fm .glass by a process studied by Saint-Gobain

and echmey. The result is both complete hermeticity
~n an effect of binding the glass considerably
tncrea . . 'The ~mg Its shock resistance (figures 5 and 6).
th ~tal element was thermally insulated from
rU~b~~SI?!?-porth~le assembly by means of sponge
35 JOI?tS,. with a plate of polyethylene foam

mm thick m the back
This type f I .similar t 0 so ar col~ector was compared to a

of R lype whose. active surface was made up
but\Vit~ l-Bond, e~tlrely of aluminium this time,
fine a. very thin film of graphite, obtained by
surfaspraymg of Colloidal graphite, covering the

ce exposed to radiation.

Discharge temperature

40°C 45°C 50°C 55°C

A-54 Graphite A-54 Graphite A-54 Graphite A-54 Graphite

Flow per day in litres
per m2 of useful surface a 131.5 145 82 79 50.6 47.5 23 15

Duration of operation h 7t 8i 7 6i 5 4 31 3i
Flo . 'w III calories per day

and per m2 3156 3480 2380 2290 1720 1615 897 525

Mean power ou~p~t: k\V' 0.487 0.487 0.395 0.426 0.400 0.465 0.297 0.185

a For a water inlet temperature of 160C.
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tures little higher than ambient, the reverse is
true at higher temperatures, tending to show that
for the longwave radiation emitted by the plate
heated to over 50cC the emissivity of the graphitized
aluminium sheet is higher than that of the anodized
A-S4.

A similar conclusion results from the maximum
temperatures measured at zero flow. Figures 12 and

13 give the curves of the hourly ternperatuIre f~llr
t t \\1both these solar collector arrangernen s. hi her

be seen that anodized A-S4 surface reaches a Ifg ce'., d I . 'urn sura 'temperature than the graphltIze a urnlll1
70cC for the former against 69°C for the latter, ar

In conclusion the anodized A-S4 does aPtPeof
, d I mento offer great prospects for the, ,eve ophe light

surfaces for collecting solar radIatIOn, T
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metals, however will probably offer us other inalter
able surfaces are likewise perfectly suitable
for this use. We might mention, for example:

Aluminium ar.odically oxidized at low tempera
ture to give hard films 60 to 100 microns thick.

Aluminium-manganese alloy (A-M) oxidized m
a sulfosalicylic bath (Kalcolor process);

Aluminium-silicon alloy (A-SG) oxidized in an
oxalic acid bath; etc.

This class of aluminium alloy thus deserves the
attention of those working on the harnessing of
solar energy, although their frequently paradoxical
optical properties sometimes confuse those who
use them indiscriminately.

Summary

Aluminium is employed for the utilization of solar energy. Its absorbing
power for solar radiation and its longwave emissivity, corresponding to
its own radiation, may both very easily be modified by anodic oxidation.
The use of alloys, especially the alloy with 4 per cent of silicon, still further
improves the possibilities of aluminium in this respect.

The daytime heating and night-time cooling have been measured on
Ye' rious specimens, showing that maximum temperatures of 44.5°e may
be attained on an oxide-coated aluminium-silicon alloy, at an ambient tern
i",q·ature of 15°e. At night the temperature drops to - 4°e for an ambient
temperature of + 3°e.

Integral-circuit sheets with the external layer consisting of an oxide
elated alloy with 4 per cent of Si were used to build solar collectors, and
the flow rate at a given temperature was measured. At a water temperature
of [lOoe it was 51ljm2 useful surface per day, corresponding to 1 720 caljdayjm2

•




