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INTRODUCTION 

The United Nations Conference .on New Sources 
of Energy was held in Rome from 21 to 
31 August 1961. A brief review of the proceedings, 
of the papers submitted to the Conference and of 
the related discussions has been printed in New 
Sources of Energy and Energy Development : Report 
on the United Nations Conference on New Sources 
of Energy.1 That publication also contains the agenda 
and the lists of participants and conference officers, 
as well as lists of all the papers and reports. 

The Proceedings of the Conference comprise seven 
volumes, as follows : 

Volume 1. General sessions. 
Volume 2. Geothermal energy: I. 
Volume 3. Geothermal energy: II. 
Volume 4. Solar energy : I. 
Volume 5. Solar energy: II. 
Volume 6. Solar energy: III. 
Volume 7. Wind power. 
The present volume, "Wind power", contains the 

papers and reports relating to the f?llowing _agend_a 
items: II.B. l. Studies of wind behav10ur and mvestl
gation of suitable sites for wind-driven plants; 
II.B.2. The design and testing of wind power plants; 
II.B.3. Recent developments and potential improve
ments in wind power utilization. 

The rapporteurs' gen~ral ~eports a~d th~ir sum
mations of the proceedmgs m connex10n with each 

1 United Nations publication, Sales No.: 62 .1.21. 
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agenda 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, the papers are printed 
in the alphabetical order of the authors' names. 
References supplied by the authors are listed :ifter 
the text. As a rule, they are numbered consecutively 
throughout each paper and are indicated by arabic 
figures in parentheses. 

The reports and papers are printed in the form 
in which they were presented to the Conference, 
and the affiliations of the participants are those 
in effect at that time. Corrections to the papers 
have been incorporated; 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 ex
pression of any opinion on the part of the Secretariat 
of the United Nations. 

· The symbols appearing after the titles of t~e 
papers and reports, and in references to them. m 
the text, correspond to the symbols under which 
they were presented at the Confe~en~e. !hey have 
here been abbreviated by the ehmmatlon of the 
prefix "E/CONF.35/", 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' e11ergt"e et production d' energie : rapport sur les 
frava11x de la Conference des Nations Unies sur les 
sources 11011vclles d' energie 1 donne un apen;u des 
travaux, des memoires soumis a la Conference et 
des debats dont ceux-ci ont fait l'objet. 11 contient 
en outre l'ordre du jour, la liste des membres du 
Bureau et des autres personnes ayant pris part 
a la Conference, ainsi qu'une liste de tousles memoires 
et rapports presentes. 

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

Volume 1. Sessions generales. 
Volume 2. Energie geothermique : I. 
Volume 3. Energie geothermique : II. 
Volume 4. Energie solaire : I. 
Volume 5. Energie solaire : II. 
Volume 6. Energie solaire : III. 
Volume 7. Energie eolienne. 
Le present volume, << Energie eolienne ii, groupe 

lcs memoires et rapports ayant trait aux points 
suivants de l'ordre du jour: II.B. l. Etude du compor
tement des vents et recherche de sites appropries 
pour des installations eoliennes; II.B.2. Plans et 
essais d'installations eoliennes; II.B.3. Utilisation 
clc l'cnergie colienne: progres reccnts et ameliorations 
possibles. 

1 Publication des .:-:ations Unics, numero de venk : G:!.I.21. 

Les rapports generaux des rapporteurs et le resume 
des debats sur chaque point de l'ordre du jour qui 
a ete etabli par le rapporteur interesse sont donnes 
integralement, en anglais et en frarn;ais, ainsi que 
les memoires qui ont ete soumis a la Conference 
dans les deux langues. Sauf quelques exceptions, 
ils sont tous resumes en anglais et en franc;ais. 

Pour chaque point de l'ordre du jour, les memoires 
.sont classes dans l'ordre alphabetique des noms 
d'auteurs: La liste des references fournies par les 
auteurs figure a la suite du texte. D'une fac;on 
generale, elles sont numerotees consecutivement 
pour chaque memoire, et sont indiquees par des 
chiffres arabes entre parentheses. 

En regle generale, les rapports et memoires sont 
publies sous la forme dans laquelle ils ont ete pre
sentes a la Conference, et les fonctions indiquees 
pour chaque participant sont celles qu'il occupait 
a cette epoque. Toutefois, les corrections necessaires 
ont ete apportees et certaines figures ont ete rema
niees; des modifications de redaction mineures 
ont de meme ete faites. 

Les vues exprimees n'engagent que leur auteur 
et n'impliquent aucune prise de position_ de la p_art 
du Secretariat de !'Organisation des Nations Umes. 

Les cotes indiquees apres les titres des memoires 
et des rapports, ainsi,que dans les renvois qui y _so,nt 
faits dans le textc, correspondent aux cotes utihsees 
pour la Conference. On les a _cep~n~ant a~regees 
en eliminant « E/CONF.35 », qm do1t etre mamtenu 
dans les cas OU la reference complete est donnee. 
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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 dis

tinguish 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.: 1955.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 abbreviations utilisees par les auteurs ont. 

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

!'operation inverse, consulter la brochure World W eights and M easures, que 
le Bureau de statistique des Nations Unies a etablie avec le concours de !~Orga
nisation des Nations Unies pour l'alimentation et !'agriculture (Etudes 
statistiques : serie M, n° 21; publication de l'ONU, numero de vente : 
1955.XVII.2). 
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GENERAL REPORT - RAPPORT GENERAL GR/G ("') 

STUDIES OF WIND BEHAVIOUR AND INVESTIGATION OF SUITABLE SITES 
FOR WIND-DRIVEN PLANTS 

Edward W. Golding* 

When power is produced from conventional 
sources of energy-from solid, liquid or gaseous 
fuels, or from hydraulic energy-it is possible to 
predict with some certainty the performance of the 
driven machine because the power input is control
lable and can be measured easily. With the exception 
of hydro-power, which frequently suffers from 
seasonal variations in the supply of water, it is 
also possible to predict what annual output of energy 
can be generated by a machine of given capacity. 
This output is governed almost entirely by the 
load demands: it is not limited by the availability 
of a source of energy for the input to the power 
plant. 

Even for a solar power plant, the output in periods 
of bright sunshine can be accurately stated, while 
the annual output obtainable from a given piece 
of solar equipment, though somewhat variable, is 
also known within fairly narrow limits because it 
can be calculated from sunshine records collected 
by the nearest climatological station. 

For wind power, the position is different. Neither 
the performance of a wind power plant-indicated 
by its efficiency as a power unit-nor its annual 
output of energy can easily be measured, or predicted 
in advance, for two reasons, both of which are 
subjects for discussion in this section of the Con
ference. The first is that the wind speed, and there
fore the power input of the machine, is continually 
fluctuating, and the second is that the annual 
output of energy is influenced greatly by the precise 
location of the wind power installation in a given 
area for which, indeed, the general value of the 
annual mean wind speed may be known. 

Variations in wind speed on time scales ranging 
from seconds to years are very important from 
different aspects of the problems involved in the 
design, testing and operation of wind power plants. 
Methods of wind measurement and the choice of 
instruments, suited to these time scales, must 
therefore receive most careful attention. Again, the 
influence of topography on the energy output fr~m 
a windmill is so great that the selection of the site 
for its installation is a matter on which the economy 
of the whole project may depend. 

It is fitting, therefore, that this section sho~ld 
deal with wind measurements and the select10n 
of sites, and the fact that these two subjects are 

* Electrical Research Association, Lonclon. 
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widely recognized as being of first importance is 
evidenced by the excellent group of papers covering 
the field in a well-balanced way. Thus, papers 
W/4, W/10, W/11, W/16 and W/19 deal with meteo
rological data for winds in various parts of the world 
and with the application of these data to wind 
energy calculations, while papers W/2, W/12, W/13 
and \V/35 discuss wind-measuring instruments and 
methods to be used in making wind surveys. In 
papers W/7, W/26, W/28 and W/33, we have valu
able guidance on the principles to be followed in 
site selection, while paper W /14 describes methods 
of wind measurement associated especially with 
the performance of a particular wind-driven machine. 
Not only is the coverage of these papers wide, but 
the new information and ideas, some from contribu
tors who have taken up wind power studies compar
atively recently, will be refreshing to those of us 
who have been concerned with the subject for a 
lengthy perfod of years. Even in research work, 
there is a tendency to get into a rut, and one valu
able function of such a conference as this is to 
broaden thoughts on the subject and so to encourage 
new methods of attacking the problems involved. 

Wind measurements 

Measurements to determine wind behaviour can 
best be classified according to the purposes which 
they are intended to serve. For wind power studies, 
as distinct from more general wind observations 
made by the national meteorological services, these 
purposes can pc stated as follows : 

(a) To provide data from which the probable 
energy output of a windmill of known characteristics, 
located at the site of the measuring station, can be 
predicted; 

(b) To furnish information on the wind structure, 
under different weather conditions, at the site; 

(c) To enable special studies, associated with the 
design and performance of wind power plant, to 
be made. 

These three classes can be designated, according 
to the time scales appropriate to them, as (a) long
period measurements, (b) medium-period measure
ments, and (c) short-period measurements. 

The measurements involve not only the choice 
of adequate instruments and their correct installa
tion and operation, but also the subse(]uent analysis 



4 ll.B.1 Wind behaviour and site investigation 

of the results obtained, to ensure that the data 
are presented in the form which is most useful. Let 
us consider the three classes individually. 

LoxG-PERIOD oIEASUREl\IENTS 

The energy output of a wind-driven power unit, 
for any period of time T, during which the wind 
speed is varying-as it is always to a greater or less 
degree-is given by the expression 

---r 
K j v3 • dt 

• 0 

:vhere v is th~ in_stantaneous wind speed and K 
is a facto_r which is a function of the efficiency of 
the machme, the area swept by its wind rotor and 
the density of the air. If the efficiency of the machine 
:Yere the same for all wind speeds and, further, 
if a n:achine could be made to utilize the power in 
the wmd over the complete range of speeds from the 
!owe_st to the hig~est valu~s_ occurring, an integrat
ing mstrument with a dnvmg torque proportional 
to (wind speed) 3 would give an accurate measure
mei:it of tl~e total output of energy during any 
penod of time. The French wind power specialists 
have used, in their surveys, an instrument of this 
type (as described by Argand in paper \V/35), 
although its output is strictly proportional to v3 

only over a limited range of v. Unfortunately, it is 
not possible to take into account the actual and 
varying, efficiency of a wind-driven gen~r.::.tor 
which might be used to produce this measured 
energy. It must be clearly understood that such 
an instrument gives a measure of the energy avail
able in the wind and not of that actually produced 
by a machine which must, in fact, have operating 
limits of wind speed, i.e., which can utilize only 
a part of the energy available. 

This French instrument is, nevertheless, especi
ally useful in making a comparison of the relative 
favourability of different sites without requiring 

frequent readings to be made : it can measure the 
total. a~pa~ent energy for a long period of time. 
But 1t. 1s important,. when assessing the economy 
of_ a wmd power proJect, to be able to determine, 
with some exactness, the fraction of this available 
ener~~y that can_ be captured by a machine with 
specified operatmg characteristics. Again, it is 
usually necessary to subdivide the total energy 
into t~at obtainable in each month of the year or 
even m each day. Sometimes, indeed, it is useful 
to know the variations in output during a day, 
be_cause any fairly regular diurnal pattern which 
might appear would have a bearing on the questions 
of utilization and energy storage. For these reasons, 
therefore, a measuring instrument of the "v 3" or 
"energy" type has limited applications: instruments 
which enable a more detailed examination of wind 
variations to be made are necessary. 

The question of what types of anemometer should 
be chosen thus arises, and Sanuki (W/2), Tagg (W/ 12), 
Perlat (W/13) and Argand (W/35) have given 
helpful information on the alternative types of 
anemometer available and on their characteristics. 
One is pleased to note Sanuki's insistence on the 
importance of mounting anemometers correctly 
to avoid interference from near-by obstacles. This 
is a question to which, in general, insufficient atten
tion is given by meteorologists. 

The choice of instrument can be properly made 
only when it has been decided what is to be measured. 
In these long-period measurements, for the purpose 
of estimating the total energy which could be extract
ed by a windmill at a selected site, values of hourly 
mean wind speeds are probably the most useful. 
Tagg (W/12) has shown how these values, when 
cubed, can be used to estimate the energy output 
based on certain assumed operating limits of wind 
speed. And here, perhaps, the question of "energy 
pattern factor" should be briefly considered. This 
factor is the ratio 

( 
actual energy in the fluctuating wind ) 

energy calculated from the cube of the mean wind speed 

and it is somewhat greater than unity, because the 
sum of a series of cubes of numbers is greater than 
the cube of their mean value. It would appear, 
therefore, that the estimate of energy based on mean 
values of wind speed must err on the low side and 
this is, indeed, so, but it is probably wise to neglect 
any increase in the obtainable energy above that 
estimated for two main reasons: first, unless the 
wind-speed fluctuations, during the time over which 
the mean speed is measured, are wide, the energy 
pattern factor is not much greater than unity; 
and secondly, the wind-driven machine may not 
be able to follow these fluctuations due to the high 
inertia of its rotating system and to its control 
system which limits the power output in high wind 
speeds. Experience in testing such machines over a 
period of time has afforded no evidence that any 
serious under-estimation of output arises from the 

use of hourly mean values of wind speed in the way 
described by Tagg. The adoption of some period 
shorter than an hour might lead to a more exact 
estimate, but the labour involved for the analysis 
of the results would almost certainly not be justified. 

If, then, we accept hourly mean values of wind 
speed, at a selected site, as the data to be obtained, 
the choice of suitable measuring equipment is 
greatly narrowed. There are several alternatives, 
of which the simplest is a cup anemometer, used 
with some form of recorder which will show the 
run-of-wind (in miles or kilometres) for each hour. 
Other instruments which may be used for the same 
purpose are the windmill anemometer, with a recorder, 
and the Dines pressure-tube anemometer. The 
method selected should be that which will give the 
most trouble-free service when installed at a remote 
site where little skilled main~enance is practicable, 
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which is cheap and which does not call for an ex
cessive amount of analysis in converting the wind 
records to the form required for energy estimates. 

T~e total cost of the measuring installations for 
a w~nd survey covering an area of country is often 
an important consideration. Fortunately, it does 
not seem to be essential that hourly wind speeds 
should be measured at all the sites being investigated. 
Unl.ess the area is very extensive, or the topography 
vanes greatly, the wind regimes at these sites (as 
exemplified by their velocity-duration and power
duration curves) are sufficiently similar for the 
annual mean wind speed to be used as a basis for 
estimations. The "specific output" (in kWh per 
annum per kilowatt) for a site, assuming reasonable 
wind speed limits in the operation of a windmill 
located there, can be given, accurately enough for 
most purposes, from a knowledge of the annual 
mean 'Ni nd speed : a curve showing the relation
ship between these two figures can be prepared, 
for any survey area, provided that full wind data 
{i.e. hourly mean wind speeds for a period of a year) 
are available, for a few sites having different annual 
mean wind speeds. It may, indeed, be accurate 
enough to accept existing curves prepared for an 
area with a generally similar wind regime. 

This leads to considerable simplification, and cost 
reduction, in wind surveys: the annual mean wind 
speed, only, need be measured at most of the selected 
sites, the remainder-perhaps one fifth or one sixth 
of the total-being equipped with more elaborate 
instruments for the more detailed measurement of 
hourly mean speeds. Cup anemometers, measuring 
simply the run-of-wind, then become usable for the 
former purpose. Their indications being given on 
a simple counter, or cyclometer, they can be attended 
by quite unskilled local observers who can take 
readings at weekly, or monthly, intervals. The annual 
mean wind speed is obtained by dividing the total 
run-of-wind by the number of hours in the year. 
Up to the present, it has been considered that 
"spot" readings taken from anemometers, such as 
those of the cup-generator or windmill type (which 
indicate the instantaneous wind speed), at certain 
selected hours each day do not form a reliable basis 
for a determination of the long-period (e.g. annual) 
mean speed. Soliman (W/4) has shown, however, 
from a comparison of the results of different methods 
of wind measurement at eight Egyptian meteorolog
ical stations, that this is not necessarily so and that 
the agreement between the annual mean speed 
as determined from hourly mean speeds and that 
based on twenty-four synoptic readings is surpris
ingly close when the annual mean exceeds about 
7 knots. Indeed, the use of only four synoptic read
ings might not lead to a very serious error in the 
annual mean value. 

A wind speed value of considerable importance 
is the maximum which is likely to occur at a given 
site. Clearly, this must involve a long-term study 
by means of some form of recording, or registering, 
instrument used in conjunction with an anemometer. 
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The latter might be a cup-type or windmill-type 
of instrument coupled to a small electric generator 
giving an output-proportional to wind speed
which can be fed into a recorder. An alternative is 
a Dines pressure-tube type of anemometer which 
has its own recording mechanism. 

The designer of a windmill obviously has an 
interest in this maximum wind speed because of 
its direct bearing on the stresses which have to be 
withstood by the machine. The difficulty in determin
ing the maximum lies not so much in the measuring 
instrument to be used-although the more sensitive 
the instrument the higher will be the maximum 
speed recorded-but in choosing the time over 
which records should be taken, and in deciding the 
probability of a dangerously high speed occurring 
in any specified number of years. 

Two interesting new instruments, developed espec
ially for tests associated with the Danish 200 kW 
aerogenerator at Gedser but erected also at several 
other sites, are described by Jensen (W/14). These 
measure, respectively, the wind energy distribution 
between different ranges of wind speed and the 
maximum velocity pressures of the wind. 

MEDIUM-PERIOD MEASUREMENTS 

These measurements differ from those discussed 
above not so much in instrumentation-in fact, 
the same types of anemometer may be used-but 
in their purpose and total duration. They include 
measurements for the determination of the vertical 
and horizontal distribution of wind speed at selected 
sites, including simultaneous measurement of wind 
direction. The direction of the wind, though not 
usually of first importance in wind power work, 
has a bearing on the stability of the wind (broken 
ground upwind of the site may induce turbulence) 
and, if sufficiently persistent wind directions are 
found, may lead to consideration of the possibility 
of omitting provision for orientation of the wind 
power plant, thus cheapening it. 

Frenkiel (W/33), in his very comprehensive study 
of wind flow over hill sites, has described his measure
ments of wind speed, direction and temperature 
at different heights above ground in an endeavour 
to obtain the fullest possible information on the 
effects of topography on the mean wind vertical 
gradient. His results, showing that, for any particular 
wind direction, this gradient is independent of the 
strength of the wind, at least within the normal 
operating range of a wind power plant, are very 
important. 

Another purpose of medium-period wind measure
ments is the study of diurnal variations in wind 
speed. The prospect of there being a usable wind 
at any particular time of the day is important from 
the point of view of utilization of the power produced 
and of energy storage to cater for calm spells. The 
daily charts of the Dines pressure-tube type of 
anemometer, commonly used by meteorological 
services, gives full information on these variations, 
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bu_t such an instrument is expensive and is not very 
suitable for use at a remote site where skilled atten
tion is not available. 

SHORT-PERIOD MEASUREMENTS 

::\Ieasurements of wind speed over periods of a few 
minutes, a few seconds, or even a fraction of a second, 
prove necessary in tests on the performance of 
wind-driven machines. They must employ instru
ments of sufficiently rapid response to enable gusts, 
which may rise very quickly and last for a very 
short time to be measured. This response time must, 
in practice, be related to the duration of gust likely 
to influence the machine. A high wind speed persist
ing for only a small fraction of a second may not 
contribute enough energy to have any measurable 
influence on the machine but, nevertheless, with only 
a little greater duration of the maximum gust speed, 
there may be effects which are important enough to 
measure. 

These effects are of two kinds, electrical and mecha
nical: both the electrical power output and the 
stresses in the rotor blades, and other parts of the 
windmill structure, are affected by gusts. 

In research and development work on a new type 
of wind-driven generator, an important series of tests 
are those to obtain the curve of power output for 
different wind speeds, and the question of how 
these two variables should be measured arises. 
Some investigators have used a wattmeter and a 
standard type of anemometer or, alternatively, 
have measured the energy output during a few 
minutes and the mean wind speed for the same 
period. The result of a number of measurements 
by such methods is usually a "cloud" of points, 
on the graph, through which some representative 
characteristic curve is drawn . An examination of 
the machine's performance in detail-which may be 
necessary to study the effects of small experimental 
changes in design-calls for quick-response instru
ments for measurement of both the electric power 
and the wind speed. The "moving-sphere" type of 
gust anemometer, developed by the Electrical 
Research Association for such a purpose, is mentioned 
by Tagg in his paper (W/12). By mounting the gust 
anemometer at the same height as the hub of the 
windmill rotor and locating it upwind of the machine 
at a distance of several rotor diameters, it has been 
found possible to get very good correlation between 
the high-speed fluctuations in wind speed and the 
corresponding variations in power output. 

To study, by means of strain-gauges, the stresses 
set up in windmill blades when rotating in gusty 
winds, the same method of wind speed measurement 
has been used successfully. 

Argand (W/35) describes an interesting new type 
of quick-response anemometer and recording equip
ment which can be used to measure rapid changes 
in both the speed and direction of the wind. No 
doubt this instrument will prove useful in testing 
the performance of a large aerogenerator. It is 

interesting to note that the photographic method 
of recording is used. 

The use of meteorological data 

In our consideration of the methods to be used 
in measuring wind, with the especial object of wind 
power generation in view, we must not, of course, 
overlook the fact that much valuable information 
on wind speeds and directions already exists in the 
records of national meteorological services. For 
obvious reasons, wind data obtained by these services 
have not been based on wind power requirements: 
they are related to the general wind regime for the 
districts surrounding the observation stations, not 
to particularly windy sites. Nevertheless, they are, 
in the main, reliable long-term records and should 
not be neglected merely because higher average 
wind speeds than those at the meteorological station 
can often be fo nd at selected sites. 

The papers by e World Meteorological Organiza
tion (W/11), Ram rishnan and Venkiteshwaran 
(W/19), Barasoain an Fontan (W/16), Cambilargiu 
(W/10) and Soliman (W/4) all give valuable informa
tion on the winds in different parts of the world 
and relate this, as far as possible, to wind power 
potentialities in those areas. 

How can meteorological data of this kind be put 
to the best advantage? One can list its uses as 
follows: 

(a) As a basis for wind surveys indicating the 
areas where the highest wind speeds are to be found; 

(b) As an indication of the direction of the prevail
ing wind-a knowledge of this is important when 
selecting wind power sites; 

(c) As a measure of the constancy, or variability, 
of the annual mean wind speed from year to year; 

(d) As an indication of the annual wind regime, 
for an area, from values of monthly mean wind 
speeds; 

(e) As a measure of the diurnal variations in 
wind speed to be expected at different seasons of 
the year; 

(f) As a guide to the maximum wind speeds, 
and to the durations of calm spells, which might 
occur. 

The degree of usefulness of meteorological records 
naturally depends upon their detail and on the 
number of years for which they have been kept. 
Chart records of wind speed and direction, as pro
duced, for example, by the Dines pressure-tube 
anemometer, will, if available for a number of years, 
fulfil all the uses mentioned above, while long-term 
records obtained even from simple cup-counter 
anemometers can serve purposes (a), (c) and (d)-and 
even (e) in the unlikely event of sufficiently frequent 
readings having been taken. 

Much of this information is directly applicable 
to wind survey work because the general features 
of the wind regime for an area will hold also for 
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particular sites within it. The values which, for a 
selected site, may differ significantly from those 
at the nearest meteorological station are those of 
annual mean wind speed, of maximum wind speed 
and of the durations of calm spells. But, . of course, 
~hese ~hre~ values are all of the highest importance 
m_ esh_ma~mg the energy output of a projected 
wmdm1ll, rn de~igning it to withstand high stresses 
set up by the wind, and in determining the depend
ability of the power generated or the need for energy 
storage. 
. The best procedure to be followed, therefore, 
is to take full account of long-term meteorological 
records and to supplement them by the use of 
measuring installations, of the kinds discussed in 
the papers presented, to gain full information on the 
wind's behaviour at the sites which appear to be 
most favourable for wind power. 

Site selection and wind surveys 

Surveys for wind power sites have as their main 
obj_ect t~1e discovery of especially windy points at 
which wmd power plants might be installed. The first 
considerations, in making them, are topographical. 
Secondary, but still important, considerations are 
the existence of, or the possibilities of building, 
access roads or tracks, and the distances of the sites 
from centres of habitation where the wind-generated 
energy could be used. 

The increase of wind speed with height above 
level ground is a well-recognized phenomenon, 
so that, if the installation of windmills in a flat 
area, completely devoid of hills, is projected, an 
·enhanced output from a machine of a given . design 
and diameter of wind rotor can be achieved only 
by increas-ing the height of its supporting tower. 
But this must add to the capital cost of the installa
tion and therefore to the cost of the energy produced. 
Whether such an increased tower height is economi
c~lly justifiable must be judged by comparing this 
higher capital cost with the increase in output 
which would be achieved. 

If the area in which wind power installations are to 
be made includes hilly country, an obvious step is 
to choose sites on hill summits to take advantage 
of their altitude above that of the surrounding level 
ground and so to "tap" the faster moving stream 
of air at this altitude. It is not, however, merely 
a question of choosing any hill at random. Hills 
on a seacoast, particularly if the prevailing wind 
blows from the sea, are likely to give good results 
but, on the other hand, hills inland, if surround~d, 
at a short distance, by high ground of the same order 
of altitude as themselves, may have disappoint
ingly low mean wind speeds and may also be subject 
to frequent turbulence- induced by broken ground 
upwind-in the wind stream flowing over them. 
A really significant increase in mean wind speed, 
as compared with that for the surrounding low 
ground, can be obtained by choosing a hill with 
good profiles so that, acting as an aerofoil, it causes 
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an acceleration of the wind over its summit. This 
means that t~e wind speed may, in fact, be greater 
than that ,~hich would _be found it if were possible 
to measure it at the altitude of the summit but over 
level ground. In other words, the mean wind speed 
may be greater than that due to altitude alone. 
There is what has been called a "speed-up" effect 
due to the shape of the hill. 

That this effect might be expected was recognized 
by P. C. ~utn~m an~ his ?a-workers on the Grandpa's 
Knob wmdm1ll pro1ect m the United States some 
twei:ty years ago, and such experience as it has been 
possible to obtain since, in the British wind surveys 
and those, in other countries, following similar 
methods, tends towards confirmation. It is, however, 
very diffi_cult to prove, positively, that this speed-up 
effect exists at a given site and this section of the 
Conference is fortunate in having papers (W/26 and 
W/28) on this subject prepared respectively by 
Petterssen and Lange, both of whom were associated 
,~ith the Grandpa's Knob project. These papers 
give valuable guidance on site selection from the 
theoretical and practical aspects. 

Hitherto, site selection has been an art rather 
than a science: good hill sites have been chosen 
by inspection, taking into account their apparently 
favourable shape-with fairly steep but smooth 
slopes-and the nature of their surroundings. 
Although much has been written, during the past 
few decades, on the subject of wind flow over hills, 
very little guidance has been forthcoming on the 
factors influencing wind speeds over summits of 
hills of different shapes, so that correct selection 
of sites has remained very much a matter of judge
ment, or "inspired guessing", on the part of the 
wind surveyor. 

As time has passed, valuable experience, and 
some skill, has been acquired but, even so, there 
have been instances of unexpected failures. Some 
of these have been due, almost certainly, to the fact 
that, although the general shape of the hill has 
been good, its actual summit has been too flat, 
so that the air stream has passed over at a height 
greater than that of the measuring instrument which 
has, therefore, been situated in a stream of slower 
moving air. 

Accompanying the acceleration due to "speed-up 
effect", there is undoubtedly a reduction in the 
vertical wind speed gradient at the summit : the 
wind speed does not increase, .with height above 
the ground, as much as it does when flowing over 
level country. Frenkiel, in paper W/33, describes 
his experimental studies of this question on both 
ridge-shaped and conical hills and concludes that 
the vertical wind gradient at the summit should 
be used as a quantitative measure of the favourability 
of the site. 

The three last-mentioned papers, together with 
that of Ballester (W /7), who presents a very useful 
discussion on the theory and practice of wind sur
veying, have undoubtedly made an important 
contribution to our knowledge of the subject. 
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Topics for discussion 

The papers presented introduce a large number 
of points of detail which could be discussed, but it 
may be more profitable to confine the discussion 
to the following four major subjects: 

(a) How far can existing long-period meteorological 
records of wind, and the current records from 
meteorological stations, be used for the estimation 
of wind power potentialities in any region? 

(b) What forms of measuring installations, includ-

ing both the instruments themselves and their 
mounting above ground, should be recommended 
for wind surveys? 

(c) What degree of standardization of measuring 
methods, and of the analysis of results, is desirable 
to assist in the international exchange of information 
on wind behaviour? 

(d) Are we now, as a result of the pap_ers prese:1!ed 
(particularly W /26, W /28 and W /33), m a pos1t!on 
to specify criteria for the selection of good wmd 
power sites? 
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ETUDE DU COMPORTEMENT DES VENTS ET RECHERCHE DE SITES 
APPROPRIES POUR DES INSTALLATIONS EOLIENNES 

(Traduction du rapport precedent) 

Edward W. Golding * 

Pour les installations utilisant une source d'energie 
classique - combustible solide, liquide ou gazeux, 
ou energie hydraulique -, il est possible de connaitre 
a l'avance le rendement avec une assez grande 
precision, car la quantite d'energie utilisee dans 
l'installation peut etre contr6lee et mesuree facile
ment. Sauf pour les machines hydrauliques dont 
l'alimentation en eau subit frequemment des varia
tions saisonnieres, on peut egalement prevoir la 
production annuelle d' energie d'une installation 
ayant une puissance donnee. Cette production est 
presque uniquement fonction des exigences de la 
charge et n'est pas limitee par l'energie disponible 
pour alim enter la centrale. 

Meme pour une installation utilisant I' energie 
solaire, la production peut etre estimee assez exacte
ment pour les periodes ensoleillees, et la production 
annuelle d'une installation, quoique variable dans 
une certaine mesure, est connue egalement d'une 
fac;on precise, car elle peut etre calculee a partir 
des donnees recueillies par la station climatologique 
la plus proche. 

Pour les installations eoliennes, la situation est 
differente. Ni le travail d'une installation - carac
terisee par son rendement en tant que generateur 
d'energie - ni sa production annuelle ne peuv~nt 
etre mesures OU estimes d'avance d'une fa<;on precise, 
et ceci pour deux raisons qui precisement feront 
l'objet des discussions de cette section de la Confe
rence. La premiere raison, c'est que la vitesse 
du vent, et par consequent l'alimentation en energie 
de l'installation, varie continuellement; la seconde, 
c'est que la production annuelle d'energie depend 
dans une large mesure de la situation exacte de 
!'installation dans une zone pour laquelle, dans son 
ensemble, la valeur moyenne annuelle de !a vitesse 
du vent est connue d'une fa9on assez precise. 

Les variations de la vitesse du vent enregistrees 
pour des periodes allant de quelques ?econdes a 
quelques annees presentent 1;ne grande import~nce 
pour la solution des problemes de c?nstruct_10n, 
d'essais et de fonctionnement des mstallat10ns 
eoliennes. C'est pourquoi les m ethodes de mesure 
du vent et le choix des instruments convenant a 
l'enregistrement des variations dans le te1;11ps pour 
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des periodes differentes doivent etre etudies avec la 
plus grande attention. De plus, il faut souligner que 
l'influence de la topographie aux alentours du site 
d'implantation joue un role tellement important dans 
la production d'une installation eolienne que la ren
tabilite du projet dans son ensemble peut dependre 
du choix de ce site. 

11 est done normal que cette section de la Confe
rence examine la question de la mesure des vents 
et du choix des sites favorables. Les excellents 
memoires qui etudient !'ensemble de ce domaine, 
sous tous ses aspects, temoignent de !'importance 
que tous les specialistes attachent a ces deux ques
tions. C'est ainsi que les memoires W/4, W/10, W/11, 
W/16 et W/19 donnent les releves meteorologiques 
des vents dans differentes parties du monde et 
traitent de l'application de ces donnees au calcul 
de la puissance eolienne disponible. Les memoires 
W/2, W/12, W/13 et W/35 sont consacres a l'etude 
des instruments de mesure du vent et des methodes 
a employer pour les releves de vitesse du vent. 
Dans les memoires W/7, W/26, W/28 et W/33, nous 
trouvons des indications interessantes sur les prin
cipes a appliquer dans le choix des sites d'implan
tation, et le memoire W/14 presente une description 
des methodes de mesure du vent convenant specia
lement a !'estimation du rendement d'une installa
tion eolienne d'un type determine. Le champ de 
ces memoires est done tres vaste, mais ils contiennent 
des idees et des renseignements nouveaux, provenant 
parfois de collaborateurs qui ~iennen~ seule~ent 
d'entreprendre l'etude de la quest10n des mstallat10ns 
eoliennes. Ces elements nouveaux ne peuvent qu'en
courager ceux d'entre nous qui se sont consacres 
a cette etude depuis de nombreuses annees. Meme 
dans les travaux de recherche, on peut suivre une 
orniere, et une Conference comme la n6tre permet 
d'ouvrir de nouveaux horizons et de provoquer 
l' eclosion de nouvelles methodes pour resoudre les 
problemes qui font l'objet de nos debats. 

Mesure des vents 

Les mesures qui servent a determiner le compor
tement du vent doivent etre classees suivant le 
but qu'elles visent. En ce qui concerne l'etude de 
la puissance du vent, par opposition aux observations 
d' ordre general effectuees par les services meteorolo-
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giques nationaux, le but vise peut se definir de la 
fa<;on suivante : 

a) Recueillir les donnees permettant d'estimer 
la production d'energie probable d'une installation 
eolienne de caracteristiques connues qui serait 
placee a l' endroit de la station de rnesure; 

b) Recueillir des donnees sur le comportement 
du vent au site choisi dans differentes conditions 
meteorologiques; 

c) Recueillir des donnees servant a l' etude d'un 
probleme particulier se rapportant a la construction 
et au rendement des appareils a installer. 

Ces trois groupes de mesures peuvent etre designes, 
d'apres la duree des observations, sous les titres 
suivants : a) mesures de longue duree, b) mesures 
de duree moyenne, et c) mesures de courte duree. 

Ces mesures exigent non seulement un choix 
rationnel des appareils, leur installation et leur 
maniement corrects, mais egalement une analyse 
ultcrieure des resultats obtenus permettant de 
presenter les renseignements recueillis sous la forme 
la plus profitable. Considerons maintenant ces 
trois groupes de mesures separement. 

:\IESURES DE LOXGUE DUREE 

L'energie produite par une installation eolienne 
pendant un temps T, temps pendant lequel le vent 
souffle avec une vitesse variable - comme c'est 
toujours le cas dans une mesure plus ou mains 
grande -, est donnce par l'expression 

"'1' 
K j

0 

v3 dt 

dans laquelle v est la vitesse instantanee du vent 
et K. une constante qui depend du rendement de 
l'appareil, de la surface balayee par son rotor et de 
la densite de l'air. Si le rendement de l'appareil 
etait le meme pour toutes les vitesses du vent, et 
si de plus l'appareil etait capable d'utiliser la puis
sance du vent pour tout le spectre des vitesses, de 
la vitesse la plus faible a la vitesse la plus grande 
a laquelle le vent peut souffler, un appareil integra
teur ayant un entraincment proportionnel au cube 
de la vitesse du vent donnerait une mesure exacte 
de la production totale d'energie pour n'importe 
quel laps de temps. Les eoliens fran9ais ont utilise 
dans leurs recherches un instrument de ce type 
(decrit par Argand dans le memoire W/35; le rende
ment de cet appareil n'est cependant strictement 
proportionnel a v3 que pour une gamme limitee de v). 
::\Ialheureusement, il n'est pas possible de faire 
intervenir pour ce genre de mesure le rendement 
reel et variable d'un aeromoteur qui serait installe 

pour utiliser cette energie. 11 faut avoir present 
a !'esprit le fait qu'un tel instrument donne une 
mesure de l'energie disponible du vent et non pas 
de l'e~ergie q~1i serait, reell~ment produite par un 
appare1l trava1llant necessa1rement entre certaines 
limites de vitesses du vent, c'est-a-dire ne pouvant 
utiliser qu'une partie de l'energie disponible. 

Cet appareil fran9ais est cependant particuliere
ment utile pour faire la comparaison entre differents 
sites possibles sans exiger une lecture frequente 
des appareils : il peut effectivement donner une 
mesure de l'energie totale apparente pour un long 
laps de temps. Cependant, pour estimer la rentabilite 
d'un projet d'installation eolienne, il est necessaire 
de pouvoir determiner avec une certaine exactitude 
la partie de cette energie disponible qui peut etre 
captee par un appareil ayant certaines caracteris
tiques donnees. De plus, il est generalement necessaire 
de connaitre non seulement l'energie totale annuelle, 
mais egalement celle qni peut etre obtenue an cours 
de chaque mois ou meme de chaque journee. Il est 
meme utile parfois de connaitre les variations de · 
production au cours d'une journee, car une reparti
tion journaliere plus ou mains reguliere presente 
une grande importance en ce qui concerne !'utilisa
tion et !'accumulation de l'energie produite. C'est 
pour cela qu'un instrument mesurant v 3 ou l'energie 
n'est que d'application limitee; des instruments 
permettant un examen plus detaille du comportement 
du vent sont indispensables. 

Nous arrivons ainsi a la question du choix cl'un 
anemometre; Sanuki (memoire W/2), Tagg (memoire 
W/12), Perlat (memoire W/13) et Argand (memoire 
W /35) nous donnent des informations utiles sur les 
differents types d'anemometres et sur leurs carac
teristiques. Il faut souligner !'importance que Sanuki 
attache a un montage correct des anemometres, qui 
les soustrait a !'influence perturbatrice des obstacles 
pouvant se trouver a proximite. C'est une question 
a laquelle, d'une fa9on generale, les meteorologistes 
n'attachent pas une importance suffisante. 

Un choix judicieux d'un instrument de mcsure 
ne pent se faire que lorsqu'on a decide ce que l'on 
vent mesurer. Pour les mesures de longue duree, 
dont le but est d'estimer l'energie totale qui peut 
etre produite par un appareil eolien en un endroit 
donne, le plus interessant est probablement d'utiliser 
les valeurs moyennes horaires. Tagg (W /12) a montre 
comment ces valeurs a la troisieme puissance peuvent 
servir a la determination de l'energie produite si 
l'on se fixe certaines limites pour les vitesses du vent 
utiles. Il est peut-etre opportun ici d'examiner la 
question du « coefficient d'irregularite >>. Ce facteur 
est le rapport 

( 
energie reelle du vent variable ) 

energie calculee a partir du cube de la vitesse moyenne du vent 

11 est legerement superieur a un, car la somme des 
cubes d'une serie de nombres est toujours plus 
grande que le cube de la valeur moyenne. II semble
rait done qu'une estimation de l'energie utilisant 
des valeurs moyennes de la vitesse du vent devrait 

presenter une erreur par defaut, et il en est effective
ment ainsi. Mais il est raisonnable sans doute de 
ne pas forcer cette estimation de l'energie utilisable 
pour deux raisons. Tout d'abord, si les variations 
de la vitesse du vent pendant le temps pour lequel 
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la valeur moyenne de la vitesse a ete etablie ne sont 
pas tres grandes, le coefficient d'irregularite n'est 
pas beaucoup plus grand que un et, de plus, !'instal
lation eolienne peut ne pas etre capable de suivre 
ces fluctuations de vitesse par suite de la forte 
inertie de son systeme rotatif et a cause de son sys
teme de controle, qui limite la production d'energie 
pour les grandes vitesses du vent. Les essais des 
installations eoliennes pendant un temps assez long 
ont montre qu'il n'y a pas de raison de croire que 
!'utilisation des valeurs moyennes horaires de la 
vitesse du vent, comme le propose Tagg, entraine une 
sous-estimation sensible de l'energie produite. En 
prenant une periode plus courte qu'une heure, 
on pourrait arriver a une estimation plus exacte, 
mais tres probablement le travail necessaire pour 
!'analyse des resultats ne serait pas justifie. 

Si done nous adoptons la valeur moyenne horaire 
de la vitesse du vent a un site donne comme variable 
a mesurer, le choix de l'appareillage de mesure 
se restreint sensiblement. Plusieurs appareillages 
sont possibles, mais le plus simple est l'anemometre 
a coupelles relie a un enregistreur qui donnera le 
vent ayant traverse l'appareil en une heure (en milles 
ou en kilometres). Les autres instruments qui peuvent 
etre utilises. aux memes fins sont l'anemometre 
a helice, relie a un enregistreur, et l'anemometre 
Dines a tube de Pitot. La methode a choisir est celle 
qui, pour une installation en un site isole, ou l'ent~e
tien par un specialiste est diffi.cile, donnera le morns 
d'ennuis d e fonctionnement , qui n'entrainera pas 
trop de frais, et qui ne demandera pas un trop gra1;1,d 
travail de depouillement pour donner aux enreg1s
trements la forme permettant une estimation de 
l' energie disponible. 

Le cout total des installations de mesure indis
pensables pour faire le releve eolien d'une zone 
d'une certaine etendue joue souvent un grand role. 
11 ne sernble pas heureusement qu'il soit indispen
sable que les vitesses horaires du vent soient mesurees 
a tous les sites envisages. A moins que la zone ne 
soit tres vaste ou les conditions topographiques 
trop diverses, le regime des vents aux differents sit_es 
(caracterise par les courbes vitesse-temps et pms
sance-temps) est suffisamme?t s~mblable po?r que 
l'on puisse utiliser dans l'eshmahon de la pmssance 
disponible la vitesse moyenne annuelle du v_ent. Le 
«rendement specifique ii (en kWh par an par kilowatt) 
pour un site donne peut etre obtenu d'une fa<_;on 
suffisamment precise a partir de la vitesse moyenne 
annuelle du vent si l'aeromoteur travaille dans des 
limites raisonnables de la vitesse du vent : une 
courbe donnant le rapport entre ces deux, var~ab,les 
peut etre preparee pour une zone donnee Sl_ 1 011 

dispose de renseignements complets sur la v1tesse 
du vent (valeurs moyennes horaires de _la vitesse 
du vent pour une annee) pour un certam nombre 
de sites ou la valeur moyenne annuelle du vent est 
differente. En fait, la precision peut meme etre 
suffi.sante si l' on utilise les courbes deja preparees 
pour une zone ayant dans son ensemble un regime 
des vents semblable a celui de la zone etudiee. 
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Ceci permet de simplifier beaucoup et de reduire 
les couts des releves eoliens : pour la plupart des 
sites etudies, il suffi.t de mesurer la vitesse moyenne 
annuelle, et une petite partie seulement des sites, 
un cinquieme ou un sixieme du total, doit et.re 
equipee des instruments plus complexes que necessite 
la mesure des valeurs moyennes horaires. Des 
anemometres a coupelles, donnant simplement le 
courant aerien, suffisent dans le premier cas. Leurs 
indications, visibles sur un simple compteur ou tam
bour, peuvent etre relevees par des observateurs 
locaux non qualifies, a des intervalles d'une semaine 
ou d'un mois. La vitesse moyenne annuelle du vent 
est obtenue en divisant le total annuel par le nombre 
d'heures de l'annee. Jusqu'a present, on a toujours 
considere que les releves journaliers « sur place » 
des anemometres d1,1 type a coupelles ou a helice 
(qui donnent la vitesse instantanee du vent) a 
certaines heures fixes ne forment pas une base sure 
pour la determination de la vitesse moyenne au cours 
d'une longue periode (par exemple pour une annee). 
Cependant, Soliman (W /4) a montre, en comparant 
les resultats des mesures du vent par huit stations 
meteorologiques egyptiennes utilisant des methodes 
differentes, qu'il n' en est pas necessairement ainsi 
et. que la valeur de la vitesse moyenne annuelle 
determinee a partir des valeurs moyennes horaires 
et la valeur obtenue a partir de 24 releves synop
tiques sont extremement proches l'une de l'autre 
lorsque la vitesse moyenne annuelle depasse sept 
nreuds environ. En fait, en n'utilisant que quatre 
releves synoptiques, la valeur obtenue pour la 
moyenne annuelle ne serait pas entachee d'une trop 
grande erreur. 

Une donnee presentant une importance conside
rable est la vitesse maximum du vent possible en 
un site donne. Il est evident que pour la connaitre 
il faut une etude de longue duree utilisant un enre
gistreur relie a un anemometre. Ce dernier peut etre 
du type a coupelles OU a helice relie a un petit_gene
rateur electrique donnant un courant (proporhonnel 
a la vitesse du vent) qui sera envoye a un enregistreur. 
Une autre possibilite est !'utilisation d'un anemo
metre du type Dines a tube de Pitot, qui, lui, possede 
son propre mecanisme d'enregistrement. 

Le constructeur d'un appareil eolien a besoin de 
connaitre cette vitesse maximum du vent, car c'est 
elle qui determine les efforts auxquels doit resister 
!'installation. La diffi.culte de determiner la vitesse 
maximum ne consiste pas dans le choix de l'appareil 
a utiliser - bien que plus un instrument est sensible 
plus la vitesse maximum enregistree sera grande -, 
mais dans le choix du temps pendant lequel l'enre
gistrement doit etre fait et dans !'estimation de la 
probabilite qu'une vitesse maximum donnee se 
produise au cours d'un certain nombre d'annees. 

Deux nouveaux instruments crees specialement 
a !'occasion des essais de l'aerogenerateur danois 
de Gedser de 200 kW, mais utilises egalement sur 
plusieurs autres sites, sont decrits par J ensen 
(memoire W/14). Ces instruments servent a mesurer 
respectivement la repartition de l' energie du vent 
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par rappor~ a differen~es vitesses et a la pression du 
vent prodmte par la v1tesse maximum 

~lESURES DE DUREE MOYENNE 

Ces mesures diffe~ent de celles decrites plus haut 
non pas _tant au pomt de vue des appareils utilises 
- e_n fa1t les memes types d'anemometres peuvent 
servir - que par le but qu'elles visent et par la 
duree totale. Dans ce groupe entrent les mesures 
servant a la determination de la distribution verticale 
et horizontale de la vitesse du vent aux sites etudies 
mesures qui donnent simultanement la directio~ 
des vents. La direction du vent, bien que n'etant 
pas en _gene~al. de premiere importance pour les 
mstallations eohennes, est interessante a connaitre 
en ce qui concerne la stabilite du vent - un relief 
tourmente coupant le vent peut provoquer une 
t~1rbulence au site choisi, et d'autre part, si la direc
tion _du ve~t e~t particulierement constante, il peut 
s~ _faire qu 11 s01t avantageux de supprimer le dispo
s1t1f d'orientation de !'installation eolienne, dimi
nuant ainsi son prix. 

Frenkiel (memoire W/33), dans son etude tres 
complete sur les courants aeriens au-dessus des 
collines, donne le resultat des mesures de la vitesse 
du vent, de la direction de celui-ci et des tempe
ratures a differentes hauteurs au-dessus du sol en 
vue . de presenter Jes donnees les plus completes 
possibles s_ur l'effet des c_onditions topographiques 
sur le gradient moyen vertical du vent. Les resultats 
obtenus montrent que pour une direction de vent 
donnee, ce gradient est independant de la force du 
vent, du moins dans Jes limites d'utilisation normale 
des installations eoliennes. Cette constatation pre
sente un tres grand interet. 

Les mesures du vent de duree moyenne servent 
egalement a l'etude des variations de la vitesse du 
vent au cours de la journee. L'existence d'un vent 
utilisable a un moment donne de la journee presente 
un grand inten~t au point de vue de !'utilisation de 
l'cnergie produite et de !'accumulation necessaire 
pour_ ~allier les periodes sans vent. Les graphiques 
quotid1ens obtenus a l'aide de l'anemometre Dines 
a tube de Pitot, utilise normalement par Jes services 
meteorologiques, donnent des indications completes 
sur ces variations; cependant cet instrument est 
cher et ne convient pas particulierement bien pour 
les mesures a effectuer en un site isole ou l'on en 
dispose pas de personnel qualifie. 

:MESURES DE COURTE DUREE 

Des mesures de la variation de la vitesse du vent 
pour des periodes de quelques minutes, de quelques 
secondes ou meme d'une fraction de seconde sont 
indispensables pour les essais de rendement des 
installations eoliennes. Pour ces mesures, il est 
necessaire de disposer d'instruments a reponse 
suffisamment rapide pour qu'une augmentation 
soudainc et momentanee de la vitesse du vent, ne 
durant parfois qu'un temps tres court, soit enre
gistree. Ce temps de reponse doit correspondre, en 

fait, , a la d1;1ree d'une r~fale de vent pouvant agir 
sur 1 appare1l. Un _vent violent pendant une fraction 
de seco1;1de ,pourra1t ne pa? apporter assez d'energie 
pour a~ir dune fa<;on sensible sur l'appareil, mais si 
la d1:1ree est un peu plus grande ce vent de vitesse 
maximum peut avoir des effets suffisamment impor
tants pour qu'il soit utile de les mesurer. 

Ces rafales de vent influencent !'installation tant 
a1;1 point de vue electrique qu'au point de vue mcca
~1que : la produc~ion d'energie electrique peut 
etre augmentee tand1s que les tensions dans les pales 
du rotor et dans d'autres elements de l'installation 
sont accrues. 

, Dans les travaux de recherche et de mise au point 
d un nouveau type de generateur eolien, les essais 
donna~t la courbe de production d'energie en fonction 
de la v1tesse d':1 vent sont essentielles, et la question 
se pose de savoir comment ces deux variables doivent 
etre mesurees. Certains chercheurs emploient un 
watt~etre et un anemometre du type normal, 
tand1s que d'autres mesurent la production d 'energie 
pendant quelques minutes et la vitesse moyenne 
du vent pendant la meme periode. 

Les resultats obtenus a l'aide de ces methodes 
forme;1t g~neral~ment sur le graphique un « nuage » 
de pomts a partir desquels on peut tracer la courbe 
caracteristique. L'etude poussee du rendement d'un 
generateur eolien, indispensable pour deceler l'effet 
de legeres modifications experimentales dans sa 
construction, necessite des mesures effectuees a 
l'aide d'instruments a reponse rapide tant pour la 
P?issance electrique produite qu'au point de vue de la 
v1tesse du vent. L'anemometre a sphere mobile pour 
v~nts turbulents mis au point a cet effet par l'Elec
tncal Research Association de Grande-Bretagne est 
decrit par Tagg (W/12) . En pla9ant l'anemometre 
de turbulence a la hauteur de l'axe du rotor du gene
rateur eolien, a une distance egale a plusieurs dia
metres du rotor face au vent, il est possible, comme 
!'experience l'a montre, d'obtenir une tres bonne 
correlation entre les variations tres rapides de la 
vitesse du vent et Jes variations correspondantcs 
de la production d'energie. 

Pour etudier, a l'aide de jauges de tension, les 
tensions produites dans les pales du rotor par un 
vent d'intensite variable, on peut utiliser la meme 
methode de mesure de la vitesse du vent. 

Argand (memoire W /35) decrit un nouveau type 
d'anem?metre a reponse rapide et d'appareillage 
d'enreg1strement servant a mesurer les variations 
rapides de la vitesse et de la direction du vent · 
ces appareils presentent un grand interet , et il est 
certain qu'ils seraient tres utiles pour l'etude du 
rendement d'un grand generateur eolien. I1 est 
interessant de faire remarquer que pour l'enregis
trement on utilise la methode photographique. 

Utilisation des donnees meteorologiques 

Lorsqu'on etudie Jes methodes a utiliser pour 
l'etude du vent, specialement quand il s'agit de la 
production d'energie eolienne, il ne faut pas oublier 
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qu'un grand nombre de renseignements interessants 
sur la vitesse et la direction du vent existent deja 
da1:s les archives des services meteorologiques 
nahonaux. Il est evident que ces renseignements 
ne sont pas etablis en fonction des besoins des eoliens : 
ils concernent le regime des vents pour l'ensemble 
de la zone entourant la station d'observation et 
non pas le.s sites particulierement favorables du point 
de vue eolien. Cependant, d'une fa<;on generale, 
ce sont des donnees sures, se rapportant a une longue 
periode, et il ne faut pas les negliger simplement 
parce qu'aux sites choisis la vitesse moyenne du 
vent est souvent plus grande qu'a la station meteo
rologique. 

Les memoires presentes par l'Organisation Meteo
rologique ::\fondiale (W/11), par Ramakrishnan et 
Venkiteshwaran (W/19), par Barasoain et Fontan 
(W/16), par Cambilargiu (W/10) et par Soliman 
(W / 4) donnent tous des informations precieuses 
sur la vitesse du vent dans differentes parties du 
monde, du point de vue autant que possible des 
possibilites d'installations eoliennes dans ces regions. 

Les donnees meteorologiques que nous possedons 
ainsi peuvent servir aux fins suivantes : 

a) Comme depart pour l'etude des vents, en 
montrant les zones ou la vitesse du vent est la plus 
grande; 

b) Comme indication sur la direction du vent 
dominant - question importante pour le choix 
des sites; 

c) En indiquant dans quelle mesure la valeur 
moyenne annuelle de la vitesse du vent varie ou reste 
Constante d'une annee a l'autre; 

d) Pour donner une idee du regime annuel des 
vents dans une region, par les valeurs moyennes 
mensuelles de la vitesse du vent; 

e) Comme indication des variations de la vitesse 
du vent au cours de la journee aux differentes 
saisons; 

f) Pour l'estimation des maximums de vitesse 
et de la dun~e des accalmies qui peuvent se produire. 

L'utilitc des donnees meteorologiques depend 
evidemment de leur precision et du nombre d'annees 
sur lesquelles elles s'etendent. Les diagrammes de 
la vitesse et de la direction du vent enregistres par 
exemple a l'aide de l'anemometre Dines a tube de 
Pitot, s'ils couvrent un certain nombre d'annees, 
pourront satisfaire aux exigences des . six points 
indiques ci-dessus, tandis que des enregistrements 
de longue duree a partir de simples anemometres 
a coupelles ne peuvent servir qu'aux usages indiques, 
aux points a, c et d - et eventuellement au point e, 
au cas peu probable ou des releves suffisamment 
frequents ont ete faits. 

Une grande partie de ces renseignements est 
applicable directement a l'etude des vents du point 
de vue de l'energie eolienne, car dans ses grandes 
lignes le r egime des vents releve pour une zone 
pourra s'appliquer pour les differents sites de cette 
zone. Les valeurs qui peuvent differer d'une fa<;on 
sensible pour un site donne de celles relevees a la 
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stati<;m meteorologique la plus proche sont la vitcssc 
moyenne annuelle du vent, le maximum de la vitessc 
du vent et la durec des accalmies. Evidemment 
ces trois valeurs sont de la plus grande importance 
pour estimer la production d' energie d'une instal
lation eolienne en projet, pour calcu1er la resistance 
aux tensions provoquees par le vent et pour estimer 
les periodes pendant lesquelles on peut compter 
sur une production d'energie suffisante, c'est-a-dire 
po_ur estimer l'importance de l'accumulation neces
sa1re. 

Le mieux est done d'utiliser le plus largement 
possible les donnees meteorologiques de longue duree 
et de les completer par les renseignements obtenus 
grace a des appareils de mesure comme ceux decrits 
dans les memoires presentes. De cette fai;on, on 
obtient les renseignements les plus complets possible 
sur le comportement des vents pour les sites qui 
semblent le plus favorables a la production d'energie 
eolienne. 

Etude des vents et choix des sites 

L'etude des vents en certains endroits particuliers 
a pour objet principal la recherche de sites ou le vent 
est particulierement fort et ou !'installation de 
generateurs eoliens presente le plus d 'interet. Dans 
cette recherche, il faut d'abord prendre en conside
ration les donnees topogra phiques. L' existence de 
routes. OU de chemins d 'acces, OU la possibilite d'en 
construire, et la distance des sites aux centres 
d'habitation ou l'energie produite pourrait etre 
utilisee sont des questions secondaires mais qui 
presentent encore de l'importance. 

L'augmentation de la vitesse du vent a mesure 
que l'on s'eleve au-dessus du sol est un phenomene 
bien connu, de sorte que si l'on envisage de construire 
des installations eoliennes en plaine, ou aucune 
colline n'existe, la seule possibilite d'augmenter la 
production d'un appareil de type donne muni d'un 
rotor d'un diametre determine est d'augmenter 
la hauteur de la tour qui le supporte. Ceci entraine 
necessairement une augmentation du cout de l'ins
t allation et par consequent du prix de revient de 
l'energie produite. Pour determiner si une augmen
tation de la hauteur de la tour de support se justifie 
du point de vue economique, il faut comparer cette 
augmentation des investissements avec !'augmenta
tion de production possible. 

Si la region dans laquelle on desire installer des 
appareils eoliens est vallonnee, il faut evidemment 
choisir des sites au sommet des collines et profiter 
ainsi de leur altitude par rapport a celle du terrain 
environnant pour « capter ii les courants aeriens 
plus rapides qui regnent a cette altitude. Il ne suffit 
pas cependant de choisir une colline quelconque. 
Des collines pres d'une cote, specialement si le vent 
dominant souffle de lamer, sont en general favorables, 
tandis que les collines a l'interieur des terres, si 
elles sont entourees a proximite d'autres collines 
de meme altitude, peuvent n'avoir qu'une vitesse 
moyenne du vent relativement faible; de plus, le 
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courant aenen peut sou vent etre dans ce cas. per
turbe par le relief tourmente environnant . Une 
augmentation vraiment sensible de la vitesse moyenne 
du vent par rapport a une plaine environnante peut 
etre obtenue en choisissant une colline ayant un 
profil favorable qui, agissant comme entonnoir, 
provoque une acceleration du courant aerien au
dessus du sommet. Ceci revient a dire que la vitesse 
du vent constatee peut etre plus grande que celle 
du vent qui regnerait a la meme altitude mais 
au-dessus d'un terrain plat, s'il etait possible de la 
mesurer. Autrement dit, la vitesse moyenne du vent 
peut etre plus grande que celle due a la seule alti
tude; il se produit, comme on l'a appele, un « pheno
mene d'acceleration » du a la forme de la colline. 

Qu'il faille s'attendre a un phenomene de ce genre 
avait deja ete reconnu, il y a quelque vingt ans, 
par P.C. Putnam et ses collaborateurs lors du projet 
eolien americain de Grandpa's Knob, et les obser
vations qu'il a ete possible de recueillir depuis par 
l'etude des vents en Grande-Bretagne et dans d'autres 
pays a l'aide de methodes semblables tendent a 
confirmer cette theorie. Il est tres difficile cependant 
de prouver de fa<;on certaine que cet effet d'accele
ration se produit en un site donne, et notre section 
de la Conference a la chance de disposer des memoires 
(\V /26) et (\V /28) prepares sur cette question respec
tivement par Petterssen et Lange, qui tous deux 
ont participe au projet de Grandpa's Knob. Ces 
memoires peuvent utilement orienter le choix des 
sites, tant du point de vue theorique que du point 
de vue pratique. 

Jusqu'a present, le choix des sites favorables 
a ete plus un art qu'une science : les collines favo
rables pour !'installation d'appareils eoliens ont ete 
choisies apres inspection du terrain, compte tenu de 
leurs formes apparemment favorable - des pentes 
assez fortes mais regulieres - et de la configuration 
des terrains environnants. Bien qu'on ait beaucoup 
ecrit au cours des dernieres decennies sur l' ecoule
ment des masses d'air au-dessus des collines, nous 
disposons de peu de renseignements sur les facteurs 
qui influencent la vitesse du vent au-dessus des 
sommets de collines de formes differentes, de, sorte 
que le choix des sites favorables est rest~ pour les 
eoliens une question de bon sens et de Jugement, 
c'est-a-dire « d'intuition intelligente ». 

Avec le temps, les eoliens ont acquis une expe
rience utile et un certain savoir-faire, et cependant 
des echecs inattendus se produisent encore. Quelques-

uns de ces echecs sont dus en toute probabilit6 au 
fait que, malgre une forme generale favorable, la 
colline prcsente un sommet trop plat, de sorte que 
le courant aerien passe a une hauteur plus grande 
que celle ou se trouve !'instrument de mesure, qui 
enregistre ainsi un courant aerien relativement lent. 

En meme temps que le phenomene d'acceleration, 
on constate au-dessus du sommet une diminution 
du gradient vertical de la vitesse du vent : la vitesse 
du vent n'augmente pas en fonction de la hauteur 
autant que lorsque le courant aerien passe au-dessus 
d'un terrain plat. Frenkiel, dans son memoire 
(W/33), donne les resultats de son etude experi
mentale qui a porte sur les collines en falaises et 
sur les collines de forme conique; il propose dans 
dans sa conclusion d'utiliser le gradient vertical 
du vent au sommet de la colline comme mesure 
quantitative pour le choix des sites. 

Ces trois derniers memoires, de meme que celui 
(W/7) presente par Ballester, dans lequel on trouve 
une analyse extremement utile de la theorie et de 
la pratique des releves eoliens, constituent indis
cutablement un apport important a nos connais
sances sur la question. 

Sujets de discussion proposes 

Dans les memoires-'presentes, on trouve un grand 
nombre de points de detail qu'il serait iriteressant 
de discuter, mais il semble preferable de se borner 
a examiner quatre questions principales : 

a) Dans quelle mesure peut-on se fonder sur les 
donnees meteorologiques de longue duree et les 
donnees fournies regulierement par les stations 
meteorologiques sur la vitesse du vent pour estimer 
les ressources eol_iennes d'une region donnee? 

b) Quels types d'appareils de mesure (instrument_s 
eux-memes et montage au-dessus du sol) faut-11 
recommander pour l' etude des vents? 

c) Quel est le degre de normalisation des ~ethod~s 
de mesure et d'analyse des resultats qu 11 sera1t 
souhaitable d'adopter sur le plan international 
pour faciliter l'echange des donnees sur le comporte
ment des vents? 

d) Est-il possible actuellement, a partir des 
memoires presentes (notamment W/26, W/28 . ~t 
W/33), de preciser les criteres a utiliser pour cho1sir 
les sites favorables a !'installation d'aeromoteurs? 



STUDIES OF WIND BEHAVIOUR AND INVESTIGATION 
OF SUITABLE SITES FOR WIND-DRIVEN PLANTS 

Rapporteur's summation 

Session II.B.l, on wind measurements and the 
selection of wind power sites, provided us, through 
t~e remarks of many contributors to the discussion, 
with a very comprehensive review of the present 
state of the art, of the accomplishments and of the 
deficiencies. Because the whole subject of wind 
measurement for power purposes is basic, as a 
beginning for wind developments in any area, we 
should try to obtain a clear statement on it as a 
guide to those who are considering the possibilities 
of this form of power. The discussion ranged over 
all forms of wind-measuring installations, for different 
purposes, and their relationship to existing wind data 
from the meteorological services, as well as over 
many points concerning the selection of favourable 
sites and the testing of machines. It is important 
now to separate these questions and to place them 
in their proper perspective. 

In the first place, we must distinguish between 
the measuring methods which should be followed 
by those undertaking a wind survey for the first 
time and those which are already being followed by 
investigators who have had considerable experience 
and who have in mind the installation of large wind
driven machines, the characteristics of which must 
be tested under operating conditions. Both the 
instruments used, and the methods of installing 
them and analysing the results of measurements, 
are quite different. 

For a general wind survey, with selected wind 
power sites, we need simple and cheap instruments, 
easily installed and maintained and affording only 
basic information on the wind regimes at the different 
sites to enable comparisons of their relative favour
ability to be made. On the other hand, when wind 
data is needed for the study of the performance of 
an installed machine of large power capacity or 
even - at an experimental research station - to 
obtain detailed information for design purposes, we 
need a much more elaborate installation, perhaps 
with a number of wind-measuring instruments 
placed at different heights above ground and having 
different response times. 

As a guide on survey methods, some straight
forward recommendations can certainly be made and 
this might be considered to be the most important 
object of session II.B.l. of the Conference. The most 
elaborate wind-measuring instruments and methods, 
at present, are of interest to a limited number of 
research workers who have already developed their 
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own methods which can be discussed, on a semi
private basis, between the groups in the few coun
tries concerned. 

Wind survey methods 

The first procedure is to choose the areas which 
are most likely to be windy. The long-period records 
from the meteorological services can be used as a 
guide - but only as a guide - for this purpose. 
Records for meteorological stations not chosen be
cause of their especially high wind regime cannot 
take the place of measurements at selected sites, 
which may be capable of giving two or three times 
the annual energy which would be indicated by the 
meteorological station records. Those contributors 
who have made estimates of available wind energy 
in their countries, using such records, have shown 
their inadequacy. Although the discussion showed 
that synoptic records of wind speed can be useful, 
it is very important that, in all data from the meteo
rological services, both the precise method of making 
the measurement (including the type of instrument 
and method of taking the reading) and the height 
above ground of the instrument should be clearly 
stated. 

If, in the areas considered, there are hills of shapes 
which will give unusually high winds over their 
summits - and information on the choice of these 
hills has been given in several papers - they should 
be selected for studies. There can be no doubt that 
a simple counter-type of cup anemometer should be 
used in the preliminary measurements. It has all 
the advantages of simplicity, robustness, cheapness 
and ease of reading to afford results which need no 
analysis. 

If we know the annual run-of-wind· at the selected 
sites, we know the suitability of those sites for wind 
power. It is pointless to attempt to install anything 
more elaborate than this instrument when making 
an initial assessment of the wind power potentialities 
of an area. 

As for the height above ground at which the 
instrument should be placed, this need be no more 
than 3 metres if the site is on a suitably shaped 
hill-top without obstructions, because then the 
wind speed increases only very slowly with height. 
If the ground is flat, on the other hand, a height of 
l O metres should be used. It must be remembered, 
however, that at 3 metres, the instrument can be 
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read by a person standing on the ground, whereas at 
10 metres it can be read only by climbing the mast. 

For a second stage of a wind survey, when the wind 
regime at certain sites is to be measured because, as 
a result of measurements for a relatively short period 
(a few months), they have been found generally 
favourable, hourly mean wind speeds should be 
measured by a cup-contact anemometer and a chart, 
or tape, recorder. Analysis of the results gives the 
velocity-duration curve, from which annual energy 
estimates can be made, and indicates also diurnal 
variations of wind speed, as well as the duration of 
calm spells and the magnitudes of maximum hourly 
mean wind speeds. 

Instruments, such as that made by the Compagnie 
des Compteurs de ?llontrouge, which measure an 
integrated total of wind energy within certain limits 
of accuracy are useful in giving a general indication 
of the relative windiness of sites if they are well 
located, in exposed positions without obstructions. 
They can be read at infrequent intervals, but they 
do not give the information which is needed for 
more precise estimates of annual energy obtainable, 
nor do they enable measurements to be made of the 
duration of calm spells, the diurnal variations of 
wind speed or maximum hourly wind speeds. These 
first two stages of a survey are concerned merely 
with wind regimes at sites. 

A further stage of measurement is useful, and 
perhaps necessary, when it has been decided to 
consider a particular site in more detail in relation 
to a machine which might be installed there. Then, 
measurements of hourly mean wind speeds, or 
average wind speeds for shorter periods, together 
,vith wind directions, can be made at different 
heights above ground, particularly at that correspond
ing to the hub-height of the windmill to be installed. 
This is more important on hill-top sites than on flat 
ground. :Measuring installations of this kind are 
expensive. Over level country, the rate of increase 
of mean wind speed with height above ground is 
well enough known for such measurements to be 
unnecessary. 

The question of the height of the instrument above 
ground in relation to nearby obstructions can be 
answered by saying that such obstructions influence 
wind measurements in a way which cannot be stated 
with any precision. It is safest to measure as far as 
possible away from any obstructions. If measure
ments must be made close to, say, a group of trees or 
buildings, the higher the instrument abo_ve them the 
better. No general method of correctmg for the 
effect of ground obstacles can be depended upon 
for accuracy. 

One can summarize the position as follows. 
(a) lst-stage survey: Cup-counter anemometers 

should be used, mounted at 3 metres above ground 
on hill-tops or 10 metres above flat ground and 
used for a period of only a few months. 

(b) 2nd-stage survey: Cup-contact anemometers, 
at the same heights as in (a) above, should be used 

with some form of simple recorder from which 
hourly mean wind speeds can be obtained easily. 

(c) Wind behaviour at selected sites : Measure
ments of mean hourly (or shorter period) wind 
speeds and of wind directions can be made at various 
heights above ground up to at least the hub-height 
of the wind power machine to be installed. Such 
measurements are more important on hill-top sites 
than on level ground. 

(d) Short-period measurements : These measure
ments, to determine the detailed structure of the 
wind, the maximum values of gust speeds and the 
wind distribution in both the vertical and horizontal 
planes, are made by means of quick-response in
struments and recorders which differ with the inves
tigator and with his purpose in making them. They 
are elaborate and costly and are, in the main, useful 
only at a wind research station where skilled staff, 
with full laboratory facilities, are available. Their 
object is to study design questions rather than the 
general performance of an installation. 

In wind survey work, it must be borne continually 
in mind that, whilst the choice of good hill sites 
can increase the available energy by perhaps 200 
or 300 per cent in relation to that obtainable on 
lower ground nearby, extreme accuracy is not 
necessary. Errors of, say, ± 5 to 10 per cent would 
not usually be serious and the elimination of such 
errors might be prohibitively costly in a widespread 
survey. 

Site selection remains as a difficult question from 
the theoretical point of view, although several 
papers at the session gave very valuable guidance. 
It appears doubtful whether measurements based 
on such theory can, in practice, take the place of 
intelligent choice of sites, bearing in mind the re
quirements of good exposure and _smoothly ~h:iped 
hills with fairly steep slopes but without prec1p1tous 
faces or ground obstacles. 

Standardization of methods of measurement, as 
far as possible, is desirable for t~e interchange of 
information and the recommendations made above 
aim in this direction. Certainly the type of instrument 
used, the method of using it and of analysing the 
results and its height above ground should always 
be stated. 

General requirements 

Turning to more general questions, beyond the 
scope of session II.B.l, three points should be 
emphasized. 

-(a) The most important require~ent_ in wind 
power development, at the present time, 1s to make 
the two participants in such developmel'1ts, namely, 
the possible manufacturers of the plants and the 
potential users of these plants, much better aware 
of the possibilities. On the one hand, the manufac
turer, busy with many good profit-earning produ~ts, 
is discouraged by apparent lack of demand for wmd 
power plants, and, on the other hand, people who 
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badly need power in the developing countries are 
not aware of what could be done by its use if pro
perly organized. 

(b) In many areas in non-industrialized countries, 
the inhabitants are unaccustomed. to the use of 
machines as an aid to their own labour and, also, 
they cannot at present afford to buy elaborate and 
costly machrncs. The possibilities of introducing to 
such areas f.imple, even crude, machines, easily 
operated and repaired, should be studied as an urgent 
question. Local materials and local labour - with 
proper instruction - could often be used. It is much 
more important to introduce some kind of machine, 
even if it is inefficient, provided that it is cheap, than 
to insist on a refined apd efficient, though costly, 
power plant. 

(c) Some kind of international organization -
committee, working group or association - for the 
continual exchange of information on wind power 

developments is badly needed. niuch of its work 
could be done by correspondence, but occasional 
meetings should be held. A really effective, though 
simple, newsletter, regularly issued, could keep all 
interested people and organizations informed on 
progress and requirements. 

Although, in the past, some facilities have been 
given for the exchange of such information (e.g. by 
the World Power Conference and by UNESCO 
through its Arid Zone Research Advisory Committee), 
these are quite inadequate. Wind power is a suffi
ciently important subject, especially for the develop
ing countries short of power, to merit the establish
ment of its own means of communication. It should 
not have to depend upon the very limited facilities 
which organizations with more general interests 
are occasionally prepared to afford - more out of 
good will than of real conviction that wind power 
is of true significance. 



ETUDE DU COMPORTEMENT DES VENTS ET RECHERCHE DE SITES 
APPROPRIES POUR DES INSTALLATIONS EOLIENNES 

Resume du rapporteur 

L'cxamen du point II.B.l concernant l'anemo
metrie et le choix des emplacements pour les installa
tions eoliennes a permis, grace aux observations 
presentees par un grand nombre de participants, 
de se faire une idee tres complete de la situation 
actuelle, des resultats obtenus, ainsi que des lacunes. 
Etant donne que la question de l'anemometrie 
en vue de la production d'energie presente un interet 
capital lorsqu' on veut entreprendre !'utilisation de 
l'energie eolienne, il faut essayer d'etablir un expose 
clair de la question, dont pourront s'inspirer ceux 
qui envisagent d'utiliser cette forme d'energie. La 
discussion a porte sur tous les types d'installations 
anemometriques utilises a des fins diverses et sur 
les rapports existants entre les renseignements obte
nus au moyen de ces installations et les donnees 
anemometriques fournies par les services meteoro
logiques; elle a porte egalement sur de nombreuses 
questions concernant le choix d'emplacements favo
rables et !'utilisation experimentale des machines. 
11 y a lieu m aintenant de serier les questions et de 
les placer dans la perspective qui convient. 

11 faut tout d'abord etablir une distinction entre 
les methodes de mesure que doivent adopter ceux 
qui entreprennent une enquete anemometrique pour 
la premiere fois et les methodes deja utilisees par 
des enqueteurs tres experimentes qui envisagent 
!'installation de grandes eoliennes dont les caracte
ristiques doivent etre eprouvees dans des conditions 
normales d'exploitation. Les instruments utilises, 
ainsi que les modes d'installation et les methodes 
employees pour analyser les mesures obtenues sont 
tres differents. 

Une enquete anemometrique de caractere general, 
effectuee aux emplacements choisis en vue de l'instal
lation eventuelle de centrales eoliennes, n'exige que 
des instruments simples et peu couteux, faciles a 
installer et a entretenir, et permettant d' obtenir 
seulement des renseignements de base sur le regime 
des vents aux differents emplacements, de maniere 
qu'on puisse comparer leurs avantages respectifs. 
En revanche, lorsqu'on a besoin de donnees anemo
metriques pour etudier le fonctionnemen_t d'une 
machine installee de grande puissance, v01re pour 
obtenir, dans une station de recherche experimentale, 
des renseignements detailles en vue de . mettre . au 
point le modele a utiliser , il faut une mstallahon 
beaucoup plus complexe comprenant, par exempl~, 
plusieurs anemometres places a des hauteurs d1ffe
rent es au-dessus du sol et entrant en activite a des 
moments differents. 

En ce qui concerne les methodes d 'enquete, on 
peut certainement formuler quelques recommanda
tions simples, et c'est peut-etre la l'objet le plus 
important de l'examen du point II.B.l par la Confe
rence. A l'heure actuelle, les instruments et methodes 
anemometriques n'interessent qu'un petit nombre 
de chercheurs qui ont deja mis au point leurs propres 
methodes, lesquelles peuvent etre etudiees, a titre 
semi-prive, par les groupes appartenant aux quelques 
pays interesses. 

Methodes d'enquete anemometrique 

11 faut tout d'abord determiner les regions qui 
ont le plus de chance d'etre venteuses. On peut 
recourir a cette fin aux observations recueillies par 
les stations meteorologiques pendant une longue 
periode de temps, m ais seulement a titre d'indication. 
Les observations faites pour l'installation de stations 
metcorologiques non retenues en raison du regime 
particulierement eleve du vent ne peuvent remplacer 
les mesures effectuees en des emplacements choisis, 
qui peuvent permettre d'obtenir le double ou le 
triple de l' energie annuelle que laisseraient prevoir 
les observations recueillies par les stations meteo
rologiques. Les participants qui ont utilise ces obser
vations pour evaluer l' energie eolienne disponible 
dans leur pays en ont indique l'insuffisance. La discus
sion a montre qu'il est peut-etre utile de disposer 
d'un r eleve synoptique des observations anemo
metriques, mais il est indispensable que, pour toutes 
les donnees fournies par les services meteorologiques, 
on indique clairement la methode precise utilisee 
pour effectuer les mesures (notamme1_1t _ le type 
d'instrument et le mode de lecture), ams1 que la 
hauteur de !'instrument au-dessus du sol. 
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S'il existe, dans les regions considerees, des eleva
tions de terrain qui, par leur conformation, sont 
exposees a des vents exceptionnellem~nt forts 
(plusieurs m emoires contiennent des rense1gnem~nts 
sur le choix de ces elevations), celles-ci devra1ent 
faire l'objet d'une etude. 11 est certain que, pour les 
mesures preliminaires, ii faut utiliser un anemometre 
simple a coupes et a compteur. Simple, robust~, peu 
couteux et de lecture facile, il permet d 'obtemr des 
resultats qui n'exigent aucune analyse. 

Si l'on connatt le debit annuel du vent aux empla
cements choisis, on sait si ceux-ci se pretent a l'ex
ploitation de l'energie eolienne. 11 est inutile d'ins
taller un instrument plus complique que l'anemo-
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m~,tre a coupes et a compteur pour obtenir une pre-
11;1~re evaluation du potentiel d'energie eolienne d'une 
reg10n donnee. 

,. En ce qui concerne la hauteur, il suffit de placer 
1 mstrument a trois metres du sol s'il s'agit d'un 
emplacement situe au sommet d'une colline decou
verte de forrne convenable car dans ce cas la 
vitesse du vent n'augmente q~e tres lente~ent 
~vec la hauteur. En revanche, si le terrain est plat, 
11 faut placer !'instrument a dix metres du sol. 
T~mtefois, il nc faut pas oublier qu'a trois metres 
l'ms1:rument pent etre lu par une personne debout, 
tand1s qu' a dix metres il faut grim per au mat 
pour le lire. 

Au second stade de l'enquete anemometrique, 
lorsqu'il devient necessaire de mesurer le regime du 
vent a _certains emplacements parce que, d'apres 
les mesures effectuees pendant une periode relative
ment courtc (quelques mois), on les juge favorables 
dans !'ensemble, il faut mesurer la vitesse horaire 
moyenne du vent au moyen d'un anemometre a 
coupes et a contact et d'enregistrements sur dia
gramme ou sur ruban. L'analyse des resultats obte
nus permet de tracer la courbe des vitesses classees, 
d'apr~s laquelle on peut evaluer l'energie annuelle; 
elle indique egalement les variations diurnes de la 
vitesse du vent, ainsi que la duree des periodes de 
vent faible et l'ordre de grandeur des vitesses horaires 
maximales. 

Des instruments comme ceux que fabrique la 
Compagnie des compteurs de Montrouge, qui per
mettent de mesurer l'energie eolienne totale avec 
une certaine exactitude, peuvent donner des indica
tions generales sur !'exposition relative des sites au 
vent, a condition d'etre places convenablement Sur 
un terrain expose au vent et depourvu d'obstacles. 
I1 n'est pas necessaire de relever les mesures frequem
ment, mais ces instruments ne fournissent pas les 
renseignements necessaires a des estimations plus 
precises de l'energie disponible annuellement, et ne 
permettent de calculer ni la duree des periodes de 
vent faible, ni les variations diurnes de la vitesse du 
vent, ni les vitesses horaires maximales. Ces deux 
premieres phases de l'enquete ne portent que sur le 
regime des vents aux differents emplacements. 

Des mesures plus detaillees sont utiles, et meme 
necessaires, lorsqu' on a decide d' etudier d'une ma
niere plus approfondie un emplacement particulier 
en vue d'y installer eventuellement une machine. 
Dans ce cas, on peut relever les vitesses horaires 
moyennes ou les vitesses moyennes pendant une 
periode plus breve, ainsi que !'orientation des vents, 
a differentes hauteurs au-dessus du sol, notamment 
au niveau du moyeu de l'eolienne a installer. Ceci 
est plus important pour les emplacements situes 
sur des hauteurs qu'en terrain plat. Les installations 
anemometriques de ce type sont couteuses. En terrain 
plat, le taux d'accroissement de la vitesse moyenne 
du vent en fonction de la hauteur au-dessus du sol 
est assez bien connu pour qu'il ne soit pas necessaire 
d'effectuer ces mesures. 

En ce qui concerne la question de la hauteur de 
!'instrument a.u-dessus du sol en relation avec des 
obstacles voisins, tout ce que l'on peut dire c'est 
qu'il n'est pa_s possible de preciser jusqu'a quei point 
ces obstacles mfluent sur les mesures anemometriques. 
Le plus sur est d'effectuer les mesures loin de tout 
obstacle. Si les mesures doivent etre faites pres d'un 
arbre ou d'un groupe de batiments, il est preferable 
de placer !'instrument le plus haut possible. I1 n'existe 
aucune methode generale permettant de compenser 
exactement l'effet des obstacles au sol. 

La situation peut se resumer de la maniere ci
apres. 

a) Premiere phase de l'enquete : il faut utiliser 
pendant quelques mois seulement, des anemometre~ 
a coupes et a compteur situes a 3 metres au-dessus 
du sol sur les hauteurs ou a 10 metres en terrain plat. 

b) Deuxieme phase de l'enquete : il faut utiliser 
des anemometres a coupes et a contact situes aux 
hauteurs indiquees dans l'alinea a) ci-dessus, ainsi 
qu'un type quelconque d'enregistreur simple per
mettant d'obtenir facilement les vitesses horaires 
moyennes du vent. 

c) Comportement du vent aux emplacements choi
sis : on peut mesurer la vitesse moyenne du vent a 
l'heure (ou pendant des periodes plus breves) et 
!'orientation des vents a diverses hauteurs au
dessus du sol, au moins jusqu'au niveau du moyeu 
de l'eolienne a installer. Ces mesures revetent plus 
d'importance sur les hauteurs qu'en terrain plat. 

d) Mesures pendant des periodes de breve duree : 
ces mesures, qui permettent de determiner les carac
teristiques precises du vent, la vitesse maximale 
pendant des rafales, ainsi que la repartition du vent 
sur les plans vertical et horizontal, sont effectuees 
au moyen d'instruments et d'enregistreurs tres sen
sibles, qui varient selon l'enqueteur et l'objectif 
vise par celui-ci. Ces appareils complexes et couteux 
ne sont utiles, dans !'ensemble, que dans des stations 
de recherche anemometrique qui disposent d'un 
personnel specialise et de laboratoires tout equipes. 
Ils servent a etudier les questions de modeles a 
adopter putot que le fonctionnement general d'une 
installation. 

Dans les enquetes anemometriques, il ne faut 
jamais oublier que, si le choix de bons emplacements 
eleves peut accroitre l'energie disponible de quelque 
200 ou 300 p. 100 par rapport a celle que l'on pourrait 
obtenir dans les terrains moins eleves situes a proxi
mite, !'exactitude absolue n'est pas necessaire. Des 
erreurs de l'ordre de 5 a 10 p. 100 en plus ou en moins 
ne seraient, en general, pas tres graves et, dans une 
enquete de grande envergure, il serait extremement 
couteux de vouloir les eliminer. 

Le choix du site demeure, du point de vue theo
rique, une question difficile a regler, bien que plu
sieurs memoires presentes au cours de son examen 
aient donne de precieuses indications. II semble 
douteux que des rnesures effectuees en fonction des 
theories puissent remplacer, dans la pratique, un 
choix judicieux des sites, c'est-a-dire d'emplacements 
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situes sur des hauteurs bien exposees, de conforma
tion reguliere et ayant des pentes assez abruptes, 
mais sans escarpements ni obstacles. 

Une normalisation aussi complete que possible 
des methodes de mesure faciliterait l'echange des 
renseignements; les recommandations presentees plus 
haut ont ete corn;ues a cette fin. Il ne fait aucun 
doute que le type d'instrument utilise, son mode 
d'emploi, la methocle d'analyse des resultats et sa 
hauteur au-dessus du sol devraient toujours etre 
indiques. 

Conditions generates 

Si l'on aborde des questions d'ordre plus general 
qui clepassent le cadre de l'examen du point II.B.l, 
il convient de souligner les trois points ci-apres. 

a) Si l'on veut assurer la mise en valeur de l'energie 
eolienne, il faut avant tout obtenir, au stade actuel, 
que les deux parties interessees - a savoir les fabri
cants et les utilisateurs eventuels des installations -
soient beaucoup mieux renseignees sur les possibilites 
qui se presentent. Le fabricant, occupe a manufac
turer de nombreux produits d'un bon rapport, est 
decourage par l'absence apparente de demande de 
centrales eoliennes; d'autre part, les populations des 
pays en voie de developpement, qui ont le plus 
grand besoin d'energie, ignorent les a vantages qu'elles 
pourraient tirer d'une exploitation rationnelle de 
l' energie eolienne. 

b) Dans de nombreuses regions des pays non 
industrialises, les habitants ne sont pas habitues 
a utiliser des machines pour alleger leur travail, et 
n' ont pas actuellement les moyens de se procurer 
des machines complexes et couteuses. Il faudrait 
etuclier d'urgence la possibilite de doter ces regions 

de machines simples, voire rustiques, faciles a faire 
fonctionner et a reparer. Dans bien des cas, on pour
rait utiliser des materiaux locaux et faire appel a la 
main-d'reuvre que l'on trouve sur place, apres lui 
avoir donne les instructions necessaires. Il vaut 
beaucoup mieux installer une machine quelconque, 
meme de faible rendement, a condition qu'elle soit 
peu couteuse, que de vouloir installer une centrale 
perfectionnee et de rendement eleve, mais onereuse. 

c) Il est indispensable de creer un organisme 
i.nternational - qu'il s'agisse d 'une commission, 
d'un groupe de travail ou d'une association
charge d'assurer l'echange permanent de renseigne
ments sur !'utilisation de l'energie eolienne. Cette 
organisation pourrait effectuer la plupart de ses 
travaux par correspondance, mais des reunions 
devraient etre convoquees de temps a autre. Un 
bulletin d'information, simple mais veritablement 
efficace et public regulierement, pourrait tenir toutes 
les personnes et organisations interessees au courant 
des progres et des besoins. 

On a bien eu, jusqu'a present, certaines occasions 
de proceder a des echanges de renseignements de 
ce genre (notamment grace a la Conference moncliale 
de l'energie et au Comite consultatif de recherches 
sur la zone aride, de l'UNESCO), mais elles ont ete 
tout a fait insuffisantes. La question de l'energie 
eolienne revet assez d'importance, notamment pour 
les pays en voie de developpement ou l'energie fait 
defaut, pour qu'il soit justifie d'etablir a cet egard 
un moyen d' echange specialise. Elle ne devrait pas 
dependre des moyens tres limites que des organisa
tions s'occupant de problemes plus generaux sont 
disposees a fournir de t emps a autre - par bonne 
volonte plus que par une reelle conviction de !'impor
tance effective de l 'energie eolienne. 



MEMOIRES - INDIVIDUAL PAPERS \V/35 

MESURE DES PARAl\fETRES CARACTERISTIQUES DE L'ENERGIE EOLIENNE EN 
VUE DU CHOIX DES SITES FAVORABLES A L'INSTALLATION D'AEROMOTEURS 

Andre Argand * 

La puissance contenue dans le vent est le produit 
d'une variable de tension par une variable de debit. 
La variable de tension est la difference des pressions 
instantanees du vent avant et apres que celui-ci 
ait travaille a renverser un edifice, a propulser un 
bateau a voiles ou a entretenir la vitesse de rotation 
des organes mobiles d'un aeromoteur. Elle est done 
liee notamment a la masse specifique de !'air p 
et au carre de la vitesse de cet air en avant de 
!'obstacle. Le debit, dans le cas particulier d'un 
aeromoteur, est proportionnel a la surface balayee 5 
et a la vitesse de l'air qui traverse ladite surface. 
On ne pourrait pas mesurer facilement ces vitesses 
que la presence de l'aeromoteur perturbe; aussi 
cherche-t-on plutot a mesurer des vitesses du vent V 
representatives, le moins inexactement possible, de 
la puissance eolienne. 
S'il s'agit de la prospection des sites venteux d'une 
region, on m esurera par exemple la vitesse du vent · 
au centre de la surface balayee par les organes 
en rotation d'un aeromoteur, << mais en !'absence 
de cet appareil >> (1, page 2, n° 102). 

S'il s'agit au contraire de determiner le rend~ment 
de l'aeromoteur deja erige, on est souvent amene 
« a mesurer la demi-somme des vitesses dans le plan 
perpendiculaire au vent ll, passant par l'appareil, 
« a des distances suffisantes a droite et a gauche 
de celui-ci >> (2, page 4, n° 6-1). 
Rappelons d'ailleurs qu'un raisonnement simplifie, 
mais qui a jusqu'a ce jour semble correspondre 
suffisamment a la realite, permet de demontrer (3) 
que la puissance theoriquement recuperable par un 
aeromot eur a helice eolienne d'axe horizontal est : 

Pmax = (i X V2 X ~) ( 5 X V X ;) 

Mesure des parametres caracteristiques de 
la puissance du vent - Presentation des 
resultats 

M ASSE SPECIFIQUE DE L' AIR 

Tout au long de l'annee 1956 a Saint-Cyr-l'Ecole, 
Seine-et-Oise, en un point situe a 165 metres d'altitude 
au-dessus du niveau de lamer (ce qui semble corres
pondre a une assez bonne moyenne tant des positions 

* Jngenieur, Division de l'energie du vent, E lectricite de France, 
Chaton, France. 
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des divers aeromoteurs actuels et futurs en France 
et meme autour du globe terrestre, que des tempe
ratures ambiantes correspondantes), des calculs 
systematiques de la masse specifique de l'air ont ete 
effectues a l'aide des indications d'un barometre 
a mercure, d'un thermometre sec et d'un thermo
metre mouille. Le nombre total des lectures simul
tanees de ces trois appareils s'est eleve a 462. Les 
resultats moyens ont ete les suivants : 1,231 kg-masse 
par metre cube d'air le matin et 1,216 a la fin de 
l'apres-midi. 
La masse specifique de l'air a Saint-Cyr-l'Ecole s'est 
averee etre en moyenne plus elevee d'environ 5 p. 100 
pendant les mois d'hiver que l'ete, avec les valeurs 
extremales suivantes : 1,336 un matin de fevrier 
1956 et 1,146 un soir de juin et un soir de sep
tembre, ce qui donne un rapport maximal hiver sur 
ete de 1,16 environ. 
Une valeur moyenne generalement adoptee en France 
est p = 1,250 kg-masse par metre cube d'air (4, 
page 550; 5, page 5; 2, page 4, paragraphe 6-3). 
Putnam (6, page 33), a 600 metres d'altitude (Grand
pa's Knob, Etats-Unis), qui fit des mesures pendant 
cinq ans, trouva 1,201 kg, tandis que d'autres 
experimentateurs du meme pays (7, page 825-3) 
ont pris, par securite disaient-ils, 1,281. Les Britan
niques (8, page 23) choisissent 1,290 kg et les Bresi
liens (9, page 10) 0,116 (valeur calculee dans le systeme 
metre, kg-force, sec). En Uruguay (10, page 1) 
et en URSS (11, page 127), il semble qu'on prefere 
0,125 (dans ce meme systeme d'unites). 
C'est approximativement aussi cette derniere va
leur ¼ qu'on emploie en Italie (12, page 137), 
tandis qu'au Danemark (13, page 321) on a adopte 

~;!~ et en Suisse (14, page 81) 0,12. Voir ci-dessous 

« Normalisation souhaitable >>. 

VITESSES DU VENT 

Parmi les principaux anemometres actuellement 
employes, nous trouvons divers types. 

Anemometres adirectionnels, type Robinson, tournant 
a l'emballement autour d'un axe vertical et mesurant 
la vitesse du vent 

Le plus employe en France et dans la Communaute, 
notamment par les meteorologistes, est l'anemometre 
a coupelles du Colonel Papillon. Un autre est l'anemo
metre a gouttieres (figure 1) construit depuis une 

2 
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Figure 1. Anemometre a compteur d'energie eolienne 

quinzaine d'annees par la Compagnie des compteurs 
de Montrouge (15) a la demande de M. Ailleret, 
directeur general adjoint d'Electricite de France 
(5, page 6). Les constantes de temps de ces anemo
metres vont de une a quelques secondes. 

rar lectures directes OU photographiques, effectuees 
~ ~es ~poque~ autant que possible preetablies, des 
m~1~at10ns dun compteur special U3X 1 place au 
v01smage du sol et relie electriquement au petit 
alternateur entraine par l'anemometre Ailleret-C.d.C., 
on peut differencier directement les tranches corres
pondantes d'energie eolienne theoriquement recu
perable. Et ceci grace au fonctionnement de certains 
organes du compteur qui elevent au cube les indi
cations qui lui parviennent et les multiplient par 
le coefficient voulu. 
On peut remplacer le compteur U3X1 par un U3X 2 
qui plafonne les puissances theoriquement recupe
rables suivant une loi se rapprochant de celle 
imposee a telle OU telle espece d'helice eolienne 
(regulation par perte de vitesse des profils des pales, 
par variation du calage de celles-ci, par desorientation 
generale de l'helice, etc.). On peut aussi adjoindre 
au compteur precedent un compteur type O'KNV 
comptabilisant Jes kilometres de vent passes sur 
l' anemometre. 
Il semble qu'il eut ete relativement facile de disposer 
sur le cadran des compteurs U3Xi, U3X 2 ou O'KNV 
une aiguille supplementaire se depla<;ant devant une 
graduation et donnant une indication sur la puissance 
ou la vitesse « instantanee » du vent au moment 
de la lecture, alors que ces appareils peuvent sembler 
avoir ete con<;us seulement pour faire apparaitre 
des moyennes. 

Anemometres dont la trainee varie avec la pression 
dynamiq-ue 

Des lames en se deformant agissent sur des jauges 
resistantes, des cordes vibrantes ou des potentio
metres qui interviennent dans des circuits electriques 
comportant des appareils enregistreurs ou compta
bilisateurs et alimentes par accumulateurs ou par 
piles. 
Les anemometres Best-Romani de ce genre (figure 2) 
que nous avons eu !'occasion d'utiliser comportent 
un cylindre d'axe vertical dont la surface a ete 
rugosifiee pour echapper aux nombres de Reynolds 
critiques (16, page 250) . L'anemometre peut etre 
a une seule composante, et dans ce cas etre ou non 
monte en girouette, ou encore a deux composantes 
orthogonales fixes de la force du vent, respectivement 
proportionnelle par exemple a 

~ V 2 sin tp et a f V 2 cos tp 
2 2 

comme le montre la figure 3. 
Par le calcul (ou directement a l'aide d'un mecanisme 
approprie), on peut en deduire la direction du vent 

et la pression dynamique ~ V2• On peut obtenir 

la valeur de ~ V 3 en faisant le produit; V2 X V ~ V 2 

et en divisant par\/~' racine carree de la demi-masse 

specifique de l'air, mesuree par ailleurs (ou meme 
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seulement estimee, du fait que l' erreur ne porte 
dans ce cas que sur une valeur sous radical). 

Les anemometres Best-Romani ont une constante 
de temps inferieure au dixieme de seconde et per
mettent l'enregistrement de vitesses presque « ins
tantanees )), a des cadences photographiques rapides. 
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Fi gure 2. An emometre a cylindre rug ueux 
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Figure 3. Schema d'un anemometre a cylindre rugueux 

A u tres anemometres 

On a construit bien d 'autres appareils permettant 
la mesure de la vitesse ou de la puissance du vent, 
et notamment des anemocinemographes, des anemo
metres a tube de Pitot {14, page 75), des anemometres 
specialement conc;us pour etudier les rafales (17, 
page 12; 18, page 438). 

Comparaisons 

On a souvent confronte les resultats donnes par les 
divers genres d'appareils (19, page ~37) . En France, 
une comparaison faite a Saint-Cyr-l'Ecole a 42 metres 
de hauteur au-dessus du sol entre deux anemometres 
franc;ais, l'un a compteur d'energie eolienne, l'autre 
a cylindre rugueux, et un troisieme anemometre 
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d'origine britannique, enregistrant les milles de vent 
ayant traverse l'appareil, a ete tres satisfaisant 
(figure 4). 

COURBES DES VITESSES CLASSEES DU VENT 

On presente souvent les mesures des vitesses du vent 
faites en un lieu du globe, sous la forme condensee 
de courbes dites des vitesses classees, dont les abs
cisses sont graduees en unites de temps, ou mieux 
en pourcentages de la duree totale des observations : 
V =f (0). 
Il est indispensable de preciser alors non seulement 
cette duree totale (une heure, une quatorzaine de 
jours, une ou plusieurs annees par exemple), mais 
encore si les vitesses ont ete « moyennees >> sur une 
minute, une heure, une journee, une semaine, 
une quatorzaine de jours par exemple, ou si, ce qui 

est mieux, elles correspondent a des lectures de 
vitesses suffisamment « instantanees >>. Dans ce cas 
on ne peut esperer en connaitre un nombre immense, 
mais la loi des grands nombres peut jouer et des 
courbes annuelles de vitesses classees deja extreme
ment exactes peuvent etre obtenues a l'aide de 2 000 
a 3 000 mesures (une lecture au vol ou une photo
graphie de la vitesse cc instantanee >> toutes les trois 
ou quatre heures, par exemple). 

PUISSANCES CLASSEES - FREQUENCES CLASSEES 
COMPTE TENU DES CUBES DES VITESSES DU VENT 

On peut aussi tracer des courbes V3 = f (0) ou des 
courbes de meme allure dont les ordonnees sont 
directement graduees en puissances eoliennes theo-

riquement recuperables G~ ~ S) V3 = / (0). 

COMPARAISON EXECUTEE A st CYR L' ECOLE (Seine etois~) 2 
Le 28.9,1956 a 9h40 ,--

G)An emometre rro™sOfS a compteur d'energie eoli enne 

Q)Anemometre rran~o;so cylindre rugueux 

@Anemometre britannique enregistront les miles de vent 

~---~-
,/ • ,+, 

I \ ,, \ 

CONDITIONS ATMOSPHERIQUES 
Direction moyenne du vent= sud ouest 
Masse specifique de lair p=1,184 kg-masse;fn3 

1om/s 

10 20 

Figure 4. Comparaison entre trois anemometres 
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15 Mesures effec.ruees a 5!' Germain 5Ur Ay ( Manche) 
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Figure 5. Courbe des puissances eoliennes classees 

On peut encore tracer des courbes de frequences 
classees dont les abscisses sont graduees en vitesse 
du vent et dont les ordonnees sont egales ou 

proportionnelles a V3 :i, c'est-a-dire: 

V3 :t = I (V) OU G~ ~ s) V3 
:: = I (V) 

Dans un cas comme dans l'autre, les surfaces limitees 
par les courbes sont proportionnelles ou egales 
a des energies, puisqu'elles comportent des termes 

r f
. d0 

du genre. V3 d0 ou. V3 dV dV. Il est done facile 

d'en deduire la valeur de la vitesse cubique moyenne 
dans le temps : 

- _ ~ / f V3 d0 
Va - V f.d0 

Les figures 5 et 6 ont ete etablies a l'aide de mesures 
effectuees a Saint-Germain-sur-Ay (Manche). Les 

. puissances y ont ete « moyennees » sur une heure. 
La vitesse du vent le plus productif correspond 
a I' ordonnee maximale de la courbe de la figure 6. 

FREQUENCES CLASSEES PROPREMENT DITES 

I1 est possible de presenter de bien d'autres manieres 
les valeurs des vitesses des vents ou des energies 
eoliennes correspondantes mesurees dans un site. 
Sur la figure 7 relative aux releves executes a Saint
Germain-sur-Ay, pendant la meme periode que 
ci-dessus, on a porte en abscisses les vitesses du vent 
et en ordonnees les frequences classees proprement 
dites: 

d0 = I (V) 
dV 
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A l'ordonnee maximale de cette courbe correspond alors avec le point dont la tangente possede un 
la vitesse du vent le plus frequent dans le site, coefficient angulaire egal et oppose au triple du 

tandis que le vent le :~::r ::o:::::n:e c:::r::on:::ort,: t , d" (3 f~) 
------------=----, c es -a- ire - --
valeur de l'abscisse correspondante . V 

On voit qu'entre ces deux valeurs de la vitesse du 
vent il y a une difference tres importante. 

FREQUENCES CLASSEES COMPTE TENU DE LA VITESSE 
OU DU CARRE DE LA VITESSE DU VENT 

On peut de meme tracer des courbes des frequences 

classees compte tenu de la vitesse du vent, V ;~ = 

f (V); a l'usage des architectes, des constructeurs 

75 

ou des eoliens, notamment lorsque ceux-ci s'inte
ressent aux trainees du vent sur les supports des 
aeromoteurs, on peut tracer des courbes des fre
quences classees, compte tenu du carre de la vitesse 

du vent V2 
:~ = f (V). 

Aux ordonnees maximales de chacune de ces deux 
courbes correspondraient des vitesses de vent com
prises entre le vent le plus frequent et le vent 

y3 de 
dV ___ \'4_;_e_n_t __ ~_h_e_;_o_ri~uement 

50 

25 

0 
5 10 15 

Mesure'o eff ec~uees ci S ~Germain sur Ay ( Manche) 
du 1er Mars 1959 au 29 Fevrier 1960 

Hauteur de I' onernomeh·e OU - de,sus du sol : -14m 
~ . ~ h Vites.ses moyenriees sur une eure 

V 
m/s 

20 2S 30 

Figure 6. Courbe des frequences classees compte tenu des cubes des vitesses du vent 
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Figure 7. Courbe des frequences classees du vent 

le plus productif, et les surfaces comprises entre 
ces courbes et les axes des abscisses permettraient 
de calculer les valeurs moyennes respectives de 

I . 1· ,,_ . V J V d0 d 1 . a v1tesse meaire 1 = ~' et e a v1tesse qua-

- ,
2 /f V 2 d0 

dratique V 2 = V f dO du vent pour le site. 

PARAMETRES CARACTERISANT L
1
1RREGULARITE 

DU VENT 

Plusieurs parametres permettent de juger dans 
quelle mesure les vitesses successives du vent en 
un point s'ecartent de leur moyenne lineaire dans 
le temps. 
M. Petry, directeur de l' Administration frarn;aise 
des phares et balises, a insiste sur l'interet du 

« coefficient d'irregularite >> (13) qui se trouve etre 
egal au cube du rapport de la vitesse cubique moyenne 

a la vitesse lineaire moyenne: ( ~:Y· 
On a pu aussi bien chercher a connaitre les valeurs 
rnaximale, moyenne ou minimale de ce coefficient 
pendant un intervalle de temps d'une seconde, d'une 
ou de plusieurs minutes (8, page 32). que pendant 
une heure, une journee, un mois (20, page 10 et 
figure 4), et meme une ou plusieurs annees {21, 
figure 11). 
En France, sur Jes cotes de Bretagne ou de Normandie, 
ce coefficient mesure sur une annee semble devoir 
etre de l'ordre de 2,2. Ceci revient a dire que le rapport 

Va y egale 1,3 environ. II est vraisemblable que dans 
VI 
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les Pyrenees orientales franc;:aises ou espagnoles 

il est compris entre 2,5 et 3 (~: = 1,4 environ} 

Un autre parametre caracteristique de l'irregularite 
du vent en un point a ete propose par un meteorolo
giste anglais, R. Frith (22, page 689). Des mesures 
de vitesses moyennes du vent ayant ete faites a 

/LE V/ERGE (FINISTER£) 
alt/cude du lieu: 2m 
hauteur de lanemome.tre:33m C? 1952-53 

1953-54 

1954-55 

1955-56 

G 19-56-57 

1957-58 

1958-59 

1959-60 

intervalles reguliers, on note la difference entre la 
plus haute et la plus basse dans chaque groupe de 
cinq successives. La valeur moyenne de ces differences 
divisee par la moyenne de la vitesse du vent pendant 
toute la periode est consideree comme le critere 
de la variabilite des moyennes dans ces intervalles. 
De nombreux auteurs ont propose des definitions 
de cc facteurs de rafales », cc coefficient de turbulence >J 

COLL/NE BE A UMONT(P.d.~ 
altitude du lieu.-30m. " 
hautevr de l~nemomefre:40m 

La surface compr/.se o'.t1.ns 
cha71.1e ..sectevr ( de 60: 90: 
ou 180°) est 1:roporlionnelle a 
I ~nerg/e tl,e'or/'luement re
cu1era6/e dan..s le sectevr 
correspondanc de la rose 
de..s vents. D 

Aire refresenta.nt t.ooo kWh: 

Figure 8. Directions des vents « Roses cubiques » 
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et « variances de la vitesse ,,. Leurs travaux notam
ment sur les « spectres de frequence ,, sont en general 
d'un grand interet (7, page 825-11, fig. 3; 23, page 207; 
24, page Hl2; 25, page 180; 26, page 25; 27; 28; etc.). 

DIRECTIONS DES VENTS 

Ainsi que nous l'avons expose ci-dessus, on a pu 
tracer, en fonction des vitesses du vent, quatre sortes 
de co1:rbes des frequences classees, d'ordonnees 
respechves : 

vo d0 
X dV 

d0 
y1 X dV et 

11 e~t de meme necessaire de bien definir, lorsqu' on 
dessme une rose des vents, si chacun des rayons 
vect~urs qui s'epanouissent autour du point de mesure 
~u _s1 chacune des surfaces des secteurs que ceux-ci 
hm1tent est seulement proportionnel au pourcentage 
du temps 0 pendant lequel le vent a souffle d'une di
rection vers ce point, ou est au contraire proportionnel 
au produit de ce pourcentage par la vitesse corres
pondante du vent, par le carre ou par le cube de cette 
vitesse du vent. Autrement dit, les longueurs des 
rayons vecteurs, ou mieux les surfaces des secteurs 
d'une rose des vents, peuvent etre proportionnelles a: 

(/B ~WB f'..9B '<!.;B 

J y;o d0 j r1d0 j ~2 d0 Ji3d0 

Cette derniere representation ic cubique n est celle 
que nous avons adoptee sur la figure 8,,,ou les indi
cations de nos anemometres adirectionnels, selection
nees grace a une girouette placee au voisinage, 
avaient ete envoyees sur un premier compteur, 
un second, un troisieme ou un quatrieme, chacun 
de ceux-ci correspondant a un secteur d'angle au 
sommet limite par deux directions arbitrairement 
definies, par exemple pour Colline-Beaumont en 
1953-1954: 
IJiA = 0° et 4/B = 180°, 4/B = 180° et qic = 240°, etc. 
Nous avons souvent ete surpris par le fait que les 
silhouettes des graphiques ainsi delimites ne fussent 
pas plus nettement decentrees par rapport au point 
de mesure, les vents d'est-sud-est, par exemple 
(qi = ll0° a 125° environ), paraissant a la foie 
tres rares et tres faibles en Europe occidentals, 
notamment dans le nord du Finistere. 
La plupart des moulins a vent sont orientables; 
aussi les roses des vents ont peut-etre moins d'interet 
pour les eoliens que celles generalement en usage 
a des fins meteorologiques, roses des vents seulement 
directionnelles, ou roses des vents « lineaires n. 

Cependant, les roses des vents cc quadratiques ,, ou 
« cubiques ,, .donnent une representation plus correcte 
des vents dominants, en direction desquels les sites 
doivent etre degages au maximum pour des raisons 
respectivement constructives ou energetiques. 

NORMALISATION SOUHAITABLE DES METHODES 
DE MESURES 

La normalisation internationale d'une « classification 
des documents ii et d'une « terminologie i, relatives a 

l'energie eolienne avait ete esquissee il y a une dizaine 
d'annees (13, pap. n°s 43 et 44). 

Plus _recemment, des regles concernant les « symboles 
relahf~ aux_ aeromoteurs n et les « aerogenerateurs 
de petite pmssance i, ont ete definies par l' Association 
frarn;aise de normalisation (1 et 2). Elles pourraient 
servir de base a une future normalisation interna
tionale en ces domaines, car nous avons eu soin 
de ne les considerer que comme « provisoires >). 

Daus les quatre documents precites, certaines pre
cisions sur les parametres a adopter en aerologie 
et sur les difficultes rencontrees dans les mesures 
correctes de ceux-ci ont ete consignees, mais seule
ment a titre accessoire. Bien d'autres auteurs ont 
regrette !'absence d'une rneilleure coordination inter
nationale en la matiere. II n'est peut-etre pas trop 
tard pour s'y employer, en commern;ant par faire 
l'inventaire des questions a etudier. 

Ainsi il semblerait utile de definir des maintenant, 
a l'usage des eoliens de tous pays, les memes debut 
et fin de periodes de mesures (demi-journees, quator
zaines de jours, annees, decennies, etc.), une presen
tation aussi uniformisee que possible des courbes 
de vitesses, puissances et frequences classees ou des 
roses des vents et de proposer deux a trois pararnetres 
caracteristiques de l'irregularite du vent au maximum. 

II y aurait peut-etre interet a suggerer l'emploi 
d'un seul type d'appareillage, ou au rnoins d'une 
methode et d'une formule uniques pour la rnesure 
de la masse specifique de l'air et d'une valeur unique 
de celle-ci a employer internationalement dans le cas 
ou une constante en ·parait suffisante. 

Quant aux anemometres (cinq OU six modeles au 
maximum a normaliser), il faudrait, dans le cas de 
prospection des sites venteux, les installer, sauf 
exceptions, a des hauteurs au-dessus du sol qui ne 
soient pas inferieures a 25 metres, par exemple. 
Et il faudrait toujours les degager de leurs supports, 
de manieres cornparables dans le monde entier. 

Modeste programme de debut, a completer largement 
par la suite. 

Inventaire des elements favorables ou non 
a l'installation d'aeromoteurs 

VARIATIONS TEMPORELLES DES VITESSES DU VENT 

VARIATIONS CYCLIQUES 

Variations des vitesses du vent au cours de l' annee 

L' energie eolienne, dont l'integrale annuelle sernble 
relativement assez constante d'une annee a l'autre, 
est bien plus abondante l'hiver que l'ete en Europe 
occidentale. 
La figure 9 donne, pour !'ensemble de 38 stations 
de rnesures situees en France metropolitaine (en 
dehors du sud-est du pays), les valeurs relatives de 
l'energie eolienne theoriquernent recuperable pour 

2• 
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VALEURS RELATIVES MAXI MALE, MOYENNE ET MINIMALE DE L' ENERGIE EOUENNE EN FRANCE 
METROPOLITAINE DU 1 ° MARS 1938 au 28 FEVRIER 1960 

Ens~mble de 38 statioM soumrses au regime otlontique 
L'annee ayont ate divisee en 13 periodes de 28 jours 
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Figure 9. Valeurs relatives de l'energie eolienne en France 

chaque periode de 28 jours, arbitrairement adoptee. 
Le fait que la masse specifique de l'air soit un peu 
plus elevee en moyenne l'hiver que l'ete renforce 
les ecarts que souligne cette figure et qui s'accentuent 
d'ailleurs dans les meilleurs sites. 

« La variation de la vitesse du vent est extremement 
nette », ecrivait deja Angot (29, page 91) en 1911 
apropos des mesures faites de 1890 a 1910 au sommet 
de la Tour Eiffel. cc Elle presente un maximum 
en janvier et un minimum en juillet; la seule irre
gularite porte sur le mois de novembre, dont la 
moyenne est plus faible que celle des deux mois 
entre lesquels ii est compris. » Du fait de son ele
vation au-dessus du sol, les indications d'un anemo
metre place en cet endroit sont en tres bonnes 
correlations avec celles de !'ensemble des trente-sept 
autres; nous avons pu le verifier. 

Variations des vitesses du vent au cours des 24 heures 
d'horloge 

Comme on pouvait s'y attendre, les vents subissent 
des variations journalieres, de meme que des varia
tions annuelles. 

Cependant, entre 30 et 70 metres de hauteur au-dessus 
du sol, il semble qu'il y ait en general egalite approxi
mative d'energie eolienne disponible de jour et de 
nuit. A partir de 70 metres, il y aurait un peu plus 
de vent la nuit que le jour; nous l'avons aussi verifie 
pour le sommet de la Tour Eiffel. A mains de 30 m, 
c' est }'inverse. 

Au Brookhaven National Laboratory (30, figure 6), 
on a constate vers 45 metres de hauteur un minimum 
de la vitesse du vent le matin vers 10 h ou 11 h 
et un maximum vers 14 h ou 15 h. Vers minuit 
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il y a peut-etre une tendance au renforcement, 
mais legere et peu durable. 

AUTRES VARIATIONS DE LA VITESSE DU VENT 

Variations de courtes durees 

31 

11 semble que ceci soit exact aussi pour le Japon 
(31, page 106, figure 3). Mais il est possible qu'au
dessus de la mer ou d'iles de faibles superficies les 
hauteurs d'inversion soient tres differentes. 

La figure 10 represente les variations en grandeur 
(et en direction) de la vitesse instantanee du vent 
enregistree a Nogent-le-Roi (Eure-et-Loir) a 33 metres 

c., .. ,bL obte~L4L .i No9vi~ k R.,; ( tur~ c.! l.oi.-) 
k 4.2.➔961 

a l'.,.iJe. J·~ anem1.1ttt.ib·c BE 5 T - ROMANI 
~ c.yl,11J.-~ r~.11. 

1 d-4c.~i L~s ks o,s sec.. 
Dilree tot~lc. dt5 111tj~tt'j : 32 St.c. 

Nord 

Figure 10. Variation de la vitesse du vent en grandeur et direction 
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de hauteur au-dessus du sol, toutes les 0,8 secondes, 
et pendant une duree totale de 32 secondes, a l'aide 
de l'un des anemometres decrits ci-dessus. C'est un 
exemple pris au hasard parmi un grand nombre 
d'enregistrements analogues. 

II ne semble pas s'y confirmer que les vitesses du vent 
se modifieraient par sauts brusques comme certaines 
experiences avaient pu le faire croire (32, page 373) 
et il faudrait done revenir au schema anterieurement 
admis, indique par cet auteur : « Representer la 
turbulence comme la superposition de tourbillons 
a mouvement circulaire uniforme a un courant 
permanent de vent moyen ». 

Variations du vent dans le temps al' echelle de plusieurs 
jours 

On peut rapprocher cette derniere remarque d'une 
autre relative a une echelle des temps bien differente. 

Apres avoir mis sous formes de diagrammes log. 
probabilites (33, page 469) des courbes de frequences 
classees, certains ont pu ecrire (34, page 1171) : 
« Les vents faibles, tres frequents, sont gouvernes 
par des causes locales (vent du_ gradien!); ils corres
pondent a un champ de press10n contmu non per
turbe. Au contraire, les vents forts, plus rares, sont 
engendres principalement p~r . ~es ~ert~rbations 
cycloniques dont les causes, d ongme lomtame,_ sont 
tout a fait independantes de celles des vents fa1bles. 
Ils correspondent a des tourbillons d'axes verticaux 
se depla9ant a grande vitesse. » 

V itesses maxi males 

C'est souvent aussi en utilisant cette loi de l'effet 
proportionnel qu'on -~ etudie les ris~ues 9.u'une fois 
par decennie, par_ s1ecle ou par m1~lenaire le. vent 
atteigne en un pomt telle ou telle v1tesse max1male 
(7, pages 825-9, figure 1). 

En France, bien que meme au sommet de la _Tour 
Eiffel on n'ait observe jusqu'a ce jour aucune v1tes~e 
<< instantanee » du vent superieure a 45 m/s, on prevo1t 
en general dans les projets de grands aerogenerateurs 
que ceux-ci devront pouvoir resister en pointe peu 
durable a 60 m/s (helice eolienne arretee si necessaire). 

Certains (35, page 42) estiment cepe1;dant qu~ ce 
ne sont pas les vitesses maximales « mstant<:nees i> 

qui doivent etre conside~ees mai~ bien les v1tesses 
<c moyennees » sur une mmute, v01re sur une heure. 
D'autres (36, page 471) comparent les_ moyenn~s 
horaires maximales du vent avec les pomtes maxi
males des rafales. 

Le choix de cette base de temps n'est pas sans 
importance, s'il est vrai, comme l'ecrit Van der 
Hoven (24, page 160), qu'il y a d3:ns le spectre 
deux principaux maximums d'energ1e_ fluct~ante, 
I'un se produisant a une periode d'env~ron 4 Jours, 
le second a une periode d'environ 1 mmut_e. En_tre 
ces deux maximums se centre une large depression 
spectrale d'une frequence allant de 1 a 10 cycles 
par heure. 

VARIATIONS DANS L'ESPACE 

ZONES VENTEUSES 

Les vitesses moyennes du vent autour du globe 
terrestre varient, d'un site a un autre pareillement 
degage, du simple au double, au quadruple, parfois 
meme de 1 a 6. Et correlativement, l' energie dis
ponible varie de 1 a 200 au moins en premiere 
approximation. 
La necessite de prospecter methodiquement de nom
breuses regions a conduit plusieurs pays a installer 
des stations de recherches composees d'anemometres 
et d'enregistreurs ou de compteurs (8, page 66; 
37, page 70; 10, page 7). Les resultats sont trans-

d0 
formes en courbes V3 = f (0), V3 dV = f (V), en 

courbes des debits vehicules par une eolienne de 
pompage de caracteristique donnee (38, page 507) 
ou plus simplement obtenus directement en kWh 
par metre carre theoriquement disponible (5, page 5). 
Ainsi, plus de 350 sites disperses sous toutes les lati
tudes ( du Groenland aux iles Kerguelen en attendant 
la terre Adelie) et sous toutes les longitudes d'Europe, 
d' Asie, d' Afrique, d'Oceanie et des deux Ameriques 
ont ete equipes des anemometres a compteurs 
d'energie eolienne dont on a ~arle ci-dess~s .. Et 
les releves executes par les soms de particuhers 
ou de personnes appartenant a divers organismes 
(administrations fran9aises et britanniques . des 
phares et balises, expeditions polaires frarn;a1ses, 
meteorologie nationale fran9aise . et belge, SE~S 
danoise Societe nationale des chemms de fer fran9a1s, 
Admini~tration des ponts et chaussees, Direction 
de l'hydraulique et de l'equipement rural d'Algerie 
(39), Commission nationale des energi~s speci~les 
d'Espagne, Ministere des travaux pubhcs du V1et
Nam, etc.) ont ete assez regulierement _c~n:imm;iique~, 
parfois depufs plus de dix ans, a la D1v1s10_n ene~g1e 
du vent d'Electricite de France, 6, Qua1 Watler, 
a Chatou (Seine-et-Oise), pour collationnements et 
corn paraisons. 
La carte figure 11 pour la France metropolitaine et, 
pour le monde entier, le tableau figurant en annexe 1 
resument les resultats obtenus. 
En France metropolitaine, on le voit, et pou: ne 
parler que ~~s sites peu sujets au givrage, plu;1eurs 
regions manhmes accusent e1:1 moyen~e et en d ~ssez 
nombreux points, a une cmquantame de m_etres 
au-dessus du sol, des energies annuelles theonque
ment recuperables de l'ordre de 4 000 kWh par metre 
carre de surface offerte au vent (et par consequent 
pratiquement recuperables a, l'aide de grands aero
generateurs modernes de 1 ordre de 2 000 · kWh 
par metre carre et par an). II y correspond une 
vitesse lineaire moyenne de 8 a 8,5 m/s. 
On peut remarquer qu'un site est sans doute d'autant 
meilleur aux yeux d'un eolien que T\ y est plus eleve 

va . 
mais aussi que =- y est plus faible. Si l'on donna1t 

V1 . 
autant d'importance aces deux facteurs, cela rev1en-
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Figure 11. Stations de jaugeage de l'energie eolienne 
theoriquement recuperable annuellement a 40 m au
dessus du sol 

Pour chaque station, la surface du cercle est t elle que I'energie 
correspond a 100 fois le carre du diametre (Exemple: • 0 5 
correspond a 2 500 kWh/m2) 

drait a dire que l\ X T\ V
1 

doit etre maximal 
Va 

et serait coherent avec !'opinion de certains auteurs 
(8, page 116; 40, chapitre VIII), qui ont critique 
les methodes de recherches des sites venteux preco
nisees par Jes frarn;ais. 

Si l'on estimait au contraire que le premier des deux 
facteurs l'emporte assez nettement, il faudrait 
chercher par exemple a rendre maximal le produit 

{v-)2 f\ - - . . 
a X V = V3 X V1, ou, en contmuant un rai-

a . 
sonnement aussi approximatif, a rendre maximal 
(l\ )2, dont la valeur doit etre du meme ordre de 
grandeur que (V3 X V1). 

Ainsi, dans le cas d'une prospection des sites venteux, 
ies differents points du globe devraient etre classes 
non d'apres les energies theoriquement disponibles 
ni d'apres les « isovents », mais d'apres les pressions 

dynamiques ~ V2 que les anemometres du genre de 

celui decrit plus haut delivrent directement, done 
sans approximation sur p. 

Les courbes de frequences classees, compte tenu 
du carre des vitesses de vent, et les roses des vents 
a. quadratiques » dont il a ete question plus haut 

y correspondent. Elles interessent aussi les construc
teurs et les architectes. 

CROIX DU TERRAIN SUR LEQUEL UN AEROMOTEUR 
DOIT ETRE IMPLANTE 

Generalites 

Le _Comite technique frarn;ais de l'energie des vents 
a_ diffuse en 1950 des conseils (41) ace sujet, qui n'ont 
nen perdu de leur interet et figurent en annexes 2 et 3. 

Influence eventuelle de la forme du terrain sur l'energie 
eolienne disponible 

Reprenons la valeur de la puissance theoriquement 
contenue dans le vent, non pas sous la forme habi
tuelle rappelee ci-dessus, mais sous celle plus fouillee 
qu'on peut deduire du raisonnement de son auteur, 
le professeur allemand Betz : 

Pmax= (~ X V3 X :) (s X Vioc X :) 

dans laquelle VO est la vitesse du vent a une grande 
distance vers l'amont, tandis que Vioc est la vitesse 
locale prise sur le meme filet d'air en }'absence de 
l'aeromoteur, mais a proximite peut-etre d'obstacles 
environnants (sol constitue par une colline, par 
exemple). 

Le probleme se complique encore du fait que les 
dimensions respectives de la surface balayee par 
l'helice eolienne et de la courbure de la colline 
doivent intervenir, et aussi parce que les filets d'air 
ralentis pour ceder leur puissance a l'helice eolienne 
sont sans doute quelque peu entraines par les filets 
exterieurs (viscosite benefique?), de sorte qu'en 
pratique la puissance est peut-etre proportionnelle 
a, V o1•5 X Vioc1•5 OU meme a VO X V21oc, 

Nous avons essaye de verifier cela il y a quelques 
annees a la soufflerie a1rodynamique a veine rectan
gulaire de Saint-Cyr-l'Ecole, avec un modele de ligne 
de crete donnant un ecoulement plan parallele 
et une eolienne maquette de petites dimensions. 
Mais les resultats n'ont evidemment pas valu ceux 
qu'on aurait obtenu dans la nature en montant 
deux grands aerogenerateurs aussi identiques que 
possible (sauf peut-etre par le calage optimal des 
pales de leuts helices), l'un tres haut au milieu 
d'une plaine et l'autre assez bas au-dessus d'une 
colline bien arrondie et denudee, les deux machines 
se trouvant par exemple a la meme altitude au-dessus 
du niveau de la mer. 

Tout ceci n'est pas seulement theorique, car, contrai
rement aux aeromoteurs petits ou grands qui ralen
tissent des quantites d'air importantes, Jes anemo
metres perturbent peu le courant d'air. Ceux du 
type Robinson tournant a l'emballement semblent 
uniquement sensibles a la vitesse V1oc: quant aux 
anemometres utilisant les trainees d'obstacles, ils 
mettent en jeu des differences de pressions statiques, 
lesquelles sont influencees par les courbures des lignes 
de courant, et le fonctionnement en est complexe. 
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Lorsque des anemometres du type Robinson ant 
ete places au proche voisinage d'une coupole de 
phares, nous savons bien que leurs indications se 
sont trouvees etre erronees presque toujours par 
exces, allant jusqu'a 20 p. 100 en vitesses ou 70 p. 100 
en puissances eoliennes. 11 serait grave qu'il en soit 
partiellement de meme lorsqu'ils sont installes sur 
un support de trap faible hauteur, place au sommet 
d'une colline ou d'une ligne de crete perpendiculaire 
aux vents dominants. 

A l'inverse, il n'est pas impossible que deux helices 
eoliennes contrarotatives autour d'axes paralleles, 
et dont les cercles balayes soient presque tangents, 
aient des rendements meilleurs que l'une d'entre 
elles, isolee de l'autre. Et il en serait peui-etre de 
meme d'une helice eolienne dont la garde serait 
minimale, si l'effet n'etait contrebattu par une 
diminution importante de la vitesse du vent au 
voisinage du sol, par suite du frottement. 

HAUTEURS AU-DESSUS DU SOL - COUCHE LIMITE 
GRADIENTS 

Sans aller chercher tres au-dessus d'une couche 
limite qui doit atteindre, pensons-nous, 500 metres 
environ au-dessus des mers et 1 000 m au-dessus 
des terres (42, page 44) des vents extremement 
violents appeles « jets », dont l' existence a ete 
recemment mise en evidence, nous nous sommes 
demandes s'il n'y aurait pas interet a elever les axes 
des helices eoliennes a des hauteurs au-dessus du sol 
de l'ordre d'une centaine de metres, par exemple. 

Sans doute fallait-il proscrire severement le fait 
d'installer plusieurs anemometres a diverses hauteurs 
le long d'un pylone tres eleve, car seul l'anemometre 
situe au sommet ne risque alors pas d'etre gravement 
perturbe, a condition encore que la plateforme 
terminale ne soit pas trap encombrante. Or le nombre 
des endroits ou il etait possible de disposer a la fois 
de pylones distincts a faible, a moyenne et a grande 
hauteur (Sainte-Assise, Pontoise) etait tres limite. 

Aussi, pour minimiser les frais d'installations, des 
anemometres ont ete places de preference Sur toutes 
sortes de supports naturels existants (pylones de 
lignes a haute tension, tours, clochers, phares, an
tennes de T.S.F. isolees). Cependant, en maints 
endroits ou ces supports faisaient defaut ou pour 
eviter des interactions aerodynamiques qui auraient 
gravement fausse les resultats (comme il arrive 
souvent par exemple a 10 ou 15 metres seulement 
de hauteur au-dessus du sol), on a du eriger des 
pylones legers et haubannes, mais cependant relati
vement couteux, de hauteur atteignant jusqu'a 
65 metres. 
Systematisant alors une idee deja proposee (43, 
pages 279 et 280), nous avons cherche a comparer 
les indications annuelles moyennes d'anemometres 
a compteur d'energie eolienne repartis en de nombreux 
sites d'une meme region appartenant a la France 
metropolitaine ou aux pays limitrophes, en negligeant 
volontairement en premiere approximation les alti-

tudes des lieux pour ne retenir que les hauteurs 
au-dessus du sol. 
Les energies annuellement recuperables en k\i\Th 
par metre cane ont ete portees en abscisses et les 
hauteurs en metres au-dessus du sol en ordonnees, 
en utilisant dans un cas comme dans l'autre des 
graduations logarithmiques. 11 est apparu qu'aux 
exposants n de la formule bien connue : 

1: - (::r 
!: (!:) n 

correspondait un systeme de droites concourant 
approximativement en un point theorique unique 
d'abscisse environ 15 000 kWh et d'ordonnee environ 
1 500 metres. D'ou la formule : 

1 Eo l E 
og 15 000 og 15 000 

n # h # h 
log 1 ioo log 1 500 

permettant de connaitre approximativement l'energie 
recuperable a une hauteur desiree au-dessus d'un lieu 
d'Europe occidentale, lorsqu'on connait l'energie 
recuperable E 0 a une hauteur quelconque ho, 
Voir annexe 4. 
On a trouve des valeurs d'exposants qui, directement 
liees a celles des gradients de l'energie eolienne 
en fonction de la hauteur, sont de l'ordre de 0,2 
pour les meilleurs sites et 1,2 pour les plus mauvais. 
Sauf peut-etre dans les tres bans sites, il n'est done 
pas du tout certain qu'on ait interet a faire « £rotter 
par terre les ailes des moulins a vent ». Cela merite 
en tout cas une verification. 
Il va sans dire que les gradients ainsi obtenus sont 
des moyennes qui peuvent a certains moments, 
notamment pour les sites en bordure de mer vers 
l'ouest et lorsque les vents y viennent du nord-est 
ou de l'est, etre multipliees par 2 ou 3, et a d'autres, 
notamment en cas de tempetes violentes, s'annuler 
ou presque (44, page 3). 
Nous avons hesite pendant plusieurs annees a publier 
un abaque aussi simple dont nous n'avions jamais 
pu verifier la valeur, mais nous y avons ete recemment 
incites par la lecture de !'article deja cite de Daven
port. 
Partant d'autres considerations, cet auteur serait 
arrive a des conclusions analogues s'il avait prolonge 
vers le haut les droites qui apparaissent sur certaines 
des figures qu'il a publiees (35, figures 3 et 4, pages 50 
et 56). La hauteur au-dessus du sol de leur point 
de rencontre serait non de 1 500 metres, mais d'en
viron la moitie, difference relativement faible en 
coordonnees logarithmiques La verite est-elle entre les 
deux? Des differences de latitudes interviendraient
elles? 
Bien entendu, si l'on voulait remplacer dans la for
mule ci-dessus les energies par des vitesses cubiques 
moyennes annuelles, il suffirait de diviser par un 
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coe_fficient constant les valeurs des abscisses et par 
tro1s les exposants trouves. 
La question des variations de l'energie eolienne 
avec la hauteur au-dessus du sol a ete etudiee par 
d~ tres nombreux experimentateurs (45, cha
p1tre VIII, page 148, 46, page 25; 47, page 11; 
48, page 126; etc.). 

Coth vu TRANSPORT EVENTUEL DE L' ENERGIE 

Mais on ne dispose pas toujours d'un bon site en 
tel ou tel lieu du monde ou l'on a besoin de consommer 
de l'energie, electrique par exemple. A quelle dis
t~nse maximale dans ce cas doit-on placer un aero
generateur, compte tenu d'une meilleure qualite 
eventuelle du site sur lequel il serait possible d'en 
e_nvisage~ 1' erection, pour que le cout du transport 
(mstallat10n de la ligne electrique, frais d'entretien, 
pertes en ligne, etc.) ne soit pas prohibitif? 
I1 est impossible de repondre simplement a un 
tel probleme, qui meritait cependant d'etre enonce. 
La solution sera evidemment tres differente s'il 
s'agit d'un aerogenerateur de petite puissance utilise 
par un agriculteur isole ou d'un grand aerogenerateur 
dont la fourniture irreguliere debiterait sur un reseau 
preexistant et interconnecte. Entre ces deux ex
tremes, combien de cas intermediaires devraient 
etre etudies. 
Disons seulement q u' en France, si l 'on a vait a decider 
des aujourd'hui entre les Pyrenees-Orientales, region 
tres venteuse mais assez riche en energies d'autres 
origines deja captees, et la Bretagne ou la Normandie, 
un peu moins venteuses et actuellement depourvues 
de sources locales, pour y installer des batteries 
de grands aerogenerateurs , a supposer que celles-ci 
fussent au point, le cout du transport du courant 
serait relativement faible, et ce sont d'autres consi
derations qui imposeraient sans doute les decisions 
a prendre. 

Conclusions 

Ainsi done est nee depuis quelques dizaines d'annees 
une nouvelle branche de l'aerologie, a laquelle s'est 
pose le probleme suivant : 
De combien d'energie eolienne peut-on disposer 
en tous endroits du monde, entre 25 metres environ 
et 100 ou 125, hauteurs qui n'avaient interesse 

qu'assez_ mediocrement jusqu'alors, on le conc;oit, 
le,s manns, meuniers, agriculteurs ou architectes, 
d une part, les aeronautes et meteorologistes de 
i'autre? ' 

Sans doute existe-t-il une relative incertitude quant 
a la va~eur absolue des renseignements donnes par 
de~ pehts appareils souvent fragiles et capricieux, 
qm en outre ne fonctionnent pas tout a fait dans 
les memes conditions que les aeromoteurs, puisque 
les anemometres tournent a l'emballement OU enre
gistrent des pressions, alors que les aeromoteurs 
travaillent en modifiant considerablement l'ecou
lement du vent. 
Mais enfin, les indications des anemometres sont deja 
pleines d'enseignements, et i1 semble absolument 
indispensable, dans chacune des regions sous-deve
loppees, de proceder a des recherches anemometriques 
soigneuses du genre de celles que nous avons decrites, 
avant de prendre tout autre decision d'ensemble. 
Car s'il n'y a, comme c'est a craindre, que relative
ment peu d'energie eolienne a recuperer par metre 
carre de surface balayee par les pales d'une helice 
eolienne dans la plupart des regions equatoriales 
OU meme tropicales, ainsi que nous l'avons deja 
fait remarquer (49, page 691), il est bien inutile 
de vouloir y echafauder dans l'etat actuel de la 
technique des grands aerogenerateurs, des installa
tions multiples ou gigantesques assez mal inter
connectees. 
Pour l'erection d 'un aeromoteur de pompage a faible 
profondeur ou d'un aerogenerateur de petite puis
sance, destine par exemple a recevoir ou transmettre 
des informations ou a aider un agriculteur isole, 
le probleme s'y pose differemment, car on peut 
esperer alors pouvoir doubler ou tripler si necessaire, 
sans depenses prohibitives, les surfaces travaillantes. 
Mais sauf en cas d'abaissement imprevisiblement 
important du prix de ces machines ou sauf en cas 
d'absence totale de tout autre source possible, 
ce qui ne semble pas etre le cas habituel, puisque 
ces regions sont tres riches au contraire en energie 
solaire, il ne faut guere esperer, semble-t-il, qu'on 
soit jamais amene a les y implanter par millions. 

Dans les zones temperees OU froides qui s'etendent 
sur la moitie environ des terres emergees, bien des 
parties ne restent-elles pas a prospecter d'urgence 
et a equiper peut-etre ensuite par les eoliens? 
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ANNEXE 1 

Stations de jaugeage d'energie eolienne 

Altitude du sol Energie 

au-dess11s Hauteur theoriquement 

Staiio1ts du niveau de I' animometre ricuperable Observations 
de la mer au-dessus du sol en moyenne 

en metres en metres en kWh/m' 
par an 

I. FRANCE 

Alpreck I 46 12 2 000 Depuis 1947 
Alpreck II 46 40 3 200 1951 a 1958 
Amphion 374 14 300 1947 
Antifer . 94 26 3 000 Dcpuis 1947 
Arzal 81 17 900 Depuis 1951 
Aubrac I 1405 15 2 100 1949 a 1954 
Aubrac II 1 330 15 2 000 Depuis 1955 
Ault 78 23 2 600 Depuis 1950 
Bagnols 71 20 850 1948 a 1949 
Baupte . 3 10 650 Depuis 1957 
Belle-Ile 40 52 3 400 Depuis 1950 
Berck 10 46 2 750 Depuis 1952 
Besneville 117 8,5 1100 1951 
Beziers . 18 19 120 1948 

Bidart 79 24 1 900 Depuis 1949 

Calais I 7 52 2 800 Depuis 1947 

Calais II 1 13 1 300 1948 a 1950 

Cap-Bear 60 23 3 550 Depuis 1947 

Cap-Ferret 6 33 1 900 1949 a 1951 

Cap-Frehel I 56 17 2 600 Depuis 1947 

Cap-Frehel II 56 31 3 200 Depuis 1952 

Cap Gris-Nez 45 22 4 000 Depuis 1947 

Cap de la Hague . 4 33 3 600 Depuis 1954 

Cap de la Hevc 104 14 1 500 1948 

Cap-Levy. 12 32 3 500 Depuis 1953 

Carteret 65 19 4 000 Depuis 1950 

Castelnaudary . 156 13 750 1947 

Cayeux . 1 32 2 000 Depuis 1951 

Chasseneuil . 130 24 650 1948-1949 

Chateau-Chinon 609 8 900 1947 a 1951 

Chavanay 147 23 300 1947-1948 

Clamart 165 35 850 Depuis 1949 

Col de Babourade 615 12 2 900 Depuis 1947 

Col des Goules 997 10 650 1948-1950 

Colline Beaumont 30 40 1 900 1952-1958 

Cret du Vourbey 1244 25 800 1948-1949 

Distre 48 24 600 1948-1949 

Dunkerque 5 27 1 700 Depuis 1948 

Eckmiihl 1 64 3 700 1948-1951 

Enval 860 26 600 1948 

Envermeu 149 18 1 000 Depuis 1952 

Epi Dellon 2 22 2 000 Depuis 1957 

Escalgrain 110 8,5 3 100 Depuis 1952 

Eygurande 720 10 150 1947-1948 

Faraman I 3 43 4 600 Depuis 1948 

Faraman II 3 10 2 250 1948-1951 

Fay! Billot 354 30 750 1947-1949 

For9a Real 490 15 6 800 Depuis 1947 

Gatteville I 1 75 3 900 Depuis 1947 

Gatteville II l 32 3 100 1947-1951 

Grand Ballon 1424 13,5 3 200 1948 

Grand Champ 137 20 750 1948 

Grattechat 45 18 950 1947-1950 

Ile Chausey . 20 20 2 700 Depuis 1950 

Ile de Groix . 65 29 2 900 Depuis 1950 

Ilc aux Moutons 3 16 2 700 Depuis 1950 
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Station,s 

Ile d'Oleron . 
Ile d'Ouessant . 
Ile de Re . 
lie de Sein I Est 
Ile de Sein II Ouest 
Ile de Sein III Phare . 
Ile Vierge I 
lie Vierge II 
lie d'Yeu 
Jobourg 
La Barre 
La Bastide-1\lurat 
Lac Blanc 
La Canche 
La Coubre 
La Garoupe 
La Giraglia 
La Grande-Ruine 
La !11ure 
La Narce . 
La Nouvelle (Colline) . 
La Nouvelle (Phare) 
Lannemezan 
Larzac 
Laubert 
Le Charpentier 
Le Pilier 
Les Avalloirs 
Les Barges 
Les Gardes 
Les Gribouzy 
Les Rousses . 
Longpre-le-Sec 
Longwy 
Louvres 
Lu~on 
J\Iillevaches 
Mondragon 
Mont-Afrique 
Mont-Aigoual 
:Mont-Canisy 
Mont-Cassel . 
Mont-Saint-Clair . 
Mont-Saint-Vincent 
Mont-Ventoux 
Montelimar 
Montpellier 
J\Iontpezat 
Montsoreau 
Nancy 
Nantes-Chan ten a y 
Narbonne. 
Neac 
Nevian . 
Neuville-les-Dieppe I 
Neuville-les-Dieppe II 
Nieul 
Nogent-le-Roi I 
Nogent-le-Roi II 
Penmarc'h 
Perpignan 
Pertusato 
Peseux . 

Comportement des vents et recherche de sites 

A ltitude du sol 
au-dessus 
du niveau 
de la mer 
en metres 

7 
57 

5 
1,5 
1,5 
1,5 
2 
2 

21 
184 

15 
442 

1 280 
179 

6 

99 
63 

3 765 
1 583 
1 360 

78 
2 

613 
756 

1 265 
2 

3 
417 

5 
210 
105 

1110 
270 
360 
120 
20 

950 
48 

584 
1 567 

112 
160 
73 

603 
1 912 

73 
21 

300 
32 

300 
9 

18 
29 
25 
70 
70 

337 
138 
138 

1 
43 
83 

780 

Hauteur 
de l' antmomitre 

att-dessus dt, sol 
en metres 

49 
31 
54 
43,5 
42,5 
51 
33 
83 
35 
12 
20 
12 
17 

6 
65 
27 
27 

4 
34 
10 
12 
18 
24 
22 

6 
28 
34 
10 
27 
60 
17 
12 
32,5 

119 
39,5 
21 
27 
13,5 
40 
10 

9 
40 
24 
16 
11 
16 
47 
27 
45 
30 
91 
12 

120 
23 
25 
40 

160 
34 
60 
40 
11,5 
20 
20 

Energie 
thtoriquement 

ricupirable 
en moyenne 
en kWh/m' 

par an 

3 500 
4 800 
3 200 
3 000 
3 000 
4 000 
3 700 
5 300 
3 300 
2 100 
1 450 

550 
2 200 
2 000 
2 600 
1 200 
5 000 
3 500 
1 050 
1 700 
2 850 
3 800 

250 
1 500 
1 500 
3 000 
3 250 

800 
2 700 
1 800 

450 
350 

1 100 
1 550 
1 050 

600 
1 400 
1 050 
1 150 
4 000 
1 400 
1 050 
1 950 
1 450 
5 100 
1 300 
1 150 

100 
650 
500 

1 550 
850 
800 
400 

2 900 
1 600 
1 100 
1 600 
3 500 
1 350 
4 800 
1 050 

Observations 

Depuis 1953 
Depuis 1950 
Depuis 1949 
Depuis 1949 
Depuis 1955 
Depuis 1955 
Depuis 1947 
Depuis 1947 
Depuis 1952 
Depuis 1954 
Depuis 1949 

1948 
Depuis 1948 
Depuis 1952 
Depuis 1948 
D epuis 1955 
Depuis 1950 

1949 
1947 et 1949 
Depuis 1949 
1947 a 1950 
Depuis 1947 

1948 
1948 

1948-1949 
Depuis 1956 
Depuis 1954 
1948 a 1950 
Depuis 1954 

1949 
1947 a 1948 
1947 a 1948 
1947 a 1948 
1948 a 1949 
1954 a 1957 

1947 
1948 

D epuis 1956 
1948 a 1949 
1948 a 1952 
Depuis 1953 
1948 a 1949 

1956 (8 mois) 
Depuis 1950 

1947-1948 
D epuis 1948 
1948 a 1949 

1948 
1947 a 1948 

1948 
1947 a 1951 
1948 a 1950 

1948 
1949 

1948 a 1951 
1950 a 1957 
1948 a 1950 
Depuis 1954 

Depuis 1948 
1947 a 1951 
D epuis 1950 
1948 a 1950 
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Stations 

Petit-Mars 
P ie de Lagrange I 
Pie de Lagrange II 
Pithiviers . 
Ploneis . 
Plougonvelin I 
P lougonvelin II 
Plouharnel I Bego 
Plouharnel II Plage 
Pont-d' Aramon 
Pont-Saint-Gilles 
Pontoise I 
Pontoise II 
Pontoise III 
Porquerolles 
Porspoder I 
Porspoder II 
Quiberon 
Roches Douvres 
Rueyres 
Sainte-Assise I 
Sainte-Assise II 
Sainte-Assise III 
Sain te-Broladre 
Sain t-Chamant 
Saint-Cyr-l'Ecole 
Saint-Felix-du-Lauragais 
Saint-Germain-sur-Ay 
Saint-Gildas (Prefailles) 
Saint-Leger-la-Montagne 
Saint-Mathieu 
Saint-Michel 
Saint-Michel-de-Brasparts . 
Saint-Nicolas-de-Pierrepont 
Saint-Remy-des-Landes 
Saclay 
Salin-de-Giraud 
Sancerre I 
Sancerre II 
Sannois 
Santilly 
Savenay 
Sept-Iles 
Soulac 
Surgeres 
Taingy 
Thionville 
Toulon-la-Montagne 
Toulouse 
Toulx-Sainte-Croix . 
Tour Eiffel I 
Tour Eiffel II 
Tournon 
Trappes 
Treflean 
Trevignon 
Trezien . 
Trois-Moulins 
Truc-de-Fortunio 
True-de-Randon 
Vert Galant (Doullens) 
Vitry 
\Vatten . 

Altitude du sol 
au•dtssus 
du niveau 
de la mer 
en metres 

26 
239 
237 
120 
141 

60 
60 
10 
4 

19 
9 

85 
85 
85 
63 
31 
27,5 
15 

l 
780 
76 
75 
76 
83 

926 
165 
330 

4 
11 

670 
22 

404 
391 
121 

4 
154 

10 
369 
378 
167 
138 
80 
40 
5 

75 
388 
143 
239 
161 
670 

31 
31 

250 
168 
126 

9 
49 

369 
1 554 
l 554 

170 
25 
4 

Hauteur 
de l 1 animomt.tre 

au-dessus du sol 
en mitres 

6 
8 

40 
40 

llO 
103 
40 
28 
16 
33 
16 

100 
75 
40 
20 
34 
10,5 
16 
11 
35 

250 
75 
39 
ll 
30,5 
42 ,5 
10 
14 
18 
25,5 
27 
40 
17 
8,5 

21 
28 
18 
17 
18,5 
23 
28 
10 
15 
10 
18 
10,5 
17 
20 
12 
22 

305 
316 

15 
18 
20 
10 
39 
10 
10 
6 

35 
24 
27 

Ar~and 

Energie 
thioriquement 
rlcupirable 
en moyenne 
en kWh/m' 

par an 

300 
6 000 
6 500 
l 200 
3 100 
4 000 
2 150 
2 000 
1 800 
1400 

600 
1500 
1 100 

700 
3 300 
3 800 
2 300 
2 000 
3 100 

950 
3 100 

900 
425 
500 

1 000 
850 

1 300 
2 050 
l 750 
1 500 
3 000 
1 650 
3 300 
1 450 
2 350 

700 
2 050 
1 300 
l 050 
1 100 
l 300 

750 
3 600 

750 
800 

l 000 
700 
900 
500 

1 800 
3 100 
3 200 
l 400 

550 
600 

l 250 
2 900 
4 100 
2 100 
2 200 
l 300 

250 
700 

Observations 

1940 
Depuis 1948 
Depuis 1952 
1947 a 1950 
Depuis 1952 
Depuis 1956 
Depuis 1958 
Depuis 1951 
Depuis 1956 
Depuis 1959 
1948 a 1950 
Depuis 1948 
Depuis 1948 
1948 a 1956 
Depuis 1950 . 
Depuis 1954 
Depuis 1957 
Depuis 1956 
Depuis 1955 
1947 a 1948 
Depuis 1948 
1948 a 1958 
Depuis 1948 
1941 a 1950 
1947 a 1950 
Depuis 1953 
Depuis 1947 
Depuis 1954 
Depuis 1951 
Depuis 1948 
1947 a 1950 
1948 a 1950 
1952 a 1956 
Depuis 1952 
Depuis 1957 
Depuis 1954 
Depuis 1948 
1947 a 1949 
Depuis 1954 
Depuis 1950 
Depuis 1947 
1948 a 1950 
Depuis 1954 
1947 a 1950 
1947 a 1948 
1948 a 1950 
1948 a 1050 

1947 
1947 a 10-19 
Depuis 1947 
1947 a 1957 
Depuis 1958 
Depuis 1947 
1947 a 1948 
1947 a 1948 

1955 
Depuis 1952 
Depuis 1950 
Depuis 1950 
1952 a 1955 
Depuis 1948 
Depuis 1948 
194s a 1949 

39 
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Stations 

Royaume-Uni 

Barnsness . 
Bull Point 
Butt of Lewis 
Costa Hill 
Cranfield 
Round Island 
Smalls 

Danemark 

Gedser 
Vester Egesborg 

Belgique 

l\Ielsbroek 

Espagne 

Las Rozas 
Port Bou 
Tarifa 
Manso Seco 

A lgerie et Sahara 

Abd-el-1\Ioulah 
Adrar I 
Adrar II 
Ain-el-Hadjel 
Ain-Skrouna 
Barika 
Ben Mored 
Bidon V 
Birine 
Burdeau 
Cap-Bougarouni 
Cap-Caxine 
Cap-de-Fer 
Cap-Matifou 
Chateaudun . 
Chrea 
Djebel Oroussc 
El Arfianc 
El Bordj 
El Galea 
Er Rahe! 
Fetzara 
Fort F latters 
Ghardaia 
Grand-Vent I 
Grand-Vent II 
Guergeur I 
Guergeur Il 
Guergeur Ill 
Hamad en as 
Haraouas 
Igli 
In-Salah 
Kerrata I 
Kerrata II 
Kcrrata III 

Comportement des vents et recherche de sites 

Altitude du sol 
au•dessus 
du niveau 
de la mer 
en metres 

Hauteur 
de l' an&momitre 

au~dessus du sol 
en metres 

II. EUROPE 

8 
49,5 
26 

112 
38,5 
3 

12 

35 

742 
320 

8 
173 

III. AFRIQUE 

1 097 
270 
270 
539 

1 000 
456 

30 

814 
900 

80 
27 
17,5 
65 

770 
1 550 

630 
25 

932 
380 
230 
20 

380 
530 
265 
262 
917 
845 
791 
49 
57 

510 
275 
712 
620 
563 

5 
4,5 

15 

11 
24 
40,5 

25 
32 

13 

10 
12,5 
32,5 
lU 

15 
13 
30 
15 
18 
15 
22 
15 
15 
15 
15 
47 
51 
37 
15 
20 
15 
15 
15 
15 
16 
15 
15 
15 
22 
30,5 
20 
20 
20 
15 
22 
15 
13,5 
22 
22 
22 

Energie 
theoriquement 
ricuptrable 
en moyenne 
en kWh/m' 

par an 

1 200 
2 800 

900 

375 
5 000 
5 100 

2 000 
1 750 

700 

550 
5 750 
7 000 
l 000 

750 
950 

I 150 
750 
800 
475 

1 200 
750 
800 
700 

3 500 
2 000 
1 900 
2 100 

180 
1 750 
2 000 

300 
l 800 

400 
1 300 

400 
700 
650 

2 100 
2 500 

750 
800 
925 
450 
875 
375 

1 250 
750 

1 100 
2 150 

Observations 

1954 a 1955 
1954 a 1956 

1955 
un mois 

1955 a 1956 
1954 

1955 a 1956 

Depuis 1956 
1954 a 1955 

1954 a rn55 

Depuis 1955 
Depuis 1955 
Depuis 1955 
Depuis 1959 

1956 
Depuis 1956 
Depuis 1956 
Depuis 1956 
Depuis 1951 
Depuis 1956 
1951 a 1955 
Depuis 1956 
Depuis 1956 
Depuis 1956 
Depuis 1958 
Depuis 1951 
Depuis 1958 
Depuis 1952 
Depuis 1956 
1952 a 1953 
Depuis 1956 
Depuis 1957 
Depuis 1956 
Depuis 1956 

1954 
Depuis 1956 
Depuis 1956 
Depuis 1957 
Depuis 1951 
Depuis 1957 
1954 a 1955 
1954 a 1956 
1954 a 1955 
Depuis 1957 
1951 a 1955 
Depuis 1955 

1953 - Depuis 1956 
1952 a 1956 
Depuis 1952 
Depuis 1951 
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Kerzaz . 
Ouargla 
Oued Nini 

Stations 

Ouled Djellal (Mahismer) 
Sidi-Bel-Abbes I 
Sidi-Bel-Abbes II 
Cap-de-Garde 
Sidi-Naimi 
Taguine 
Tessala 
Tilrernt I 
Tilrernt II 
Timirnoun 
Zouzouria 

Tunisie (Republique de) 

Ben Metir 
Cap-Bon 
Cap-Serrat 
Gabes 
Gafsa 
!le Cani 
!le du Galiton 
!le Plane 
K airouan . 
Kasserine . 
Kebili 
Kuriat 
Rernada 
Souk-el-Arba 
Thyna Sfax . 
Tunis-el-Aouina 
Tunis Manoubia 

JVlaroc (Royaume du) 

Cap Ghir 
Col du Touahar 
El Hank 
Ghercif 
Midelt 
Mogador Azelf 
Mogador Usine 
Piste des Cretes 
Tagounit 
Taza . 
Tazenaght 
Zaouia N'Ourbaz 

Rio de Oro 

Villa Cisneros 

Iles Canaries 

Fuerteventura . 
Gran Canaria 
Hierro 
Lanzarote 
Tenerife 

M auritanie ( Republique I slamique de) 

Atar 
Atornai . 
Cap-Blanc 
F 'Derick Gisement . 

Altitude du sol 
au-dessus 

du niveau. 
de la mer 
en mitres 

387 
138 
875 
240 
480 
480 
155 

1100 
890 

1 061 
740 
740 
277 

38 

528 
393 
186 

2 
313 

18 
155 

8 
60 

674 
55 

4 
301 
143 
11 

5 
66 

38 
502 

63 
383 

1 509 
130 

5 
110 
600 
629 

1 400 
1 160 

10 

3,5 
95 

1 501 
16 
23 

226 
320 

21 
530 

Ha1'teur 
de I' animometre 

au-dessus du sol 
en metres 

15 
15 
15 
15 
15 
30 
15 
15 
15 
15 
30 
15 
15 
22 

10 
28 
28 

5 
11 
24 
17 
16 
13 
21 
17 
29 
12 
12 
46 
12 
13 

20 
23 
47 
21 
20 
19 
19 
21 
20 
21 
20 
20 

10 

9,5 
11 
9 

10,5 
10 

11 
12 
22 

3 

Energie 
lhioriquement 
rtcuperable 
en moyenne 
en kWh/m' 

par an 

300 
450 
575 
800 
250 
450 

2 800 
600 

1100 
2 000 

575 
850 
800 

l 150 

550 
8 000? 
6 500 

475 
950 

3 500 
3 300 
2 900 

300 
800 

2 800 
750 
500 

1 950 
700 
400 

1 850 
2 900 

875 
1 000 

900 
2 200 
1 950 
1 200 

800 
1 000 

650 
800 

3 200 

1 300 
6 200 
l 950 
1 300 
3 000 

400 
1400 
2 500 
3 500 ? 

Observations 

Depuis 1956 
Depuis 1957 
Depuis 1955 
Depuis 1956 
Depuis 1956 
Depuis 1957 

Depuis juin 1959 
Depuis 1956 
Depuis 1956 
Depuis 1956 
Depuis 1956 
Depuis 1956 
Depuis 1956 
1951 a 1955 

1952 
Depuis 1949 
Depuis 1949 
Depuis 1954 
Depuis 1954 
1952 a 1955 

1954-1955 
Depuis 1952 
Depuis 1952 
Depuis 1953 
1954 (4 mois) 
Depuis 1952 
Depuis 1954 
Depuis 1952 
Depuis 1950 
Depuis 1951 
Depuis 1953 

Depuis 1954 
Depuis 1952 

1951-1952 
1953-1956-1957 

1955 
Depuis 1948 

1948-1952-1953 
1953 
1955 
1954 

1955-1956 
1955-1957 

Depuis 1957 

Depuis 1957 
Depuis 1957 
Depuis 1957 
Depuis 1957 
Depuis 1957 

1949-1950 
1956 

Depuis 1956 
1957 

41 
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Statio,is 

F'Derick Puits 
Nema 
Port-Etienne 

Senegal (Rep11bliq11e du) 

Dakar-Tenne-Sud 
Dakar-\'ille 
Tambacounda 
Ziguinchor 
Debi 

Guinee ( Rep11 blique de) 

Dalaba . 
Konakry 
l\famou . 

Soudanaise ( Republique) [Mali] 

Kayes 
Koulouba. 
:\Iopti 

Republique Voltaique 

Bobo Dioulasso 

Cote d'Ivoire ( Ri!publique de) 

Abidjan 
Bouake . 

Dahomey ( Republique du) 

Cotonou 
Tchaourou 

Niger ( Republique du) 

Agades . 
Niamey 
Zinder 

T chad ( Republique du) 

Fort-Lamy 

Canzeroun ( £.tat du) 

Batouri . 
Douala . 
Yaounde 

R epublique Centre-Africaine 

Bangui 
Port-Archambault 

Gabon ( Republique du) 

Libreville 
Port-Centi! 

Republique du Congo 

Brazzaville 
Franceville 
Pointe-Noire 

Cote des Somalis 

Ali Sabieh 
As Ela 
Djibouti 

Comportement des vents et recherche de sites 

Altitude du sol 
au-dcssus 
du niveau 
de la 111,er 
en metres 

410 
267 

7 

32 
48 
44 
10 

1 200 
50 

785 

56 
480 
276 

438 

16 
338 

5,5 
326 

520 
222 
490 

297 

660 
31 

781 

403 
367 

10 
l 

331 
380 

15 

730 
350 

3,5 

/{auteur 
de l' anentometre 

au-dessus du sol 
en 111,ltres 

3,5 
ll 
10 

15 
30 

6 
10 

10 
20 
10 

33 

13,5 
16 

5 

5 
5 

9 

13 
18 
18 

8 
9,5 

10 
10 

17 
5 

10 

21 

Energie 
thioriquemetit 

ricupbable 
en. ,noyenne 
en kWh/m' 

par an 

2 400 ? 
1 700 
2 000 

500 
250 
·20 
60 

600 

100 
175 
100 

15 
100 
300 

400. 

40 
15 

75 
50 

200 
90 

100 

100 

20 
60 
20 

30 
40 

30 
60 

40 
5 

90 

1 000 
400 
500 

Observations 

1957 
1948 a 1950 
1949 a 1953 

1951 
1948 

1949 a 1951 
1949 a 1951 

1957-1958 

1949 a 1950 
1950 a 1951 
1950 a 1951 

1949 
1949 

1949 a 1951 

1949 

1949/1950 
1951 

1949 a 1951 
1948 a 1950 

1949 a 1951 
1949 

1949 a 1951 

1950-1951 

1948 
1948 
1948 

1949/1950 
1950-1951 

1950 
1950 

1949-1950 
1949-1950 

1950 

1948 a 1950 
1948-1949 

1948 a 1950 
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Dorra 
Obock 
Tadjourah 

Stations 

.1Ja,lagascar (Republique de) 

Diego Suarez . . 
F lacourt .. . . 
Ilot des Aigrettes 
Ile aux Prunes 
Majunga . 
Tamatave 
Tananarive 

La Reunion 

Pointe des Galets I 
Pointe des Galets II 
Pointe du Bel Air 
Saint-Pierre . 

Iles Kerguelen 

Port-aux-FranS'.ais 

Viet-Nam ( Etat du) 

Ban Me Thuot 
Nha Trang . 
Phan Rhang 

N ouvelle-Caledonie 

lie Pott 
Noumea I 
Noumea II 

Station Dumont , . . . . . . . . . 

Saint-Pierre-et-Miquelon 

Cap Blanc 
Galantry 

Guadeloupe 

La Desirade I 
La Desirade II 

Martinique 

Fort-de-France 
llet Cabri 
La Caravelle 

Guyane 

lie Royale 

Bresil 

Cabo Frio 
Juazeiro . 

A Uitude du sol 
au•dessus 
du niveau 
de la mer 
en metres 

400 
20 
10 

IV. OCEAN 

19 
27 
5,5 
3,5 

38 
28 

1 460 

5 
14 
25 

4 

Hauteur 
de L' animomttre 

at<-dessus du sol 
en mitres 

INDIEN 

5 
10 
32 
55 
15 
13 
20 

27 
25 
25 
21 

12 

V. EXTREME-ORIENT 

482 
45 
24,5 

16 
5 

20 

VI. OCEAN PACIFIQUE 

89 7 
78 2 

VIL GR0ENLAND 

320 1,50 

VIII. AMERIQUE 

88 12 
71 24 

46 16 
60 27 

144 19 
17 27 

119 14 

73 30 

0 15 
300 15 

Energie 
thioriquement 
ricupt!rable 
en nwyenne 
rn kWh/m' 

par an 

550 
550 
450 

1 375 
1 700 
3 800 
1550 

300 
650 
425 

1 300 
l 000 
1 150 

750 

4 800 

150 
200 
625 

300 
900 
550 

l 400 

6 550 
5 JOO 

900 
2 300 

900 
3 300 
1 900 

550 

Observations 

I 948-1949 
1948-1950 
1948-1950 

1952 
Depuis 1955 
Depuis 1955 
Depuis 1955 

1951 
1949 (9 mois) 

1949-1952 

1952 a 1954 
Depuis 1955 
Depuis 1952 
Depuis 1952 

1951/1952/1954 

Depuis 1954 
Depuis 1952 
Depuis 1952 

1949/1950 
1949 a 1951 
Depuis 1953 

Installation 
courant 1959 

Depuis 1950 
Depuis 1950 

1952-1953 
Depuis 1955 

1951-1953 
Depuis 1955 
Depuis 1955 

Depuis 1952 

Depuis 1956 
Depuis 1956 

43 
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ANNEXE 2 

Fiche descriptive· d'un site favorable a !'installation d'aerogenerateurs 

A. Situation generale 

Nom du cap, ou de !'oasis, ou de la chaine de montagnes, ou du couloir favorable. (J oindre une carte 
debordant tres largement la zone choisie.) 

Nom de la localite la plus prochc et de la grande ville la plus proche (directions et distances). 
Moyens d 'acces (chemin, route, voie ferree, aerodrome). 
Implantation du reseau de transport d'energie electrique le plus prochc. 
Nature et puissance de la centrale ou des centrales de production. 

B. Caracteristiques topographiques detaillees 

Longueur et largeur de la zone presumee utilisable. 
Altitude moyenne (au-dessus du niveau de lamer, et s'il y a lieu au-dessus de la vallee ou de la plaine que 

le site domine). 
Nature du sol (terrain denude, ou lande, ou foret). 
Obstacles voisins, arbres (hauteur moyenne), constructions diverses. 

C. Renseignements sur le vent 

Direction d'ou vient le vent, en distinguant si possible les directions des vents par saisons. 
Exemple : en automne, vent venant le plus souvent du nord-ouest; en hiver, vent venant le plus 

souvent du nord; etc. 
Pourcentage estime de la vitesse du vent. 

Exemple : en automne, pendant 70 p. 100 du temps, vent depassant 8 m /s, 
Source des renseignements sur le vent (observatoire, semaphore, aerodrome). 
Duree des observations. 
Divers (existence d'anciens moulins, d'eoliennes de pompage, d 'aerogenerateurs modernes, noms locaux 

du vent, dictons populaires, etc.) . 

ANNEXE 3 

Fiche de renseignements sur une station d'appareils de mesure du vent 

A. Nom de la station 

B. Situation 

Emplacement de la station (joindre une carte d'ensemble) . 
Emplacement du site presume favorable a !'installation d'aerogenerateurs. (Marquer ce site sur la carte.) 
Moyens d'acces (chemin, route, voie ferree, aerodrome). 

C. Caracteristiques detaillees 

Position exacte du support des appareils de mesure : indiquer sur une carte a grande echelle la position 
precise du support par rapport aux accidents naturels du terrain, aux arbres, aux constructions, etc. 

Altitude du sol au-dessus des plus hautes mers. 
Hauteur du support au-dessus du sol. 
Types d'appareils de mesure existants et projetes (appareil de jaugeage de l'energie eolienne, anemometre 

enregistreur, etc.). 
Croquis cote de la partie haute du support et des appareils de mesure existants et projetes. 
Description du local pouvant abriter les enregistreurs des appareils. 
Longueur du cable necessaire pour relier un appareil expose a u vent a son enregistreur. 

D. Re/eves des observations 

Debut des releves d'observations et periodicite de ces releves. 
Norn, fonction et adresse de l'observateur. Distance de son habitation aux appareils. 
Adresse ou sont env oyes les releves d'observations. . 
Remarques diverses concernant le fonctionnement des appareils (graissages, verifications, avaries, etc.). 
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Parametres servant au choix des sites 

ANNEXE 4 

Gradient de l'energie eolienne disponible en Europe occidentale 
en fonction de la hauteur au-dessus du sol 
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Resume 

Les deux principaux parametres permettant la 
mesure de la puissance Pmax du vent theoriquement 
recuperable a travers la surface balayee S par les 
organes en rotation d'un aeromoteur sont la masse 
specifique de l'air p et la vitesse du vent V, puisque : 

p - 16 P ya 5 max - 27 X 2 X X 

Parmi les anemometres utilises jusqu'a maintenant 
en France et dans la Communaute, on trouve : 

1. Des anemometres Robinson adirectionnels, tour
nant a l'emballement autour d'un axe vertical : 
anemometres a coupelles du Colonel Papillon, tres 
employes notamment par les services meteorologiques, 
et anemometres a gouttieres comptabilisant l'ener
gie eolienne theoriquement recuperable (type Ailleret, 
fabriques par la Compagnie des compteurs). Les 
constantes de temps de ces deux sortes d'appareils 
vont de une a quelques secondes. 

2. Des anemometres dont la trainee, variant avec 
la pression dynamique du vent, modifie des circuits 
electriques alimentes par accumulateurs ou par piles 
et qui comportent des enregistreurs ou des compteurs. 
La constante de temps des appareils Best-Romani 
de ce genre (a cylindre vertical rugueux) est de moins 
d'un dizieme de seconde. 

Des mesures comparatives, effectuees dans le 
vent nature! entre un anemometre a compteur 
d'energie eolienne, un anemometre a cylindre rugueux 
et un anemometre Robinson d'origine britannique 
enregistrant les miles de vent franchissant le site 
ont ete satisfaisantes. 

On presente souvent les resultats des jaugeages 
effectues a l'aide des uns ou des autres, sous forme 
de courbes des vitesses ou des puissances classees 
du vent dans un site. 11 importe alors de preciser 
non seulement la duree totale des observations (une 
ou plusieurs heures, une quatorzaine de jours, une 
ou plusieurs annees), mais encore si les mesures 
necessairement nombreuses de ces vitesses ou de 
ces puissances ont ete cc instantanees ll OU <C moyen
nees ii sur une minute, une heure, une journee, par 
exemple. 

On les presente aussi en fonction des vitesses du 
vent, sous forme de courbes des frequences classees 
proprement dites des vitesses du vent dans le site, 
ainsi que des frequences classees multipliees respec
tivement par les vitesses, par les carres de celles-ci 
ou encore par les cubes de ces vitesses. Au maximum 
des ordonnees de la quatrieme de ces courbes corres
pond la vitesse du vent theoriquement le plus pro
ductif, dont la valeur est considerablement_ plus 
elevee que celle du vent le plus frequent (maximum 
des ordonnees de la premiere). 

Une remarque analogue s'applique aux roses des 
vents qu'il est possible de tracer et dont les plus 
utiles pour les eoliens soulignent l'importa?ce des 
pressions dynamiques du vent ou des pmssances 

eoliennes disponibles et non pas seulement la direc
tion des vents dominants, compte tenu ou non de la 
vitesse de ceux-ci. 

Il semblerait necessaire d'unifier internationale
ment, alors qu'il en est encore temps, les trop divers 
coefficients, symboles, appellations, regles, presen
tations des resultats obtenus, formules et constantes 
utilises uq peu partout et de normaliser si possible 
quelques modeles seulement d'appareils de rr,.esure 
et quelques hauteurs au-dessus du sol ou, de prefe
rence, placer ceux-ci. 

Ainsi, plusieurs parametres permettent de juger 
clans quelle mesure les vitesses successives du vent 
en un point s'ecartent de leur moyenne lineairc dans 
le temps. L'un des cc coefficients d'irregularite n 

proposes, le cube du rapport de la vitesse cu bique 
moyenne a cette vitesse lineaire moyenne, est celui 
que les eoliens frarn;ais ont principalement utilise 
jusqu'ici. Sa valeur annuelle sur les cotes de Bretagne 
ou de Normandie exposees aux vents d'ouest parait 
etre d'environ 2,2. 

Les vitesses moyennes annuelles du vent autour 
du globe terrestre, et a meme hauteur au-desrns du 
sol, varient d'un site a un autre pareillement clegage 
du simple au double, au quadruple, parfois m€:me de 
1 a 6. Et correlativement l'energie disponiblc varie 
de 1 a 200 environ. 
Plus de 350 sites disperses dans le monde entier 
ont ete depuis une quinzaine d'annees equipes 
d'anemometres a compteurs d'energie eolienne. En 
plusieurs regions temperees ou froides et a environ 
cinquante metres de hauteur au-dessus du sol, on a 
comptabilise des energies moyennes annuelles theo
riquement recuperables de 4 000 kWh par metre 
carre de surface offerte au vent (et par consequent 
eventuellement recuperables en pratique a l'aide 
de grands aerogenerateurs modernes, de l'ordre de 
2 000 kWh par metre carre et par an). Des vitesses 
lineaires moyennes annuelles de 8 a 8,5 metres par 
seconde environ devaient y correspondre. 

L'energie eolienne semble statistiquement assez 
constante d'une annee a l'autre et, circonstance 
favorable en Europe occidentale, bien plus elevee 
l'hiver que l' ete. 

Il faut se mefier des indications d'anemometres 
places dans des zones de survitesses localisees du~s 
a la trop grande proximite d'obstacles arrond1s 
de dimensions diverses (coupoles de phares, soi:nmets 
de collines denudees). Les aeromoteurs petits ou 
grands, contrairement aux anemometres, ralentis~ent 
en effet des quantites d'air importantes et paraitra1ent 
sans doute y donner de bien mauvais rendements. 
11 faut souvent d'ailleurs se mefier des resultats 
obtenus a partir d'anemometres places a mains de 
20 metres de hauteur au-dessus du sol et surtout le 
long de pylones supports eleves (dont seul le soi:n~et, 
sans plateforme exagerement encombrante, d01t etre 
utilise). 
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Un abaque experimental, qui peut n'etre valable 
qu'en Europe occidentale, nous permet de prevoir 
p~mr un site l'energie eolienne annuellement dispo
mble en moyenne a une hauteur desiree, lorsqu'on en 
connait la valeur a une autre hauteur quelconque 
au-dessus du sol. 
. On pourrait se demander aussi a quelle distance 
horizontale il serait admissible de transporter, sans 
depenses excessives, l'energie obtenue (electrique 
par exemple), compte tenu de la meilleure qualite 
eolienne d'un site eloigne. Mais il semble impossible 
dans l'etat actuel de la technique d'y donner une 
reponse generale. 

Ainsi done est nee depuis quelques dizainesd'annees 
une nouvelle branche de l'aerologie, afin de repondre 
a la question suivante: de combien d'energie eolienne 
peut-on disposer en tous endroits du monde a des 
hauteurs au-dessus du sol variant de 25 metres 
environ a 100 ou 125, hauteurs qui n'avaient inte
resse qu'assez rarement jusque-la les marins, meuniers, 

agriculteurs ou architectes, d'une part, ks aeronautes 
et meteorologistes, de l' autre? 

Dans chacune des regions sous-developpees, il 
semble absolument indispensable de proceder a des 
recherches soigneuses du genre de celles que nous 
venons de decrire, avant de prendre aucune autre 
decision d' ensemble. Car s'il n'y a, comme c' est a 
craindre, que relativement peu d'energie eolienne 
disponible clans la plupart des zones equatoriales 
ou meme tropicales, les plus riches au contraire en 
energie solaire, il est inutile de vouloir y echafauder 
des installations gigantesques ou meme y installer 
par millions des aeromoteurs de petite puissance 
(sauf evidemment en l'absence de toute autre source 
pratiquement utilisable et sauf encore pour des 
usages speciaux, tels que pompages et relais pour 
recevoir ou transmettre des informations, car ceux-ci 
ne demandent souvent qu'assez peu d'energie). 

Il restera heureusement aux eoliens bien des regions 
temperees OU froides a prospecter, puis a equiper. 

MEASUREMENT OF THE CHARACTERISTIC PARAMETERS OF WIND POWER 
FOR THE SELECTION OF FAVOURABLE SITES FOR WIND-DRIVEN GENERATORS 

Summary 

The two principal parameters involved in the 
measurement of Pmax, the wind power theoretically 
recoverable over the swept surface 5 by the rotating 
elements of a wind-driven generator, are the specific 
mass p of the air and the wind speed V, since 

P - 16 p va s 
max - 27 2 

The anemometers used up to now in France and 
the French Community include the following models: 

(1) Robinson non-directional anemometers, rotat
ing on ball-bearings about a vertical axis: Papillon 
cup anemometers, extensively used, especially by 

. the meteorological services, and counter-type ane-
1 mometers measuring the total wind energy theor

etically recoverable (Ailleret type, manufactured by 
the Compagnie des compteurs). The time constants 
of these two types range from one to several seconds. 

(2) Anemometers running at speeds varying with 
the dynamic pressure of the wind and thus affecting 
electric circuits fed by storage batteries or dry cells, 
including recorders or meters. The time constant of 
Best-Romani instruments of this type (with a 
roughened vertical cylinder) is less than a tenth of 
a second. 

Comparative measurements taken in natural wind 
on an anemometer with a wind-energy recorder, a 
roughened-cylinder anemometer, and a Robinson 
anemometer of British make recording the wind 

. speed in miles per hour, showed satisfactory agree
ment. 

The results of measurements made with one in
strument or another are often presented in the form 

of velocity or power frequency distribution curves. 
In such cases it is important to state not only the 
total duration of the observations (one or several 
hours, a fortnight, one or several years) but also 
whether the wind speed or wind power measure
ments - necessarily numerous - were "instanta
neous" or "averaged", for instance over a minute, an 
hour, or a day. 

Such results are also presented as a function of 
the wind speed, in the form of frequency distribu
tion curves, in the strict sense of the word, of the 
wind speed at the site, or of weighted frequency 
distributions, in which each frequency is multiplied 
by the first power, square or cube of the wind speed. 
The theoretically most productive wind speed 
corresponds to the maximum ordinate of the fourth 
of these curves (V3). It is considerably higher than 
the most frequent wind speed (the maximum ordinate 
of the unweighted frequency distribution). 

There is a remarkable analogy that applies to 
the wind roses that can be drawn. The forms of 
these diagrams that are most useful to windpower 
engineers emphasize the importance of the dynamic 
wind pressure or of the available wind power, and 
not only the direction of the prevailing winds, 
whether or not the speed of such winds is reflected. 

It would seem to be essential to achieve inter
national standardization, while there is still time to 
do so, of the very varied coefficients, symbols, nomen
clature, rules, presentation of results, formulae and 
constants used more or less everywhere, and to 
standardize, if possible, a few measuring instruments 
and a few preferred altitudes for siting them. 
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Thus vari<:ms parameter~· per~it us to judge the 
ex~ent to _which the su_cces_sive w~nd speeds at a given 
pomt deviate from their anthmebc average with time. 
One of these "~nergy-patter? factors" proposed, the 
cube of the raho _of the _cubic root mean wind speed 
to :11-ean speed itself, is what French windpower 
~ng:neers have used up to now as their primary 
indicator. Its annual value on the coast of Brittany 
or Normandy, exposed to the west winds, appears 
to be about 2.2. 

The mean annual wind speeds at the same altitudes 
above the ground vary from point to point on the 
earth, by a factor of two, of four, and sometimes 
even of six. Accordingly, the available energy varies 
from 1 to about 200. 

Over 350 sites, scattered over the whole world have 
been equipped with energy-recording anemo~eters 
d1;1r~ng th: last fifteen years. In several temperate or 
fng~d reg10ns, the 1:1ean annual energy theoretically 
available at an altitude of about fifty metres has 
been found to be 4 000 k\Vh per square metre of 
swept _surface. (and consequently the energy that 
c~uld i~ practice be recovered using large modern 
wmd-dnven generators is of the order of 2 000 kWh 
per square metre per annum). Mean annual wind 
speeds of about 8 to 8.5 m/s should correspond to 
this level. 

Statistically, wind power appears to be fairly 
c?nsta1:t fn?m year to_ year, and to be considerably 
higher m wmter than m summer, which is a favour
able circumstance in western Europe. 

One should not rely on the readings of anemo• 
meters sited in zones of exceptional localized wind 
speeds owing to the excessive proximity of rounded 
obstacles of various size (lighthouse domes bare 
hilltops): In _contrast to anemometers, la;ge or 
small wmd-~r:ven gen:rators do slow down signi
ficant quantities of air and would seem without 
doubt to possess rather low efficiencies. Mistrust is 
likewise often in order as regards results obtained 
from anemometers less than 20 m above the ground, 

especially tl1;ose placed on elevated supporting 
towers (of which only the top, without an excessively 
bulky platform, should be utilized). 

An experimental abacus, whose area of application 
may perhaps be confined to western Europe, enables 
us to predi~t the mean annual wind energy available 
at any desired altitude at a given site, if the value 
at any other altitude above the ground is known. 

One might also inquire into the horizontal di stance 
over which transmission of the energy generated 
(e~ectric _energf, for instance) would be allowable 
-:,vithout mvolvmg excessive transmission costs, tak
mg account of the better windpower characteristics 
of a distant site. But any general answer, in the 
present state of the art, seems impossible. 

So, during the last few decades, a new branch of 
aerology has arisen. Its object is to answl~r the 
question how much wind power is available in all 
parts of the world at altitudes of 25 to about I 00 or 
1~5 m above the ground. Such altitudes hacl pre
v10usly but seldom concerned mariners, millers, 
farmers or architects on the one hand, and aviators 
and meteorologists on the other. 

. I? each under-developed region it seems absolutely 
mdispensable to undertake careful studies of the 
type just described, before taking any over-all 
decision . For if, as there is reason to fear, tLere is 
only relatively little wind power available in most 
equatorial or even tropical zones, which are, en the 
contrary, the richest in solar energy, then there is 
no sense in trying to erect huge plants, or even to 
install millions of low-power wind-driven generators 
(unless - obviously- there is no other practical 
source of energy, and unless, further, such generators 
are to be used only for specialized purposes, sli ch as 
pumping or communications relays, for such uses 
often require only very little power). 

But fortunately the wind power engineers still have 
plenty of temperate or frigid regions to prospect, and 
then to equip. 
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SPECULATIVE METHODS IN WIND SURVEYING 

Miguel B allester * 

The fundamental object of a wind survey is to 
give a practical answer to a question that is simpler 
to pose than to answer - the location of the preferred 
site for harnessing wind power. When a more or less 
extensive windy area has once been designated (and 
in this preliminary step, economic, technical and 
industrial factors · may combine with purely meteo
rological ones), we next proceed to the selection of 
the sites that are optimum by comparison with other 
neighbouring sites. Within this area, there will be 
points theoretically superior, in this sense, to the 
others. Are we then to try to discover them by 
subjective exploration alone, or is it worth-while 
to deploy a whole system of instruments for long
term observations? If we choose the latter, the 
question is equivalent to deciding on a definite net
work of stations, but the root of the matter lies in 
asking ourselves whether this network really should 
"exhaust" the field, in which case its density might 
be prohibitive. On the other hand, too sparse a net-
work might not be representative. · 

Every problem stated in terms of mutually 
contradictory extreme propositions is customarily 
attacked by means of compromise solutions, the 
consistency of which is greater, the more the criteria 
applied in solving the problem allow the definition 
of recommended "threshold" regions. The compromise 
attempts to reconcile economy of means, time and 
investment with the fidelity and representativeness 
of the investigation. Here, however, the study no 
longer claims to cover a scientifically coherent objec
tive, but is bound instead by a certain pragmatism. 
If the site selection problem is stated as a compromise 
between (a) subjective, visual exploration, giving 
full attention to the contours of the terrain, estimating 
the friction for the given surface conditions, the 
local modifications of the airflow, the ecology, the 
assumed structure of the wind, etc.; and (b) extremely 
dense coverage of the field, array of instruments, 
objective discernment of the superiority of some 
places over others from the instrumental data, etc., 
then we can conceive of the possibility of working 
out an intermediate solution of reasonable practical 
utility. 

Confined to a zone with relatively uniform condi
tions, the employment of a certain number of 
anemometers will indicate several particular condi
tions of behaviour after a more or less prolonged 
experimental stage. The optimum locations still 

* Secretary, Cornisi6n Nacional de Energfas Especiales, 
Madrid. 
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remain unknown, but can be found by shorter field 
surveys than required for fixed places. If there is 
not much difference between the various local 
conditions, and according to the distance between 
the stations, these stations, which react peculiarly 
to the general airflow or circulation, will show 
affinities with each other. Let us distinguish : it 
makes no difference if the mean wind speeds of each 
place differ among themselves. In that case, the 
supplementary exploration indicated will reveal the 
superiority of some places over others. What is 
important to us now is this relationship, manifested 
in parallel behaviour, and appearing in the form of 
a similarity or correlation between the data. Starting 
out from this premise, we approach the question: 
What are the acceptable values of these coefficients 
of correlation that can be associated with the com
promise solution? 

First, however, we must emphasize a few points. 
Two sources or types of discrepancy can be distin
guished: 

(a) The residual discrepancy between the total 
mean wind speeds at two places, which is still 
compatible with parallel behaviour; 

(b) The discrepancy observed between simul
taneous values of the time-series, which is due 
fundamentally to differences in the intrinsic nature of 
each locality. 

Expressed in statistical terms, the former will 
give good correlations, while the latter will not. 

Physically speaking, what causes can result in 
differences of wind between two places? Without 
exhausting all the possibilities, and confining our
selves to the specific object of our study, we have, 
on the one hand, the friction between airflow and 
ground, accidental geographical features, and highly 
localized factors. Each of these may make for 
peculiarities. Then there is the well-marked condition 
of the airflow, which reflects, on a surface, the situa
tion or field of isolines (trajectories or flow lines -
isobars or isohypses) giving the distribution of the 
velocity vectors under various conditions. Theore
tically, in the extreme case of constant conditions, 
with neither friction nor viscosity, the correlation 
between two places should be perfect under such 
constant conditions, without those places necessarily 
having the same wind speeds. That is, such stations 
need not necessarily be on the same isotach. It would 
be sufficient if the stationary character of the airflow 
obtained in both places, for this would be equivalent 
to saying that the relationship between the data, 
which would then be purely functional, would consist 
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in '1: physical law : the hydrodynamic equation of 
motion connecting the velocities with the gradient. 

The nonfunctional component, which may be 
ter1:1ed stochastic, is consequently due to the random 
act10n of geographical factors and friction in con
junction with the accidental existence and' develop
ment of various equiscalar configurations. 

There can be no doubt that the task of site selection 
must t~ke _into <:ccount, in its _programme, the stage 
of subJect1ve, visual exploration mentioned abbve, 
which we consider not only the point of departure 
of the complementary development work, but also 
the lower limit of a wind-survey theory whose upper 
limit - extremely dense coverage of the field 
although practically unattainable, would yield an 
objective answer beyond all discussion. 

El~ew~ere 1 we have suggested the possibility of 
a cntenon formulated from analytical-statistical 
considerations, to find a "threshold region" for use as 
a pattern and derivation of a geographic "radius" of 
correlation, within which the instrumental obser
vations might have a certain degree of conventional 
interdependence, so that the results could be extra-

1 \Vorld Power Conference, Sectional Meeting, Madrid, 
June 1960. 

polated on application of a coefficient to reflect the 
difference in local wind speeds between one place and 
another. We have applied this idea of ours to actual 
cases, which we present in this paper, perhaps as 
an example, a debatable attempt, for this paper 
attempts only to make some contribution to the 
problem of pla;1ning site-selection surveys. It does 
not exhaust this theme, however. Even less does it 
pretend to give any definitive answer to the problem 
so ~ormulated, but it does aim to point out a direction 
which may perhaps be useful, based on an experiment 
and on certain initial results. 

Series of wind-speed observations, recorded by 
rotation anemometers installed at places aligned, in 
a certain way, have been studied for three different 
zones of the Iberian Peninsula, namely, La Mancha 
Galicia, and the South zone. We had 54-month 
series for the five stations of La Mancha (Consuegra, 
Puerto Lapice, Campo Criptana, El Toboso and 
Mota del Cuervo); 50-month series for the four 
stations of the South zone (Tarifa, Casilla Mulata, 
Buena vista and San Fernando); and 54-month 
series for the three stations of Galicia (Estaca de 
Vares, La Corufia, and Malpica de Bergantifios). 

The geographic arrangement will be seen in 
figures 1, 2 and 3 (scale 1 : 500 000), and the original 

Figure 1. La Mancha 
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Figure 2. Galicia 

series of mean monthly values are given in annex A, 
B and C at the end of this paper. 

The series could have been longer, but only at the 
expense of homogeneity and comparability. We 
believe the period of about five years to have been 
sufficient on climatological grounds, confirmed by 

I the convergence with time given by several prece
dents.2 

For the La Mancha zone, the coefficients of corre
lation have been calculated between Consuegra and 
the other stations; for the Galicia zone, between 
Estaca de Vares and the others; and for the South 
zone, between Tarifa and the others. The values of 
the separate statistical-climatological indices, both 
local and with reference to the respective three 
control stations, may be seen from tables 1 and 2, 
which also give the distance from each station to its 
control station. 

All these stations, except two, were established by 
the National Commission on Special Sources of 
Energy. The two exceptions, La . Corufia and San 
Fernando, belong to the Meteorological Service. 

2 See, for exa mple, P. C. Putnam, Power from the Wind (Van 
Nostrand, New York, 1948), pp. 71-79. 

In spite of this disparity, the coefficients of corre
lation fortunately fitted well onto a linear regression. 
This will be discussed later. 

The regression was found by the method of least 
squares. Taking the distance X between the station 
and its control station as the variable, and the 
coefficients of correlation between the series of these 
stations and that of the corresponding control station 
as the variable function, we attempted to fit the 
representative points to the straight line: 

Y=aX+b 

by means of a linear approximation, identifying the 
parameters a and b by the Gaussian method of least 
squares. This was done for each of the three zones 
under study. 

(a) La Mancha (see distances and coefficients of 
correlation in table 2). 

Normal system of equations: 

(192 + 422 + 532 + 642
) a+ (19 + 42 + 53 + 64) b= 

19 X 0.921 + 42 X 0.87 + 53 X 0.852 + 64 X 
0.831; 

(19 + 42 + 53 + 64) a + 5 b = 1 + 0.921 + 
0.87 + 0.852 + 0.831 
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equivalent to: 

9 030 a+ 178 b = 152.379 
178a+ 5b= 4.474 

giving as a result the identification of the parameters: 

a = - 0.00256 b = 0.98598 

so that the equation of the better fitted straight 
line is: 

Y = - 0.00356 X + 0.98598 

(b) Galicia. Proceeding similarly, we get the 
Gaussian normal system: 

16 354 a + 140 b = 139.34 
178 a + 3 b = 2.58 

which identifies the parameters a and b defining the 
straight line: 

Y = - 0.00237 X + 1.00073 

(c) South. The normal system is: 

8 216 a + 140 b = 113.96 
140 a + 4 b = 3.56 

which gives the straight line: 

Y = - 0.00319 X + 1.00230. 

These three straight lines are shown respectively 
in figures 4, 5 and 6. 

The dispersion, as will be noted, is very small. 
In the calculations, the value I was assigned to the 
control or reference station (since there is perfect 
correlation between the values of the series compared 
with themselves). The ordinate at the origin is 
practically unity on all three straight lines, with the 
regression of La Mancha showing the greatest 
departure. The line of the South zone has a con
siderably steeper slope, while that of Galicia is the 
flattest. This can be explained as a result of the 
friction against the ground and by the prevailing 
wind direction in these zones; this slope represents 
the decrement of correlation with distance. For the 
effect of the wind on the surface of the ground, 
this distance is not the true physical variable, but 
its participation does modify the conditions. The 
three Galician stations are coastal, so that, since the 
friction of the airflow against the sea is less than 
against the land, the distance effect is here less 
pronounced. This fact, taken together with the 
prevailing wind direction, explains the slower decline 
of the correlation with distance in Galicia. The line 
for La Mancha likewise slopes more gently than that 
of the South zone, which can be explained by the 

Figure 3. South zone 
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Table 1. Local indices 

Jfean 
R, 

La Mancha (mean values in mm/month) 

Consuegra 1 449 
Puerto Lapice . 1 463 
Campo Criptana . 1 172 
El Toboso 1 091 
Mota de! Cuervo. 1 264 

Galicia (mean values in dm/sec) 

Estaca de Vares 75.91 
La Corufla ·. 47.04 
Malpica de Bergantiiios. 70.24 

South (mean values in dm/sec) 

Tarifa 81.64 
Casilla Mulata 64.20 
Buena vista 64.44 
San Fernando . 44.66 

more even terrain, less dissected in La Mancha than 
in the South. The prevailing wind direction also 
plays a part. This will now be discussed. 

The wind rose in Galicia has an absolute maximum 
in the north-east and a relative maximum in the 
west. The three stations of this zone may thus be 
considered to lie on a line practically perpendicular 
to this direction. La Mancha has two very similar 
maxima in the west and south-west. Thus, although 
the stations do not lie on a single straight line, they 
are nevertheless swept consecutively from these 
directions. In contrast, the South zone has a disparate 
regime. Tarifa, the control station, is almost a dividing 
point between the Mediterranean and Atlantic 
regimes. The Mediterranean regime has its maximum 
frequency in the east, while the Atlantic has almost 
equal maxima in the south and south-west. All 
these facts must be taken into account when compar
ing the variations of these correlations. 

Variance 
µ, 

64 452 
59 935 
22 384 
26 204 
25 052 

217.02 
97.94 

180.00 

50.97 
134.96 

44.23 
82.95 

Standard 
deviation 

'" 

253.8 
244.8 
149.6 
161.8 
158.2 

14.73 
9.90 

13.42 

7.14 
11.62 
6.65 
9.11 

Variability 
a/R, 

0.18 
0.17 
0.13 
0.15 
0.13 

0.19 
0.21 
0.19 

0.09 
0.18 
0.10 
0.20 

Following an interpretative line, we attempt to 
establish the "threshold" region of utilization as 
follows. 

The study of the development of a variation, in 
statistics, usually refers to the analysis, not of the 
standard deviation but of the variance. In this 
sense, it would be a mistake to identify the coefficients 
of correlation Ytk as the proportions of the deviation 
of one variable (i) due to the variation of the other 
(k), since this would imply that 1 - rik would be the 
proportion of the deviation of i that is not due to k. 
If the variances are used instead, then the propor
tional influence of i on k will be precisely 

P2ik/µi µk = Y
2
ik 

which is thus the square of the coefficient of corre
lation. Consequently, the component of an element 
not attributable to the other element will now be 

Table 2. Relative indices 

Covariance 
p,. 

Correlation 
coeglcient ,,. 

La Mancha (series in mm/month. Reference station: Consuegra) 

Puerto Lapice . . 57 250 0.92 
Campo Criptana . 33 064 0.87 
El Toboso . . . 35 048 0.85 
Mota de! Cuervo. 33 418 0.83 

Galicia (series in dm/sec. Reference station: Estaca de Vares) 

La Corufia . . . . . . . . . 121. 70 0 .83 
Malpica de Bergantifios. . . . 149.92 0.75 

South (series in dm/sec. Reference station: Tarifa) 

Casilla Mulata 78.79 
Buenavista . . 40.12 
San Fernando . 49.16 

0 .95 
0.85 
0.76 

l nterdepen.dence 
P',./µ, µk 

0.85 
0.76 
0.73 
0.69 

0.69 
0.57 

0.90 
0.72 
0.57 

Distance 
km 

19 
42 
53 
64 

73 
105 

18 
46 
76 

3 
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Figure 4. La Mancha 

1 - r21k- Elsewhere 3 we noted that the concatenation 
of the series should not be confined to the mere 
interpretation of the correlation coefficients, which 
would suggest a closer relationship than one would 
get by following the above line of reasoning. 

Putting this judgement into practice, let us 
transfer the classifical threshold of the correlation 
coefficient, located at 0.5, to the level 0. 70711, 
whose square (0.5) is located at the midpoint of the 
scale O - 1. \Ve have thus fixed a threshold as an 
index of the closest interrelation. Applying this 
criterion to the three regressions under study, we 
get : 

(a) La Mancha 
Y L = 0. 70711 = - 0.00256 X + 0.98598 

XL= 108.9 km 
3 ,vorld Power Conference, Sectional Meeting, Madrid, 

June 1960. 

(b) Galicia 
Y L = 0.70711 = - 0.00237 X + 1.00073 

XL = 123.9 km 
(c) South 

YL = 0.70711 = - 0.00319 X + 1.00230 
XL= 92.5 km 

Thus it follows that the points of intersection of 
the three straight lines with the "level" 0. 70711 
give three abscissas or distances in km, representing 
a geographic radius, threshold or frontier of the 
degree of relationship. This dependence, which is 
more conservative than simple correlation, is defined 
in the interior of each circle corresponding to these 
radii. Inside such circle a functional relationship 
above 50 per cent may be deemed to exist, while the 
remainder left by subtracting i from 100 represents 
the component subject to mechanisms or influences 
of random character though physical origin. 
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We discussed above certain differences of regime 
in the three zones. The magnitudes of XL now 
make these differences more evident. 

In conclusion, the threshold sought appears above 
or below the 100 km mark, being greater or smaller 
according to the nature of the terrain and the 
accidental factors. 

This may shorten the process of site search and 
selection, for, given a more or less permanent station 
in the zone, the task may be confined to brief and 
economical exploration of the various localities 
appraised as satisfactory, knowing that direct 
comparison with portable or vehicular instruments 
will reveal the superiority of some prospective sites 
over others, and that prolonged experimental work 
can now be dispensed with, provided only that these 

sites are located within a circle in which the con
ditions are similar to those discussed above, and 
with a permanent station having a long series of 
observations. From these series, then, we may 
extrapolate the development of the behaviour in time. 
Such extrapolated development for the preferred 
localities will be, in general, valid, subject to the 
necessary consideration and detailed adaptation in 
each particular case. 

Obviously, one must not lose sight of the inad
visability of applying the above procedure to zones 
with a different regime, even though they may be 
near each other; a preliminary study of the terrain 
conditions will decide whether such application is 
proper. But, confined to a favourable area, there 
may even be disparity in the mean wind speeds, 
and yet, if the correlations calculated are high, 

Figure 5. Galicia 
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Figure 6. South zone 

homogeneous wind conditions and generally common 
character will still be indicated. 

Before concluding, we should like to add that the 
fact of having fitted a straight line to a set of points 
does not imply the assumption that the variation 
of correlation with distance must a fortiori be linear. 
This type of regression has been suitable enough 

for these introductory studies, but a more detailed · 
examination may suggest a law of variation of higher 
order, or even transcendental. In this brief and modest 
paper, it has been our aim merely to state an idea 
as a point of departure into the field of speculation, 
supported by a few preliminary results of experiment 
and calculation. 
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ANNEX A 

MEAN MONTHLY VALUES. LA MANCHA 

Wind speed iii mm/month 

Consu egra Puerto Ldpice Campo Criptrma El Toboso Mota de! Cuervo 

1 448 1 430 1 198 1 203 1 351 
1 342 1 233 959 1 165 1 330 
1109 1 391 1 007 886 1 103 
1 302 l 282 1 145 l 062 1 218 
1 343 1 315 1 050 903 1 109 
1 841 1 757 1 296 1 172 1 364 
1 451 1 430 952 907 1 051 
1 604 1 812 1 292 1 186 1 363 
1 816 1 807 1 441 1 353 1 543 
1 579 1 554 1 251 1 231 1 332 
1 538 1 578 1 201 1 135 1 321 
1306 1 485 1 047 992 1 163 
1 504 1 485 1 358 l 206 l 376 
1 453 1 491 1 199 1104 1 254 
1 226 1 215 1 099 998 l 192 

1 206 1 307 1 097 943 1 152 

1 257 1466 1 131 963 1 136 

977 l 022 830 715 914 

1 070 l 126 1 034 830 985 

1 692 1 642 1 244 1154 1 306 

1 745 1 450 1 376 l 316 1 433 

1 497 1 523 1 270 1 US 1 290 

1 601 1 758 1 250 1147 1 312 

1 437 1 335 1 099 1 064 1 216 

l 328 l 402 1 197 1 ll3 1 287 

l 361 1 408 1 157 1 102 1 282 

l 144 1 237 997 867 1 043 

1 090 1 196 1 051 868 1 033 

1 247 1 298 1 095 984 l 115 

1 286 I 348 911 837 1 039 

1 523 I 476 1 164 1 072 1 562 

1 504 1 556 1 168 1 054 1 222 

1 944 1 906 1 399 1 323 1 463 

1 676 1 793 1 327 l 246 1 664 

1 523 1 557 1 203 1 133 1 281 

I 608 1 574 1 252 1171 1 343 

1 340 1 343 1 141 1 078 1 233 

1 479 1 440 1 257 1 225 1 408 

1 226 1 221 938 920 1 061 

1 414 1 500 1 146 971 1 201 

995 1 001 937 761 978 

2 114 2 052 1 470 1 388 1 563 

1 508 1 509 I 203 1110 1 186 

1 295 1 064 1 142 986 1 162 

1 838 1 754 1 397 1 376 1 500 

1 751 1 877 1 380 1 346 1 540 

1 271 1 326 1 081 974 1 142 

1 303 1 288 1199 1 089 I 256 

I 470 1 364 1 311 1 273 1 449 

1 308 1 316 1 125 1 154 1 326 

1152 1159 1 056 1 017 1 223 

1 459 I 468 1 410 1 290 1 296 

1 655 1 526 1 238 1 110 1 309 

2 114 2 173 1 483 l 344 1 480 
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ANNEX B ANNEX C 

l\IEAN MONTHLY VALUES . GALICIA MEAN MONTHLY VALUES. SOUTH 

• ,tean monthly wind speeds (m/sec) Mean monthly wind speeds (m/sec) 

Eslaca La Malpica Casilla San 
de Vares Coru.iia de Ber gantiiios Tari/a ftfolata Buenavista Fernando 

7.8 5.8 8.4 7.7 6.5 6.4 4.4 
10.5 6.0 8.3 8.5 5.2 7.2 4.7 
8.6 6 .0 8.1 8.6 6.3 6.5 3 6 
7.5 6.1 8. l 8.1 5.1 6.6 4.3 
7.0 5.8 7.3 7.8 5.3 6.6 4.5 
6.9 6.0 6.6 8.1 5 .7 6.5 4. i 
7.3 5.2 6.1 8.5 7.7 7.0 5.2 
8 0 5.2 6.7 7.6 6.7 6.0 3.9 
6 .0 4.1 5.6 9.0 7.8 6.5 " ') 0.-

6.9 4.6 5.8 7.4 5.8 5.3 39 
9 .3 5.8 7.3 8.1 7.2 6.1 4.8 
4.4 3.9 5.6 9.0 7 .9 7.0 4.6 

ll.4 7.4 9.6 8 ') 7.3 7.1 5.4 
10.9 6.4 10.5 8.4 6.7 6.7 4 .7 

8.0 5.1 7.5 8.7 6.9 7.1 4.2 

6.7 4.1 6.2 6.7 3 .6 5.0 3.0 
8.2 4.8 6.7 9.1 6.1 7.1 4.4 
7.5 5.1 6.4 8.4 5.7 6.8 4.6 
6.0 4.4 5.3 8.2 6.3 6.6 5.3 
5.5 3.6 4.8 0.1 8 .0 7.8 6.0 
5.7 3.9 5.2 8.8 8.5 7.1 5.G 
7.2 3.6 5.4 9.0 8.2 7.2 5.5 
9.2 5.1 7.7 7.2 5.4 5.2 3 9 

10.7 6.0 8.0 8.2 7.1 6.5 4.2 
9.0 4.8 8.1 8.9 7.9 6 .9 4.5 

8.8 4.8 9.8 7.0 5.1 5.9 3.3 

6.8 4. l 7.3 8.2 5.5 5.5 4.2 

7.0 4.5 7.4 7.5 5.0 5 .5 2.8 

6.4 4.0 6.3 7.0 5.3 5.8 2.4 

6.4 4.6 6.5 7.9 5.9 6.2 4.7 

8.0 4.6 6 .6 6.6 5.1 5.7 3.2 

7.6 4.0 6.0 7.7 6.1 6.1 3.6 

7.0 3.7 5.8 8.5 7.4 6.8 5.4 

5.7 3.4 6.1 9.3 8.9 7.1 5.3 

6.6 3.9 7.4 9.1 7.7 6.5 4,9 

8.6 4.0 6.5 7.6 6 .6 6.2 4.7 

9.3 5.0 8.8 7.4 5.8 5.6 2.3 

7.5 7.4 9.7 8 .5 5.!l 6.9 4.9 

7.2 4.0 6.4 7.3 4.0 5.3 3.2 

6.6 4.4 8.0 8.0 4.8 6.3 4.4 

7.6 5.0 8.6 0.2 6.6 7.6 4.9 

5.4 3.4 4.9 7.9 5.7 6.8 4.8 

6.5 4.0 5.9 8.9 7.2 7.1 5.9 

7.6 4.3 6.2 8.8 7.2 6.3 5.5 

6.8 3.7 6 .0 7 .8 6 .8 6.5 5.1 

5.7 2.7 4 .5 8.6 7.4 6.7 5. 1 

7.4 3.6 6.2 8.4 7.3 6.7 4.8 

7.1 3.9 7.5 7 .2 5.7 5.3 3.6 

9.2 5.1 8.4 9.3 7.6 7.4 5.2 

9.1 4.9 7.9 7.2 5.5 5.6 3.2 

10.2 5.8 8.7 

6.8 4.4 7.0 

6.9 4.2 6.1 

7.9 4.8 7.5 
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Summary 

This paper presents an aspect of optimum site 
selection as a problem which permits solutions to be 
reached by a compromise between the two theoretical 
extremes: (a) the possibility of almost accidental 
discovery or identification and assuming, in the 
subsequent stage of refinement, the intervention of 
subjective estimates and favourable determining 
factors; ( b) purely objective reasoning, applying 
rigorous scientific and experimental methods. The 
latter may be equivalent to "exhausting" the field 
of investigation and may be prohibitive from the point 
of view of time and expense. 

From the other point of view, site selection is an 
exploratory stage, and what is implied in the last 
part of (a) must be taken into account. This will be 
a starting point for the complementary work that 
constitutes the lower limit of a site-survey theory 
whose upper limit, (b), would yield an indisputable 
answer. 

The intermediate solution, of reasonable practical 
use, is valid for relatively uniform zones. The question 
to be asked is the maximum spacing between stations 
at which an adequate interrelationship between 
wind measurements still persists. No comparison of 
the absolute or mean wind speeds is here indicated, 
but merely the recognition of parallel wind behaviour. 

This parallel behaviour may be evidenced by the 
correlation between the series of data. In this case, 
the question is reduced to finding the values of this 
correlation that would be associated with the compro
mise solution envisaged. 

In attempting to find the sources of discrepancy 
between the values at different places, our attention 
is focused on certain physical causes. Friction and 
airflow conditions vary with the peculiar local cir
cumstances, so that we can distinguish the effect of 
the functional nexus on the correlation from the effect 
of the random component, including localized and 
occasional factors. 

A compromise solution demands a criterion to 
indicate a "threshold", which, in turn, defines a 
geographic "radius". Within the circle of this radius, 
the observations will have a certain degree of con
ventional interrelationship. In view of this, a single 
permanent station, coupled with mobile exploration, 
will be sufficient not only to establish the prefera
bility of some sites to others but also, by extrapola
tion, to find the general line of behaviour. 

The experimental work reported in ·this paper 
was performed in three zones of Spain - La Mancha, 
Galicia, and the South zone - with a series of 
observations from five, three and four stations, 
respectively. After calculating various statistical 
climatological indices, we calculated the coefficients 
of correlation between one reference station in each 
zone and the other stations in that zone. The corre
lation was then plotted against distance, separately 
for each zone, and a linear regression was fitted by 
the method of least squares, yielding the following 
equations of the straight lines: 

Y = - 0.00256 X + 0.98598 (La Mancha) 
Y = - 0.00237 X + 1.00073 (Galicia) 
Y = - 0.00319 X + 1.00230 (South zone) 

where Y is the correlation and X is the distance 
from the reference station. 

The difference in the slope of these regression lines 
is attributed to the direction of the prevailing wind at 
the site of observations and to the nature of the terrain. 

Following the interpretative line customary in 
statistics, we fixed the threshold, not at the midpoint 
of the scale of values of the coefficients of correlation, 
but at the square root of that midpoint value instead 
(the square of 0.70711 is approximately 0.5). Calcula
tion of the points of intersection between the 
regression lines and this "level" gives the three 
abscissas: 

X = 108.9 km (La Mancha) 
X = 123.9 km (Galicia) 
X = 92.5 km (South zone) 

yielding an initial answer to the question of the 
order of the distances or geographic radii that 
constitute the frontier of interrelationship. 

This position is highly critical and conservative, 
for, as may be seen from the figures, the coefficients 
of correlation are rather high, and their high values 
make it practicable to reduce the scale of the graphs. 

The above reasoning is obviously applicable only 
to areas where the conditions are uniform, not to 
zones with different regimes, even though they may 
be close to each other. Finally, the fact that a straight 
line has been fitted does not imply that the variation 
in question must necessarily be linear. The linear 
character has of course been suitable for this initial 
study, which is intended merely to indicate a pro
visional line of departure in the speculative field. 

LES METHODES SPECULATIVES DANS LA PROSPECTION 
RELATIVE AUX RESSOURCES EN ENERGIE EOLIENNE 

Resume 

On presente un aspect du choix des sites les plus 
indiques sous la forme d'un probleme qui admet 
des solutions representant un compromis entre des 
positions qui, en theorie, sont diametralement oppo-

sees : a) le caractere contingent de la decouverte 
de ce que l'on cherche, ou encore le fait que son 
identification est entierement laissee au hasard tout 
en admettant, dans des cas particulierement favo-
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rables, l'intervention de jugements subjectifs et de 
facteurs determinants propices; et b) une deduction 
purement . objective par l'application de procedes 
scientifiques et experimentaux rigoureux. Dans ce 
dernier cas, on pourrait parler d'un « epuisement >> 

du domaine de recherches et il s'agirait alors d'une 
prise de position qui exclurait materiellement toute 
possibilite de travail. 

Suivant un autre point de vue, ce choix constitue 
une etape exploratoire et devra done s'en remettre 
d'emblee a ce qui est sous-entendu dans la fin du 
considerant a donne ci-dessus, etape qui sert alors 
de point de depart pour des developpements comple
mentaires, done de limite inferieure pour une theorie 
de la prospection dont la limite superieure b pourrait 
ctre une reponse incontestable. 

La solution intermediaire, dont la valeur pratique 
d'utilisation est raisonnable, est acceptable pour 
des zones relativement homogenes et il s'agit de nous 
demander qu'elle est la distance entre les stations, 
jusqu'a laquelle se rencontreront ces analogies suffi
santes entre les valeurs enregistrees pour la force 
et la direction du vent. II ne s'agit pas d'une compa
raison entre valeurs absolues ou moyennes, mais 
plutot tout simplement de la mise en lumiere d'un 
parallelisme dans leur comportement. 

Ce parallelisme peut etre mis en evidence par une 
correlation entre les series de donnees, ce qui revient 
a dire que la question se ramene a determiner quelles 
sont les valeurs acceptables de cette correlation qui 
peuvent se conjuguer avec la realisation du compro
mis envisage. 

Dans un effort visant a discerner les sources 
d'ecarts entre les valeurs fournies par plusieurs 
sites, on prend note de certaines causes physiques en 
faisant intervenir le frottement et le regime de 
l'ecoulement, en meme temps que certaines circons
tances locales speciales. 11 s'agit, en ce faisant, de 
distinguer entre !'injection, dans la correlation, 
d'un complexe fonctionnel visible, par distinction 
avec toute composante aleatoire qui comporte des 
elements localises et occasionnels. 

Le compromis exige un critere de definition d'un 
(< seuil » qui definisse lui-meme un (< rayon » geogra
phique dans lequel les observations puissent bene
ficier d'un certain degre de dependance du type 
classique. S'il en etait ainsi, il suffirait d'un poste 
permanent, complete par des explorations faites 
avec des pastes mobiles, pour decider non seulement 
de la raison pour laquelle certains sites sont prefe
rables a d'autres, mais aussi d'une ligne d'action 
generale par extrapolation. 

Les travaux experimentaux ont ete executes dans 
trois zones d'Espagne : la Manche, la Galicie et le 

Sud. Pour la premiere, on a procede a l'etude des 
series d'observations correspondant a 5 stations; 
pour la seconde, a des series venant de 3 stations; 
pour la troisieme, de 4. Une fois que l'on en a deduit 
certains indices climato-statistiques, on a calcule 
les coefficients de correlation entre un paste et les 
autres pour chaque zone. Une fois les valeurs reduites 
a divers diagrammes « correlation/distance », on a 
procede a l'ajustement d'une regression lineaire par 
la methode du moindre carre, ce qui a donne comme 
resultat les equations suivantes, qui definissent trois 
droites : 

Y = - 0,00256 X + 0,98598 (Manche) 
Y = - 0,00237 X + 1,00073 (Galicie) 
Y = - 0,00319 X + 1,00230 (Sud) 

dans lesquelles Y represente, dans chaque cas, la 
correlation et X la distance. 

On calcule la difference de pente en se rapportant 
a la direction des vents qui sont predominants dans 
le lieu considere et a la nature de la surface du terrain. 

En s'en remettant a une methode d'interpretation 
qui est commune en statistique, on a fixe le seuil 
non pas au point moyen de l' echelle de valeurs du 
coefficient de correlation, mais bien plutot a son 
carre, c'est-a-dire a 0,07011 (la seconde puissance 
de cette valeur est sensiblement 0,5). En calculant 
les points d'intersection des droites avec ce « niveau » 
on obtient trois abscisses: 

X = 108,9 km (Manche) 
X = 123,9 km (Galicie) 
X = 92,5 km (Sud) 

qui permettent de donner une premiere· reponse _a la 
question de l'ordre de distance ou rayon geograph1que 
limite qui definit le cercle a l'interieur duquel la 
correlation est possible. 

Cette position est eminemment critique ou pru
dente car, ainsi qu'on pourra le voir sur les tables, 
les coefficients de correlation sont assez grands, 
si bien que c'est le fait qu'on les eleve au carre qui 
reduit l' echelle. 

Ainsi qu'il va de soi, le raisonnement donne ci
dessus est applicable a des regions dans lesquelles 
les conditions sont homogenes et nullement a des 
zones dans lesquelles les regimes sont differents, 
quand bien meme elles seraient proches Jes unes des 
autres . En fin de compte, le fait d'avoir mis au point 
une droite ne laisse nullement entendre que la varia
tion etudiee doive absolument etre lineaire . Ce 
caractere a ete commode pour les fins d'une premiere 
etude qui n'a d'autre pretention que celle de presenter 
une ligne de depart sujette a des ameliorations dans 
le domaine de la speculation. 
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PROSPECTING FOR WIND POWER WITH A VIEW TO ITS UTILIZATION 

J. A. Barasoain and L. Fontan* 

As mankind's level of living rises, the demand for 
energy increases by leaps and bounds and the need 
for means of meeting it adequately becomes ever 
more urgent. 

Although wind power does not occupy a prominent 
position among natural sources of energy at the 
present time, the foreseeable future demand for 
energy is so great that man cannot afford to neglect 
any of the forms of energy which nature freely offers 
him (1). 

The most highly developed countries have for 
some years been making considerable efforts to find 
an economic way of harnessing wind power. Not
withstanding the immense impact of nuclear energy, 
the development of wind power has continued, 
especially in areas where conventional sources of 
energy are lacking or where the cost of the power 
produced is very high. 

The problem of harnessing wind power 

One of meteorology's most engaging problems is 
that of the general circulation of the atmosphere (2). 
Much, however, remains to be done before this 
important subject is fully understood (3). 

Several attempts have been made to prepare 
world maps of isovents (4), and many meteorological 
services now have such maps for the areas they 
cover. 

Meteorological literature includes interesting works 
on the appraisal of the wind power potential of the 

I earth's atmosphere (5). We cannot hope to harness 
more than a very small fraction of this vast store 
of energy, and it is estimated - fairly optimistically 
- that wind power might be utilized to something 
like the same extent as water power. Professor 
Sverre Petterssen has prepared, from data furnished 
by ship stations, a map of equipotential lines for the 
wind over the oceans (6). 

The problem of harnessing wind power in~olves 
a series of specific, closely interrelated vanables, 
a favourable combination of which is essential to 
the economic operation of a wind power plant. 

First, we must endeavour to learn the ~eneral 
characteristics of the wind in the area where its use 
is contemplated. Next, we must try to locate places 
with favourable characteristics. The wind's course 
will be affected radically by the presence of a hi_ll 
in its path; consequently, from an aerodynamic 

* Comisi6n N aciona l de Energfas E speciales, Madrid. 
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study of the hill, we may be able to predict the size 
of the factor whereby wind speed at the summit 
exceeds that on the flat or in the free atmosphere, 
and the consequent third order effect of increasing 
the available power. 

Since the speed at which the wind blows is con
stantly fluctuating, it is necessary to learn as much as 
possible about this fluctuation at the sites selected 
for wind power use, for it will materially influence 
the engine design (which must be adapted to the 
site), the calculation of the tower, the output of 
power, and - in the absence of an electric power 
line fed mainly by non-wind-driven power stations -
the storage capacity required. 

The problem of storage is the most difficult to be 
faced in connexion with wind power, and many 
possible solutions are currently under consideration. 
These include feeding the power produced into an 
electric power transport network, operation in con-

-. 

'\ Figure 1. Cup anemometer . 

3• 



62 II.B.1 Wind behaviour and site investigation 

junction with other similar units, hydrogen produc
tion, batteries of accumulators, and water-pumping. 

If the problem of producing a high-capacity, low
cost power accumulator is eventually solved, wind 
power will be used extensively, for its main disad
vantage - irregularity of supply - will have been 
overcome. 

Prospecting for wind power 

The ultimate aim of prospecting operations with 
a view to the utilization of wind power is to deter
mine the most favourable sites from the standpoint, 
not merely of optimum wind speed, but also of 
economic factors which, in the last analysis, are 
decisive. 

Wind power prospecting can be divided into two 
stages. In the first stage, we must outline the wind 
basins enclosing the areas with the most suitable 
winds. In the second stage, we must locate the best 
sites and learn as much as possible about the wind 
regime prevailing there. 

The flow of information collected by the observa
tion networks of meteorological services makes, 
as a rule, an important contribution towards a 
first acquaintance with the wind distribution in a 
particular country. The sites for observatories on the 
meteorological network were not chosen primarily 

. Figure 2. Wind-power meter 

for their wind characteristics, but, rather, in the 
light of many other factors which determine the 
climate of an area, and so as to form a network 
dense enough for the general requirements of the 
meteorological services. 

It will be seen from the foregoing that it is desirable 
to establish a network of wind measurements, based 
on the long series of data compiled by the meteoro
logical services, which can be used to outline the 
country's wind basins. In this first stage, we have 
only to ascertain the daily wind travel at the 
majority of the observation points, and it will be 
useful to be able to record the wind in more detail 
at some one point as a check on possible correlations 
within the wind basin. 

From these data of daily wind travel, we can 
determine the "mean speeds" and plot the "speed 
duration" and "power duration" curves needed for 
a first assessment of the maximum utilizable energy 
and of the approximate performance of a particular 
type of engine (7). 

In this first stage, conventional cup anemometers, 
whether of the direct-reading or travel-recording 
type, can be used (8). The wind-power meter (9), in 
which the collector is a "pan-anemo" and the indi
cator a kWh/m2 counter, is also used in this initial 
stage of prospecting. Figures 1 and 2 show the type 
of mounting we used for the cup anemometer and 
the wind-power meter. 

Figure 3. Anemocinemograph 
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Figure 4. Annual map of isovents in mainland Spain (1931-1959) 
(isovents in m/sec) 

Within each wind basin, we have to seek out 
possible sites for wind engines, and in this connexion 
both the wind regime and the complex of economic 
factors affecting the site's viability should be taken 
into account. Wind behaviour at a site is determined 
not only by the free-air wind but also by orographic 

factors, for it is a well-known fact that obstacles 
and vegetation in neighbouring areas reduce the 
speed of the prevailing wind at a given place. Altitude, 
hill configuration and distance from the sea are 
very important variables to consider in selecting a 
site. 

Table 1 

Wind Speed 
Energy : Type of 

P eriod Place (kWh/m'/ instrument 
basin (m/sec} year} and height (metres} (months) 

Estaca de Vares lighthouse North-west 7.3 Cup anemometer 7 72 
Malpica North-west 6.8 Cup anemometer 7 83 
Cabo Creus North-east 7.3 Cup anemometer 7 84 
Port-Bou North-east 6 168 Wind-power meter 11 42 
Puerto Lapice . Centre 5.5 Cup anemometer 7 67 
Consuegra Centre 5.2 Cup anemometer 7 65 
Tarifa Serna. Straits 8.3 Anemocinemograph 11 61 
Tarifa lighthouse Straits 6 596 Wind-power m eter 32.5 72 
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Figure 5. Map of the Canary Islands and West Africa 

:Much information about the wind in a locality 
~an be gleaned from the records made by a set of 
mstruments supplying data on the direction, mean 
speed and gust speed of the wind (6). We need to 
know the wind's behaviour in order both to calculate 
the power capacity of a given wind engine and to 
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Figure 6. Annual fluctuation in monthly mean wind speed 
at different places in the Canary Islands: 1. Montana 
del Infierno (Grand Canary); 2. Mount Taco (Tenerife); 
3. Restinga (Hierro); 4. Arrecife (Lanzarote ); 5. Cotillo 
(Fuerteventura); 6. Tefia (Fuerteventura); 7. Baterfa 
del Rio (Lanzarote) 
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Figure 7. Annual fluctuation in monthly mean wind speed 
at different places in Africa: 1. Villa Cisneros (Sahara); 
2. Smara (Sahara); 3. Cape Juby (Morocco); 4. Sidi 
(Ifni) 
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Figure 8. Map showing the position of Montana del Infierno 
in the eastern part of Grand Canary 
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determ~n.e the _wind stress on the engine and tower. 
The Bntish Wmd Power Generation Committee has 
studied and developed special types of instruments 
f?r r~cording the velocity vector over a very short 
time mterval {0.1 second), with which the fine struc
tur~ of the wind c~n be determined (10). It is also 
desirable to ascertam the characteristics of the wind 
over the whole area swept by the vanes of the wind 
engine, and it is accordingly advisable to install 
recording instruments at different heights. 

Figure 3 shows one of our Fuess anemocinemo
graphs in position. 

hi order to set up a wind power plant, it is not 
enough to know one variable - that of wind· 
the plant must also be economic in operation'. 
Among the factors to be considered, we may mention 
the following: the characteristics and cost of the 
engine and ancillary equipment; the possibilities 
f~r siting other engines nearby; access to the site; 
distance from, and nature of, lines of communication; 
characteristics of the terrain as regards the feasibility 
and cost of fixed foundations ; cost per unit area 

l':l 

I 

SCALE = Im/sec 

s 
Figure 9a. Frequencies and hourly mean speeds of winds 
blowing from different points of the compass. Annual rose 

N ote on figures 9a, b and c. The distance between the dot in 
the centre and the end of the line represents, on the scale !ndicat ed, 
the mean speed of the wind in each direction . The r adms of the 
out~r cir cle represents the mean speed. The percentage marked 
agamst each directional line shows its relative frequency. The 
n~mber in t h e centre gives the p ercentage of cases in which the 
air was calm. 
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Figure 9b. Frequency and hourly mean speeds of winds 
blowing from different points of the compass. Summer 
rose (June, July and August) 

of ground; distance from electric power transport 
lines ; power requirements in the area; distance from 
possible centres of consumption. 

Compilation of statistics relating to the use 
of wind power 

The records made and observations taken on the 
prospecting network are used in preparing statistics 
from which the performance of wind engines can be 
ascertained in fair detail. 

The principles applied in compiling such statistics 
vary greatly, but the general rules and methods 
are the same as those for climatological studies (11) . 

The main variable to be determined is un
doubtedly the mean wind speed, calculated if possible 
from the figures obtained by measuring the distance 
travelled by the wind every hour. From this infor
mation we plot the speed duration and power 
duration curves, which are of use in making an 
over-all estimate of the maximum usable energy, 
in making a general study of the behaviour of a 
particular wind power plant of known characteristics, 
and in determining the correct starting, rated and 
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Figure 9c. Frequencies and hourly mean speeds of winds 
blowing from different points of the compass. Winter 
rose (December, January and February) 
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Figure 10. Distribution of hours per year over intervals 
of hourly mean speed. Against each speed interval 
of 1 km per hour (abcissa) we plot the number of hours 
in the year (ordinate) in which the hourly mean speed 
falls within that interval 

furling velocities for a wind power plant designed 
for the site in question. 

1:hi~ st~dy may b~ completed by determining the 
vanahon m mean wmd speed with height. 

A knowledge of the variation over time in the 
hourly mean wind speed, i.e. the daily, monthly and 
rearly fluctuation, is very useful as regards utiliza~ 
tion of the power output of a wind engine, provided 
that sufficient information is available about the 
consumers and load curve to be expected. 

Where a number of power plants might be sited 
close together in the same basin, it is also useful to 
compare the time-fluctuations in hourly mean wind 
speed at the different sites, with a view to finding 
ways to even out the oscillation and phase of the 
wind and thus improving the continuity of the power 
supply. 

The study of energy production is completed by 
statistics of very high-speed and very low-speed 
winds. 

Moment-to-moment :fluctuations in wind speed 
are a very important factor in the study of a possible 
wind power plant. In the first place, they affect 
the power output; this applies both to such :fluctua-

27 

26 

25 

24 

23 

- i 
7=1 

I I I 

/ ! ; \ 
: I \ : I 
, I 
; I 

22 

21 

20 

19 

18 

:r:: 17 ,_ 
z 16 a 
:E 
w 15 
:r:: ,_ 

14 
~ 
V, 13 
a:: 
::, 
a 12 
I 

u.. 11 a 
a:: 10 w 
0) 

:E 
:::, 
z 

8 

7 

6 

5 

4 

i I 
: ,· --\ : I 
·r1 

·Th ! I 

.' I:\ JANUARY I : : I 

I I : 

\ I i : I 
I I 

I : i \ •T : ,o 
- ; 1UJ 

--It Ii \. \1~ 
- : I Vl 

i : i \ : : 'z JULY 

{ 1 ~·~ ~ :~ =:-ol' µ_ ~I - ~-\ -- ' - a..:1w 
o..1 v, : I 0:::: 

__ Vll r-1- z: ILL -
,_ I t5 id;; 7 ~I 0 \/ 

- :E'ID -- -·--· ·-
i5 I w i I :E I 

w 
·1 w I e,; ~- ; I \ ; a:: I 

"--1 z 
I :;; I <l'. \ i I I \ w : I 

i 
01 ::;: 

\ : I I \ :E I I i I 
T I; I .. I \ \ I I · 1 

i I: I : I \ I; ·, : I 

I: I \ : I \ . : I 
I ( \ ,, 

I 
3 

2 
1/ i\ 

J( : I r"-. \ 
r--- / I: : I ·- "-I: : I 

10 20 30 40 50 60 70 80 90 Km/h 

Figure 11. Distribution of hours in January and July over 
intervals of hourly mean speed. Against each speed inter
val of 1 km per hour (abcissa) we plot the number of 
hours in the month (ordin ate) in which the hourly mean 
speed falls within that interval 
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Table 2 

Speed 
Energy: Type of 

Period Place Wind basin (kWh/m'/ instrument 
(m/sec) year) and height (metres) (months) 

Montana de! Infierno Grand Canary 10.4 Anemocinemograph 11 71 
Montana del Infierno Grand Canary 
Tenefe point Grand Canary 
Mount Taco Tenerife 
F. Abona . Tenerife 
c. Paloma Lanzarote 
La Caieta Teguise Lanzarote 
Corralejos Fuerteventura 
Cotillo Fuerteventura 
Restinga . Hierro 
Villa Cisneros Spanish Sahara 
Villa Cisneros Spanish Sahara 

tions in general and also to those which occur round 
about the starting, cut-in, rated and furling velocities. 
One of the most important problems to bear in mind 
in designing wind power plants is the possible effect 
of rapid and very rapid fluctuations in setting up 
vibrations which may produce resonance phenomena 
in some component of the plant. 

The frequency and mean speed in each direction 
indicates what kind of rotation the head of the engine 
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6 178.64 'Wind-power meter 11 52 
7.8 Cup anemometer 7 45 
7.8 Cup anemometer 7 69 

3 481.34 Wind-power meter 11 48 
6.2 Cup anemometer 7 50 

1 203.58 \Vind-power met er 11 46 
1 273.92 Wind-power meter 11 50 

6.3 Cup anemometer 7 84 
8.0 Cup anemometer 7 48 

3 528.24 Wind-power meter 11 47 
8.1 Anemocinemograph 11 48 

will have to undergo and may, in specific cases, 
determine the choice of a particular type of engine 
suited to local conditions. 

Some results of wind power prospecting 
in mainland Spain 

The Spanish National Meteorological Service main
tains a fairly extensive network of meteorological 
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Figure 12. Daily fluctuation in hourly wind speed (year; January; July) 
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observatories, from which wind information is 
available (12). This network has provided the basis 
for the acquisition of a general knowledge of the 
wind basins. The National Commission on Special 
Sources of Energy has set up new installations to 
increase the density of observation points in the 
areas of greatest interest from the wind power 
standpoint (13). The National l\Ieteorological Service 
has recently prepared a wind map of Spain on the 
basis of all the available data (figure 4). 

The isovent maps reveal the existence, in mainland 
Spain, of areas of favourable wind conditions. 
These areas, which we term "wind basins", are 
described below. 

(a) North-east Spain is buffeted by the tramontana, 
which blows very strongly from the north, north
north-west, and north-east , with considerable fre
quency in the course of the year. This wind is caused 
by a high-pressure isobaric structure in north-west 
Europe and a low in the l\Iediterranean (14). The 
channelling effect of the Rhone valley appears to 
be one reason for this wind's strength, which lasts 
until the Balearic Islands are reached. The most 
distinctive characteristic of this wind is its great 
violence and gustiness. 
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(b) In the Ebro basin, comparatively useful mean 
wind speeds are observed, although the wind is 
somewhat gusty. 

(c) In southern Spain the wind strength is greatest 
when the levante, set up by barometric lows in the 
adjoining area of the Atlantic, is blowing, and when 
the reverse is the case; these two situations pre
dominate, with fair regularity, over most of the year. 
The area of suitable wind conditions is largely 
confined to the neighbourhood of Tarifa and the 
nearby part of Morocco. The channelling effect of the 
Straits of Gibraltar must contribute to the high 
mean speeds recorded. 

(d) North-west Spain is exposed to frequent Atlan
tic storms during which the wind blows strongly, 
especially from the fourth quadrant. 

In table 1, we reproduce some results of wind 
power prospecting on the Iberian peninsula. 

Wind power prospecting in Spanish Africa 

It is one of the aims of the Conference that the 
papers presented should as a rule deal with cases 
closely related to real needs for the sources of energy 
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Figure 13 Daily fluctuations in hourly wind speed for sectors 30, 32 and 02, with prevailing trade wind, and sectors 14, 
' 16 and 18, with prevailing southerly winds 
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considered. This is true of a wide region in western 
North Africa, where we have a wind power prospect
ing network. Most of this region, which is regarded 
as part of the arid zone, is devoid of conventional 
energy sources; we refer to the vast expanse which 
embraces the Canary Islands and the coastline of the 
Sahara desert. 

We shall now describe, in broad outline, the 
prevailing winds of this region. 

Along the coasts between the latitudes of the 
I Canary Islands and those of Cape Verde and consider
ably further south, a very consistent feature through
out the year is the vigorous trade wind, whose 
strength and constancy are increased in the summer 
months by the growth of the Azores anticyclone 
coinciding with the deepening of the Sahara low. 
These winds blow from the north-north-east sector. 
The mechanism of this wind's formation has been 
the subject of much discussion in connexion with 
the over-all problem of the general circulation of the 
atmosphere, and now seems to be regarded as a 
circulation in the direction of the meridians, set up 
by forces of thermal origin and governed by the 
deflection or Coriolis force, as a secondary circulation 
conducted only by surface friction within the general 
system of easterly currents prevailing in the tropical 
zone (15). 

Another wind described in this area is the mon
soon (16), which is less important than the trade 

wind and is formed by the appearance of a conti
nental depression as the ground is heated by the 
sun. 

Lastly, mention must be made of the harmattan, 
or sandy wind, a powerful easterly air current which 
carries sand particles for great distances over land 
and sea (I 7). 

Our wind power prospecting network is spread 
over the region shown in figure 5. 

The network comprises forty observatories in 
all; table 2 lists those where high wind speeds have 
been observed. The period of observation is shown in 
months. 

Figures 6 and 7 show the fluctuation over the 
year in the monthly mean wind speed at different 
observation points; generally speaking, we find at 
these points a regular fluctuation due to the trade 
wind, whose peak is reached in the summer and 
attains a noteworthy figure in some places. In the 
winter, however, wind speed drops considerably, 
either because the trade wind diminishes in strength 
or because it alternates with the other, weaker 
winds. This region forms a noteworthy wind basin 
with great possibilities for wind power use, for it is 
lacking in conventional energy sources and orogra
phically suitable for the installation of wind power 
plants. 

We thought it would be illuminating to make a 
detailed wind analysis at a specific point on our 
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Figure 15. Curve showing the number of occurrences 
in the year of periods of calm, classified by duration 
in hours (abcissa) 

prospecting network, as a potential site for a wind 
power plant; we chose the Montana del Infierno 
observatory in the eastern part of the Island of 
Grand Canary (figure 8). The measuring instrument 
is a Fuess anemocinemograph fitted to an 11-metre 
post on a hill which would make a very suitable site 
for wind engines. 
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Very complete records covering a period of five 
years (1956-1960) were used for the wind study. 

The statistics prepared were designed to provide 
a basis for wind power use. 

The limitations imposed by the Conference rules 
prevent the inclusion in our paper of the numerical 
tables used in preparing the graphs discussed below. 

Figures 9 a, band c were prepared from the table 
of frequenciEs and mean speeds of winds blowing 
from different points of the compass. In the annual 
rose (figure 9 a), we find that northerly winds (30, 
32 and 02) prevail, accounting for 82 per cent of the 
number of hours in the five years of observation. 
In the summer months (June, July and August) 
(figure 9 b), these winds account for 96 per cent of 
the hours over the same five-year period. In the 
winter months (December, January and February) 
(figure 9 c), however, the proportion of winds blowing 
from this sector drops to 67 per cent. The highest 
mean speeds also coincide with the highest frequency. 
The analysis and the figures clearly demonstrate 
the prevalence of the trade wind characteristic of 
this region. 

By studying and compiling statistics on the distri
bution of hourly speeds at intervals of 1 km per hour, 
it is possible to plot a curve (figure 10) showing the 
proximity of the mean speed (37.4 km per hour) to 
the most frequent speed (36 km per hour). 

Figure 11 shows how the distribution of wind speed 
frequencies differs in January from that obtaining 
in July. 
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Figure 16. Daily fluctuation in number of hours of strong wind (v = > 80 km per hour) for the year and for July, 
the month with the greatest number of hours of strong winds 
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The daily fluctuation in wind speed (figure 12) 
?hows that this quantity reaches its highest average 
m the afternoon, begins to decline as night falls, 
and reaches its trough in the early morning hours. 
The three curves shown (year, January and July) 
represent different speeds but show a very similar 
fluctuation. 

Figure 13 shows that the fluctuation in hourly 
mean speed in the sectors with prevailing trade 
wind closely resembles that in the sectors with 
prevailing southerly winds. 

These graphs clearly demonstrate the uniformity 
of the daily fluctuations in the most frequent winds 
and in all winds. 

We have chosen to define as a calm day hourly 
speed of 5 km per hour or less, since most wind 
engines stop when the wind speed drops below this 
figure. The daily fluctuation of calms (figure 14) 
is in good agreement with that of wind speed. This 
graph shows daily :fluctuation curves for calms in 
January, August and the year. 

Figure 15 shows how short the periods of calm 
usually are and, more particularly, the rarity of 
calms lasting more than four hours. 

We have classified as strong winds those attaining 
hourly speeds of 80 km per hour or more, in which 
wind power plants must as a rule be disconnected. 
Figure 16 shows the daily :fluctuations of these winds, 
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Figure 17. Curve showing the number of occurrences 
in the year of periods of strong wind, classified by 
duration in hours (abcissa) 
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which here again agree with that of wind speed. 
Curves are given for the year and for the month of 
July, when high-speed winds are most common. No 
wind speed of 80 km per hour or more was recorded 
in January in any of the five years considered. 

Similarly, :figure 17 shows that high hourly speeds 
lasting three hours or more occurred very rarely 
during the five years under consideration. 

From the statistical results illustrated in the 
figures we have briefly described, we deduce that 
wind conditions at this site make it very suitable for 
the utilization of wind power. The wind direction 
and speed are sufficiently regular to provide periods 
of more than ten days during which the wind never 
drops below a speed of 8 m/sec or exceeds a speed 
of 25 m/sec and blows steadily from the north with 
scarcely any change in direction. It also exhibits a 
fair regularity over the course of the day, not only 
taking the compass as a whole but also in the pre
vailing north and south sectors. 

Since calms of more than four hours' duration are 
rare, we may assume that an independent wind 
power plant would need little storage capacity, for 
there would, in addition, be few occasions on which 
excessive hourly speeds would make it necessary 
to disconnect a wind power plant of characteristic 
speeds appropriate to the site. 

Gustiness is minimal, and we hope to supplement 
this study with measurements of this factor. 

The speed duration and power duration curves 
given in figure 18 show the favourable wind condi
tions obtaining at the site. Although at this site, as at 
several others in the same area, the mean wind speed 
is high, we may suppose that similar sites, well 
suited to the harnessing of wind power, are to be 
found throughout the vast arid region traversed by 
the trade winds. In the case of Montana del Infierno, 
it is possible that the mountain mass in 'the centre 
of the island has the effect of increasing the wind 
speed in this low coastal area. 
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Summary 

Although wind power does not occupy a prominent 
position at the present time, the demand for energy 
is so great that highly developed countries are making 
considerable efforts to find an economic way of 
harnessing that of the wind, for there are large areas 
where conventional sources of energy are lacking 
and where the available means of transport are 
very inadequate and costly. 

The problem of harnessing wind power inyolves 
a series of specific, closely interrelated variables, 

a favourable combination of which is essential to 
economic operation. 

First, we must endeavour to learn the general 
characteristics of the wind in the area where its use 
is contemplated; next, we must select places with 
favourable characteristics. 

Our paper reviews the criteria applied in setting 
up a prospecting network in Spain. This was . a two
stage operation. The first step was to outline the 
wind basins enclosing the areas with the most suitable 
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winds. The second step was to locate the best sites 
and to learn as much as possible about the wind 
regime prevailing there. Wind behaviour at a site 
is determined not only by the free-air wind but also 
by orographic factors. 

In order to set up a wind power plant, it is not 
enough to know one variable - that of wind; the 
plant must also be economic in operation. The factors 
to be considered include the characteristics and cost 
of the engine and ancillary equipment, the possi
bilities for siting other engines nearby, access to the 
site, distance from lines of communication, and so on. 

The paper analyses methods used in compiling, 
from the data furnished by meteorological services 
and the results obtained from specific wind prospect
ing networks, statistics for use in studies of wind 
power utilization. 

Pertinent results based on all available data are 
given in relation to mainland Spain, and the most 
important wind basins are outlined and described. 

Since one of the aims of the Conference is to 
furnish results for areas genuinely in need of energy 
sources, we decided to make a general study of the 
winds prevailing in the region which embraces the 
Canary Islands and the coast-line of the Sahara 
desert. 

Our wind prospecting network in this region of 
Africa comprises some forty observatories in all, 
and th~ paper gives results from those which recorded 
high ,,_.:nds. 

/, c,'_11dy is made of the fluctuation over the year 
in t> ,wnthly mean wind speed recorded at different 
obse1 , :1-t ion points; generally speaking, we find at 
the~·c ;:oints a regular fluctuation due to the trade 
wind, ,,vhose peak is reached in the summer and 
attains a noteworthy figure in some places. Wind 
speed drops considerably in the winter, either 
because the trade wind diminishes in strength 
or because it alternates with other, weaker winds. 

This region forms a well-defined wind basin, 
where the feasibility of harnessing wind power 
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coincides with a shortage of conventional sources 
of energy. For this reason we thought it would be 
illuminating to make a detailed analysis of a specific 
point on our prospecting network as a potential site 
for a wind power plant; we chose the Montana del 
Infierno observatory on the east coast of the Island 
of Grand Canary. 

The statistics were prepared from the records, 
covering five years (1956-1960), made with a Fuess 
anemocinemograph fitted to an 11-metre post on a 
hill which would make a very suitable site for wind 
engines. The limitations imposed by the Conference 
rules prevent the inclusion in our paper of the nu
merical tables from which the graphs were prepared. 

We obtained hourly figures for the variable wind 
speed and studied the daily, monthly and yearly 
fluctuations, which are informative as regards wind 
power utilization, provided that sufficient infor
mation is available about the consumers and load 
curve to be expected. The study of energy production 
is completed by statistics of very high-speed and 
very low-speed winds. 

The frequency and mean speed in each direction 
indicate what kind of rotation the head of the engine 
will have to undergo and may, in specific cases, 
determine the choice of a particular type of engine 
suited to local conditions. 

Moment-to-moment :fluctuations in wind speed, and 
especially those occurring round about the charac
teristic speeds, have a particular influence on the 
running of the engine. They also affect the study 
of resonance phenomena. 

The speed duration curve and power duration 
curve are of use in making an over-all estimate 
of the maximum usable energy and in studying 
the general behaviour of a particular wind power 
plant. 

The favourable wind conditions prevailing at the 
site are analysed as an illustration of the possibilities 
of the basin in which it is situated. 

PROSPECTION EN VUE DE L'UTILISA TION DE L'ENERGIE EOLIENNE 

Resume 

Quoique l'energie eolienne n'occupe pas actuelle
ment une place importante, la demande d'energie 
est telle que des pays tres developpes consacrent des 
efforts considerables a chercher le moyen de capter 
l'energie eolienne avec un rendement economique 
satisfaisant, car il existe de vastes regions qui man
quent de sources d'energie traditionnelles et qui n'ont 
que de rares et couteux moyens de transports. 

Le probleme de !'utilisation de l'energie eolienne 
met en j eu des variables particulieres et interde
pendantes dont certaines combinaisons sont indis
pensables a une exploitation economique. 

11 faut tout d'abord essayer de connaitre les carac
teristiques generales du vent dans la zone ou l'on 
envisage de l'utiliser, afin de determiner ensuite les 
lieux qui offrent les meilleures possibilites. 

Les auteurs de la communication passent en revue 
les criteres qui ont ete suivis en Espagne pour !'orga
nisation d'un reseau de prospection. Celui-ci a ete 
etabli en deux etapes. On a d'abord determine les 
bassins eoliens qui renferment les zones possedant 
les vents les meilleurs. La seconde etape a consiste 
a _localiser les emplacements qui conviennent le 
mieux et a connaitre le plus en detail possible le 
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regime des vents correspondant. Le comportement 
purement eolien d'un emplacement est determine 
non seulement par le vent dans }'atmosphere, mais 
aussi par des facteurs d'ordre orographique. 

Pour entreprendre une exploitation eolienne, il ne 
suffit pas de connaitre la variable du vent, il faut 
aussi que !'exploitation soit economique. Parmi les 
facteurs a considerer on peut citer les caracteristiques 
et le cout des machines et de l'equipement auxiliaire, 
les possibilites d'installer d'autres machines a proxi
mite, les acces a l'endroit, la distance jusqu'aux 
voies de communication, etc. 

Les auteurs analysent les methodes que l'on emploie 
pour etablir - a partir des donnees des services 
meteorologiques et des resultats des reseaux existants 
de prospection eolienne - des statistiques destinees 
a l'etude des possibilites d'exploitation de l'energie 
eolienne. 

Les auteurs exposent ensuite les resultats obtenus 
a ce sujet pour l'Espagne peninsulaire d'apres tous 
les renseignements disponibles, et ils delimitent et 
decrivent les principaux bassins eoliens. 

Puisque l'un des objets de la Conference est de 
faire connaitre les resultats obtenus pour des regions 
qui rnanquent vraiment de sources d' energie, les 
auteurs ont decide de faire une etude d'ensemble 
des vents dominants dans la region qui comprend 
les iles Canaries et le littoral du Sahara. 

Le reseau espagnol de prospection eolienne dans 
cette region d' Afrique cornprend 40 observatoires 
et la communication donne des chiffres pour ceux 
ou les vents enregistres ont ete les plus violents. 

Les auteurs ont etudie !'evolution au long de 
l'annee de la vitesse moyenne mensuelle du vent, 
enregistree aux divers observatoires; on constate 
en general une variation reguliere provoquee par 
les vents alizes, qui donnent un maximum en ete, 
car leur force est notable en certains points. En 
hiver, la vitesse baisse considerablement, soit parce 
que l'intensite des alizes diminue, soit qu'il y ait 
alternance avec d'autres vents moins intenses. 

Cette region constitue un bon bassin eolien, car 
la possibilite d'utiliser l'energie eolienne coi'ncide 
avec une penurie de sources traditionnelles d'energie. 

C'est pourquoi les auteurs ont pense qu'il serait 
interessant d'etudier en detail un point particulier 
du reseau de prospecti.on en vue d'une exploitation 
eolienne; ils ont choisi a cet effet l' observatoire de la 
Montana del Infierno, situe sur la cote orientale de 
la Grande Canarie. 

Les statistiques ont ete etablies d'apres les bandes 
de cinq annees (1956-1960) de l'anemocinemcgraphe 
enregistreur Fuess installe sur un poteau de 11 metres 
de hauteur plante sur une colline convenant parti
culierement bien a l'installation de machines eoliennes. 
Les tables qui ont servi a la construction des gra
phiques n'ont pas ete reproduites dans la communi
cation eu egard anx limitations imposees par le 
reglement de la Conference. 

A partir de la vitesse variable du vent, on a calcule 
des chiffres horaires et etudie les fluctuations quoti
diennes, mensuelles et annuelles, qui sont tres inte
ressantes pour une eventuelle exploitation si l'on 
dispose de donnees suffisantes sur les consommateurs 
que l'on peut escompter, ainsi qu'une courbe repre
sentant la demande d'energie en fonction du temps. 
L'etude de la production d'energie est completee 
par des statistiques des vents a tres grande et. a tres 
faible vitesses. 

La frequence et la vitesse moyenne dans chaque 
direction permettent de connaitre le type de rotation 
a laquelle sera soumise la tete de la machine et de 
determiner dans certains cas le genre de machine 
convenant aux conditions locales. 

Les variations instantanees de la vitesse du vent, 
et notamment celles qui se produisent autour des 
vitesses caracteristiques, exercent une influence par
ticuliere sur le fonctionnement de la machine. Elles 
affectent egalement l'etude des phenomenes de 
resonance. 

Les courbes de vitesse et de puissance en fonction 
du temps sont utiles en ce qu'elles permettent de 
faire une estimation globale de l'energie maximum 
utilisable et d'etudier le comportement general d'un 
aerogenerateur determine. 

Les auteurs analysent enfin les conditions eoliennes 
favorables du lieu etndie, comme exemple des possi
bilites du bassin dans lequel il est situe. 
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WIND MEASUREMENTS IN SOUTHERN ARGENTINA AND REMARKS ON WIND 
AND '.·~OLAR ENERGY IN THAT COUNTRY 

E. Ca (ibilargiu * 

In H· ; ii, a one-year course in wind dynamics and 
wind 1, : ,chines was instituted at the Faculty of 
Engine. :ng, University of Buenos Aires, and a 
study F : ,gramme for the utilization of wind and solar 
energy n Argentina on a nation-wide scale was 
present ; to that faculty, to the Ministry of Power, 
and to he National Institute of Agricultural Tech
nology : ; ). 

This . ,roj ect proposed the establishment of an 
experin; ;ital centre for wind and solar energy for 
the fol} · ·:/ing purposes : (a) in collaboration with 
the NaL inal l\leteorological Service, it was to study 
the dis·: ibution of wind and solar energy in the 
country ,·cck the sites for their optimum utilization 
and m,, "-' long-term measurements; (b) it was to 
study, ~ign, construct and test research models 
and ba · experimental equipment for harnessing 

• Prof. .. ,r of \Vind Dynamics and Wind Machines, Facultades 
de Ingcn , · :, Buenos Aires and Montevideo. 
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such energy, and subsequently, for each solution, 
to make a cost study as a basis for industrial bidding, 
under the control of a government agency that 
would finance mass production, so that users could 
acquire the necessary plant at a modest monthly 
cost and would also have a reliable service of tech
nical assistance and supply. 

Characteristics of the localities examined 

First of all, an initial group of most favourable 
localities was selected on the basis of the data avail
able to the National Meteorological Service (2, 3). 
These localities are given in tables 1, 2 and 3. With 
the help of students who had completed the course, 
we examined the anemometer records of many 
stations that delineate the broad belt of lower mean 
annual relative humidity and lower rainfall in 
Argentina. We calculated the mean hourly, monthly, 
seasonal and annual wind speeds at the stations of 
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Figure 2. Curves of annual number of days with 
rainfall (over 10 mm) 



76 II.B.1 Wind behaviour and site investi~ation 

Trelew, Comodoro Rivadavia, San Julian, Santa 
Cruz, and Rio Gallegos, on the Atlantic Coast from 
43° 14' to 51° 50' S. lat, and of San Carlos de Bari
loche and Esquel in the Andes, from 41 ° 09' to 
42° 54' S. lat. This zone is shown in detail by the 
curves of figures 1 and 2. 

Table 1 gives the stations of southern Argentina 
with prevailing winds of good energy characteristics, 
and those of lower cloudiness, and table 2 the stations 
of Northern Argentina, which in general indicate 
gentle breezes (only reaching monthly means of 
15-18 km/h at a few stations), but which do have a 
low cloudiness.1 Table 3 gives the mean pyrano
graphic values according to the National Meteoro
logical Service at the existing stations of this type. 

The diagrams of figure 3 give the annual frequencies 
of the wind speed at each of the above stations. It 
will be seen that the wind speeds of maximum fre
quency, as well as the course of the curves, show 
a marked variation from zone to zone. 

Figure 4 gives velocity duration curves of the 
same places. It will be noted that Comodoro Riva
davia and San Julian are the zones of highest energy 
for harnessing wind power. 

1 For the relation between the cloudiness and the effective 
incident radiation Q, see Berg, H ., Pure and applie ageophy sics, 
13, 157 (I 948). 

Figures 5 and 6 give the diurnal march of the mean 
seasonal wind speed. As will be seen from these 
curves, at all the stations the wind speed begins to 
increase at sunrise, holds its maximum values during 
the afternoon, and declines rapidly at sunset. The 
night values show little difference between the four 
stations. In general the wind speed, especially in the 
hours of stronger wind, is much higher in spring and 
summer than in autumn and winter. 

The diurnal march of mean wind speed at the 
stations is very important because it shows the 
different windiness during the hours of the day at 
the four stations. To allow us to plot these monthly 
graphs, which are more detailed and cannot be 
reproduced in the small space of the accompanying 
figures, the values of the monthly and annual means 
are tabulated. These tables are omitted here to 
save space. 

Remarks on the utilization of energy 

The work here presented shows what can be; done 
with the data that are generally available to the 
meteorological service of a country, and which, as a 
rule, as in Argentina, cannot be extended to cover 
a larger number of stations, owing to the shortage 
of recording anemometers, pyrheliometers and per
sonnel. 
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Figure 3. Annual frequency of wind speeds at San Julian, Comodoro Rivadavia, 
Rio Gallegos, San Carlos de Bariloche, Trelew and Santa Cruz 
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Figure 4. Velocity duration curves for Comodoro Rivadavia, Esquel, Trelew, Santa Cruz, San Carlos 
de Bariloche, Rio Gallegos, and San Julian; and annual frequency of velocities at Esquel 
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Figure 5. Diurnal march of mean wind speed at stations of Comodoro Rivadavia 
(1942, 1946 and 1951) and Santa Cruz 
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Figure 6. Diurnal march of mean wind speed at stations of Trelew, Rio Gallegos, 
San Carlos de Bariloche and San Julian 

These stations cannot, from time to time, move 
from one place to another as would be necessary for 
an energy study, because a series of climatic data 
must be continuous. This is one of the reasons for 
having the Experimental Centre for Wind and Solar 
Energy make the required measurements with its 
own instruments and its own staffs. In studying the 
utilization of wind and solar energy, it must always 
be borne in mind that the data generally available 
at the meteorological services relate to stations 
located at the major centres of population, because of 
the needs of their primary work, which is climato
logical study and weather forecasting, instead of 
being located at the places that would be of greatest 
interest for energy utilization. 

In Argentina, as in other countries with an impor
tant orographic system, it can definitely be predicted 
that, given research and adequate means, much more 
suitable sites will be found for harnessing the energy 
of the wind and sun than those known today. 

Except for the cities and their immediate sur
roundings, electric power is very scarce in Argentina, 
and in the driest zones, indicated by figures 1 and 2, 
this is complicated by scarcity of water. This em
phasizes the importance of an economical means 
that would combine the local generation of electri
city with the supplying of ground and river water. 

The most economical means of converting the 
natural sources of energy into a form directly usable 

in small and medium-scale installations is the har
nessing of wind and solar energy. 

The former is the "blue coal" of all southern 
Argentina, a region predominantly arid, and the 
latter is that of the north, where, over large areas, 
the existing water is too brackish for drinking or 
use in agriculture. 

It is well known that sun and wind energy is very 
abundantly distributed over the earth and may 
be harnessed at the place of ultimate use, thus 
avoiding transportation costs. But there are transi- , 
tory periods of shut-downs or interruption (calms 
and light breezes, nights and times of great cloudi
ness). The station averages are likewise different. 

It will be seen from table 1 that the station aver
ages of wind speed are much higher in spring and 
summer than in autumn and winter. For this reason, 
if a minimum fixed level of the power taken from the 
wind is required (except for the transitory periods 
of calm), two or three graduated levels for utilization 
must be established, each with its own separate 
equipment and suitable regimes of regulation, with 
storage batteries for the condition of lower power 
and the most necessary uses. But many important 
uses do not have these complications, and have the 
advantage of lower cost. For instance, if we compare 
the frequency of the wind with that of the rain in 
all the zones of semi-aridity and moderate rainfall, 
we see that the winds of useful speed are much more 
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frequent than the rains, and that therefore the wind 
can solve the important problem of water supply 
·without storage, or with only limited storage. 

In the Southern zone, as a rule, the wind remains 
;;trong enough, even in autumn and winter, to drive 
-,-ind machines for family use, supplying sufficient 
1~nergy in these periods for heating, cooking, lighting, 

refrigeration, radio, laundry, etc., and even for modest 
industrial work, and leaving the greater power of 
the spring and summer months for pumping water 
for agriculture and livestock. 

Table 1. 

Station• 

Buenos Aires (Darsena Sud) 
(5) N 

V 
l\Iar de! Plata (24) V 
Copelina ( 192) . V 
Barrow (120) V 
T renque Lauquen (96) N 

V 

General P ico (14.0) . N 
V 

Victorica (312) N 
V 

Rio Colorado (78) . .N 
San Carlos de Bariloche (853) . V 

P laza Huincul (605) N 
V 

Camarones (34) V 
Comodoro Rivadavia (61) V 
Punta Delgada (54) V 
Sarmiento (268) V 

t Trelew (39) . V 

Caii.ad6n Leon (358) V 
Cerro Fitz Roy (420) V 
Col. Las Heras (252) N 

V 

Cabo Blanco (39) V 
Cabo Virgenes (51) . V 
Lago Argentina (222) V 

Puerto Deseado (79) V 

Rio Gallegos (22) V 
San Julian (26) V 
Santa Cruz (11) V 

Georgia de! Sur (3) . V 

Orcadas de! Sur (3) V 
Tierra de! Fuego (9) V 

Examining the pyranographic data for the southern 
zone, we see that at various stations indicated 
in table 3, and surely at many other places as well 

Stations with good energy characteristics in southern Argentina 

(N = mean cloudiness; V = mean wind speed (km/h)) 

J an. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Y ear 

Buenos A ires Province 

3.8 4.1 4.4 4.2 5.2 5.7 5.4 5.0 4.9 4.6 4.3 3.9 4.6 

17 15 14 12 12 11 12 13 14 15 16 18 14 
17 17 16 15 14 14 16 16 16 17 17 18 16 

20 19 20 18 14 14 17 17 18 19 18 19 18 

18 18 17 16 18 17 18 16 17 18 18 18 17 
3.7 3.8 3.7 4.2 5.0 5.3 5.1 4.5 4.8 4.7 4.3 3.8 4.4. 

15 14. 13 14 14 12 12 15 18 19 19 18 15 

La Pampa Province 

4.2 4.2 4.4 4.3 5.5 5.3 5.3 4.7 4.8 4.5 4.6 3.8 4.6 

17 15 15 14 13 12 14 16 18 19 18 18 16 
3.4 3.6 4.2 4.6 5.4 5.5 5.4 4.8 5.0 4.1 4.3 3.6 4..5 

16 14 15 13 13 12 13 13 15 15 15 15 14 

Rio Negro Province 

3.7 3.6 3.7 4.0 5.7 4.8 5.0 4..8 5.0 4..5 4.4 3.9 4.4 

18 20 18 18 17 17 14 16 18 20 22 22 18 

N euquen Province 

2.1 2.0 2.9 3.5 4..9 4..2 4..2 4.0 4.3 3.4 2.9 2.4 3.4 

15 13 13 10 11 11 11 13 13 15 17 18 13 

Chubut Province 

19 18 14 13 15 15 16 17 18 21 21 22 17 

27 26 21 21 22 22 22 22 21 26 27 27 23 

16 17 18 18 20 18 19 20 18 18 14 17 18 

21 18 13 13 11 12 9 12 13 22 24 22 16 

18 16 13 12 12 12 14. 14 14. 17 18 19 15 

Santa Cruz Province 

17 17 13 14 12 14 13 12 14 18 10 19 15 

29 29 22 19 16 16 16 17 22 30 29 31 24 

4..6 4.7 4.2 4.1 4.0 4..3 4.6 4.3 4.7 4.3 5.0 5.2 4.5 

19 22 17 4 13 15 14 15 15 20 22 24 18 

18 20 17 17 18 18 17 17 17 18 16 17 18 

24 23 20 21 19 20 19 20 19 22 22 24 21 

23 22 14 14 9 13 14 14 17 20 23 22 17 

17 19 17 15 15 16 16 16 18 19 18 17 17 

28 26 19 19 15 17 15 19 22 26 28 28 22 

32 30 25 23 22 24 22 24 25 31 32 32 27 

26 27 20 18 18 20 18 20 22 25 26 26 22 

I slands 

17 18 18 16 16 18 17 17 17 16 18 17 17 

15 16 18 19 19 17 18 20 18 21 16 14 18 

28 28 21 21 17 19 15 19 20 30 28 28 23 

a F igures in parentheses indicate elevation above sea lev el, in metres. 
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Table 2. Stations with good energy characteristics in northern Argentina 

(N = mean cloudiness (0 - 10); V = mean wind speed (km/h)) 

Station• Jan. Feb. Mar. Apr. May ]11ne July Aug. Sept. Oct. Nov. Dec. Yea, 

Entre Rios Province 
Albcrdi (ll0) N 4.2 4 .0 4.5 4.2 5.0 5.5 5.0 4.1 3.6 4 .0 3.9 3.8 4.3 
Concordia (32) N 4.4 4.2 4.4 4.3 4.9 5.8 5.0 4.0 4.7 3.7 4.0 3.8 4.4 
Gualeguaychu (22) N 3.9 3.8 4.2 3.8 4.5 4.9 4.7 4.3 4.3 4.1 3.9 3.5 4.2 
La Paz (38) N 4.5 4.4 4.6 4.4 5.0 5.5 5.1 4.0 4.8 4.2 4.2 3.8 4.5 
Victoria (20) N 4.4 4 .0 4.2 4.0 4.8 5.4 4.8 4.2 4.7 4.2 4.0 3.7 4.4 
\'illaguay (52) . N 4.3 4.2 4.4 4.3 4.9 5.6 5.3 4.5 4.9 4 .1 4.0 3.G 4.5 

Santa Fe Province 
Angel Gallardo (18) N 3.9 3.6 4 .0 4.0 4.6 5.6 5.0 4.0 4.4 4.0 3.8 3.6 4.2 
Ceres (88) N 4.3 4.0 4.4 4.4. 5.0 5.4 5.0 3.8 4.4 4.0 4.0 3.5 4.4 
Rafaela (100) N 3.9 3.8 4 .2 4.2 5.0 5.6 4.9 4.1 4.3 3.6 3.7 3.5 4.2 
Vera (58) . N 4.l 4.0 4.1 40 4.4 5.5 4.8 3.7 4.9 4.0 3.6 3.6 4.2 

Cordoba Province 
Ascochinga (1 200) N 3.5 3.7 4.8 4.6 4.1 3.7 3.6 3.1 3.4 3.4 3.6 2.9 3.7 
Em balsa (548) N 4.3 4.2 4.7 4.5 4.7 4.4 4.2 3.6 4.1 4.0 4.2 3.7 4.2 
Hninca Renanc6 (181) N 3.1 3.0 3.8 3.7 4.7 5.0 4.8 4.1 4.2 3.6 4.4 2.6 3.8 
Quilino (397) N 4.1 3.7 4.4 4.4 4.9 4.7 4.3 3.0 3.7 3.8 3.9 3.4 4.0 
Rio Cuarto (443) N 3.7 3.4 4.0 3.8 4.6 4.6 4.3 4.0 4.5 3.9 3.7 3.1 3.9 
San Francisco (114) N 3.9 3.6 4.1 4.2 4.2 5.3 4.9 3.9 4.2 3.3 3.7 3.4 4.1 

V 15 13 15 16 15 17 17 18 19 18 16 16 16 
V Dolores (533) N 3.1 3.1 3.5 3.5 4 .2 3.9 3.9 2.8 3.3 3.0 3.2 2.7 3.3 

San Luis Province 
S. Luis (715) K 3.3 3.0 3.3 3.7 3.9 4.2 4.1 3.2 3.4 3.3 3.2 2.6 3.4 
Union (372) . N 3.3 4.2 4.5 4.2 4.8 5.1 5.2 4.2 4.7 4.6 4.5 3.7 4.5 

11fendoza Province 
Cacheuta (1 237) . N 3.6 3.4 3.3 3.1 4.1 3.8 4,0 3.8 3.5 3.3 3.5 2.9 3.5 

Colonia Alvear (465) N 3.6 3.6 3.6 3.9 4.8 4.9 4.8 4.2 4.0 3.9 4 ,0 3.0 4.0 

Cristo Redentor (3 832) . N 3.1 3.0 2.8 4.2 5.5 5.7 5.6 5.3 5.0 4.5 4.2 2.6 4.3 

V 25 24 25 22 22 26 25 26 26 24 27 20 25 

EI Plumerillo (700) N 3.8 3.7 3.9 3.8 4.6 4.5 4.5 3.9 4.0 3.7 3.7 2.9 3.9 

~Ialarguc (1 418) . N 1.9 1.9 2.6 3.1 3.8 3.6 3.9 3.8 3.8 2.7 2.6 1.7 3.0 

~Icndoza (827) N 3.4 3.8 4.0 4.2 4.9 4.8 4.8 4.2 4.3 4.0 3.7 3.2 4.8 

Puente de! Inca (2 720) N ? -- .v 2.5 1.8 2.7 4.4 4.3 4.8 4.6 4.3 3.6 3.4 2.0 3.4 

S. Carlos (940) N 3.5 3.4 3 .7 4.1 4.6 4 .6 4.6 4.6 4.2 3.9 3.9 2.7 4.0 

\'ilia Vicencio (1 783) . N 3.9 4.1 3.7 3.8 4.2 3.9 4.2 3.9 4.1 3.5 3.6 2.7 3.8 

San .Juan Province 
Jachal(l 162). N 4.8 4.5 3.9 3.9 4.3 4.4 4.4 3.2 3.6 3.4 3.7 3.7 4.0 

S. Juan (630) N 3.6 3.3 2.9 3.2 3.8 3.7 3.4 3.2 3.2 3.3 2.9 3.0 3.3 

La Rioja Province 
Chepcs (654) N 3.6 3.4 3.7 3.5 4.2 3.9 3.6 2.8 3.2 2.8 3.2 2.7 · 3.4 

Chilecito (1 101) N 4.7 4 .2 3.9 3.5 4 .0 3.7 3.6 2.7 3.3 3.6 3.8 4 .0 3.8 

La Rioja (517) N 4.9 4.8 5.0 4.1 4.8 4.3 4.1 3.1 3.7 4.0 4.1 4.1 4.3 

Punta de! Agua (2 600) N 3.2 3.0 2.1 1.4 1.7 1.7 1.8 1.1 1.3 1.5 1.6 2.3 1.9 

Santiago Del Estero Prov-ince 
,\na Tuya (107) ~ 4.3 4.2 4- .4 5.0 5.4 5.6 4.9 3.6 4.2 4.1 4.0 4.1 4.5 

Pampa de los Guanacos (156). N' 4.9 5 .1 4 .9 4.7 5.1 5.4 5.0 3.4 3.9 3.8 4.4 4.2 4.6 

El Chaco Province 
Villa Angela (74) N 3.5 3.7 4.2 4.2 4.6 5.2 4.7 3.3 4.6 3.6 3.5 3.2 4.0 

Formosa Province 

Formosa (65) N 3.9 4.5 4 .2 4.3 4-.7 5.3 4.6 3.6 4.5 4.5 4.0 4.0 4.4 

S. Francisco de Laishi (75) K 4.3 4 .5 4 .5 4.1 4.7 5.4 4.4 3.6 4.4 4.4 4.3 4.0 4.4 

Tacaagle (87) . •N 4.0 4 .3 4.6 4.3 4.6 5.4 4.3 3.4 4.2 4.4 4.1 3.6 4.2 

Catamarca Province 

Andalgala (I 0G3) N 4.5 4 .0 3.9 3.6 3.7 3.6 3.4 2.6 3.0 3.8 3.8 4.0 3 .6 

Catamarca (546) . N 3.4 3.2 3.2 3.1 3.3 3.0 2.7 2.4 2.6 3.0 3.0 3.1 3 .0 

Tinogasta (1 2?4) N 3.7 3.4 3.1 2.3 2.6 2.3 2.5 1.8 2.3 2.6 2.8 3.2 2.7 

Tucumdn Province 

Villa Nougues (1 388) V 18 18 18 17 15 15 17 18 18 17 17 18 17 

• Figures in parentheses indicate elevation above sea level, in metres. 
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Table 3. Values of solar radiation on a horizontal plane measured with the Robitzsch bimetallic pyranograph 
at the stations of Argentina 

((1) = mean_ values of ea! c_m-2 day-1 on the clear days of the month; (2) = mean monthly ,·alucs of the same; (3) = number of clear 
days m the month. fhe mean values relate to the years indicated below the name of each station) 

Station Jan. Fe/J. ltl ar. Apr. May Jmie ] t<ly A rtg. Sept. Oct. Nov. Dec. Ytar 

;Juenos Aires (Federal Cap.) 
1941-52 (1) 760 692 567 470 325 275 288 386 476 652 761 830 

(2) 668 587 445 353 269 190 211 289 391 513 633 (i82 435 
(3) 6 (j 4 7 5 2 3 4 2 3 (j 3 

Chos l\falal (Prov. Neuquen) 
1950-52 (1) 859 722 625 440 329 253 254 369 542 736 864 952 

(2) 771 609 513 347 194 153 182 281 406 595 730 823 472 
(3) 8 9 9 7 1 3 3 5 7 6 5 7 

Concordia (Prov. Entre Rios) 
1945-50 (1) 699 727 546 448 339 300 292 385 498 676 718 745 

(2) 607 533 436 346 226 177 221 271 334 519 603 560 403 
(3) 9 4 10 7 6 5 2 8 3 7 4 3 

Cordoba (Prov. Cordoba) 
1940-52 (1) 659 618 511 384 324 284 285 358 440 560 649 688 

(2) 586 530 411 . 350 247 220 241 310 402 492 580 604 414.4 
(3) 3 5 4 5 4 

Corrientes (Prov. Corrientes) 
6 4 5 4 6 5 3 

1941-51 (1) 759 716 608 450 371 364 324 426 577 678 714 705 
(2) 564 505 426 336 273 213 249 315 382 436 539 568 405 
(3) 5 2 7 4 4 l 3 8 2 8 5 7 

La Qniaca (Prov. Jujuy) 
1943-52 (1) 820 860 854 6!)5 614 560 570 618 788 914 915 993 

(2) 751 698 695 621 557 509 523 595 695 818 825 791 673 
(3) 1 1 4 8 15 14 13 12 7 2 1 1 

La Rioja (Prov. La Rioja) 
1941-50 (1) 826 740 627 494 376 337 349 450 565 703 817 878 

(2) 605 536 448 370 282 254 289 374 465 537 614 655 459 
(3) 7 6 7 9 6 9 8 13 10 9 7 7 

Loreto (Prov. Misiones) 
1951-52 (1) 929 786 668 516 422 341 366 442 60-i 693 846 950 

(2) 749 599 492 424 316 211 278 361 383 546 607 756 477 
(3) 3 2 3 2 4 2 6 3 3 2 2 2 

Mar de! Plata (Prov. Buenos 
Aires) 1949-52 (1) 786 681 543 · 423 300 219 249 301 462 613 769 837 

(2) 664 544 422 298 180 159 166 221 323 471 589 608 388 
(3) 3 2 3 2 2 3 3 3 2 2 3 2 

Mendoza (Prov. Mendoza) 
1940-52 (1) 774 692 552 439 343 298 315 407 521 648 752 791 

(2) 651 597 479 382 281 245 262 340 435 546 657 688 472 
(3) 5 6 4 7 5 4 5 7 6 6 7 7 

Neuquen (Prov. Neuquen) 
1958 (2) 642 508 357 243 133 100 99 82.8 122.5 403 506 575 314.2 

(3) 10.6 10.5 8.3 7.2 4.4 4.8 3.5 6.4 6.4 9.6 9.1 8.7 
Pehuajo (Prov. Buenos Aires) 

1949-52 (1) 785 700 554 445 316 262 277 366 464 640 756 847 
(2) 657 560 412 337 185 190 189 265 341 486 596 666 398.6 
(3) 6 6 3 7 3 5 5 6 3 4 4 4 

Pilar 1945 (Prov. Cordoba) 
1941-43 (1) 776 714 587 424 327 259 284 371 476 627 741 776 

(2) 636 566 437 355 252 207 236 310 413 527 612 664 434.6 
(3) 3 4 6 9 3 8 9 7 10 5 4 4 

Posadas (Prov. Misiones) 
1941-45 (1) 606 586 485 436 362 322 324 370 498 558 600 650 

(2) 512 482 396 367 271 216 244 291 353 446.5 490 553.2 391.7 
(3) 2 1 6 10 5 3 4 4 3 7 5 2 

Salta (Prov. Salta) 1950-51. (1) 614 480 424 371 381 453 580 689 808 800 
(2) 524 423 428 337 326 314 334 414 438 569 504 518 412 
(3) 2 2 5 4 8 11 6 3 1 2 

Rivadavia (Prov. Salta) 
1951-52 (1) 726 726 635 520 418 378 366 421 536 645 720 812 

(2) 550 496 499 381 354 260 306 392 461 522 567 652 462 
(3) 2 4 6 2 6 13 16 10 6 1 6 
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Table 3. Values of solar radiation on a horizontal plant measured with the Robitzsch bimetallic pyranograph 
at the stations of Argentina ( continued) 

Station Jan. Feb. Mar. Apr. May June July A1<g. Sept. Oct. Nov. Dec. Year 

Rosario (Prov. Santa Fe) 
1950-52 (1) 726 678 514 412 310 257 269 345 444 608 705 782 

(2) 603 515 418 327 201 188 204 281 327 474 550 621 393 
(3) 5 3 9 6 3 3 7 10 2 6 3 5 

San Juan (Prov. San Juan) 
1958 (2) 456 379 289 367 348 343 418 548 610 548 141 

(3) 10.7 10.7 7.6 8.6 
San :\Iiguel (Prov. Buenos 

Aires) 1951-52 (1) 758 685 540 450 
(2) 594 518 408 308 
(3) 5 2 4 2 

Santa Rosa (Prov. La Pampa) (1) 798 699 570 37() 
(2) 652 612 476 283 
(3) 9 5 8 7 

Trelew (Prov. Chubut) 
1950-52 (1) 841 699 544 398 

(2) 700 573 454 292 
(3) 3 2 3 3 

Tucuman (Prov. Tucuman) 
Hl49-52 (1) 705 649 577 463 

(2) 571 489 423 382 
(3) 1 6 7 

(especially in the mountainous areas) which do not 
have total-radiation recorders, there is still enough 
energy in autumn and winter for water heating with 
fixed collectors (with the greatest angle of inclination 
to the horizon being in winter), leaving the period 
of maximum available solar energy (summer) for 
the use of these same collectors to supply cycles of 
lower efficiency (space cooling, food conservation, 
ice production). 

The most important use of solar energy in a large 
part of northern Argentina, however, is for demine
ralizing water. This can be accomplished in flat 

5.2 6.4 6.0 6.8 7.5 8.9 10.5 9,() 

297 255 231 386 429 592 690 756 
194 178 176 250 322 428 520 591 :365 

2 2 7 4 3 2 2 3 
296 215 258 326 524 630 769 808 
153 151 171 239 213 492 589 637 :rno 

1 3 8 6 6 6 3 5 

256 169 224 311 434 665 852 
149 114 159 214 345 500 598 633 :!94 

2 3 3 3 2 1 1 

498 354 343 406 493 585 681 708 
278 271 296 346 383 468 516 556 415 

4 5 10 10 4 5 2 1 

inclined collectors at a summer average rat-~ of 
2 1 m-2 day-1 • 

Moreover, it is obvious that one must sta1 ·' by 
developing the simplest installations at the E;-..peri
mental Centre, and afterwards, gradually, with 
comparative tests, those that involve greater diffi
culties. One must convince oneself that efficient and 
economic results will not be attained without serious 
and continuous work at a scientific experiment sta
tion. Such results have been obtained, up to now, 
only in countries where such stations have been 
organized and are in operation. 
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Summary 

A course in wind dynamics and wind machines 
was instituted at the Buenos Aires School of Engi
neering in 1959. A plan for a study of the harnessing 
of wind and solar energy on a nation-wide scale was 
submitted to the competent authorities. 

This plan proposed the establishment of an 
experimental centre for wind and solar energy _to 
collaborate with the National Meteorological Service 

in finding favourable sites for harnessing energy 
and to perform the long-term measurements required 
for that purpose. The Centr~ was ~lso to stu~y. 
design, build and test the basic expenmental equip
ment for such harnessing and make a detailed cost 
study for the use of industrial bidders for the pro
duction of such equipment under the control of a 
government agency that would finance such mass 



Wind measurements in southern Argentina W /10 Cambilaq~iu 83 

productio_n. Consumers could thus acquire the rele
vant eqmpment at low monthly charges and would 
1lso be provided with technical assistance and 
-:upplies. 

~haracteristics of the sites studied 

The first series of sites was selected from data 
urovided by the National Meteorological Service 
(see tables l, 2 and 3). The wind records for a number 
A sites bounding the zone of lowest mean relative 
humidity in Argentina were also analysed (see 
iigures l and 2). 

Figures 3 to 6 give the respective annual velocity 
duration curves, annual velocity frequency curves, 
and the diurnal march of the mean hourly wind 
speed at the station, for Trelew, Comodoro Riva
davia, San Julian, Santa Cruz, Rio Gallegos, Esquel 
and San Carlos de Bariloche. To obtain monthly 
curves in more detail than can be reproduced in the 
small figures annexed, the author has tables derived 
from the wind records. 

Remarks on the harnessing of energy 

The data usually available to the meteorological 
services are inadequate for windpower studies. An 
experimental centre for wind and solar energy is 
therefore required to guide and facilitate the develop
ment of such forms of energy in Argentina. 

Wind power in southern Argentina reaches high 
levels, especially in spring and summer. The wind 
distribution shown in the figures relates to sites 
bounding a large area, most of it arid and sparsely 
settled. The conditions in this area can be substan
tially improved by using wind power to pump 

ground and river water and for generating electric 
power for local use at isolated houses or for small 
co?1munities and industries, or also by large wind
dnven generators connected to a grid. 
. There is little opp~rtunity for the use of wind power 
m northern Argentma, but there is more for solar 
~nergy._ The sun can contribute to agricultural and 
mdustnal development and help to raise the level 
of living. The use of simple and economic collectors 
is advisable. They would be flat, fixed collectors, 
facing north and inclined to the horizon at an angle 
equal to the solar culmination at the season of 
operation. 

This ~ngle might be adjusted by hand, say once a 
week. This would greatly simplify the mechanism 
and maximize collector efficiency. 

This type of collector may be used for various 
purposes. Its efficiency is about 0.5-0.6. It may be 
used in large, medium and small-scale water deminer
alizing plants, for heating dwellings, workshops, 
hospitals, public buildings, etc., and for drying 
agricultural products, wood, etc. Its use for summer 
air-conditioning, with an absorption cycle having a 
total efficiency of about 0.10, is also advised. In
dustrial production of ice and refrigeration of food 
may be based on the same principle. 

The conversion of solar energy into mechanical 
and electrical energy has up to now been charac
terized by low output and the use of equipment that 
is not yet economic, especially in view of the level 
of living in northern Argentina. The study and 
improvement of such equipment, however, will be 
one of the important functions of the proposed 
centre, after the development of other equipment for 
harnessing wind and sun in Argentina. 

DIAGRAMMES ANEMOMETRIQUES POUR L'ARGENTINE MERIDIONALE, 
CONSIDERATIONS SUR L'UTILISATION DE L'ENERGIE EOLIENNE ET SOLAIRE DU PAYS 

Resume 

On a inaugure en 1959, a la Faculte technique de 
Buenos-Aires, un cours de dynamique eolienne et on a 
presente une etude relative a des programmes visant 
a !'utilisation de I' energie eolienne et solaire a 
l'echelle nationale a cette faculte, au Secretariat 
national de l'energie et a l'Institut national de 
technologie agricole (INTA). 

Le projet envisageait la creation d'un centre expe
rimental de l'energie eolienne et solaire (CEES), qui 
devait chercher les emplacements les plus favorables 
au point de vue energetique et prendre les mesures 
a long terme necessaires, avec la collaboration du 
Service meteorologique national (SMN) : ce centre 
devait aussi etudier, projeter, realiser et essayer des 
elements de base experimentaux en vue de !'utili
sation de ces energies, pour faire ensuite une etude 
des frais destinee a servir de base a des licitations 
industrielles avec l'aide d'un organisme :financier 

de l'etat, pour la production en serie. Ceci permettrait 
aux usagers d'acheter les installations necessaires 
malgre des revenus mensuels limites et les assurerait 
d'un service d'assistance technique efficace et de la 
fourniture de pieces de rechange. 

Caracteristiques des emplacements examines 

On a tout d'abord choisi, en utilisant les donnees 
du SMN, une premiere serie d'emplacements consi
deres comme etant les plus favorables, indiquee aux 
tableaux l, 2 et 3, et on a analyse les bandes anemo
metriques de nombre de pastes, qui definissent une 
ample zone ou l'etat hygrometrique moyen est le 
plus bas de !'Argentine. Voir figures l et 2. 

Aux figures 3 a 6, on ajoute des diagrammes 
annuels « duree-vitesse », « frequences des vitesses » 
et « repartition des vitesses » en valeurs moyennes 
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pour les pastes en cause et sur les 24 heures du jour, 
aux stations de Trelew, Comodoro Rivadavia, San 
Julien, Santa Cruz, Rio Gallegos, Esquel et San 
Carlos de Bariloche. Pour permettre l'etablissement 
de diagrammes mensuels plus detailles, qu'il est 
impossible de reproduire etant donne l'exigu1te des 
figures, on a donne 21 tableaux des valeurs nume
riques deduites des bandes anemometriques. 

Considerations sur les applications de cette energie a la 
production de force motrice 

Les donnees dont on dispose generalement dans 
les services meteorologiques sont insuffisantes pour 
l'etude des eoliennes et il faut creer un centre expe
rimental de l'energie eolienne et solaire pour guider 
et faciliter le developpement de la mise en reuvre 
de ces sources naturelles d'energie dans ce pays. 

Au sud de l' Argentine, l'energie eolienne presente 
des valeurs elevees, notamment au printemps et en 
ete. La repartition du vent indiquee clans les dia
grammes ci-joints se rapporte a une zone generale
ment aride et peu habitee, qui peut etre rendue sensi
blement plus hospitaliere en mettant le vent en reuvre 
pour le pompage de l'eau du sous-sol et des rivieres 
et pour la production d'electricite, tant localement, 
pour les maisons de campagne isolees, que pour de 
petites communautes et des industries. On pourra 
egalement se servir de grandes eoliennes reliees a un 
reseau electrique. 

Au nord, d'apres les donnees dont nous disposons, 
il y a peu de possibilites d'utilisation du vent. Elles 
sont meilleures en ce qui concerne l'energie solaire, 
qui peut contribuer beaucoup au developpement de 

!'agriculture et de l'industrie de notre pays et relever 
son niveau de vie. 

En debut de programme, on recommande l'emploi 
de types simples et economiques de collecteurs, 
c'est-a-dire de collecteurs plans, fixes, inclines d'un 
angle egal a la hauteur maximum du soleil aux 
differentes saisons. La variation de l'angle d'incli
naison peut se faire a la main par exemple, une fois 
par semaine, simplifiant ainsi au maximum les instal
lations et donnant le plus haut rendement qu'on 
puisse obtenir avec des collecteurs plans fixes . 

Ces types de collecteurs ont des emplois tres varies 
et un rendement de l'ordre de 0,5 a 0,6. On peut les 
utiliser dans des installations grandes, moyennes et 
petites pour la demineralisation de l'eau, le chauffage 
des maisons, des usines, des hopitaux, des edifices 
publics, le sechage des produits agricoles, des bois, 
etc. Leur utilisation se prete egalement tres bien au 
conditionnement de l'air en ete, en se servant d'un 
cycle d'absorption ayant un rendement total de 
l'ordre de 0,10. En s'en tenant au meme principe, 
on peut faire de la glace et assurer le refroidissement 
des depots de comestibles. 

Jusqu'a piesent, la transformation de l'energie 
solaire eri energie mecanique on electrique s'est faite 
avec fort peu de succes pratique et des installations 
qui ne sont pas encore justifiables du point de vue 
economique, particulierement si I' on tient compte 
du niveau de vie moyen au nord du pays. De la meme 
maniere, l'etude et la mise au point de ces installa
tions constitueront une des taches importantes du 
CEES, une fois que d'autres installations destinees 
a capter l'energie eolienne et solaire du pays auront 
ete mises sur pied. 
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WIND FI.OW OVER HILLS, IN RELATION TO WIND POWER UTILIZATION 

J. Frenkiel * 

In view of th~ importance of developing local 
energy re~~urc?s m Israel, the possibility of wind 
energy uhhzat10n was bound to attract attention 
in pa:t~cular by means of large-scale generation of 
electnc1ty from plants connected with the general 
supply network. 

~t was, of course, necessary to determine the most 
smtable loc~tions in different parts of the country. 
Therefore, m 1953, a country-wide survey was 
begun, and some twenty points of measurements 
were set up where wind data were measured. These 
win~ measuring stations were set up on the peaks 
of hills in order to utilize the generally assumed 
accelerating influence of their slopes on wind. 

As a result of the survey, several sites have been 
s~lected w~ich appear appropriate for large genera
ti_o1: of wmd power. These sites can be roughly 
d1v1ded topographically into two broad categories : 

. (a) A mountain ridge athwart the prevailing wind 
direction with a steep leeward side ; 

(b) An isolated peak in a valley in the general 
direction of prevailing winds. 

. One site in each category was chosen for a detailed 
mvestigation of wind behaviour with the purpose 
of correlating the topography of the site with the 
characteristics of the wind flow over it. It was felt 
that 'this study was not only necessary to provide a 
sound basis for future developments of wind power 
utilization in Israel, but that it could be of im
portance for similar developments in other countries 

. as well, as it would give data of general value. 

j These data were sorely lacking. P . C. Putnam, 
summing up wind investigations connected with 
~is great aerogenerator, wrote : "after five years of 
mcreasing familiarity with the problem of site selec
tion, we can point to no analogy between the profiles 
of mountains and the profiles of airfoils by which 
one can predict mean wind velocities at hub height 
within limits which will be useful"; and, again: 
"we have found no criteria by which to make an 
economically useful quantitative prediction of the 
effects of topography upon wind flow". All he could 
say was : "we believe good wind-turbine sites will 
be found at certain points on ridges lying athwart, 
or nearly athwar t, the flow of the prevailing wind; 
.. . they are not likely to be found among upwind 
foothills, although they may be found on down
wind shoulders" (1) . 

* Technion, I srael Institute of Technology, H aifa. 
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. E . W: ~oldi!1g, drawing on his extensive experience 
with Bnhsh wmd survey, fully subscribes to Putnam's 
vi~ws as illustrated in the first two quotations, and 
wntes: "It would be very convenient if it were 
possible to use a precise formula relating the wind 
speed at a certain height over the summit of a hill 
of a given altitude and shape to the undisturbed 
wind speed at the same altitude but at a distance 
up-wind from the hill. This would facilitate the choice 
of sites; one might almost choose them from close 
study of contoured maps, if sufficiently detailed, 
without being familiar with the actual localities. 
But no such method can be followed : it is not possible 
to work from the formula." (2) 

As to the best topography of the site, he is even 
less specific than Putnam. He writes : "The theory of 
wind flow over hills is complex and evidence is still 
lacking on the precise shape of hill for maximum 
accelerating effect." While mentioning some espe
cially windy isolated hills (Costa Hill, Orkney; 
Mynydd Anelog, Caernarvonshire, North Wales ; 
and Bloody Foreland, Co. Donegal, Eire), he says 
that it has proved possible from experience "to 
.choose (such) hills, giving good - although not, 
perhaps optimum, results." 

Obviously, the question which of the two site 
categories (i.e. isolated hill or a mountain ridge) 
is more suitable for wind power generation is intima
t ely linked with the wind regime at the site, in par
ticular with the frequency distribution of wind direc
tions. For a wind regime characterized by a strongly 
prevailing wind direction - such as in Ei lat (3, 4), 
it would seem that a fairly steep ridge athwart that 
direction would best accelerate the wind flow over 
it. Such is also - although to a much lesser extent -
the wind regime of the mountains of New England, 
where, for instance, at the site of Putnam's aero
generator at Grandpa's Knob, some 47 per cent of 
winds came from a south-westerly and westerly 
direction (1). Where, on the other hand, no clear 
wind direction prevails, as is the case of open sites 

Table 1. Variation of wind speed with hei~ht for wind 
directions over Costa Hill 

IV ind direction 

V10 ttf V 65 f t 

V35tt/ V61Ht 

45° to 75° 
across the ridge 

0.931 
1.012 

135° to 165° 
along the r_idge 

0. 847 
0.940 

4 
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along the western Scottish coast (2) there seems to be 
every advantage for choosing isolated hills of regular 
conical shape for wind power sites. 

Some attempt to relate the shape of the wind 
power site to the flow over it was made as a result 
of an extensive programme of wind measurements 

at Costa Hill, an isolated small ridge on thr:: north 
coast of Orkney mainland, undertaken at the begin
ning of the British wind survey (2, 5). The results 
are summarized in table 1. 

It should be noted that the mean slope across the 
ridge was 14°, and that along it -6°. 
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Wind flow over hills 

Wii,d measurements at the site were also made at 
the :!-,;,ights of 58 ft, 88 ft and 118 ft, and some 
twenty daily runs-of-wind were analyzed for ratio 
to ru1:.-of-wind at 88 ft, and gave the following 
aver;,1 ,_·,:: ratios 0.948, 0.978. Individual daily runs-of
wind 1'1owed considerable scatter from these values, 
whicl · s not surprising as the data were not analyzed 
separ·: dy for different wind directions. Although no 
statis· •.:al evaluation was made, it seems probable 
that t'..,~ decrease of wind speed from 88 ft to 118 ft 
was s:.-~;jficant. No similar phenomenon was observed 
at 01: . :- British wind survey sites, but this can be 
expla. · ,,,d by the fact that no measurements were 
made '·; heights exceeding 66 ft, nor were wind data 
up to , ,, .1 t height analyzed according to wind direction. 

No ,.vind profile observations over wind power 
sites ,, ,:re accompanied, as far as is known, by simul
taneo:t.; measurements of the vertical temperature 
distri i1i 1tion which influences considerably the rate of 
vertic-l; interchange of momentum by turbulence. 
Putn:·,:r; gave the absence of these measurements 
as tlt·· ,eason for his inability to explain unusually 
low L ,.:turnal wind velocities at the site of his aero
gene,·:,, or as compared with those at two other 
Ven , :,t hills (I). 

T::. ,. is, of course, a considerable literature on the 
inkt·, 0 ::ttion between wind profile and temperature 
pro f :. over level country. 

UL · .! a few years ago, the average vertical c~m:
ponu· , of wind velocity was thought to be of_ im
por t: .,,x: when designing a wind turbine for a g1-:en 
site •'. 1, 2). Recently, however, measurem~nts with 
higL :.., r,eed gust recorders (6) have sh?wn 1t to _be a 
smcu. ,::.nd extremely variable quantity, _not likely 
to h '.0 V e any serious effect on the operat10n of the 
aer,)~;~nPrator. Consequently, no measurement~ of 
verti~:al component were made at the two sites. 

l\h ,::h the same can be said about wind structure, 
i.e. tlie departure of the wind from the steady flow. 
Wind structure may have an influence on (a) the 
energy output of an aerogenerator, and (b) the 
stresses set up in the blades of its rotor. As regar~s 
~he first of these influences, although th~ powe~ 1? 
the wind varies as cube of the wind velocity, this 1s 
certainly not true of the power del_ivere~ 1?Y a mo
dern wind-driven machine· the relat10nsh1p 1s usually 
quasi-linear, levelling off' as the ra_ted_ power ~s ap
proached (7) . Consequently, there 1s little pomt m 
gust measurements for the computation of the cube 
factor (or the energy pattern factor) which are 
entirely irrelevant for energy estimates. However, 
gust measurements of not too quick response _can 
be useful when testing the perform~nce _of wmd
driven generators. Villers, working w1~h high-speed 
gust equipment, found that "the machme _(a 10-kW 
unit) is insensitive to gusts of small amplitude and 
duration. Thus, so far as it influences the output, 
the speed of the mass air flow is probably represented 
more closely by the smoothed curve derived from 
one-second means of the actual wind record" (8). 
It is reasonable to suppose that for larger machines, 
even this one-second interval may be too short. 
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The other influence of wind-speed variations bring
ing about fluctuating stresses in the blades of a 
wind-driven machine has been considered by Wax (6). 
He shows that, even in steady winds, the vertical 
wind gradient and tower shadow will cause cyclic 
fluctuations of stress of the same order as those due 
to the more sharp-edged gusts. It follows that the 
blade system designed to meet these cyclic stresses 
will have an . inherent strength sufficient to cater 
for most gusts that are likely to be experienced. 

Sites and instruments 

SITES 

As stated earlier, two wind survey sites, one typical 
of a mountain ridge site and another. of an isolated 
hill, were chosen for present investigations. The first 
site - Hreiba (528 m above sea level) - is situated 
some 10 km from Haifa on one of the highest peaks 
of the Carmel Mountain Range, which extends 
from Haifa in a general south-easterly direction, 
The other site - Givat Hamore (517 m above sea 
level) - is a conical hill in a broad valley (Plain 
of Esdraelon), some 40 km south-east of Haifa. 
The two sites, which are but 30 km distant from 
each other, can be clearly seen in relation to the 
surrounding country in the contour map of the 
northern part of Israel (figure 1). It is noteworthy 
that they are practically at the same elevation. 

The Hreiba site and its near surroundings can be 
seen in some detail in the contour map (figure 2). 
There is a good natural exposure in all directions. 
Only to the south-east is the ground more or less 
level, nowhere rising above Hreiba's height in a 

w 

Figure :2. Contour map of Hreiba 
(Altitude in m eters) Scale 1 : 5 000 



88 II.B.l Wind behaviour and site investigation 

2 km radius. The highest elevation of the ridge is 
542 m above sea level and is 3 km distant from 
Hreiba. The total length of the ridge, of which Hreiba 
is the north-western extremity, is about 7 km. 
The ground in the immediate vicinity of the meas
urements' mast is, as usual in Israel, almost bare in 
summer and covered with wild grass in winter. 
There are small patches of shrub oak and shrub 
pine a few meters high over the area. There is also 
a pine-tree forest several hundred meters south-east 
of the site, but at a slightly lower elevation than the 
site. The man-made obstructions consist of a one
storey house ·with a flat roof some 3 m high, about 
60 m west of the site, and several antenna lattice 
masts at approximately the same distance in the 
general west-north-west direction. The 2 x 3 m hut 
housing the instruments was 20 m due west from 
the mast. 

The approach to the site is very easy. There is a 
second-class road passing at less than a 100 m from 
the site, and the nature of the ground at the site 
lends itself to the passage of even ordinary motor 
vehicles. 

The Givat Hamore site is shown in figure 3. 
The hill-top is of a regular, slightly rounded conical 
shape. Its origin is clearly volcanic. There is a second 
hill-top of almost the same height some 900 m to 
the east, but its slopes are less steep, and its section 
is in the shape of a figure eight. The site has an 
excellent exposure in all directions, the nearest 
higher peak (Mt. Tabor, 588 m above sea level) being 
more than 8 km distant. The hill-top is bare of 
trees, the only obstruction being an old sepulchre, 
2 m high, some 10 m west of the observation mast. 
Pine trees have been planted in recent years on the 

w 

N 

s 

Figure 3. Contour map of Givat Hamore 
(Altitude in meters) Scale 1 : 5 000 
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slopes, but nowhere do they reach a height of more 
than 2 m. There are also some rows of eucal '.'ptus 
trees down the eastern slope. · 

The 2 X 3 m instrument hut, some 30 m souti:-east 
of the mast, was several meters below the hil!-top. 

The approach to the site is not easy. The 1!ard
surfaced road ends about 2 km (as the crow flies) 
from the site. From there, there is a dirt i .· ack, 
3.5 km long, impassable after heavy rains evt,:1 for 
four-wheel-drive vehicles, and ending some 3:30 m 
from the site. The last stretch has to be clh 1bed 
on foot. A minimum time of l½ hr was necess: ,.ry to 
reach the site from Haifa. 

MEASUREMENTS MASTS 

For wind-behaviour investigation to have :-.igni
ficance for wind power development purposG:;, it 
was advisable that it should cover wind measurements 
up to the height of the top of any of the types of 
wind turbines on which research and development 
work is now going on in different European coun! ries. 
Consequently, it was assumed that the heights 
likely to be of immediate interest for large-scale 
utilization of wind energy for electricity generdion 
are between 10 and 40 m above ground. 

The assumption as regards the height int:rval 
was derived from considerations of the prot1able 
optimal diameter of the wind machine. There j,; no 
general agreement as to the exact size of the optimal 
windmill, but there is little doubt that in the present 
state of technology, it must be somewhere bet ;reen 
20 and 30 m. Juul has advocated a 24 m diameter 
machine as the optimal windmill size ever since the 
early fifties (9). His Gedser windmill, built in 1957 (10), 
has since proved eminently successful. Vadot (11) 
has shown that the optimum range is between 
24 and 30 m for a singly constructed aerogenerator, 
and about 20 m for series construction.1 Electricite 
de France has chosen a 21 m and a 30 m machine 
for their experimental prototypes (12). 

In view of the above, it seemed reasonable to 
choose a 30 m height interval for wind measurements, 

The assumption of the height of 10 m above) 
ground as the lower limit of the interval resulted , 
from considerations of a minimum height below 
which there is bound to be an appreciable decrease 
in wind speed even on a good site (with the possible 
exception of some very steep hills with small hill-top 
area) with proportionally much higher increase in 
gustiness (6, 13, 14). On the other hand, it was 
thought that raising the lower · limit more than 
10 m above ground could not be justified economically 
on hill-top sites (15).2 

On the above assumptions, and with due regard 
to the cost, two identical 40 m high tubular steel 

1 This calculation was made on the basis of series construction 
for an installed capacity of 10 000 kW. For larger series con
struction, the optimal diameter would no doubt be higher by 
several meters. 

2 In view of the results of wind measurements at Hreiba, this 
statement has to be qualified to apply to good hill-top sites only. 
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Figure 4. Observation mast, Hreiba 

masts were designed, built and erected on the sites. 
The masts were made up of five 7.5 m long, 6 inch 
tube sections, joined by flanged joints. The main 
foundation consisted of a 1.9 cubic . meter concrete 
block in which a short tubular section was embedded. 
}~o the latter, the main body of the mast was fastened 
by an elastic joint, about I m above the ground. 
The uppermost 1.5 m long section consisted of a 
4 inch tube. There were three platforms at the 
height of 8.5 m, 23.5 m and 38.5 m, respectively, 
above the ground, supporting the measuring instru
ments. The mast was held upright by 20 guy wires, 
5 guys each of the four directions perpendicular to 
one another. 

The measurements mast in Hreiba is shown m 
figure 4 and that in Givat Hamore in figure 5. 

INSTRUMENTS 

As explained in the previous section, it was decided 
to make wind measurements in the height interval 
between 10 and 40 m above ground. To determine 
the variation of wind speed over this interval, it 
was considered necessary to measure wind at three 
heights - 10 m, 25 m and 40 m, corresponding to the 
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bottom, the hub-height and the top, respectively, 
of a 30 m diameter windmill. Furthermore, it was 
felt that there should be a possibility for measure
ments to be made at at least one more intermediate 
height whenever this appeared advisable in order 
to elucidate some irregularity of the wind profile 
as based on measurements at three heights only. 
The measurements, to have significance for energy 
estimates for wind power purposes, had to be made 
continuously on hourly bases for at least a year. 
The location of the sites, and in particular that of 
Givat Hamore, made it necessary to have equipment 
operating reliably with as little service and mainte
nance as possible. In Givat Hamore, there was an 
additional problem, that of electricity supply. As 
there was no main supply of electricity on the site, 
it was decided to use small wind-driven generators to 
charge batteries. In consequence, it was essential 
to limit, as much as possible, the electricity require
ments of the equipment. 

The above considerations governed the choice of 
instruments. To record wind-run continuously on an 
hourly basis, two different instruments were selected. 

The first, chronologically, was the E.R.A. 4-channel 
impulse recorder, series 3, Mark II (5), in conjunction 
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Figure 5. Observation mast, Givat Hamore 
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with British Meteorological Office pattern cup
counter Mark II anemometers fitted with silver 
contacts closing electric circuit after the passage of 
each 100 m of wind (16). Each channel of the recorder 
contains a divider mechanism which produces one 
electrical impulse for every forty impulses arriving 
from the anemometer. As each impulse occurs, it 
energizes a marking solenoid which, in turn, prints 
a dot through a typewriter ribbon on a chart driven 
by an eight-day clockwork at a speed of 1 in/hr. Thus, 
four times the number of spaces between dots, in a 
1-in. run of chart gives the hourly mean wind speed 
in km/hr. 

In addition to its standard mode of operation de
scribed above, the instrument was also used for ob
taining a more detailed picture of wind structure 
based on 100 m of run of wind. This was done by 
short circuiting the divider mechanisms and running 
the chart at a speed of 1 in/min. In this way, mean 

p 

+ 
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wind speeds in km/hr over 1-min intervals were 
obtained by multiplying by 6 the number of spaces 
between dots in a 1-in. run of chart. 

The other wind recorder was made by Lamb,·echt, 
Gottingen. This was the No. 1489, a 4-channel wind
run recorder and counter connected to Lamhecht 
light-metal alloy cup-contact anemometers c;osing 
the electrical circuit after the passage of each 1 000 m 
of wind. The two-week chart was driven by an A.C. 
synchronous motor (Hreiba) or an 8-day clockwork 
(Givat Hamore) at a speed of 60 mm/hr, an,t the 
recording of an impulse was made electrica1ly by 
burning a horizontal line in a metal damped chart 
with a pointed electrode, the voltage applied being 
24V. Each tenth impulse was recorded differt,ntly, 
facilitating the computations. In addition, total 
wind-run could be read on respective counters. 

VRI 

The wind direction recorder was provided by the 
same firm. This instrument consisted of a precision 
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Figure 6 

Direct differential temperature recorder : bridge connections 

) 
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T T T T . resistance elements (designated To Tr T 11, Tm respectively in the wiring diagrams of the stations); TR: trimmer; r~~: 
1' 

2
' m3~lti~ie point switch; SW: slide wire; SIG. :' signal; PSU: power supply unit; VRI: 10 I?otenti_o1:1ete~; !), F, ~. H,(1:'• c;· 't 
S': resistance bobbins; numbers on the arms of the bridge are those marked on the connection stnp, TS · time switch m ,iva 

Hamore only) 
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Figure 7. A platform of the measurements mast in Givat Hamore 

ring potentiometer in the wind vane as transmitting 
unit, and a moving coil receiver unit for recording 
instantaneous wind direction. The chart-driving 
and recording mechanism were analogous to those 
of the wind-run recorder. 

For temperature profile recording, the Elliot 
direct and differential 4-point resistance thermometer 
recorder was chosen. This was essentially what is 
known as Bristol's Dynamaster D.C. bridge instru
ment. Its sensing elements were four platinum 
resistance thermometers encased in multiple radiation 
shields. The elements were placed at heights of 3.5 m, 
10 m, 25 m, and 40 m above the ground. The recorder 

,1 llsed in the present investigation differed from the 
· usual Dynamaster instrument by bridge connections 

enabling one to record, instead of the temperature 
at the different points, the temperature at one point 
only (in the present project at the height of 3.5 m 
above ground), and the difference of temperature 
between the other points and this reference point 
(see figure 6). Consequently, there were two chart 
ranges (over a width of 11 in.): 0° to 50°Cforreference 
temperature, and -5° to 5°C for the temperature 
difference relative to the reference point. The 4-week 
chart was driven by synchronous motor at a speed 
of 2 in./hour, and the printing interval between the 
points was 15 seconds, the instrument returning to 
the same point after 1 minute. 

For wind gust profile recordings, Contact Pattern 
Sensitive Anemometers manufactured by Casella, 
London, were selected. This instrument was first 
made by Deacon (16), and modified subsequently 
by Crawford (17). The impulses received from the 

Figure 8. A perspective view of the measurements mast 
in Givat Hamore 
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anemometers, at the heights of 10 m, 25 m and 40 m 
above ground were fed through a D.C. (transistor) 
amplifier to a multi-channel Evershed time recorder. 
The chart was driven by a 24V D.C. motor at either 
1 in./sec or ½ in./sec. 

The general lay-out of the instruments was very 
similar at the two sites. Both in Hreiba and Givat 
Hamore, the wind direction transmitter was located 
at the top of the mast, well above the other instru
ments on the upper platform. There were four ane
mometer mountings on each platform, two inner ones 
near the ends of the side of the platform facing west-
the prevailing wind direction - some 120 cm ( or 8 mast 
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diameters) distant from the mast; and two outer 
ones on hinged struts, 190 cm from the mast and 
160 cm from the nearest other anemometer mounting. 
The inner mountings were used for doubling instru
ments (usually Munro cup-contact anemometers); 
of the two outer mountings, one was taken by the 
Lambrecht instrument, and the other was reserved 
for Casella anemometers, which were mounted only 
during the observation runs. No two anemometers 
were mounted at the same height, to minimiz12 the 
possible interference, but the relative positicn of 
different anemometers was the same at each 
platform. In this way, although the heights c,f the 

Figure 9 

R esearch project on wind flow over hills. Hreiba Observation Station (wiring diagram) 
I : Iowen platform, IO m above ground; II : middle platform,. 25 m above ground; III : upper platform, 40 m_ above ground; 

A1 : ~1unro wind velocity indicator; A2 : Ever_ett w1_nd velocity recorder; _CG: cup anemomet_er, generafor t ype ,_ B. Lambrecht 
wind direction indicator and recorder; ,vnr : wmd direct10n transm1tl:cr; C : E l110tt du?ct and differential t emperature 
recorder; T 0 , T1, T 11 , Tm: resistance elements at the heights of 3 m, 10 m, 25 m and 40 m_respectively above ground; I: D: Lam~ 
brecht wind run recorder; CCA1 : cup contact anemometers (contact ~very 1 000 m of wmd ri:n); E : E.R.R. :vmd run recorder'. 
CCA

2
: Munro cup contact anemometers (contact ~very 100 m of wm~ run) ; F: ~ versl~ed high speed oper~t10nrecorder; CCA3 • 

Casella sensitive anemometers; SC : spare connections; TLC : tower light control, TC . telephone connect10ns 
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Figure 10 

Research project on wind flow over hills. Givat Hamore Observation Station (wiring diagram) 
I : lower platform, 10 m above ground; II : middle platform, 25 m above ground; III : upper 

platform, 40 m above ground ; A1 : Munro wind velocity indicator; A2 Everett wind velocity 
recorder; CG : cup anemometer, generator type ; B : Lambrecht wind direction indicator 
and recorder; WDT : wind direction transmitter ; C : Elliott direct and differential temper
ature recorder ; T

0
, Ti, Tu, Tm : resistance elements at the heights of 3 m, 10 m, 25 m and 

40 m respectively above ground ; D : Lambrecht wind run recorder ; CCA1 : cup contact 
anemometers (contact every 1 000 m of wind run); E: E .R.A. wind run recorder; CCA2 : 

Munro cup contact anemometers (contact every 100 m of wind run); F: Evershed high speed 
operation recorder; CCA

3 
: Casella sensitive anemometers; SC : spare connections; TLC : 

tower light control; BLI : blinker; Ci, C2 : 25µ£ capacitors; TC : telephone connections; 
RC : rotary convertor; BG: booster generator; COR: change over relay; COS : change over 
switch; CO: cut out; VR: voltage regulator; G1 : Lucas 250 W wind electric plant; G2 : 

Enag 800 Vv wind electric plant; Ah: ampere hour meter 
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anemometers above ground were not exactly 10 m, 
25 m and 40 m (only Lambrecht instruments 
approximated these heights to within 10 cm), the dif
ference in height between the same type of anemometer 
in successive platforms was exactly 15 m. Figure 7 
gives the view of a platform of the measurements 

masts in Givat Hamore. The anemometers are 
clearly seen and so is the resistance thermometer 
in multiple radiation shields. Instruments installed 
outside the platforms can be seen in figures 5 and 8, 
giving a perspective view of the mast in Givat 
Hamore. 

4* 
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Figure 11. Givat Hamore station : the instrument hut 
and the wind electric plants 

The complete installation in Hreiba is shown 
schematically in figure 9 and that in Givat Hamore 
in figure 10. The two wind electric plants and the 
instrument hut in Givat Hamore can be seen in 
figure 11. The instrument panel in Givat Hamore 
is shown in figure 12. 

CALIBRATION AND EVALUAT ION 

Relative calibration of anemometers was made 
by means of a low-speed, closed-circuit wind tunnel 
with a 60 by 90 cm working section by running two 
anemometers side by side. As the section was not 
large enough to accommodate two British Meteo
rological Office pattern cup-anemometers, these 
instruments were calibrated, using the inclined-tube 
manometers for wind speeds higher than 10 m/sec, 
and a sensitive two-liquid micro-manometer (19), 
together with a motor t achometer, for wind speeds 
in the 5 m/sec r ange. For even lower wind speeds, 
tachometer indications only had to be relied upon. 3 

The general calibration errors for Meteorological 
Office pattern cup-counter anemometers with elec
trical contact were shown by Hartley (16) to be less 
than 1 km/hr over the range from 3 km/hr to 130 km/ 
hr {1.8 mph to 80 mph), the calibration curve being 
linear in the range between 16 km/hr (10 mph) 
and 80 km/hr (50 mph). 

Individual differences between Meteorological 
Office pattern anemometers of the same batch of 
manufacture when new were found to be very small 
and of random nature, well within the error of the 
calibration. Nor have appreciable changes been 
observed after one year's exposure. 

The Lambrecht cup-contact anemomet ers, closing 
electric contact after each 1 000 m of wind-run, had 
a general calibration curve given by the equation : 

V = 0.8 + 0.948 v' 

3 It should be n ot ed tha t the wind t unnel w as first put into 
operation a short time b efore the begin ning of the m easurem ents, 
and n o p recision gauges were available. 

where V is the true wind speed and v' is the wind 
velocity as computed from the frequency of the 
contacts of the anemometer, both expressed in 
m/sec. It may be seen that the two are equal for 
v = 15 m/sec. 

When running in wind tunnel the different ane
memeters from the eight-instrument batch, it was 
found that the departures from linearity between 
the true and indicated wind velocity were small ; 
however, systematic differences were found between 
some of these anemometers. There were only four 
instruments with a spread of less than 1 per cent 
over the range of wind speeds from 12 km/hr to 
50 km/hr. These instruments were consigned to 
Givat Hamore, where it was expected that the wind 
vertical gradient would be very small. Another four 
instruments, showing a spread of up to 6 per cent 
at the wind speed of 12 km/hr, were consigned to 
Hreiba. At each site, three anemometers were installed 
on the three platforms, and later moved twice by 
rotation at approximately the same intervals of 
time. The fourth instrument was held in reserve 
and later installed at some intermediate height, as 
explained before. After one year's measurements, 
the instruments were recalibrated, and again no 
significant departures were found from the original 
calibration. 

The records were evaluated in hourly units to the 
nearest kilometer per hour. It was decided not to 
take account of the general calibration equation. 
To have done this would have meant a general up-

Figure 12. Givat Hamore station : instrument panel 
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ward revision of the values obtained up to the wind 
velocity of 54 km/hr or a quasi-totality of wind 
speeds prevailing at the sites. The resulting values 
would have been obviously too high because of the 
over-estimation of the cup-anemometers in fluctuat
ing winds. Leaving the values unrevised was equi
valent to an average of 2 per cent underestimation, 
which was probably compensated by over-estimation 
resulting from :fluctuating winds (13). On the other 
hand, for wind profile computations, individual 
differences in calibration had to be taken into account 
whenever these were more than 1 per cent. Accord
ingly, suitable corrections were made when computing 
wind profiles in Hreiba. 

Wind direction records were evaluated to the 
nearest multiple of 10°, whenever the direction was 
constant during the hour. If the direction changed 
even by as little as 20°, the range of variation was 
given by two limiting directions. 

Evaluated wind speeds at three heights, and the 
direction, were transferred to punch cards - a card 
for every hour - which formed the basis for all 
subsequent computations. 

The sensitive anemometers were calibrated at 
frequent intervals. Although their calibration varied 
to some extent at very low wind speeds, they were 
practically constant and identical at wind speeds 
above 1 m/sec. The records were evaluated in terms 
of mean wind speeds to the nearest tenth of meter 
per second of each 2-sec (and later 1-sec) interval 
of the records. This interval was chosen in view of 
Villers' results quoted previously (8). A 2-sec interval 
was sufficient to evaluate gusts of periods greater 
than 5 sec within 1 per cent if the mean wind speed 
was 10 m/sec (13). For higher mean wind speeds, 
1-sec intervals could be used to evaluate gusts of 
periods smaller than 5 sec. 

The resistance thermometer recorder was calibrated 
over the whole scale of temperature differences in the 
laboratory and in situ, using two water con~ain~rs 
and precision thermometers. Some systematic d1s
~repancies were found, i.e. the difference at T2s m

'!r10 m showed 0.1 °C too high, which could easily 

W/33 Frenkiel 95 

be dealt with in evaluation. Only the temperature 
difference between the height 25 and 10 m, and 
40 and 10 m was evaluated. This was done by 
reading the differences at intervals of 15 minutes of 
the record : on the hour, 15 min past, 30 min past, 
45 min past and again on the hour, and taking a 
weighted mean of the five values obtained for every 
hour interval. Original differences were evaluated to 
the nearest 0.05°, and it could be assumed that the 
computed mean did not in general depart by more 
than that amount from the true mean. 

The hourly mean temperature differences, T2s m 

T10 m and T40 111 - T10 m, were also transferred to 
punch cards alongside the wind data. 

PERIODS OF OBSERVATIONS 

The Hreiba observation station was put into 
partial operation at the beginning of June 1959, and 
from September 1959, until the beginning of No
vember 1960, continuous recording of wind run and 
wind direction was made. Temperature was recorded 
continuously from March 2 to June 18, 1960. Some 
fifteen observations of gusts of 25 minutes duration 
each were made partly in the summer of 1960 and 
partly in the winter of that year. 

At the Givat Hamore observation station, con
tinuous recording of wind and direction was made 
from the end of October 1959 to mid-December 1960. 
Temperature was recorded continuously from June 25 
to December 5. Gusts were observed on several 
occasions, both in late winter and summer 1960. 

Wind regime at the sites 

Both Hreiba and Givat Hamore were selected as 
measurement points in the early stages of the wind 
survey (20). In Hreiba, a cup-counter anemometer 
was set up at a height of 3 m above ground in July 
1953, some 25 m from the present measurements 
mast, and in May 1954, a second instrument, a cup
contact anemometer with an impulse recorder to 
record hourly wind-runs, was installed on an antenna, 

Table 2. Monthly mean wind speeds in Hreiba, 21 m above ~round 
(in km/hr) 

Yearly 

Dec. 
mean 

Y ear Jan. Feb . Mar. Apr. May Ju11e J«ly Aug. Sept. Oct. J\1ov. (July• 
j1"ze} 

1954 18.6 18.2 12.1 18.4 18.5 25.7 } 
20.1 

1955 21.5 22.6 23.7 21.l 17.1 17.2 19.5 17.8 16.6 23.0 20.5 25.4 } 
21.2 

1956 22.4 26.6 23.7 26.4 20.6 20.1 20.4 18.0 21.l 18 .7 19.6 24.7 } 
20.7 

1957 26.4 20.3 19. 7 19.3 19.5 18.2 19.2 17.3 17.0 20.0 19.5 26.8 } 
20.7 

1958 29 .8 17.8 23.3 18.2 18.5 20.0 

Mean { I July 1954 . 25 .0 21.3 22.6 20.0 18.9 18.9 19.4 17.8 18.4 20.0 19.5 25.6 .. . . 20.7 

range 30 June 1958 8.3 8.8 4.0 3.2 3.5 2.9 1.8 0.9 4.1 4.3 2.0 2.1 . . . . 1.1 

Per cent yearly mean . 121 103 109 97 91 91 94 86 89 97 94 124 
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Table 3. Monthly mean wind speeds in Givat Hamore, 3 m above ground 

(in km/hr) 

Year Jan. Feb. Mar. Apr. May 

1953 . 
1954. 24.2 25.0 21.3 22.0 18.7 
1955 . 12.5 16.4 17.6 18.5 14.0 
1956. 15.4 24.4 17.8 20.0 20.4 
1954-56 17.4 21.9 18.9 20.2 17.7 
Per cent yearly mean . 88 111 96 103 90 

at a height of 21 m above ground, some 30 m from 
the first instrument. This instrument had an excellent 
exposure; monthly mean wind speeds are shown 
in table 2. 
. The constancy of yearly mean wind speed in Hreiba 
1s remarkable, although by no means exceptional 
among Israel's potential wind power sites. The same 
phenomenon has already been noted with respect 
to Eilat (7). · 

In Givat Hamore, a cup-counter anemometer 
was installed in July 1953, at a height of 3 m above 
ground, some 30 m south-west of the peak. The 
exposure was not very good, especially in the north 
and north-east~rn direction. Even so, high wind 
speeds were registered. These are shown in table 3. 

Here the wind regime seems to be more variable 
than in Hreiba. These variations, however, may 
have been caused to an appreciable degree by the 
faulty exposure of the instrument. On the other 
hand, mean monthly range between the windiest 
month and the least windy month, expressed as a 
P.ercentage of the yearly mea~ wind speed, is prac
tically the same at the two sites (38 per cent and 
37 per cent). 

Table 4 gives month-by-month mean wind speeds 
at the two sites. 
. It s~ould be noted that there was one month only 
m Hre1ba (October) and two months only in Givat 
Hamore (January and February) in which the depar
ture from the several years' mean monthly wind 
speed as per cent of yearly wind speed was more than 
10 per cent. 

June July Aug. Sept. Oct. Nov. Dec, Mean 

23.7 22.0 19.2 18.2 20.7 
24.4 23.5 22.3 19.9 15.3 16.2 19.7 21.0 
20.1 22.4 23.8 21.0 10.9 16.1 17.4 17.6 
23.9 21.0 21.4 20.7 20.3 19.0 19.5 20.4 
22.8 22.3 22.5 20.5 15.5 17.1 18.9 19. 7 

116 113 114 104 79 87 96 

Wind velocity distribution and energy estimates 

A useful way ~o arrive at energy estimates is by 
means of duration curves. These are cumulative 
trequen~y c~rv~s with cumulative frequencies plotted 
m abscissa m mverse sense. Thus a wind velocity 
duration curve gives, for each wind velocity, the 
numb~r of hours in which this velocity was exceeded. 
By usmg the Law of the Cube P = kv3 for power in 
the wind, power-in-the-wind duration curve is ob
tained from the velocity duration curve and in 
gener_al, for any windmill with known p~wer/~ind 
velocity characteristic, a windmill power duration 
curve can be obtained from the velocity duration 
curve (7). The area under the curve then gives the 
expected energy production by the windmill. 

The. duration curves for wind velocity, power in 
the wmd and the power of the Gedser 200-kW 
windmill - the only large-scale wind-driven machine 
in operation with published characteristics (21) -
were drawn, from wind-velocity frequency data, on a 
monthly basis for the heights of 10 m, 25 m and 40 m 
above ground separately at each observation station. 
Altogether, 72 diagrams were made, of which 4 are 
reproduced in figure 13. These refer to the height of 
25 m above ground, and both the windiest and the 
least windy months have been chosen for each 
station. 

The energy estimates computed from monthly 
duration curves are summarized in tables 5 and f,, } 

The relationship between specific output and 
mean wind speed on a monthly basis is investigated 

Table 4. Monthly mean wind speeds in Hreiba and Givat Hamore 
(Nov. 1959-Oct. 1960), 25 m above ground 

(in km/hr) 

Nov. Dec. J an. Feb. Mar, Apr. May J une July A ug. Sept. Oct. Mean 

Hreiba 21.3 28.2 26.1 21.1 26.0 21.7 21.5 21.6 20.5 19.7 17.6 17.8 21.9 

Per cent of yearly m ean 97 129 119 96 119 99 98 99 94 90 80 81 
Per cent departure from 

monthly mean (table 2) + 3 + 5 +2 - 7 + 10 +2 + 7 +8 0 +4 - 9 -16 

Givat Ha more 21.9 26.6 26.6 22.6 25.0 24.5 24.7 29.0 29.2 26.4 23.7 29.8 25.0 

Per cent of yearly mean . 88 106 106 90 100 98 99 116 117 106 95 79 
P er cent d eparture from 

monthly mean (table 3) +1 + 10 + 18 -21 +4 +5 -9 0 +4 -8 - 9 0 
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Duration curves (25 m above ground); A: wind velocity duration curve; B : power-in-the-wind duration 
curve; B*: Gedser windmill power duration curve 
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98 11.B.1 Wind behaviour and site investigation 

Table 5. Energy estimates : Hreiba 

-----------------------------------------------------------~ 
Ideal windmill 

Gedser experimental vindmill 
(v, - 32 k,n/hr) (v, - 40 km/kr) 

(2) (3) (4) (5) (6) (7) (8) 
... j 

Energy ;,. Specific No. of Specific No. of Extractable No. of 
· I 

( 1) the wind 01tlp1tt working 01<tput working energy working 
(k!Vh/sq.111) (kWh/kW) hours (kWh/kW) ho11rs (kWh/sq.111) hours 

Period Height abot•e 
gro1tnd (m) ->- 10 25 40 10 25 40 JO 25 40 10 25 40 10 25 40 10 25 40 JO 25 40 

4th quarter 1959 
(2 208 hrs) 290 491 6"--0 565 843 939 l 182 1 493 1 600 295 528 618 779 1 121 1 232 104 150 214 96F. i 304 1 42l 

1st quarter 1960 
(2 184 hrs) 379 663 743 641 944 l 029 1 217 1490 1 545 372 643 724 888 1 213 1 288 133 226 258 1 043 l 348 1 42t. 

2nd quarter 1960 
(2 184 hrs) 220 417 457 417 759 818 l 095 1 581 l 662 196 414 468 638 1 120 1 202 70 158 169 855 i 360 1 45f , 

3rd quarter 1960 

l 160 I 340'.j (2 208 hrs) 144 245 282 290 555 608 919 1 473 1 597 107 244 301 448 892 1052 44 92 113 65:, 
Year 
1 Oct. 1959 - 30 Sept. 

1960 (8 784 hrs) . . 1033 1816 2107 1013 31013394 4413 6037 6404 970 1 829 2 111 2 7 53 4 346 4 77 4 351 626 754 3 523 ,; 172 5 64Q l 

Rnt, · '<S : Cnlumn (:!) gives energy in the wind per sq. meter of the swept area of the windmill rotor based on hourly wind velocities; 
(3) and (5) give number of kWh per kW installed ; the numbers in these columns divided by the number of hours in the respective periods 

give an average utilization factor in these periods; 
(4), (6) and (8) gi\·e total number of working hours (both full and partial operation); (3) divided by (4) and (5) divided by (6) give an average 

power factor during operation; 
(7) gives energy at the busbars of the Gedser experimental windmill per sq meter of the swept area of the windmill rotor. 

in figure 14. It is found that the relationship 1s linear and can be expressed by the following regres~,ion 
equations (T 8 = specific output) : 

\ Vr-32 km/hr 
H Ts = 0.0364 v - 0.421 
GMTs 0.0364 v - 0.403 

Ideal windmill. ' 

( Vr-40 km/hr 
H Ts - 0.0333 v - 0.506 
GM Ts 0.0275 v - 0.342 

Danish 200-kW windmill . { H Ts 0.0235 v - 0.336 
GM Ts - 0.0192 v - 0.217 

The first two lines are parallel; the other two pairs of lines meet for v = 27. 7 km/hr. 

Table 6. Energy estimates : Givat Hamore 

----------------------------------------------:-., 
I deal windmill 

Gedser experimental windmill, 

(v, - 32 km/hr) (v, - 40 km/hr) ) 

(2) (J) (4) (5) (6) (7) (8) 

Energy i11 Specific No. of Specific No. of Extractable No. of 

(1) the wind Ot<tPttt working outpttt working energy working 

(klVh/sq.m) (kWh/kW) hours (kWh/kW) hours (kWh/sq.m) howrs 

Period If eight above 
ground ( m) ._ 10 25 40 10 25 40 JO 25 40 10 25 40 10 25 40 10 25 40 JO 25 40 , -~ 

4th quarter 1959/60 a 

(2 208 hrs) .. 
1st quarter 1960 

(2 184 hrs) . . 
2nd quarter 1960 

(2 184 hrs) .. 

641 667 

705 775 

645 i0l 

629 596 927 904 1 374 1 405 1 357 607 634 610 1 127 l 168 1 160 

767 1 002 l 052 l 060 1 488 1 526 1 525 695 759 752 1 247 I 303 1 307 

707 1120 1 193 1 203 1 712 1 745 1 i65 722 794 798 1 447 1 497 1525 

3rd quarter 1960 
(2 208 hrs) . . 606 675 640 l 165 1 279 1 266 1 851 1 900 1 903 716 815 783 1 572 1 671 l 674 

Year 
1 Nov. 1959- 31 Oct. 

1960 (8 784 hrs) . . 2 597 2 818 2 743 4 183 4 451 4 433 6 425 6 576 6 550 2 740 3 002 2 943 5 393 5 639 5 666 

• November and December 1959, October 1960. 

RE>rARKS : See table 5. 

-·~ 
l, 

212 223 216 1 232 1 282 l 2n 

247 266 264 1 353 1 423 1 409 

248 273 275 1 580 1 640 1 645..-; 

' 
252 282 273 1 725 1 795 1 799 

t 
✓-

959 1 044 1 028 5 890 6 140 6 119 
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30 

Specific output (as a fraction of full output) vs. monthly mean 
wind speed at Hreiba (Oct. 1959-Sep. 1960) and Givat Hamore 
C''fov. 1959-Oct. 1960) at 25 m above ground 

Mean wind and temperature profiles 

DIURNAL VARIATION 

Diurnal variations of monthly mean hourly wind 
speed ratios V 25 m/V 10 m and V 40 m/V 10 m for 
Hreiba (October 1959-September 1960) and Givat 
Hamore .(November 1959-October 1960) are shown 
in figures 15-17. For months in which the temperature 
recorder was in operation, the diagrams include also 
the diurnal variations of monthly mean temperature 
gradients T2s m-T10 m and T40 m-T10 m· 

THE RELATIONSHIP OF MEAN ',VIND PROFILE 

AND MEAN TEMPERATURE PROFILE 

Although the diagrams of diurnal variations of 
monthly mean hourly wind ratios and temperature 
gradients point to at least a statistical relationship 
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between these two quantities, a closer examination 
reveals that this is not the case. This is illustrated in 
figure 18. 

The absence of this relationship in the two sites 
obviously points to the existence of at least one 
more factor contributing to wind and temperature 
profile configurations, namely, that of the hill geo
metry. The influence of this factor is considered in 
the next section. 

The effect of the shape of the hill on mean 
wind profile 

To examine the effect of the shape of the hill on 
the flow over the top of it, vertical profiles have 
been drawn of the two hills, through the sites of 
measurements masts, by 10° intervals. These profiles 
are shown in figures 19 a and 19 b for Hreiba, and in 
figures 20 a and 20 b for Givat Hamore. The scale 
both horizontal and vertical is 1 : 40 000. 

Table 7 gives mean wind profiles at the two stations 
according to wind direction. For every wind ratio, 
two numbers are given : the first refers to all the hours 
in which wind blew in a steady direction; the second, 
only the hours of interest for wind power utilization, 
i.e. for which V25 m ~ 18 km/hr were taken into 
consideration. 

Table 7 shows that there is hardly any influence 
of the wind speed on directional wind ratios. In 
general A ~ B. Only in the case of very regular 
slopes with few protuberances is B slightly smaller 
than A. Again, in some cases of very rough and irre
gular slopes, B may be slightly larger than A. In 
general, it can be said that there is no need to analyze 
wind ratio for different wind speeds, and that ratios 
obtained from the continuous record of wind-run 
at different levels will apply with a good degree of 
approximation to the operational range of wind 
speeds of a given aerogenerator. · 

There is a definite variation, however, of the ratios 
with the direction. The range of this variation (for 
all wind speeds) in Hreiba is from 1.135 to 1.399 for 
V25 m/V10 m ratio, and from 1.179 to 1.499 for 
V40 m/V10 m ratio. The lower limit corresponds 
to et. = 0.138 for V2s m/V10 111 and et.· = 0.079 for 
V40 m/V2s rn , while the upper limit corresponds to 
et. = 0.366 for V2s m/V10 m and et. = 0.148 for 
V40 m/V2s m -4 The departures from the power law 
in practically all directions are considerable. Only 
in the 90° direction is the power law observed 
with et. = 0.262, which is not surprising in view of 
the fact that this is the direction with the longest 
fetch (150 m) of level ground. The high value of et. 

is explained by the nature of ground in this direction 
- a small pine forest and some patches of scrub 
oak. This value is identical to that found by Pan
ofsky (22). 

The very high value of the power law index 
(et. = 0.366) in the 10 to 25-m height interval in the 

4 et = the power law index for the variation of mean wind 
speed with height : V / Vo = (h/ho)rx . 
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270° direction, which is topographically not unlike 
the 90° direction, may have been caused - apart 
from the fact that the measurements mast is some 
50 m to the east of the hilltop, although only 0.8 m 
below it - by the general convexity of the slope, 
which could have resulted in some separation of 
flow taking place. On the other hand, no full explana
tion in t erms of hill profile can be given for low 
values in some directions (10°, 150°, 220°), and the 
question will be examined later, t aking into account 
the thermal stratification. 

· The variation of wind ratios with the direction 
is much less pronounced in Givat Hamore than in 
Hreiba, reflecting more regular features of the former. 
The range of these ratios is from 0.988 to 1.075 
for V2s m/V10 m, and from 0.969 to 1.096 for 
V40 m/V10 111 • The high values of the ratios in the 
30° direction, as well as in the 250°-270° group 
of directions, are readily explained by irregular 
features of the hill profile in these directions. The 
lowest values of these ratios again cannot be fully 
explained by hill profiles. However, there is in this 
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respect a difference between the two sites. In Hreiba, 
the low values of wind ratios are still above I, and 
at these values the differences between wind speeds 
at different levels are at their minima; in Givat 
Hamore, on the other hand, they are below 1, which 
means that the difference between wind speeds at 
different levels are at their maxima, albeit secondary 
ones. Consequently, it would appear that, in Hreiba, 
the conditions of maximum lapse rate would be con
ducive to the formation of minimum wind ratios; in 
Givat Hamore, however, the required conditions might 
well be different: there could be an optimum value 
of lapse rate corresponding to minimum wind ratios. 
These hypotheses are examined in the next section. 

for wind direction and temperature gradient for the 
height interval between 40 and 10 m above ground. 
For every group, the mean wind ratios V2s m/V10 m 
and V40 m/V10 m were computed. 

When analyzing the dependency of directional 
wind ratios on thermal stratification, account must 
be taken of the weight of the mean ratios. A single 
ratio may be off its true value by as much as 10 per 
cent, and its probable error is about 3 per cent. 
A mean ratio of five observations would then have 
a probable error of about 1.5 per cent, and in general 
only mean ratios with _at least that_ number of 
observations were used m the analysis. The only 
exception to this rule was when a certain general 
trend was observed when based on mean ratios of 
fewer than five observations. Effect of thermal stratification on directional 

wind profile 

The records of hourly wind-runs taken during the 
operation of the temperature recorder were sorted 

In figures 21 and 22, the vari~tion _of d~rect~onal 
wind ratio with thermal stratification 1s given. 
Only directions for which there were at least four 

Table 7. Directional mean wind profiles 
(A = all wind velocities; B = wind velocities for which V25 ;;,, 18 km/hr) 

Hreiba 

Vum/V10m V,om/V1om 
hA hs Direction 

A B A B (hours) 

10 1.152 1.148 1.214 1.222 477 314 
20 l.160 1.157 1.239 1.242 314 250 
30 1.202 1.202 1.254 1.273 135 64 
40 l.295 l.328 1.328 1.389 75 28 
50 1.256 1.288 1.314 1.363 73 29 
60 1.245 1.251 1.317 1.318 37 17 
70 1.287 1.303 1.402 1.399 58 36 
80 1.239 1.251 1.360 1.354 56 36 
90 1.270 1.273 1.437 1.439 156 132 

100 1.319 1.322 1.485 l.487 272 251 
llO l.264 l.265 1.384 1.390 172 154 
120 1.227 1.227 1.327 1.331 216 183 
130 l.163 1.165 l.232 1.244 56 42 
140 1.138 1.131 1.198 1.195 35 25 
150 l.135 1.137 1.187 l.220 17 11 

160 1.151 1.157 1.157 1.188 43 36 
170 1.188 1.186 l.232 1.229 42 35 
180 1.253 1.256 1.304 1.309 70 63 
190 l.360 1.330 1.409 1.380 142 128 
200 1.310 1.323 1.376 1.377 160 145 
210 1.157 1.151 1.208 1.198 334 254 
220 1.138 1.141 1.179 1.175 245 160 
230 1.206 1.202 1.244 l.235 569 404 
240 1.227 1.230 1.273 1.272 488 319 
250 l.282 1.279 1.328 1.316 544 365 
260 l.327 1.328 1.377 1.368 367 241 
270 1.399 1.407 1.499 1.487 331 171 
280 1.359 1.359 1.466 1.461 303 153 
290 1.305 1.291 1.431 1.400 195 82 
300 1.249 1.266 1.370 1.366 239 99 
310 1.260 1.217 1.390 1.319 140 43 
320 1.275 l.270 1.386 1.406 163 58 
330 1.270 1.275 1.349 l.357 108 57 
340 1.207 1.193 1.291 1.284 97 57 
350 1.163 1.156 1.234 1.224 194 129 
360 1.158 1.154 1.224 1.217 389 238 
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Table 7. Directional mean wind profiles ( continued) 

Givat Ha more 

V,.m/V10m 
Direction 

A B 

10 1.004 1.009 
20 1.012 1.005 
30 1.051 1.067. 
40 1.024 1.033 
50 1.027 1.007 
60 I.OH! 1.017 
70 1.019 1.022 
80 1.033 1.033 
90 1.027 1.028 

100 1.012 1.017 
110 1.006 1.007 
120 1.005 1.009 
130 1.010 1.009 
140 1.004 1.004 
150 0.993 0 .996 
160 0.988 0.990 
170 0.995 1.000 
180 0.997 0.997 
190 1.007 1.000 
200 1.003 1.002 
210 1.027 l.022 
220 1.027 1.025 
230 1.035 1.032 
240 1.037 1.036 
250 1.071 1.067 
260 1.072 1.070 
270 1.075 1.075 
280 1.063 1.062 
290 1.059 1.059 
300 1.047 1.050 
310 1.047 1.047 
320 1.014 1.012 
330 0.999 0.996 
340 1.003 1.000 
350 1.013 1.009 
360 1.017 1.016 

groups of mean ratios of five observations or more 
each are shown. It is seen that, as expected, the 
curves of wind ratio as a function of temperature 
gradient in Givat Hamore all exhibit a clear minimum 
for about T40 m - T10 m = - 0.5°, or a little more 
than one and a half the dry adiabatic lapse rate. 
More surprising is the fact that a similar minimum 
exists for Hreiba as well, although there it is found 
in much higher lapse rates. There is also a hint of the 
existence of a maximum at large temperature inver
sion conditions. Such maxima near the level ground 
for low wind speeds only were found by Deacon 
(13), who attributed the decrease of wind ratios to 
shallow air currents of katabatic origin gaining 
importance. This phenomenon is evidently manifest 
on a much larger scale over hills. 

Effect of the hill profile on wind profile 
in neutral conditions 

In table 8, the directional wind ratios V25 m/ 
V10 m and V40 m/V10 m applying to mean neutral 

V 40,n/V101n 
hA hB 

A B (hours) 

1.029 1.054 37 9 
1.039 1.045 58 1G 
1.096 1.135 41 10 
1.081 1.074 40 11 
1.061 1.065 58 21 
1.058 1.055 81 50 
1.012 1.011 111 81 
1.015 1.013 154 133 
1.003 l.004 239 208 
0.973 0.977 150 115 
0.969 0.967 123 102 
0.983 0.990 72 55 
0 .989 0.990 79 53 
0.996 0.999 123 80 
0.982 0.984 121 85 
0.970 0.974 100 66 
0.993 0.996 58 19 
0.995 1.006 36 11 
1.022 1.017 18 11 
1.007 1.008 62 41 
1.037 1.037 70 54 
1.045 1.040 125 94 
1.048 1.047 llO 90 
1.052 1.049 171 142 
1.079 l.072 198 163 
1.076 1.073 249 210 
1.075 1.072 508 435 
l.063 1.060 347 281 
1.052 1.051 380 337 
1.044 1.046 371 307 
1.037 1.035 275 218 
0.991 0.987 316 257 
0.986 0.981 263 207 
0.982 0.977 238 176 
1.012 1.008 134 94 
1.060 1.053 160 91 

conditions (adiabatic lapse rate) T40 m = T10 m ~ 
-0.3°C are given. 

These ratios give a much clearer picture than m~an 
directional ratios, and it is a pity that the penod 
of measurements could not be lengthened, so that 
more directions could be included in this table. The 
following results, however, are not affected by the 
absence of some directional ratios. 

Two salient facts emerge : 
(a) The decisive importance of the hill profile in 

the immediate neighbourhood of the measurements 
mast; 

(b) The importance of the hill profile further up
wind in relation to that near the measurements 
mast. 

As regards (a), it is readily seen that the high 
values of wind ratios in Hreiba, as compared to 
those in Givat Hamore, were caused by the fl~tne~s 
of the hilltop of the former. To prove this pomt it 
suffices to compare the two extreme directional 
ratios, that of 270° to that of 20°. In both cases, the 

: 
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Table 8. Directional wind ratios in mean neutral conditions slopes further up-wind are on the average 1 in 31 
and fairly regular. The difference lies in the last 
100 m from the mast; in the 270° direction, it is 
flat with a slight rise 50 m from the mast; in the 
20° it is steadily descending at a very slowly acceler
ating rate : 30 m from the mast, the slope is 1 in 10, 
descending to 1 in 3 1/2 some 100 m from the mast. 
Had this slope reached the immediate vicinity of the 
mast, the wind ratio would have gone down to below 1, 
as is the case in Givat Hamore, in the direction 350°. 

Direction 
(•) 

llreiba 

V2sm/V1om V4om/V1om 

Givat Jl amore 

10 
20 

100 
110 
120 
210 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 

't 

1.15 
1.09 
1.24 
1.23 
1.23 
1.17 
1.23 
1.28 
1.32 
1.38 
1.50 
1.49 
1.35 
1.26 
1.24 

1.13 
1.16 

1.25 
1.17 
1.37 
1.35 
1.34 
1.23 
1.29 
1.35 
1.39 
1.46 
1.63 
1.65 
1.53 
1.40 
1.37 

1.23 
1.28 

1.03 
1.04 
1.07 
1.04 
1.05 
1.02 
1.04 
1.05 
1.03 
1.00 
0.98 
0.99 
0.99 

1.04 
1.04 
1.05 
1.06 
1.03 
1.02 
1.02 
1.03 
1.00 
0.96 
0.94 
0.95 
0.94 

Similarly, the differences in the profile in the imme
diate neigbourhood of the mast explain the low 
ratios for the 150° and 210-220° directions in Hreiba, 
and they largely account for the differences in wind 
ratios in Givat Hamore. 

The demonstration of (b) above is found in the 
gradual decrease of ratios from the direction 280° 
to 310° (and probably continued to 330°) in Hreiba. 
This decrease does not come because of any signi
ficant differences in the slope in the next 100 m from 
the mast. It comes as a result of gradual decrease 
of steepness further up-wind, gradually eliminating 
the slope gradient between the two regions. 
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Figure 21. Directional wind ratio V40m/V10m vs. temperature gradient T40m = T 10m in Hreiba 
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Fi~ure 22. Directional wind ratio V40m/V10m vs. temperature gradient T 40m - T 10m in Givat Hamore 

To sum up, in order to have low wind ratios, the 
hill must have a small hill-top area; this condition 
cannot in general be fulfilled in a hill forming a part 
of a mountain ridge. Large flat hilltops produce 
wind ratios much in excess of those met over level 
country, and these must be avoided. The slope should 
be as uniform as possible in the last few hundred 
meters. The optimal slope is about 1 in 3½. If it 
reaches to within 20 to 30 m from the top, it will 
produce uniform flow conditions in the height interval 
from 10 to 40 m. A steeper slope will produce a pro
nounced inverse gradient and should again be avoided. 

Conclusions 

Before the measurements which form the subject 
of the present report began, it had been known 
from previous observations that Givat Hamore is 
a better wind power site than Hreiba. In the absence 
of proper criteria of "goodness of site", however, they 
were both considered good sites in their respective 

regions, and the advantage of Givat Hamore (higher 
mean and higher diurnal variation) was thought to .. 
result mainly from the regional channel effect of the,! 
plain of Esdraelon, which is felt particularly strongly 
during the summer season. 

In the light of present measurements, this view 
can no longer be maintained. It has been established 
beyond reasonable doubt that the topographical 
features in the near approaches to the hilltop deter
mine the structure of flow over it. This flow will, of 
course, be influenced by the general circulation of 
the region, but it is felt that within the region it is 
now possible to establish criteria for a good wind 
power site without referring to this general pattern. 

What then are these criteria? It is the opinion of 
the author of the present report that a single criterion 
is sufficient, namely, the mean wind vertical gradient 
for the height interval from 10 to 40 m above ground. 
For optimal conditions for wind .power utilization, 
this gradient must vanish within five per ce1_1t. 
Such flow conditions, as has been shown, exist 
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in most directions in Givat Hamore, and they are 
the result of regular slopes of about 1 in 3½ (in
clination 16°) in the nearest few hundred meters 
from the hilltop. Admittedly, such topographical 
features are not of a very frequent occurrence in 
nature. However, they are by no means exceptional, 
and a systematic search for them is bound to bE' 
successful in any hilly country. In the British wind 
survey, for instance, several sites have been located 
which should ,have flow characteristics approaching 
those of Givat Hamore. Foremost is Mynydd Anelog 
in North Wales where the wind vertical gradient 
was shown to be very small up to the height of 20 m 
above ground, and it vanishes in all probability 
altogether in the height interval from 20 to 40 m. 
Other such sites seem to be (from the inspection of 
cross-sectional views of the sites) : Snaefell in the 
Isle of Man, Slieve Donard in Northern Ireland, 
Gorthack South and Croghan Kinshela in Eire (5). 

In the second category, that of very good wind 
power sites, could come hills exhibiting a rise of 
wind speed in the interval from 10 to 40 m of between 
5 and 10 per cent. Such conditions are the result of 
smooth regular slopes of about 1 in 6 (inclination 
10°). The maximum flow, which in the first category 
would be located somewhere in the middle of the 
10 to 40 m interval, would move upward, towards 
the upper boundary of the interval. The average 
power law index would then be less than 0.07. 

The third category, that of good wind power sites, 
could be formed by hills with a rise in the mean 
wind speed in the 10 to 40 m interval of between 
10 and 15 per cent. These would usually be hills of 
smooth r egular shallow slopes (about 1 in 10), or 
fairly rough but regular slopes of about 1 in 6. The 
corresponding power law index would be less than 
0.10. 

Finally, the fourth category, that of fair wind 
power sites, could comprise the sites for which 

1.15 < V40 m/V10 m < 1.21 
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These conditions could be occasioned by a great 
variety of topographical features, ranging from low
level coastal sites (23), through a smooth aerodyna
mically very shallow slope (1 in 20), and a very 
rough aerodynamically but regular steep (1 in 6) 
slope, to finally a very steep slope with gradual 
slope gradient within a radius of about 50 m from the 
hilltop. The corresponding mean power law index 
would be less than 0.14. 

Any site characterized by a > 0.14 should be 
avoided unless no other sites with smaller values of 
a can be found. 

The above classification has been made on the 
assumption of the fixed height interval of wind 
flow utilization. This is in agreement with recent 
studies of optimal tower height by Vadot (11) and 
Gimpel and Stodhart (23) . 

To return to the original question of the "good
ness of site", it is now evident that while Givat 
Hamore is an optimal site, Hreiba is certainly not. 
It is definitely inferior to what was classified . as a 
"fair site", and is most certainly inferior to very 
many other sites in the Mount Carmel range, the 
profiles of which conform better to what has now 
been classified as a good site. · . 
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Summary 

In view of the importance attached to the develop
ment of local energy resources in Israel, the possibi
lity of wind energy utilization was also considered, 
in particular by means of wind-electric plants to be 
connected to the general supply network. 

As a result of a wind survey, conducted in the years 
1953-1956, several sites have been selected which 
appear suitable for large-scale generation of electri
city by wind power. These sites can be roughly 
divided topographically into two broad categories : 

(a) A mountain ridge athwart the prevailing wind 
direction with a steep leeward side; 

(b) An isolated peak in a valley in the general 
direction of prevailing winds. 

One site in each category - Hreiba and Givat 
Hamore - was chosen for a detailed investigation 
of wind behaviour with the purpose of correlating 
the topography of the site to the characteristics of 
the wind flow over it. 

Measurements 

At each site (both of which are of practically the 
same elevation 528 and 517 m above sea level 
and only 30 km distant from each other) a 40 m mast 

Mean wind Energy in the 
speed wi nd 

(km/hr) (kWk p.a .. /sq.m.) 

Hreiba 21.9 1 800 
Givat Hamore . 25.0 2 800 

The relationship between specific outputs and 
mean wind speed on a monthly basis is shown to be 
linear but clearly distinct for the two sites. 

Monthly mean hourly wind and temperature profiles 

These are shown to be practically unrelated. The 
absence of a close relationship between the two 
quantities in both si_t~s is readily explained by the 
influence of an add1t10nal factor, namely, that of 
hill geometry. 

was erected, and wind measurements were made 
at the heights of 10, 25, and 40 m above ground, 
corresponding to the bottom, the hub-height and 
the top, respectively, of a 30 m diameter windmill. 
These measurements comprised continuous recording 
of wind direction and wind speed at the three heights, 
continuous recording of temperature gradient up 
to 40 m and occasional gust profile recordings. 
The measurements extended for over a year, termi
nating towards the end of 1960; the records of wind 
speed and direction and temperature gradient were 
evaluated in terms of mean hourly values and 
transferred to punch cards; those of gusts - in 
terms of mean wind speeds of each 2 sec (or 1 sec) 
interval of the records. 

Wind regime and energy estimates 

Comparison with previous observations from the 
sites has shown that the period of measurements 
gave average values, both in mean wind speeds and 
wind speed spectra; and consequently, the energy 
estimates derived from the measurements can be 
taken as representative of long-term means. These 
are (at 25 m above ground) approximately: 

Specific output A va.i lable 
m ergy for 

Danisk ZOO kW 
(Vr = 32 km/hr) (Vr = 40 km/hr) plant 

kWh p.a./kW kWhp.a. /kW (kWh p.a/sq.m.) 

3 100 1 800 650 
4 500 3 000 1050 

Effect of the shape of the hill on mean wind profile 

This is examined by means of sorting the ratios 
according to wind direction at 10° intervals, and 
it is shown that there is hardly any influence of 
the wind speed on directional wind ratios. In general, 
it can be said that there is no need to analyze wind 
ratios for different wind speeds, and that ratios 
obtained from the continuous record of wind-run 
at different levels (provided the direction is constant) 
will apply with a good degree of approximation to 
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the operational range of wind speeds of any aero
generator. 

There is a definite variation, however, of the ratios 
with the direction. The range of this variation is as 
follows: 

V,.m/V10m V4om /V10m 

Hreiba (ridge) 1.135-1.399 1.179-1.499 
Givat Hamore (isolated 

hill) 0.988-1.075 0.969-1.096 

These variations can be approximately accounted 
fo~ by the hill profile, but for a quantitative relation
ship, account has to be taken of the thermal strati
fication. 

Effect of thermal stratification on directional wind 
profile 

This is shown to be important for all wind speeds. 
In Givat Hamore, the curves of wind ratio as a 
function of temperature gradient all exhibit a clear 
minimum for about T4o m - T10 m = -0.5°C, or 
a little more than one and a half the dry adiabatic 
lapse rate. This is explained by the fact that the low 
values of wind ratios at this site are below 1, which 
means that the differences between wind speeds at 
different levels are at their maxima, albeit secondary 
ones. More surprising is the fact that similar minima 
exist for Hreiba for wind ratio values well above 1, 
although in this case they are found in much higher 
lapse rates. 

Effect of the hill profile on wind profile in neutral 
conditions 

This is then analyzed, and it is shown that the 
wind profile is determined by : (a) hill profile in the 
immediate neighbourhood of the measurements site; 
(b) hill profile further up-wind in relation to that 
near the measurements site. 

To have low wind ratios, the hill must have a small 
hill-top area; this condition cannot, in general, be 
fulfilled in a hill forming a part of a mountain ridge. 

I.,'\ large flat hill-top area produces wind ratios well in 
excess of those met over level country and must be 

avoided. The slope should be as uniform as possible in 
the last few hundred meters. The optimal slope is 
about 1 in 3½. If it reaches to within 20-30 meters 
from the top, it will produce uniform flow conditions 
in the height interval from 10 to 40 m. A steeper slope 
will produce a pronounced inverse gradient and 
should again be avoided. 

Conclusions 

To classify the relative worth of a wind power site, 
a single criterion is sufficient, namely, the mean wind 
vertical gradient for the height interval from 10 to 
40 m above ground. For optimal conditions for wind 
power utilization, this gradient must vanish within 
5 per cent. Such flow conditions are the result of 
regular slopes of about 1 in 3½ (inclination 16°) in 
the nearest few hundred meters from the hilltop. 

In the second category, that of very good wind 
power sites, could be hills exhibiting a rise of wind 
speed of 5-10 per cent between 10 and 40 m. 
Such conditions are the result of smooth regular 
slopes of about 1 in 6 (inclination 10°). 

The third category, that of good wind power sites, 
could be formed by hills showing a rise in the mean 
wind speed of 10-15 per cent in the 10 to 40 m interval. 
These would usually be hills of smooth regular 
shallow slopes (about 1 in 10) or fairly rough but 
regular slopes of about 1 in 6. 

Finally, the fourth category, that of fair wind 
power sites, could comprise the sites for which 

1.15 < V40 m/Vio m < 1.21 

These conditions could be occasioned by a great 
variety of topographical features ranging from low
level coastal sites, through a smooth aerodynamically 
very shallow slope and a very rough aerodynamically 
but regular steep slope, to finally a very steep slope 
with gradual slope gradient within the area of a 
radius of about 50m from the hilltop. The correspond
ing mean power law index tx would be less than 0.14. 

Any site characterized by tx > 0.14 should be 
avoided, unless no other sites with smaller tx can be 
found. 

ECOULEMENT DU VENT SUR LES COLLINES PAR RAPPORT A L'UTILISATION 
DE L'ENERGIE EOLIENNE 

Resume 

Compte tenu de !'importance que l'on prete au 
developpement des ressources energetiques nationales 
en Israel, on s'est attache, entre autres, a la possibilite 
de mettre l'energie eolienne en ceuvre, particuliere
ment au moyen de centrales electriques entrainees 
par cette energie, centrales dont la production 
pourrait etre envoyee au reseau general de distribution. 

A la suite d'etudes sur le regime des vents, menees 
entre 1953 et 1956, on a choisi plusieurs sites qui 

semblent appropriees pour la production d'electricite 
a grande echelle par l'energie eolienne. Topographi
quement, on peut repartir ces sites en deux grandes 
categories : 

a) Crete de montagne orientee sensiblement a 
angle droit avec la direction predominante des vents 
avec versant sous le vent a pente raide, 

b) Pie isole situe dans une vallee dont !'orientation 
est la meme que celle des vents predominants. 
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On a choisi un site dans chacune de ces categories 
- Hreiba et Givat Hamore - pour proceder a une 
etude detaillee du comportement du vent, en vue 
d'etablir une correlation entre la topographie du lieu 
et les caracteristiques de l' ecoulement du vent en 
sa surface. 

111esures. On a dresse un mat de 40 metres en chacun 
des sites en cause, lesquels se trouvent virtuellement 
a la meme hauteur (528 m et 517 m au-dessus du 
niveau de lamer) et a 30 km seulement l'un de l'autre, 
et on a procede a des mesures anemometriques 
aux cotes 10 m, 25 m et 40 m au-dessus du sol, 
correspondant au bas des pales, au moyeu et a la 
partie superieure des pales d'une eolienne de 30 m 
de diametre. Ces mesures ont comporte des enregis
trements continus de la direction et de la vitesse 
du vent aux trois cotes, des enregistrements, egale
ment continus, des ecarts de temperature jusqu'a 
40 m et des traces occasionnels des systemes de 

Vitesse Teneur d1i 
vent moyenne 

en Cnergie du vent 
km/h 

kWh p.a. 
par ,n11 

Hreiba 21,9 1 800 
Givat Hamore . 25,0 2 800 

Le rapport entre les debits specifiques et la vitesse 
moyenne du vent sur une base mensuelle est lineaire 
mais nettement different pour les deux sites. 

Courbes moyennes mensuelles des vents et des tempe
ratitres. On observera que ces valeurs n'ont virtuel
lement pas de rapports entre elles. L'absence de 
rapports etroits entre les deux quantites pour les 
sites en cause s'explique facilement par un element 
supplementaire, la geometrie des collines. 

Re.percussions de la forme de la colline sur la courbe 
moyenne des vents. On l'examine en classant les 
proportions suivant la direction du vent tous les 
dix degres et on demontre qu'il n'y a pour ainsi dire 
pas d'influence de la vitesse du vent sur les propor
tions en fonction de sa direction. Generalement 
parlant, on peut affirmer qu'il n'est pas besoin 
d'analyser les proportions applicables aux diverses 
vitesses et que celles que donnent les archives conti
nues du vent tel qu'il souffle a divers niveaux (pourvu 
que sa direction soit constante), s'appliquent avec 
une bonne approximation sur la gamme des vitesses 
de vent acceptables pour un generateur a energie 
eolienne quelconque. 

On note, en revanche, une variation tres nette 
des proportions en fonction de la direction. La gamme 
des variations est la suivante : 

Hreiba (crete) . . . . . 
Givat Hamore (colline iso

Iee) . . . . . . . . . 

I, 135-1,399 

0,988-1,075 

1,179-1,499 

0,969-1,096 

rafales. Ces mesures se sont faites au cours d'une 
annee, terminee vers la fin de 1960; les donnees 
sur la vitesse et la direction du vent, ainsi que l'ecart 
ou gradient de temperature ont ete exprimees en 
valeurs horaires moyennes et transcrites sur des 
cartes a perforations et celles des rafales - en 
fonction des vitesses de vent moycnnes - sur 
chaque intervalle de deux secondes on une seconde 
des enregistrements. 

Evaluations dit regime des vents et de l' energie. Les 
comparaisons faites avec des observations anterieures 
des memes sites ont demontre que la periode prise 
pour les mesures donnait · des valeurs moyennes, 
tant pour l'intensite du vent que pour la repartition 
des vitesses, si bien que les evaluations relatives 
a l'energie, faites a partir des mesures, pouvaient 
etre prises comme caracteristiques de moyennes a 
long terme. A 25 m au-dessus du sol, ces evaluations 
sont: 

Debit spici/ique Energie 
disponible 
pour la 

V, = 32 km/h V, = 40 km/h centrale 
danoise kWh Par an kWh par an 

par kW par k W de 200 kW 
kWh par anfm' 

3100 1 800 650 
4 500 3 000 1 050 

On peut expliquer ces variations en partie p~r 
le profil de la colline, mais, pour des rapports quanti
tatifs, il faut tenir compte de la stratification ther
mique. 

Effet de la stratification thermique sitr la variation 
du vent avec la direction. Son importance est marquee 
pour toutes les vitesses du vent. A Givat Ham~re, 
les courbes qui donnent la proportion en fonct10n 
du gradient ou ecart de temperature accusent un 
minimum net au voisinage de T40 m - T10 m = 
- 0,5 °C, soit un pen plus d'une fois et demie le tau~ 
de decroissance adiabatique en milieu sec. ~ec1 
s'explique par le fait que les faibles proport10n~"' 
que l'on trouve pour les vents en ce lieu sont infe
rieures a 1, ce qui veut dire que les differences e?tre 
les vitesses a divers niveaux sont a leur maxima, 
bien que ce soient la des maxima secondaires. 
Le plus etonnant, c'est que l'on trouve des minima 
du meme ordre pour Hreiba, avec des valeurs de 
la proportion largement superieures a 1, bien que, 
dans ce cas, on les trouve dans des zones ou le taux 
de decroissance de la temperature est beaucoup 
plus fort. 

Repercussions du projil de la colline sur la repartition 
du vent en situation neutre. On demontre que la 
repartition des vents est conditionnee par : a) ~e 
profil des collines au voisinage immediat du site 
des mesures; b) Le profil des collines plus loin au vent, 
par rapport a ce qu'il est pres du site des mesures. 

Pour que les proportions de vent soient . basse~, 
il faut que la surface de la crete de la collme s01t 
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petite, condition qui ne peut pas habituellement etre 
satisfaite la ou la colline fait partie d'une crete 
montagneuse. Les surfaces de colline plates et eten
dues donnent des proportions nettement superieures 
a celles que l'on trouve en pays plat et sont a eviter. 
La pente doit etre aussi uniforme que possible 
sur les quelques dernieres centaines de metres, 
la pente ideale est de l'ordre de l par 3,5. Si elle 
se poursuit jusqu'a une distance de l'ordre de 20 a 
30 m du sommet, on trouvera des conditions d'ecou
lement uniforme dans les hauteurs allant de 10 a 
40 m. Toute pente plus _.marquee fera apparaitre, 
un renversement marque du gradient: il faut l'eviter. / 

Conclusions. Pour classer la valeur relative d'un site 
d'installation a energie eolienne, on peut se contenter 
d'un seul critere: le gradient vertical moyen du vent 
pour la gamme de hauteurs allant de 10 a 40 m 
a compter du sol. Pour les conditions ideales d'utili
sation de l'energie eolienne, ce gradient doit dispa
raitre en moins de 5 p. 100. Ces conditions d'ecou
lement resultent de pentes regulieres de l'ordre de l 
a 3;5 (inclinaison 16°) sur les dernieres centaines 
de metres a compter du sommet de la colline. 

Dans la deuxieme categorie de sites encore tres bons 
pour les installations d'energie eolienne, on pourrait 
nommer des collines sur lesquelles la vitesse moyenne 
du vent augmente de 5 a 10 p. 100 dans l'intervalle 
allant de 10 a 40 m. I1 s'agira le plus souvent de 
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collines ayant des pentes douces bien egales de 
1' ordre de 1 sur 6 (inclinaison 10°). 

La troisieme categorie, celle des bons emplacements, 
pourrait ctre composce de collines sur lesquelles 
la montee de la vitesse moyenne du vent est de 10 
a 15 p. 100 sur l'intervalle allant de 10 a 40 m. 
I1 s'agirait le plus souvent de collines ayant des 
pentes douces regulieres (1 sur 10 environ) ou des 
pentes relativement brusques mais regulieres, de 
1 a 6 environ. 

Finalement, la quatrieme categorie, ou celle des 
sites acceptables sans plus, pourrait comporter les 
sites pour lesquels 

1,15 < V40 m/V10 111 < 1,21 

Ces conditions peuvent etre creees par l'un d'une 
grande variete d'accidents topographiques allant 
des emplacements c6tiers plats aux pentes aero
dynamiquement egales et tres douces et aux pentes 
aerodynamiquement brusques et tres dures mais regu
lieres jusqu'a, finalement, une pente tres dure en 
progression reguliere decroissante dans la zone d'un 
rayon d'une cinquantaine de metres du sommet. 
L'indice applicable a la loi de la puissance moyenne 
OU a serait inferieur a 0, 14. 

Tout site pour lequel a > 0,14 est a eviter, 
a moins que l'on ne puisse pas trouver d'emplacement 
ayant un a plus petit. 



WIND MEASUREMENTS 

Martin Jensen* 

The Danish stations for the measurement of wind 
climate are located at Gedser, Torsminde and Tune, 
as shown in figure 1. The reasons for the selection 
of the three sites are given below. 

At each station, a 25-m tower was erected to carry 
the apparatus. This height was chosen because it was 
the height to the level of the hub of the experimental 
windmill at Gedser. 

The questions might be raised whether it would 
pay to use windmills of greater height and whether 
the energy obtained at the higher levels would 
justify the greater costs of the substructure for the 
mill. To elucidate these points, a 50-m tower with 
apparatus, in addition to the 25-m tower, was erected 
at Gedser. 

* \Vind Power Committee, Association of Danish Electricity 
\Vorks, Copenhagen. 

DENMARK 
Richters Konturkart 

Norin Sea 

Figure 1. Map of Denmark, showing location of 25-m high 
wind measuring stations at Tune and Torsminde and 
of experimental mill at Gedser, a 25-m and 50-m wind 
measuring station 
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/0 ,o JO 

Figure 2. Land and water areas around Gedscr. The islands 
of Lalandia and Falstria consist of low plains 

(a) The town of Gedser is situated on the southern
most point of the island of Falstria. As shown ir,f 
figure 2, this part of the island is a long, narrow 
isthmus projecting southward into the Baltic Sea. 

The site is located 3 km north of Gedser in the 
western part of the isthmus. There the experimental 
mill, described in detail in paper W/17 under 
item II.B.2 below, has been erected. There are, 
in addition, two stations for wind measurements, 
one with a measuring level 50 m above ground 
and one at a height of 25 m. Figure 3 shows the 
arrangement of the plant. 

The distance from the site to the west coast of 
~alstria is about 300 m. At this place, the isthmus 
1s 3 km wide. The terrain slopes from the east up 
to the site, which is 10 m above sea level. Then 
the ground slopes down towards the west coast 
where ~he land is bounded by a 5-m big? bank. 
Otherwise, the entire area consists of flat, agricultural 
country. 

114 
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As shown in figure 2, Gedser is fully exposed to 
winds in the sector from west through south to 
north-north-east. The wind from these directions 
passes over 45 km of open sea. Also in the sector 
from west through north-west to north-north-west 
there are considerable distances of sea. Only in 
rather a small sector to the north will a landwind 
strike the plant. The country is, however, a low plain, 
the highest point of the islands of Lalandia and 
Falstria being only 35 m above sea level. 

In Denmark, winds from the north are those 
of rarest occurrence, and the location of a wind power 
plant at Gedser must therefore be considered approxi
mately the optimum as regards maximum energy. 

(b) Torsminde is a hamlet at a lock with a harbour 
on the west coast of Jutland. The harbour faces 
the North Sea and is situated on a very narrow, 
low bay-bar extending in a north-south direction 
and separating the North Sea to the west from the 
Nissum Fjord to the east. 

The measuring station is located south of the 
hamlet, right on the sea, in a terrain 2 m . above 
sea level. Measurements are made at a height of 25 m 
above the ground. 

The site at Torsminde was chosen because it is 
free from the tall row of sand dunes extending 
elsewhere along the west coast of Jutland. 

The built-up area of Torsminde consists of houses 
between 3 and 5 m high, situated on the same level 
as that on which the tower was erected. 

N 
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Figure 3. The plant of Gedser 

North Sea 
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Figure 4. Land and water areas around Torsminde. All 
the country sho'\\'-n in the map is a plain, less than 40 m 
above sea level 

As will be seen from figure 4, the site is completely 
exposed to sea winds from the sector from north 
by west through west to south by west. The site 
is also well exposed to easterly winds due to the fjord 
and to the fact that the country behind the fjord 
is a flat plain, within a radius of 15 km at any rate. 

Only in a small sector to the north and a corres
ponding sector to the south will the wind be reduced 
in force by passing the bay-bar, a landscape of low 
dunes. 

In view of the westerly winds prevailing in Den
mark, the station at Torsminde must be presumed 
to represent the optimum to be found on the peninsula 
of Jutland. 

(c) The station for the measurement of wind 
at Tune is located 25 km west of Copenhagen. 
Measurements are made at a height of 25 m above 
the ground. 

The station is sited on a low ridge extending 
in a north-south direction and stands 62 m above 
sea level. Both to the east and west of the station, 
the terrain slopes slightly downwards (figure 5) . 

The area is rather open and slightly undulating 
agricultural country. Winds from all directions 
except the south-east pass over a considerable 
distance across country. 

The station at Tune should represent the best 
obtainable site when a station in Denmark is to be 
placed inland. 
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Figure 5. Land and water areas around Tune 

Stations for the measurement of wind 

The detectors of the measuring apparatus are 
placed on top of a guyed tower. The tower is a 
lattice construction, of triangular cross-section, and 
all members are solid steel rods. On top of the tower 
a small balcony is provided for the inspection of 
the apparatus. Recordings and readings take place 
in a hut at the foot of the tower (figure 6). 

The wind power plant of the Danish Wind Power 
Committee, the so-called Gedser mill, described in 
detail in paper W/17, operates on the principle 
that the propeller through a constant gear-transmis
sion drives a synchronous generator connected to 
the public supply network, the frequency of which 
is governed by the thermal power plants connected 
with it. 

This construction implies that the revolutions of 
the propeller will vary only about 1 per cent between 
idling and full load. The propeller blades are not 
adjustable. It must be noted that the turnable tips 
serve solely as a brake to bring the working plant 
to a dead stop. 

The efficiency of such a wind power plant will have 
its maximum value at a given speed of wind, depend
ing on the degree of gearing between propeller and 
generator. If the speed of the wind ~nc~eases beyond 
this optimum speed, the angle of mc1dence of the 
wind on the blades will become too great, with the 
result that the efficiency decreases. At even higher 

speeds, the blades will stall and the efficiency will 
decline sharply. , 

When a mill is constructed on this principle, 
it will be necessary to determine the range of wind 
speeds at which tht> mill will work with high efficiency. 
It will therefore be absolutely necessary to kno,v 
the power distribution of the wind at the different 
wind speeds. 

For this purpose, a new device, the power distri
bution meter (p.d.m.), was designed to integrate 
the wind power in terms of speed. The device inte
grates the . wind intermittently, namely, in the 
following six ranges: 0-4 m/s, 0-6.5 m/s, 0-9 m/s, 
0-11.5 m/s, 0-14 m/s, and 0-16.5 m/s. 

The selection of just these ranges was made on 
the basis of a careful perusal of the data available 
with regard to the wind climate of Denmark. The 
measurements have confirmed that this selection 
was highly suitable for the purpose. 

As mentioned, the Gedser mill has an upward 
variation in revolutions of only 1 per cent from 
idling to full load; it can therefore react to even 
very short gusts of wind. The p.d.m. was designed 
accordingly. 
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Figure 6. The wind measuring station at Tune. 
The tower is 25-m high 



Wind measurements 

Like most wind power plants, the Gedser mill 
only turns slowly into the wind, and it cannot there
fore register turns of the wind of short duration. 
The p.d.m. was designed accordingly. 

The p.d.m. has six detectors placed on a horizontal 
beam mounted on the top of the tower. The beam 
is turned mechanically so that it will keep at right 
angles to the wind in the same manner as the Gedser 
mill. The detector has a movable plate at right 
angles to the wind. A spring forces the plate forward 
against the wind. If the speed of the wind exceeds 
the characteristic of the detector, the plate will be 
pushed slightly to the rear and close a contact 
in a circuit containing an electric counter. 

Otherwise, the measuring method is statistical; 
a synchronous motor in the hut transmits an impulse 
to all the detectors every 15 seconds, and according 
to the speed of the wind, a greater or smaller number 
of the counters will make a recording. In addition 
to the six counters corresponding to the detectors, 
there is one more which counts all the impulses 
transmitted. 

Each station is provided with a plant for the 
measurement of the maximum value of the velocity 
pressure of the wind, qmax-meter. The purpose of 
these measurements is to obtain statistical data 
for the velocity pressure of the wind, from which 
may be derived the wind load to be used in the 
calculations not only of windmills but also of struc
tures in general. 

The detector is a large Pitot-static tube which, 
by means of a windvane, is kept into the wind. 
From the detector, two pipelines lead down to the 
hut where the pressure causes a float to move 
vertically. Recording is made on a drum which is 

Figure 7. Top of a tower. To the right, the detector for the 
measurement of maximum velocity pressure. The 6 
detectors for the power distribution meter are mounted 
on a horizontal beam which is automatically turned 
into the wind by a geared motor 
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stationary except at midnight when it is turned 
slightly. The apparatus will thus give the maximum 
velocity pressure for each day. 

Power distribution meter 

The plant comprises six detectors mounted on a 
4-m long, horizontal beam at the top of the tower. 
The beam turns on a vertical axis so that it will 
always be at right angles to the wind. The turning 
machinery is an electric motor geared to turn the 
beam one full revolution in 15 minutes, in the same 
way as at the Gedser mill. The geared motor is 
controlled by a wind-vane with contacts, the motion 
of the wind-vane being damped by two dash-pots 
(figure 7). 

The detector is shown in figure 8. The plate's (pl) 
size is 15 x 15 cm, and is pivoted at its bottom 
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Figure 8. Detector for power distribution meter (s-main 
spring, c-contact point, pi-plate pivoted at p) 

5 
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at P; the head, H, at the top, is pressed forward 
by a spring, s, with a force differing for each of the 
six detectors belonging to the set. 

When the pressure of the wind against pl exceeds 
the characteristic of the detector, the head, H, 
will move to the rear, whereby unit u will be turned 
and close an electric circuit at contact c. 

This is shown in detail in figure 9. At increasing 
wind pressure, H will first move 1 mm before the 
finger, j, is touched, and during the next 1 mm 
motion, the contact spring, cs, will move forward 
and close the contact at c. H will then move another 
1 mm before impact and thereby bend the spring, cs, 
which is highly resilient. At decreasing pressure of 
the wind, H will first move 1 mm, u being held 
at rest by the trail spring, ts. During the next 1 mm 
motion of H, it will carry f with it; cs will straighten 
so that the contact will remain closed. Only when H 
has moved more than 2 mm will the contact be broken 
at c. H will now move its 3rd mm forward to impact 
and carry f with it, so that there will be a 1-mm gap 
at c. 

This arrangement aims at preventing rapid contacts 
in succession due to the turbulence of a wind whose 
pressure against the plate just corresponds to that 
of the spring s of the detector. 

I' u 

Figure 9. Contact in power distribution met~r (ls-trail 
spring, c-platinum contacts, cs-contact sprmg, H-top 
of movable plate) 
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Figure 10. Slip-ring contacts for power distribution metre 

The plate, pl, is a 0.4-mm aluminium plate mounted 
in a frame of duraluminium. The spring, s, is of 
phosphor-bronze. The contact, c, is provided with 
contact faces of platinum. Otherwise the apparatus 
is made of brass. In figure 8 the case of the apparatus 
is. shown in open condition. While in operation, 
it is closed by a cover. 

The six detectors belonging to a set will close 
the contacts when the speed of the wind exceedi 
the following values : · 

Detector No. 111/s 

1 4.0 

2 6.5 
3 9.0 

4 11.5 
5 14.0 

6 16.5 

The detectors were adjusted in a 60 · 60 cm wind 
tunnel of NPL type. Adjustments were repeated 
at intervals of about one year. Changes in the 
apparatus have proved to be insignificant. 

From the terminals of the detectors, wires are 
taken to a system of slip-rings mounted on an upright 
at the centre of the beam. There the motions of 
the beam are overcome, so that a fixed cable may 
extend upwards and over to the upright for the 
qmax-meter and thence down to the hut (figure 10). 
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Figure 11. Pulse timer and recorder for power distribution meter. The head, 
h, is rotated by the synchronous motor, sm, and emits an impulse every 
15 seconds. The impulses are counted by counters (ec) Nos. 0 - 6 

Slip-rings and contacts are of hard-chromed brass. 
From the panel in the hut, a pulse timer transmits 

a momentary current every 15 seconds to all the 
detectors; sm in figure 11 is a self-starting synchro
nous motor which through a gear makes the arm, 
a, rotate once every 15 seconds. At each rotation, 
the head, h, presses in the micro-switch, m, whereby 
the 27 v of the battery will pass to all the detectors. 
,, 1Each detector is connected with an electric 
counter (see figure 11). Counter No. 0 has no detector 
but counts all the impulses given by the pulse timer. 
Counter No. 1 will count if the speed of the wind 
is higher than 4.0 m/s, counter No. 2 when it is 
6.5 m/s or upwards, and so on. 

The counters are 5-digit counters for 24 v; the 
resistance is 500 ohms. 

We introduce the following designations: i is 
the pulse time, i.e. the time during which the head, 
h, keeps m depressed; t is the impulse interval, 
i.e. the time from the beginning of an impulse to 
the beginning of the succeeding one; r is the time 
of reaction of the counter, i.e. the time in which 
current will have to pass through a counter in order 
that a recording may just be made; and c is the 
contact time, i.e. the time during which the contact 
of thE> detector is closed. 

In figure 12, time is taken to the right (x). A contact 
in the detector like cl will give no count, but c2 

will give a count; c4 gives a count, but c5 gives 
no count. There will thus be counts from x = r to 

t 

; ; 

Cl I 
Ca I 

I 

I 

c., . . 
c. 

Cs 

')( 

0 r i+c-r 
Figure 1:2. Legend : i = the pulse time, t is the impulse 

interval, r is the time of reaction of the counter, c is 
the contact time, c1-c5 is the same contact time in five 
different cases 
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~ = i + c - r, i.e. over a period of i + c - r - r = 
~ + c - 2r. The period giving the count i + c - 2r 
1s to be equal to c; hence i = 2r. 

When i = 2r, it will just be impossible to have 
two counts during one impulse. 

. Let us consider how closely the requirement 
i = 2r must be fulfilled. The apparatus should 

C C + i - 2r count-, but actually counts-----· 
t t ' 

the error is 

C 

t 
C + i - 2r 

t 
2r-i 

t 

If i = o:2r, the error of the apparatus will be 

2r - i 2r ( ) - t-=T l-o:. 

Since r is about 0.035 s and t = 15 s, the error 
will be 

2 · 0.035 . 
-~ (1 - e>:) = 0.005 (1 - o:). 

As ex: in the plant ranges between 0. 7 and 1.4, the 
maximum error will be 0.002. 

Meter for measurement of the maximum value 
of the velocity pressure of the wind 

The detector is shown in figure 13. The upper part, 
with the head h, wind-vane wv and cylinder cy, 
is turnable. The wind-vane sees to it that the head, h, 
is at all times kept into the wind. The front part 
of the head has a 25-mm bore in which the total 
pressure, i.e. the sum of the velocity pressure and 
the static pressure, will be obtained. This pressure 
is taken by a pipeline through the apparatus to 
the terminal 1. 

The cylinder, cy, has slits in the two generators, 
where the pressure is just equal to 0. In the cylinder, 
the static pressure will thus be obtained, and this 
pressure is taken on to t erminal t2. 

From tl and t2, rubber hoses lead to the middle 
of the tower where there is a pipeline to the hut. 
The pipes are ¾-in pipes in the 25-m tower, whereas 
1-in pipes have been used in the 50-m tower. As 
a result, the damping of the apparatus due to resist
ance in the pipes will be uniform in the two types 
of tower. 

In the hut, the two pipes are taken to pipe
connections on a water tank, as shown in figure 14. 

A recording device is affixed to the rod, r. 1:'he 
point of the writer, pw, is a small steel ball restmg 
on the r ecording drum with a very light pressure. 

The float , fi, is actuated on its lower surface in 
an upwards direction by the velocity_ pr~ssure of 
the wind plus the static pressure, ~h1le_ its upper 
surface is actuat ed in a downward direct10n by the 
st atic pressure. The resulting. energy will thus be 
the velocity pressure of the wmd, so that the level 

Figure 13. Detector for m aximum velocity pressure. TbE 
total pressure is obtained in the bore at h. The stati, 
pressure is obtained in the slits at cy ; wv is the wind 
vane. The pressures a re t ak en to the terminals I 1 and I; 

o~ the point recorded will give a measure of the velo· 
city pressure. 

Figure 15 shows the drum, d, which is a piec, 
of smooth brass tube sooted on the surface; cl I' 

a self-starting synchronous motor with gear. Its axl'. 
makes one rotation per 24c hours. Through a pa,1, 
arrangement, the synchronous motor causes the dru1;: 
to be turned 3 mm forward every day at 00 hour' · 
GMT. 

Thus, every day a vertical line will be drawn c: 
the d~um. The top of this line represents the maximu(: 
velocity pressure for the 24 hours. The drum 1' 
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,. 

pw 

Figure 14. Recorder for maximum velocity pressure. 
The float, fl , is lifted by the velocity pressure and the 
movement is recorded by the point wp on a drum; r is 
a rod guiding the float 

Figure 15. Recorder for maximum velocity pressure. 
Every night the drum, d, is turned slightly forward 
by the clockwork, rt. At other times it remains stationary 

capable of holding recordings for 50 days. When 
it is filled with recordings, the graphs are fixed by 
submersion in cellulose lacquer. 

Adjustment of the plant is made by means of 
a Fuess manometer at each replacement of the drum. 

The plant is dimensioned to record a velocity 
pressure of maximum 156 kg/m2, corresponding 
to a wind speed of 50 m/s. 

For wind speeds of less than 6 m/s, the sensitivity 
of the apparatus is rather low. This is, of course, 
without significance, the object of the plant being 
to record high velocities of the wind. 

The wind power 

The method used for working up the readings 
of the p.d.m. may be explained most easily by an 
example. 

During the period from 24 December 1959 to 
11 February 1960, the following counts were recorded 
by the station at Tune: 

Counter ,1,,Vo. Coimts Relative number 
Speed of wind 

exceedin-g 

0. 283 689 1.000 0 m/s 
l . 240 649 0.850 4.0 m/s 
2. 134 342 0.475 6.5 m/s 
3 . 64 665 0.228 9.0 m/s 
4. 26 617 0.094 11.5 ms 
5. 7 658 0.027 14.0 m/s 
6. l 398 0.005 16.5 m/s 

Counter O counted all the impulses transmitted; 
counter No. 1 counted impulses when the speed of 
the wind was higher than 4.0 m/s, which, as will 
appear from the table, was the case in 0.850 of the 
entire period. 

With the relative values given in the table as 
the ordinate and the speed of the wind as abcissa, 
the curve shown in figure 16 was obtained, represent
ing the accumulated frequency. 

This curve is graphically differentiated once, 
whereby the distribution as to time of the speeds 
of wind shown in figure 17 was obtained. The ordinate 
in s/m, the abscissa the speed of wind in m/s. The 
area below the curve is 1 . 

. From the distribution of wind speeds given in 
figure 17 the curve for power distribution shown 
in figure 18 was calculated. The ordinate is kg/m2 

and the abscissa the speed of the wind in m/s. For 
v = 7 m/s, figure 17 gives an ordinate of 0.12 s/m, 
the velocity pressure at this speed of wind is: 

1 
q = - 72 = 3.06 kg/m2 

16 

and the power of the wind : 

qv = 3.06 · 7 = 21.42 kg m 
1n2 s 



122 11.B.1 Wind behaviour and site investigation 

{O 

0.8 

06 

oz 

0 , 

~ 
r-.. 

I 

2 + 

\! 
.. 

\ --~ 
I\ 

'\. 

"' "' 
i!. 3 

6 " 

'I'--. 

10 

Tune 
2+-tc-$9-11-2-60 

--r-------

--
12 

5 
ff 

6 
/6 

I 
I 

I 
I 
I 

---i-

I 

rounler NQ 
/8 t?O '% 

Figure 16. Accumulated frequency of the wind during 
the period from 24 December 1959 to 11 February 1960 
at Tune 

0 2 6 B fO 12 If 16 18 

Figure 17. Frequency of wind during the period 
from 24 December 1959 to 11 February 1960 at Tune 
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Figure 18. Power distribution during the period 
from 24 December 1959 to 11 February 1960 at Tune 

Thus, the ordinate of the curve for power-distri
bution will be 0.12 · 21.42 = 2.57, and the dimension 
IS: 

kg 
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Figure 19. The distribution of power for 1960 at the four 
stations. The abscissa is the speed of the wind in m/s; 

the ordinate, the mean energy in kg 
m2 

The area below the curve in figure 18 represents 
the average power through the period, ot 33.2, 
and the dimension is: 

kg m 
m2 s 

The measuring stations were started at the end 
of 1957, and, with some interruptions, results are 
available until the beginning of March 1961. The 
stations have worked without interruption since 
the autumn of 1959. 

In the calendar year 1960, the measuremen~s 
gave the results shown in table I. The power 1s 

. kg m 
the mean value for the period concerned m - 2 -· m s 

The distribution of power on wind speeds for 1960 
is shown in figure 19. 

The average ratio between the power at the 50-m 
level and at the 25-m level is 1.21. '\i• 

Maximum velocity pressures 

The measurements of the daily maximum values 
of the velocity pressure were started at all four 
stations at the end of 1957 and were carried through 
with a few interruptions. The measurements must 
be continued for some years to come in orde~ t~at 
sufficient data may be provided for a stat~stical 
computation resulting in the fixing of the maximum 
value for a given term of years. 

Only a few results will be mentioned in this paper. 
The maximum values at the four stations were: 

Tune (25 m) 21 Feb. 1959 . . qmax = 51 kg/m2 (vmax = 28.5 m/s) 
Gedser (25 m) 19 J an. 1958 . qmax = 73 kg/m2 (vmax = 34 m/s) 
Gedser (50 m) 19 J an. 1958 . qmax = 81 kg/m2 (vmax = 36 m/s) 
Torsminde (25 rn) 6 Feb. 1961 qmax = 86 kg/m2 (vmax = 37 m/s) 
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It may further be mentioned that at Gedser 
the ratio between the velocity pres~ures at th~ 
50-m level and the 25-m level is 1.13, which cor-

re_sponds to a ratio in power of 1.20, in agreement 
with the result of the direct measurements of the 
power. 

Table 1 

Tune Torsminde 

Date Mean Date 
P<Xf!CY 

1960 1960 

1/1 

) ) 
1/1 

} } 33.2 25/1 
11/2 

21.4 20/2 

} } 2/4 

} } 35.3 2/4 
14/5 14/5 

3/7 
19.9 

2/7 } } 
} } 15.8 

13/8 
18.0 13/8 

} } 19/9 

} } 21.1 17/9 
22/10 

34.1 22/10 

} } 3/12 } 26.8 3/12 
31/12 31/12 

1960 . 25.2 1960 . . 

Afean, 
pou:er Date 

1960 

69.8 1/ 1 

} } 48.2 12/1 

41.5 18/2 

} } 53.6 2/4 
14/5 38.2 

} } 28.0 2/7 

29.1 13/8 

} } 28.l 17 /9 

53.0 22/10 

} } 45.4 3/12 
31/12 

42.0 1960 . . . 

Gedser 

25 m 
Al ean pou·er 

48.4 
51.6 
49.7 
45.7 
39.6 
24.8 
32.2 
28.8 
51.3 
56.1 

41.8 

50 m 
J!can powtr 

61.2 
69.4 
60.0 
52.7 
40.6 
30.l 
40.l 
36.7 
64.4 
62.2 

50.8 

Summary 

The wind-power plant of the Danish Wind Power 
Committee, the so-called Gedser mill, is described 
in detail in paper W/17 under item II.B.2 below. 
The mill operates on the principle that the propeller, 
through a constant gear-transmission, drives a syn
chronous generator connected to the public supply 
network, the frequency of which is governed by 
the thermal plants connected with it. 

This construction implies that the revolutions 
of the propeller will vary only about 1 per cent 
between idling and full load. The propeller blades 
are not adjustable. It must be noted that the turnable 
tips serve solely as a brake to bring the working 
Qlant to a dead stop. 

'. ,I 
1 The efficiency will have its maximum value at 
a given speed of wind, depending on the degree 
of gearing between propeller and generator. If the 
speed of the wind increases beyond this optimum 
speed, the angle of incidence of the wind on the 
blades will become too great, with the result that 
the efficiency will decrease. At even higher speeds, 
the blades will stall and the efficiency will decline 
very markedly. 

When a mill is constructed on this principle, 
it is necessary to determine the range of wind speeds 
at which the mill will work with high efficiency. 
It is therefore absolutely necessary to know the 
power distribution of the wind at the different speeds. 

For this purpose, a new device, the power-distri
bution meter (p.d.m.), was designed to integrate 
the wind power in terms of speed. 

A p.d.m. was mounted close to the experimental 
wind power plant at Gedser, at a height above 
ground of 25 m, i.e. on a level with the hub of the 
propeller. To find out whether it would pay to build 
higher mills, a p.d.m. was mounted at a height of 
50 m. 

A 25-m high measuring station with a p .d.m. 
was erected on the west coast of Jutland, directly 
facing the North Sea. A similar station was estab
lished west of Copenhagen in an open agricultural area. 

From these four stations, p.d.m. measurements 
covering a period of about two years are available. 

In addition, apparatus for measuring the maximum 
velocity pressure of the wind is mounted in each 
station. 

MESURES EFFECTUEES SUR LE VENT 

Resume 

La centrale eolienne de la commission danoise 
de l' energie eolienne connue sous le nom de « Centrale 
de Gedser >> fait l'objet d'une description detaillee 

dans le memoire W/17, se rapportant au point 
II.B.2 a de l'ordte du jour. Son helice entratne 
une transmission a engrenages en prise constante et, 
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par son entremise, un alternateur asynchrone branche 
sur le reseau public de distribution d'electricite, dont 
la frequence est definie parses centrales thermiques. 

Ce mode de construction presuppose que la vitesse 
de rotation de l'helice ne variera que de 1 p. 100 
environ entre le ralenti et la marche a pleine charge. 
Elle est a pas fixe . On o bservera que I' on ne fait 
tourner les bouts de pale que pour freiner le systeme 
et en assurer l'arret absolu. 

Le rendement est maximum pour une vitesse 
de vent donnee, qui depend du train reducteur 
interpose entre l'helice et l'alternateur. Si la vitesse 
du vent depasse ce regime ideal, l'angle d'incidence 
du vent sur les pales devient trop grand et le rende
ment tombe. A des vitesses encore plus elevees, 
il y a decrochage aerodynamique et ce rendement 
s' effondre. 

Une fois l'eolienne construite en conformite avec 
ce principe, il est necessaire de determiner la gamme 
de vitesses sur laquelle son rendement sera bon. 
11 sera done absolument necessaire d'etablir la courbe 
donnant la puissance en fonction de la vitesse du vent. 

On a realise dans ce but un nouveau dispositif 
servant a integrer l'energie que debite le vent en / 
prenant la vitesse comme variable, appele compteur 
totalisateur de la repartition de puissance. 

On a installe un tel instrument pres de la centrale 
experimentale de Gedser, a une hauteur de 25 m 
au-dessus du niveau du sol, soit a celni du moyeu 
de l'helice. On en a place un autre a 50 m pour juger 
de l'opportunite de construire des aeromoteurs d'une 
plus grande hauteur. · 

On a prevu un poste de mesure de 25 m dote 
d'un tel compteur, sur la cote ouest Ju Jutland, 
face a la mer du Nord. On en trouve un autre a 
l'ouest de Copenhague, dans une region agricole 
decouverte. 

Ces quatre postes ont donne des mesures au comp
teur totalisateur s'echelonnant sur unc periode de 
deux ans environ. 

Chaque poste est egalement dote d'un appareil 
servant a mesurer la pression dynamique maximum 
que donne le vent. 
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SOME ASPECTS OF SITE SELECTION FOR WIND POWER PLANTS 
ON MOUNTAINOUS TERRAIN 

J(arl O. Lange * 

Information on the general wind regime of a 
geographical region is a prerequisite for considering 
the utilization of wind power in the region. Such 
information may consist of long-term anemometry, 
at characteristic ground stations, of upper-air wind 
measurements or of gradient winds computed from 
the pressure fields of synoptic maps covering the 
region. In either case, the problem is then to find 
suitable local sites in the region, matching their 
specific winds to the performance characteristics 
of specific wind power plants or vice versa, with due 
regard to economy and required power. 

The selection of suitable local sites depends much 
on knowledge of the shape of the "wind profile" 
- the variation of wind velocity with height from 
the surface to gradient wind level - because the 
wind profile permits, first, the tying in of the existing 
long-term wind measurements with wind conditions 
at different levels and localities and, secondly, 
the computation of power inputs over various 
turbine diameters and heights; the wind profile 
also enters into the structural requirements of the 
wind power plant. 

Much information is available about free-air wind 
profiles over level terrain, for example in the paper 
presented by Professor Petterssen (W/26). However, 
in regard to wind velocities and wind profiles over 
topography with sizable elevation differentials, our 
knowledge is inadequate. 

It is probably generally true that the average 
wind and the most frequent wind increase with the 

. ,t;iwation of prospective sites on mountain tops in 
~1omewhat the same fashion as the free-air wind 
increases with height. Available wind power, being 
essentially proportional to the cube of wind velocity, 
therefore, should increase rapidly with elevation, 
calling for the location of wind power plants of 
greatest capacity as high up as possible. Construction 
and maintenance costs, on the other hand, are also 
functions of elevation. Moreover, in many locations, 
the occurrence and severity of icing increase with 
elevation, which in turn calls for structural require
ments which tend to increase costs. Thus, an opti
mum should be determined in each case on the 
basis of meteorological factors at the various eleva
tions, on the one hand, and local costs and power 
needs, on the other. 

Obviously, a favorable site in that respect would 
be one which produces relatively high winds at 

* University of Kentucky, Lexington, Kentucky. 
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a given elevation due to compression of stream lines. 
From the results of investigations in aerodynamics, 
one would expect to find such sites on terrestrial 
obstacles, such as mountains and, particularly, 
ridges athwart the main wind direction. 

Existing aerodynamic knowledge has been gained 
principally at comparatively low Reynolds numbers, 
or else at high Mach numbers. The flow on terrestrial 
obstacles, however, takes place at high Reynolds 
numbers, due to the large geometric dimensions 
of the terrain, and, at common wind speeds, it certain
ly represents incompressible fluid flow. In wind 
tunnels, every effort is made to produce laminar 
air-streams, but the air in nature is usually turbulent 
and beset with motions introduced by prior history 
of mechanical and thermodynamic mixing. Most 
of the aerodynamic knowledge, both theoretical 
and experimental, has been obtained on the basis 
of homogeneous free-stream velocity and homogene
ous free-stream density, but atmospheric flow on 
mountains is usually by air containing vertical 
velocity gradients of various magnitudes, and vertical 
dimensions in nature are usually too large to permit 
neglect of the variations of pressure, temperature 
and humidity in the vertical. 

Notwithstanding these discrepancies in flow para
meters, many attempts have been made to extend 
flow similarities to atmospheric flow, for example 
by applying the "speed-up factor", found on the 
side of air foils, to the ridge of mountains of similar 
geometric shape. Time and again, models of land
scapes have been subjected to wind tunnel tests . 
Results so obtained have been used in estimating 
the wind and the resultant available power on moun
tain sites, sometimes with very disappointing and 
costly consequences. 

It is difficult to verify or deny the validity and 
accuracy of "speed-up factors" because in each case 
it is necessary to have not only accurate measure
ments of wind speed and direction on the mountain 
itself, but also simultaneous measurements of the 
wind velocity in the free atmosphere. Present 
techniques of anemometry on the ground and in 
the free air are quite different from one another 
and not strictly comparable with each other. More
over, pilot balloon data computed on the basis of 
known rates of climb (which constitute the bulk 
of long-term, free-air wind measurements) are quite 
unreliable over terrain with vertical air currents. 
On the mountain itself, there exists an unknown 
boundary layer, making it questionable at just 
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~ha~ height <;1-bove ground or above tree tops the 
s1gmficant wmd should be measured. This last 
mentioned difficulty makes it even hard to compare 
mountain sites with each other by anemometry. 

In an investigation on the respective merits of 
a number of mountains in New England in connection 
with the Smith-Putnam aero-electric turbine project, 
the following data were carefully determined: 

Speed-1tp factor Power factor 
Mountain. 

Model test 

Pond (1 500 ft) 1.29 
Glastenburg (3 900 ft) 1.44 
;\It. Washington (6 430 ft) 1.30 

It may be seen that the model tests were utterly 
misleading. 

The following considerations will perhaps suffice 
to show why wind tunnel data should not be expected 
to simulate atmospheric flow over terrestrial ob
stacles. Out of the infinite variety of possible condi
tions, three simple examples are selected in which 
a parcel of air is supposed- to flow over a ridge, 
z meters high. Although the ascending air might 
absorb heat on the way up when the slope is exposed 
to the sun, or lose heat, the equally adequate assump
tion is made that it should move adiabatically. 
For simplicity's sake, the atmosphere is assumed 
to have a linear lapse rate ~. in one case to be dry 
adiabatic, in the second case to be the "standard 
atmosphere" lapse rate and in the third case to be 
isothermal. All three cases are well within possible 
everyday conditions. The pressure distribution along 
the path of the parcel is assumed to be that of 
the free atmosphere. This is an oversimplification, 
as it would leave no incentive for the parcel to move, 
but the order of magnitude of the results is not 
disturbed. 

Assuming the air parcel to be sufficiently dry, 
it will follow the equation of state of an ideal gas: 

pdv + vdp = RdT 

where p = air pressure; v = volume per unit mass; 
T = absolute temperature; R = the gas constant 
of air per unit mass. 

The adiabatic expansion of an ideal gas is expressed 
by: 

where Cp = specific heat of air at constant pressure; 
Cv = specific heat of air at constant volume; 
R = Cp -Cv. 

The atmospheric pressure height relationship is: 

V 
dz =--dp 

g 

where g = acceleration of gravity, considered con
stant, and z = height. 

From these stipulations results the well-known 
fact that the temperature of the adiabatically 

A nemonietry Model test Anemometry 

0.84 2.15 0.60 
1.04 3.00 1.13 
1.47 2.20 3.18 

rising parcel of air drops with height at the rate of 

(!~) cxd = y = - Jp = - 0.98°C/100 m 

= ,..._, - l°C/100m 

At the foot of the mountain, the parcel has the 
same density as the surrounding air. The dynamics 
of what causes the existing wind having been elimi
nated from consideration, the net force on the parcel 
is zero, its weight being equal to the buoyancy of 
the surrounding air. Such is not the case any more, 
however, as soon as the parcel starts up in an atmos
phere of a lapse rate ~ other than dry adiabatic. 

Observing the air parcel anywhere along its path 
up the mountain, its weight is: 

g . p 
W = v Vol = RT' g Vol 

where T' = temperature of the air parcel. 
The buoyant force B exerted by the surrounding 

air on the air parcel is: 

B = _p_ g Vol 
RT 

where T = temperature of the ambient air. 
The net downward force on the parcel then 1s 

W - B =iVol (;,-;) = T--;.T' W = ·\';' 

(~ - y) z = ,..._, ~ - y z w 
T 0 (l + ~z) To 

where T O = initial temperature at z = 0. 
Depending on the lapse rate of the ascending air 

(which need not be adiabatic, because heat might be 
lost or gained during the ascent), and depending 
on the stability of the atmosphere, forces come into 
play which do not exist in the wind tunnel. The 
moving air is subjected to vertical accelerations of 
the order of 

which, while not ordinarily large, become important 
to the flow characteristics because of the length 
of time during which they are active. The ascent 
of air at 30 kilometers per hour over a 3-kilometer 
long slope, for example, takes 360 seconds, and an 
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average vertical acceleration of only 0.01 g should 
cause a vertical velocity component of about 35 
m~ters per second, or 116 feet per second, not consid
ermg drag and resultant mixing. 

The thermodynamic effects in atmospheric flow 
are perhaps best exemplified by energy considerations 
?f the three selected cases. If the air parcel rose to z, 
1t would have to overcome successively larger down
wa:d forc~s. The energy required to lift W weight 
umts of air of temperature T O to an elevation z is, 
from the foregoing, 

E = rz (W - B) dz = wlz ~ - y zdz 
..,,zo Zo To 

= ~ ~ - y_ z2 W 
2 To 

This energy must be supplied to make the upward 
flow possible and an available source of energy is 
the original kinetic energy of the wind. Thus the 
original wind velocity V is reduced to Vz by the 
time elevation z is reached: 

! ~ - y Z2 = _!__ (V2 - Vz2) 
2 To 2g 

The wind velocity Vmin, which w~uld be required 
to just push air to an elevation z, arriving there 
with wind velocity zero, is 

V min = ( g ~ To Y) \ 

Note that the required initial wind is directly 
proportional to the height of the obstacle. 

For the purpose of survey, the wind velocities 
Vmin which would be required under the three 
stability conditions to push air of 288° to an elevation 
of 1 000 meters, arriving there with no velocity, 
are presented below: 

Lapse rate 

V min, meters per second 
V min, feet per second. . 

Adiabatic "Standard" Isothermal 

0 11 19 
0 35 60 

~1r.---------------------
This shows, then, that atmospheric flow over natu

ral topography might conceivably be similar to model 
flow only when neutral stability exists in the atmos-

phere or if the elevations are quite small. In any 
~table atmosphere, much wind energy is consumed 
m moving the air vertically, and one would have 
to conclude that any "speed-up factor" found in 
homogeneous fluid flow would be counteracted and 
overshadowed by these energy losses in the "standard 
atmosphere", the more so, the higher the mountain. 

One might argue that whenever there exist wind 
speeds high enough to be of interest for wind power, 
then there should also exist an adiabatic lapse rate due 
to prior turbulent mixing. In that case, another 
complication arises. The turbulent layer will almost 
inv_ariably be topped by a turbulence inversion, 
which acts as a baffle, non-existent in the wind tunnel. 
The height of the inversion is likely to vary and so 
will its unpredictable effect on the flow, particularly 
if the inversion vacillates above and below summit 
height. 

If the humidity of the air is high, other thermo
dynamic processes enter into the picture. Liquid 
water in the air must affect the fluid flow. Heat trans
f~r during the flow must produce effects. It would 
seem to be a rather severe task to fully analyze 
all these conditions, and even then it would probably 
be impractical for power site selection to undertake 
the measurement of all the parameters likely to be 
involved. 

Perhaps one conclusion may be drawn: whenever 
the atmosphere is stable, energy of the order of 
magnitude outlined above is required for vertical 
motion. To conserve this energy, the wind will want 
to go around the obstacle rather than over it. This 
should result in increased wind speeds along the 
edges and in gaps of mountain ranges. Some anemo
metric measurements and such commonplace names 
as "wind gap" seem to bear this out. 

Until further knowledge on velocity distributions 
and wind profiles in mountainous regions becomes 
available, the meteorological suitability of wind 
power plant sites has to be prejudged by the crude 
means of collecting subjective experiences of in
habitants of the region and by ecological means, 
if proper vegetative growth exists. 

In the author's opinion, only comparative anemo
metry on a number of such preselected sites can then 
furnish reliable data on the respective meteoro
logical merits of the sites. 

Summary 

In general, the selection of specific sites for wind 
power plants in a mountain region involves a com
promise between the desired maximum output and 
the economy at which the power can be made avail
able. 

Within the design limitations of a specific wind 
power plant, the output is higher the higher the 
average - or the most frequent -wind is. Ordinarily, 
available wind power increases with elevation. But 
so do erection and maintenance costs. Moreover, in 

many locations, the possibility and the severity of 
icing increase with elevation, which in turn calls 
for structural requirements which tend to increase 
costs. Thus, an optimum should be determined in 
each case on the basis of local construction costs, 
on the one hand, and the meteorological factors 
at various prospective sites, on the other. 

As an alternative to high elevations, one would 
look for t errestrial obstacles to the wind, where 
compression of stream lines causes a wind speed 
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higher than that of the undisturbed atmosphere 
at the same height. It is, however, not possible to 
obtain reliable quantitative values for such "speed
up factors" by similarity with the results of ordinary 
aerodynamic research. Contrary to the conditions 
of theoretical and experimental aerodynamic inves
tigations, atmospheric flow on mountains and moun
tain ranges takes place at very high Reynolds 
numbers and lo\v l\Iach numbers, and the free stream 
is not only turbulent, but has pronounced velocity 
and density gradients in the vertical. Moreover, 
because of the length of time required for air to 
flow over terrestrial distances, heat transfer to or 
from the air-stream is likely to take place. 

An example is given of air adiabatically ascending 
over a 1 000-meter high obstacle when the stability 
of the atmosphere is that of the " standard " atmos-

phere. By equating the energy required to overcome 
this stability of the atmosphere to the kinetic energy 
of the wind, it is found that a wind of 11 meters per 
second would reduce to zero due to the clrn:b. 

At the present time, there are no reliable criteria 
by which the power input into a wind power plant on 
a mountain site can be predicted accurately f:om the 
general wind regime of the region. Until such inform
ation is available, the meteorological suitability 
of wind power plant sites has to be prcJudged by 
the crude means of collecting subj ective experiences 
of inhabitants of the region and by ecological 
means, if proper vegetative growth exists. 

In the author's opinion, only comparative anemo
metry on a number of such preselected sites can then 
furnish reliable data on the respective meteorological 
merits of the sites. 

CERTAINS ASPECTS DU CHOIX DE L'EMPLACEMENT DES CENTRALES EOLIRNNES 
EN MONTAGNE 

Resunie 

En general, le choix d'un emplacement pour les 
centrales eoliennes dans une region montagneuse 
comporte la necessite d'un compromis entre le debit 
maximum recherche et l'economie du dispositif de 
mise en a!uvre de l'energie. Dans le cadre des limita
tions imposees a la conception d'une centrale eolienne 
specifique, le debit est d'autant plus grand, que 
l'intensite moyenne du vent ou sa frequence est plus 
elevee. Normalement, l'energie eolienne disponible 
augmente avec !'altitude. 11 en va de meme, en 
revanche, pour les frais d'installation et d'entretien. 
Au surplus, en nombre de lieux, la possibilite et la 
gravite du givrage augmentent avec cette altitude, 
ce qui souleve des exigences quant au mode de 
construction des centrales, qui tendent a faire monter 
les frais . En consequence il taut trouver une solution 
ideale, dans chaque cas, sur la base des frais de 
construction sur place d'une part et les facteurs 
meteorologiques en divers lieux possibles de l'autre. 

Au lieu de s'en remettre aux grandes altitudes, 
on pourrait chercher des obstacles terrestres au vent, 
avec lesquels la compression des lignes d'ecoulement 
cree une intensite de vent plus grande que celle de 
!'atmosphere non derangee a la meme hauteur. 
Cependant, il n'est pas possible d'obtenir des valeurs 
quantitatives dignes de foi pou: ces tacteurs d'acce
leration en tentant des' analogies ou des rapproche
ments entre les resultats de ces travaux et ceux des 
recherches aerodynamiques ordinaires. A l'inverse 
de ce qui se passe pour ces recherches aerodynamiques 
theoriques et experimentales, l'ecoulement atmos
pherique sur les montagnes et les chaines s' effectue 
dans des conditions telles que les nombres de Rey-

nolds sont tres eleves et les nombres de 1Iach faibles, 
si bien que le courant d'air libre n'est pas St,dement 
turbulent mais, au surplus, presente des prntes de 
vitesse et de densite prononcees sur la tranche 
verticale. Etant donne le temps qu'il taut a l'air pour 
s'ecouler sur des distances terrestres, il taut s'attendre 
a des echanges de chaleur vers le courant d 'air OU a 
partir de lui. 

On donne un exemple d'air montant adiabatique
ment pour franchir un obstacle de 1 000 m de haut 
avec une stabilite d 'atmosphere dite « standard >>. 
En ecrivant que l'energie necessaire pour surmonter 
cette stabilite et l'energie cinetique du vent sont 
egales, on trouve qu'un vent de 11 m/sec serait 
ramene a O en raison de Sa montee. 

A l'epoque actuelle, on ne dispose pas d'etalor~s 
dignes de foi dont on puisse se servir pour pre v•i~
exactement la quantite d'energie fournie a urte 
centrale eolienne en un site montagneux sur la base 
du regime general des vents clans la region. Jusqu'a 
ce que l'on dispose de semblables donnees, les 
qualites meteorologiques des sites de centrales 
eoliennes doivent etre prevues au moyen des systemes 
actuels assez grossiers qui consistent a recueillir les 
observations subjectives des habitants de la region, 
ainsi que de la mise en a!uvre de methodes ecolo
giques si on dispose de la vegetation voulue. 

De l'avis de l'auteur, ce n'est que l'anemometrie 
comparee en un grand nombre de sites ainsi choisis 
d'avance qui pourra fournir des donnees dignes ?e 
confiance sur les merites meteorologiques respectifs 
des emplacements. 
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LA MESURE DU VENT EN METEOROLOGIE 

A. Perlat * 

Les donnees meteorologiques Sur les vents en sur
face constituent souvent la seule documentation 
existante pour obtenir des indications generales sur 
le regime des vents au voisinage du sol. 

Bien que certains sites soient particulierement 
favorables pour utiliser l'energie eolienne, les indi
cations des anemometres permettent d'avoir une 
premiere idee des disponibilites en energie, pour des 
gammes de vitesse determinees, dans diverses regions. 

Le present memoire indique comment est effectuee 
la mesure du vent dans les stations meteorologiques. 
Afin de rendre comparables ces mesures, des recom
mandations concernant les techniques a utiliser sont 
editees par !'Organisation meteorologique mondiale 
(OMM) et publiees dans un Guide des methodes d' obser
vation et d'instrumentation meteorologiques. 

Par definition, la mesure du vent est celle de la 
composante horizontale du mouvement de l'air, 
quantite vcctorielle caracterisee par deux nombres 
representant la direction et la vitesse. L'absence 
de mouvement appreciable de l'air est appelee 
cc calme >> et il est admis (Guide) qu'aucune tentative 
ne doit etre faite pour determiner la direction du 
vent a l'aide d'instruments quand la vitesse est 
inferieure a 2 nceuds (environ 1 m/s). 

Mais l'ecoulement de l'air est souvent irregulier; 
la vitesse presente de rapides fluctuations ou rafales. 
Suivant le but poursuivi, la mesure doit indiquer une 
vitesse moyenne prise sur un certain intervalle de 
temps, de maniere par exemple a rendre comparables 
les donnees des differentes stations pointees sur les 
.,artes servant aux etudes de la situation meteoro
il''lc;-ique synoptique, ou bien donner une indication 
de la variabilite du vent a une certaine echelle, en 
definissant les caracteristiques d'une rafale. 

Des etudes menees dans plusieurs pays, en utilisant 
les donnees recueillies par des anemometres posse
dant les caracteristiques convenables, ont montre 
que la valeur indiquee pour la vitesse du vent varie 
dans le temps, et ce, d'une fa9on d'autant plus 
grande que la periode choisie pour calculer la vitesse 
moyenne du vent au cours de cette periode est plus 
courte. On constate une croissance rapide de ces 
variations lorsque la moyenne est prise sur des inter
valles de t emps inferieurs a 5 mn et l'ecart des 
valeurs moyennes prises sur 5 ou 10 mn n'est pas 
considerable. 

La valeur moyenne du vent sur 10 mn donne done 
une valeur relativement stable, et cette echelle 
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de temps permet, en minimisant les variations de 
vitesse dues a la turbulence provoquee par la surface, 
de rendre comparables les observations. Aussi en 
meteorologie, dans les messages synoptiques, la 
vitesse moyenne du vent en surface est definie 
comme correspondant a une periode de 10 mn. II 
n'existe pas de regle analogue pour caracteriser la 
direction moyenne du vent. 

Le degre de turbulence du vent est une donnee 
importante, tant pour certains usagers que dans 
l' etude des mecanismes d' echanges entre le sol et 
!'atmosphere. Mais la definition d'une rafale, variable 
suivant les cas, reste un probleme pose mais non 
resolu. 

La finesse avec laquelle peut etre appreciee la 
turbulence depend des caracteristiques de l'anemo
metre et de son enregistreur. 

La vitesse du vent peut etre estimee d'apres les 
effets qu'elle produit et caracterisee alors par un 
nombre, suivant une echelle conventionnelle comme 
celle de Beaufort, OU mesuree, la vitesse etant donnee 
en metres par seconde, nceuds OU kilometres par 
heure. 

Une mesure de la direction, de la vitesse et de 
l'intensite des rafales ne peut etre obtenue qu'a 
l'aide d'instruments dont !'emplacement dans le 
cas des mesures synoptiques doit etre a l'abri des 
influences locales qui, en deviant les fi.lets d'air, 
peuvent amener une deviation systematique de sa 
direction, une oscillation ou un freinage de sa vitesse 
et creer une turbulence particuliere. Par ailleurs, 
la vitesse du vent croit, en moyenne, avec la hauteur 
d'une fa9on sensible dans les basses couches. Les 
regles suivantes sont preconisees : 

cc La hauteur normale des instruments anemo
metriques utilises en terrain plat et decouvert est 
de 10 m au-dessus du sol. Un « terrain decouvert >> 

est defini comme un terrain ou la distance entre 
l'anemometre et tout obstacle est au moins egale 
a 10 fois la hauteur de cet obstacle >> (Guide CIMO). 

Toutefois ces regles ne sont pas encore appliquees 
universellement et on note encore aujourd'hui dans 
les diverses installations de mesure des hauteurs 
allant de 5 a 25 metres. II y a done lieu, dans les 
etudes des diagrammes d'un anemometre, de tenir 
compte du niveau auquel est place l'appareil. 

Les anemometres, comme les girouettes auxquelles 
ils sont souvent accouples, sont done de preference 
installes a assez grande distance du local d'observation 
et necessitent un systeme de telemesure. 
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Nous n'insisterons pas sur les girouettes, la direc
tion du vent etant generalement de peu d'importance 
dans le probleme de la captation de l'energie eolienne. 

Differents types d'anemometres ont ete et sont 
encore en service; les capteurs de la plupart d'entre 
eux sont bases sur l'action du vent sur les helices 
et les moulinets, ou encore sur la pression dynamique 
exercee par le vent. 

Une helice, a axe horizontal maintenu face au vent 
par une girouette, prend un mouvement de rotation 
sous l'action de la pression exercee sur les pales par 
le vent. Si l'on etalonne le moulinet, on obtient une 
relation de la forme V = KN + v0 , ou N represente 
le nombre de tours et v0 le seuil de demarrage. On 
montre que le meilleur rendement est obtenu en 
utilisant des pales helico'idales. 

Les moulinets utilises pour la mesure du vent sont 
generalement composes de trois OU quatre coupes, 
hemispheriques OU coniques, fixees chacune a un 
bras, solidaire d'une embase centrale fixee sur l'axe 
vertical de rotation. L'ouverture des coupes se trouve 
dans des plans verticaux passant par l'axe de rota
tion et formant entre eux des angles egaux. 

Si l'on considere deux coupes diametralement 
opposees, l'une presente au vent la partie concave, 
l'autre la partie convexe. La resistance offerte au 
vent etant en gros quatre fois plus forte pour la 
premiere coupe que pour la seconde, sous l'action 
du vent le moulinet prend un mouvement de rotation 
dont la rapidite est fonction de la vitesse v du vent. 

De nombreux auteurs (Robinson, Brazier, Patter
son, Spilhaus et d'autres) ont etudie la theorie du 
moulinet, pour trouver la loi N = f(v) et la disposi
tion des coupes donnant les meilleures performances 
(couple et sensibilite). 

Si D est le diametre du cercle decrit par le centre 
des coupes de diametre d, Spilhaus a montre qu'on 
obtient une relation de la forme v = a + bN pour 

un rapport ~ qui depend de la dimension et de la 

forme des coupes. 
La loi de rotation est, d'apres certains, plus regu

liere lorsque le bord des coupes est termine par un 
bourrelet. 

Il a ete avance que les moulinets a trois coupes 
possedaient uncouple de demarrage plus independant 
de la direction du vent que ceux a quatre coupes, 
mais des experiences faites en France contredisent 
cette assertion, et il a ete montre recemment que 
c'est un moulinet a cinq coupes qui permet de mieux 
minimiser l'effet de la direction du vent sur le couple 
de demarrage. 

Dans tous les cas, le poids total doit etre faible 
pour minimiser les effets d'inertie; il atteint par 
exemple 145 g clans le modele a quatre coupes hemi
spheriques (d = 61 mm, D = 165 mm) adopte en 
France. 

L'inertie des helices et moulinets presente la parti
cularite d'etre dissymetrique, bien plus grande pour 
l'arret du moulinet en air calme que pour son demar
rage dans un vent donne. On peut determiner ainsi 

deux constantes de temps, l'une de demarrage cor
respondant souvent a une constante de temps d'une 
seconde, l'autre d'arret qui peut etre de 10 a 50 fois 
plus grande que la premiere, suivant l'inertie du sys
teme, et qui varie d'ailleurs avec la vitesse de rotation. 

Cette dissymetrie s'explique aisement. Au demar
rage, l'air a vitesse v, constamment renouvele, 
impose aux pales un couple qui ne depend n ue des 
vitesses relatives. Si la ventilation devien( nulle, 
les pales communiquent, au prix d'une faibk perte 
d'energie cinetique, leur mouvement a l'air ,21,viron
nant, et l'arret n'est plus cause que par les tree; faibles 
renouvellements de cet air et par sa viscositl'. D'ou 
une inertie apparente beaucoup plus grande. 

La correction d'inertie des enregistrement:-: ;,nemo
metriques est done difficile; les lois de correction sur 
les moyennes doivent etre appliquees avec precaution. 

Un anemometre doit permettre d'obtenir directe
ment, sur un cadran ou sur un enregistreur, la vitesse 
du vent; plusieurs methodes sont utilisecs pour 
mesurer la vitesse de rotation des helices et des 
moulinets. 

Dans de nombreux anemometres actuels, !'helice 
ou le moulinet entrainent l'aimant permanent d'une 
petite magneto, constituant un generateur de nurant 
alternatif dans un circuit comportant un recLesseur 
de courant et un galvanometre gradue en vitesse 
du vent. 

La force electromotrice efficace U engendree par 
la magneto est proportionnelle a la vitesse de rotation 
de la magneto, c'est-a-dire au nombre de torn s par 
seconde N du moulinet : 

U=KN. 

La loi N = f(v) etant lineaire, un voltmetre donne 
done la vitesse du vent sur une echelle lineaire. 

Si au contraire on effectue une mesure de courant 
en utilisant un recepteur de faible resistance par 
rapport a l'impedance du circuit, cette derniere aug
mentant avec la frequence, done avec la vitesse de 
rotation du moulinet, on obtient alors une loi I = f(v) 
telle que la precision de lecture, grande aux faibles, 
vitesses, diminue lorsque la vitesse du vent augmentt: 

Le vent a echelle fine est donne a distance en diri
geant le courant sur un galvanometre enregistreur 
par une ligne a deux fils. 

La vitesse moyenne sur 10 mn est obtenue en 
totalisant pendant cette duree le nombre de contacts 
etablis, grace a une demultiplication mecanique 
convenable, placee dans le transmetteur, chaque fois 
que le moulinet a effectue un certain nombre de 
rotations. 

Un enregistrement discontinu de la vitessemoyenne 
est facilement obtenu. Dans un modele, l'enregistreur, 
relie par une ligne au transmetteur, est alimente 
par une pile basse tension qui, a chaque ferme~ure 
de contact, debite dans un electro-aimant act10n
nant alors le cliquet d'une roue a rochets dont l'axe 
porte une vis sans fin attaquant une roue dentee. 
Un style muni d'une plume solidaire de l'axe portant 
cette derniere roue par l'intermediaire d'un meca-
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nisme en permettant le debrayage, donne l'enregis
trement de la vitesse moyenne sur un diagramme 
entraine par un tambour. Le mouvement d'horlo
gerie ferme un contact toutes les 10 mn pour com
mander la remise a zero du style par debrayage. 

Les anemometres a magneto tendent a remplacer 
les dispositifs plus anciens dans lequels l'helice ou le 
moulinet commandent la fermeture d'un contact 
chaque fois qu'un certain nombre de tours etait 
effectue. La cadence des signaux emis (propor
tionnelle a la vitesse du vent) fut d'abord mesuree 
par un frequencemetre mecanique, tel l'anemocine
mographe Richard qui equipa de nombreuses stations 
meteorologiq ues. 

Dans certains anemometres modernes, la frequence 
de rotation de l'helice ou du moulinet est mesuree 
par un frequencemetre electrique. 

L'anemometre a moulinet bride est un moulinet 
a grand nombre de coupes, mobile autour d'un axe 
vertical dont la rotation est limitee, le couple de 
rotation, du a la pression du vent (proportionnell~ 
a v2) , etant equilibre par la force d'un ressort qm 
s'exerce d'une maniere proportionnelle au carre de 
la rotation. On obtient ainsi une loi de rotation 
lineaire en fonction de la vitesse du vent, et la rota
tion de l'arbre est transmise a un appareil de lecture 
a cadran ou enregistreur, par un systeme genre 
selsyn. Un amortisseur magnetique permet d'obtenir 
une position d'equilibre stable. 

Un autre type d'anemometre utilise la difference 
,, de pressions aerodynamiques sur les deux embou

chures d'un tube manometrique dirige par une 
girouette et dont une ouverture est disposee face 
au vent, l'autre horizontale, parallele au courant. 

La difference des pressions dynamiques (Pn) et 
statiquc (Ps) est egale a p v2/2. La vitesse s'exprime 
done en valeur absolue par 

-=---=:-c 
v = ,/2 (Pn p- Ps) 

p, masse specifique de l'air, est connue par la 
pression atmospherique et la temperature de l'air, 
Pn - Ps est indique directement par le manometre. 
Sous reserve d'une correction de densite, celui-ci 
peut done etre etalonne directement en v. 

La forme des prises de pression doit etre soigneu
sement etudiee pour que le filet fluide reste aussi 
parfaitement laminaire que possible. Une turbulence 
s'installe aisement au voisinage de la prise statique, 
dont l'effet est de rendre Ps inferieure a la pression 
theorique. La valeur de Pv- Ps est alors excessive 
et V est un peu inferieur a la valeur calculee par la 
formule theorique. 

Le tube de Pitot est utilise comme element sensible 
dans l'anemometre de Dines (1892), sur le principe 
duquel de nombreux appareils ant ete realises et 
sont en service. La difference de pression agit sur 
la chambre d'un manometre a flotteur dont le reser
voir est rempli d'eau ou, au cas du danger de conge
lation, d'un liquide special incongelable du meme 
poids. On raccorde les conduites depression a l'appa
reil de maniere que la pression totale provenant de 
la pointe de la girouette agisse sous le flotteur, et la 
pression sfatique au-dessus de lui. Ainsi la pression 
statique se trouve eliminee, et la position du flotteur 
ne depend que de la pression dynamique due a la 
vitesse du vent. Dans certains modeles, la forme 
parabolique du flotteur assure la proportionnalite 
des indications a la vitesse. Le flotteur commande 
mecaniquement le style de l'enregistreur. 

La principale difficulte d'emploi du tube de Pitot 
est !'obligation de le monter en girouette pour !'orien
tation de la prise depression dynamique face a1;1 vent. 
La transmission anemometrique est, de ce fa1t, peu 
aisee. 

On a realise des appareils non orientables avec 
quatre prises depression dynamique face aux quatre 
points cardinaux. L'appareil peut indiquer ainsi a la 
fois la force et la direction du vent. 

Resume 

Les donnees meteorologiques sur les vents en 
surface constituent souvent la seule documentation 
existante pour obtenir des indications generales sur 
le regime des vents au voisinage du sol. 

Bien que certains sites soient particulierement 
favorables pour utiliser l'energie eolienne, Jes indica
tions des anemometres permettent d'avoir une pre
miere idee des disponibilites en energie, pour des 
gammes de vitesse determinees, dans diverses 
regions. 

Le present memoire indique comment est effectuee 
la mesure du vent dans les stations meteorologiques. 
Afin de rendre comparables ces mesures, des recom
mandations concernant les techniques a utiliser sont 
editees par !'.Organisation meteorologique mondiale 
(OMM) et publiees dans un Guide des methodes 
d'observation et d'instrumentation meteorotogiqites. 

Toutefois, ces regles ne sont pas encore appliquees 
universellement, et par exemple on · note encore 
aujourd'hui clans les diverses installations de mesure 
des hauteurs allant de 5 a 25 metres. II y a done lieu, 
dans les etudes des . diagrammes d'un anemometre, 
de tenir compte du niveau auquel est place l'appareil. 

Differents types d'anemometres ont ete et sont 
encore en service; les capteurs de la plupart d' entre 
eux sont bases sur !'action du vent sur les helices 
et les moulinets, ou encore sur la pression dynamique 
exercee par le vent. 

Une helice a axe horizontal maintenu face au vent 
par une giro~ette, prend un mouvement de rotation 
sous !'action de la pression exercee sur les pales par 
le vent. Si l'on etalonne le moulinet, on obtient une 
relation de la forme V = KN+ v0, (au N est le 
nombre de tours et v0 le seuil de demarrage. On 
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montre que le meilleur rendement est obtenu en 
utilisant des pales helicoi:dales. 

Les moulinets utilises pour la mesure du vent sont 
generalement composes de trois OU quatre coupes, 
hemispheriqucs OU coniques, fixees chacune a un 
bras, solidaire d'une embase centrale fixee sur l'axe 
vertical de rotation. L'ouverture des coupes se trouve 
dans des plans verticaux passant par l'axe de rota
tion formant entre eux des angles egaux. 

L'inertie de ces organes presente la particularite 
d'etre dissymetrique, bien plus grande pour l'arret 
du moulinet en air calme que pour son demarrage 
dans un vent donne. On peut determiner ainsi deux 
constantes de temps, l'une de demarrage correspon
dant souvent a une constante de temps d'une seconde, 
l'autre d'arret qui peut etre de 10 a 50 fois plus 
grande que la premiere, suivant l'inertie du systeme, 

et qui varie d'ailleurs avec la vitesse de rotation. 
Un autre type d'anemometre utilise la difference 

de pressions aerodynamiques sur les deux embou
chures d'un tube manometrique dirige par nne 
girouette et dont une ouverture est disposee face au 
vent, l'autre horizontale, parallele au courant. 

La difference des pressions dynamiques (Po) et 
statique (Ps) est egale a p v2/2. La vitesse s'exprime 
done en valeur absolue par 

-----
v = V2 (Pn;Ps) 

p, masse specifique de l'air, est connue pzir la 
pression atmospherique et la temperature de l'air, 
Pn- Ps est indique directement par le manomeire. 
Sous reserve d'une correction de densite, celui-ci 
peut done etre etalonne directement en V. 

WIND MEASUREMENT IN METEOROLOGY 

Summary 

The meteorological data on the winds at the ground 
are often the only existing means of obtaining 
general indications about the wind regime near the 
ground. 

Although certain sites are particularly favourable 
for harnessing the wind energy, the anemometer read
ings give a provisional idea of the available energy 
res?urces for definite ranges of wind speed in various 
regions. 

This paper indicates the way in which the wind is 
measured at meteorological stations. To make these 
measurements comparable, recommendations on the 
techniques to be employed have been issued by the 
World Meteorological Organization (Wl\1O), and 
published in a Guide to Methods of Meteorological 
Observation and Instrumentation. 

These rules, however, are not yet universally 
applied. For instance, even today, various measuring 
instruments are placed at heights ranging from 5 to 
25 m. The height of the instrument above the ground 
must therefore be taken into account when studying 
anemometer graphs. 

Various anemometer types have been used in the 
past and are still in service. In most cases, their 
collectors are based on the action of the wind on air
screws or windmills, or on the dynamic pressure 
exerted by the wind. 

An airscrew with a horizontal axis, held by a vane 
to face the wind, undergoes a motion of rotation 
under the action of the wind pressure against its 
blades. If the windmill is calibrated, one gets a rela
tion of the form V = KN + v0 , where N is the num
ber of turns, and v0 is the threshold at which the 

mill starts. It is shown that the best power output 
is obtained by the use of helicoidal blades. 

The windmills used for wind measurement gener
ally consist of three or four cups, hemispherical or 
conical, each attached to an arm which is integral 
with a central base fixed on the vertical axis of 
rotation. The openings of the cups lie in vertical 
planes passing through the axis . of rotation and 
forming equal angles between one another. 

The inertia of these elements has the peculiarity of 
being asymmetric, since it is considerably greater for 
the stoppage of the mill in calm air than for its 
starting in a given wind. Two time constants may thus 
be determined, one of starting, often corresponding 
to a time constant of 1 sec, the other of stopping, 
which may be from ten to fifty times as great at the 
former constant, depending qn the inertia of the 
system. This also varies with the rotational speed, _ 

) . 

Another anemometer type makes use of the 
difference in the aerodynamic pressure on the two 
openings of a vane-controlled manometer tube, one 
of these openings being located facing the wind, and 
the other horizontally, parallel to the airflow. 

The difference between the dynamic pressures Pn 
and the static pressure (Ps) is equal to pv2/2. The speed 
is thus expressed in absolute value by 

v = V2 (Pn;Ps) 

p, the specific mass of the air, is known from t~e 
atmospheric pressure and the air temperature, while 
Pn - Ps is indicated directly by the manometer. 
Subject to a density correction, this may be calibrated 
directly in terms of v. 



SOME ASJ?ECTS OF WIND PROFILES 

Sverre Pe.!Eorssen * 

Since the power of the wind is proportional to the 
cube of the wind speed, knowledge of the normal wind 
profile over potential turbine sites is essential for 
efficient exploitation of the energy of the wind. The 
purpose of this paper is to summarize present know
ledge of the wind profiles near the ground, particularly 
with a view to identifying gaps in our knowledge 
which we may hope to eliminate within the relatively 
near future. For much valuable information on wind 
structures in relation to engineering, reference is made 
to recent papers by Biggs, Vincent, Blackadar, Cra
mer, Segner and Cohen, published by the American 
l\Ieteorological Society as Meteorological Monographs 
Vol. 4, No. 22, 1960, entitled Topics in Engineering 
Meteorology . 

-Profiles above level ground 

PRANDTL'S PROFILE 

Under neutral stability the formula 
(1) u = k- 1 it* ln (z z0- 1 ) 

has been found to be completely satisfactory up to 
at least 10 m above level ground. In this formula k 
is the von Karman constant ( = 0.4), u* is the friction 
velocity (Schu bspannungsgeschwindigkeit), u is the 
wind speed at the height z, and z0 is the roughness 
parameter with dimension of length. Also, 

(2) it*2 = a -r0 

where rx is specific volume, and "o is the drag of the 
wind per unit area of the surface. 
: 1.,'fhe roughness parameter (z0) has been determined 
for a variety of land surfaces, and our knowledge of 
it is generally satisfactory, provided that the rough
ness elements are reasonably small. For large 
obstacles, such as buildings, trees, etc., an improve
ment may be introduced by subtracting a height 
(say z1) from all measured heights, thus replacing z 
by z - z1 The length z1 , which is called the zero level 
displacement, must be determined from local observa
tions. 

The Prandtl profile is satisfactory only when the 
stratification of the surface layer is in a state of 
neutral equilibrium. In the case of stability (e.g., by 
night) the wind increases more rapidly with elevation, 
and in the case of instability (e.g., on sunny days) 
the increase is slower than indicated by the formula. 

The height above the ground to which formula (1) 
may b e applied has not been determined satisfac-

* University of Chicago, Illinois. 

\V/2G 

torily. In the case of neutral equilibrium the formula 
may be expected to apply up to about 15 m (50 ft). 
In the case of highly stable or unstable stratifications, 
the deviation of the wind from the Prandtl profile 
may be appreciable above about 2 m above the 
ground. 

THE PROFILES OF DEACON AND PALl\f 

Deacon (3) proposed an empirical formula which 
was intended to encompass neutral as well as non
neutral stratifications. From observations, Deacon 
derived the expression 

(3) u = k-1 u* (I - ~)- 1 [(z/z0) 1 - f3 - I] 

where ~ ;; 1 according as the stratification is stable, 
neutral, or unstable. If Deacon's formula is expanded 
into a power series, Prandtl's formula is obtained 
as a first approximation. Though Deacon's formula 
may be useful for interpolation, its extrapolative 
ability is rather limited, since p appears to be variable 
with height or with the wind profile itself. 

The shortcomings of the foregoing formula have 
been clarified in principle by Palm (9) who, after 
an elegant analysis of the Reynolds stresses, extended 
his arguments to eddy diffusion and derived the 
following expression for the wind shear 

(4) 
OU -=Cz-l + ae oz 

Here, C is a constant, while z is a slowly varying 
parameter, and cr is a measure of the static stability , 
such that 

1 8 0 
cr=-g --

0 oz 
where g is the acceleration of gravity and 0 is potential 
temperature. 

If .: is taken as a constant, Palm's expression is 
essentially the same as Deacon's formula. 

Essentially, z represents a statement concerning 
the kinematics of the turbulent flow, and in the 
absence of such knowledge z must be determined 
from observations. Palm presented no observational 
data and the success of his formula in predicting 
wind profiles remains to be determined." 

THE PROFILES OF l\foNIN, 
0BUKHOV, ELLISON AND SWINBANK (8, 4, 13) 

An imaginative approach to the problem has been 
presented by Manin and Obukhov (8) who, from 
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siniilarity considerations, suggested the relationship 

(5) 
8n 

8(/nz) = k-l 1t* s 

Here S is a universal function of the nondimensional 
ratio z/L where Lis defined by 

(6) L = pu* 3 cp T (kgH)-1 

The symbols have the following meanings: 

Cp = specific heat of air at constant pressure 
p = density 
T = temperature in °K 
H = the upward eddy flux of heat. 

For small values of the ratio z/L, Scan be replaced 
by 

(7) S = 1- m z/L 

where m is to be determined from observations. The 
corresponding velocity profile is 

(8) it = k-1 u* [ln (z z0- 1) - mz L-1] 

This representation has the advantage that the profile 
is not limited to the Prandtl layer (below 10 to 15 m) 
but may be extended to such heights as are of 
interest to wind turbines. Monin and Obukhov 
suggested that m = 0.6 would give satisfactory 
results from small negative values of H (downward 
flux) to very large positive values with large super
adiabatic lapse rates in the surface layer. 

The 1'Ionin-Obukhov representation has the distinct 
disadvantage that L is difficult to determine since 
the he_at flux is not directly observed. This difficulty 
was cucumvented by Ellison (4), who derived the 
following equation for 

(9) 

Here y is a universal constant which must be deter
mined from observations. The ratio y/L is now 
replaced by an equivalent ratio y' /L' such that 

(10) LI_ O au;k 80 --it - g-
* oz oz 

and y' has to be determined empirically. Panofsky, 
Blackadar and McVehil (10) produced some evidence 
to show that y' is about 18, but accurate deter
mination is still lacking. 

The height to which the Ellison profile may be 
extended has not been determined, but there is some 
indication (1) that it may be valid up to, and possibly 
beyond, 100 m (300 ft). 

Swinbank (13) introduced an hypothesis which 
permitted him to represent in one term the 
contributions from the mean motion and from buoy
ancy. By measuring the wind at four levels, he elimi
nated it*k - 1 and determined L (and H) from the 
measured wind. He found remarkably consistent 
results below 15 m for a large range of stabilities. 

THE POWER-LA \V PROFILE 

The wind distribution above the Prandtl layer 
and below about 150 m (500 ft) has been found to 
obey the relation 

(11) !!._ = (~-),, 
'U1 Z1 

where 'Ui, is the velocity at height z1 , and p is <l factor 
that varies with the stability of the air. With Leutral 
equilibrium p = 0.14 (or 1/7), and with such ::;table 
stratification as occurs toward the end of a r:i.d iative 
night p may be about twice as large. The v:i h ic of p 
varies also with the roughness of the ground. 

Profiles over ridges 

The profiles discussed in the foregoing section have 
one feature in common, namely, that they a 11 give 
a monotonic increase of wind speed with l1eight, 
with the result that the problem of selecting a t1.1rbine 
site on level land is relatively simple. On the other 
hand, when the wind blows across a ridge, a variety 
of wind profiles may occur, depending upon tL~ angle 
of incidence of the wind relative to the axi ,; of the 
ridge, the geometry of the cross section of fo ,, ridge, 
the roughness of the surface, etc. About 25 ye,~r s ago, 
the writer had occasion to measure the wind '.: in the 
vicinity of some anemometer sites along tL: west 
coast of Norway and found that for relatively small 
islands the wind about 7 m above the crc:,t was 
stronger than the undisturbed wind at thf; same 
height at some distance from the island. In one case 
the speed-up ratio of 1.35 was found. Though the 
wind profile could not be determined, it was concluded 
that a wind maximum existed a short distance above 
the crest. These early measurements led the writer 
to believe that a speed-up factor of, say, 1.2 would 
be a relatively common occurrence. Later, work 
in connection with the Smith-Putnam wind turbine 
proved disappointing in the sense that speed-up 
factors in excess of unity appeared a relatively rare 
occurrence over large mountain ridges in New England. 

The mechanism of the speed-up process is w0,1l 
understood, but the natural phenomenon is far 
more complex than any theoretical model. Some 
insight into the mechanism was first provided by 
Blasius (2) who considered the flow over a cylindrical 
body placed in a stream perpendicular to its axis. 
Blasius' analysis, with later extensions, notably by 
Hiemenz (5) and Howarth (6), is well known and need 
not be recapitulated here. The essential features over 
the crest of the semicylinder are as follows. Within 
the boundary layer the velocity (u) varies from zero 
to U a~ the nondimensional height 

h=l, /Uoo R 
RV V 

varies from zero to about 2.5. Here y is the height 
above the crest, R is the radius of the cylinder, U oo 

is the undisturbed velocity, and v is the kinematic 
viscosity. Above the boundary layer th~ velocity 
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Figure 1. Sketch showing the variation of the wind within 
and abo,·e the boundary layer over the crest of semi
cylinder with radius R (not to scale) 

distribution along the vertical above the crest is 
approximated by 

U = 2 U ro [ 1 + ( ~:r] 
where r -- R is the height above the crest. The 
essential features of the velocity profile are shown in 
figure 1. 

In 1041 von Karman (7) provided numerical 
estimates of the speed-up factor over smooth ridges 
as a function of their height-width ratio and found 
the values indicated in table 1. According to these 
figures it would be reasonable to expect the speed-up 
factor to approach 2.0 as the height-width ratio 
approaches that of a semicylinder. 

Another set of interesting data was obtained from 
wind tunnel tests of models of certain mountains 
in New England. In all cases a speed-up factor in 
excess of unity was found, though the values varied 
somewhat with the wind direction. Some typical 
values are given in table 2, which also shows some 
measured speed-up factors for mountain ridges in 
New England. 

: 
1
"' ·Recalling that the power is proportional to the 

cube of the wind speed, the deviations between the 
observed speed-up factors and those determined 
through model tests are very large; for example, at 
Pond the cube of the speed-up factors is 0.59 and 
2.15, respectively. 

Table 1. Effect of the geometry of the ridge upon the speed
up factor (after Putnam, 1948) 

Height of ridge 
as a percentage 
of the width of 

the base 

4.5 . 
7.5 . 

12.0 . 
17.5 . 

Speed-up 
factor 

1.15 
1.23 
1.37 
1.6 

Table 2. Speed-up factors at various sites on mountain 
ridges in New England (after Putnam, 1948) 

Statio11 

Pond ... 
Biddie I . 
Grandpa's. 
Biddie Proper 
Seward .. 
Chittenden . . 
Herrick ... 
Glastenbury . 
Pico Peak .. 
Mt. Washington 

ll eight abot'e 
sea level (ft) 

I 500 
2 070 

· 2 130 
2 150 
2 220 
2 490 
2 700 
3 900 
4 110 
6 430 

Speed-up factor 

Observed 1Vi11d-t1tmiel 

0.84 
0.90 
0.88 
0.84 
0.94 
0.89 
0.92 
1.04 
1.10 
1.47 

1.29 

1.44 

1.30 

In retrospect it appears that the observed speed-up 
factors shown in table 2 are much in doubt, the 
uncertainties being due to difficulties in determining 
the undisturbed wind at the level concerned. The 
apparent increase in the speed-up factor with ele
vation above about 3 000 ft should be accepted cum 
grano saldo, for at the time when these estimates and 
measurements were made, our knowledge of the 
normal increase with height of the free-air wind 
was inadequate. In the opinion of the writer there is 
really no firm observation to show that speed-up 
factors in excess of unity are obtainable over large 
mountain ridges. On the other hand, there appears 
to be some evidence in support of the view that the 
wind over relatively small ridges tends to exhibit 
a wind maximum of the general type shown in 
figure 1, though speed-up factors in excess of 1.3 might 
be relatively infrequent. 

Conclusions 

The foregoing discussion seems to justify the 
conclusion that our knowledge of the wind profiles 
over ridges and other terrain features is very meagre 
and that much research must be completed before 
one can hope to provide models which will predict 
wind profiles with satisfactory results. 

Over relatively level land, studies of profiles of the 
Monin-Obukhov-Ellison type seem to offer good 
chances of results, particularly since they are based 
upon sound physical arguments and seem to be 
capable of spanning the layer of air to be swept even 
by large turbines. 

Over ridges and other obstacles the wind profiles 
are largely unknown and a first objective might be 
to determine the dimensions of simple ridges below 
which speed-up factors in excess of unity will be 
found. The ultimate goal would be to develop criteria 
for selecting sites without costly and time-consuming 
field observations. 
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Summary 

A review of present knO\,vledge of the shape of wind profiles near the earth's 
surface is presented. In connection with selection of wind turbine sites over 
level land, it is maintained that the models proposed by .Manin, Obukhov and 
Ellison, and also that outlined by Palm, deserve particular attention since 
they are well rooted in physical principles and appear to be able to span the 
layer swept even by large turbines. In regard to selection of turbine sites on 
ridges, it is maintained that present knowledge is quite inadequate. Some 
evidence is presented in support of the view that a speed-up factor in excess 
of unity will normally be found over relatively small ridges, but there is 
little evidence to indicate that such factors are associated with mountains of 
the size investigated in New England in connection with the Smith-Putnam 
\Vind Turbine. A summary of the analyses of the wind observations made in 
New England for the Smith-Putnam Wind Turbine Project will be presented in 
a separate paper by Professor Karl 0. Lange. 

QUELQUES ASPECTS DES SONDAGES ANEMOMETRIQUES 

Resume 

On donne, dans le present memoire, une revue de nos connaissances 
actuelles sur la forme des profils anemometriques a la surface de la terre. En 
liaison avec le choix d'emplacements pour les turbines eoliennes dans des 
regions plates, on avancera le point de vue que les modeles proposes par 
Manin, Obukhov .et Ellison, ainsi que celui qu'a decrit Palm, meritent de 
recevoir une attention particuliere, car ils reposent sur des principes physiques 
bien etablis et semblent de nature a satisfaire les exigences des modeles de 
turbines meme les plus gros. En ce qui concerne le choix d'emplacement de 
turbines sur des cretes, on soutient que les connaissances actuelles dont on 
dispose sur la question sont tout a fait insuffisantes. On presente certaines 
indications a l'appui du point de vue suivant lequel un facteur d'acceleration 
superieur a !'unite est normalement trouve pour des cretes relativement petites. 
En revanche, on dispose de bien peu de preuves indiquant que de tels facteurs 
s'appliquent a des montagnes des dimensions etudiees en Nouvelle-Angle
terre en liaison avec la turbine eolienne de Smith-Putnam. Un resume des 
analyses des observations anemometriques faites en Nouvelle-Angleterre 
dans le cadre du projet de turbine de Smith-Putnam sera presente dans un 
autre memoire par le Professeur Karl 0. Lange. 
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WIND POWER RESOURCES OF INDIA WITH PARTICULAR REFERENCE 
TO WIND DISTRIBUTION 

K. P. Ramakrishnan and S. P. Venkiteshwaran * 

\Vhen one undertakes to assess the total power that 
can be developed in any geographical region by 
utilizing the wind which is blowing over the country, 
one would like to know the wind prevailing at every 
point over the whole country where a windmill could 
be installed. Such extensive observations are obvious
ly not feasible. As a matter of fact, many compara
tively windier spots may at the same time be difficult 

* National Aeronautical Laboratory, Bangalore, India. 

of access and therefore observations at such spots 
may be well nigh impossible. Even when such 
difficult sites are left out of consideration, there can 
still be too large a number of sites where wind 
observations could be made. 

In the initial stages of assessing the wind power 
potentialities, most countries have, therefore, de
pended mainly on the wind data that have been col
lected by their respective Meteorological Services. India 
has been no exception to the above rule and although 
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it is realised that meteorological observation stations 
have not been chosen from the point of view of their 
" wind-worthiness ", it has been accepted that the 
first step is to make the best use of all information 
on winds that has been collected over extended 
periods by the Meteorological Department. As wind 
power utilization schemes make headway, it is hoped 
that wind data for sites specially selected on account 
of their favourable wind characteristics will also be 
accumulated. The wind data used in the present 
paper are entirely those collected by the India 
Meteorological Department and kindly made avail
able to . the National Aeronautical Laboratory by 
them. 

Indian wind data had been studied earlier from the 
point of view of the possibilities of their utilization 
as a source of power in several papers. Special 
mention must be made of those by V. D . Iyer (1), 
Bhatia (2), Nilakantan and Varadarajan (3) and 
Ramdas and Ramakrishnan (4). In the preparation 
of the present paper, considerable use has been made 

of two reports by Golding (5, 6) on the generation 
of electricity by wind power. 

Wind data from non-recording anemometers 

Robinson cup counter type anemometers have been 
functioning at meteorological observatories in India 
for more than 50 years. Besides being used for giving 
instantaneous speeds at intervals of 3 minutes at the 
standard synoptic hours, the total runs in 24-hour 
periods from 0 800 hrs (0 830 in recent years) of one 
day to 0 800 hours of the next have also been record
ed. Long-term average values of speeds, based on 
these total runs for the different months as well as 
the whole year, based on all available data up to the 
end of 1940 have been published in the Climatological 
Tables of the India Meteorological Department. 
Using values of the stations in India, about 150 in 
all, from this publication, maps of isovents for the 
ranges 0-5, 5-10, 10-15, 15-20 and > 20 kmph were 
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drawn for each of the 12 months and the whole year. 
In addition, a composite map based on the highest 
monthly mean speed for each station, irrespective 
of the month in which the highest speed occurred, 
has also been prepared.1 The maps for alternate 
months, year and highest monthly mean are shown 
in figures 1 and 2. For windmill installation pro
grammes of India in the immediate future, first 
preference is being given to localities which according 
to the isovent maps have an annual mean speed of at 
least 10 kmph. 

It is realised that there may be many individual 
sites outside the broad regions which these figures 
show to be windy enough for the exploitation of wind 
power. However, such sites will have to be surveyed 
by obtaining hourly values of wind speeds for a 

1 The month of highest speed was generally April, May, June 
or July except in a small portion in the south-east of India where 
the highest speed occurred in November-December. 
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minimum period • of two years before installation of 
wind power plants could be decided upon. For 
instance, the detailed analysis of hourly wind speeds 
of Bhopal has shown that it has a wind power 
potentiality much greater than that indicated in 
figures 1 and 2. 

Wind data from recording anemographs 

About 25 stations of the India Meteorological 
Department are currently equipped with Dines type 
pressure tube anemographs. Figure 3 shows these 
stations.2 The hourly values of wind speed from the 
records of these instruments are tabulated by the 
Meteorological Department as a matter of routine. 
The hourly values for selected stations for periods 

2 \Vhcre two instruments function at different sites of same 
town, only one has been shown in figure 3. 
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of 3 to 4 years have been obtained from them and 
have been analysed from the point of view of wind 
power utilization. The period 1951-53 has been 
~enerally chosen. Other periods have been used only 
m cases where records for the period 1951-53 were 
either non-existent or discontinuous. The results 
of analysis of the data for a dozen stations have 
been incorporated into this paper. These stations are: 
Allahabad, Bangalore, Bhopal, Bombay, Cochin, 
Jaipur, Jodhpur, Madras, Nagpur, New Delhi, 
Veraval, Visakhapatnam. 

In particular sections, similar data for three more 
stations, i.e., Saugor Island, Belgaum and Deesa, 
extracted from V. D. Iyer's paper (1), have also been 
used. 

Using average frequencies of occurrence of different 
speeds for the 3-year period, annual velocity-duration 
curves, giving the number of hours in the whole year 
when speeds exceeding different values are reached 
were drawn. In order to make the data of different 
months comparable, the frequency values for each 
month were reduced to a common duration of 720 
hours and so the total number of hours for the whole 
year is taken as 8 640 only. The annual velocity-
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duration curves of selected stations are shown m 
figures 4 and 5. 

Usable energy of the wind 

Using the frequencies of occurrence of different 
speeds in the average year, values of the maximum 
usable energy, i.e. 59.3 per cent of the energy in the 
wind in kilowatt-hours for a swept area of 30 sq 
metres have been calculated for the 15 stations. In 
these calculations, an allowance has been made for 
the lower air density prevailing in India near the 
ground which is about 94 per cent of the correspond
ing value over England/Europe. The energy in the 
wind in watt-hours for these conditions works out to 

~ V 3 N 
2.59 

where Vis expressed in kmph and N is the number 
of hours in which each speed value occurs. The 
maximum usable energy is 59.3 per cent of this . 

The maximum usable energy values in different 
speed ranges 8-16 kmph, 17-24 kmph, 25-32 kmph, 
33-40 kmph, 41-48 kmph and the total for the speed 
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Table 1. Maximum usable energy (59.3 per cent) in wind in kilowatt hours per year for swept area of 30 sq metres 
in different speed ranges 

Station 8-16 17-24 25-32 33-40 41-48 8-48 A nnttal 1nean 
kmph kmph kmph kmph kmph kmph vel., kmph 

1. Saugor I sland a 1 131 4 051 17 020 22 202 15.3 
2. Veraval 1 389 4 421 61 177 5 146 3 078 20 246 16.6 
3. Belgaum a 1 044 3 868 13 260 18 172 12.0 
4. Bhopal 1 783 3 153 3 377 1 483 811 10 607 12.9 
5. Bombay 2 114 3 998 2 660 886 249 9 907 14. l 
6. Madras Harbour 1 925 3 951 2 193 348 222 8 639 12. 7 
7. Deesa a 1 107 2 496 3 618 7 221 12.0 
8. New D elhi 1 272 1 807 2 021 718 275 6 093 9.2 
9. Jodhpur 1 604 1 828 1 308 190 64 4 !)94 9.5 

10. Visakhapatnam 1 067 1 630 1 000 53 4 220 7.1 
11. Cochin . 1 496 1 656 720 82 3 954 9.0 
12. Nagpur 1 010 1 278 943 183 3 414 7.6 
13. Bangalore 1 886 1 041 318 3 245 9.5 
14. Allahabad 977 669 652 57 40 2 3!)5 6.6 
15. Jaipur . 1 224 850 238 31 2 343 8.9 

• T he data for these s ta tions have been taken from V. D. Iyer 's' paper in which all cases above 32 kmph have been given as a single group. The figures in the las t 
two columns are therefore underestimates for these stations. Also a part of the energy indicated under speed groups 25-32 actually rela tes to higher speed groups . 

range 8-48 kmph have been given in table 1. They 
are also shown diagrammatically in figure 6. An actual 
machine, of course, will be able to generate only about 
1/5 to 1/4 of these values. It is assumed that a wind-

driven machine will not be effective at wind speeds 
below 8 kmph. The annual average wind speeds, 
worked out at the same hourly values, are given in 
the last column. 
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II.B.1 Wind behaviour and site investigation 

ANNUAL MAXIMUM USABLE ENERGY (s9°/o) IN THE WIND 

IN KILOWATT-HOURS IN DIFFERENT SPEED RANGES FOR 

SWEPT AREA OF 30-SQ METRES AT DIFFERENT STATIONS 

IN INDIA 

(KMPH). 
EXPLANATION 

SPEED RANGE 

8-16 17-24 25-32 33-.40 

D □ . ~ mm 
~TATIONS: 

I. SAUGOR ISLAND 8 NEW DELHI 
2. VERAVAL 9. JODHPUR 
3. BELGAUM 10. VISAKHAPATNAM 
4. BHOPAL 11. COCHIN 

5. BOMBAY 12. NAGPUR 

6. MADRAS HARBOUR 13. BANGALORE 

7. DEESA 14. ALLAHABAD 

15. JAIPUR 

ANNUAL MEAN WIND SPEEDS, IN KMPH, OF EACH STATION 
ARE SHOWN AT THE BOTTOM 

... . . . ... . . . . . . ... ... 13 . . . ... . .. . . . . . . B 14 IS 
. . . . . . . . . . . . . .. . . . . . . . .. . . . . .. . . . . . . . .. ... 

tj8 . . . . .. . .. 

15·3 16·6 16•7 12•9 14·1 12·7 12-0 9·2 9·5 7·1 9-0 7·6 9.5 6·6 8·9 

Figure 6 

41-48 -

The stations are arranged in the descending order 
of total energy yield. It will be observed that the 
annual average wind speed does not strictly follow 
the same order. 

are grouped together and therefore the total energies 
and annual average wind speeds for these three 
stations are rather under-estimates. Further, a part 
of the energy shown in the speed group 25-32 kmph 
actually relates to higher speed groups. It may be mentioned that in the case of three 

stations, data for which have been taken from 
V. D. Iyer's paper (1), all speeds above 32 kmph 

The distribution of the values of maximum usable 
energy over different speed ranges will in due course 
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b~ o! use _to decide the most suitable speed ranges 
w1thm which wind-driven machines may be adapted 
for the different stations. 

Energy pattern factor 

The energy pattern factors, defined by Golding 
and others as the ratio: 

_ actual energy available 
energy from steady wind of average velocity 

for the average year, have also been worked out for 
~he above-mentioned 15 stations and they are given 
m table 2. The main utility of the energy pattern 
factor is that if it is found that the energy pattern 
factors at different stations in a region do not vary 
much, then for that region the annual average wind 
speeds may be used as a good enough index of the 
annual energy derivable, thus saving elaborate 
analysis of wind data. The variations in energy 
pattern factors for the stations worked out are quite 
significant, particularly at the stations having less 
energy potentiality. 

Spells of low wind 

It has been well recognised by all workers on the 
subject of wind power utilization that the wind is an 
inexhaustible but undependable source of energy. 
Some provision for alternative arrangements when 
there is insufficient wind to work a machine has 
therefore to be made, whenever a continuous output 
of power is expected from the machine. Where a 
wind.:driven machine is made to pump water, the 
water may be stored for use at times when there is 
insufficient wind and where it is made to generate 
electricity, t he electricity has to be stored in storage 
batteries. When the wind data of a station are there
fore studied from the point of view of utilization of 
wind power, it is necessary to consider its dependa
bility also. 

Table 2. Annual energy pattern factors 

Statio" E.P.F. 

I. Saugor Island 3.1 
2. Veraval 2.2 
3. Belgaum 2.0 
4. Bhopal. 2.5 
5. Bombay 1.8 
6. Madras Harbour 2.2 
7. Deesa 2.2 
8. New Delhi 4.1 
9. Jodhpur 3.1 

10. Visakhapatnam 5.5 
11. Cochin . 2.7 
12. Nagpur. 4.2 
13. Bangalore 2.0 
14. Allahabad 4.3 
15. Jaipur 1.8 

From this point of view, in the tables of hourly 
wind speeds of the different stations, the periods when 
wind speed was below 8 kmph were marked out. A 
speed of 8 kmph has been arbitrarily chosen as a 
critical speed below which a wind-driven machine 
cannot produce much useful work. Frequencies of 
occurrence of such spells (or continuous stretches) 
lasting for one hour, two hours, three hours, etc. 
respectively, were prepared for each month and year. 
These frequencies, grouped into spells of 1-5 hours, 
6-10 hours etc., up to 46-50 hours and over, taking the 
year as a whole and averaged over a three-year period, 
are given in table 3. It will be observed from the 
meteorological data available that Veraval and Bom
bay are the most dependable stations. At these two 
stations, the numbers of occasions per year when a 
windmill will remain idle for more than 10 hours at 
a time are 11 and 5 respectively, while the longest 
periods for which a windmill will remain idle at a 
time are 17 and 16 hours respectively. These two 
stations stand high from the point of total yield of 

Table 3. Average number of spells of low wind (< 8 kmph) of different durations 
during the whole year 

Duration Station number (names below) 
of spell 
(hours) 1 2 3 4 5 6 7 8 q JO 11 12 

1- 5 . 421 509 370 380 514 536 318 711 548 600 407 596 
6-10 . 49 73 37 73 102 105 65 129 113 106 93 140 

11-15 . 10 33 4 31 68 38 100 64 77 33 74 80 
16-20 . 21 l 12 31 21 97 11 39 10 80 37 
21-25 . 3 9 6 10 21 1 28 (l 

26-30 . l 
31-35 . 4 8 3 4 3 6 8 
36-40 . 3 4 4 7 3 2 7 
41-45 . 2 15 5 6 7 17 (l 

46-50 . 5 5 5 1 10 1 
> 50. 2 8 10 8 16 3 7 2 

D uration of longest spell in 
hours . 17 69 16 68 83 155 148 29 188 85 91 60 

Station names : 1, Veraval; 2, Bhopali 3, Bombay; -1, Madras; 5, !\ew Delhi ; 6, Jodhpur; 7, Visakhapatnam; 8, Cochin; 9, );"agpur; 
10, Bangalore; 11, Allahabad; 12, Jaipur. 



144 II.B.1 Wind behaviour and site investigation 

Table 4. Theoretically calculated quantities of water (in kilolitres) that can be pumped daily by 
a windmill of swept area 30 sq metres from a depth of 10 metres atVeraval (India) (based on 
hourly wind speeds of 1958). Output of windmill assumed to be 20 per cent of maximum usable 
energy in wind 

Dates. ja,i. 

1 6 
2 22 
3 10 
4 50 
5 Hl3 
6 175 
7 98 
8 9 
9 23 

10 149 
11 197 
12 82 
13 134 
14 163 
15 145 
16 35 
17 39 
18 137 
I!) 73 
20 8 
21 61 
22 16 
23 104 
24 27 
25 65 
26 41 
27 81 
28 253 
29 132 
30 66 
31 92 

1\Iean. 87 

Feb. 

40 
107 
116 
74 

107 
84 
99 

199 
147 
157 
85 

145 
116 
156 
106 
109 

73 
164 
256 
167 

48 
56 
43 
90 
69 

255 
85 

105 

116 

Mar. 

143 
122 
199 
138 
112 
102 

74 
137 
287 
159 
109 
176 
450 
412 
271 

17 
44 

234 
329 
396 
278 
137 

59 
64 
78 

224 
97 

181 
90 
87 

327 

178 

Apr. 

271 
182 
168 
332 
300 
344 
367 
226 
201 
172 
104 
151 
68 

199 
317 
360 
612 
521 
134 
98 

225 
356 
351 
395 
404 
119 
123 
267 
121 
245 

258 

May 

196 
188 
165 

60 
208 

83 
121 
110 
124 
157 
178 
161 
140 
301 

13 
103 
194 
147 
190 
168 
229 
641 
748 
672 
294 
118 
69 

116 
98 

259 
227 

209 

June July Aug. 

136 323 294 
78 199 218 

190 576 167 
343 1 059 291 
584 613 588 
382 477 920 
129 324 587 

78 l 280 18 
223 2 424 23 
430 1 489 30 
452 1 982 31 
459 2 428 183 
334 1 318 305 
142 896 182 
168 1 282 222 
82 1 670 197 
33 1 328 169 

428 525 154 
1 085 203 189 
1 663 485 84 
1 201 398 94 
1 382 755 17 
1 079 1 407 38 
1 753 1 750 87 

762 1 203 190 
779 1 125 526 
597 851 169 
377 598 114 
247 439 4 

55 303 155 
329 316 

522 969 213 

Average daily output for whole year = 273 kilolitres 

S ep. 

344 
458 
359 

45 
116 
416 
967 
798 
424 
500 
203 
252 
837 
617 
379 
185 
191 
117 
64 
18 
51 
26 

116 
99 
53 
86 
77 

168 
25 
19 

267 

Oct. Nov. 

6 108 
15 49 
25 22 

103 58 
199 260 
236 84 
210 30 
103 63 
356 · 223 
635 476 
476 327 

1 087 252 
380 191 
215 132 
352 114 
180 27 

47 43 
216 80 
216 46 
256 141 
130 87 
304 58 
241 30 
162 13 
121 82 

92 142 
73 73 
27 69 
83 134 
48 55 

107 

216 116 

D,c. 

40 
llS 
21:l 
16-t 

70 
102 

37 
1± 
HJ 
45 
43 
71 
Sfi 

150 
151 
182 

29 
46 
96 

163 
52 

227 
139 

86 
593 
203 
162 
237 
163 
274 

47 

130 

energy also. Among the stations which have rather 
low energy yields, Cochin is very dependable. There, 
the longest spell with wind speed less than 8 kmph 
\Vas only 29 hours. 

able), Veraval, the quantities of water in kilolitres 
that can be pumped from a depth of 10 metres by 
a windmill of 30 sq metres swept area and an output 
20 per cent of the maximum extractable energy in 
the wind were calculated for each hour. This choice 
of 20 per cent is based on the conclusion in the paper 
by Nilakantan and Varadarajan (3) where they say: 
" The existing types actually do not measure up to 
even this and a power ratio of 0.2 is the practical 
limit that may be achieved . " The daily totals of 
one year, 1958, are given in table 4. The daily values 
are given so as to bring out the variations from day 
to day and month to month also. The average daily 
outputs for each month and the whole year, along 
with the corresponding values of electrical energy 
inkilowatt-hours are given in table 5. 

Estimates of daily output at Veraval 

Since the output of a wind-driven machine in 
t erms of quantity of water pumped or electrical 
energy produced is a function of the cube of the wind 
speed, in order to get an estimate of either quantity 
for a particular station, the monthly or annual mean 
wind speed is not a good enough index. In order to 
have an idea of the average output and its variations 
from day to day, from the hourly wind speeds of the 
windiest station (for which hourly speeds were avail-

Table 5. Average daily water lifted through 10 metres or equivalent electrical energy generated 
in different months and year at Veraval (1958) 

Jan.. Feb . Mar. Apr. May ],me July Aug. S ept. Oct. 1Vov. Dec. Year 

Water, kilolitres 87 116 178 258 209 522 96,9 213 267 216 116 130 273 

Electrical energy, kWh 2.4 3.1 4.9 6.7 5.6 14.l 25.8 5.8 7.2 5.8 3.1 3.5 7.3 
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~ t wi~l be seen that the output is largest in July and 
qmte high from April to October. 

The actual quantities of water pumped from day 
t_o day are seen to vary from 4 kilolitres to 2 428 kilo
litres. If one half of the water is assumed to be used 
as it is being pumped, still, if it is considered neces
sary to store the rest on the day of highest output, 
the storage tank will have to be of the capacity of 
1 200 kilolitres, i.e., 20 m x 10 m x 6 m. 

Highest gust speeds at the different stations 

The maximum gust speeds met with at certain 
stations in each month and year were given in a paper 
by Ramdas and Ramakrishnan ( 4). The maximum 
gust speeds for the whole year taken from the above 
for the stations analysed in this paper are given in 
table 6. 

These values are of interest from the point of view 
of the possible damages to the structures due to 
strong winds and adequate precautions will have to 
be taken in the design of windmills to safeguard 
against such occasional high gusts. 

Table 6. Maximum gust speed in kmph, V x, at different 
stations 

(Based on data up to end of 1952) 

Station Vx 

Allahabad 159 
Bangalore 97 
Bombay . 129 
Cochin ll3 
Jodhpur . 151 
:Madras 117 
Nagpur 132 
New Delhi. 113 
Visakhapatnam . 95 
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Summary 

The wind data used in this paper are those already 
collected by the India Meteorological Department. 
These are of two categories. The first consists of 
values of total run of wind on each day measured by 
non-recording types of anemometers. Long period 
averages for nearly 150 stations in India are available 
and using these, maps of isovents for alternate 
months, the year and the highest monthly mean are 
shown. The second category consists of hourly values 
of wind speed tabulated from the records of Dines 
anemographs. This type of data exist for nearly 
25 stations in India. The data of 12 such stations for 
3 to 4 years have been analysed from the point of 
view of wind power utilization. Annual velocity
duration curves of 8 selected stations are given in the 

paper. The maximum usable energy for different 
stations and its distribution over various speed ranges 
have been worked out, which will be of help in adapt
ing wind-driven machines for particular stations to 
particular speed ranges. The dependability of the 
wind as a source of power at the various stations 
has been assessed by preparing frequencies of 
occurrence of low wind, chosen arbitrarily as below 
8 kmph, of various durations at a stretch. 

At the most favourable stations, the maximum 
usable energy in the wind for a 30 sq metre swept 
area is of the order of 20 000 kilowatt hours . A 
machine with a power ratio of 0.2 could yield about 
4 000 kilowatt hours in the year. 
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The quantities of water that a windmill of 30 sq 
metre swept area and a power ratio of 0.2 can lift 
thr<?ugh a depth of 10 metres from day to day in a 
typical year at Veraval in the most windy area 

have been worked out. The average daily output 
taking the whole year works out to 273 kilolitres, i .e., 
60 000 gallons. On an individual day, the quantity 
can be as high as 2 428 kilolitres or 534 000 gallons. 

RESSOURCES INDIENNES EN ENERGIE EOLIENNE, 
ETABLIES EN TENANT SPECIALEMENT COMPTE DE LA REPARTITION DU VENT 

Resume 

Les donnees anemometriques que l'on trouvera 
dans le present memoire sont celles qui ont deja ete 
recueillies par le service meteorologique de l'Inde. 
Elles sont de deux categories. La premiere est 
constituee par les valeurs de l'activite totale de la 
brise chaque jour, mesuree par des anemometres 
depourvus de tout dispositif d'enregistrement. · On 
dispose de moyennes prises sur de longues periodes 
pour pres de 150 postes et, en se servant de ces valeurs, 
on a etabli des cartes des isovents bimensuels, avec 
indication de l'annee et de la plus grosse moyenne 
annuelle. La seconde categorie est constituee par 
les valeurs horaires de la vitesse du vent, extraites 
des enregistrements faits a l'anemographe de Dines. 
Ce genre de donnees existe pour pres de 25 postes 
en Inde. Les renseignements que fournissent 12 
d' entre eux sur 3 ou 4 ans ont ete analyses du point 
de vue de !'utilisation de l'energie eolienne. On donne, 
dans le memoire, des courbes aimuelles vitesse-duree 
pour 8 stations specialement choisies. L'energie 
utilisable maximum, pour divers postes, ainsi que 
sa repartition suivant diverses gammes de vitesses 
ont ete determinees, ce qui facilitera !'adaptation 

de machines entrainees par le vent a des vitesses 
appropriees pour leur emplacement. On a evalue la 
stabilite du vent en tant que source d'energie aux 
divers pastes en preparant des tables de frequence 
de l'apparition de vents peu intenses, arbitrairement 
choisis comme etant de mains de 8 km/h et se pro
longeant sur diverses durees. 

Aux postes les mieux situes, l'energie utilisable 
maximum que recele le vent pour une surface 
balayee de 30 metres carres est de l'ordre de 
20 000 kW/h. Une machine ayant un coefficient 
d'utilisation de 0,2 pourrait done debiter 4 000 kW /h 
sur l'annee entiere. 

On a calcule les quantites d'eau qu'un aeromoteur 
ayant une surface balayee de 30 m2 et un facteur 
d'utilisation de 0,2 peut elever d'une profondeur 
de 10 m tous les jours au cours d'une annee-type 
a Veraval, dans la region la plus exposee au vent. 
Il ressort que le debit quotidien moyen, en prenant 
l'annee entiere, s'eleve a 273 metres cubes OU 

60 000 gallons. Pour une journee donnee, ce volume 
d'eau peut atteindre 2 428 m3 ou 534 000 gallons. 



WIND MEASUREMENT TECHNIQUES 

M. Sanuki * 

Shortcomings of cup anemometers 

Ordinary cup anemometers have first of all two 
main shortcomings. ' ' 

(a) Non-linearity of the indication, and 
(b) Influence of the atmospheric turbulence on the 

indication. 
The first shortcoming is not serious, as the non

linearity exists only in the low speed region, say, 
below about 15 m/s wind speed (figure 1, the curve 
labelled as "without network"), and can be remedied 
by s?me compensation, or basically, by proper 
selection of cup diameter to arm-length ratio. 
Figure 1 applies to the former Japanese standard 
four-cup anemometer with cup diameter of 8 cm 
and arm length of 14 cm, tested in the low turbulence 1 

wind tunnel of the Japan Meteorological Agency 
(JMA), Tokyo. 

The second shortcoming on the contrary, is quite 
serious as can be seen from figure 1. The curve 
labelled "with network" is obtained by introducing 
artificial turbulence by means of a wire network 
of ea. 9 X 15 mm mesh spread across the tunnel 
jet. The influence of turbulence is remarkable, 
shifting the indication, or the cup-wheel rotating 

* Department of Aeronautics, University of Tokyo. 
1 The intensity of turbulence is less than 0.2 per cent compared 

with more than 1 per cent for ordinary wind tunnels. · 

vV/2 

speed, almost parallel to that in low turbulence for 
wind speeds over 20 m/s, where the amount of shift 
is more than 10 per cent of the indication. The result 
was first pointed out by R. Kuraishi, JMA, and will 
only be obtained in a· 1ow turbulence wind tunnel. 
In ordinary wind tunnels it can probably never 
be observed, since they always contain a reasonably 
high turbulence comparable to that caused by a 
wire network. 

The influence of turbulence will be quite all right if 
the atmosphere were always turbulent. Then the 
calibration curve of an anemometer prepared in a 
turbulent tunnel wind is valid in actual use. The 
degree of turbulence, once it is beyond a certain 
threshold value, has very little to do with the calibra
tion curve. However, we have no guarantee that it 
really is, and we must be very careful as to whether 
the actual atmospheric turbulence is high or low. 

The best way is to employ an anemometer which is 
free from the influence of turbulence, and this can 
be realized by any one of the following two designs. 

(i) Cup anemometer with bead, or 
(ii) Windmill anemometer with sharp leading 

edge. 
The first design has hitherto been employed in 

several countries not necessarily for the above 
mentioned reason. In this country K. Kano and 
S. Kawano in their unpublished work carried out 

'-A"'-1,.5()().------....-------,------~----------

N 

Figure 1. Influence of wire netting upon the rotational speed of standard 
four-cup anemometer, C. M. 0. wind tunnel. (By courtesy of R. Kuraishi) 
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Figure 2. Developed plan of solid four-blader. (Uniform pitch 
distribution when set at 60° at 75 per cent radius) 

several experiments to improve the conventional 
cup anemometers, and reached the final goal in this 
respect with a beaded three-cup anemometer of 
10 cm cup diameter and 10 cm arm length, which 
is now adopted as a new standard at the JMA. 
According to their opinion, freedom from the turbu
lence can be obtained not solely with the attachment 
of cup bead but with combined effect of it and cup 
diameter to arm-length ratio, which also results in 
a practical linearity of the indication. 

Concerning the second design, i.e., the sharp 
edged windmill anemometer, the next paragraph will 
be referred to. 

Windmill anemometers 

At times windmill anemometers are used as a 
combination anemometer and wind vane, favoured 
for unmanned wind measuring equipments or sites 
where space is comparatively limited for installing 
independent instruments for wind speed and direc
tion. 

In this respect, the writer made a systematic 
study (1) of windmill anemometers, as a counterpart 
of cup one. It was found that the linearity of indica
tion and the freedom from turbulence can only 
be effected by the use of a windmill blade profile 
with a sharp leading edge (figure 2). Other seemingly 
aerodynamic blade profiles with round sharp leading 
edge were detrimental in both r~spects. The thickness 
to blade chord ratio has little effect up to 10 per cent 
or so, which was employed in an anti-freezing 
windmill anemometer to be described later. 

The next demand of the windmill anemometer as 
combined with a wind vane is the possibly quick 
response to the fluctuations of wind direction. The 
writer designed a streamlined fusel':ge, at the nose 
of which the windmill anemometer 1s attached, and 
at the tail a vertical fin. To effect the high response, 
a small moment of inertia around the vertical rotat-

ing shaft and a large tail-fin arm length therefrom 
are imperative. The representative value of the re
sponse may be expressed by the characteristic time, 
which, under a step change of the wind direction, 
is the time needed for the amplitude envelope of 
the performed damped oscillation of the whole 
system to decrease to 1/e of the initial value. The 
characteristic time is inversely proportional to the 
wind speed. The characteristic time multiplied with 
the wind speed is therefore a constant, and a value of 
the order of 10 m is obtainable with a well designed 
combination windmill anemometer and wind vane. 
In this case, the equipment damps to 1/e initial 
amplitude under 10 m/s wind speed in a time of 
1 sec. 

The number of blades has been determined from 
the possible insensitiveness of indication in a yaw. 
The four-blader showed underrunning of only 3 per 
cent for a yaw angle of 15° to the left or right, 
whereas the three-blader gave more than 10 per cent 
for the same amount of yaw. Thus a combination 
windmill anemometer and wind vane with four blades 
is employed as a standard equipment at airfields. 
automatic weather stations and for other specified 
purposes, while the three-cup anemometer is for 
ordinary weather station use in Ja pan. 

Over-estimation of wind speed 

Anemometers, whether they are cup or windmill 
type, are subject to over-estimation. Under-estima· 
tion is possible at the start or accelerated running: 
stage, but the overrunning at the stop or deceleratec 
stage always overshadows the underrunning, result
ing in an over-estimation in total. This problen 
was first studied by 0. Schrenk (2) for cup anemome
ters and extended to windmill anemometers by th, 
present writer (3). The over-estimation factor,_ o: 
the amount of overrunning above the mean wine 
speed is a function of aerodynamic torque and mome1r 
of inertia of the cup-wheel or windmill system fo: 



Wind measurement techniques W /2 Sanuki 149 

given mean speed, amplitude and period of fluctuat
ing wind. The over-estimation factor is larger for 
smaller aerodynamic torque, larger moment of 
inertia, lower mean speed, larger amplitude and 
shorter period of fluctuating wind. It is larger for 
smaller air density, i.e., smaller aerodynamic torque, 
and therefore, at higher altitude, more overrunning 
must be expected. 

In this respect a cup anemometer is a less favour
able choice than a windmill type because the mass 
of the former is inevitably concentrated at cup-arm 
tip resulting in larger moment of inertia compared 
to its effective aerodynamic torque. A numerical 
estimate shows the over-estimation factor of the 
former Japanese standard four-cup anemometer 
to be about 0.07, i.e., it overruns at 7 per cent excess 
of the mean wind speed. In this calculation, a mean 
wind speed of 10 m/s and a period of fluctuating 
wind of 10 sec were assumed together with a sinu
soidal fluctuation of half the mean wind speed. 
Under the same condition, the Japanese standard 
combination anemometer and wind vane gives 
practically zero over-estimation factor. The estimate 
is confirmed by the wind tunnel experiments con
ducted by the writer. The new Japanese standard 
three-cup anemometer cuts the overrunning remark
ably (4) owing to its low moment of inertia, i.e,, ~o 
about one-third of that for the four-cup, but 1s 
appreciably inferior to the windmill type, despite 
nearly the same moment of inertia. 

Pressure-tube anemometers 

A pressure-tube anemometer such as Dines or 
Pitot-static type has long been considered _as an 
instantaneous wind speed indicator. Had 1t not 
been for the always inevitable long pipings, this 
might be true, but in actual cases each type possesses 
an over-estimation just in the same sense as that of 
cup or windmill type. Even with a favourable 
plumbing, i.e., reasonably short pipe length of large 
bore, a pressure-tube anemometer lags from the 
wind fluctuations less than a cup anemometer does 
but more than a windmill type, in the latter case, 
except in low speed and slowly fluctuating winds (5). 
The over-estimation factor of the pressure tube 1s 
a function only of piping characteristics, amplitude 
and period of wind fluctuation, and is independent 
of the mean wind speed air density. 

Anti-freezing anemometers 

It is often demanded that wind data be collected 
in winter and on mountain tops, when and where 
snow and ice should be expected. Especially for 
moderate and severe icing · the electric heating is 
the sole r emedy other chemical anti-freezing agents 
almost always 'failing. According to the writer's 
test s (6) conducted on the summit of Mt. Fuji 
(the weather station height, 3 773 m above sea level), 
a moderate wattage of about 800 or less was enough 
to prevent heavy icing encountered. The heat~r 
windings are imbedded within the fuselage, tail, 

supporting strut, its rotating skirt, and windmill 
blades. In such situations a faithful reproduction 
of wind data is still essential and the windmill 
anemometer serves well. To this end, several anti
freezing cup anemometers were designed and used 
in Japan and elsewhere, but their inherent low 
aerodynamic torque seems to make them less suitable 
for such a heavy duty. 

· However, the operation of the windmill itself 
in such a condition is doubtful, as much more elec
~r!city than generated might be necessary to prevent 
1cmg. 

Wind measuring sites 

The present writer confirmed by means of a water
tank test (7) that the wind speed measurement on 
top of a cylindrical tower should be carefully done 
concerning the anemometer installation. The wind 
passing the tower top is accelerated and bent upward, 
especially at windward position. Most favourable 
installation will be effected at a position not higher 
than half a tower diameter and possibly at the center 
of tower roof area. If possible, another flat roof of 
sizeable area should be provided with the instrument 
at a height equal to half a tower ·diameter, where the 
anemometer indication is found to be equal to the 
general wind speed. 

In this connection, a two-direction wind vane 
indicating the vertical and horizontal wind com
ponents is useful to survey the flow pattern (8). The 
vane has a tail unit of cruciform, or vee-form, and 
can be used as a platform to mount an anemometer, 
or alternatively a tail windmill realizes a combination 
set. The problem is that they all show a tendency 
to perform a spiral motion of the tail due to inde
pendent stallings of the horizontal and vertical 
portions of the tail plane or planes at a large angle 
of · attack. This can be avoided by employing a 
cylindrical tail unit. 

The interference of near-by obstacles upon the 
anemometer indication in case of a pole or girder
framed tower installation, which is often adopted 
in field observation, is studied (9). According to a 
wind tunnel experiment for a cup and a windmill 
anemometer in presence of cylindrical poles of various 
sizes and in different positions, a most essential 
thing 'is to use a thin pole, say, less than o?e-fifth 
or one-sixth of the cup center to center diameter 
or windmill diameter, which installation affords, in 
the leeward wake at a distance more than four or 
ten times the pole diameter, an indication less than 
10 per cent of unobstructed reading._If the ins~allation 
can be considered to be always m the wmdward 
side, or, at least, sideways of the pole, far less strin
gent restrictions will be enough._ Similar considerations 
might apply to the case of a gITder member. 

Unmanned wind measuring and reporting 
station 

Often wind data are needed from the sites not yet 
populated at all. For such purpose, several unmanned 
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and automatic wind measuring and reporting 
stations are already established and operated (10). 
As the original purpose was the gale warning, all 
of them are equipped with UHF (414 l\lc/s) trans
mitters, which send hourly in Morse-code the mean 
wind speed over five minutes before the transmission 
and the prevailing wind direction over the same 
period. Concerning the wind speed, no difficulty 
exists, but for the prevailing wind direction in the 
said period, some form of memory must be employed. 
To this end, a series of 17 equally-spaced electric 
pulses is generated mechanically during the period 
by means of a cam switch. The pulses are allocated 
to sixteen wind direction pre-selector switches 
according to the relative position of a contactor 

(rotating with the combination wind vane) and 
sixteen fixed segments. The allocated pulses in a 
pre-selector switch (the maximum number would 
be 17) insert in steps a corresponding number of 
parallel resistances of a determined amount in the 
coil circuit of the switch. Now it is clear that the 
predominant wind direction builds up the largest 
number of parallel resistances. After five minutes 
a rotatable permanent-magnet disc searches out 
from the sixteen coils arranged around the disc 
the one which has the largest parallel resistance or 
magnetic flux, and aligns itself with it. This position 
of the disc magnet selects a brush to sweep the Morse
code drum. The transmission signals are an alphabet
ical abbreviation of one of sixteen wind directions. 
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Summary 

The present writer, during his service with the 
Ja pan :\1eteorological Agency, was for years con
fronted with the problem of standardization of wind 
measuring instruments. The climatologists, among 
others, are extremely prudent and conservative 
regarding the change of instruments because their 
statistical data might suddenly be altered thereby, 
even if they are frequently well aware of the proposed 
merits of new instruments. For their benefit, a lot 
of realistic experiments and tests were needed. The 
situation is quite the same also in the wind measure
ment for the utilization of wind energy. A world
wide standardization of anemometer and wind vane 
seems somewhat difficult and it is essential that each 
data reduction should reflect the ch aracteristics and 
behaviour of each instrument, for which the present 
paper will be of some use. 

The conclusions deduced from the work of the 
writer are summarized as follows. 

(1) A three-cup anemometer with bead and possibly 
low moment of inertia guarantees a faithful rep~oduc
tion of wind speed owing to its linearity of indication 
and freedom from atmospheric turbulence. 

(2) A four-blade windmill type combination anemo
meter and wind vane, with sharp leading edges, is 
a better alternate from the standpoint of the above
mentioned demands and quicker response. 

(3) In any case, the over-estimation factor should 
be taken into consideration. 

(4) A pressure-tube anemometer is trustworthy 
only with good plumbing. Even so its response 1s 
of the same order as those of windmill anemometer 
and excellent cup anemometer. Only in low speed 
and slowly fluctuating winds is it superior to the 
other two types. 

(5) An anti-freezing anemometer, possibly of 
windmill type with its larger aerodynamic torque, 
are realized with electric heating for the purpose of 
a faithful reproduction of wind data. 

(6) The selection of wind measuring sites n·eeds a 
keen concern as elevated locations such as a tower 
top and a pole or girder-frame installation often 
seriously interfere with the indication. Suitable loca
tions for representative installations are given . 

(7) An unmanned wind measuring and reporting 
station is realized and reported. 
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TECHNIQUES DE MESURE DE LA VITESSE DU VENT 

Resume 

L'auteur de ce memoire, au cours de ses travaux 
au service de l'agence meteorologique du Japon, 
se trouva face a face, pendant plusieurs annees, 
avec le probleme de la standardisation des instru
ments servant a mesurer la vitesse du vent. Les clima
tologistes, en particulier, se montrent tres prudents, 
voire mefiants, en presence d'un changement d'ins
truments eventuel parce que les donnees statistiques 
avec lesquelles ils travaillent risquent alors d'etre 
modifiees, des a present et pour l'avenir et, bien qu'ils 

' . sachent souvent que les nouveaux mstruments 
presentent d'indiscutables merites, ils s'opposent 
a leur adoption. Il faut des quantites d'experiences 
realistes et de nombreux essais pour les convaincre. 
La situation est tout a fait analogue dans le domaine 
de !'utilisation de l'energie eolienne. Il semble assez 
difficile de realiser une standardisation mondiale des 
anemometres et des girouettes et il est essentiel que 
l'exploitation mathematique des donnees exprime 
bien les caracteristiques et le comportement de 
chaque instrument. C'est sur ce plan que l'on espere 
voir le present memoire presenter quelque utilite. 

Les conclusions auxquelles les travaux de ses 
auteurs permettent d'aboutir sont les suivantes : 

1. L'anemometre a trois coquilles, avec un ren
flement et dans certains cas un moment d'inertie 
reduit, assure une reproduction fidele de la vitesse 
du vent en raison du caractere lineaire de sa caracte
ristique et du fait qu'il est a l'abri des effets de 
la turbulence atmospherique. 

2. La combinaison anemometre-girouette, du genre 
aeromoteur a quatre pales, a bords d'attaquc minces, 
constitue un meilleur instrument de remplaccment 
pour celui qui vient d'etre decrit ci-dessus, comptc 
tenu des exigences deja signalees et de l'accrois
sement de ses reactions plus rapides aux fluctuations . 

3. En tout etat de cause, il faudra tenir compte 
des exagerations dans les lectures. 

4. L'anemometre a tube manometrique n'est sur 
que si les tuyauteries sont en bon etat. Meme quand 
c'est le cas, sa vitesse de reaction est du meme ordre 
que celle de l'anemometre a pales et de l'excellent 
anemometre a coquilles. Ce n'est que dans les vents 
a faible vitesse et a fluctuations lentes qu'il est 
superieur aux instruments des deux autres types. 

5. L'anemometre antigel, le cas echeant du type 
<< moulin a vent », avec son couple aerodynamique 
plus grand, peut se realiser avec chauffage electrique 
pour la reproduction fidele des donnees relatives au 
vent . 

6. Le choix des pastes anemometriques exige 
beaucoup de soin car les emplacements au sommet 
d'une tour ou d'une structure constituee par un mat 
ou un pylone avec charpente a croisillons nuisent 
souvent beaucoup a !'exactitude des donnees. On 
indique des emplacements appropries pour des 
installations types. 

7. On decrit l'etablissement d'un paste de mesure 
de la vitesse du vent et de signalisation de sa direction 
qui fonctionne sans personnel. 
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STUDY OF WIND BEHAVIOR AND INVESTIGATION OF SUITABLE SITES 
FOR WIND-DRIVEN PLANTS 

K. H. Soliman * 

Windmills have long been in use in both regions 
of the United Arab Republic. Most of those now in 
use are water pumping windmills installed directly 
over a well for irrigation purposes in the semi-arid 
zones, away from regular sources of water (such as 
rivers) and where rainfall alone is insufficient. 
These windmills are commonly seen along the Medi
terranean coast of the Egyptian region, and also 
in the area of Homs in the Syrian region. 

Although irrigation was the main aim of installing 
windmills in the Egyptian region, yet a fair number 
were used for supplying isolated houses of farm 
owners with water for domestic use. In this case, 
subsoil water is pumped to reservoirs. There were 
also few electric generating wind-driven machines 
used by private owners for lighting purposes in 
isolated places. 

The ;\linistry of :'\Iunicipal and Rural Affairs in 
Egypt (before the country merged with Syria to form 
the U.A.R.) had been carrying out trials to supply 
villages with water pumped by windmills for domestic 
use as an alternative to the filtration and purification 
of the Nile water. This subsoil water, only a few 
metres below ground surface, is safer to use than 
the direct river water, since the latter contains the 
parasites of the endemic diseases of the region as well 
as mud. The trials were carried out in a village 
(Hallaba) some 15 kilometres north of Cairo. The 
preliminary results were encouraging and a study 
is being made to generalize the use of such windmills 
and to see how far they compete economically 
with diesel engines in each district. 

The D esert Institute in Cairo (and later the .General 
Desert Development Authority) have made great 
efforts for the development of the deserts in recent 
years. The Ministry of War started to manufacture 
water-pumping windmills to satisfy the rapidly 
increasing demand for such machines, which will be 
mil~nly utilized on the north coast of the Egyptian 
region. 

In 1957, the :\Ieteorological Department at Cairo 
felt the urgent need for an expert to organize the 
efforts and give advice on the problem of utilization 
of wind power in Egypt. 

The Meteorological Department invited E. W. 
Golding, as a United Nations expert on this subject, 
through the World :.V1eteorological Organization. 

* Meteorologica l Department, Cairo. 

Mr. Golding spent five weeks in the Egyptian 
region towards the end of 1959, during and after 
which time the problem of wind power utilization 
took a new phase. The major change in the new 
phase lies in the use of an electric generating windmill 
to drive a group of water pumps, instead of the 
present system of having a multi-blade water pump
ing windmill over each well. The big advantage 
in this new system is a reduction in the cost as well 
as a gain of more wind energy by the installation 
of the electric windmill on the top of a suitable hill, 
whereas most of the present windmills are located 
on the low ground of valleys shielded by high ground. 

Since Mr. Golding's mission and these studies 
were confined to the Egyptian region of the U.A.R., 
this paper will deal only with the experience in that 
region, especially on the Mediterranean coast where 
pilot studies were made. 

It is planned to extend the results gained to all 
areas in both regions of U.A.R. wherever it would 
be profitable. 

The successful utilization of wind power involves 
several important factors, but this paper will deal 
only with the two following aspects : 

(a) Wind measurement; 
(b) Selection of favourable sites. 

Wind measurement 

GENERAL INFORMATION 

In the wind survey, advantage shou~d be taken 
of data already obtainable from Meteorological 
Services, but it is essential to know the extent 
to which such data could be used for the purpose. 

In the United Arab Republic, as well as in almost 
all other countries, there are many land meteoro
logical observation stations run (or supervised) by 
the meteorological authority of the country. Synoptic 
observations are regularly taken at some or all 
of the principal and intermediate hours of observa
tions agreed upon internationally, namely, 00, 06, 12, 18 
and 03, 09, 15, 21 hours respectively. These times 
are Universal Time (same as Greenwich Mean Time). 
At international aerodromes and key stations, 
hourly observations are taken to meet aeronautical 
requirements. 

All these synoptic observations include the surface 
wind speed and direction, but the value of the wind 
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speed ~s the mean over a few minutes not exceeding 
10 mmutes preceding the time of observation. 
The standard height at which wind is measured 
is 10 metres above ground in a freely exposed area. 
In some stations, the actual height is more than 
10 metres. 

It should therefore be emphasized that averages 
based on such synoptic observations must be treated· 
with _caution if they are to be used in a wind survey 
and 111 the assessment of wind energy obtainable 
at a site. It is evident that the greater the number 
of observations per day, and the more they are 
distributed throughout the day and night, the more 
representative the averages will be. In other words, 
averages based on hourly observations would be 
the best, although they do not give the complete run 
of wind over the 24 hours of the day. The best 
averages are to be obtained by using recording 
instruments to provide the data. 

There are 69 observation stations in the Egyptian 
region of U.A.R., of which 21 have recording instru
ments, 43 contain non-recording cup anemometers 
and the rest (only technically supervised by the 
Meteorological Department and made for special 
purposes by other organizations) contain no wind 
instrument and the speed is obtained by estimation. 

It would be useful to give the methods of observa
tion in these meteorological stations and discuss 
how each type of observation could be made use · 
of in the wind survey over the region. 

WIND MEASURB1ENTS IN METEOROLOGICAL STATIONS 

In the U.A.R., as well as in most other countries, 
there are three methods of observing wind speed: 

(i) Observations by personal estimation (visual) 

In this method the wind speed is estimated by 
the effect of the wind on objects such as trees, 
flags; · smoke, etc. Such estimation can be fairly 
accurate but must be made by well-trained observers. 
The estimated speed may either be given in knots 
or as a "force" on the Beaufort scale. 

It is to be noted that when the wind is reported 
as "force" a range of speed is meant and, if the average 
speeds are based on the mean of those ranges, the 
accuracy of such averages would further decrease. 

Experience in the U.A.R. with this kind of observa
tion ·showed that it could not be used for wind surveys 
connected with wind power utilization. 

(ii) Observations by non-autographic instruments 

This type of observation is sufficiently accurate 
and is made by cup anemometers but, as indicated 
before, such observations only give the mean wind 
speed for a few minutes preceding the time of 
observation. The extent to which such observations. 
can be used to obtain annual averages for wind· 
speeds for the preliminary survey is discussed later. 

(iii) Observations obtained from autographic instru
ments 

Instruments recording wind speed continuously 
obviously have the advantage of giving the complete 
run of wind from which the mean over any period 
can be obtained (a few minutes, one hour, a day ... 
up to a year). Moreover, some types show useful 
details of the variations of wind speed (gusts and 
lulls), as well as the diurnal variations of the mean 
wind speed indicating local characteristics such as 
sea and land breezes. 

Recording instruments in the Egyptian region 
are either cup-generator anemometers, or Dines 
pressure tube anemographs. The latter is in much 
wider use in meteorological stations. 

METHODS OF OBTAINING WIND INFORMATION 
ESPECIALLY SUITED TO WIND POWER USE 

The data required for this purpose can be classified 
according to the steps normally taken for utilizing 
wind power, namely .: 

(a) Data for prel£minary survey 

Data for preliminary survey are to indicate the 
relative windiness of the different districts of the 
country. 

In this survey, it would be sufficient to obtain 
annual averages of wind speed. Appropriate averages 
already available at the Meteorological Service, 
such as those obtained from the continuous record
ings of wind instruments, should be made use of. 
In an area where such averages are not available, 
a simple counter-cu'p anemometer read once a day 
(or even once a week) would suffice to obtain the 
required averages. In fact, the simple cup anemo
meter can be considered as the most practical and 
economic instrument for world-wide use in the study 
of local energy distribution in an area where wind 
power is to be utilized. 

It is important that wind instruments should be 
all freely exposed and at a standard height (10 m) 
in order that the values obtained should be compar
able. 

There are also cup-generator anemometers whose 
cups are modified in form and which are_ especially 
designed to integrate the cube of the wmd speed, 
and the readings give the wind energy in kilowatt
hours per square metre. This type of energy integrat
ing instrument, however, is accurate only when 
the wind speed is between 5 and 15 m/sec, above 
which large errors are introduced. It is therefore 
useful in areas where low average wind speeds 
have to be harnessed. 

For the preliminary study in the Egyptian region, 
the annual means of wind speed could be obtained 
from two sets of stations. 

1. Where continuous r ecording was made and 
averages obtained from hourly means; 

2. \Vhere three observations only were taken 
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Table 1. Average annual wind speeds computed from different sets of observations for 1958 

The set of observations on which the average a11n11al Port Alex- Mersa llurg- Cairo Minia L1uor S11e•a, wind speed (kts) was based Said andria Mat111h hada 

True average (hourly means) 9.1 8.8 
24 synoptic observations 9.1 
4 synoptic observations at 00, 06, 12 

18 U.T .. 9.0 
3 synoptic observations at 06, 12, 18 U.T. !).4 

every day at 06,12 and 18 hrs U.T. (i.e., 08, 14, 20 hrs 
local time). 

8.7 

8.6 
9.3 

It is evident that the first set forms the most 
reliable basis of the survey, yet it was thought 
interesting to know how far the observations of the 
second set could be used. 

For this purpose, a study was made to compare 
the averages of annual wind speeds obtained at 
a selection of stations (each representing a climatic 
district) computed from different sets of observations 
with the true average (see table 1). 

This table shows the important fact that in areas 
where there is a reasonable wind average, greater 
than 7 knots, say (below which wind power could 
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10.6 12.5 5.9 7 .3 3.8 6.4 
10.6 12.4 5.9 6.!) 3.4 5 .8 

10.6 12.8 6.0 6.!) 3.3 5.5 
11.2 13.3 6.5 7.0 3.7 6.0 

scarcely be economic) over the Mediterranl'an coastal 
region, and also where wind blows with steadiness 
even at low speeds, averages based on 24 "synoptic" 
observations can well be used, and even those based 
on only 4 synoptic observations at 6-hourly intervals 
may also be used. Those based on 3 synoptic observa
tions are little higher than the true mean, but they 
could help (if that is taken into account) in the 
preliminary survey in areas lacking better means, 
and in drawing isovents in such areas. The case 
of Hurghada is somewhat different owing to its odd 
diurnal variation of wind speed (see figure 1). 

At stations far inland, where the wind speed 
is generally low, and where excessive heating and 
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mar~ed vcrtica_l instabili~y- usually exist during the 
daytime, the wmd speed is irregular. For this reason, 
the aver~ges based on the different sets of synoptic 
observat10ns bear no regular relation to the true 
mean, but they are not too far out from that true 
mean. 

(b} Data for second stage of survey 

After the preliminary survey, the following data 
s~ould be obtained for the promising districts and 
sites to study the wind regime. 

1. Hourly wind speeds throughout the year and 
for as many years as they are available (5 years 
would be sufficient in general). 

The hourly means are essential for drawing the 
velocity-duration curve while the data for several 
years indicate the variation of data from one year 
to another. It should be stated here that the wind 
regimes of stations on the Mediterranean coast of 
the Egyptian region (such as Alexandria and Mersa 
Matruh) have been found to have the same form 
as those over the British Isles given by E. W. Golding 
(1), and the velocity-duration curves have the same 
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Figure .2. Average monthly wind speeds for some localities 
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Figure 3. Percentage of winds under 4 mph 
related to average annual wind speed 

shape. Therefore the simple average annual wind 
speeds over localities on the northern coast obtained 
from counter-cup anemometers were accepted as 
a measure of the wind regime. Advantage was taken 
of the curves relating the specific output and average 
wind speed for sites in the British Isles (2). 

2. Monthly average wind speeds. - These are impor
tant to evaluate and relate to requirements the ob
tainable energy in the different seasons. 

Experience in the Egyptian region shows that 
there are marked variations in the mean monthly 
values of wind speed in the different districts. 
Figure 2 gives examples of such variations. 

In most districts, the largest monthly averages 
occur in spring and the minimum in autumn (see 
the curve for Port Said as example). 

As we go to the heart of the desert, the maximum 
occurs in the hot season, May-October (see curve 
for Dakhla). 

Fortunately, spring and summer are fairly windy 
seasons, since it is in those months that energy 
is most needed for water pumping. 

3. The diurnal variation of wind speed. - This 
determines the energy obtainable at the different 
hours of the day or night. 

Figure 1 shows the diurnal variation of wind 
speed in some stations in the Egyptian region, 
and indicates how the hours of maximum wind speed 
can vary from one place to another in coastal stations. 
Inland stations, however, showed the normal diurnal 
variation with maximum in the afternoon and 
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minimum in the early morning. The above data were 
computed from hourly means of wind speed. 

4. Average duration and frequency of calm or 
very light winds when energy could not be produced 
by wind driven plant. 

Figure 3 shows a curve given by E. W. Golding (3) 
showing the relation between the annual percentage 
of winds under 4 mph and annual mean wind speed 
constructed from observations over many places 
in the world. Before making use of this curve in 
the Egyptian region, values available from Egyptian 
stations of varying average speeds were plotted over 
that curve (see the small circles). The points fell 
close to the curve, confirming that it could also be 
used in our area. 

5. The prevailing wind direction. - This is especially 
important for the choice of a suitable site for installing 
the wind-driven plant. This information was obtained 
from the usual wind diagrams in the different 
months, based on hourly values of wind direction. 

\Ve may therefore conclude that data for the second 
stage of survey over promising sites could be obtained 
from hourly values of wind speed and direction 
and these in turn could be obtained from ordinary 
recording anemometers. 

It is essential not to overlook the i~portance 
of standardizing the measuring methods so that 
the comparison of wind data at all sites are properly 
maintained and have the same degree of accuracy. 
The remaining important factors would be the free 
exposure and the height of the instruments above 
the ground. In the Egyptian region some of the wind 
instruments in meteorological stations are erected 
over buildings, but these are sufficiently high (about 
10 m above the roof) to minimize the effect of the 
building. The remaining factor (height above ground) 
is taken care of by applying a small correction to 
reduce the values to 10 metres. 

t 
mean 
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Figure 4. Autographic registration with high chart speed 
showing details of wind structure 

a. gust amplitude 
b. gust formation time 
c. maximum gust lapse 
d. gust lapse time 

Figure 5. Acceleration of wind over ,,ms 

(c) Detailed data for the study of the strw '11re of the 
wind 

At certain sites, especially when large · ize wind
driven plants are to be used, compreli , nsive and 
detailed measurements of wind structu;·,, may be 
necessary to answer questions by desig1:,·rs of the 
wind power machines. Such data rn , d special 
instruments for their determination arnl , ecording. 
· Autographic registration with high c]1c, rt speeds 

can show clear details of the behaviour of wind 
speed with time (see figure 4), such as magnitude 

~cale i : 33 ,)_O __ ~ 

• Chosen Localities For Electric Generating Windmills ** Area Of Water Pumps Driven By Windmills 

Figure 6. Map of Ras-El-Hekma showing: orography 
area of windmills; and hills choseri as wind power sites 
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of "gusts", time formation of a gust, its amplitude, 
etc., not only in a horizontal direction but also in 
the vertical. Accurate data on gusts can only be 
obtained by instruments which have a quick response 
to change in wind speed, such as hot wire anemo
meters, gust anemometers of the type developed 
by E .R.A., and pressure-plate anemometers. 

The dines pressure tube anemometer, although 
it has a large time response (about 2 sec), has long 
been in wide use for the measurement of maximum 
gust speeds in the Egyptian region and in many 
other countries. 

Selection of favourable sites 

After the survey of wind over the different districts 
and the choice of promising areas, the next step 
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would be to select favourable sites where the annual 
average wind speed would be higher than for the 
general surrounding area. A little increase in speed (V) 
would lead to a marked increase in the obtainable 
energy, since the latter is proportional to the cube 
of the speed (V3). 

In the selection of sites in the Egyptian region, 
certain phenomena were taken into consideration, 
of which the following seemed to be most important. 

l. Variation of wind with height 

On flat ground (such as the Nile Delta), increase 
of wind with height is not of importance in the selec
tion of a site since the height of the windmill can only 
be increased within small limits with a corresponding 
increase in the cost of the tower. Other factors, 
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Figure 7. Map showing orography of the Egyptian region 
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such as free exposure (away from trees, buildings, 
etc.), are more important. 

The variation of wind speed with height over hills 
is more complex than that over flat ground, and the 
increase of speed is not only due to the elevation 
of the hill but also to the compression of streamlines 
and acceleration of the wind (see figure 5). 

The :Mediterranean coastal areas in the Egyptian 
region are rather hilly in many places (see figures 
6 and 7). Therefore, in the selection of sites, the 
different hills in the area were investigated in prefer
ence to flat ground. 

2. Nature of the surface 

The nature of the surface has an effect upon the 
air flow near the ground. Over a rough surface, 
the flow will be more turbulent than over smoother 
surfaces of land or sea. 

The roughness can be due to the actual nature 
of the surface (for instance, rocky) or to the presence 
of obstacles (such as trees, buildings, etc.). This 
applies to both flat ground a~d hill surface. Also, 
air flow reaching a smooth hill after the passage 
for some time over rough ground will reach the hill 
as a turbulent flow and the advantage of the smooth
ness of the hill will be lost. 

Bearing the above facts in mind . w~en selec_ting 
suitable sites over the coastal zone, pnonty was given 
to those smooth hills directly facing, or close to, 
the sea. For such hills, with the prevailing wind 
from the sea, the air reaches the hill after passing 
over long stretches of smooth sea surface. Moreover, 
air arriving directly from over the sea has a furt?er 
advantage of being more stable than that passmg 
over heated ground and therefore l~ss . turbulent. 
Figure 6 gives an example of chosen hills m the area 
of Ras-el-Hekma. 

These advantages may apply to many other places 
on the northern coast of Africa. 

3. Size and slope of hills 

In the selection of wind power sites over the ~illy 
parts in the Egyptian region, due regard was given 
to the following useful points : 

(a) The air stream, especially in stable weather 
conditions, tends to flow "around" isolated small 
obstacles rather than ride above them (see figure 8) . 

(b) Hills or cliffs of very steep slopes tend to make 
the air flow turbulent (figure 9). Such turbulent effect 

Figure 8. Air flow around isolated small obstacles 

Figure 9. Air flow over steep and rough terrain 

would produce dangerous stresses on the blades 
of the windmill. 

For the above reasons, a chain of hills nr a fairly 
large hill with an aerofoil shape and reas?nabl~ slope 
would be most suitable as a wind power site. Figure 6 
shows some of the hills chosen at Ras-el-Hekma. 

4. Orographical effects in deflecting and accelerating 
winds 

Orography plays an important role in screenin~, 
accelerating, and deflecting winds over certam 
localities. In the Egyptian region the effect of oro
graphy has been noted over many localities and ~he 
following are examples of the effect of long chams 
of mountains (or even hills only a few hundred metres 
high) in deflecting winds to flow parallel to them. 
This is most noticeable on the northern Red Sea 
coast where, not only are the prevailing winds 
persistently NW-N, but also the winds are accelerat~d, 
and fresh to strong winds are not infrequent, leadmg 
to a high average annual wind speed. Figure 10 

Figure 10. Mean annual isovents (kph) 
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~hows that the coastal area of the northern Red Sea 
1s one of the windiest localities in the Egyptian region. 

Similar effects occur over other localities such as 
the Cairo area, where the frequency of the NE wind 
(fresh or strong at times) is greater than at all other 
localities in surrounding areas. This is due to the 
effect of the chain of hills running NE-SW (see 
figure 7). 

5. Exposure 

. Fre~ exposure away from trees, buildings, etc., 
1s an important factor in the selection of sites where 
the windmill is to be installed. 

It is for this reason that hills overlooking the sea 
(when the prevailing winds are from the sea) have 
a superior exposure. A distance away of about 
10 times the height of the obstacle would be enough 
for the site to be considered freely exposed to wind. 

The shielding effect of high ground is known and 
pl_aces in the lee of hills not only have low average 
wmd speeds but also suffer from excessive turbulence. 
Such places were excluded during the survey for 
the selection of sites for the installation of the 
electric generating windmill on the northern coast. 
The non-electric water-pumping windmills, which 

are used over that area (over one hundred), are 
mostly situated in the low ground of the valley 
(see figure 6). 

This once more emphasizes the advantage of 
using wind-driven electric generators which can be 
installed in a favourable site on a hill where the energy 
produced can, more economically, work a number 
of pumps on a group of wells fairly close to each 
other. In this case the distance of the chosen site 
on the hill should be carefully studied in relation 
to the group of wells, since the economic consequences 
of the gain of power should not be lost in the cost 
of transmission. The best place in this case is to 
install the generating windmill in the "centre of 
gravity" of the group of wells, where the sum of 
lengths of the transmitting cables would be a mini
mum. 
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Summary 

Windmills have long been in use in both regions 
of the U.A.R., mainly for irrigation purposes in 
the semi-arid zones. 

Great efforts have been made in recent years 
to develop the desert areas in the Egyptian region, 
especially along the Mediterranean coastal zone 
where many windmills are in use. 

The Meteorological Department felt the urgent 
need for an expert to organize the efforts and give 
advice on the problem of utilization of wind power, 
and invited E. W. Golding for that purpose through 
the World Meteorological Organization. 

With the visit of Mr. Golding, the utilization of 
wind energy took a new phase. The major change 
in this new phase lies in the use of an electric generat
ing windmill to drive a group of water pumps, 
instead of the system of having a multi-blade water 
pumping windmill over each well. The big advantage 
in this new system is a reduction of cost, as well 
as a gain of more wind energy on summits of hills, 

whereas most of the present windmills are located 
on the low ground of valleys shielded by high ground. 

Wind survey in the Egyptian region revealed 
many useful results, of which the following seem to be 
particularly interesting : 

I. The map of mean annual isovents showed 
that the Red Sea and the Mediterranean Sea coasts 
are fairly windy, except over the extreme eastern 
part of the latter where the speed falls to less than 
half its value over the rest of the coast. 

2. Monthly averages of wind speed were found 
to suffer large variations, but in general the highest 
values occurred in spring and summer; and the 
lowest in autumn. 

3. Diurnal variation of wind speed followed the 
normal pattern with a maximum in the afternoon 
and a minimum in the early morning, except on 
the Red Sea coast where the variation was rather 
peculiar with a main maximum at 9 a.m. 
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4. Velocity-duration curves for stations on the 
Mediterranean coast were found to have the same 
shape as those for stations in the British Isles given 
by Golding (1) indicating similarity of wind regimes. 

5. The curve constructed by Golding (3) showing 
the relation between the percentage of wind speeds 
below 4 mph and the average annual wind speed 
for different places over the world was found to apply 
also to different localities in the Egyptian region. 

6. In studying the extent to which data already 
available at the Meteorological Department can be 
used for wind power purposes, it was found that 
averages based on only 4 "Synoptic observations" 
at 6-hourly intervals can · give useful indication of 
windiness at places lacking better averages. 

7. Orographic effects were found to play an im
portant role in accelerating and deflecting winds. 
The effect is especially marked on the Red Sea. 

RECHERCHES SUR LE COMPORTEMENT DU VENT ET ETUDE DE SITES APPROPRIES 
POUR L'ET ABLISSEMENT DE CENTRALES EOLIENNES 

Resume 

On se sert d'aeromoteurs . depuis longtemps dans 
les deux regions de la Republique arabe unie, plus 
specialement aux fins d'irrigation dans les zones 
semi-a rides. 

On a fait de gros efforts, au cours de ces quelques 
dernieres annees, pour mettre en reuvre les regions 
desertiques de la region egyptienne, particulierement 
le long de la cote de la Mediterranee, ou nombre 
d'eoliennes sont actuellement en service. 

Le service meteorologique s'est rendu compte 
de l'urgence qu'il y avait a prendre conseil aupres 
d 'un expert pour assurer !'organisation des efforts 
et obtenir des eclaircissements sur les problemes 
que souleve !'utilisation de l' energie eolienne, et 
il invita M. E.W. Golding dans ce but, par l'entremise 
de !'Organisation meteorologique mondiale. 

L'utilisation de l'energie eolienne entra dans une 
nouvelle phase avec la venue de M. Golding. Le 
changement profond qui la caracterise, reside dans 
l'emploi d'un aeromoteur producteur d'electricite 
entrainant un groupe de pompes, au lieu de l'ancien 
systeme qui consistait a pFevoir une eolienne a pales 
multiples a la bouche de chaque puits pour en pamper 
l'eau. Le gros avantage du nouveau systeme est 
constitue par la reduction de cout qu'il autorise, 
ainsi que par l'obtention d'un supplement d'energie 
eolienne au sommet des collines, en se rappelant 
que la plupart des aeromoteurs actuellement en 
·service se trouvent a faible altitude, dans des vallees 
protegees par les hauteurs avoisinantes. 

Les recherches menees sur le vent dans la region 
egyptienne ont mis plusieurs resultats utiles en 
lumiere, dont les suivants semblent etre particulie
rement interessants: 

1. La carte des isovents annuels moyens prouve 
que le vent souffle assez frequemment sur les cotes 
de la mer Rouge et de la Mediterranee, sauf a l'ex-

treme Est de celle-ci, ou sa force tombe a mains 
de la moitie de ce qu'elle est sur le reste de la cote. 

2. On a observe que les moyennes mensuelles 
de la force du vent etaient sujettes a d'amples varia
tions mais, en general, que les plus grosses valeurs 
se presentaient au printemps et en ete, avec un 
minimum en automne. 

3. Les variations diurnes de la force du vent se 
conferment au regime normal avec maximum l'apres
midi et minimum de bonne heure le matin, sauf 
pour la cote de la mer Rouge, ou les resultats furent 
assez curieux, avec maximum principal a 9 heures 
du matin. 

4. Les courbes force-duree pour les postes de la cote 
de la Mediterranee presentent la meme forme que 
celles qui furent relevees aux Iles britanniques par 
Golding (note bibliographique l} ce qui indique une 
similitude des regimes du vent. ' 

5. La courbe construite par Golding (note biblio
graphique 3) qui indique les rapports entre le pour
centage des forces du vent inferieures a 4 milles 
a l'heure, ou 6,4 km, et la force annuelle moyenne 
du vent pour divers points du globe, est egalement 
applicable a divers lieux de la region egyptienne. 

6. En etudiant la mesure dans laquelle les donnees 
deja disponibles au service meteorologique p~uvent 
etre utilisees pour les besoins des centrales eohennes, 
on a observe que des moyennes ne reposant que 
sur quatre << observations synoptiques ll prises toutes 
les six heures peuvent donner des indications utiles 
sur le regime des vents en des lieux pour lesquels 
on n'a pas de meilleures moyennes. 

On a observe !'importance du role de l'orographie 
dans !'acceleration et la deviation des vents. Cet effet 
est particulierement sensible sur la cote de la mer 
Rouge. 
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WIND MEASUREMENTS IN RELATION TO THE DEVELOPMENT OF WIND POWER 

J. R. Tagg* 

In developing the wind power potential of any 
isolated or under-developed area, wind measurements 
have to be made for a number of different purposes. 
It is first necessary to establish that the wind flow 
is sufficient to make . its exploitation economic. 
When this has been done, further information will be 
required to guide the designer so that he may make 
the best use of the prevailing wind regime. He will 
also need to know the greatest wind speed which 
wind plant may have to withstand during storms. 
When a wind-driven machine has been constructed, 
it will be desirable to see how closely its performance 
matches up to its design specification in winds of 
different speeds. 

The degree of turbulence present in the natural 
wind will vary with place, with height above ground, 
and with prevailing meteorological conditions. The 
effects of gusts upon wind measuring instruments 
(and upon wind-driven machines) will vary widely 
according to their mechanical design and speed of 
response. Due consideration must therefore be given 
to the characteristics required when selecting an 
anemometer to carry out wind measurements for 
a particular purpose. 

Methods of wind measurement may be considered 
according to the nature of the physical effect u~on 
which they are based. Some of these effects provide 
a measurement which gives true wind velocity; 
others, to a greater or lesser extent, are dependent 
also upon air density. This point is of some import
ance, since the power which a machine can extract 
from the wind is proportional to the rate of change 
of momentum of the air passing through the effective 
working area. 

Complete descriptions of anemometers cannot be 
given. They are to be found in standard works 
on anemometry such as Ower (1), Sheppard (2), 
and others, covering particular instruments. 

Anemometers available 

Anemometers which depend upon the rate of 
dissipation of heat from a body placed in the air 
stream indicate true wind velocity independently 
of air density. The electrically heated ho!-wire 
anemometer is predominant in this class. It is the 
only one likely to be of use for wind power applica
tions, when it may be used for research purposes, 

* The E lectrical R esearch Association, Cranfield, Bletchley, 
Bucks ., United Kingdom. 

the readings of anemometers of other types being 
compared with its indications. 

Since the output response of uncorrected hot-wire 
anemometers decreases with increasing wind speed, 
various linearising devices have been used in control 
equipment. Compensation has also to be made for 
variations of air temperature. Sheppard and Ower 
discuss some of the many contributions which have 
been made on the subject. Deacon and Samuel (3) 
have described one particularly simple method of 
compensation applicable to hot-wire anemometers 
for use in the atmosphere. 

Anemometers which give an indication dependent 
upon air density as well as air velocity, are of two 
kinds. The first makes use of the relationship between 
the hydrostatic pressure and the velocity at _a1_1y 
point in a moving fluid accordin~ to Bernomlh's 
equation. The second operates by virtue of the pres
sure or "drag" exerted by a fluid stream. upon a 
suitably mounted sphere, plate, or other sohd body. 

The Pitot-static tube, the most important member 
of the first sub-group of anemometers, has been 
universally adopted as a standard laboratory in~tru
ment for measuring air-flow. In 1892, it was modified 
by Dines, who devised a form suitable for meteoro
logical use. The Dines anemograph has since been 
used all over the world as a self-contained recording 
instrument. Its response to changing wind velocity 
is severely affected by the volume of air co_ntained 
within the tubes which connect the velocity and 
pressure orifices to the float chambers. Noetzlin 
(1941), and later Sanuki (4), showed how thi~ instru
ment over-estimates the mean wind speed m gusty 
winds. It is particularly unfortunate that pressure
tube anemometers are subject to these errors, as 
they have been used to gain so much information 
on wind flow. 

Modern developments in pressure transducers may 
give the simple Pitot-static tube a new us~ as a re
search instrument in the development of wmd power. 
By their use, reductions may be made in the ~hysical 
size of the head, and in the length and diameter 
of the static and velocity tubes. This will enable 
recordings to be made with improved accuracy and 
frequency response. Insensitivity at low wind speeds 
will, however, remain a disadvantage. 

Other members of the first sub-group of pressure
sensitive anemometers include Venturi tubes, plate 
orifices and shaped nozzles, all o_f which are intende~ 
to measure air-flow through pipes or ducts. Their 
application to wind power is restricted to measuring 

161 



162 11.B.l Wind behaviour and site investigation 

the air flow through wind-driven machines employing 
a pneumatic power transmission system. 

The second sub-group of pressure-sensitive anemo
meters comprises those instruments in which a body, 
freely exposed to the air-flow, is allowed to move 
against gravity or the restraint of a spring. Sherlock 
and Stout (5) produced one successful uni-directional 
ins!rument o~ this type in which a flat plate is held 
facmg the wmd by means of a tail vane. 

l\fore recently, a light perforated sphere has been 
used as the active element in a range of bi-directional 
and omni-directional anemometers. They have been 
developed by the Electrical Research Association 
for research work on wind power (6, 7) . 

By adopting modern techniques, a well-damped, 
stable response to a sudden change of wind speed 
can be completed in less than 0.1 seconds. This 
rapid response has been instrumental in developing 
a successful method for testing the performance 
of wind-driven machines with some precision. 

Amongst velocity anemometers, two groups of 
rotational anemometers are of interest. Because of 
slight bearing friction both types have a speed of 
rotation which depends slightly upon air density. 
The first group includes all the modern variations 
of the Robinson cup anemometer. Certain readily 
available designs have achieved a world-wide status 
as standard meteorological instruments and have 
been used to collect a vast quantity of information 
on wind flow. Because of inertia effects, all instru
ments of this type tend to over-estimate the mean 
wind speed in gusty winds. The error can be large 
at low wind speeds. but becomes less as the mean 
wind speed increases. 

The second group of rotational anemometers in
cludes all types of "windmill" and vane anemometers. 
Unlike the cup anemometer, they have to be held 
to face the wind by a tail vane. This fact complicates 
their mechanical design. As little is known of their 
r esponse to change of direction in gusty winds, 
their use is limited to the performance testing of 
wind plant under steady wind conditions. 

Measurement of wind flow 

A detailed account of the recommended procedure 
to be followed in investigating the wind power poten
tial of an area has been given elsewhere (8). It is 
suggested that cup anemometers be used as they 
are omni-directional, reliable, robust, readily avail
able and cheap. The relative frequency of different 
hourly mean wind speeds may be established by 
cup-contact anemometers connected to recorders 
(see figures 1 and 2) installed at a few widely 
distributed sites. Similar wind-flow conditions may 
be assumed to prevail at a number of potential 
wind power sites immediately surrounding each 
recorder. These sites are equipped with less costly 
cup-counter anemometers which integrate the run
of-wind by means of a six-figure revolution counter. 
Thus the relative wind flow is obta ined for each site 

Figure 1. E.R.A. impulse recorder (Seri ,,,; 2) 
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Figure 2. E.R.A. impulse recorder (Series 3) 

and, with experience, predictions can be made of 
the available wind energy. 

Many years of continuous records for mean hourly 
wind speeds are available from some meteorological 
stations. Current records are most useful for making 
a graphical comparison with the results of the wind 
survey. It has been shown that the annual average 
wind speed can vary by as much as 20 per cent 
above or below the long-term average value. It 
follows that if the comparison can be made on a 
short-term (e.g., 1 year) basis, and the result can 
be related to the long-term average value for a 
met eorological station within the area of the survey, , 
the accuracy of any estimat es will be much improved. 
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Not all meteorological station records are of such 
use. It will often be found that the available figures 
repr~sent aver_age values of a series of spot readings 
?f wmd velocity taken at regular or even irregular 
mtervals. The results are then only of value in giving 
a limited indication of trends. 

Installation of anemometers 

Many workers have, by experiment, sought to show 
that the increase of wind velocity with height above 
ground can be expressed with sufficient accuracy 
by a power law of the form -

vh = Vo h(J. 
where Vo is the mean wind speed at a standard 
height and V h the mean wind speed at a height h. 
This approach is of little value except for winds 
blowing over unobstructed level country. Such a law 
can then only be true in the sense of a long-term 
average value. Short-term relationships are dependent 
upon many meteorological factors and also upon 
the shape of the ground. Nevertheless it is still 
desirable to expose anemometers at a standard 
height and measurements of wind velocity at meteoro
logical stations are generally made at 10 metres 
(33 feet). It is reasonable to adopt this height when 
wind survey measurements are made over level 
country. However, for wind power, the superiority 
of hill-top sites over those on level ground will be 
so marked that they will always be chosen where 
possible. Over most hills, the accelerated air-flow, 
due to the presence of the hill, will persist down 
to within a few feet of the summit. Measurements 
made at 3 metres will not differ markedly from 
similar m easurements made at 10 metres. If, however, 
the hill has an extensive flattened area at the summit, 
the accelerated air will tend to pass well clear of 
the ground. Wind measurements should then be 
made at 10 metres. Installation of cup-counter 
anemometers at the lower level will permit them to be 
read from the ground. This advantage, together 
with the reduced cost of the supporting pole, will 
justify installation at 3 metres wherever the ground 
contours permit. 

It is not unreasonable to point out that anemo
meters should always be mounted at the top of 
a slim supporting structure, so that their indications 
are not influenced by surrounding obstacles. The air 
speed in the wake of a pole a few inches in diameter 
will be appreciably reduced for many diameters 
down-wind. The effect of such a wake upon a cup
anemometer will depend upon whether it strikes 
the cups moving with or against the wind. 

Wind speed recorders 

When the first wind survey was instituted (8), 
suitable recorders were not available and had to be 
developed. Operating conditions at isolated wind 
measuring sites were both unusual and severe, 
but two different types of recorder were evolved 

successfully to meet them. Three factors influenced 
their design. The instrument had to be reliable, i.e., 
robust, when maintained by local observers who 
were not used to handling delicate equipment. 
They had to be economical in their use of energy 
which, because the sites were isolated, had to be 
obtained from batteries. The use of liquid ink as 
a recording medium had to be avoided as it tends 
to be unreliable in changing temperatures and humi
dities. 

The recorder shown in figure 1 is preferred for 
use in areas where long and frequent periods of calm 
weather do not occur. Its operation, which differs 
from almost all other recorders, can be explained 
as follows : a mercury switch, in a cup-contact 
anemometer, makes a brief contact once during 
the passage of one-twentieth of a mile of wind. 
This action energises a solenoid supplied from a group 
of dry Leclanche cells. Movement of the solenoid 
armature operates a ratchet wheel by means of a pawl. 
This movement is then transferred to the narrow 
paper tape by a pegged driving wheel. The gearing 
is such that the paper tape is drawn off the stock 
spool at the rate of one-sixteenth of an inch for each 
mile of wind passing the anemometer. The tape then 
falls freely into a box from which it is re-spooled 
by hand. 

An hourly time switch energises a second solenoid 
from the battery. The armature movement is arranged 
to press a short-endless band of inked typewriter 
ribbon against the paper tape, and so make a mark. 
At the same time, the inked band is moved round 
a short distance to prevent it from drying out at 
one spot. The record is analysed to obtain hourly 
mean wind speeds by measuring the distance between 
successive dots, using a simple scale. In a dead-calm, 
one or more dots may be superimposed. This is not 
likely to happen many times at any site being 
considered for wind power exploitation. Hourly 
marks separated by as little as one thirty-second 
of an inch, corresponding to a wind speed of 0.5 mph, 
can be distinguished clearly. 

The recorder shown in figure 2, also supplied 
from a group of Leclanche cells, is used when the 
indications of more than one cup-contact anemometer 
are to be recorded simultaneously. Four channels 
can be accommodated in this instrument. 

Operation of the mercury switch in the anemo
meter energises a solenoid. Movement of the armature 
is transferred to a disc by a pawl and ratchet wheel. 
The disc has a number of pins around its edge. 
A second electrical contact, operated at intervals 
by· these pins, energises a second solenoid mounted 
above the recorder chart. The chart is driven at 
a suitable rate -in this case three inches per hour -
by a powerful eight-day clock. The clock is also 
arranged to draw a typewriter ribbon across, but 
clear of, the paper chart. Operation of the second 
solenoid produces a dot on the paper chart after 
each two miles of wind have passed the anemometer. 
The hourly mean wind speed can then be obtained 
by counting the spaces between successive dots. 
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Periodically it is desirable to check the ability 
of the cells to supply the short pulses of current 
necessary to operate the solenoids. Even when they 
are nearly discharged, their life can be extended by 
putting another cell into circuit. This should not be 
done too soon as excessive current causes accelerated 
wear on the mechanical parts of the recorder. This 
point is also of importance when the Leclanche cells 
are replaced by lead-acid secondary cells. Care 
should then be taken to ensure that the voltage 
used is not excessive, as secondary cells have a very 
low internal resistance compared with dry cells. 

If ample power supplies are available at the wind 
measuring site, other instruments can be used to 
provide a record which is more convenient to analyse. 
One such instrument, available commercially, will 
print both the hourly mean wind speed and the time 
of day in figures on a paper tape. 

Initially, gaps in the records may cause some 
concern. This is unnecessary if there are sufficient 
readings available from nearby sites. These integrated 
run-of-wind figures should be plotted continuously 
against time as a more or less straight line on graph 
paper. A similar integrated run-of-wind curve should 
be obtained for each recorder as the charts are 
analysed. Should a gap occur, it will then be possible 
to estimate the run-of-wind for the missing period 
by visual comparison with the other nearby sites. 
For periods of a week or less, the error incurred 
will be negligible. 

The estimation of available wind energy 

The characteristic wind flow for any site - its 
wind regime - is conveniently described by a velo
city-duration curve (see curve A in figure 3). This is 
a cumulative frequency curve, or ogive, showing 
the duration in hours for winds exceeding each 
integer value of hourly mean wind speed. It is 
obtained by simple analysis of the charts from either 
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of the recorders described above. Short • ·r periods 
than one hour could be used for the a1 · · lysis, but 
this would greatly increase the labou · required 

, without improving the accuracy. 
By cubing the ordinates of curve A arn ' replott~ng 

them to any convenient scale, the po,Y ,·-duration 
curve B is obtained. The area under • his curve 
then represents the energy in the wind : . the site. 
The units of energy depend upon the sc · :c chosen, 
but they are unimportant as will be see1~ ;ater. 

In comparing the value of one site wi r: t another, 
it is assumed that any windmill whic: may be 
installed operates at constant efficiency and that 
it gives its full output at a wind speed oa (or cb). 
The ordinate cb is cubed and plotti:d as . ed. 
This represents the full output power of the machrne. 
Power is extracted from the wind at all speeds above 
oh (or nm). The corresponding power ordi~ate 
is nk. The specific output of the machine, I.e., 

the energy produced in kilowatthours a year for each 
kilowatt of installed capacity, is now given by : 

(area oedkn) X 8 760 
(area oef g) 

Figure 4 shows how the specific output varies for 
four idealised machines with different operatmg 
limits. These curves have been prepared by analys_ing 
velocity-duration curves for a large number of sites 
having widely different annual average wind speeds. 

Performance of wind plant 

The power in the wind under normal sea level 
conditions is approximately 0.0000053 A v3, where :4 
is the area swept by the rotor of the machine m 
sq ft and v is the wind velocity in mph. Be~z (1927) 
has shown that the maximum fraction of this power 



Wind measurements and power development W/12 Tagg 165 

:Vhich can be extracted by a wind-driven machine 
1.e., the overall power coefficient, is 16/27 or 0.593'. 
If _the actual output power characteristics of a ma
ch1?-e are known from performance tests, a close 
estim~te c~n be mad~ of the energy which such a 
machme will produce m any known wind regime. 

The over-all power coefficient is first calculated 
for valu~s o_f w~nd speed within the working range. 
In practice 1t will vary from zero at the cut-in wind 
speed to a maximum value of probably not more 
than 0.35. In figure 3 the portion "dk" of curve 
B may now be corrected for variation of the over-all 
power coefficient. Each ordinate representing the 
outp~t _power at an integer value of wind speed is 
multiplied by the overall power coefficient at that 
speed. The result is then divided by the over-all 
power coefficient at full output (or maximum power 
output) and plotted to give the corrected power
duration curve C in figure 3. The corrected specific 
output now given by 

(area oedn) X 8 760 
(area oef g) 

is considerably larger than before. This method of 
producing an estimate of energy output has been 
confirmed experimentally by measurements which 
were mad~ on two different wind-driven generators (9). 

A method of obtaining the power output character
istic of a wind-driven machine will be given at 
another session of this conference (10). The author 
also specifies the characteristics required of suitable 
wind measuring and recording instruments. Both 
windmill type rotational anemometers and sphere 
type pressure anemometers have been used success
fully in the past (see figures 5 and 6). The output 

Figure 5. E.R.A. "windmill" anemometer 

• 

Figure 6. E.R.A. miniature gust anemometer 

from either anemometer has been fed into high
speed recorders of the potentiometer-reset type. 
More recently, direct-writing galvanometer recorders 
using ultra-violet light-sensitive recording paper 
have greatly eased the problem of obtaining a 
sufficiently sensitive and rapid response without the 
use of amplifiers. 

Measurement of maximum wind speeds 

Extreme values of wind speed may be recorded 
in several ways. Standard Dines anemographs are 
available for wind speeds up to 150 mph. Cup
generator anemometers - cup anemometers incor
porating an ac tacho-generator - may be fitted 
with specially lightened aluminium alloy cups of the 
accepted standardised shape. Their output may then 
be fed into conventional pen recorders. Alternatively, 
they can be used with maximum indicating AC 
voltmeters to record the maximum wind speeds 
attained during any period. 

The investigation of the maximum wind speeds 
likely to occur in any period is essentially a problem 
dealing with random phenomena. Such information, 
when provided for design purposes, can only be 
expressed in terms of probabilities. The approach to 
this subject should therefore conform to accepted 
statistical methods. It is likely to involve the auto
matic analysis for the probability distribution of 
various wind speeds within appropriate sample 
periods. The Electrical Research Association is cur
rently carrying out a programme of research along 
these lines. During this work it is intended to develop 
the read-out of the sphere type gust anemometer so 
that it may be recorded directly on to magnetic 
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tape in either analogue or digital form. Analysis and 
subsequent computation of the records may then be 
carried out automatically. · 

This paper has attempted to show how the wind 
measurements necessary for the economic develop-

ment of wind power may be most conveniently 
carried out. It is suggested that if the procedure 
described above is adapted to local needs, valuable 
information will be obtained for a relatively small 
outlay of time and money. 
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Summary 

The successful exploitation of wind power calls 
for three types of wind measurement. Sufficiently 
windy sites must be shown to exist. The designer of 
wind plant must be provided with information on 
prevailing wind regimes. The performance of proto
type machines must be assessed in winds of different 
speeds. 

The paper reviews the various types of anemo
meter and examines their suitability for different 
kinds of wind measurement. 

An outline scheme is given for the investigation 
of the wind flow over an area. Comments are made 
on the installation of anemometers. The use which 
can be made of existing wind data is considered in 

relation to the wind measurements actually carried 
out. 

Two specially developed wind speed H',:orders are 
illustrated and described. They are i:articularly 
suitable for continuous operation at isdated sites 
with only a minimum of routine maintenance. 

A method is shown for comparing the value of one 
site with another in terms of specific ou '..put. If the 
power output characteristic of an actu l l machine 
is known, a close estimate can be made c-_, the energy 
which it will produce in a given wind r.Sgime. 

Mention is made of several methods c,f recording 
extreme wind speeds for design purposes. 

MESURES DU VENT PAR RAPPORT AU DEVELOPPEMENT DE L'ENERGIE EOLIENNE 

Resume 

L'exploitation bien conduite de l'energie eolienne 
exige trois genres de mesure du vent. 11 faut d'abord 
s'assurer de lieux ou le vent souffle suffisamment. 
Le realisateur d'une centrale eolienne doit etre pourvu 
de tous renseignements sur les regimes des vents 
regnants. Le rendement de certa~ns prot~types doit 
etre evalue dans des vents de v1tesses d1verses. 

Dans le present memoire on passe en revue les 
divers types d'anemometres et on examine la maniere 
dont ils s'adaptent aux differents moyens de mesure 
du vent. 

On donne un resume en vue de recherches sur les 
courants des vents sur une region donnee. On pre
sente des commentaires sur l'installation des anemo
metres. On etudie l'emploi que l'on peut faire des 

donnees connues sur le vent en relation avec 'les 
mesures reelles actuellement executees. 

On decrit deux anemometres specialement mis 
a:1 point. Ces. dispositifs se pretent particulier~me~t 
b1en au fonchonnement continu en des lieux 1soles, 
avec un minimum d'entretien courant. 

On indique une methode qui sert a comparer la 
valeur d'un site a celle d'un autre en fonction du 
debit specifique. Si la caracteristiqu~ de debit d'ener
gie d'une machine en fonctionnement est connu, 
on peut faire une evaluation serree de l'energie qu'elle 
produira dans un regime donne de vent. 

On _mentionne plusieurs methodes d'enregistrement 
des v1tesses maxima du vent aux fins de la prepa
ration. 
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SURVEY OF EXISTING WIND OBSERVATIONAL INFORMATION 

World Meteorological Organization, Geneva 

It has been estimated that the wind power of the 
atmosphere available for turbines is of the order of 
2 X 1010 kilowatts. The wind is thus a very important 
potential source of energy. The problem is, however, 
to determine to what extent this source of power 
can be used economically. It is generally recognized 
that one of the first steps for this purpose is to obtain 
statistics of wind speeds. 

The ideal statistic for assessment of wind 
energy 

The overall efficiency of a given wind turbine varies 
with the wind speed but the variation is not linear. 
The machine thus starts generating only when a 
certain threshold value of the wind speed is exceeded 
and if on the other hand the wind is too strong, the 
turbine would be subject to increased stress with 
increasing wind speed without a corresponding 
increase in output. The ideal statistic for the assess
ment of wind energy would therefore be one which 
showed the percentage frequency of the time, or 
ranges of duration, in hours when the wind blew 
at different speeds or within different ranges of 
speed. 

It is, however, very difficult to obtain wind statistics 
in this ideal form, first because many of the data 
are discontinuous in the time scale so that exact 
statistics of duration cannot be calculated, and, 
secondly, because even if anemograph records do 
exist, their analysis by breaking down the traces 
and evaluating mean velocities for short intervals 
of time presents a formidable and time-consuming 
task. Although such analysis might be available 
for certain selected meteorological observing stations, 
they would not normally exist for a network of 
stations sufficient to enable an assessment of wind 
energy to be made particularly in arid zone countries. 
In order to obtain a general survey of those localities 
where the utilization of wind energy over a large 
geographical area is of economic value, some simpler 
and more accessible statistics may, however, be used. 

Using the wind data available 

The simplest wind statistic to calculate and one 
which is the most readily obtainable for meteoro
logical services is the mean scalar wind speed. Empi
rical methods may be used with this parameter in 
estimating the specific criteria necessary for an 
assessment of the wind energy potentialities. For 

example, diagrams have been constructed showing 
the percentage of time during which the wind blows 
at speeds in excess of certain specified values over 
a range of annual mean wind speeds. Such diagrams 
have been prepared for stations in South Africa 
and figure 1 was constructed from statistics of wind 
frequencies within specified ranges of speed and the 
respective mean wind speed values for a number 
of different stations where hourly observations have 
been made over a period of years. Golding and 
Stodhart 1 have shown how to obtain a relationship, 
applicable to the British Isles, between annual mean 
wind speed and specific power output (figure 2). 

1 Golding, E.W. and Stodhart, A. H., The selection and character
istics of wind power sites, Electrical Research Association, Tech
nical Report Ref. C/T108. 1952. 
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Figure 2. Graph showing relationship between output 
and mean wind speed. (RWS = Rated wind speed= 
speed at which wind generator gives full power output) 

The mean scalar wind speed may thus be used 
in conjunction with diagrams of the above type 

to obtain an approximate estimate of the wind 
energy potentialities. A very rough estimate on a 
world scale may be obtained with the aid of figures 
3 and 4 which illustrate the mean scalar wind speed 
pattern in metre per second over the globe for January 
and July respectively. 

Regularly published wind measurements 

The best way to obtain wind information in order 
to study the potential wind energy is to write to 
the various meteorological services concerned. Most 
countries publish wind observations together with 
other meteorological elements in monthly or annual 
bulletins which are distributed all over the world. 
However, the delay in publishing observations is 
sometimes considerable and the layout varies very 
much from country to country. In addition, the user 
is not always informed of the method of calculation 
of mean winds or even whether the various stations 
for which wind data are given are equipped with 
wind measuring instruments. Examples of the kind 
of information such bulletins give in so far as wind 
is concerned is shown below for three different 
countries orregions, namely, the West Indies, Thailand 
and the United Arab Republic. 
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Figure 3. Mean scalar wind speed pattern in m/sec - January. (Lauscher - Archiv fiir Meteorologie Geophysik und 
Bioklimatologie, 1951) ' 
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Figure 4-. Mean scalar wind speed pattern in m/sec - July. (Lauscher - Archiv fiir Meteorologie, Geophysik und 
Bioklimatologie, 1951) 

The West Indies Meteorological Service, Trinidad, 
publishes monthly and annual means for a great 
number of meteorological elements in an annual 
bulletin. The mean annual wind speeds listed in 
table 1 are thus taken from this bulletin for 1958. 

Thailand publishes many meteorological data in 
the form of monthly and annual bulletins. The annual 
mean wind in Beaufort is given in a publication 
entitled : "Climatological data for the 10 year 
period 1943-1952" for 24 stations and these data 
are reproduced in table 2. 

The United Arab Republic publishes both an 
annual and a monthly bulletin. In the monthly 
bulletin the frequency distribution of the wind 
direction for certain wind speed intervals is tabulated 
for about 30 stations. There are thus no mean wind 
speeds in this publication. Table 3 contains an 
example of a page from the "Monthly Weather 
Report" for February 1958. 

Special surveys of existing wind observational 
information 

As pointed out above, the annual and monthly 
bulletins do not provide information on all the data 
available. If a more thorough investigation is to be 

Table 1. Mean annual wind speed at 23 stations in the 
West Indies published in the West Indies Meteorological 
Service, climatological summaries, 1958 

Station 

Green Turtle Cay, Abaco . 
West End, Grand Bahama 
Alice Town, Bimini . . . . 
Harbour Island . . . . . 
Windsor Airport, B ahamas 
The Bight, Cat Island. . . 
Mongrove Cay, Andros . . 
Riding Rock, San Salvador 
George Town, E xuma 
Clarence Town, Long Island . 
Albert Town, Fortune Island 
Abra ham's Bay, l\fayaguana I sland 
Duncan Town, Ragged Island 
Matthew Town, Inagua . 
N egri! Point Lighthouse 
Palisadoes Airport . . . 
Morant Point Lighthouse 
Belize, British Honduras. 
Codrington, Barbados . . 
Seawell Airport, Barbados . 
Pearl's Airport, Granada . 
Piarco Airport, Trinidad . . 
Atkinson Field, British Guiana 

Wind 
speed 

in knots 

&.9 
8.2 
8.9 

10.2 
9.1 
7.o 
5.0 

11.4 
10.2 

9.6 
8.7 
8.5 
9.9 
8.0 
3.6 
7.7 
9.4 
4.6 
7.1 

11.7 
8.2 
5 .0 
3.4 
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Table 2. Mean annual wind force at 24 stations in Thailand 
published in climatological data for the to-year period 
1943-1952 

Bangkok .... 
Don :\1uang .. 
Lopburi .... 
Nakhon Sawan . 
Phitsanulok 
Sattahib .. 
Chanthaburi 
Uttaradit 
Chiangmai . 
Chiangrai . 
l\Iae Hongson 
Nakhon Ratchasima 
Ubon Ratchathari . 
Udon Thani .... 
Prachuap Khirikhan 
Songkhla . 
Hua Hin .. 
Chumphon. 
Ban Don .. 
Phuket .. 

Station • 

Nakhon Si Thammarat 
Roi Et ... 
Aranyaprathet 
:\Iae Sot . . . 

W iffd force in 
Beaufort (0-12) 

1.2 
1.5 
1.6 
1.2 
1.0 
2.4 
1.6 
1.2 
0.9 
0.9 
1.3 
1.2 
1.1 
1.1 
2.2 
2.2 
1.6 
1.5 
1.5 
1.1 
1.5 
1. 7 
1.2 
0.8 

a Some of these stations are equipped with anemographs of the Dines Pressure Tube 
Pattern, but there is no indication in the publication as to which of the stations 
have this instrument. 

carried out on the practicability of using wind energy, 
it is necessary to conduct an inquiry with the meteo
rological services concerned. An example of such 
an inquiry is given below. It was undertaken in 
connexion with a symposium on solar and wind 
energy organized by the Government of India and 
UNESCO in the autumn of 1954 and concerned 
mainly the arid and semi-arid regions of the world. 

A large number of countries were requested to 
supply the WMO secretariat with all available wind 
observational information. The result of the inquiry 
was published in WMO Technical Note No. 4 "Energy 
from the wind". This note contains not only the 
results of the inquiry but also a chapter dealing with 
the general principles of wind energy and the first 
part of the present paper is a summary of this chapter. 
The results of the inquiry are presented country by 
country. For each country, a list of wind stations is 
given indicating the latitude, longitude and altitude 
of each station, the period covered by the record 
and whether the record is autographic, instrumental, 
non-autographic or visual. The note also states 
whether the records are published or unpublished. 

Mean seasonal and annual wind speeds are given 
for some of the stations. On the basis of these figures 
and present knowledge of the general circulation a 
brief summary of the wind regime for each continental 
region has been included. No attempt is made in these 
summaries to judge the practicability of tapping 

the wind regime as a source of energy. Such conclu
sions are left for the engineer or the economist and 
the note deals only with the meteorological side of the 
question. 

For the purpose of the present paper it ,.vill suffice 
to give a very brief summary of the data presented 
in the Technical Note. In table 4 the number of 
instrumental stations listed in the note is indicated 
for each country. The number of these stations for 
which mean wind speed values appear in the note 
is also given. The highest and lowest mean annual 
wind speeds reported in each country are listed to 
give a brief idea of the magnitude of the winds. 
The countries are listed by continent. Brazil preferred 
to presP-nt the annual mean wind speeds in the form 
of a map (figure 5) with isopleths of the speeds. 

The summaries of the wind regime for each conti
nental region given in the Technical Note are pub
lished below. 

AFRICA 

The continent of Africa straddles the tropical and 
equatorial zone_s of the globe. Only in the extreme 
south does it truly touch the wind regime of the 
temperate westerlies. 

The northwest and southwest coasts of the conti
nent are exposed to the prevailing circulation around 
the Atlantic sub-tropical anticyclones. The cool 
ocean currents which flow along these coasts cause 
a sharp land sea temperature contrast. This injects 
the offshore component of the wind with new energy, 
creating a vigorous sea breeze effect. 

The picture for the realization of wind energy 
potentialities in the continent of Africa is a promising 
one. Very favourable sites can be found along the 
coasts of Tunisia, French and Spanish West Africa, 
in the Cape Verde and Canary Islands and in Mada
gascar. It is highly probable that similar good sites 
exist throughout the whole length of the African 
coast from Egypt to French West Africa and along 
the western and southwestern coasts of the Union 
of South Africa. Sites could perhaps be found along 
the Red Sea coast which are favourable in certain 
months of the year. All these favourable coastal 
sites possess wind regimes which, particularly in 
summer, are reinforced to a great extent by sea
breeze effect caused by strong insolation. During 
the warm months the winds blow, therefore, with 
fairly steady day-to-day regularity. 

Inland regions are less favourable but possible 
good sites may exist in a number of regions such 
as British East Africa and Sudan. Mean wind speeds 
are lacking for extensive areas so that it is difficult 
to make accurate conclusions here. Nevertheless, 
a glance at the tables for Africa shows that wind 
stations and records are available within meteoro
logical services in a large part of the continent. 
Further conclusions cannot be drawn until these 
data have been studied in detail. 



Table 3 

Wind 
Nmnber in hours of occurrences of wind blowing from the ranges of directions indicated 

District Calm Variable Un- speed 
and {hours) {hours) recorded in All 

static" (hours) knots N NNE NE ENE E E5E 5E SSE 5 SSW SW wsw IV WNW NW NNW direc-
t1:ons 

r:n 
i:: 

Coastal ~ 
tl> 
"< 

1-10 7 9 20 38 117 50 22 8 12 30 24 14 7 9 16 7 390 0 
11-27 1 0 0 0 5 5 4 0 21 40 45 11 5 1 1 2 141 

... 
Jableh. .(A) 137 0 0 28-47 0 0 0 0 0 0 0 0 0 1 2 1 0 0 0 0 4 ~ 

S" > 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Q. 

All speeds 8 9 20 38 122 55 26 8 33 71 71 26 12 10 17 9 535 0 
O" 
(JJ 
tl> 

1-10 l 0 0 0 22 52 15 21 7 48 27 18 4 0 0 0 215 
.., 
< 

11-27 l 0 0 0 10 1 0 l 0 2 0 4 2 0 0 0 21 111 
et 

Bouka 403 0 33 28-47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

= > 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 111 -All speeds 2 0 0 0 32 53 15 22 7 50 27 22 6 0 0 0 236 .... 
::s 
8' .., 

Western Inland 8 
Ill 

1-10 22 52 28 29 45 20 11 20 28 19 9 23 32 11 15 12 376 ... s· 
11-27 4 3 0 0 1 1 0 0 0 0 3 3 7 33 24 12 91 = 

Damascus .(A) 202 0 0 28-47 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 0 3 

> 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
~ All speeds 26 55 28 29 46 21 11 20 28 19 12 26 39 45 41 24 470 -... 

1-10 20 51 93 25 14 0 5 11 18 4 16 13 12 8 8 4 302 
11-27 7 16 21 8 1 0 2 8 17 17 12 3 0 5 3 l 121 

~ Aleppo . (A) 249 0 0 28-47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .., 
> 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -~ 

All speeds 27 67 114 33 15 0 7 19 35 21 28 16 12 13 11 5 423 a:: 
tl> ... 

1-10 38 18 23 51 45 0 1 5 14 8 10 32 38 22 34 33 372 tl> 
0 

11-27 10 7 0 1 0 0 0 0 2 1 8 33 45 5 8 2 122 
.., 
0 

Rama. .(A) 177 0 0 28-47 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 
00. 

;;;, 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ;;· 
All speeds 48 25 23 52 45 0 1 5 16 9 18 65 84 27 42 35 495 e:. 

0 

1-10 0 0 1 13 23 42 21 23 20 7 6 4 5 0 0 0 165 
.., 

00. 

11-27 0 0 2 4 3 0 0 2 8 2 2 5 4 0 0 0 32 111 
::s 

Kharabo 475 0 0 28-47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N° 
Ill 

> 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ... 
0 

All speeds 0 0 3 17 26 42 21 25 28 9 8 9 9 0 0 0 197 = 
1-10 57 15 0 0 0 0 0 0 0 0 28 43 45 4 2 2 196 

11-27 6 0 0 0 0 0 0 0 0 0 7 20 10 0 0 0 43 

Salamiyie . 433 0 0 28-47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

> 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ... 
All speeds 63 15 0 0 0 0 0 0 0 0 35 63 55 4 2 2 239 -..:a ... 
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Table 3 (contini,ed) ~ 

Wind 
Number of hours of occurrences of wind blowing from the ranges of directio"s iildicatcd 

District Calm Variable U11- sp_eed a,ld (hours ) (hours) recorded All 
station (ho«rs) '" SE SSE s SSIV SIV IVSW IV WNIV NIV NNW dfrec-

lwols N NNE NE ENE E ESE 
tions 

W estem Inland 

1-10 l 0 0 0 36 0 0 3 0 8 0 20 0 0 0 0 68 

11-27 1 0 4 0 38 1 0 3 0 0 0 8 0 0 0 0 55 
Fiq 12 0 532 28-47 0 0 0 0 3 0 0 2 0 0 0 0 0 0 0 0 5 

> 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

All speeds 2 0 4 0 77 1 0 8 0 8 0 28 0 0 0 0 128 
.... .... 

1-10 0 0 1 0 26 0 5 0 6 0 2 0 16 0 0 0 56 t:c 
11-27 0 0 4 0 8 0 3 0 1 0 0 0 5 0 0 0 21 .... 

Tell Shihab . 7 0 588 28-47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
> 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 

All speeds 0 0 5 0 34 0 8 0 7 0 2 0 21 0 0 0 77 S' 
Q. 

Desert 
er 
(I) 

::r 
1-10 27 17 21 16 13 0 13 10 12 11 64 62 55 32 37 40 430 ~ 

11-27 2 4 5 0 0 0 0 0 0 16 8 14 4 0 5 58 
.... 

1 0 
r:: 

Palmyra . .(A) 184 0 0 28-47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 '"I 

> 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 "' :i 
All speeds 29 21 26 16 13 0 13 10 12 12 79 70 69 36 37 45 488 Q. 

(/J .... ,... 
El-Gemirah 

(I) 

1-10 3 5 6 12 0 8 19 8 17 51 51 29 22 19 3 12 265 [ 
(I) 

11-27 0 0 1 4 0 0 5 1 2 8 3 2 2 2 1 0 31 (/J 

rt. 
Deir Essor . . (A) 376 0 0 28-47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 IJO, 

"' > 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 rt. 
All speeds 3 5 7 16 0 8 24 9 19 59 54 31 24 21 4 12 296 

0 
:i 

1-10 19 5 l 6 2 ·o 2 0 3 0 2 I 12 2 9 6 70 
11-27 0 0 0 1 0 0 I l 1 0 3 0 1 0 2 1 11 

Raqqa 3 0 588 28-47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

> 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
All speeds 19 5 1 7 2 0 3 I 4 0 5 1 13 2 11 7 81 

North-Eastern 

1-10 79 19 23 41 19 3 1 4 7 10 13 22 8 17 7 72 345 
11-27 112 4 12 18 6 0 0 0 0 0 1 3 I 0 0 33 189 

Qamishlie .(A) 138 0 0 28-47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
> 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

All speeds 191 23 35 59 24 3 1 4 7 10 14 25 9 17 7 106 534 
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Table 4 

Country A lJ Min. (m/s) Max. ( m/s) 

.,,1 frica 

Algeria 6 6 1.4 4.6 
Angola 6 6 1.1 3.6 
British Central Africa 17 17 5.1 
British East Africa 21 JO 2.0 5.4 
British West Africa 52 6 1.4 5.1 
Canary Islands 17 14 2.9 7.4 
Cape Verde Islands 2 2 5.3 5.8 
Egypt 50 5 2.4 5.0 
French Equatorial Africa 11 
French \Vest Africa 2 2 3.1 7.0 
Libya. 10 8 2.7 6.3 
:\fadagascar . JO 6 4.5 8.3 
J\Iadeira 1 l 1.6 1.6 
:\Iozambique 41 
Spanish Guinea 2 
Spanish Morocco 7 l 4.5 4.5 
Spanish West Africa . 2 2 2.5 4.2 
Sudan 14 13 1.5 4.4 
Union of South Africa . 22 18 1.9 6.3 
Tunisia . 12 11 2.6 5.9 

.-!sia 

Arabia 5 5 1.7 5.6 
Burma 11 11 0.7 :u; 
Ceylon 3 3 2.3 4.2 
Hong Kong. l l 3.9 3.9 
India. 18 18 1.4 4.9 
Iran 14 5 0.6 3.8 
Iraq 1 1 4.1 4.1 
Israel 33 10 2.4 5.1 
.i\Iacao 1 1 3.1 3.1 
Pakistan 49 31 0.5 4.0 
Turkey 74 74 0.5 3.8 

, i ifslralia 

,\ustralia 26 2 4.6 7.1 

N orth America 

Canada . 25 25 1.7 6.6 

South America 

Argentina . 31 31 0.6 5.0 
Brazil. 66 (see figure 5) 
Uruguay 22 

A = Total number of instrumental wind stations. 

B = Number of stations for which annual mean wind speeds arc given in the technical note. 
lllin. = The lowest speed in m/s reported from any station. 
l\'lax. = The highest speed in m /s rrported from any station. 

AsIA 

The continent of Asia extends from the equator 
to the polar seas. The main features of the circulation 
from the point of view of steady wind flow are the 
outflow from the Siberian anticyclone in winter and 
the influx of the monsoon across the equator into 
India and South East Asia in summer. Much of the 
continent falls under regimes of light and variable 
winds, particularly during the transition seasons. 

Persistent strong winds may blow along the Pacific 
coast of the continent in winter. Constant north-east 

trade winds blow in winter around the subtropical 
Pacific anticyclone across the Philippine Islands 
and neighbouring seas. 

In summer there are persistent northerly winds 
along the Arctic coast. South-easterly winds al~ng 
the North Pacific coast blow around the Pacific 
anticyclone which has shifted north:vards, following 
the movement of the sun. The Indian S\V summer 
monsoon is stronger than the NE winter monsoon. 
Thus the mean speed for Bombay during the height 
of the former season is 6.3 m/s compared with only 
half that value in winter. 
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Figure 5. Mean annual wind speed in Brazil 

A number of areas appear suitable for the utili
zation of wind energy. Favourable sites should exist 
in India, Pakistan, Israel and along the Arabian 

coast, although the economic generation of power 
for purposes other than domestic may be confined 
in some areas to certain months of the year. 
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AUSTRALIA 

. Aust~alia largely falls under the influences of the 
circulation aro,nnd th~ subt:opical anticyclonic belt. 
The north of tne ~onti~ent 1s dominated by a south
easterly track wmd circulation while the extreme 
so1;1~h and so-:.1 ~h-west extends into the belt of pre
va1hng ~estcrl1~s. The centre of the continent pos
sesses a light ·.ra.nable wi_nd regime. The whole regime, 
so_uth-\yesterly trades m the north, light variable 
wmds 111 the centre, and variable westerlies in the 
south, shifts northwards and southwards with the 
st~n a~cord_ing to . the season of the year. These 
chm~hc wmd regimes are, however, considerably 
modified by clay-to-day variability caused by migra
tory pressure systems. 

Th~ strong s_ca bree~e effects play a very important 
role 111 the wmd regime of the entire coastal belt 
of Australia. This phenomenon is highly developed 
and good advantage may be taken of it in planning 
any project for the utilization of wind energy in the 
coastal areas of this continent. 

NORTH AMERICA 

The northern half of the North American continent 
is largely subject to the wind variability of the tem
perate westerlies. Along the Pacific coast of the United 
States persistent north-west winds blow in summer 
around the c;1stern side of the Pacific subtropical 
anticyclone. The on-shore component south of about 
40°N is intcn:eified by a strong sea breeze effect. 

In tropical latitudes the . trade wind circulation 
produces stea(ly east or north-east winds in exposed 
places. 

Areas most suitable for the utilization of wind 
energy are to be found along the coasts and in the 
region of the Great Plains east of the Rocky Moun
tains where the flat relief affords little obstruction 
to wind flow. Thus the mean wind speeds at Swift 
Current and Churchill show useful values for wind 
energy purposes. 

One of the windiest places in the North American 
area is probably off the south coast of Newfoundland. 
Wind energy meters installed on the French Islands 
of Miquelon and Saint Pierre show annual mean 
totals of 5 800 and 5 250 kw/h/m2 respectively. 

SOUTH AMERICA 

The South American continent extends from the 
northern hemisphere tropics deep into the strong 
westerly belt of the Southern Ocean. General westerly 
winds are observed in all seasons south of about ~O S 
latitude. In all seasons east a~d north-e~st wmds 
prevail along the coast of Brazil from 10 S to the 
equator. The north-east trade winds of the northern 
hemisphere are observed to the north; these are 
stronger and more persistent in the latter half of the 
southern hemisphere summer when the doldrum belt 
is furthest south. 
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Along the coasts of Peru and Chile strong SW 
winds blow around the Pacific subtropical anti
cyclone. The gradient is intensified in summer by 
the sharp temperature contrast between the cold 
ocean current and the hotter inland areas. This 
cold ocean current caused by upwelling, is similar 
to those other currents which are found in subtro
pical latitudes off the western coasts of the continents 
which border the eastern sides of the vast sub
tropical anticyclones. 

Light and variable winds exist over much of the 
central part of the continent but sites offering good 
wind energy potentialities may be found in many 
coastal regions, particularly along the western coast. 
Good sites may also be found south of about 40°. 
Cape Horn, in fact, has long been recognized as one 
of the windiest places. in the world. 

Wind stations set up specially for the 
investigation of wind power potentialities 

So far we have dealt with the type of wind data 
which are published or may be obtained from meteo
rological services. These data should suffice for mak
ing a broad survey of the possibilities of utilizing 
the wind energy in any given country. These data 
would not, however, be sufficient for engineers to 
select sites at which generators should be installed 
or to enable the economist to determine in detail 
the economic aspects of the question. For such a 
purpose it is necessary to carry out detailed field 
investigations. More detailed studies of the wind 
energy possibilities of this nature have been under
taken in many countries and special wind stations 
have been set up. 

In French West Africa, for instance, wind energy 
counters designed for this specific purpose were 
used in the years from 1948 to 1952. Twenty different 
stations were equipped with such instruments. 
Many other countries have undertaken similar inves
tigations, some of which have been sponsored by 
WMO under the Expanded Programme of Technical 
Assistance. 

Conclusion 

It can be seen from this paper that existing wind 
observations are not always available in an ideal 
form for use in wind energy calculations. There is, 
however, a general trend for the climatological de
partments of meteorological services to calculate the 
frequency distribution of meteorological data instead 
of means. Another factor favourable for wind energy 
calculations is the increasing storage of climatological 
data, including wind data on punch-cards. These 
cards greatly simplify the extraction of the wind 
statistics most suitable for this purpose. 
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Summary 

The simplest wind statistic to calculate and one 
which is the most readily obtainable from meteoro
logical services is the mean scalar wind speed. But 
that is not the ideal statistic for the assessment of 
wind energy. Because of the character of the wind 
turbine, the ideal statistic would be one which showed 
the percentage frequency of the time when the wind 
blew at different speeds. It is however shown that 
in order to obtain a very general assessment of the 
wind energy potentialities the monthly or annual mean 
wind speed may be used by utilizing empirical meth
ods. Two examples are given. Figure 1, that has 
been constructed from statistics of wind frequencies 
for stations in South Africa, shows the relation 
between mean annual wind speed and percentage 
frequency of hourly observations exceeding two 
different \\'ind speeds. Figure 2 shows a relationship, 
applicable to the British Isles, between annual mean 
wind speed and specific power output. The mean 
scalar wind speed pattern over the whole earth for 
January and July are given in figures 3 and 4. 

It is pointed out that the best way to obtain 
wind information in order to study the potential 
wind energy in more detail is to write to the various 
meteorological services concerned. The monthly or 
annual meteorological bulletins regularly published 
by most countries may however also be most useful. 
Examples of the kind of information such bulletins 
give in so far as wind is concerned are shown for three 
different countries or regions-namely, the \Vest 

Indies (table 1), Thailand (table 2) and United Arab 
Republic (table 3). 

Example is also given of a special survey of existing 
wind observational information carried out by 
WMO in connexion with a symposium on solar and 
wind energy organized by the Government of India 
and UNESCO in 1954. This survey, concerning 
mainly arid and semi-arid regions of the world, was 
later published as a part of the Wl\10 Technical Note 
No. 4, "Energy from the Wind". A very brief sum
mary of the data presented in this Technical Note 
is shown in table 4 and figure 5. Summaries of the 
~ind regime for each continental region are also 
given. 

The data which are published or may be obtained 
from meteorological services are however not always 
sufficient for engineers to select sites at which genera
tors should be installed. For such purposes it may 
be necessary to carry out detailed field investigations 
by setting up special wind stations. Many countries 
have undertaken such investigations, some of which 
have been sponsored by WMO under the Expanded 
Programme of Technical Assistance. 

Finally attention is called to the general trend 
for the climatological departments of meteorological 
services to calculate the frequency distribution of 
meteorological data instead of means, which together 
with the increasing storage of data on punch-cards 
greatly simplify the extraction of the wind statistics 
most suitable for wind energy calculations. 

ETUDE SUR LES DONNEES DISPONIBLES RELATIVES A L'OBSERVATION DU VENT 

Resume 

L'element le plus facile a calculer des statistiques 
relatives au vent, et celui que l'on peut se procurer 
le plus facilement aupres des services meteorologiques, 
est la vitesse scalaire moyenne du vent. Mais ce n'est 
pas I' element ideal pour I' evaluation de I' energie 
eolienne. Eu egard aux caracteristiques de la turbine 
a air, le renseignement statistique ideal serait celui 
qui nous donnerait la frequence en pourcentage du 
temps pendant lequel le vent souffle et les vitesses 
qui correspondent a ces pourcentages. On demontre 
cependant que pour obtenir une evaluation tres 
generale des possibilites de l'energie eolienne, la 
moyenne mensuelle ou annuelle de la vitesse peut 
etre employee en ayant recours a des methodes 
empiriques. On en donne deux exemples. La figure 1, 
qui a ete etablie d'apres des statistiques relat_ives 
aux frequences du vent pour des postes en Afnque 
du Sud, donne le rapport entre la vitesse annuelle 
moyenne du vent et la frequence en pourc~ntage 
des observations horaires qui depassent deux vitesses 
donnees. La figure 2 indique un rapport applicable 
aux Iles britanniques, entre la vitesse annuelle 

moyenne du vent et le debit specifiq':e d'energie. 
Le regime des vitesses moyennes scalaires du vent 
sur !'ensemble du globe pour janvier et juillet est 
donne a ux figures 3 et 4. 

On souligne que le meilleur moyen d'obtenir. des 
donnees sur le vent afin d'etudier l'energie potentielle 
plus en detail, consiste a se mettre en rapport avec 
les divers services meteorologiques en cause. Le~ 
bulletins meteorologiques mensuels ou annuels qm 
sont publies regulierement par la plupart des pays 
peuvent egalement etre fort utiles. _Des exe:11ples 
du genre d'informations que ces bulletms fourmssent 
en ce qui concerne le vent, sont donnes pour 
trois pays ou regions : les Antilles (tableau 1), ~a 
Thailande (tableau 2), et la Republique arabe ume 
(tableau 3). 

Un exemple est egalemen~ donne d'une etu~e 
speciale concernant les renseignements ayant trait 
aux observations faites sur le vent et preparee par 
!'Organisation Mondiale Meteorologique en liaison 
avec une discussion sur l'energie solaire et celle du 
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vent, organisee par le gouvernement de l'Inde et 
!'UNESCO en 1,9?4. Ce _travail qui_ po~tait principa
lement sur les regions andes et sem1-andes du monde 
a, par la suite, cte publie dans le cadre de la note 
technique n° .J. de !'organisation et intitulee « Energie 
en provenance du vent ». On trouve un tres bref 
sommaire de:,; donnees presentees dans cette note 
technique an tableau 4 et a la figure 5. Des sommaires 
sur le regime du vent pour chaque region continentale 
sont egalemcnt donnes. 

Les donnccs publiees ou que l'on peut se procurer 
aupres des services meteorologiques ne sont cepen
dant pas toujours suffisantes pour permettre aux 
ingenieurs de choisir les sites ou il faut installer des 
centrales eolicnnes. Dans ce but, il peut etre necessaire 
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de proceder a des recherches detaillees sur place en 
organisant des stations anemometriques speciales. 
Nombre de pays ont entrepris de telles recherches 
et certaines d'entre elles ont ete faites sous les aus
pices de 1'01\11\1, dans le cadre du programme elargi 
de l' Assistance Technique. 

Finalement on attire !'attention sur la tendance 
generale, qu'ont le_s divisions climatologi,ques . ?es 
services meteorolog1ques, de calculer la rcparht10n 
en frequence des donnees meteorologiques plutot 
que des moyennes, ce qui, avec l'augmentat~on ?es 
archives constituees par des cartes perforees, s1mphfie 
beaucoup !'extraction des statistiques ayant trait 
au vent qui sont les plus indiquees pour le calcul de 
l'energie eolienne probable. 
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Caracteres fondamentaux de l'energie eolienne 

Il est neccssaire de rappeler tout d'abord les carac
teres propres a l'energie eolienne, ces caracteres ayant 
une influence fondamentale sur la constitution et 
!'utilisation des machines appelees a transformer 
cette energie. 

Deux faits essentiels dominent le prc;,bleme de 
!'utilisation de l'energie du vent : d'une part, la 
grande dilution de cette energie dans l'espace, d'autre 
part, son irregularite considerable et imprevisible. 

On se trouve ici en presence d'une de ces energies 
dont l'apparente gratuite donne toute son impor
tance a l' economie de la construction, le prix de 
revient de l'energie produite, dependant uniquement 
du prix d'achat de l'appareil, de son entretien et du 
temps d'utilisation. 

La puissance totale existant sous forme cinetique 
dans une veine d'air de I m2 de section a 
pour expression : 

Nt = 0,000 613 v3 

la puissance Nt etant exprimee en kW et la vitesse 
du vent v en m/s. 

Le theoreme de Betz indique la • part de cette 
puissance qui est theoriquement recuperable; cette 
part ne represente que les 16/27 de la puissance totale, 
en sorte que l'on obtient comme puissance theori
quement recuperable par m2 de section de vent : 

Nb = 0,000 364 v3 

avec les memes unites que precedemment. 
Il faut enfin tenir compte du rendement de la 

machine. Ce rendement, suivant le type d'appareil 
et la qualite de la construction, oscillera entre 
80 p. 100 pour d'excellentes machines et 50 p. 100 
pour des machines mediocres. 

Il est raisonnable d'adopter comme valeur moyenne 
pour une premiere evaluation le chiffre de 70 p. 100, 
ce qui donne comme puissance effectivement utilisable 
par m2 la valeur suivante: 

Nerr = 0,000 255 v3 

Dans ces conditions et pour un vent de 10 m/s, 
la puissance qu'il est possible de recueillir effec
tivement par m2 de surface balayee est de 0,25 kW 
seulement. Or, un vent de 10 m/s ne s'obtient que 
pour un nombre assez reduit d'heures dans l'annee, 
ce qui diminue d'autant la puissance moyenne 

* Societ e grenobloise d'etudes d'applications hydrauliques, 
Grenoble, France. 

disponible annuellement. Suivant les conditions 
locales de vent, l'energie annuelle disponible par m2 

de surface balayee peut varier entre 100 kWh pour 
des zones faiblement ventees et 500 kWh pour des 
zones fortement ventees. Ces chiffres montrent que le 
prix de la construction de la machine doit etre parti
culierement etudie pour rendre competitif l'emploi 
de l' energie eolienne. 

L'irregularite de la valeur de l'energie disponible 
dans le vent est un autre facteur jouant un role 
tres important sur la conception de la machine 
eolienne. L'irregularite de la vitesse du vent dispo
nible se manifeste de differente maniere suivant 
l'echelle de temps que l'on considere, ainsi d 'ailleurs 
que suivant la dimension de la machine. 

On constate tout d'abord des variations impor
tantes et tres rapides a caractere aleatoire repre
sentant l'effet de la turbulence atmospherique au 
voisinage du sol. Puis, par des enregistrements de 
duree suffisamment longue, on observe des variations 
de la valeur moyenne de la vitesse du vent. Ces 
dernieres variations sont plus directement liees 
aux facteurs meteorologiques. Le premier type d'irre
gularite a une influence considerable sur la resis
tance, et par consequent sur la conception de la 
machine; le deuxieme type d'irregularite a princi
palement une influence sur le mode d'utilisation de 
l' energie eolienne. 

Independamment des irregularites de turbulence 
et des irregularites moyennes affectant le mode 
d'utilisation de l'energie eolienne, un caractere 
fondamental et facheux de cette energie reside dans 
l'ecart considerable existant entre la puissance 
moyenne d'utilisation de la machine et la puissance 
accidentelle qu'elle fournirait en cas de tempete 
si des dispositifs particuliers n'etaient pas prevus. 
11 n'est pas rare de rencontrer des vitesses de vent 
en cas de tempete atteignant cinq fois la valeur de la 
vitesse moyenne pour laquelle la machine est equipee. 
Dans ces conditions, les efforts sur les structures 
fixes sont 25 fois plus forts et la puissance disponible 
dans la veine d'air 125 fois plus forte. On conc;oit 

· des lors la necessite de prevoir des dispositifs parti
culiers pour permettre a la machine de s'adapter a 
des conditions aussi variables. 

Il convient enfin de noter que l'energie eolienne 
disponible est influencee par le relief, en sorte que cet 
element doit etre pris en consideration dans l' etablis
sement d'un projet. 

Principalement dans les regions vallonnees, seules 
les lignes de crete seront utilisables. Il resulte de 
l'effet du relief qu'on peut etre amene a concentrer 
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~es zones de production en quelques points, ce qui 
mflue sur le choix de la puissance a equiper par 
machine. De meme, et pour une raison analogue, 
on peut etre amene a concentrer en quelques points 
les machines eoliennes, cependant que les machines 
receptrices seront reparties suivant les besoins. Un 
cas typique de ce genre sera l'emploi de l'energie 
eolienne pour alimenter des pompes d'epuisement 
dans une region tres vallonnee. Les pompes devront 
etre installees dans les depressions ou le vent est 
faible, cependant que les machines eoliennes seront 
placees sur les cretes. La dissociation obligatoire 
existant dans ce cas entre machines eoliennes produc
trices d' energie et machines receptrices conduit a 
!'adoption d'un moyen de transmission d'energie 
et peut favoriser le groupement de plusieurs machines 
receptrices alimentees par une meme machine 
generatrice d'energie. 

Caracteres fondamentaux du type d'utilisation 
de l'energie 

L'element dominant ce probleme est !'extreme 
irregularite de l'energie du vent. Cet element impose 
dans une certaine mesure le type d'utilisation. 11 
sera traite ailleurs des problemes particuliers de 
!'accumulation de l'energie ou de la combinaison 
avec une autre source d'energie. Neanmoins, on peut 
dire que seuls peuvent etre retenus comme admissibles 
les types d'utilisation qui s'accommodent de l'irre
gularite de la production d' energie. A une epoque ou 
les horaires de travail n'etaient pas fixes ni imposes 
par l'interdependance sociale, !'utilisation de l' energie 
eolienne pouvait adapter son rythme de travail aux 
caprices du vent. Ceci peut etre considere comme 
possible dans certains cas et certaines regions, mais 
dans la grande majorite des cas, il faudra rechercher 
une utilisation qui n'oblige pas le travailleur a 
s'adapter au rythme du vent. Dans ces conditions, 
les utilisations les plus importantes seront celles qui 
offrent naturellement des moyens d'accumulation 
simples ou des moyens de compenser les effets de 
l'irregularite de production. La production d'energie 
electrique et le pompage de l'eau seront tres certai
nement les deux applications principales de l'energie 
eolienne. Il ne serait pas deraisonnable de considerer 
aussi la production directe de chaleur par freinage 
de la roue comme application domestique presentant 
un certain interet par suite de la possibilite d'accu
muler facilement de la chaleur. Ce type d'utilisation 
n' a toutefois pas encore ete envisage de fac;:on indus
trielle. 

Le type d'utilisation de l'energie eolienne joue un 
role dans la conception de la machine et influe de 
deux manieres : 

a) Par la vitesse de l'appareil recepteur necessitant 
ou non un organe multiplicateur de vitesse entre la 
roue de l'eolienne et le recepteur (ce multiplicateur 
sera parfois un reducteur de vitesse pour certaines 
pompes a vitesse lente); . 

b) Par la necessite ou non de regler la vitesse a une 
valeur constante. 

Problemes principaux que pose actuellement 
la mise en ceuvre de 1' energie eolienne 

La technique des eoliennes est deja bien evoluee, 
mais elles ne peuvent pas encore, dans la plupart 
des cas, concurrencer les autres sources possibles 
d 'energie. 11 reste a franchir le cap decisif de l'utili
sation economique. 

L'obtention des conditions economiques favorables 
posera notamment les problemes suivants : 

a) Adaptation des caracteristiques de la machine 
aux conditions de vent et au type d'utilisation; 

b) Choix des dimensions et de la puissance equipee 
par machine; 

c) Repartition de l'energie desiree sur une ou plu
sieurs machines; 

d) Choix du mode de construction, possibilite 
de realisation en serie, emploi de materiaux nouveaux 
(matieres plastiques en particulier); 

e) Adaptation aux conditions climatiques du point 
de vue de l'entretien et de la tenue aux corrosions. 

Dans le domaine des essais, et toujours avec le 
meme souci de realisation economique, il convient 
de fixer les normes pour les petites machines d'une 
part, et pour les grandes d'autre part, ces dernieres 
se presentant generalement d'une maniere assez 
differente par suite de leur emploi en conjugaison 
avec un reseau d'energie. 

Memoires presentes 

C'est l'ensemble de ces problemes qu'il aurait ete 
souhaitable de voir traiter, etant donne l'objet 
particulier de cette Conference. Certains de ces points 
n'ont ete qu'abordes et d'autres ont ete comple
tement ignores; ceci tient sans doute a une parti
cipation relativement faible et malheureusement 
tres incomplete. 

Quatorze rapports ont ete retenus, et les sujets 
traites peuvent etre classes en cinq categories : 

1. Questions d' ordre general et calculs theoriques 
(Sterne, W /30; Hutter, W /31; Santorini, W/37). 

2. Description et experience des grosses machines 
(Juul, W/17; Armbrust, W/34; Kiss, W/36). 

3. Description et experience des petites machines 
(Moriya, W/5; Villinger, W/27; Havinga, W/32; 
Cambilargiu, W /39) . 

4. Essais pour la determination de la puissance 
(Clausnizer, W/3; Delafond, W/9; Morrison, W/24). 

5. Essais pour la determination des efforts 
(Morrison, W/24; Askegaard, W /15). 

I1 est regrettable qu'aucun rapport ne provienne 
de France, ou s'accumulent actuellement les essais 
et les etudes dans le domaine des grosses et moyennes 
machines, de l'URSS, qui possede certainement une 
riche experience sur l' explo;tation des machines de 
moyenne puissance, ni des Etats-Unis, qui, en depit 
de l' experience malheureuse et prematuree de 
Grandpa's Knob, ont commercialise un certain 
nombre de petites machines interessantes. 
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Problemes principaux affectant la conception 
de la machine 

Ce qui vient d'etre vu, tant pour l'energie du vent 
que pour son utilisation, permet d'etablir une liste 
des problemes principaux que souleve la construction 
d'une machine eolienne : 

a) Economie de la construction imposee par 
1' extreme dilution de l' energie eolienne; 

b) Relativement grand diametre de la roue, 
consequence de la dilution de l'energie; 

c) En consequence, vitesse de rotation de la roue 
assez faible, d'ou necessite d'un systeme multipli
cateur de vitesse; 

d) Construction particulierement robuste des pales 
de la roue pour resister aux efforts de turbulence 
en combinaison a vec les variations cycliques d' effort; 

e) Systeme d' eclipsage des pales ou de la roue 
impose par le grand ecart existant entre le vent 
nominal et le vent maximum de tempete; 

J) Regulation de vitesse ou adaptation des carac
teristiques de la machine eolienne aux caracte
ristiques de la machine receptrice. 

A ces six points fondamentaux viennent s'ajouter 
d'autres points a caracteres plus particulierement 
economiques, tels que la determination de la hauteur 
du pylone, de la puissance equipee, du point de 
rendement maximum en fonction des conditions de 
vent, et de la vitesse de rotation de regime normal. 

Choix du type de machine 

On peut dire qu'actuellement a peu pres tous les 
types de machines susceptibles de transformer 
l' energie cinetique du vent en energie mecanique 
utilisable par un recepteur ont ete essayes, en sorte 
qu'il est possible de se faire une opinion sur la valeur 
de ces differents types. Mis a part quelques fantaisies 
mecaniques sans lendemain, les machines utilisables 
se classent en deux grandes categories : 

a) Les machines dont l'axe du rotor est perpen
diculaire a la direction du vent (et de preference 
vertical); 

b) Les machines dont l'axe du rotor est oriente 
suivant la direction du vent. 

Dans la premiere categorie, on rencontre les pane~ 
mones et les rotors genre Savonius. Ces machines a axe 
vertical ont pour elles le grand avantage de ne pas 
necessiter de dispositif d'orientation, pour les mettre 
dans le lit du vent. Le classique anemometre a 
coupelles en est le type le plus simple et le plus connu. 
Cet avantage est toutefois lourdement paye par 
plusieurs inconvenients. La machine ne pouvant 
recuperer qu'une faible partie de l'energie du vent 
traversant la surface balayee, le rotor sera grand 
pour une puissance faible. Les pales traversant deux 
fois le flux d'axe auront une vitesse specifique plus 
flaible que celles des autres machines. A egalite de 
puissance, la vitesse de rotation sera au moins deux 
fois plus faible que pour une machine de l'autre 
categorie: Enfin, il est tres difficile d'imaginer et de 
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realiser pour ces machines un dispositif d'eclipsage 
par grand vent. Toutes ces raisons ont fait abandonner 
les machines du type panemone. Il est tres probable 
9.u'elles ne sont appelees a aucun developpement 
important. Elles peuvent toutefois etre retenues 
pour certaines applications simples de machine de 
petite puissance, du fait de !'absence de dispositif 
d' orientation. 

Les machines a axe parallele a la direction du vent 
sont done les seules machines appelees a un grand 
developpement et pratiquement les seules a etre 
construites actuellement. Il en existe de differentes 
vitesses specifiques, comme nous le verrons. 

Avant d'aller plus loin, il faut faire etat de certains 
dispositifs preconises pour ameliorer les machines 
precedentes en augmentant leur vitesse de rotation. 
Parmi ces dispositifs citons les suivants. 

MACHINE DONT LE ROTOR 
TOURNE AU COL D'UNE TUYERE DE VENTURI 

Ce dispositif a ete essaye a plusieurs reprises; il est 
efficace pour !'augmentation de vitesse, mais irreali
sable economiquement, par suite de la necessite 
d 'orienter dans le vent !'ensemble de la tuyere et du 
rotor. 

EoLIENNES EN SERIE 

Selon cette disposition, l'helice principale comporte 
a l'extremite de ses pales des moulinets de petit 
diametre entrainant directement des generatrices. 
Ces moulinets etant attaques par le vent relatif, 
dont la vitesse est plusieurs fois superieure a celle 
du vent principal, il suffit de leur donner un faible 
diametre pour absorber toute la puissance disponible. 
Ce dispositif ingenieux constitue en somme un multi
plicateur de vitesse aerodynamique, mais on se heurte 
alors a une grande difficulte de realisation par suite 
de la presence de masses tournantes a l'extremite 
des pales principales. 

EoLIENNE A DEPRESSION 

L'emploi d'une helice a pales creuses servant 
de ventilateur aspirant l'air a travers une turbine 
a air directement reliee a la machine receptrice 
constitue egalement un moyen d'accroitre la vitesse 
d'utilisation sans multiplicateur par une voie 
purement aerodynamique. Ce dispositif ingenieux 
a donne lieu a plusieurs realisations dont la der
niere en date est sans doute la machine Andreau 
de 100 kW actuellement installee a Alger (Dela
fond, W/8 et W/9). L'inconvenient grave de cette 
solution reside dans son tres faible rendement. Le 
rendement global est en effet le produit des ren
dements de l'helice, du ventilateur, de la turbine a 
air et de la generatrice. Le rendement propre de 
l'helice est ici plus mauvais que pour une machine 
normale, par suite de !'obligation d'epaissir les profils 
pour obtenir une pale creuse de section suffisante. 
Le rendement de !'ensemble ventilateur-turbine a 
air doit etre compare au rendement d'un multi
plicateur classique a engrenages. Alors que ce dernier 
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presente normalement un rendement de l'ordre 
de 95 p. 100 et plus, par contre l'ensemble ventilateur
turbine a air a un rendement mediocre. Les pertes 
les plus _grandes_ se p_roduisent a la sortie des pales 
creuses a la penphene; toute l' energie cinetique de 
l'air etant pratiquement perdue, le rendement d'une 
telle_ m,achine est_ environ deux fois plus faible que 
celm dune machme normale a entrainement meca
niqu~. I~ en resulte une importante augmentation 
du diametre de la roue pour une puissance donnee 
ce qui fait perdre tres largement l'avantage de 1~ 
simplicite de la transmission. 

D'autres dispositions ont egalement ete envisagees, 
telles que machines contra-rotatives, machines a 
jante et transmission par courroies, etc. 

Toutes ces conceptions, parfois tres ingenieuses, 
doivent etre considerees comme des curiosites · 
les realisations qui en ont ete faites prouvent large~ 
ment leur manque d'economie. Des !ors, la seule 
machine susceptible de developpement et qui a ete 
suffisamment eprouvee par l'experience est la machine 
du genre helice orientee dans le vent et attaquant 
son recepteur soit directement soit par l'inter
mediaire d'un multiplicateur. C'est uniquement de 
ce type de machine qu'il sera question clans la suite 
de cet expose. 

Choix du type de roue 

De meme que dans le domaine des turbines hydrau
liques il est possible de realiser des roues corres
pondant a toute une gamme de vitesses specifiques, 
on caracterise en general la vitesse specifique d'une 
roue par le rapport u/v de sa vitesse peripherique a la 
vitesse du vent. 

II est possible actuellement de pousser fa vitesse 
specifique des roues jusqu'a des valeurs ufv pouvant 
atteindre 10. II ne semble pas qu'une telle valeur 
puisse etre utilement depassee sans mettre en reuvre 
des moyens aerodynamiques vraisemblablement cou
teux, tels que le controle de la couche limite sur les 
pales. II faut noter d'ailleurs qu'un accroissement 
exagere du rapport u/v entraine une diminution 
du rendement par augmentation des pertes relatives 
par frottement. 

Les caracteristiques des roues sont telles que le 
couple moteur diminue, toutes choses egales d'ailleurs, 
quand on augmente la vitesse specifique; en parti
culier, le couple de demarrage diminue tres vite 
quand la vitesse specifique augmente. Pour cette 
raison, on prefere les roues a faible vitesse specifique 
pour l'entrainement des pompes de type a piston qui 
necessitent un fort couple de demarrage et de faibles 
vitesses de rotation. 

Mis a part le cas des recepteurs necessitant un 
fort couple de demarrage, pour toutes les appli
cations ou il y a un recepteur entraine a vitesse 
elevee, on choisira des roues a grande vitesse speci
fi.que. Plusieurs tendances se manifestent dans cette 
voie. II ne faut en effet pas perdre de vue que le 
point essentiel est la realisation d'une machine 

economique; il convient done de determiner tous les 
facteurs affectant l' economie de la construction et la 
vitesse de la roue n' est pas le seul. On peut' ainsi 
etre amene a choisir entre les deux cas extremes 
suivants : 

a) Roue a tres grande vitesse specifique, amenant 
u!1e _red_uction du prix du multiplicateur, mais d'une 
reahsahon plus couteuse par suite du fini d' execution 
des pales et de la qualite des materiaux exiges pour 
leur fabrication; 

b) Roue de vitesse specifique moyenne, alourdis
sant par consequent le multiplicateur, mais d'une 
realisation plus rustique et par consequent moins 
couteuse. 

On ne peut done pas dire qu'il existe une solution 
aerodynamique optimum, et le choix de la vitesse 
specifique de la roue doit rester lie aux possibilites 
de fabrication et a l'economie du mode de construc
tion. Les memoires re<;us presentent deux machines : 
machine de la StudienGesellschaft Windkraft, d'une 
part (Armkrust, W/34), et machine danoise de 
Gedser d'autre part (Askegaard, W/15, et Juul, W/17), 
illustrant assez bien les deux tendances que nous 
venons d'indiquer. L'avantage d'un type par rapport 
a l'autre depend du cadre economique dans lequel 
il se situe (moyens de production du pays construc
teur, importance des series, etc.). 

Dans tous les cas, pour les applications mettant 
en jeu des recepteurs a grande vitesse de rotation, 
il ne semble pas qu'il y ait inten~t a adopter des 
vitesses specifiques uf v inferieures a 4, et les procedes 
nouveaux de construction dont on parlera plus loin 
semblent indiquer que cette limite peut etre plus 
elevee. 

Nous allons examiner maintenant les differents 
elements constituant la machine et les solutions 
generalement adoptees. 

Construction des pales 

Etant donne les vitesses specifiques elevees, le 
nombre de pales est reduit. On a realise en Alle
magne pour de tres petites machines, des roues a 
une pale. La necessite d'un equilibrage constituant 
un poids mort fait perdre beaucoup de son interet 
a cette solution. A titre de curiosite, indiquons le cas 
d'une petite machine a une pale creuse fonctionnant 
suivant le principe de !'aspiration d'air et entrainant 
une petite turbine air avec generatrice electrique 
constituant le contrepoids de la pale unique. 

Le plus generalement, les roues comportent deux 
ou trois pales. lei encore, le debat n' est pas tranche 
entre deux et trois pales. En effet, si deux pales 
conduisent a une realisation plus economique de la 
roue et a une vitesse specifique plus elevee, par contre 
des difficultes de vibration apparaissent comple
tement pour trois pales et au-dela, en sorte que les 
roues a trois pales paraissent d'un fonctionnement 
plus sur et autorisent pour le reste de la machine une 
construction plus rustique. 
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Le trace des pales a fait de grands progres, tant 
grace aux essais en souffierie qu'aux developpements 
des methodes mathematiques de calcul. Les travaux 
de Hutter (W/31), entre autres, donnent a ce pro
bleme une solution tres satisfaisante. 

Les pales subissent des efforts tant du fait de la 
marche normale que du fait des irregularites de turbu
lence et principalement des ecarts en orientation. 
Des efforts alternes importants prennent naissance; 
aussi tous les materiaux utilises pour la construction 
doivent-ils etre capables de resister a un grand 
nombre d'alternances, de flexion et de torsion. 

Les efforts subis par les pales en marche sont main
tenant mieux connus (Morrison, W/24; Askegaard, 
W/15; Juul, W/17). Mais la difficulte des mesures 
est telle qu'il y a encore beaucoup a faire dans ce 
domaine, principalement en vue de la realisation 
des machines de grande puissance. 

La construction des pales est influencee par le 
montage au moyeu (pales fixes, pales orientables) 
dont il sera question plus loin a propos de la 
regulation. Plusieurs types de structure et plusieurs 
materiaux sont utilises. Pour les petites machines 
rapides, le bois est encore assez utilise; c'est d'ailleurs 
un materiau qui, convenablement traite, est tres 
interessant, par suite de son excellent rapport resis
tance/densite (Havinga, W/32). 

Pour les machines plus importantes le metal est 
tres employe (metal coule pour petites pales; metal 
embouti et structures composites pour longerons, 
nervures et revetements), suivant un mode d'uti
lisation derivant de la technique aeronautique. II 
faut bien r econnaitre que les constructions entiere
ment metalliques ne s'adaptent pas toujours aise
ment aux difficultes de la realisation des pales. 

Parmi les materiaux nouveaux, les plastiques et 
principalement les plastiques armes au verre apportent 
des possibilites extremement interessantes pour la 
realisation des pales (Villinger, W /27). Ces materiaux, 
en effet, presentent un bon rapport resistance/densite, 
tiennent bien aux intemperies, resistent conve
nablement aux efforts alternes, et surtout possedent 
d'excellentes qualites de mise en ceuvre. Avec ces 
materiaux, il est possible de realiser sans difficulte 
particuliere les formes imposees par l'aerodynamique 
et de les combiner avec les besoins de la resistance. 
Enfin, et ceci est important, ils n'exigent pas d'outil
lage complique ni de personnel tres specialise. I1 
semble bien que ces materiaux soient appeles a modi
fier completement la technique des eoliennes. Dans 
le domaine des grandes machines, une eolienne de 
100 kW a ete realisee et fonctionne en Allemagne, 
grace aux tra vaux de la StudienGesellschaft Windkraft 
(W/34). En France, une machine de 150 kW a ete 
realisee par Neyrpic et fonctionne de. fa<;:on satis
faisante suivant cette technique. Dans le domaine 
des machines de moyenne puissance, Neyrpic en 
France, a mis au point et construit depuis plusieurs 
annees une serie de machines pour production 
d'energie electrique et pour pompage d'eau, machines 
dont les pales realisees entierement en plastique 
arme au verre ont donne d'excellents resultats. 
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L'emploi des pales en matiere plastique facilite 
considerablement la realisation des machines de 
grande puissance; en outre, par suite de la simplicite 
des moyens de fabrication, sa mise en ceuvre peut etre 
entreprise meme dans des pays a faible industriali
sation. 

Mention particuliere doit etre faite des roues a 
faible vitesse specifique pour machines lentes. Ces 
roues a grand nombre de pales sont generalement 
entierement metalliques, et demontables pour le 
transport. Les pales sont en tole galvanisee emboutie 
ou cintree. Des essais ont ete faits en Inde pour 
remplacer la tole par des produits locaux d'origine 
vegetale. 

Parmi les solutions avantageuses empruntees au 
passe, ii y a lieu de signaler la possibilite non suffi
samment etudiee des roues a voiles (moulins grecs et 
portugais). Ces machines joignent a une grande 
simplicite de construction la possibilite d'un reglage 
et d'un eclipsage efficaces par grand vent en relachant 
la tension des voiles. 

Type d'orientation 

Deux solutions sont en presence : !'orientation 
en girouette, avec soit roue en amont du pylone 
et empennage, soit roue en aval du pylone; !'orien
tation commandee (detecteur de direction, rose des 
vents, demultiplication, etc.), qui peut etre utilisee 
avec roue en amont ou en aval du pylone. 

La mesure des efforts sur les pales du fait du sillage 
du pylone montre que les roues en amont du pylone 
sont plus favorables du point de vue fatigue de la 
pale, mais plus compliquees du fait de la necessite 
d'un mecanisme d'orientation et de !'augmentation 
des efforts d'orientation. Pour les machines de petite 
puissance, qui doivent etre tres economiques, l' orien
tation en girouette avec ou sans empennage s'impose. 
Pour les grandes machines, l'empennage devient 
trop lourd et trop couteux, mais on utilisera indiffe
remment les roues amont et aval. La question des 
oscillations d'orientation avec roue aval montee 
en girouette pure n' est pas encore suffisamment 
eclaircie pour qu'il soit possible de se prononcer en 
faveur de l'une ou l'autre solution. 

Dispositifs de regulation 

Ce dispositif peut avoir deux fonctions a remplir : 
il peut etre utilise comme regulateur de vitesse si la 
machine receptrice l'exige; il sera utilise comme limi
t eur de puissance et limiteur d'effort sur les pales 
en cas de grand vent. 

Le nombre des solutions adoptees est assez grand. 
A part les machines lentes a grand nombre de pales, 
pour lesquelles le principe de l'eclipsage de !'ensemble 
de la roue s' est generalise, on rencontre deux grandes 
classes de solutions : la regulation a pales orientables 
et la regulation a pales fixes. 

La premiere solution utilise une technique analogue 
a celle des helices d'avion a pas variable et des tur-
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bines hydrauliques Kaplan. Elle permet !'adaptation 
de la roue a differentes conditions de vent, et en 
particulier autorise la mise en drapeau par grand 
vent, avec effort minime sur les pales. 

C'est une solution qui presente evidemment une 
certaine complexite mecanique mais donne une 
grande souplesse de manceuvre. La commande des 
pales dans ce cas peut etre faite de differentes manieres 
suivant la qualite du reglage. Elle peut etre auto
matique grace a des systemes de ressort (machines 
Neyrpic) ou a volets Flettner (en URSS); elle peut etre 
sous la dependance de regulateurs classiques de 
puissance ou de vitesse (memoire Armbrust, W/34). 

La deuxieme solution est generalement utilisee 
en combinaison avec des profils autoregulants dont 
les caracteristiques presentent un decrochement 
pour une certaine vitesse. Elle peut egalement etre 
utilisee en combinaison avec des £reins aerodyna
miques commandes par un reglage de vitesse ou de 
puissance (machine danoise de Gedser, voir memoires 
W/15 et W/17) . 

Dans les deux solutions, le reglage resulte d'une 
bonne combinaison des caracteristiques de l' eolienne 
avec celles de la machine receptrice. Ace sujet, il faut 
signaler l'excellente conjugaison qui existe entre 
eolienne et pompe du type centrifuge ou helice, 
l'emploi d'une telle pompe constituant en soi un 
systeme de regulation avec conjugaison optimum 
des rendements (l'emploi d'un frein hydraulique pour 
production d'eau chaude jouit des memes proprietes). 
On peut done dire que le pompage est une utilisation 
remarquablement interessante de l'eolienne si la 
combinaison des caracteristiques a ete convena
blement etudiee. 

Dans le cas d'emploi avec generatrice debitant sur 
un reseau, les echanges de courant magnetisant 
assurent automatiquement le maintien de la vitesse 
constante, en sorte que le dispositif de regulation se 
ramene essentiellement a un limiteur de puissance 
pour grand vent. 

Multiplicateur de vitesse 

Dans la grande majorite des cas, le multiplicateur 
interpose entre la roue et la machine receptrice est 
du type a engrenages a un ou plusieurs trains. La 
technique du multiplicateur a engrenages est main
tenant tout a fait au point et permet d'utiliser des 
appareils d'un rendement excellent et d'une grande 
securite de marche. Ces appareils peuvent etre utilises 
jusqu'a des puissances elevees depassant nettement le 
millier de kW. 

-Les transmissions par chaines ou par courroies 
essayees dans certains cas pour leur rusticite ne 
beneficient pas encore d'une experience suffisante 
dans le domaine des eoliennes pour qu'on puisse les 
considerer comme des concurrents serieux des multi
plicateurs a engrenages. 

A part les machines a aspiration d'air, il n'a pas 
ete fait usage de transmission fluide qui puisse etre 
consideree comme d'un interet industriel. 

Dans le cas de l'entrainement de generatrices a 
courant altematif, on peut envisager !'absence de 
multiplicateurs par l'emploi d'alternateurs a tres 
grand nombre de pales (Kiss, W/36). L'examen de 
cette question ne peut etre aborde que par les cons
tructeurs de materiel electrique. Il ne faut toutefois 
pas oublier que l'emploi d'un multiplicateur permet 
d'utiliser pour la generatrice un materiel de carac
teristiques classiques pouvant generalement etre 
pris sur catalogue, done d'un prix assez reduit, alors 
que l'alternateur a grand nombre de pales sera obli
gatoirement une machine speciale couteuse. 

Pylones 

Le choix du pylone est intimement lie, quant a la 
hauteur, au probleme de la production d'energie 
eolienne et au prix de revient de cette energie, et 
quant a la structure, au probleme delicat des 
vibrations. 

L'interet economique qu'il y a a augmenter la 
hauteur d'implantation de la roue, c'est-a-dire la 
hauteur du pylone, est du a !'existence d'un gradient 
de vitesse du vent en fonction de la hauteur au-dessus 
du sol. Ce gradient depend principalement de la 
nature du sol de la region. Une determination precise 
de la valeur moyenne de ce gradient peut seule 
justifier l'emploi d'un pylone de grande hauteur. 

Normalement, le principal souci est d'elever la 
roue au-dessus de la couche tres turbulente pres du sol. 
Suivant les conditions de relief, cette couche presente 
une epaisseur plus ou moins grande. En moyenne, 
on peut considerer que la hauteur la plus favorable 
pour une machine d'une certaine puissance est de 
l' ordre de grandeur du diametre de la roue. Au sommet 
d'une colline, l'epaisseur de la couche turbulente 
diminuant par effet de relief, on peut adopter une 
hauteur plus faible. Pour les tres petites machines, 
la hauteur du pylone sera de l'ordre d'une dizaine 
de metres, toujours dans le meme but. 

Le type de structure le plus courant est le pylone 
en treillis metallique de fonne pyramidale a quatre 
cotes. L'emploi de fers de corniere est de beaucoup 
le plus economique; la construction en tubes, plus 
avantageuse au point de vue de la trainee clans le 
vent et du sillage, est nettement plus couteuse. 

Toujours en partant de la structure en treillis metal
lique, d'autres combinaisons sont possibles, telles 
qu'un mat avec plusieurs pieds. Une solution un peu 
moins frequente est constituee par un mat haubane, 
le mat lui-meme pouvant etre soit en treillis metal
lique, soit en tube d'un seul element. 

Qu'il s'agisse d'une solution ou d'une autre, une 
etude serieuse des vibrations doit etre faite, surtout 
pour les machines d'une certaine importance. Cette 
etude necessite la determination des frequences 
propres de flexion et de torsion du pylone, etude 
pouvant entrainer des renforcements pour eviter 
la rnise en resonance du pylone sous !'influence des 
efforts alternes dus a la rotation de la roue. 
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Une question importante peut etre soulevee a 
propos du pylone : c'est celle du montage de l'en
s~m?l_e de la machine. 11 peut etre d'un grand inten~t 
d uhhser le pylone lui-meme ou certaines de ses 
parties_ comme moyen de montage. Pour les machines 
de petites et moyennes puissances, le procede de 
montage le plus simple consiste a assembler toute la 
machine au sol, puis a la dresser au moyen d'une 
chevre en faisant pivoter le pylone autour de deux 
de ses pieds. 

Essais 

On considerera, d'une part, les essais ayant pour 
but d'etudier certains elements de la machine ou de 
determiner les efforts auxquels elle est soumise, 
d'autre part, les essais de puissance et de fonction
nement proprement dit. La premiere categorie 
d'essais (memoires de Morrison, W/24, et de Aske
gaard, W/16) est d'un grand inten~t pour le construc
teur ou pour l'aerodynamici.en; la seconde categorie 
(memoires de Clausnizer, W/3, et de Delafond, W/9) 
interesse plus particulierement l'utilisateur. 

La difficulte essentielle des essais de puissance 
reside dans la grande irregularite de turbulence du 
vent, irregularite qui oblige l'experimentateur a faire 
un grand nombre de points de mesure, puis a inter
preter ces resultats pour en deduire des valeurs de 
regime permanent. Independamment de l'irregularite, 
la repartition aleatoire des vents moyens est un 
facteur qui contribue a augmenter considerablement 
la duree des essais. 

Si la mesure d'une puissance sans cesse variable 
pose des problemes assez serieux, la plus grande 
difficulte reside bien dans la determination du vent 
moyen traversant la surface balayee a !'instant ou 
est faite la mesure de puissance. 

Cette determination est sujette a caution du fait 
que la mesure de vitesse de vent ne peut etre faite 
sur toute l'etendue de la surface balayee et que, 
d'autre part, elle est faite a une certaine distance 
de l'emplacement de la roue. Ces considerations 
montrent que les resultats d' essais sont toujours 
critiquables. 11 serait souhaitable, pour reduire la 
duree des essais, de pouvoir effectuer des mesures 
en regime variable. En outre, une meilleure connais
sance de la turbulence du vent parait necessaire. 
11 n'est pas exclu, enfin, que l'on s'oriente, surtout 
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pour les grosses machines, vers une determination 
des caracteristiques uniquement a partir d'essais 
sur modele en soufflerie, comme cela se fait deja 
pour les turbines hydrauliques. Il est en effet beau
coup plus commode de fixer les caracteristiques du 
vent et d'operer en regime permanent. Il est bien 
entendu, toutefois, que le passage des essais en 
soufflerie aux caracteristiques industrielles devra 
faire intervenir un coefficient d'echelle ou une formule 
de passage dans le genre des formules Moody ou 
Ackeret, utilises en hydraulique. 

Sujets de discussion proposes 

1. Influence de la conception et du type de construc
tion sur le prix de revient de l'energie eolienne. 

2. Influence du choix de la dimension et de la 
puissance de la machine sur le prix de revient. 

3. l\fode de fabrication, choix du nombre de 
machines pour une puissance donnee et influence 
de !'importance des series de fabrication sur le prix 
de revient. 

4. Possibilites offertes par l'emploi de materiaux 
nouveaux, principalement dans le domaine des 
plastiques, et possibilite de fabrication locale. 

5. La methode simple d'essai accelere presentee 
par Clausnizer (W/3) comparee a l'enregistrement 
photographique presque continu du tableau d'ins
truments, de Delafond, comme base pour les calculs 
d' etudes techniques. 

6. Les mesures des efforts subis par les pales en 
relation avec la vitesse du vent et la puissance 
obtenue, telles qu'elles ont ete faites par Morrison 
(W /24) et la technique danoise, exposee notamment 
par Askegaard (W/15). 

7. Comparaison des plans d'appareils tres com
plexes avec des plans simples ou meme primitifs : 
modele allemand d'une part (W /31 et W /34) et modeles 
danois et japonais d'autre part (W/13, W/17, W/5) . 
Application de l'aerodynamique au dessin des pales 
par Hutter, s'opposant a la machine de Gedser et 
au moteur japonais de 15 watts avec reglage auto
matique du pas. 

8. Utilisation d'alternateurs synchrones avec prise 
directe dans l'installation experimentale hongroise 
de 200 kW, en vue d'eliminer la transmission a engre
nages. Avantages et inconvenients. 



GR/7 (\V) 

THE DESIGN AND TESTING OF WIND POWER PLANTS 

(Translation of the foregoing report) 

Louis V adot * 

Fundamental characteristics of wind power 

The inherent characteristics of wind power must 
first of all be recalled, since they exert a basic influ
ence on the design and utilization of the machines 
employed to convert it. 

Two essential facts dominate the problem of the 
utilization of wind power: on the one hand, the 
great dilution of this energy in space, and on the 
other, its considerable and unpredictable irregularity. 

We find ourselves here in the presence of one of 
those forms of energy that are apparently available 
without cost, thus making design economy of major 
importance, since the cost of generating useful 
energy depends entirely on the cost of the equipment 
and its maintenance, and on its service life. 

The total power that exists in the kinetic form in 
a current of air 1 m2 in cross section is given by the 
expression : 

Nt = 0.000613 v3 

where the power Nt is expressed in kW and the wind
speed in m/sec. 

The Betz theorem indicates the part of this power 
that is theoretically recoverable - only 16/27 of the 
total power - so that we get : 

Nb = 0.000364 v3 

for the theoretically recoverable power per m2 of 
wind section, using the same units as above. 

Finally, the efficiency of the machine must also be 
taken into account. According to the type of equip
ment and the quality of its design, this efficiency 
will range from 80 per cent for excellent machines 
to 50 per cent for poor ones. 

The figure of 70 per cent may reasonably be 
adopted for a preliminary estimation, giving the 
following value for the effectively useful power 
per m2• 

N err = 0. 000255 V3 

Under these conditions, for a wind-speed of 
10 m/sec, only 0.25 kW can effectively be collected 
per m2 of swept surface. But wind-speeds of 10 m/sec 
occur only a few hours in the year, which further 
decreases the mean annual available power. Depend-

* Societe grenobloise d'etudes et d'applications hydrauliques, 
Grenoble, France. 

ing on the local wind conditions, the annual available 
energy per m2 of swept surface may vary between 
100 kWh for calm areas and 500 kWh for very 
windy areas. These figures show that plant construc
tion cost must be studied with particular care to 
make the use of wind power competitive. 

The irregularity of the quantity of available 
energy in the wind is another factor playing a very 
important part in the design of a wind power 
plant. The irregularity of the available wind-speed 
manifests itself in different ways, according to the 
time scale under consideration, and also according 
to the size of the plant. 

First of all we note great and very rapid variations 
of random nature, representing the effect of the 
atmospheric turbulence near the ground. Then, 
from records of sufficient length, we also observe 
variations in the mean wind-speed, which are more 
directly correlated to meteorological factors. The 
former type of irregularity has a considerable 
effect on the resistance of the wind power plant, 
and consequently on its design as well, while the 
latter type primarily affects the mode of utilization 
of wind power. 

In addition to the irregularities due to turbulence 
and the irregularities of the mean values affecting 
the mode of utilization of the wind power, a fun
damental and unfavourable characteristic of this form 
of energy resides in the substantial gap between the 
mean useful power of a plant and the accidental 
power it will deliver in a storm, unless special 
precautionary measures are adopted. Wind-speeds 
five times as great as the mean design wind-speed 
are not uncommon. Under these conditions, the 
stresses on the fixed structures are 25 times the 
design values, and the power available in the air 
current 125 times as great. The necessity of providing 
special devices to permit the plant to adjust to 
conditions so variable will thus be apparent. 

It should, finally, be noted that the available 
wind energy is influenced by the relief, so that 
this factor must be taken into consideration in setting 
up any project. 

In hilly country, only the ridge lines are fre~ly 
available for extraction of wind power. The relief 
may cause concentration of the production zones 
at a few points, thus affecting the choice of the power 
to be generated per machine. Similarly, and for an 
analogous reason, the wind power plants may be 
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co!lcentrated at several points, while the machines 
usmg the power they deliver are distributed as needed. 
A typical case of this kind is the use of wind power 
to run mine-drainage pumps in very hilly country. 
The pumps must be installed in depressions, where 
the wind is gentle, while the wind power plants 
~re pl_aced on the ridges. The unavoidable separation, 
m this case, of the wind-driven energy producers 
and the energy-consuming machines, leads to the 
adoption of a means of transmitting this energy, 
and may encourage the grouping of several energy
consuming machines fed by the same generator. 

Fundamental characteristics of the type 
of utilization of energy 

This problem is dominated by the extreme irregu
larity of the wind power, which, to some extent, 
imposes the type of utilization. The special problems 
of energy storage, or of its combination with a differ
ent source of energy, will be discussed elsewhere. 
Nevertheless, we may say here that the only types 
of utilization that can be considered acceptable 
are those adapted to the irregularity of energy 
production. In an age when working hours were not 
fixed and not imposed by social interdependence, 
the utilization of wind power could adapt its operating 
rhythm to the caprices of the wind. This may be 
considered possible in certain cases and certain 
regions, but in the great majority of cases one must 
seek a type of utilization that will not oblige the 
worker to adapt himself to the rhythm of the wind. 
Under these conditions, the most important uses 
will be those that offer means of simple storage 
or means of compensating effects of the irregularities 
of production. The generation of electric energy 
and the pumping of water are most assuredly the 
two principal applications of wind power. It would 
not be unreasonable, either, to consider the direct 
generation of heat by braking the rotor as a domestic 
application of a certain interest, in view of the possi
bility of easily accumulating heat, although this type 
of utilization has not as yet been envisaged on an 
industrial scale. 

The type of utilization of wind power affects 
plant design in two important respects. Depending 
on the operating speed of the driven machine, 
a step-up transmission between the windmill rotor 
and the driven machine may or may not be required 
(such transmission may occasionally be a reducer, 
for certain slow-acting pumps). Depending on 
whether or not the speed must be held constant, 
the plant design will be developed. 

The major problems of wind power today 

The technology of wind power plants is well 
developed. They are, however, not yet, as a rule, 
fully competitive with alternative sources of energy. 
They still must round the cape of economic utiliza
tion. 
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Some of the problems raised by the quest for a more 
favourable economic environment are: 

Adaptation of wind plant features to the wind 
conditions and types of utilization. 

Selection of optimum unit size and power output. 
Whether one unit or more than one should be used 

to generate the total energy required. 
Design selection; possible series production; use 

of new materials, especially plastics. 
Design details appropriate to climatic conditions, 

incorporating ease of maintenance and corrosion 
resistance. 

If plants are to be competitive, the test standards 
and procedures must be separately prescribed for 
small and large plants. Owing to their use in a grid, 
large plants as a rule present somewhat different 
features and problems. 

The contributions to this section and the tasks 
before it 

In view of the specific objective of this Conference, 
discussion of this entire complex of problems would 
have been eminently desirable. Some of them, 
however, have barely been touched; others, com
pletely ignored. This is, of course, due to the relatively 
small attendance, and, unfortunately, to the very 
incomplete representation. 

There are fourteen papers before this section, clas
sified by general subject as follows : 

1. General discussion and theoretical calculations 
(Sterne, W/30; Hutter, W/31; Santorini, W/37). 

2. Description of large plants and experience with 
them (Juul, W/17; Armbrust, W/34; Kiss, W/36). 

3. Description of small plants and experience with 
them (Moriya, W/5; Villinger, W/27; Havinga, W/32; 
Cambilargiu, W/39). 

4. Tests to determine power (Clausnizer, W /3; 
Delafond, W/9; Morrison, W/24). 

5. Tests to determine stresses (Morrison, W /24; 
Askegaard, W/15). 

Unfortunately there are no papers from France, 
although large and intermediate-size plants are now 
undergoing testing and research; none from the 
USSR, which has had abundant experience in the 
operation of intermediate-size wind power plants; 
none from the United States, where several interesting 
small plants have been developed commercially, 
in spite of the unfortunate and premature experiment 
at Grandpa's Knob. 

Principal problems related to plant design 

What we have just seen with respect to wind 
energy and wind utilization allows us to formulate 
the following list of the principal problems that 
arise in designing a wind power plant. 

Economy of design, imposed by the extreme dilu
tion of wind power. 

7• 
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Relatively large rotor diameter, in consequence 
of that dilution. Rotor speed is therefore rather low 
making a step-up transmission necessary. 

_Especially strong design of the rotor blades, to 
withstand the stresses of turbulence acting in con
junction with the cyclical variations of stress. 
. System of blanking out the blades or the rotor, 
imposed by the great gap between the rated wind
speed and the maximum wind-speed in a storm. 

Speed control or adaptation of the characteristics 
of the wind power plant to the characteristics of 
the driven machine. 

Other points, more specifically of economic nature, 
are added to these six fundamental points, such as : 

Determination of the tower height; 
Determination of installed power; 
Determination of the point of maximum efficiency 

for varying wind conditions; 
Determination of the normal operating rotor speed. 

Choice of plant type 

We may say today that almost all types of machines 
able to convert the kinetic energy of the wind into 
mechanical energy that can be used by a driven 
machine have now been tried out, so that an opinion 
on the value of these different types can be formul
ated. With the exception of several mechanical 
fantasies with no future, the machines that can be 
used fall into two main categories : 

:\fachines with rotor axis perpendicular to the 
direction of the wind (and preferably vertical), 

Machines with rotor axis kept oriented into the 
wind. 

The first category includes panemones, or vertical
axis machines, especially those whose rotor elements 
run contrary to the wind for one-half revolution, 
and machines with Savonius-type rotors. These 
vertical-axis machines have the great advantage 
of needing no orientation system to hold them in 
the path of the wind . The conventional cup anemo
meter is the simplest and best-known example of 
this type. The advantage of such machines, however, 
is gained at heavy cost, for they also have several 
disadvantages. They can recover only a small part 
of the energy of the wind passing the swept surface, 
so that a large rotor will be required to deliver a small 
amount of power. The blades cross the flux of the 
axis twice, and their tip-speed ratio will thus be 
lower than in other machines. At equal power, 
the rotational speed will be at most half that for 
a machine -of the other category. Finally, it is very 
difficult to design and build a practical furling device 
to protect these machines in high winds. All these 
reasons have led to the abandonment of the panemone 
type, and there will, in all probability, be no major 
development for them. But they may still be ~sed 
for certain simple applications in low-power machmes, 
since they need no orientation system. 

· The machines with axis parallel to the wind 
direction are thus the only machines due for large
scale development, and are practically the only 
machines being built today. As we shall see, there 
are various tip-speed ratios. 

Before going on, we must mention certain systems 
used to improve the above wind machines by 
increasing their rotational speed. Such systems 
include: 

MACHINE WITH ROTOR TURNING AT THE THROAT 
OF A VENTURI TUBE 

This system has been tried a number of times 
It is effective enough in increasing the rotor speed, 
but is uneconomic, since the entire Venturi-rotor 
assembly must be kept oriented into the wind. 

WIND TURBINES IN SERIES 

In this system, the main propeller carries miniature 
windmills on its blade tips, and these drive generators 
directly. Since they are swept by the relative wind, 
which is several times as fast as the principal wind, 
they will be able to absorb all the power available 
even if their own diameter is small. This ingenious 
device amounts essentially to an aerodynamic step-up 
gear system, but is very difficult to realize, owing 
to the presence of rotating masses at the ends of 
the principal blades. 

"DEPRESSION" 'NIND TURBINE 

The use of a propeller with hollow blades acting 
as a suction pump to draw air through an air turbine 
directly coupled to the driven machine is another 
way of increasing the operating speed by a purely 
aerodynamic method, without using mechanical 
gears. This ingenious system has engendered a number 
of embodiments, of which the most recent is without 
doubt the 100 kW Andreau installation now operating 
at Algiers (Delafond, W/8 and W/9). The serious 
disadvantage of this solution resides in its very low 
efficiency. The over-all efficiency is the product of 
the efficiencies of the propeller, the pump, the air 
turbine, and the generator. The efficiency of the 
propeller itself is lower than in a conventional 
machine, since thicker profiles must be used to 
obtain a hollow blade of adequate cross section. 
The efficiency of the combination suction pump
turbine should be compared to the efficiency of 
a conventional step-up gear drive, which is normally 
around 95 per cent or higher, while that of the 
combination is poor. The greatest losses take place 
at the outlets from the hollow blades, at their tips, 
and since all the kinetic energy of the air is practically 
lost, the efficiency of such an inst allation is about 
half that of a conventional assembly with a mechani
cal drive. This r esults in a great increase of rotor 
diameter for a given power, thus largely sacrificing 
the advantage gained by the simplicity of the trans
mission system. , 
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Other systems have also been envisaged, such as 
contrary-rotation machines, machines with wheel-rim 
and belt transmission, etc. 

All these ideas, sometimes very ingenious indeed, 
must be considered as curiosities. Those models 
that have actually been built show them to be, 
for the most part, uneconomic. Thus the only 
machine that can be developed, and has been suffi
ciently tried by experience, is the machine with 
a propeller oriented in the wind and driving its 
generator or other driven machine directly or through 
a step-up gear drive. During the rest of this report, 
we shall be concerned exclusively with this type 
of machine. 

Selection of the rotor type 

Just as it is possible, in the field of hydraulic 
turbines, to build rotors corresponding to a wide 
range of specific speeds, the specific speed, or tip
speed ratio of a windmill rotor, is characterized, 
in general, by the ratio u/v of its peripheral speed 
to the wind-speed. 

The tip-speed ratio of rotors today can be brought 
up to values as high as 10. It does not seem that 
this value can be usefully exceeded without the 
employment of aerodynamic methods, which would 
probably be expensive, e.g., control of the boundary 
layer on the blades. It should also be noted that ~n 
excessive increase of the ratio u/v involves a fall m 
efficiency, owing to the increased relative losses by 
friction. 

The characteristics of rotors are such that, other 
things being equal, the torque decreases with increas
ing tip-speed ratio; in particular, the ~tarting torqi:e 
decreases very rapidly when the hp-spe~d rat10 
increases. For this reason, rotors of low tip-speed 
ratio are preferred for driving piston pumps, ~hich 
require a high starting torque and low rotat10nal 
speeds. 

Except for driven machines requiring a high 
starting torque, rotors of high tip-speed ratio will_be 
chosen for all applications involving a m~chn:~e 
driven at high speed. There are several trends m this 
general direction. One must not lo~e sight of t~e 
fact that the essential object is to realize an economic 
machine; all the factors affecting the economy of 
the design must therefore be determined, and the 
rotor speed is not the only such factor. We may 
thus have to choose, ultimately, between the following 
extreme cases : 

Rotor of very high tip-speed ratio, decreasing 
the cost of the step-up gearing, but which itself 
will be more expensive to build, owing to the blade 
design and to the quality of the materials required 
for the blades. 

Rotor of moderate tip-speed ratio, requiring a 
heavier step-up gearing, but simpler, and thus less 
costly to build. · 

Thus, no optimum aerodynamic solution may be 
said to exist, and the choice of the tip-speed ratio 
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must remain linked to the manufacturing possibilities 
for the rotor, and to the economy of its mode of 
construction. The papers received by this section 
present two machines that are good illustrations 
of these two tendencies : the machine developed 
by Studiengesellschaft Windkraft (Armbrust, W/34) 
and the Danish machine at Gedser (Askegaard, 
W/15 and Juul, W/17). The advantage of one type 
over the other depends on the economic background 
of the situation (means of production of the country 
in question, number of units in a manufacturing 
series, etc.). 

In all cases, for applications involving high-speed 
driven machines, there would appear to be no 
advantage in adopting tip-speed ratios u/v under 4, 
and the new design procedures to be discussed below 
seem to indicate that this limit might be set still 
higher. 

We shall now examine the various elements com
posing the machine, and the solutions that have been 
generally adopted. 

Blade design 

In view of the high tip-speed ratios, the number 
of blades is small. Single-blade rotors have been built 
in Germany for very small machines. The need .for 
a balancing element, which was a dead weight, 
considerably attenuated the initial interest in this 
solution. We may mention, as a curiosity, a small 
machine with a single hollow blade operating on 
the air-suction principle, and driving a small air 
turbine with electric generator, constituting the 
counter weight for the single blade. 

In most cases rotors have two or three blades. 
Here again argument has not yet been settled 
between two-blade and three-blade partisans. While 
two blades improve the economy of rotor design 
and increase the tip-speed ratio, difficulties due 
to vibration do, by and large, appear during orienta
tion. These difficulties disappear completely for three 
blades or more, so that three-blade rotors operate 
more reliably and allow a more primitive design 
for the rest of the machine. 

The blade layout has registered great advances, 
owing to wind-tunnel tests and the development 
of mathematical methods of calculation. The work 
of Hutter, among others, has given a very satisfactory 
solution to this problem (Hutter, W/31). 

The blades are subjected to stresses due to normal 
operation, to irregularities of tur~ulenc~, ':nd, 
principally, to deviations from true onentat10n 1?to 
the wind. Maj or alternating stresses also anse ; 
and all the materials used must consequently be 
capable of withstanding a large number of alternating 
stresses in flexure and in torsion. 

The stresses to which operating blades are subjected 
are better known today (Morrison, W /24; Askegaard, 
\V/15; Juul, W/17). But the measurements a:e so 
difficult that much still remains to be accomplished 
in this field, primarily in view of the realization 
of high-power installations. 
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Blade design is affected by the hub mounting 
(fixed or orientable blades), which will be discussed 
later in connexion with the question of regulation. 
Various structural types and various materials are 
employed. Wood is still rather generally used for 
small, high-speed machines, and is a material 
which, if appropriately treated, is of great interest 
for this purpose, owing to its excellent strength/ 
density ratio (Havinga, W/32). 

Metal is very widely used for larger machines 
(castings for small blades; stampings; composite 
structure : spar-ribs-skin) according to a mode of 
utilization derived from the aircraft industry. It must 
be admitted frankly that all-metal designs are not 
always easily adapted to the difficulties of blade 
construction. 

Among the new materials, the plastics, primarily 
the glass-reinforced plastics, afford extremely interest
ing possibilities for blade building, e.g., Villinger 
(W/27). These materials have a good strength/density 
ratio, they behave well in storms, have an appro
priate resistance to alternating stresses, and, above 
all, possess excellent fabricating properties. With 
these materials, the intricate shapes dictated by 
aerodynamics can be formed with no particular 
trouble, and the strength requirements can at 
the same time be met. Finally, and this is important, 
they need neither complicated tooling nor particularly 
specialized personnel. They seem to be destined 
completely to modify the present wind-machine 
technology. In the field of large machines, a 100 kW 
wind power installation has been built in Germany 
ubder the sponsorship of Studiengesellschaft Wind
kraft (W/34), and is now operating. In France, 
Neyrpic has built a 150 kW plant by this technique, 
and it is now operating satisfactorily. In the medium 
power field, Neyrpic in France has also developed 
and built a series of machines, during the last few 
years, for generating electric power and for pumping 
water. In these medium-power plants, all-plastic 
blades, glass reinforced, have given excellent results. 

The use of plastic blades considerably facilitates 
the construction of high-power installations. Further 
than that, the simplicity of the fabrication methods 
and equipment puts their installation within the 
reach of even the most unindustrialized countries. 

The low-speed rotors specifically designed for 
slow wind machines should be particularly mentioned 
here. These rotors have a large number of blades, 
are usually of all-metal sectional construction, and 
can be disassembled for shipment. The blades are 
made of stamped or deep-drawn galvanized iron. 
Experiments have been made in the Indies with 
a view to replacing tl}e sheet metal by local products 
of vegetable origin. 

Among the advantageous solutions borrowed from 
the past, particular attention should be drawn to 
the possibility of using sail r?t?~s (Gre~k and Portu
guese windmills) - a poss1b1hty which has been 
nsufficiently studied. Such machines combi:1e very 

simple design with the possibility of regulation and 

efficient furling in high winds by simply relaxing the 
tension of the sails. 

Type of orientation 

There are two solutions : 
Orientation by means of a wind-vane, with the 

rotor either upwind of tower and empennage or 
downwind of the tower. 

Orientation by automatic command (direction 
detector, wind rose stepdown device, etc.) which 
may be used with the rotor upwind or downwind 
of the tower. 

Measurements of the blade stresses due to the 
shadow of the tower indicate that rotors upwind 
of the tower are located more favourably with 
respect to blade fatigue, but also involve more 
complications in connexion with the orienting 
mechanism required, and with the higher orienting 
stresses. Low-power machines must be very economi
cal, and a wind-vane orientation system, with or 
without an empennage, must be used. The empennage 
becomes too heavy and too expensive in large ma
chines, but rotors upwind and downwind of the tower 
are used indifferently in such cases. The question 
of oscillations in orientation with a downwind rotor 
mounted as a pure wind-vane has not yet been 
sufficiently elucidated to make a definite pronounce
ment in favour of either solution possible. 

Regulating systems 

This system may have two functions to perform: 
It may be used as a speed control if the driven 

machine requires one. 
It will be used as a power-output governor and 

a blade-stress limiter in high winds. 
The number of different solutions adopted is 

rather large. Except for the slow multi-blade 
machines, for which the principle of blanking-off 
the entire rotor assembly has been generalized, 
we meet two great classes of solutions : 

Regulation with orientable blades; 
Regulation with fixed blades. 
The former solution makes use of a technique 

analogous to that of variable-pitch aircraft propellers 
or of Kaplan hydraulic turbines. It permits adapta
tion of the rotor to various wind conditions, and, 
in particular, it allows feathering in a high wind, 
with minimum blade stress. 

This is obviously a solution of a certain mechanic~! 
complexity, but it does give a high degree of flexi
bility. The blades may be controlled in various ways, 
according to the control system adopted. Contr?l 
may be automatic, using spring systems (Neyrp1c 
machines) or Flettner blinds (USSR machines); 
it may also depend on a conventional power governor 
or constant-speed governor (Armbrust, W/34). 

The latter solution is generally employed in com
bination with auto-regulating profiles having charac-
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teristics that cause disengagement of the system 
~t a pre<:1ete:mined wind-speed. It may also be used 
m combmat10n with aerodynamic brakes, actuated 
by a speed or power governor (Danish plant at 
Gedser, W/15 and W/17). 

In both solutions, the regulation results from a 
good combination of the characteristics of the wind 
machine with those of the machine it drives. In this 
connexion, we must call attention to the excellent 
co-ordination between a wind power plant and a 
centrifugal or propeller pump, since the use of such 
a pump in itself constitutes a control system with 
optimum combination of efficiencies (the use of 
a hydraulic brake to produce hot water enjoys· 
the same properties). Pumping may thus be said 
to be a remarkably interesting utilization of a wind 
machine, provided the combination of characteristics 
has first been properly studied. 

If the wind power plant is used with a generator 
feeding a network, the exchanges of magnetizing 
current will automatically maintain constant speed, 
so that the regulating system reduces essentially 
to a power-output governor for high winds. 

The step-up drive 

In the great majority of cases, the step-up drive 
interposed between the rotor and the driven machine 
is of the gearing type, with one or several trains. 
The technique of step-up gearing is now completely 
developed, and permits the use of transmissions 
with an excellent efficiency and very great reliability 
of operation. These transmissions may be used up 
to high power levels, considerably in excess of 
1 000 kW. 

The chain or belt transmissions that have been 
tried in some cases for their simplicity have not yet 
been used sufficiently in wind power work to allow 
them to be considered serious competitors of step-up 
gear transmissions. 

Except for air-suction, "depression" machines, 
there has been no use of hydraulic transmissions 
that could be considered of industrial interest. 

In cases involving an a.c. generator, its use 
without step-up gearing may be envisaged if an 
alternator with a very large number of blades 
is used (Kiss, W/36). This question can be examined 
only by designers of electrical equipment. It should 
not be forgotten, however, that the use of step-up 
gearing permits the use of a generator with conven
tional characteristics that can generally be ordered 
from a catalogue, and is therefore priced rather low, 
while an alternator with a large number of blades 
is necessarily an expensive special-order machine. 

Towers 

The choice of the tower is intimately connected 
with two problems : its height, with the problem 
of the production of wind-generated energy and of 
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t~e generating cost of that energy; its structure, 
with the delicate problem of vibration. 

The economic advantage of increasing the height 
of the rotor, that is, the height of the tower, is due 
to the existence of a velocity gradient of the wind. 
This gradient depends primarily on the nature of 
the ground of the region. The use of a very high 
tower can be justified only by a precise determination 
of the mean value of this gradient. 

Normally, the major concern is to elevate the rotor 
above the very turbulent layer close to the ground. 
The thickness of this layer varies with the relief. 
On the average, it may be considered that the most 
favourable height for a machine of a certain power 
is of the order of magnitude of the rotor diameter. 
At the top of a hill, where the thickness of the tur
bulent layer is decreased by the effect of the relief, 
the height chosen may be lower. For very small 
machines, the height of the tower will be of the order 
of ten or twelve metres or so, always with the same 
object. 

The most usual type of structure today is the metal 
latticework tower, of four-sided pyramidal shape. 
The use of angle irons is much more economical, 
while the construction with metal tubing, which 
is more advantageous with respect to tower shadow 
in the wind, is distinctly more expensive. 

On the basis of the metal latticework structure, 
other combinations are possible, such as a mast 
with several feet. A mast with guys is a solution 
somewhat less frequent. The mast itself may be 
of metal latticework or consist of a single-element 
tube. 

Whatever the solution finally adopted, a serious 
vibration study must be made, especially for machines 
of a certain size. Such a study requires the determina
tion of the natural frequencies of the tower in flexure 
and torsion, and may indicate the need for reinforce
ments to prevent resonant vibration of the tower 
under the action of the alternating stresses due 
to the rotation of the rotor. 

An important question may be raised in relation 
to the tower : that of the installation of the assembled 
machine. It may be of great advantage to utilize 
the tower itself, or certain of its parts, as a means 
of mounting. For low and medium power machines, 
the simplest installation procedure is to assemble 
the whole machine on the ground, and then hoist 
it into place with a windlass, pivoting the tower 
about two of its feet. 

Tests 

\Ve shall now consider tests performed to study 
certain machine elements or determine the stresses 
on the machine, and, on the other hand, power tests 
and operating tests proper. Tests of the former 
class - Morrison and Askegaard papers (W /24 and 
W/16) - are of great interest to the designer or 
aerodynamicist, while those of the latter class 
- Clausnizer and Delafond (W/3 and W/9) - are 
of more particular interest to the user. ' 
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The essential difficulty of the power tests resides 
in the great irregularity of the turbulence of the wind, 
which compels the experimenter to make a large 
number of measurements and then to interpret the 
results to infer the steady-state values. In addition 
to the irregularity, the random distribution of the 
mean wind is another factor that helps considerably 
to lengthen the required testing period. 

While the measurement of a ceaselessly varying 
power itself poses rather serious problems, the greatest 
difficulty of all is in the determination of the mean 
wind crossing the swept surface at the instant the 
power is measured. 

This determination can be accepted only with 
caution, since the wind speed cannot be measured 
over the entire swept surface, and, on the other hand, 
it is made at a certain distance from the rotor 
position. These considerations show that test results 
can always be criticized. To shorten the testing 
period, it would be desirable if measurements could 
be made under variable conditions. A better know
ledge of the turbulence of the wind would likewise 
seem essential. Finally, it is not at all out of the 
question that a trend may develop, especially in 
the case of large machines, toward the determination 
of the characteristics on the exclusive basis of wind
tunnel model tests, as is already being done on 
hydraulic turbines. It is, indeed, far more convenient 
to fix the characteristics of the wind and to operate 
under constant conditions. It goes without saying, 
however, that in passing from wind-tunnel tests 
to industrial characteristics, one must use a scale 
factor or a formula like the Moody or Ackeret for
mulas now used in hydraulics. 

Suggested topics for discussion 

I. Effect of plant design and type on generating 
cost. 

2. Effect of plant size and power on generating 
cost. 

3. Effect on installed cost of method of manu
facturing and installing plant, of the number of units 
used for a given power output, and of the number 
of machines in a factory series. 

4. Possibilities afforded by using new materials, 
especially plastics; and possible local manufacture 
of plant components. 
· 5. The simple accelerated test method presented 
by Clausnizer (W/3) as compared with the Delafond 
almost continuous photographic record of the in
strument panel as a basis for engineering calculations. 

6. Blade-stress measurements correlated to wind
speed and power output by Morrison (W/24) and 
the Danish technique- amongst others, Askegaard 
(W/15). 

7. Highly sophisticated versus simple or even 
primitive design, as exemplified in the German 
model (W/31 and W/34) on the one hand, and the 
Danish and Japanese models (W/13, W/17 and W/5) 
on the other. Application of aerodynamics to blade 
design by Hutter contrasted with the Gedser mill 
and the 15 Watt Japanese development with auto
matic pitch adjustment. 

8. Use of direct-driven synchronous alternators 
in the 200 kW Hungarian experimental plant to 
eliminate transmission gears. Advantages and dis
advantages (W /36). 
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Resume du rapporteur 

Si les problemes ayant trait a la construction des 
1:1achines eoliennes ont ete groupes sous le meme 
titre II.B.2 de l'ordre du jour, il faut preciser des 
l'abord qu'ils debouchent en fait sur deux perspec
tives differentes. 

La premiere est d'ordre physique et technique, la 
seconde d' ordre economique. 

La premiere question qui se pose en effet au 
constructeur est bien une question de possibilite 
~hysique : « Est-il possible de prelever l'energie cine
hque du vent a des fins utilitaires? )) La reponse, 
certes, nous est donnee depuis des siecles. Mais, 
allant plus avant, cette question se precise et devient: 
« Les connaissances de la physique et les moyens de 
la technique permettent-ils de construire des aero
moteurs pour repondre aux besoins energetiques 
actuels dans leurs qualites et dans leurs quantites? n 

La seconde question touche a l'economie, c'est 
encore un probleme de possibilite non plus physique 
cette fois, mais financiere. Dans le cas de l'energie 
eolienne qui nous preoccupe ici, c'est en effet au 
constructeur que sera pose le probleme puisqu'il 
possede les principaux elements permettant de 
l'attaquer et eventuellement de le resoudre et que, 
de ce fait, il sera tenu pour principal responsable du 
prix de l'energie eolienne, qu'il s'agisse du capital 
necessaire a l'achat et a l'erection de l'appareil, OU 

de sa duree de vie et de ses frais d'entretien. Formu
lons done la seconde question : « Est-il possible, 
dans l'etat actuel des connaissances scientifiques et 
techniques, de construire des aeromoteurs dont 
l'emploi puisse etre raisonnablement envisage en 
concurrence avec les autres moyens de production 
d'energie, et dans quels cas ces appareils peuvent-ils 
etre utilises? )) 

Voila fixes quelques-uns des reperes marquant le 
cadre dans lequel nous avons eu et nous aurons encore 
a travailler. Pour terminer la definition de ce cadre, 
quelques mots doivent etre dits sur la dimension des 
appareils dans ses rapports avec les champs possibles 
d'application aux regions developpees ou sous-deve
loppees. On sera peut-etre surpris que ces mots soient 
pris comme conclusion et non comme introduction 
de nos travaux. Cependant, la nature d'une bonne 
partie des communications faites montre qu'il 
convient d'y revenir. 

Une classification simple permet de repartir les 
appareils dans les groupes suivants : 

1. Les grosses machines d'une puissance de I' ordre 
de la centaine de kW, pouvant aller jusqu'au millier 
de kW, machines utilisables seulement pour la pro
duction d' energie electrique. (Qu'il s'agisse de la 

construction ou des essais, six communications trai
taient de ces appareils.) 

2. Les machines moyennes d'une puissance com
prise entre 5 et 20 kW environ, puissance telle qu'elle 
necessite certains organes de reglage apparentes a 
ceux du groupe precedent. Ces machines seront appli
cables a des usages multiples, mais principalement 
a la production d'energie electrique et au pompage 
de l'eau. (Il n'y a pas eu de communications faites 
specialement sur ce sujet, mais comme nous le ver
rons, certaines communications ont aborde des sujets 
techniques qui s'y rattachent.) 

3. · Les petites machines d'une puissance inferieure 
a 5 kW, ne comportant que des organes de reglage 
rudimentaires et dont les principales applications 
sont le pompage de l'eau et la production de petites 
quantites d'energie electrique (trois communications 
avaient directement trait ace sujet). · 

Les zones possibles d'application ont ete claire
ment fixees. Mettons-les tout de suite en parallele 
avec les groupes d'appareils que nous venous de 
definir. 

Les zones possedant un reseau d'interconnexion ne 
seront interessees que par les machines de grande 
puissance. 

Les zones caracterisees par la presence de petites 
centrales locales ou de communautes a besoins moyens 
en energie seront interessees par les machines 
moyennes et eventuellement par les petites machines. 

Les zones depourvues de source d'energie s'inte
ressent surtout aux petites machines et eventuelle
ment aux moyennes, mais certainement pas aux 
grosses. 

Or, les efforts de cettc conference doivent se porter 
surtout vers l'equipement des zones pauvres en ener
gie; il n' est done pas in utile de reprendre a la fin de 
nos travaux des mots que la logique aurait places 
a leur debut. 

Parmi les communications faites : 
Deux portaient sur des questions d'ordre general 

relatives a la theorie et au calcul des aerogenerateurs, 
sous l'angle de la mecanique des fluides ou de !'appli
cation a la production d'energie electrique; 

Trois donnaient la description technique de 
machines de grande puissance ou de dispositifs de 
rcglage appliques a ces machines; 

Deux traitaient des essais de puissance de ces 
machines, cependant que deux autres communica
tions exposaient les methodes ou les resultats d'essais 
de repartition d'efforts clans les pales ou clans le 
mecanisme d'orientation d'aerogenerateurs; 
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Une communication se rapportait a un probleme 
technique et aerodynamique relatif a !'orientation; 

Trois autres s'en tenaient aux petites machines : 
l'une rappelant que les techniques de nos ancetres 
n'etaient peut-etre pas depourvues d'interet; les deux 
dernieres, enfin, donnant des descriptions de petites 
machines presentant une experience et des elements 
originaux. 

Les interventions au cours de la seance technique 
ont porte en grande partie sur des problemes meca
niques ou aerodynamiques ayant trait a l'emploi de 
machines a grande vitesse specifique; et sur les 
methodes d'essais de puissance d'aerogenerateurs 
couples sur un reseau. Des cliches projetes nous ont 
presente certaines machines, dont l'une en particu
lier, a la limite entre moyenne et grande puissance, 
merite par sa simplicite de conception de retenir 
!'attention. Un orateur, faisant appel aux liens de 
parente qui unissent les differents membres de la 
grande famille des fluides, a propose une application 
extra-eolienne des aerogenerateurs, ouvrant ainsi la 
voie a une source d'energie hydraulique constituant 
en quelque sorte une etape prealable a l'equipement 
des grands fleuves ou des courants marins. Quelques 
interventions ont porte sur des problemes relatifs aux 
petites machines ou sur leur utilisation. N'oublions 
pas de dire d'ailleurs que fort opportunement fut 
evoque a plusieurs reprises la necessite d'une orien
tation vers la simplicite. Une intervention enfin nous 
a fait connaitre, avec cliches a l'appui, les grandes 
lignes de la technique et de l'emploi des matieres 
plastiques armees au verre (fiberglass - plastic) pour 
la construction des pales d'helice. 

Que retenir de cet ensemble? 
Tout d'abord, et pour repondre a la premiere ques

tion formulee au debut de cet expose, il est mainte
nant acquis que la construction d'aerogenerateurs 
des plus petites puissances jusqu'a des capacites 
depassant largement la centaine de kW ne pose plus 
de problemes fondamentaux. 

Dans le domaine du calcul et de l'aerodynamique 
theorique, les connaissances acquises, si elles ne sont 
pas definitives (elles ne le sont d'ailleurs jamais), 
sont suffisamment avancees pour etre utilisables d'une 
maniere quasi-routiniere et pour qu'il n'y ait plus de 
surprise a attendre. 

Dans le domaine de l'aerodynamique experimen
tale et des travaux de souffierie, on est egalement 
suffisamment avance pour dire que les progres a 
attendre ne seront que tout a fait minimes et nulle
ment de nature a bouleverser les donnees du pro
bleme. 

Dans le domaine de la construction, le nombre des 
realisations deja effectuees montre bien que la aussi 
le terrain est solide. Bien entendu, pour les tres grosses 
machines il existe encore de petites imperfections de 
detail, mais il est rare de rencontrer un domaine ou 
un aussi faible nombre de prototypes (je parle de 
machines de plus de 100 kW et du point de vue 
constructif) ait conduit a aussi peu d'echecs. Ceci est 
tres encourageant. En effet, il n'est pas douteux que 
la technique .et !'experience acquise sur les grosses 

machines profitent, non pas aux petites machines 
certes, mais aux moyennes, et on peut, de ce fait, 
envisager actuellement en toute surete la realisation 
de ces dernieres. En outre, il faut noter une circons
tance favorable. Tout en restant bien entendu dans 
le cadre de la machine classique type helice a axe 
horizontal, on rencontre des constructions de concep· 
tion et de fabrication assez differentes, qui toutes 
paraissent presenter un egal succes. Ceci montre que 
la solution du probleme n' est pas unique et qu'il 
existe une marge de securite assez grande autour 
de !'optimum. Ce fait caracteristique accompagne 
presque toujours les realisations techniques viables. 

Dans le domaine des machines rapides, qui seules 
ont ete examinees en seance technique, la voie reste 
ouverte aux helices a deux OU a trois pales, aux sys
temes de reglage a pales fixes ou a pales orientables, 
aux roues placees devant ou derriere le pylone. 11 
faudra encore un certain temps pour que se degage 
la meilleure solution; il yen aura d'ailleurs sans doute 
plusieurs suivant le type d'application. 

La grosse nouveaute, tout au mains pour le pro
fane, car les specialistes depuis plusieurs annees deja 
se penchent sur le probleme, est !'utilisation des 
matieres plastiques armees au verre pour la construc
tion des helices. Deux communications font etat de 
machines utilisant cette technique, et un orateur a 
expose la question plus en detail en seance technique. 
Ce procede a ete utilise jusqu'ici avec un plein succes 
pour des helices de 2 m a 34 m de diametre. Non 
seulement il permet d'obtenir des caracteristiques 
mecaniques et aerodynamiques exceptionnelles ren
dant possible des realisations que l'emploi des seuls 
metaux laissait douteuses, mais encore, et ceci est 
capital, il ne demande pour sa mise en ceuvre que des 
moyens extremement simples, un outillage des plus 
reduits, un personnel facile a former. Voila done une 
technique qui ouvre la voie aux fabrications locales 
dans des pays ou !'industrialisation est faible. 

]'en arrive enfin a la seconde question posee au 
debut de !'expose, celle qui a trait a la valeur econo
mique de l'energie eolienne. 

On a souvent classe les differents pays suivant la 
quantite d'energie disponible par habitant. Je vou
drais, avant d'aller plus loin, dissiper certaines illu
sions que cette fayon de proceder engendre. Le but 
final de notre action n'est pas tant de fabriquer de 
l' energie mecanique on electrique que de diminuer 
la peine de l'homme, c'est-a-dire, l'energie physio
logique qu'il depense pour ses besoins vitaux. Or la 
relation qui existe entre la reduction de la peine de 
l'homme et l'energie mise a sa disposition n 'est pas 
une relation lineaire de proportionnalite. Qu'il nous 
suffise pour s'en convaincre de voir comment a varie 
au cours des annees passees le nombre moyen annuel 
d'heures de travail de l'ouvrier dans nos pays en 
fonction de l'energie par habitant. Une loi empirique 
veut que la consommation d'energie double tons l~s 
7 a 10 ans; il est bien evident que la duree du travail 
n'a pas ete reduite de moitie ~a1;1s 1~ meme temps. 
La relation existant entre la d1mmut10n de la peme 
de l'homme et l'energie mise a sa disposition presente 



Resume du rapporteur 197 

plut6t un caractere logarithmique comme certaines 
lois physiologiques traduisant la reponse d'un organe 
a unc excitation exterieure. 

Ceci signifie que la diminution de la peine de 
l'hommc est d'abord tres forte pour les premiers 
kWh fournis, puis cette diminution va en decroissant 
au fur et a mesure que l'apport nouveau d'energie 
se fait sur un capital energetique preexistant plus 
grand. Il n'est pas question de s'etendre ici sur l'ori
gine de ce phenomene, mais il faut retenir que, 
traduit en diminution de la peine humaine, un kWh 
presente une valeur tres differente, suivant qu'il est 
apporte dans un pays a faible valeur energetique 
par habitant ou dans un pays a forte valeur ener
getique par habitant. Dans le premier cas, qui est 
celui des zones sous-developpees, l'energie fournie 
est immediatement utilisee pour des besoins vitaux. 
La satisfaction de ceux-ci depend directement de 
cette energie, en sorte qu'il s'agit non pas tant d'un 
probleme de prix que d 'un probleme d'existence. 

Dans le seconde cas, qui est celui des pays tres 
developpes, l'apport encrgetique se perd dans !'ocean 
disponible. Les besoins vitaux etant satisfaits, la 
seule valeur de I' energie eolienne sera sa valeur par 
rapport a celle des autres types d'energie. 

Ce dernier probleme n'est pas le notre. Preoccu
pons-nous au contraire de rechercher des solutions 
aussi convenables que possible pour l'equipement des 
pays sous-developpes, c'est-a-dire des aeromoteurs 
de petite et moyenne puissance. Aussi faut-il deman
der aux specialistes de quitter l'Olympe ou, tels les 
dieux, ils font de la geometrie, pour redescendre parmi 
les mortels . Loin de moi la pensee que leurs travaux 
ont ete inutiles; bien au contraire, je les crois fruc-

tueux et nece~saires, mais qu'ils fassent maintenant 
le dur effort de synthese qui conduira aux solutions 
simples. 

Pour terminer, je voudrais faire deux suggestions 
dans le domaine des petites machines. 

Premierement, mettant a profit les connaissances 
techniques et aerodynamiques maintenant conside
rables, ne serait-il pas possible d'en degager les idees 
qui permettraient de fournir aux artisans des pays 
sous-developpes des directives ou des conseils leur 
facilitant la realisation, sur place et avec leurs moyens 
locaux ou des moyens simples, d 'appareils qui, tout 
en conservant un caractere primitif, beneficieraient 
de l'acquis technique des machines evoluees? Ce 
travail, qui a d 'ailleurs deja ete entrepris, devrait 
s'adapter aux besoins et aux moyens de chaque 
region et permettrait de faire un pas en avant, tout 
en facilitant l'eveil culture! dont un orateur a parle 
en seance pleniere. 

Deuxiemement, etant donne qu'il existe deja bon 
nombre de fabricants d'appareils de petite et moyenne 
puissance, et un plus grand nombre encore de types, 
ne serait-il pas possible de mettre de l'ordre dans 
cette confusion? Ceci en cherchant par un effort de 
systematisation et de normalisation de caractere in_ter
national a limiter le nombre des types. I1 conv1ent 
dans une premiere etape de fixer et de limiter les types 
et les caracteristiques de ces types, de faire en somme 
un travail analogue a celui qui a ete fait par nombre 
d'organismes de normalisation. Dans une deuxieme 
et ape, la normalisation serait poussee jusqu' a la 
conception et la fabrication, ce qui ouvrirait la voie 
a des realisations en tres grande serie, seul moyen 
d'abaisser serieusement le prix des aeromoteurs. 



THE DESIGN AND TESTING OF WIND POWER PLANTS 

Rapporteur's summation 

Although the problems connected with the design 
of wind pO\ver plants have all been grouped together 
under agenda item II.B.2, it must be made clear 
from the beginning that they actually fall into two 
quite different categories - the first being physical 
and technical in character, and the second economic. 

The first question that the designer has to ask him
self is simply one of the physical possibility of har
nessing the kinetic energy of the wind for practical 
purposes. The answer, of course, has been known for 
centuries. To go a little further, however, the question 
takes the more specific form of whether our know
ledge of physics and our technical ability enable us 
to design wind power plants capable of meeting 
present power needs as regards both quality and 
quantity. 

The second question brings in economics, for the 
problem becomes one of financial as well as physical 
possibility. In the case of wind power, with which 
we are concerned here, it is the designer who will be 
faced with the problem, since he more than anyone 
else has the means for tackling and possibly solving 
it and will consequently be the one held mainly 
responsible for the cost of the wind power, whether 
it is a matter of the capital necessary to buy and 
erect the equipment or of its useful life and upkeep. 
In formulating the second question, we may there
fore ask whether, in the present state of scientific 
and technical knowledge, it is possible to design wind 
power plants which can reasonably be expected to 
be competitive with other means of power production, 
and in what circumstances such plants can be used. 

These questions help to delimit the area in which 
we have had to work in the past and will have to 
work in the future. In order to provide details to fill 
in this area, something should be said about the size 
of the machines in relation to their possible appli
cations in developed or under-developed regions. 

A simple classification of the machines can be 
made as follows: 

1. Large machines with a power of the order of 
100 kW, in some cases rising as high as 1 000 kW, 
the only function of which is the production of electric 
power (six papers deal with such machines, from the 
point of view of design or of t esting) . 

2. Medium-sized machines with a power roughly 
between 5 and 20 kW, requiring certain controls 
similar to those used with machines in the preceding 
group. These machines can be used for many purposes, 
but are mainly for the production of electric power 
and pumping of water (no papers deal specifically 

with this subject, but, as we shall see, some of them 
deal with related technical subjects). 

3. Small machines with a capacity of less than 
5 kW and with only rudimentary controls, their main 
uses being to pump water and to produce small 
quantities of electric power (three papers deal 
directly with this subject). 

The kinds of area in which the machines can be 
used were clearly established; they may be matched 
up with the above categories of machine in the 
following way. 

In areas with a network to which the machines 
can be connected, only machines of large capacity 
will be of interest. 

In areas with small, local power stations and with 
communities whose power needs are moderate, 

. medium-sized machines, and possibly small machines, 
will be of interest. 

In areas with no sources of power, small machines 
will be of most interest, and possibly those of medium 
size, but ·certainly not large ones. 

With regard to the papers submitted for this 
agenda item, two deal with general questions concern
ing the theory and the mathematics of wind power 
plants from the standpoint of fluid mechanics and 
the production of electric power; three give technical 
descriptions of high-power machines and their regu
lating systems; two are concerned with power tests 
of such machines, while two others describe methods 
of distributing the stresses in the blades and in the 
orienting mechanism of wind power plants and the 
results of tests carried out in that connexion; one 
deals with a technical and aerodynamic problem of 
orientation; and three others deal exclusively with 
small machines, one pointing out that the t echniques 
of our ancestors might not be without interest, and 
the other two giving descriptions of small machines 
with new features and applications. 

The statements made at the technical meetings 
were concerned largely with mechanical or aero
dynamic problems relating to the use of machines 
with high tip-speed ratio and to methods of testing 
the power of plants coupled to a network. Slides were 
shown of some machines, one of which, of medium 
to large capacity, deserves particular attention by 
reason of the simplicity of its design. One speaker, 
noting the ties of kinship linking the different 
members of the great family of fluids, suggested that 
wind power plants might be used in other media, 
thus serving, for example, as a possible source of 
hydraulic power which might play a preliminary role 
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in the harnessing of large rivers and sea currents. 
Some statements dealt with the problems and uses 
of small machines. It must not, moreover, be over
looked that several references were quite rightly 
made to the need to seek greater simplicity. Finally, 
one speaker, using slides, gave us a general account 
of t~e technical aspects of fibre-glass plastic and its 
use m the manufacture of propeller blades. 

What are the conclusions to be drawn from all of 
this? 

First of all, in answer to the first of the questions 
that we asked in the beginning, it is now generally 
agreed that the design of wind power plants with 
capacities ranging from the lowest levels to far 
beyond 100 kW no longer presents any fundamental 
problems. 

In the field of calculation and theoretical aero
dynamics, our present knowledge is sufficient to be 
usable in a more or less routine way and without the 
need to be on guard against surprises. 

In the field of experimental aerodynamics and 
wind-tunnel work, the progress made has also been 
such that further advances can be expected to be 
no more than marginal and certainly not of a nature 
to alter the substance of the problem. 

In the field of engineering, the record of achieve
ment shows that here too we are on firm ground. 
In the case of very large machines, there are, of 
course, still some small imperfections of detail, but 
it is rare to find any branch of activity in which 
such a small number of prototypes (I am speaking 
of machines of more than 100 kW and from the 
engineering point of view) have produced so few 
failures. This is very encouraging. There can be no 
doubt, moreover, that the technique and experience 
gained with large machines is of value for medium
sized machines, though admittedly not for small ones, 
so that the production of medium-sized machines 
can now be undertaken with complete assurance. 
One further favourable factor should be noted. 
Without going beyond the range of the traditional
type machine with a propeller on a horizontal axis, 
one can find machines of considerably varied design 
and manufacture which all seem to be equally success
ful. This shows that there is no single solution to the 
problem and that there is quite a wide safety margin 
around the optimum. This is a characteristic of 
almost all viable technical achievements. 

In the realm of high-speed machines - the only 
ones considered at the technical meetings - the way 
remains open for two-blade or three-blade propellers, 
for regulating systems having fixed or orientable 
blades and for rotors placed before or behind the 
tower. Time is still needed for the best solution to 
emerge. Indeed, there will no doubt be several solu
tions, depending on the type of application. 

The big innovation - at least for the layman, as 
specialists have been studying the matter for years 
now - is the use of glass-reinforced plastics in the 
construction of propellers. Two of the papers refer to 
machines using this technique, and one speaker went 

into the question in detail at one of the technical 
meetings. This process has thus far been used with 
complete success for propellers of 2 m to 34 m dia
meter. Not only is it a means of obtaining outstand
ing mechanical and aerodynamic characteristics that 
lend themselves to possibilities for which metals alone 
would be inadequate, but, what is even more impor
tant, it needs nothing more for its practical applica
tion than exceedingly simple equipment, very 
uncomplicated tooling and easily trained personnel. 
This is a technique, therefore, which opens the way 
to local manufacture in countries where industrializa
tion is not far advanced. 

I come. now to the second question, namely, the 
economic value of wind power. 

Countries have often been classified in terms of the 
quantity of available power per caput. I should like, 
before going any further, to dispel some illusions to 
which this approach has given rise. The ultimate 
objective of our work is not so much to produce 
mechanical or electrical energy as to reduce human 
toil, i.e., the energy that a man expends in satisfying 
his basic needs. It must be pointed out that the 
relation between the reduction of human toil and the 
availability of energy is not a linear one. To convince 
ourselves of this we need only consider the change, 
over past years, in the annual per caput working 
hours in our countries by comparison with per caput 
power availability. According to an empirical law, 
power consumption doubles every seven to ten years, 
but it is quite obvious that working hours have not 
been halved over the same period. The relation be
tween the reduction of human toil and the availability 
of power is more logarithmic in nature, resembling 
in this respect certain physiological laws of stimulus 
and response. 

This means. that the reduction of human toil is 
very substantial in the beginning, i.e. for the first 
kilowatt-hours produced, and then declines as further 
energy is added to the larger supply already built 
up. It is unnecessary to dwell here on the origin of 
this phenomenon, but it is important to note that, 
when expressed in terms of a reduction in human toil, 
a kilowatt-hour has a very different value according 
to whether, in the country in which it is produced, 
the per caput energy production is small or large. In 
the former case, which is that of the under-developed 
areas, the new supply of energy is immediately put 
to use for basic needs. As the satisfaction of these 
needs is directly dependent on this energy, it is not 
so much a question of cost as of existence. In the 
latter case, i.e. in the highly developed countries, 
the additional energy is just another drop in the 
ocean of energy already available. Since basic needs 
have been satisfied, the sole value of wind power is 
its value by comparison with other types of energy. 

The last-mentioned problem is not the one that 
demands our attention. What we should do is seek 
out the best possible solutions for the under-developed 
countries, that is, provide them with low and medium
power wind machines. I am far from thinking that 
the work of the specialists has been useless. On the 
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contrary, I consider it fruitful and necessary, but 
let the specialists now undertake the difficult task 
of reducing their knowledge to the level of simple 
solutions. 

In conclusion, I would like to make two suggestions 
with respect to small machines. 

First, could not the considerable advances that 
have been made in technology and aerodynamics be 
drawn upon to provide skilled persons in the under
developed countries with guidance or advice on how 
to use local or readily available materials to construct 
devices which, while remaining simple, would benefit 
from the technical refinements of the more complex 
machines? Such an effort, which has in fact already 
been started, should be geared to the needs and 
resources of each region. It would represent a further 
step forward and would at the same time promote 

the cultural awakening to which one speaker referred 
in plenary meeting. 

Secondly, since there already are a large number 
of manufacturers of low and medium-power machines, 
and a still larger number of types of machines, would 
it not be possible to put some order into the existing 
confusion? This could be done by endeavouring, 
through some system of international standardization, 
to limit the number of types. In the first phase, the 
number of types would be reduced and their specifi
cations made more uniform under a programme 
similar to those of a number of standardization 
agencies. In the second phase, standardization would 
be extended to design and manufacture. This in turn 
would pave the way for assembly line production, 
which is the only means of substantially lowering the 
price of wind power machines. 



INDIVIDUAL PAPERS - MEMOIRES 

Agenda item II.B.2 (a) 

\V/3/i 

REGULATING AND CONTROL SYSTEM OF AN EXPERIMENTAL 100-KW WIND 
ELECTRIC PLANT OPERATING PARALLEL WITH AN AC NETWORK 

Sepp Armbrust * 

Sponsored by the " Deutsche Studiengesellschaft 
Windkraft e. V. ", an experimental 100 kW wind
power plant was designed and constructed between 
1955 and 1957. After having been completed, the 
plant was erected on top of a barren hill at an altitude 
of 736 meters north of Stotten, which is situated 
about 80 km east of Stuttgart. The size of the plant 
is : tower height, 80 ft.; blade-swept area, 111 ft. 
diameter ( figure 1). · 

The plant had been designed by a team under the 
direction of Professor Dr. Hutter. The following 

* Research Engineer at the German Wind Power Research 
Association, \Vendlingen, Neckar, Federal R epublic of Germany. 

Figure 1 

thoughts were given special attention in the design 
philosophy : 

1. The various components should form self
contained assembly groups with regard to construc
tion and fit other groups; they should also be inde
pendent to such an extent that they could be built 
in different workshops and still be connected with 
each other without rework. 

2. In the design conception, special attention was 
paid to the large assembly groups - wing, machin
ery and tower - in order to assure that these groups 
would form entirely self-contained units to be 
connected with each other merely by attachment 
flanges. This division was made in recognition of the 
fact that these three main groups must be of totally 
different conception as to design and construction. 
The wings should contain no setting mechanisms 
whatsoever. They should merely be typically aero
dynamic high-grade light-construction parts. The 
machinery was to enclose all necessary elements for 
energy conversion as well as for control and regulation 
as an integral unit. The tower itself only had to take 
over the function of the machinery foundation as an 
overground steel construction with the laws valid for 
such construction. 

3. The specific power loading of the circular area 
swept by the wing blades was kept to a low level in 
order to assure an almost uniform energy output in 
places with relatively low mean wind speeds. There
fore, contrary to layouts of other t eams in France, 
Denmark, England, United States, etc., we intention
ally chose a design output of only 110 w/m2 swept 
wheel area instead of the usual 300 to 400 w/m2• 

4. The governing system was devised to allow the 
possibility of studying a number of various control 
t echniques and procedures during the tests with 
regard to their practical usefulness. 

The windpower plant was created to examine the 
problems of energy conversion thoroughly from the 
free air stream to the feeding of electrical energy 
into the net . 

The wings were designed without compromise 
according to aerodynamic optimum requirements. 
They consist of glass reinforced plastics, including the 
a ttachment flange, and are continuously set corre
sponding to operating conditions by a large hydraulic 
actuator. 

The hydraulic actuator is operated by a working 
pressure of up to 20 atii, having to overcome the effect 
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of aerodynamic and dynamic restoring moments of 
the wings and a bias spring. 

The control and regulating system of this 100 kW 
experimental station is as follows (figure 2) : 

The plant, being left to itself under automatic 
operation, registers the wind speed by means of an 
anemometer (pos. 1). As soon as the wind exceeds a 
mean speed of about 3 m/sec over a period of 
16 minutes (variable) a solenoid value (pos. 2) will be 
closed. The oil delivered by the main pump (pos. 3) 
now does not return to the oil tank (pos. 4), but slowly 
begins to put the wings into operating position. The 
control slide (pos. 5) at first moves into a position 
leading the oil from the pump into the setting pipe 
(pos. 6), i.e., the propulsion wings (pos. 7) are adjusted 
in the direction of more revolutions. The control 
slide actuating rods are set in such a way that the 
restoring mechanism (pos. 8), working parallel with 
the pitch changing, resets the control slide over the 
intermediate lever (pos. 9) into the middle position 
at optimal blade setting. This occurs at a position of 
the power governor (pos. 10), still intending to raise 
the number of revolutions. The power governor does 
not stop to raise the revolutions until the desired 
power has been reached. Thus, the revolutions of 
the plant do not increase until the constant speed 
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governor or the power governor start to respond, and 
the setting of the wind is being fixed or reduced by 
the control slide. 

At parallel operation, the governing is carried out 
by the power governor only, and the constant-speed 
governor only serves as overspeed protection. The 
power governor, which may be adjusted between 30 
and 120 kW, is set at 100 kW and will be kept within 
a tolerance of ±5 per cent. 

The power governor itself functions in such a way 
that a coil (Pos. 10a) is connected with the main 
current coming from generator over a transformer 
(Pos. 10b). At the nominal generator power setting, 
which may be adjusted by a slide resistance (Pos. 10c), 
a current flows through the coil sufficient to pull the 
iron core (Pos. lOd) against the return spring (Pos. 
lOe) to such an extent that the governing piston 
(Pos. lOf) moves into the middle position. 

At the slightest change of the generator current, 
the force of attraction of the coil also changes 
(Pos. IOa), and the governing pistons are removed 
from the middle position. The oil coming from the 
servo pump consequently moves the actuating 
piston (Pos. I Oh), and the propulsion wings (Pos. 7) 

· are adjusted accordingly over the slide control 
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Figure 2. Regulating and control system 
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(Pos. 5). The larger th_e change of generator power, 
the faster the propuls10n wings are adjusted. 

The _cons~ant-speed governor (Pos. 11), at parallel 
operat10n, 1s set at 5 per cent above the nominal 
generator revolutions and practically responds only 
at an overspeed, i.e., at net failure. 

At regulation by means of power governor (parallel 
operation), the bearing of the cross lever (Pos. 12) 
at the side of the constant-speed governor forms the 
fix point, about which the power governor actuates 
the cross lever (Pos. 12) and thereby the slide control 
(Pos. 5). 

As soon as the constant-speed governor responds, 
the cross lever (Pos. 12) is moved about the bearing 
on the power governor side. By changing the trans
mission-ratio in the constant-speed governor, it is 
possible to obtain generator revolutions between 
250 and l 800 rpm. This possibility is of importance 
at solo-operation (not led by the net), whereby the 
revolutions as well as the power is governed. Outside 
the parallel operation, or below a generator power 
output, respectively, regulation is only possible by 
means of the constant-speed governor. In order to 
operate at 50 per cent nominal revolutions, for in 
instance, the transmission ratio (by hand or remotely 
controlled electric motor) has to be set on the corre
sponding value so that the flyball governor begins 
to respond at the desired plant revolutions. 

The automatic start takes place in the following 
way : after having registered sufficient wind for a 
chosen period of time, the solenoid valve is closed 
and the revolutions rise higher and higher with the 
continuous wing adjustment. At 90 per cent nominal 
revolutions, the switching-in operation is initiated 
by the generator voltage over a sensing device. At 
first the exciting of the synchronous generator is 
interrupted, which fades away within 1.5 seconds. 
After about 2.5 seconds, asynchronous parallel 
circuits are closed by choke coils which absorb the 
switching-in impulse. After about three more seconds, 
the exciting again is switched on, and the choke coils 
are bridged. During these three seconds the generator 
was synchronized with the net. 

As long as the wind stays calm and the generator 
does not reach the nominal power, the wings remain 
in the optimum position. If the wind speed rises, it 
will finally reach the nominal power (about 8 m/sec) 
at which the power governor begins to be engaged. 
Actuated by the hydraulic system, the propulsion 
wings are set back by the power governor to such an 
extent that the set nominal power is not surpassed. 
The governing range of the power governor is so large 
that even at top wind speeds the set power can be 
followed or not surpassed respectively, by turning 
back the setting of the wings. 

If the wind abates so that in spite of optimum wing 
setting the power drops below 5 kW for three seconds, 
the cut-out operation will be released. The generator 
becomes separated from the net, the solenoid valve 
is opened, and by that the wings are reset into start 
position. At the same time the wind is registered 

again in order to introduce the new switching-in 
operation in time. 

The plant is secured against all possible mishaps 
by various safety devices built in the parallel switch 
and governing automatic. An immediate cut-out 
is c~used _by t~e response of any one of these safety 
dev1ces; m th1s case, however, without automatic 
re-start capability. Such an emergency cut-out takes 
place: 

I. At break-down of the net (even at loss of one 
single phase); 

2. At response of the generator high-voltage guard; 
3. At response of the high-voltage guard at one of 

the electric motors; for instance, the wind direction 
mot_or, the servomotor at the power governor, the 
settmg motor at the constant-speed governor and 
the booster oil-pump motor; 

4. At response of the constant-speed governor 
because of over-speed. 

To point lit may be added that the solenoid valve 
closes under voltage. Therefore, it will be opened 
automatically in case of net failure causing the 
return spring in the main shaft to draw back the 
piston and the setting of the wings into cut-out 
position. At failure or disturbance of the hydraulic 
system, this spring also acts upon the wings in such 
a manner that these are reset into the start position. 
At optimum working position, this return spring 
carries a load of approximately two tons. 

As for the figure " Regulating and control system 
W 34/100 "it must be remarked that every simplified 
presentation was chosen in favour of a clear general 
view. Many complicated details have been omitted, 
e.g. the emergency cut-out or protective measures, 
the de-exciting of the generator and the parallel 
circuit by choke coils, the different time relays, the 
cut-out apparatus below 5 kW, the exact functioning 
of the wind registration with start order, etc. 

Turning the plant into the wind is managed by a 
wind direction vane, which commands an electric 
motor and a worm gearing. If the wind turns into 
another direction, an electric motor is actuated by 
the wind direction vane by means of a relay, and the 
complete plant on the tower is moved in the proper 
direction of rotation, until the wind direction vane 
opens the contact. 

This kind of wind-directional governing has proved 
to be sufficiently reliable in experimental operation, 
but for practical use a merely mechanical wind
directional governing by means of the often proved 
side-wheel above all is less likely to be malfunctioning 
during the winter months (with icing and hoar frost
accretion) . 

Figure 3 shows the indicating instruments and 
registration devices. 

The indicating instruments are usually instruments 
(figure 4) built into the automatic container. In the 
upper left, there are 3 amperes among which there 
is one voltmeter as well as one l kW and cos <p 
indicator. At the right side there are the various 
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Figure 3 

Figure 4 

switches and in between a tachometer showing the 
revolutions of the generator and propulsion shaft. 
The control lamps are situated in the upper right, 
indicating the state of operations such as starting, 
automatic or manual working. 

The measurement of wind and power is handled 
by impulse registration instruments (figure 5). The 
wind is given by an anemometer which yields an 
impulse every 20 meters covered by the wind. The 
electrical energy produced is measured by a three
phase current meter yielding an impulse every 
0.033 kWh. 

The registration instruments have been designed 
to transport a strip chart for 0.2 mm at each impulse. 

Every six minutes (measuring period) perforation 
takes place, which is released by the common clock
work, always ensuring synchronous run of both 
registration instruments (wind and power). There
fore, it is possible at the evaluation of the matching 
measurement periods to read directly the distance 
and the kWh from the distance between two perfora
tions. From this, the mean values for each measure
ment period of six minutes may be obtained. Thus, 
we receive a time-duration curve from wind and 
power. 

Figure 5 

Figure 6 
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As additional registration instruments, a kilowatt 
recording apparatus and a net voltage recording 
apparatus were installed (figure 6). These instruments 
have the advantage that one can always gain a quick 
estimate of the power curve, etc., before having 
evaluated the more exact impulse figures. In con
clusion, it may be remarked that the plant has been 

in operation since autumn 1957. The first parallel 
circuits were carried through in December 1957, 
but with simple parallel switching by hand only. 

Since October 1959, the plant has been provided 
with the automatic start and governing device. The 
first measurements with the impulse registration 
instruments were carried out in autumn 1960. 
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EXPERIENCES FAITES AVEC GENERATRICES A AEROMOTEUR 
DONT L'HELICE EST INSTALLEE DERRIERE UNE TOUR 
A PROFIL AERODYNAMIQUE 

E. Cambilargitt; * 

La conception d'eoliennes a rotor auto-orientable 
monte derriere la tour n'a rien de nouveau, car on a. 
tente, en diverses occasions, d'avoir recours a cette 
solution en vue des avantages qu'elle presente, et on a 
procede a des etudes theoriques sur le comportement 
de ces dispositifs. 

L'une des conditions essentielles d' exploitation 
des eoliennes reside dans la simplicite de leur construc
tion, qui se repercute sur leur prix. En consequence, 
dans les regions ou le regime des vents s'y prete 
et ou la densite de la population est faible-lesquelles 
se caracterisent le plus souvent par des moyens 
d'existence restreints et, en consequence, par !'absence 
de tout reseau de distribution electrique - le fait 
d'avoir une source d'energie situee au lieu meme de 
son utilisation et dont la consommation ne coute 
rien, revet une importance toute speciale, surtout 
quant a la modicite des frais de premier etablissement. 
Cette condition economique fondamentale est celle 
qui compense l'ennui de ne pouvoir compter sur la 
continuite de cet apport d'energie et le besoin de 
devoir en adapter !'utilisation a l'intermittence. 

Dans toute etude d'eolienne, il est fort important 
de songer a tous les moyens possibles de reduire les 
periodes d'intermittence et de limiter la capacite 
des accumulateurs d'energie, lesquels augmentent 
notablement les frais d'installation et d'entretien. 

La solution qui prevoit l'emploi d'une helice auto
orientable montee sur l'arriere de la tour reduit les 
frais, car elle permet d'eliminer le gouvernail des 
eoliennes de petites dimensions, le rotor anti-couple 
des installations de moyenne puissance et les groupes 
avec moteur a auto-synchronisation du genre Selsyn 
et plan d'orientation des gros aeromoteurs. 

La difficulte de leur emploi s'explique par les 
causes suivantes : 

1) L'instabilite du regime d'ecoulement de l'air 
dans le secteur circulaire ou !'influence de la tour se 
fait sentir, laquelle fait apparaitre, sous le vent, une 
zone de tourbillons de Karman provoquant des 
vibrations des pales de l'helice, deja chargee par les 
alternances des eff ets de masse cycliques. 

Les coefficients de resistance aerodynamique 
des tours, soit Cx (pour les dimensions moyennes 

* Professeur de dynamique eolienne et de construction d'aero
moteurs aux facultes du genie civil des Universites de Montevideo 
et Buenos Aires. Professeur, Instituto de Maquinas, Montivedeo. 

d'une eolienne de 100 kW et un vent de 10 m/sec) 
sont : 

Tour a structure constituee par un treillis 
de cornieres Cx 1,7 

Tour a structure cylindrique de section 
circulaire Cx 1,2 

Tour a structure cylindrique de section 
ovale" = 2: 1 Cx 0,6 

Tour a structure cylindrique de section 
Navy Strut n° 1 Cx 0,06 

L' existence meme de la resistance limitee a un 
secteur circulaire d'une ouverture generalement 
inferieure a 10° impose une legere perte d'energie 
qui influe sur le rendement, mais le facteur important 
est le passage des pales de l'helice, une fois par tour, 
dans la zone a turbulence violente et a vitesse reduite 
du secteur en question. 

Les experiences en cours avaient ete precedees par 
des travaux dans lesquels le modele d'helice (2 m 
de diametre) etait soutenu par une tour de section 
cylindrique d = 0,022 D environ, mais m~lgre _son 
faible diametre relatif, on avait observe des v1brat10ns 
qui restaient nettement perceptibles jusqu'a ce que 
le plan de l'helice, par rapport a l'axe de la tour, 
soit eloigne de x = 0,25 a 0,30 D. Cette distance 
excessive rendait peu pratique !'installation d'un 
tel systeme. 

2) L'augmentation des sollicitations gyrosc~pique~ 
cycliques sur les pales, par rapport a la solut10n qu1 
fait appel a une helice situee sur l'avant de la tour 
et a un gouvernail de direction ou, plus encore, par 
rapport au systeme a rotor anti-couple, qui permet 
de les reduire sensiblement. 

3) L'augmentation de la charge ~erodynamique 
qui agit sur l'helice en cas de vents v1olents, lorsq.ue 
les pales sont calees par rapport a l'arbre de rotat10n 
de l'helice et la rotation du disque contre le vent est 
invariable (cas a) par rapport a celle que l'on ob~erv_e 
lorsque les pales peuvent librement se mettre md1-
viduellement en drapeau (cas b) ou encore lorsque 
le disque de l'helice peut se mettre en drapeau, les 
pales restant calees sur l'arbre (cas c). 

Designons par V R la vitesse de regime de l' eolien!le, 
V m la vitesse a laquelle le systeme de regulation 
arrete toute rotation pour garantir la stabilite de 
!'ensemble de la machine, et Vs la vitesse maximum 
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que le vent pourrait atteindre dans des conditions 
exceptionnelles. On pourra ecrire: Vs t> V m > V R· 

Considerons par exemple le cas d'une eolienne 
ayant une solidite 

crn = 0,ll3 Cx (W = 0 m/s) = 0,12 
Cx (W = 15 m/s) = 0,7 

V m = 15 m/s (54 km/h) Vs = 62,6 m/s (225 km/h) 

Dans le cas a, nous observons que la charge frontale 
pour Vs ne depasse pas 34,2 p. 100 de celle qui 
s'exercerait sur l'helice en rotation a la vitesse V m 

(c'est-a-dire qu'il n'y a pas une augmentation mais 
bien une diminution). Dans le cas b, la charge pour Vs 
est negligeable. Dans le cas c, la resultante due a la 
-charge, lorsque le rotor est en drapeau, est pratique
ment nulle, mais les pales perpendiculaires, ou 
presque, a la direction du vent dans le plan du disque 
ou rotor sont soumises a des charges qui pour V s 
sont environ 3,4 fois plus grandes que pour V m, 
la charge des pales superieures etant dans une direc
tion presque opposee a celles du bas. En consequence, 
pour la stabilite de !'ensemble, la condition critique 
est donnee : par la vitesse V m et les pales en rotation 
pour les helices dont les pales sont calees sur l'arbre 
et dont !'orientation du disque est invariablement 
contre le vent (cas a) ou pour les helices dont les 
pales peuvent individuellement se mettre en drapeau 
(cas b) et par la vitesse Vs a helice arretee pour les 
helices dont le disque peut se mettre en drapeau, les 
pales restant calees sur l'arbre (cas c). 

La solution du cas c est evidemment exclue pour 
les eoliennes dont l'helice se trouve derriere la tour, 
et ceci ne serait d'ailleurs pas indique, pour les raisons 
qui ont ete mentionnees ci-dessus. On a observe de la 
sorte que les vents violents n'imposent pas de condi
tion critique de charge pour les helices situees derriere 
la tour. 

4) La necessite de construire la partie superieure 
de la tour sur une hauteur un peu plus grande que le 
rayon de l'helice (L = 0,6 D), de telle sorte qu'elle 
soit orientable avec le vent. 

Si on analyse en detail le probleme d'ensemble 
des frais de construction, on notera que ceci ne pro
voque aucune augmentation des frais de fabrication 
en grande serie, et, au contraire, presente l'avantage 
d'eliminer l'organe de direction et d'augmenter le 
rendement de l'eolienne. 

Description du modele et des experiences 

Les essais ont ete faits au depart avec une tour 
cylindrique tubulaire ayant une section circulaire 
de diametre d = 4,4 cm. Par la suite on a realise 
une autre tour cylindrique a section aerodynamique 
au profil Navy Strut n° 1 (Hauban marine, n° 1) 
avec une articulation permettant d'assurer le depla
cement progressif du plan de rotation de l'helice 
par rapport a l'axe de la tour d'une maniere plus 
compatible avec la solidite de !'ensemble, (figures 1 
et 2). 

'La partie cylindrique de la tour est dotee, en sa 
partie inf erieure, de deux paliers que separe une 
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distance s = 0,2 D. Le palier de poussee superieur, 
ou butee, qui est du type a billes, se trouve a une 
distance s' = 0, 7 D de l'axe de rotation de l'helice; 
celui qui est en bas est une simple butee en bronze. 
Juste au-dessus du palier superieur, on trouve le 
boitier des contacts electriques tournants de la gene
ratrice et du compte-tours. 

La section cylindrique de la tour peut tourner dans 
un logement cylindrique qui est fixe en ses extremites 
a deux panneaux permettant de le boulonner au 
sommet du tronc de pyramide que represente une 
tour faite d'un treillis de cornieres en fer. Cette 
seconde tour d'experience a ete construite apres 
mise au point des etudes et execution des calculs 
de stabilite d'une tour analogue pour une eolienne 
de 100 kW. 

Les essais ont ete faits en mettant la tourelle qui 
se voit aux figures 1 et 2 sur un corps sureleve du 
toit de la Faculte du genie civil et de l'arpentage de 
Montevideo, qui se trouve a une hauteur de 36 m 
au-dessus du sol. On a fait les mesures de controle 
voulues avec les instruments suivants : 

a) Un anemographe de Lambrecht, capable d'enre
gistrer la vitesse et la direction du vent. Ce double 

Figure 1 
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enregistrement est habituellement commande par 
un mouvement d'horlogerie qui permet des avances 
de 1,4 et 8 cm a l'heure. Ce mecanisme a ete remplace 
par deux enregistreurs Westinghouse du type G-40, 
lesque_ls autorisent des vitesses d'enregistrement de 
3/4, I 1/2, 3 ou 6 pouces a l'heure ou a la minute. 
Le meme type d'enregistreur, avec ces memes vitesses 
d'avance, a ete utilise avec tousles autres instruments. 

b) Un deuxieme anemographe de Lambrecht qui 
n'est dote que du mecanisme voulu pour enregistrer 
la direction; il est relie par une bielle au cylindre 
mobile de la tour, de maniere a enregistrer les depla
cements en azimut de l'eolienne a la meme vitesse 
d'enregistrement que celle qui s'emploie pour la 
vitesse du vent. 

c) Un compte-tours electrique relie a l'arbre du 
generateur electrique derriere l'helice et a un enre
gistreur. 

d) Un voltmetre et un amperemetre enregistreurs 
du courant produit par la generatrice, ayant chacun 
son dispositif d'enregistrement. 

e) Un vibrometre de Westinghouse. 

Si on compare les courbes chronographiques 
synchrones des enregistrements des divers instru
ments, on peut en deduire toutes les donnees relatives 
aux essais. En particulier, en comparant les courbes 
qu'a donne l'enregistrement de la direction avec 
l'anemographe a celle de l'enregistrement direct des 
positions de l'eolienne, on peut mesurer, sur les 
intervalles voulus, les vitesses et les accelerations 
angulaires. 

A vec les possibilites offertes par les conditions 
atmospheriques et !'existence de vents de diverses 
vitesses, on procede actuellement aux essais de fonc
tionnement du groupe helice-tour-generatrice, de 
maniere a realiser les conditions les plus <lures et a 
dresser des tables des resultats. II ressort des compa
raisons effectuees qu'il est opportun de construire et 
d'essayer divers types de paliers amortisseurs de 
rotation en vue de les monter a la partie cylindrique 
de la tour et de reduire ainsi la valeur admissible des 
accelerations angulaires du groupe helice-porte
helice, quand il est indique de le faire, pour les 
eoliennes de moyennes et grandes dimensions. 

Jusqu'a present, dans la premiere serie d'essais 
realises avec une tour cylindrique de section circu
laire, on a observe que cette solution n'etait pas tres 
satisfaisante, car, pour amortir d'une maniere appre
ciable les vibrations produites par le derangement de 
l'ecoulement que provoque la tour avec l'helice a deux 
pales utilisee, on a juge necessaire d'eloigner le plan 
de rotation de cette helice de x = 0,25 D (avec 
d = 0,022 D) de l'axe de la tour, ce qui est excessif 
au point de vue pratique. 

Les experiences de la deuxieme serie avec une 
colonne cylindrique de section aerodynamique ayant 
un coefficient d'allongement A = 3 : I (Navy Strut 
n° I) ont demontre qu'un amortissement compl~te
ment satisfaisant des vibrations pouvait se realiser 
pour x = 0,13 D, quand on prend d = 0,035 D. 
Ces resultats, obtenus avec une helice a deux pales, 

seront certainement reduits avec une helice a trois 
pales et constituent une demonstration fondamentale 
a l'appui des eoliennes a helice situee derriere une 
tour de section aerodynamique orientable avec le 
vent. 

Comparaison des systemes d'orientation 
des eoliennes contre le vent 

Comme on le sait, !'orientation automatique des 
eoliennes contre le vent pent etre realisee des manieres 
suivantes : 

1) Au moyen d'un gouvernail arriere, qui fonc
tionne comme un plan directionnel; 

2) Au moyen d'une petite helice supplementaire 
qui tourne dans un plan normal a celui de l'helice 
principale et s'appelle l'helice compensatrice de 
couple; 

3) En situant le rotor derriere la tour; 
4) Au moyen de moteurs electriques d'orientation 

dont l'un transmet l'orientation dans le vent d'un 
plan directionnel a un autre moteur qui oriente 
l'helice de la meme maniere. 

Figure 2 
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Les solutions 2 et 4 s'emploient pour les eoliennes 
de dimensions moyennes et grandes, la formule 1 
restant limitee aux petites, d'une puissance comprise 
entre 1 et 10 CV a rotation lente, dont les pales ont 
un faiblc moment d'inertie. 

Orientation au moyen d'un gouvernail monte a l'arriere 

Pour le calcul de l'orientation contre le vent des 
eoliennes dotees d'un gouvernail, il faut disposer 
de courbes experimentales (deduites d'essais faits 
au tunnel aerodynamique) relatives aux composantes 
des forces aerodynamiques qui agissent sur l'helice, 
Cx (parallele a l'axe de rotation de l'helice) et C11 
(situee dans le plan de l'helice) en fonction de !'angle 
r que le plan du disque forme avec la direction du 
vent. II est necessaire, en outre, de disposer des 

courbes de la distance relative Yr du centre depression 

a Cx en fonction de y. 
Si l'on ecrit !'equation des moments par rapport a 

l'axe de rotation vertical de l'eolienne, on peut en 
deduire la grandeur de la force aerodynamique qui 
doit etre exercee sur le gouvernail et, par consequent, 
sa surface, ou la distance entre l'axe de rotation et le 
centre de pression d'une surface de gouvernail 
donnee. 

Si I' eolienne est dotee d'un axe de transmission 
vertical, relie par des engrenages coniques a l'arbre 
de l'helice, i1 faut introduire, dans !'equation men
tionnee ci-dessus, un terme qui represente le moment 
de reaction. 

Certaines eoliennes sont construites de maniere 
a realiser une regulation approchee de la vitesse de 
rotation dans le cas ou le vent est plus fort que celui 
qui correspond a la puissance nominale et a la mise 
en drapeau du disque de l'helice, en faisant tourner 
le gouvernail de 90°. Dans ce cas, l'axe de rotation 
de l'helice doit avoir une excentricite e par rapport a 
l 'axe vertical de la tour. Cette excentricite fait 
apparaitre un moment qui doit egalement etre 
introduit dans !'equation d'equilibre mentionnee ci
dessus. 

Dans le systeme a orientation par gouvernail, ce 
dernier se deplace rapidement en raison des variations 
continues de la direction du vent et maintient l'helice 
perpendiculaire a cette brise. Mais les rotations 
rapides du groupe helice-porte-helice-gouvernail, 
compte tenu de toutes les sautes de la direction du 
vent, font apparaitre un moment gyroscopique dans 
les pales en rotation, moment qui a tendance a les 
faire flechir ainsi que l'arbre de l'helice. Pour des 
rotations positives, a la fois pour les pales et pour les 
deplacements autour de l'axe vertical de l'eolienne, 
le moment gyroscopique ainsi realise est positif : 
c'est dire que la t endance est a la courbure de l'arbre 
de l'helice vers le haut et de la pale superieure vers 
l'arriere. 

Le moment gyroscopique qui s'exerce sur l'arbre 
des helices a deux pales varie entre O et un maximum 
deux fois par tour. Les variations harmoniques de 
ce moment peuvent provoquer des vibrations, parti-
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culierement si elles entrent en resonance avec un 
element quelconque de la structure. 

Pour les helices a trois pales et a quatre pales, le 
moment gyroscopique est constant. Le moment gyros
copique par rapport au pivot de chaque pale est 
doublement nul lorsque les pales passent a l'hori
zontale et doublement maximum quand elles passent 
par la verticale, le maximum etant egal a : 

Mg= 2Ieueu1 

expression dans laquelle 

I = moment d'inertie de masse de la pale de 
l'helice par rapport au centre de rotation en 
kg/m/sec2 ; 

w - vitesse angulaire de l'helice en radians par 
seconde; 

w1 - vitesse angulaire du groupe helice-porte-helice 
en radians par seconde. 

Pour une helice massive de section trapezoidale, 
comme celle du modele, le rayon de rotation est 
egal a 53 p. 100 environ de celui de l'helice. En 
consequence, si l'on considere qu'une helice de 2 m de 
diametre pese 1,6 kg (0,8 kg par pale) et tourne a 
800 t/min, en admettant que la vitesse angulaire 
maximum w1 soit de 0,5 radian par seconde, on a un 
rayon de rotation: 

0,53 · 1 = 0,53 m 
I = (0,8/9,81) · 0,532 = 0,0416 kg/m/sec2 

eu = 800 · 2 rc/60 = 83, 7 rad/sec 

On a d'autre part 

Mu = 2 · 0,0416 · 83, 7 · 0,5 = 3,49 m/kg 

Ce moment doit etre ajoute a celui qui est produit par 
les forces aerodynamiques. L'arbre de l'helice flechit 
sous I' action du moment gyroscopique de toute 
l'helice. 

Pour une helice a deux pales on aura : 

}}f g = 2 I O w eu1 sin 2 Wt 

expression dans laquelle 

I O moment d'inertie de toute l'helice par rapport 
a son axe de rotation, 

Wt angle de rotation de la pale compte depuis sa 
position horizontale a l'instant t. 

Pour une helice a trois pales on aura : 

Mg= l 0 ww1 

La velocite angulaire w1 depend de la longueur dn 
gouvernail et se calcule en comparant l' energie uti
lisee a celle qui est disponible pour chaque surface, 
ce qui donne son rendement maximum quand 
6)1 L = ½ V, L etant la distance entre l'axe vertical 
de rotation et le centre de pression du gouvernail. 
Le rendement maximum est done egal a : 

IV 
Wl = 3[ 

Cette expression indique que eu1 est inversement 
proportionnel a L. 
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Orientation en disposant l 'helice derriere la tour 

Pour les fins du present memoire, il n' est pas 
necessaire de s'interesser a l'orientation au moyen 
de l'helice auxiliaire anti-couple, car ce systeme 
d'orientation, caracterise par les petites valeurs de 
w1 qu'on pent faire varier a plaisir avec le rapport 
de reduction du train de commande de la rotation, 
ne presente pas les caracteristiques d'orientation 
au moyen du gouvernail et de l'installation de l'helice 
derriere la tour, qui sont analogues les unes aux autres. 

Dans ce dernier cas qui nous interesse, on utilise, 
pour le calcul, les courbes donnant le moment du 
rotor en fonction de l'angle y avec 1/D comme 
parametre, determinees experimentalement au tunnel 
aerodynamique (1 est la distance entre le disque ou 
rotor de l'helice et l'axe vertical de la tour). Cette 
distance 1 qui, dans le cas de l'helice situee derriere 
la tour, correspond a L avec gouvernail, doit etre, 
pour des raisons de construction, aussi reduite que 
possible pour donner un moment suffisant pour 
maintenir l'helice contre le vent, soit : 

1 <%; L 

En consequence, on emploie }'equation precedente, 
en remplac;:ant L par 1, ce qui demontre que ul1 

sera plus grand que dans le cas de l'emploi d'un 
gouvernail. C' est dire que les conditions que nous 
avons examinees, en ce qui concerne le moment 
gyroscopique des eoliennes orientees par un gouver
nail, se retrouvent pour le cas de l'helice montee 
derriere la tour, avec cette aggravation que 1 ~ L. 

Dans les experiences faites, !'acceleration angu
laire duljdt a pu etre tenue faible en raison de l'amor
tissement du aux deux paliers de la tour cylindrique. 

Pour tous details supplementaires, voir la biblio
graphie. 

11 ressort de ce qui precede que, dans la pratique, 
la possibilite d'application de l'orientation par l' em
ploi d'une helice montee derriere la tour, si attrayante 
en raison de son esthetique et de son economie, est 
conditionnee par les observations suivantes : 

a) Tour cylindrique a section aerodynamique qui 
derange au minimum l' ecoulement interessant l'helice; 

b) Reduction, dans les eoliennes de moyennes et 
grandes dimensions, de }'acceleration angulaire du 
groupe helice-porte-helice dans ses mouvements 
autour de l'axe de la tour grace, particulierement, a 
des amortisseurs de rotation qui, fort heureusement, 
sont peu couteux. 
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Resume 

L'auteur fait observer, dans la prem1ere partie 
du memoire, que l'une des conditions essentielles 
dont depend le judicieux emploi des eoliennes est 
la reduction des frais de premier etablissement 
afferents aux machines. Ceci veut dire que, dans 
toute etude des aeromoteurs, il faut tout mettre 
en ceuvre pour en simplifier la conception et compri
mer les frais. 

En conformite avec ce besoin, on a envisage 
l'elirnination de l'organe qui sert a l'orientation auto
matique de I' eolienne contre le vent en exploitant 
les proprietes auto-directionnelles des helices installees 
derriere la tour .. 

Les recherches dont le compte rendu suit se rap
portent a des essais faits sur deux modeles d'helice 
a deux pales ayant un diametre D = 2 m, l'un avec 
une tour cylindrique a section circulaire, l'autre 
avec une tour egalement cylindrique, rnais presen-

tant une section aerodynamique caracterisee par 
un coefficient de 3 : 1. 

On observera que les tours en treillis d'emploi 
generalise presentent un coefficient de resistance 
Cz = 1,7, celles qui sont constituees par une structure 
cylindrique a section circulaire Cz = 1,2, et celles 
dont la section est aerodynamique le coefficient 
Cz = 0,06. 

Pour utiliser une tour cylindrique a section aero
dynamique qui peut tourner autour d'un axe vertical 
de rnaniere a s'orienter automatiquement dans la 
direction du vent, il faut decaler les paliers autour 
desquels s'effectue sa rotation a 0,6 D au-de~s?us 
de l'axe de l'helice. On analyse done la cond1hon 
critique de stabilite pour la tour et les pales. On 
donne pour Vs ~ V m > Vr, respectivement, la 
vitesse maximum acceptable du vent (225 km/h), 
la vitesse maximum du vent qui reste compatible 
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avec _ la stabilite du systeme quand l'aeromoteur 
fonct10nne (54 km/h), et la vitesse nominale choisie. 
On montre que, pour le cas ou l'helice se trouve 
derriere la tour, la condition critique correspond a 
V m et non pas a V s, dont la valeur est largement 
superieure. Au contraire, dans le cas des aeromoteurs 
dont le plan de rotation de l'helice peut se mettre 
en drapeau, les sollicitations auxquelles lcs pales 
sont soumises a la vitesse V s sont 3,4 fois plus grandes 
que pour V m• 

On decrit ensuite, les modeles et les deux 
series d'experiences, dont la seconde est encore en 
cours, en donnant une indication des instruments 
utilises, et on souligne l'opportunite de faire usage de 
certains paliers amortisseurs des accelerations angu
laires. 

On examine enfin, les divers systemes d'orientation 
automatique en usage, particulierement celui qui 
emploie un gouvernail arriere et celui qui prevoit 

!'installation de l'helice derriere la tour, lesquels 
sont analogues l'un a l'autre. 

Les experiences de la premiere serie ont donne 
des resultats qui, du point de vue pratique, etaient 
negatifs. Celles de la seconde serie out donne des 
resultats positifs, car, avec une tour ayant un dia
metre d = 0,035 D, il ne se produit pas de vibrations 
dans l'helice quand le plan de cette derniere se 
trouve a x = 0,13 D de l'axe de la colonne. 

Les accelerations angulaires relevees a l' occasion 
des essais realises avec le modele ont ete minimes 
et entierement acceptables; mais on prevoit que, 
pour les aeromoteurs de moyenne et grande puissance, 
il sera necessaire de faire usage de paliers amortisseurs 
d'acceleration angulaire, lesquels, fort heureusement, 
sont tres economiques. On estime done que la simpli
fication a l'etude est generalement realisable, ce qui 
permettra une sensible reduction du prix de revient 
des aeromoteurs pour leur production en grande serie. 

EXPERIENCES WITH WIND-DRIVEN GENERATORS WITH PROPELLER 
BEHIND A MAST OF STREAMLINE SECTION 

Summary 

In the first part of this paper, the author notes 
that one of the fundamental conditions for wind 
energy utilization at low cost is the low cost of the 
equipment; for this reason, the utmost effort should 
be made to simplify design and reduce the cost. 

We have therefore studied the possibilities of 
eliminating the automatic orientation system of the 
windmill, and utilizing instead, the auto-orientation 
property of a propeller placed behind the tower. 

This paper reports tests in natural wind of two 
models, D = 2 m, both with a cylindrical tower, 
one of circular section, the other with streamline 
section, and aspect ratio 3 : I. 

The drag coefficient Cx of the lattice towers 
usually employed is 1. 7; that of cylindrical towers 
of circular section is 1.2, and that of the streamlined 
towers is 0.06. 

The choice of a cylindrical tower of streamline 
section which turns automatically in the wind 
direction compels us to set the shaft bearings for 
its rotation at distance 0.6 D below the propeller 
shaft. This is why we must analyse the critical 
condition of stability of the tower and of the blades. 
We state that V 8 ~ V m > Vr, where V s is the 
maximum possible wind speed under exceptional 
circumstances (225 km I h). V m is the cut-off wind 
speed required for stability (54 km) and Vr is the 
rated operating wind speed. For windmills with 

propeller behind the tower the critical condition 
can be proved to respond to V m, and not to the 
higher speed V s• On the other hand, for windmills 
that can be feathered without turning the blades, 
at V s the load on the blades is 3.4 times greater 
than at Vm. 

The second part of the paper describes the models 
used in the two test series, as well as the instruments 
used. 

In the third part we examine various automatic 
orientation systems, especially those with tail rudder 
and with the propeller behind the tower, which are 
similar. 

The first series of experiments gave negative 
results from the practical point of view. The second 
series gave positive results, because with a tower of 
diameter d = 0.035 D, no vibration was produced 
in the propeller at a distance x = 0.13 D from the 
centre of the column. 

The angular accelerations obtained in the tests 
were small and entirely acceptable, but it may be 
predicted that in medium-power and high-power 
windmills oil rotation dampers will be necessary. 
Fortunately such dampers are very inexpensive. 
The proposed simplification seems practicable, if _ 
cylindrical streamlined towers are used, and it 
reduces the cost of mass production of wind
mills. 
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CLASSICAL DESIGNS OF SMALL DRAINAGE WINDMILLS IN HOLLAND, 
WITH CONSIDERATIONS ON THE POSSIBILITIES OF THEIR IMPROVEMENT 
AND ADAPTATION IN LESS DEVELOPED COUNTRIES 

A. Havinga * 

It is not so very long ago since windmills in Holland 
were entirely hand-made from wood, with some minor 
parts only for joining and reinforcement. Wooden 
shafts ran on stones, but were provided with hardened 
steel bars at the spots where friction occurred. 
Building and repairing a full-sized Dutch windmill 
requires highly specialized tradesmen, who are 
difficult to find today, even in the Low Countries. 
In former centuries, however, there were in Holland 
numerous small pumping windmills (1), which served 
the purpose of draining small areas of land. As they 
were of simple design, they could be made by local 
carpenters and maintained by the farmers, who 
carried out minor repairs themselves. Under bad 
weather conditions, winds are very variable in Hol
land, both in direction and in force, and consequently 
a Dutch windmill of classical design requires much 
attendance when in operation. Nowadays, this is 
not economic when the windmill is small and of 
limited capacity. This explains why small wooden 
windmills have practically all disappeared from 
Holland and why they have been replaced by 
metal structures, which incorporate devices for auto
matic adaptation to variable wind-direction and wind
force. Thus, the appearance of the metal windmills 
indicates the raised standard of living in Holland. 
In other countries, where the standard of living is not 
so high, there is perhaps still a future for simple 
wooden windmills which can be made by tradesmen 
with only simple tools c:t thei: disposal_. Suitable 
designs, however, are not 1mmed;at~ly availabl~, and 
it is an undeniable fact that des1gnmg a very simple 
structure offers its special problems. Inspirati?n for 
the design of a small windmill may be found m the 
classical Dutch designs, because they are based on 
the experience of many centuries_ and ha".'~ proved 
their usefulness under severe workmg conditions. 

Generally speaking, small D?tch drainage _mills 
fall into two categories, those with and those wit~out 
bevel gears. Those without gears have the Arch1me
dean screw as a water-raising device. In former 

· centuries, numerous mills of this kind were to be 
found in the province of Frisia, in the north-eastern 
part of the Netherlands, where _they ar~ nam~d 
"tjask-mills". The screw and the sails of a tJ8;Sk-mill 
have one long inclined shaft in common. The simplest 
mills with gears are provided with two shafts: 
first the horizontai mainshaft with the sails and, 

' 
* Mechanical Engineer, Rotterdam, The Netherlands. 

secondly, a vertical shaft in the centre of the mill, 
which is nothing but the lengthened shaft of a wooden 
centrifugal pump. 

Figure 1 shows the design of a small windmill with 
centrifugal pump, as it was made formerly in the west
ern parts of the Netherlands. The plate is reproduced 
from a rather old Dutch handbook on hydraulic 
architecture (2). A mill of this kind is to be erected 
on a small spot of land - rather more than a dam .
between the ditches leading to and from the mill. 
Its intake is an open culvert with a circular hole in 
the bottom, the centre of the hole coincides with 
the centre of the mm. The vertical shaft passes 
through this hole. It rests on a step bearing and is 
provided with four wooden blades of slightly curved 
shape, thus making a bladewheel with a diam_eter 
of 1. 00 m. The bladewheel moves with very little 
clearance in a wooden housing. As the plate shows, 
the bottom of the intake is at the same time the 
cover of the housing. A discharge tube of rectan~ular 
section joins the housing more or less tangenti:3-llf, 
completing the centrifugal pump. When the mill is 
in operation, the water enters the pump from above; 
it is brought into a circular motion and forced through 
the tube. Of course, a valve at the mouth of the 
discharge tube is necessary to prevent a reflow when 
the mill ceases to run with sufficient speed. 

The figure shows the wooden tower, consisting 
of a fixed lower part and an upper part which may be 
adjusted to the wind direction and t~erefo~e re_sts 
upon a seat. Turning the mill in~o the ngh~ direction 
is made easier by a vane, but with a cl_ass1cal D_utch 
small windmill the friction at the seat is appreciable 
and cannot be overcome by the pressure of a moderate 
wind on the vane alone. This is not a disadvantage 
in every respect : the rather high friction a~ds to the 
stability of the mill, which is of value m stormy 
weather when storm-damage is to be feared. 

The vertical pumpshaft is driven from ~he wind
shaft by means of a wooden bevel gear, rat10_ 29 : 13. 
The wheel with the 29 wooden cogs on the wmdshaft 
serves as the brakewheel too; when the mill must ~e 
brought to a standstill, a rather powerful brake is 
applied to it . The sails, with a span of 6.40 m, are 
made of wood and covered with planking. At the 
trailing side of each sail the planking can be removed, 
but in stormy weather this is a task of a dangero?s 
nature. Experience has shown the advantage ~f sails 
of heavy construction, and this advantage 1s not 
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2 3 4 metres 

Figure 1. Design of small Dutch pumping windmill with centrifugal pump 

2 metres 

Figure 1 (supplement). Details of wooden centrifugal pump and intake 
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only to _give sufficient strength. Recent scientific 
research m Holland (3) has shown that an appreciable 
moment of inertia in windmill sails is a factor of 
gre~t importance when a reasonable efficiency is 
~esired. Lack of inertia in the sails may result in very 
irregular running of the whole machinery, which is 
not conducive to high efficiency of either the sails 
or the pump. 

The second plate is based on comparatively recent 
measurements, carried out at one of the last-surviving 
tjask-mills, standing in Frisia in the municipality of 
Blessum. A tjask-mill is simpler in construction than 
the mill shown in figure I, but it requires a rather 
large amount of space and a somewhat complicated 
system of water-courses is necessary. The Blessum 
mill occupies a piece of land of about 18 metres 
square. In the centre is a circular pond, which is 
connected with the low level ditch by a wooden tube 
nearly 8 metres long, and the pond is surrounded by 
a narrow circular ditch at the high-water level. 
The water is lifted from the pond into this ditch by 
an Archimedean screw. In the Blessum mill, the 
screw has a length of 2.69 m over the threads, with 
0.50 m diameter. Planks are nailed to the three 

threads of the screw, so that it looks like a long 
revolving coop, and three hoops of iron add to the 
strength and rigidity of the construction. 

The shaft of the screw is rather long : 6.90 m. The 
top-end of the shaft is raised 3 metres above ground 
level and is provided with a set of four conventional 
Dutch windmill sails, the span being 5. 70 m. The 
shaft with the screw and the sails is supported by a 
wooden frame, inclined at about 30°, which, in its 
turn, is supported at the top-end by a jack, made of 
wood and resting upon a circular track, and at the 
bottom-end by a wooden pile, standing in the centre 
of the pond and rammed into the soil. By moving the 
jack over the circular track, the mill can be set into 
the right wind-direction. Adaptation to the wind
force must be achieved by furling or unfurling sail
cloths at the windmill-sails. When the mill is in 
operation with irregular winds, it demands much 
time and labour, which is the main disadvantage of 
this - otherwise very attractive - design. Indeed, 
it is difficult to imagine a pumping windmill which 
is less complicated. 

Several details of the shaft with its accessories need 
further attention. The bottom-end of it is provided 

5 metres 

~lan of water-courses 

Figure 2. Design of small pumping windmill (tjask-mill) with Archimedean water-screw 
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with a gudgeon-pin, which turns in a steel cup. As 
more than half the weight of the shaft with the sails, 
the ~crew, etc._, must be supported by the cup, high
quality matenals are reqmred. At a few decimetres 
behind the sails, the shaft is provided with a disk 
to which the brake can be applied. In really bad 
weather conditions, the brake is not powerful enough; 
wh~n the mi~l has to be stopped, it is necessary to 
wait for a qmet moment and, as soon as the sails are 
brought to a standstill, one of them must be fixed 
by means of a chain, as indicated in the figure. 

Another weak point in the design is the small 
moment of inertia. Tjask-mills turn very irregu
larly. Evidently, the carpenters in Frisia never 
recognised the advantages of heavy sail construction. 

Possibilities of development 

The design of figure I offers many possibilities of 
development, which indeed have been put into effect 
in Holland. The pump may be modernized and 
refined in the design of both the blades and the 
housing, and the mill can be made self-adjusting to 
wind-direction and force. Moreover, the sails can be 
improved by adding sheets to reduce air-resistance (3). 
Every improvement adds to the difficulty of building 
and repairing the mill, especially when only simple 
tools are available, and the end of all improvements 
is a factory-made modern structure. 

Possibilities for improving tjask-mills are more 
limited. At first glance, the sails seem subject to 
refinement in the design. Moreover, they can be 
improved by adding weights at their tips in order 
to raise the moment of inertia. But even this would 
make it necessary to provide the mill with a more 
powerful brake. 

Performance of small Dutch pumping windmills 

About ten years ago, two small Dutch drainage 
mills with centrifugal pump were tested in Holland 
under actual working conditions (4). They were 
not of purely classical design. One of them still had 

a wooden centrifugal pump, and the efficiency of this 
water-raising engine proved to be hardly 30 per cent. 
It was estimated that about 60 per cent of the power 
transmitted by the vertical shaft was lost in producing 
turbulence in the water. The other windmill was 
provided with a modern pump of advanced design, 
with a blade-wheel of brass and a housing of concrete. 
In spite of the fact that it was carefully made, its 
efficiency was no higher than that of the wooden 
pump. The present writer is of the opinion that it 
is very difficult, if not impossible, to design a small 
centrifugal pump with an appreciable high efficiency 
when it is running irregularly, especially when the 
pumping height is limited. 

Generally, the head against which the water must 
be lifted by the small Dutch drainage-mills is no more 
than 0.8 m. When a sufficiently strong wind is 
blowing, the output may amount to an average of 
a hundred cubic metres per hour. This suffices for 
the drainage of 15 to 20 hectares of land. 

Adaptation of small pumping windmills 

It must be stated that the small Dutch drainage 
windmills are well adapted to the climatic and other 
conditions of the coastal districts of the Low Coun
tries, but there is no doubt that the process of adap
tation has required a very long span of time. When 
a trial of adapting such a small windmill to another 
country is considered, calculations for accelerating 
the adaptation may seem desirable. Unfortunately, 
calculations relating to pumping windmills are com
plicated, because many factors which have to be taken 
into consideration (wind-direction, wind-force, speed 
of rotation, water levels, etc.) are variable. It is 
possible to calculate the horsepower of Dutch wind
mill-sails with various wind-forces, but these sails 
do not seem the most suitable for other countries, 
where strong winds and gales are less frequent. 
Triangular cloth-sails, as they are used on the classi
cal windmills of Mediterranean countries, are at
tractive. Perhaps, a basis for calculating their per
formance exists, but it is unknown to the author of 
this paper. 
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Summary 

The paper contains a description - with accurate 
plans - of two small drainage windmills according 
to classical Dutch designs. One of them has a wooden 
centrifugal pump as a water-raising engine; the other 
is provided with an Archimedean water-screw. 

Windmills of this kind were made in former 
centuries by local carpenters and were maintained 
by the farmers. Since the Netherlands have been 
highly industrialized, practically all wooden small 
windmills have disappeared. Gradually they have 
been replaced by factory-made metal structures, 

which do not require much attendance, but vvhi~h, 
however, are more complicated to make and to main
tain. 

In other countries, which are not yet industrializ~d, 
there is perhaps still a future for small pump1_ng 
windmills, to be made by the local tradesmen w~th 
simple tools. When a trial of designing windmills 
for these countries is considered, inspiration may be 
found in the classical Dutch designs, because they 
are based on the experience of many centuries and 
have fully proved their usefulness. 

LES TYPES CLASSIQUES DES PETITS MOULINS A. VENT DESTINES A. SERVIR AU DRAI
NAGE AUX PAYS-BAS; CONSIDERATIONS SUR LA POSSIBILITE DE LES PERFEC
TIONNER ET DE LES ADAPTER AUX PAYS PEU DEVELOPPES 

Resume 

On donne, clans le memoire, une description de 
deux petits moulins a vent servant au drainage, 
completee par des plans exacts a l'echelle, corn;us 
conformement aux formules neerlandaises classiques. 
L'engin servant a elever l'eau utilise en liaison avec 
l'un d'eux est une pompe centrifuge et il est fait 
usage d'une vis d'Archimede pour l'autre. 

Au cours des siecles passes, ces moulins etaient 
construits par les charpentiers de village et leur 
entretien etait assure par les agriculteurs. Depuis 
que les Pays-Bas sont tres industrialises, la presque 
totalite des petits moulins a vent en bois a disparu. 
Ils ont ete remplaces peu a peu par des constructions 

metalliques faites en usine, qui n'exigent pas beaucoup 
de soins mais dont la realisation et l'entretien sont 
plus compliques. 

Dans d 'autres pays qui ne sont pas encore indu~
trialises, il y a peut-etre encore un certain avemr 
pour les petits moulins a vent servant au pompaq"e, 
a construire par des artisans de village dotes d'out1ls 
simples. Si on songe a la mise au point de moulins 
a vent pour ces pays, il serait peut-etre indique de 
chercher une inspiration dans les formules neerlan
daises classiques, car elles reposent sur !'experience 
accumulee au cours de nombre de siecles et elles 
ont certainement fait leurs preuves. 
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THE AERODYNAMIC LAYOUT OF WING BLADES OF WIND-TURBINES 
WITH HIGH TIP-SPEED RATIO 

Ulrich H iitter * 

Operating behaviour of high-speed blades 

The blades of modern wind power stations are 
freewheeling axial-flow turbines with high tip-speed 
ratio and large flow loading. 

If one imagines a wheel turning in the wind and 
surrounded by a wide control area, the principle 
of conservation of energy puts the useful work, 
which has been transferred from the wind wheel to 
the rotating blade shaft in the form of mechanical 
energy, into relation with the reduction of wind 
speed within the blade region. 

By comparing the mechanical energy gained at 
the wheel shaft with the loss of kinetic energy of 
the air flo,v, it is not too difficult to define some kind 
of efficiency as a measure for the quality of conver
sion. 

This efficiency, however, is of no interest to the 
power industrialist. Since the carrier of energy is 
at free disposal for wind power stations, only the 
expenditure for the establishment of the windpower 
stations besides the velocity frequency at the site 
has an essential influence upon the economic expendi
ture for the representation of the energy unit. This 
expenditure not only depends on the quality of 
conversion of the wind wheel, but also quite essen
tially on the principal construction of the station. 
A given principal construction of the station is 
about proportional to the square to cube of the 
wheel diameter. 

Therefore, the losses which arise during the passage 
through the control space do not interest at first 
rate, but the degree of energetic exploitation of the 
air flow does, the amount of which is given by the 
size of the wheel area F </> (m2) swept by the blades, 
and by the free air wind speed v0 (m sec-1). 

In order to take into consideration these hastily 
mentioned relations, Betz (I) has established the 
conception of the power coefficient cL in place of 
the usual efficiency conception. 

This coefficient expresses the proportion of the 
effective power at the wheel shaft. 

L (mkp sec-1) = 102 (mkp sec-1 • KW-1) • N (KW) 

* Chairman, Aviation Department, Institute of Technology, 
Stuttgart, Federal Republic of Germany. 

to the ideal energy input through the wheel area 
F </> swept by the blades in free air 

204 N 
Cr, = Vi pFef> ( 1) 

(p [kg sec2 m-:-4] density of the air) 

The rotational speed of the wind wheel and thus 
its circumferential speed it 0 (m sec-1) = R · w (R -
blade tip radius of the wind wheel) at given free air 
wind speed v0 has a great influence on the technical 
expenditure of the apparatus for the conversion of 
energy (e.g. electricity), which is linked to the wind 
wheel shaft. The quotient from u0 and v0 is known 
as tip-speed ratio A0 • The reciprocal value of the 
coefficient of propeller advance has been denoted as 
A in the aeronautical literature. 

., U 0 1t Rn 
Ao= - =--

Vo 30 Vo 
(2) 

(n [rpm] shaft revolutions per minute) 

From (1) and (2) the equations immediately result 
for the shaft power in kilowatts 

(3) N [KW] = AN CL Va3 A;v = p F if> /204 

and the revolutions per minute of the wind wheel 

( 4-) n [rpm] = BN Ao Vo 
30 

B .. = -., R 1t 

For a certain setting of the wing blades of the 
wind wheel, and thus for a certain gradient of the 
Ca = 0 line at a given radius defined by the angle 
0r between Ca = 0 line and the plane of the turning 
wheel, the relation between the power coefficient c1, 

and the tip-speed ratio Ao is unmistakable. For a 
given angle 0r a system of curves with parameter Vo 

may be obtained as relation between the shaft 
power N of the wheel and shaft revolutionsn (figure 1). 

These curves originate from the cL, Ao relation by 
linear distortion in abscissa (rotations) and by cubic 
distortion in ordinate (power) direction (revolutions 
n and power N are given by equations (3) and (4)). 

For a certain point of the CL, Ao curve, perhaps for 
the vertex, a cubic parabola may be obtained at 
steady variation of the wind speed as relation bet
ween power and revolutions. 

This coherence, however, is unimportant for the 
consideration of relations at the drive of electrical 
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machines or pumps by wind power stations, and 
especially for delivering wind energy into a strong 
three-phase net. In such an operation, the revolutions 
of the wheel shaft, led by the net, remain constant 
(synchronous operation) or approximately constant 
(asynchronous operation), and the power-wind
speed-relation is defined by the location of the n ::::; 
constant-straight line in the N,n diagram (2). 

It is in the nature of high-speed wheels that at 
small tip-speed ratios a power loss shows up because 
of separation of air flow at the blade, which represents 
itself as a distinct unsymmetry in the cL, Ao curve 
(figure 2). 

Because of this mostly rapid power loss at tip
speed ratios Ao < Ao from c L opt., the relations be
tween shaft power and wind speed at fixed revolutions 
already have a maximum at modest wind speeds, 
which cannot be surpassed by any increase of wind 
speed. The resulting curves, whose parameter is 
the number of revolutions n, each touch the cubic 
parabola, which represents the ideal case of the wind 
speed-power relation, in only one (design) point 
(figure 3). From the diagrams in figure 1 and figure 3 
it may also be recognized that even by neglect of the 
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actually occurring conversion losses, the wind speed
power curves must start out at v0 = 0 with a negative 
value of power. 

These curves for constant revolutions have a 
turning tangent in their touching points with the 
cubic parabola, which stands for the ideal state. 
Therefore the power-wind speed-relation in this 
region represents itself approximately as a straight 
line. This was confirmed by observations of three
phase stations, which fed into a net (see figure A2 -
115 in (3)). The fact that in the layout of a wind 
power station the choice of the fixed revolutions 
under consideration of the velocity frequency distri
bution at the site shows a distinct influence on the 
possible energy gain, has been pointed out by the 
author (2) as well as by J. Juul (4) some years ago. 

It is possible to define the over-all efficiency Y/a 
as proportion of the power coefficient c dor a certain 
number of revolutions and wind speed to the optimally 
possible cL opt (figure 2). 

CL (vo) 
(5) "/)a= ---

Cr. iopt 

One then obtains curves for different revolutions, 
which represent the over-all efficiency against the 

converted power, and make plain the great signi
ficance of the right choice of revolutions (figure 4). 

The fact may surprise that plottings of theoretical 
investigations as well as practical experience show 
the unexpected smallness of the energy gain -
losses of a wind power station operated with a fixed 
number of revolutions against another one, whose 
wind wheel is run with optimal revolutions by an 
infinitely variable. speed transmission (only 4 to 6 
per cent) (2). 

The curves in figure 3 further show why wind 
power stations with highly rated tip-speed ratio 
may be run without governing interference in all 
operating ranges under load when sufficient strength 
reserves in the gear unit and power reserves in the 
generator are provided (J. Juul). Therefore, a not 
inconsiderable gain of useful energy may even be 
achieved, because each wing blade is run for itself 
on power limitation at a free air speed which is un
evenly distributed across the circular area. The 
supposition for a satisfying and safe functioning 
of this, conditional on the shape of the blade-govern
ing procedure, is only that the rising part of the c1,, 
)..0 curve approximately reaches the form of a cubic 
parabola (figure 2). This is usually the case, however, 
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Figure 4 

as nearly all wind tunnel tests show at models of 
high-speed wheels. 

Radial circulatory distribution 

The flow within the range of the free-wheeling 
windwheel is influenced by interference speeds, 
which are being induced by a system of bound and 
free vortices in the plane of the wheel and in the 
wheel's wake (figures 5/6.) The interference speeds 
influence the intensity distribution of the circulation 
I' r against the blade radius. 

A comparison of the resulting optimum distri
bution of the intensity of the bound vortices r r along 
the blade radius for the propeller on one hand and 
the wind turbine on the other hand indeed shows 
that with low load and equal propeller modulus the 
optimum vortex circulation distributions are quite 
similar to each other. Solutions of technical interest, 
however, produce a number of distinct differences, 
which do not allow off-hand an immediate com
parison. 

The propeller usually works with modest flow 
loading and propeller moduli, which correspond to 
tip-speed ratios around one. The slipstream therefore 

is only a little contracted, and the gradient of the 
planes of free vortices in the wake is large. 

On the other hand, wind turbine wheels work 
with large flow loading as well as with high tip
speed ratios, and consequently have very small 
gradient of the discontinuity surface in the wake. 
The tip-speed ratios of modern wind wheels reach 
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Figures 5/6 
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magnitudes from 8 to 16, resulting in a multiple 
of tip-speed ratios of propellers. 

The consequences resulting from this for the opti
mum circulatory distribution become especially 
obvious if (at first for an infinite number of blades) 
the proportion of the optimal local circulation r r 
to the circulation at the blade tip r r is plotted against 
the square of the radius value r, which has been 
made dimensionless by the blade tip radius R 
(figures 7 and 8). With regard to the optimum layout, 

the necessary circulation drop of wind turbine wheels 
in the direction of the wheel hub is situated within 
a zone (as may easily be comprehended), in which 
considerable deviations of optimum shapes are 
hard to avoid because of manufacturing and static, 
i.e., constructive reasons. 

The expansion of air flow in the wind wheel's 
wake is large (figure 9} in comparison with usual 
values of contractions of propellers. In the most 
favorable operating range the stream enlarges to 
about ,12 times the wheel diameter D. 

A careful arithmetic check of the interference 
speeds being induced by the free, helical, and coni
cally enlarging vortices in the blade plane, and of the 
local circulation values rr caused by these inter-

I . 
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ference_speeds, ~as revealed that the circulation drop, 
even with a fimte number of blades in the direction 
of the blade tips, becomes extraordinarily rough. 
It does ~ot ~tart out - _till near the blade tips where 
t?e apphcat10n_ of ~h~, s_1mple theory of the "bearing 
lme of the radrns Jet 1s no longer permissible. 

The checking of an example corresponding to 
technical designs (wing blades of the WEG 100 kW -
windpower station) has yielded that within the range 
fro1!1 30 per cent to 96 per cent of the blade tip 
~adms. the resulting circulation r r deviates only 
mcons1derably from that which would occur with 
an infinite number of blades. In the case of the 
computed example the deviation reached an amount 
worth mentioning only at more than 98 per cent of 
the. blade tip radius with about 6 per cent drop 
agamst the conditions with an infinite number of 
blades. 

The accuracy of this at first unexpected result was 
verifi~d to the author by Strscheletzky (5). On the 
occas10n of a VDI meeting at Stuttgart in 1944, 
Spannhake had already pointed to the fact that 
with strongly expanding flow in the wake of free
wheeling turbine wheels circulation drop must be 
taken into account. It is considerably stronger than 
with contracted flow. 

From this an extremely valuable simplification 
results for the layout of wind turbine wheels. It is 
p~rm_issi~le to desi~n blade contour, angle of decalage 
d1stnbut10n, runnmg characteristics, etc., according 
to the blade element theory. The possible errors, 
which have to be taken into account with regard 
to working behaviour and especially to power pre
diction, remain within the limits of the exactness 
of given design values (manufacturing accuracy, 
profile polars, etc.). 

Characteristic power values of the blade element 

For the following statements it is assumed in a 
simplified manner that the radial components of 
speeds in the wheel region may be neglected. This is 
permissible for the computation of the axial and 
twist losses because for this only the regions far 
off and beyond the wind wheel must be considered, 
where the radial speed components disappear at 
stationary flow in the direction of the wind wheel 
shaft. 

Furthermore we neglect the fact that the speed 
changes in the wake within the annular space bet
ween r3 and r3 + dr3 (figure 9), influenced by the 
considered blade elements, are not constant over 
the circumference of the annular space. This neglect 
is permissible because of the high tip-speed ratios 
of wind turbine wheels, and with regard to the 
relations presented in the preceding chapter. 

If we define the decreasing factors as 

(6) ~=~: 

then we receive the known relation for the axial 
power coefficient shown up by Betz 

1 
(7) C[,a (r) = 2 (1- (\r)) (1 + ~(r))* 

which yields a possible optimum value for 

16 1 
CLa (r) = 27 = 0 5963; for ~(r) == 3 

The twist, as well as the friction losses at the blade 
element, is neglected. 

. If one takes into account the twist losses (in fric
t10n-less flow) as well as the fact that the air in the 
~ake passing the annular space is pushed outwards, 
1.e., to larger. radii, because of continuity reasons, 
then one obtams for the power coefficient 

(8) CL ideal (r) = A2
a (r) {03 (r) -1) (1 + ((r)) 2/2 ((r) 

{9) 03 (r) = \/1 + 2 ((r) {l - -((r))(A2o (r) 

For the blade element computation a difficulty 
arises, because the magnitude of the outward dis
placement depends on the extent of the reduction 
of all radii, which are smaller than the radius of the 
blade element considered. There is a further difficulty, 
because the optimum value of the reduction coeffi
cient depends on the tip-speed ratio and radius 
(figure 10), and for small values of Ao (r) it is larger 
than the value resulting from (7). 

But this fact is not as disturbing as it may seem at 
first -sight since the power coefficient optimum is 
flat and the twist influence which causes the dis
placement of the optimum value of the decreasing 
factor does not take effect until small tip-speed 
ratios, i.e., in the vicinity of the hub. There the 
displacement flow around the hub body and the 
deviations from the theoretical ideal shape of the 
blade, conditional on design, cover all other influences 
anyhow. Therefore the decreasing factor ((r) may 
be assumed without hesitation to be constant for 
the region within the blade element, and equal to 

50PT 
-----,,----,----,---,---.....----,-----, 

OPTIMUM VALUE OF TIP-SPEED RATIO 

~',l,8111-- -1------+---+---.__--l----+-- ----i 
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0,#6 nu----+---+- 2 0.1% CLid LOSS 

o,1;1,1, ----+- r---:---;;--:-;;~;:::::========~11 z (1 ..,;;iai:;, 11 z' ] 
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* All coefficients related to the blade element are marked 
by the index r, which is put in parentheses. 
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that which has been presupposed for the considered 
annular space. 

The influence of the profile resistance is taken into 
considerat ion by (10) and (11) (figure 11), 

( 10) 
( Ca) - -AfT(l 

. _ 2 Ao (r) Cwp (r) e r 
f]l'(r) - - - - . 

1 + ~(r) (Ca) 1 + - (r) AefT (r) 
,Cwp 

a relation which counts for propellers in a similar 
form (6) . In (10) the conception of the effective 
tip-speed ratio Aetr at the blade element is used 

(11) Aerr(r) = Ao(r) (1 + aa(r))/(1 + ~(r)) 

This is the cotangent of the angle tperr, which is · 
enclosed by the vector of the relative speed between 
blade element and air, and the plane of rotation 
(figure 13). 

The local power coefficient cL (r), which is affixed 
to the considered radius r, is obtained as a product 
from the power coefficient defined by (8) and (9) 
with the local profile friction coefficient "IJP(r) (10) 
and (11) 

(12) CL (r) = CL ideal (r) • "'Jp(r) 

Because of the previously mentioned relations, a 
mean value formation by integration of the product 
r · CL (r) against the radius is sufficient to receive the 
total power coefficient of the wheel spider under the 
considered working conditions (13). 

(13) "'Jzj" B 
CLges = R r CL (r) c/r 

., r 

("'Jz correction factor for the influence of finite number 
of blades). 

We receive the value (fletI, which is important for 
further computation, from (14) with AefI (r) from (11) 

(14) (f)crr (rl = arc cot Acrr (rl 

Blade element and wake 

In the equations (8) and (9) for the power coefficient 
of the frictionless working wheel element in (10) and 
(11) for the profile friction coefficient, and in (14) for 
the magnitude of the effective angle of attack (f)err 

we had met the tacit presupposition that the argu
ments ~(r) and Ca (r) determining the functions indeed 
may reach the supposed values. But this is neither 
self-evident nor the case off-hand. 

The fact is obvious and easily understood that the 
decreasing factor ~(r), the tip-speed ratio Ao (r), 
consequently (f)elT (r) too, must be in a defined relation 
with the width sum of the blade elements z 0 t(r) 

(z number of wing blades, t(r) width of the blade at 
radius r), the angle ~(r) between zero-lift flow at the 
blade elements and the plane of rotation, and also 
with the possible lift coefficients Ca(r) at the blade 
elements. 

In order to show up this relation we recall that the 
speed reduction in the wake of the wheel involves a 
pulse change of the air masses which passed the 
previously described control space. The pulse change 
can only be explained as a consequence of a force 
acting in the control space. But this force can only 
act at the blade elements. It is the sum of the axial 
components of the aerodynamic forces coming about 
at the blade elements. The size of all these axial 
components ds is : 

(15) 
(

Cwp) 
(r) AefT (r) + - (d ) - Ca (r) ea 2 P 

I: dS (r) - KG (r) V d- /XefT (r) W clT (r) 2 zt(r) dr 
1 + A2crr (r) IX (r) A-> oo 

with 

(16) IXefT (r) = (flelT (r) - ~(r) (see figure 12) 

The value Kc (r), the lattice constant (6), only has the meaning of a minor correction for the high
speed wheel mainly in the outer wing, which may be checked easily. 

4 r zt(r) 
(17) Kc<r> = a<r> _t_ tg-

4 
,.__, 1 

z (r) r 

~<r> I 0° s0 10° 30° so 0 

a(r) 1.00 0.85 0. 76 0.34 0 
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Since --:£.ds(r) is equal to the pulse change of the 
air mass passing the control space 

(18) --:i.ds~~~ = V 0
2 ~ (I - ~2cr)) 2 rtr dr 

and (flelI as well as 

( ) W V I + ~Cr) . I I 2 19 elT (r) = o 2 V + A elT (r) 

may be represented as functions of ~(r) and Ao (r), 
by equating of (15) and (18) with (19) we receive 

(20) KE (r) 0 (~ Ao)(r) = KG (r) /f>(r) 

and 

(21) 

with 

0 (~ Ao)(r) = ___ 4---'--(l __ ~_ell-=(r)=) == 

(1 + ~(r)) AefT (r) y'l + A2
etI (r) 

I 
(22) KE = --- · ,_, 1 

l + cw p 
ea AetI 

The contour function o (~. Ao) defined by (21) is thus 
independent from the lift gradient (dca/da) A -'>- a, the 
blade contour tr = Jt (r) and the setting of the blade 
3(r) = Js(r), but its equivalent O(r) only contains 
such values 

(23) 

Th . t<r> z . ( ) . h 1 1 t . e express10n -
2

- m 23 1s t e oca geome nc 
rtr 

surface density ocr), i.e., the effective, aerodynamic 
surface density of the wheel element. 

Blade contour and decalage 

Since for a chosen (optimum) operating condition 
of a windwheel those lift coefficients at the blade 
profiles are to be achieved for which the lift-drag 
ratio E oo = ca/cwp reaches its maximum, the lift 
coefficients Ca (r) at first are supposed to be given for 
the design of the blade width run. With that we 
obtain the blade width affixed to each radius from : 

2 rtr KE (r) 
(24) fer> = ---K o (~ Ao)(rJ 

Z ca(r) o (r) 

The chosen designation of o (~, Ao K (r)) as contour 
function has been explained herewith. The character 
of this function, which determines the blade contour, 
becomes especially clear, when it is plotted against 
Ao(r) with parameter ~(r). (figure 12). 

Attention must be paid to the facts that t(r) 

represents the length of an arc in the distance r from 
the axis of rotation, and that (23) is a contour 
without rounding-off near the blade tip. 

Such a rounding-off can be recommended for 
several reasons. It should, however, extend only 
over a relatively small radius range (for a rotor with 
the layout-tip-speed-ratio 10 it should extend over 
about 1.5 per cent of the radius, or about 30 per cent 
of the blade width with r -'>- R, for instance) (7). 

Because of manufacturing reasons (geometrically 
simple contour shape, no excessive blade width in 

. the vicinity of the hub, etc.) one is often forced to 
choose high design-ea at the blade root, i.e., profiles 
with large maximum lift coefficients, even if we have 
to put up with disadvantageous profile glide ratio. 

If we operate a wheel of given contour with a 
tip-speed ratio, which differs from the layout state, 
then lift coefficients turn up, which differ from 
Ca opt• 

In the operation of wind turbines, those regions 
are often of special interest in which the lift rise at 
the blade elements is non-linear because of separation 
of air flow, and only known through wind-tunnel 
tests. Therefore it suggests itself to search for the 
solution of (20) by means of a graphic procedure for 
the general case. To that effect we plot the logarithm 
of the contour function o (~, Ao) (21) against (J)err 

(t Ao) (14). In the resulting diagram ~(r) and Ao(r) 
appear as parameters (figure 13). This diagram ~as 
universal validity for the layout of free-wheelmg 
turbine wheels. 

The relation between KG · o (r) against OCefi (r) is 
fixed for a blade element tcr> with given profile. If 
we plot log KG · O(r) against CXefi (r) in the same scale 
as log o (~, Ao)(r) against /f>efi (~, Ao) (r) {figure ~5) and 
arrange to coincide the transparent sheet with the 
log o (~, Ao)(r), /f>efi (~ , Ao)(r) diagram (figure 13), 
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then all possible working points of the wheel appear 
as points of intersection of the ~(r) constant and 
Ao (r) constant group of curves with the log O(r), 
qerr (r) curve (figure 14) valid for section r. 

In diagram (figure 14) it is recommended to connect 
with each other the points of equal lift-drag coeffi
cients E oo (r), which are to be taken from the 
respective airfoil characteristics (for the expected 
Reynolds numbers), besides the log O(r), qeff(r) 
curves. 

In order to locate optimum working points it is 
only required to shift diagram O(r) = f 1s, (qerr) 
(figure 14) over o (~, Ao) = fi4 (/err) (figure 13) in the 
direction of the (linear) abscissa for so long until 
both (in 13 and 14 marked by hatching) optimum 
ranges coincide. · 

There is, however, yet another condition to be 
fulfilled. In the zone of coincidence, Ao (r) must have 
the value corresponding to the desired wheel revo
lutions n and the wind speed Vo which is possible 
only when t(r) has been laid out correctly for the 
supposed values (n, vo). The size of the displacement 
in the direction of abscissa for each of the t(r) /r = 
constant curves corresponding to a certain radius 
yields the correct value of the setting angle ~(r) 

affixed to each radius, i.e., the decalage. 

Setting of the blade and wheel characteristic 

Once contour and decalage have been laid down, 
the trace of the wheel characteristics for any values 
of Ao and ~ can be determined. To that purpose the 
log O(r) curves (figure 14) for selected, according 
to equally strong influence on CL ges distributed 
radii are plotted respectively displaced against 
each other about Ll~/~:+ 1 in the direction of the 
abscissa. These are brought to coincide with figure 13 
under consideration of the Ao (r) values, as previously 
described. 

A perfect coincidence of log o (~, Ao)opt (see (8) 
and (9)) with log O(rJ ea from E opt for the supposed 
Ao values is only given for the layout state, as the 
diagram shows. Every change of tip-speed ratio 
Ao (R) at the relative radius causes a proportional 
displacement of the values of the tip-speed ratios 
Ao (r) at all radii considered. 

The new points of intersection of the log o (~, 
Ao) (r) = constant curves (figure 13) with log O(r) 

determine the values of ~(r) and Ca (r), which corres
pond to the changed tip-speed ratios. 

With that, all required factors to be set into the 
equations (7) to (13) are fixed for the determination 
of the wheel power coefficient at changed tip-speed 



226 II.B.2 Desi~n and testing of wind power plants 

· 2° If 6 8 10° 12 1/f. 16 18 20° o<.rr)+ 
,{)(T),---,--...;,.-......:;.__~_....:.;,:...,___:~--r-----r---r---r-----; ,8o(r} 

0,10 

c,(_(r} + /3o(r) 

bezw. .:;P eff.(r) 

1.()0 

Figure 14 

ratio. The repetition of this procedure for several 
values of Ao (R) :; Ao (R) layout yields the sought
after wheel characteristic point for point for a certain 
setting angle ~(nJ of the blade. Of course each change 

of ~(H) calls forth a change of the wheel characteristic, 
a self-evident fact (figure 15) (8), well known in ~he 
nature of axial-flow machines, the cause of which 
takes effect in the displacement of the transparent 

'1Mw 
~ = nR1 V 

~3SI----t----f--+---l-4--l:.:;,..._4-_4-_4----1 

Figure 15 

Left : Moment curves of two-bladed " Syur " roto,:, D =:. 0.36 m with variable-pitch blades at length lr = R /3 and various pitch 
angles. Right : Power curves of two-bladed Syur rotor, D = 0.36 mat various pitch angles. 
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log O(r) curves over the diagram (figure 13) with 
urgent clearness. 

Conclusions for the operation of wind power 
stations 

The designing engineer takes a special interest in 
two phenomena of the practical operation : the 
behaviour of the wheel in storm gusts, and the limits 
of tip-speed at small values of ~(R)· 

We gather from (2) that the tip-speed ratio Ao at 
constant r evolutions is inversely proportional to the 
wind speed v0 • 

Investigations by Robitzsch (9) concerning the 
statistical abundance of gust rnaximae in dependency 
from its intensity have shown that 80 per cent of 
all gust maximae exceed the mean value of wind 
speed by 20 per cent to 50 per cent, whilst maximae 
with speeds larger than twice the mean value are 
quite scarce. 

Therefore the static dimensioning of the wing 
blades applies for the case of the frequently-to-be
expected stress at Ao (r) gust ,._, Acr)/1,2 ... 1,5, and the 

quite-seldom-to-be-expected case of a sudden drop 
of the tip-speed ratio to half the amount of the 
original state. 

The diagrams (figure 13) show that the more 
frequent case is also the more dangerous one because 
the air force coefficients at the blade always pass 
through its maximae whilst at the rare, heavy storm 
gusts the maximae of Ca and the optimae of ~ are 
surpassed in such a short time that the resulting 
shock is absorbed by the mass forces of the evading 
blade. The air forces turning up at the blade because 
of burbling then surpass just slightly the normal 
operating loads. 

With small values of ~ (n) and high Ao (u) the 
curves of log O(rJ/qrrJ reach partly into the region 
of the log o (~, Ao) (rJ, tpea (rJ - diagram, in which 
~ < 0. At that the blade element concerned is work
ing as a fan. When this state extends over a large 
portion of the blade radius, it will there result in 
backflow against the direction of the wind, and thus 
in the formation of standing annular vortices. As 
a further consequence of this phenomenon, the 
power coefficient passes through zero and finally 
becomes negative. 
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Summary 

A procedure for the optimum layout of wing
blades of wind turbines is described. After an inter
pretation of the linear region between power and 
wind speed under net operation, i.e., at constant 
number of rotations of the wind wheel, and an ex
planation of Juul's procedure of load regulation 
without adjustment of the blade gradient, an 
explanation is given for the layout of wing blades 
for wind turbine wheels. At that, it seems allo
wable to restrict oneself on the blade element 
theory without having to put up with noticeable 
mistakes. 

Functions are shown and explained, which restore 
the relation between power coefficient, profile friction 

loss and air flow direction of the blade element with 
the reduction of flow speed and tip-speed ratio 
affixed to undisturbed flow. 

Hereupon the required size of the blade width at 
given operating conditions is determined from the 
pulse loss of the axial flow on one hand and the air 
forces, required to that at the blade element, on the 
other hand. The lift coefficient affixed to blade 
width, number of blades and element radius proves 
to be a function of the effective angle of attack ?ell, 
whereby the reduction factor ~ and the tip-speed 
ratio, affixed to undisturbed flow, Ao, show up as 
parameters. 

The resulting diagram allows a simple, graphic 
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determination of all values defining the operating 
condition of the blade element. With that, the power 
coefficients tip-speedratio-characteristics for wing 
wheels with given blade shapes can be determined 
with passable expense for any blade setting. For the 
design of wind wheels we receive blade width and 

angle of decalage trace against the radius. The effect 
of storm gusts upon the turning wheel and the setting 
in of backflow over certain regions of the blade 
radius at flat blade setting and high tip-speed ratio 
can be easily followed up and determined besides 
many other phenomena. 

DISPOSITION AERODYNAMIQUE DES PALES DES TURBINES EOLIENNES 
PRESENT ANT UN GROS PARAMETRE DE FONCTIONNEMENT 

Resume 

On decrit une technique visant a donner une forme 
ideale aux pales de turbine aerienne. Apres une inter
pretation de la partie lineaire de la courbe qui repre
sente le rapport entre la puissance et la vitesse du 
vent dans des conditions normales de fonctionnement , 
c'est-a-dire pour une vitesse de rotation constante 
de la roue, et une revue de la technique de Juul 
pour le reglage de la charge sans modification de pas, 
on donne une explication sur la disposition des pales 
destinees aux rotors de turbines eoliennes. 11 semble 
indique, en ce faisant, de s'en tenir a la theorie des 
elements sans que ceci entraine d' erreurs trop 
appreciables. 

On etablit et on explique les fonctions qui retablis
sent le rapport entre le coefficient d'utilisation, les 
pertes dues aux frottements le long du profil et la 
direction de l'ecoulement de l'air sur l'element avec 
une reduction de la vitesse d'ecoulement et du para
metre de fonctionnement dans le cas d'un regime 
sans turbulence. 

On fixe alors la largeur de la pale pour des condi
tions d'utilisation determinees d'apres les pertes 
dues aux pulsations de l'ecoulement axial d'une 
part et les forces eoliennes necessaires par rapport 

a la situation a la pale d'autre part. Le coefficient 
de portance que l'on donne a la largeur de la pale, 
au nombre de pales et au rayon de !'element est une 
fonction de l'angle utile d'attaque (f)etT, de par lequel 
le facteur de reduction ~ et le parametre de fonction
nement pour le cas d'un ecoulement sans perturba
tions Ao, deviennent les parametres de calcul. 

Le <liagramme qui en resulte permet la determi: 
nation graphique simple de toutes les valeurs qui 
definissent les conditions de fonctionnement de 
!'element de pale. Avec ces donnees, on peut deter
miner les caracteristiques ayant trait aux coefficients 
de puissance relatifs aux divers parametres de 
fonctionnement quand on connait la forme des pales 
d'une maniere raisonnablement exacte pour tous 
les pas. Pour la fabrication des roues aeriennes, on 
part de la largeur de la pale et de la trace de l'angle 
de decalage par rapport au rayon. L' effet des rafales 
sur la roue eolienne, et celui de !'apparition de contre
courants sur certaines regions du rayon de la pale 
lorsqu'elle est en drapeau, avec un parametre de 
fonctionnement eleve, peuvent etre suivis et deter
mines facilement, ainsi que nombre d'autres pheno
menes. 
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DESIGN OF WIND POWER PLANTS IN DENMARK 

J. Juul* 

. Syd0st~jrellands Elektricitets Aktieselskab (SEAS) 
m 1947 maugurated a series of investigations on 
the ~easibility of utilizing wind power for the pro
duction of electricity to be fed into existing AC grids. 
These investigations were made in recognition of 
the fact that extensive networks, built for the 
distribution of electric energy from one or several 
main power stations, may also be used for the collec
tion of energy from many smaller wind power plants. 
Since its foundation in 1914, SEAS had noticed also 
that fuel shortage may occur. Fuel is found in scant 
quantities in Denmark, and during the two world 
wars and other political difficulties it was very 
expensive and difficult to obtain. 

In order to determine the amount of wind energy 
and the seasons of its occurrence, automatically 
recording anemometers were mounted in various 
places in Denmark. Figure 1 shows a map of Western 
Europe on which are marked - in the case of 
Denmark - the measurements taken by SEAS and 
the (Danish) Meteorological Institute. In Germany, 
the measurements are by Meteorologisches Arnt flir 
Nordwest -Deutschland, in Great Britain by the 
~lectrical Research Association and in France by 
Electricite de France. 

The figures quoted represent annual mean wind 
velocity in m/s and, as far as Denmark and France 
are concerned, also the annual wind energy expressed 
in kWh per m2 in the vertical plane. 

In a corner at the foot of the map is shown a large 
scale section of North Jutland on which is drawn 
to scale the expanse of swept area necessary for the 
production of the 4 000 million kWh corresponding 
to the annual consumption of electricity in Denmark. 
Subsequently, a provisional wind tunnel was built, in 
which wind mills with 2 m2 swept areas could be 
tested at wind velocities of up to 6 m/s. About 30 
different blade designs and blade profiles were 
tested. On the basis of these experiments a pilot 
mill with a swept area of 7.5 m diameter was built 
in 1950 near Vester Egesborg on the island of Zealand. 

By means of this pilot mill, measurements of effect 
at various blade tip velocities and wind velocities 
were taken. The thrust, also, was measured and 
various devices for making the mill fully automatic 
were tested. These investigations were mainly 
finished during 1950, after which the mill was put 
into continual operation until the summer of 1960. 
It was then dismantled, its task as experimental 
mill being considered at an end and its small size 
making its continued operation unprofitable. 

* Former Sectional Engineer, Haslev, Denmark. 
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On the basis of the experiments with the Vester 
Egesborg mill, a DC wind power plant on the island 
of Bog0, built by the firm of F. L. Smidth & Co., 
was reconstructed for AC production. It was origi
nally erected in 1942 because during the war it was 
difficult to obtain fuel oil for the Diesel engines which 
produced DC for the local power plant. This plant 
was taken over by SEAS later on and reconstructed 
for AC production. 

The existing mill tower with its machine cabin 
and gear box was still serviceable and was provided 
with 3 blades having a swept area diameter of 13.5 m, 
corresponding to a swept area of 132 m2, as well 
with a 45 kW AC generator. Electric automatics were 
also installed in accordance with asystem worked 
out by experiments and tested at the Vester Egesborg 
mill. The same applies to the blade construction. 

The Bog0 mill was put into operation in 1952 and 
has virtually been in continual operation ever since, 
without any apparent defects. During one period 
of 9 months, it was actually in continual operation 
without anything b~ing done to its mechanical or 
electrical parts. When after that period it was at 
last stopped, it was only for the purpose of lubrica
tion and routine inspection. · 

The results obtained with the two experimental 
mills were so promising that the Association of 
Danish Electricity Works (Danske Elvrerkers Foren
ing = DEF), on a proposal from SEAS, appoin
ted a wind power committee to carry on the work 
on wind power problems. 

On application from the committee, the Danish 
Government granted the DEF an amount of 300 000 
Danish crowns (about £15 000) for the erection 
of a larger sized experimental mill near Gedser with 
a swept area of 24 m diameter. Later on, a further 
amount of 225 000 crowns was granted for investi
gations and measurements of wind velocities at 
heights above ground of 25 and 45 m in various 
places in Denmark. Details of the costs of the 
Gedser Mill are as follows : Crowns 

Tower (incl. examination of ground of the site) 
Machine cabin (incl. mounting) . . . . . . . 
Blades and rotor hub . . . . . . . . . . . 
Chain drive, brake, hydraulic brake lever . . 
Generator, transformer, distribution switch 

board etc .... . . .. . . . . .. . 

Projecting blades, transformer and tower 

TOTAL COST 

Special measuring instruments, measurements 
and scientific investigations . . . . . . . 

76 000.00 
75 000.00 
44 000.00 
20 000.00 

57 000.00 

272 000.00 
48 000.00 

320 000.00 

55 000.00 

($ 56.000) 375 000.00 
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Figure 1. Map of western Europe with wind speeds and wind energies 

The figures in the circles indicate the mean annual wind speeds. In the double figures, the first indicates the height of measurement, 
the second the energy in k\Vh/m2, measured in the vertical plane. About 60 per cent of this en ergy can be fed to the electric 
network. The top of the map shows the scale together with the swept area required to produce 100 000 million kWh. At the bottom 
of the map, a part of Jutland is shown, with the swept area required to supply the present electricity consumption of 

Denmark drawn to scale on it 
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The blades, the electrical equipment and trans
former station as well as the connection to the 
grid were all made by SEAS. The machine cabin was 
made and the mounting done by Aarhus l\faskinfabrik 
and the prestressed concrete tower was built by the 
firm of Nielson & Co., contractors of Copenhagen. 

All the work involved was performed with crafts
manlike methods and without special tools, except
ing the tov.rer for which special forms had to be made. 
Hence the building of the tower was fairly expensive, 
i.e., 75 000 crowns. When buildingsimilarplants and 
producing the component parts in series, the building 
costs can be reduced. 

. The specifications of the Gedser Mill are the follow
mg: 

Swept area diameter: 24 m. 
Swept area : 450 m2 • 

Number of blades: 3. 
Blade tip velocity: 38 m/s. 
Rpm of blades: 30. 
Height of tower: 25 m. 
Generator: 200 kW, asynchronous, 8-polar, 750 

rpm. 
Generator slip: from 0 to full load 1 per cent. 
Wind velocity for (automatic) start: 5 m/s. 
Capacity: 200 kW at 15 m/s wind velocity and 5°C 

air temperature. 
Transmission from rotor shaft to generator: 

double chain drive, ratio 1/25. 

Figure 2. Pilot mill near Vester Egesborg 
Swept a rP-a 45 m2• Diameter 7,6 m . 13 k\V at 38 m/s wind speed 
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Figure 3. Bog0 mill 
Swept area 132 m2 • Diameter 13 m . 45 kW at 38 m/s wind speed 

Figure 4a. Gedser Mill 
Swept area 450 m2• Diameter 24 m . 200 k\V at 38 m/s wind speed 
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J 

Figure 4b. Gedser Mill. Swept area 450 m 2• Diameter 24 m; 200 kW at 38 m/s wind speed 
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Design and construction of the Gedser Mill are 
based on the results attained by experiments and 
the experience gained during the research work and 
from the experimental plants at Vester Egesborg 
and on the island of Bog0. 

The Gedser Mill was completed in the summer of 
1957. After the mill had been tested and adjusted 
and some minor alterations had been made and when 
various measurements of efficiency and mechanical 
conditions had been worked up, the mill ":as put into 
continual operation in June 1958. Since that time 
it has been working, practically day and night, in 
connection with the SEAS grid, without mishaps of 
any significance. 

A description of the more important details of 
the construction of the mill are given below. 

The blades 

Through experiments in the SEAS provisional 
wind tunnel, the blade profile shown in figure 5 
was found to be the most advantageous. It was 
also found that a 3-blade mill with this blade profile 
had, at 6 m/s wind velocity, the power coefficient 
shown in the figure and that this coefficient has its 
maximum value when the blade tip velocity is 5 to 6 
times as high as the wind velocity. 
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Curve 1 in figure 6 indicating the annual number 
of hours during which the various wind velocities 
occur, was found through wind energy measurements 
taken in the southern part of Zealand by SEAS. 
Curve 2 indicates the corresponding annual amount 
of energy, which has its maximum at 8 m/s. As wind 
mills which are coupled with normal asynchronous 
AC generators in connection with extensive AC grids 
are bound to operate at a number of revolutions 
which only varies in relation to the generator-slip -
which is normally between 1 per cent and 4 per cent -
a number of revolutions and a blade tip velocity 
must be chosen which best take advantage of the 
maximum annual wind energy occurring locally, 
which in this present case was 8 m/s. The mill has 
its maximal power coefficient at a blade tip velocity 
of about 5 times the wind velocity and as shown in 
figure 5 the blade tip velocity chosen was 38-40 m/s. 

It may possibly be advantageous to arrange the 
transmission between blades and generator so as 
to make the blade tip velocity higher or lower than 
38 m/s, where different wind conditions from those 
of South Zealand are prevailing. The question 
whether great effect of the mill during fewer hours 
per annum or less effect during many hours of the 
year is to be preferred should also be taken into 
consideration. In either case the actual amount of 

7 8 9 to 
8/adlip ve/ocitv 
M11d velocity 

Figure 5. Blade profile and efficiency curve 
A = blade-tip velocity/wind speed 
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Figure 6 
Curve 1. Annual mean wind speed 5.95 m/s, m easured near Vester 

Egesborg mill; curve 2. Calculated annual output: 540 k\Vh/m2 

of swept area. Measured output in 1953 : 525 k\Vh/m2 of swept 
area. 

energy would appear to be nearly equal but this of 
course depends upon whether the wind energy is 
available in the shape of high wind in a few hours of 
the year or as lighter winds of daily occurrence. 

By using the relation, as shown in figure 7, between 
the effect curve 3 of the wind and the power coeffi
cient curve 1 of the mill, the effect curve 2 of the 
mill can be constructed or, if the latter is known, 
the power coefficient curve can likewise be construc
ted. In figure 7 the mill effect curve is seen to be 
nearly flat at 15 m/s wind velocity. This is due to 
the phenomenon called "stalling", in ,airmen's par
lance, which may cause an aeroplane to crash when 
the air current, for some reason or other, hits the 
wings at too obtuse an angle of attack, thus causing 
an unfavorable flow-off of the streaming air from 
the wings and bringing about a reduced lift coefficient 
corresponding, in the case of the mills, to a relatively 
smaller pulling power at increasing wind velocity. 

In the design of the pilot mills constructed by 
SEAS, the stalling phenomenon is used for controlling 

the effect. In this manner a simple method of pre
venting overloading in a gale has been found. Such 
fluctuations of the mill effect are caused by the 
natural changes of the wind velocity which are 
absorbed without difficulty by an extensive supply 
network. 

The mill, however, must be so contrived that it 
can be stopped whenever necessary because of 
lubrication or a breaking-off of the connection to the 
grid. This purpose is served by special break flaps 
at the tips of the blades. They are shown in figure 8. 

The brake flaps (1) constitute 12 per cent of the 
surface area of the blades and are, under normal 
operating conditions of the mill, an integral part of 
the blades. Each of the flaps is fixed to a tubular 
carrying rod (2) which will, when actuated by the 
automatics of the mill, travel about 300 mm along 
the longitudinal axis of the blade and move in a 
link-motion (3) in the fixed part of the blade. By 
this movement, the brake flap is twisted about 60° 
out of the plane of the blade, thus counteracting the 
remaining part of the blade and bringing the mill 
to a dead stop. The brake flaps are governed by a 
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Curve 1. Power coefficient curve* ; curve 2. Effect curve of Gedser 

mill; curve 3. , Vind energy, calculated by the formula D2 X V3 

x 0.000285, for D = 24 m 
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Figure 8. Design of blades used at Gedser Mill 

hydraulic servo-motor (5) in connection with the 
mill system of automatics. When the mill starts, 
the servo-motor will pull the brake flaps into working 
position. When it stops, the centrifugal power will 
force the flaps out into braking position. 

The blade beam ( 4) is quadrangular and made of 
16 mm and 10 mm welded steel plates. The cross 
section of the beam alters linearly from the hub to 
the extreme beam end as shown in the figure. Flat 
bar fish plates are welded on the beam and stream
lined wooden transverse ribs are fastened to the fish 
plates with screws. In the leading edge and near the 
trailing edge of the blade wooden mouldings are 
mounted. 

Light alloy metal sheeting of l mm thickness is 
fastened to the transverse rib system by galvanized 
flat-headed wood screws, the sheeting thus forming 
the streamlined body of the blade. The blade has a 
twist at the blade root of 14° decreasing to 3° at 
the brake flap. 

Through wind tunnel experiments, this was found 
to be the minimal twist necessary for making the 
mill start automatically at 5 m/s wind velocity, and 
at the same time it lends the blade the greatest 
possible pull. 

When the blades were designed as described above, 
it should be remembered that the possibilities of 
production were restricted, as they could only be 
made by manual power craftsmanship. In a possible 
future industrial production in series, these blades 
can undoubtedly be more cheaply made of pressed 
steel sheets welded into hollow shell-like constructions 
to be bolted to the hub by flanges. It is possible as 
well to make the blades of other material than steel, 
e.g. , plastic reinforced with glass fibre, if this proves 
economically advantageous. 

The pressure of the wind and the mechanical 
strains on the blades depend on the speed of the 
blades in relation to that of the wind. At 38 m/s 
blade tip velocity the thrust per m 2 swept area of 
a 3-blade mill has been determined, through the 
research work done by SEAS at the Vester Egesborg 
mill, to be as shown by curve l in figure 9 · while 
curve 2 indicates the thrust when the mill is at a 
standstill. 

During investigations of such variations of the 
wind velocity as occur within the width of the swept 
area (24 m), calculations of such torsional stresses 
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Figure 9. Axial pressure at Gedser Mill, kg/ll,12 per m 2 

of swept surface 

Curve l. Pressure per m2 while operating a t 38 m /s wind speed ; 
curve 2. Pressure per m2 after mill has stopped 
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as may arise around the vertical axis of the mill 
tower have been made. This moment of torsion was 
found to be 5 300 kgm which in addition to the above 
mentioned thrust has been used as a basis of calcu
lation of the dimensions of blades, machine cabin 
and constructive parts of the tower. 

During the calculations it appeared that, when an 
aerodynamically advantageous profile is to be used, 
it is practically impossible to build steel blades to be 
freely suspended from the hub without stays or guy 
wires. Hence the construction of the blades is based 
on the use of stays for carrying the thrust and guy 
wires for absorbing its varying plus and minus bend
ing moments arising in the blade beams at the 
rotating of the blades. 

When calculating the steel constructions, a stress 
of 600 kg per cm2 was considered the maximum where 
fluctuating one-way forces are concerned, and 200 kg 
per cm2 where strain and stress change between 
opposite directions on account of the rotation. 

In the Gedser Mill, a measurement cylinder is 
placed between the tower and machine cabin. It is 
450 mm high and it has strain gauges. Measurements 
by these have been taken at wind velocities up to 
20 m/s and the results seem to agree quite well with 
the thrust calculated in advance, whereas the · pre
calculated 30 m/s velocity torsional stresses attained 
the calculated value already at 20 m/s wind velocity. 
In view of the thrust and the weight of the several 
parts, however, the dimensions of blades, tower and 
cabin are on a rather liberal scale, so that the parts 
in question will easily resist the greater tortional 
straius. 

:Mr. Askegaard, a civil engineer who has been in 
charge of strain gauge measuring of the mill, gives 
an account of the measurements in Paper W/15. 
The Electrical Research Association has taken strain 
gauge measurements on the blades of the Gedser 
mill. Opportunities to take these measurements 
offered only wind velocities up to 15 m/s, but the 
results seem to agree with the values determined in 
advance by SEAS. 

The machine cabin 

The design of the machine cabin is shown in 
figure 10. The blade beams (1) are bolted on the blade 
hub (2) which has two built-in ball bearings (3) and 
(4). The latter (4) cannot be replaced without remov
ing the blades and hub. Its dimensions are therefore 
very ample so that according to calculations it should 
have a very long life. Ball bearing (3) is the axial 
pressure bearing and can be replaced without remov
ing the blades and the hub which are mounted on a 
spindle (5) fixed in the cabin and bored. The bore (6) 
serves as an oil pressure pipe for the service motors 
which are mounted on the blades for pulling the 
brake flaps into flush position. 

Between the bore (6) in the fixed spindle and the 
rotating oil pipe system of the hub, a self-tightening 
stuffing box (7) is inserted. Connecting with the oil 

pressure pipe of the spindle is a safety valve (8), 
sealed by a stopper made of a metal which will melt 
at l 10°~. In case ?f heating of the spindle, due to 
defects m. the bearings, the stopper will melt and let 
out the 011, thus stopping the mill. 

On the hub is mounted a twin sprocket (9) which1 
by means of double 2½'' roller chains (10), pulls the 
sprocket (11) on the secondary shaft (12). The 
secondary shaft has a triple sprocket (13) with 
appurtenant l½'' roller chain (14) pulling the generator 
shaft (15). The shaft is connected to the generator (16) 
by an elastic coupling (17) fitted with snap pegs (18) 
that will snap in case of relay defects which may cause 
a faulty coupling of the generator to the grid and 
thus give rise to dangerous jolts in the mechanical 
parts and the blades. 

The bearing pedestals (19) and (20) as well as the 
hydraulic pumping plant (21) and the generator are 
mounted on a bottom frame (22). The bull gear is 
made of welded sheet steel and is fixed to the bottom 
of that frame. 

The stationary inner ring is a toothed rim, the 
teeth of which are in mesh with the yawing motor 
gear which has a built-in worm gear that locks the 
yawing mechanism, in the cabin, when the yawing 
motor is stopped. The yawing motor is automatically 
governed by a vane (24) mounted on top of the cabin. 
Access to the cabin is from the tower platform by 
means of the ladder (25). Above the ladder is a 
manhole in the frame bottom. The stationary inner 
part of the bull gear is fastened to the tower by means 
of a 450 mm high measuring cylinder (26), on which 
strain gauges are placed. By means of these and the 
appurtenant measuring instruments, the axial pres
sure and the torsional influences can be measured. 
The dimensions of the measuring cylinder have been 
kept fairly small for the greatest possible sensitivity. 

For this reason another cylinder (27) of more 
ample dimensions has been placed outside and 

Figure 10. Design of machine room 
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around the measuring cylinder. It is of larger dimen
sions and is provided with fish plates (28) that grip 
around cams on the bottom plate to which the measur
~ng ~ylinder is welded. Whenever no measuring 
1s gorng on, the cams and some conical loose-fitting 
bolts in the fish plates take over the load. 

The sprockets and the chains are contained in a 
chain casing. The primary chain drive is lubricated 
by means of an oil bath, while the secondary chain 
drive is lubricated by an oil pump with an oil pressure 
relay that will stop the mill if the oil pressure ceases. 
To prevent the oil from leaking and the rain from 
penetrating into the casing of the primary chain, 
a labyrinthine obtorator is inserted between the 
stationary and the rotating part. 

The elastic coupling (17) is bowl-shaped, thus 
having an outer face that is used as a mechanical 
brake. The brake-shoes are released when the oil 
pressure of the hydraulic system is turned on at the 
starting of the mill. When the oil pressure ceases on 
stopping of the mill the brake-shoes will be pressed 
against the braking face by a lever. The brake will 
not be able to stop the mill, however. This is done 
by means of the brake flaps of the blades but the 
mechanical brake will secure the blades if work on 
the mill has to be done. The entire machinery of the 
mill is encased in a housing of galvanized sheet 
steel and on top of the housing the vane (24) is 
mounted. The vane is in mechanical connection with 
a relay that governs the yawing motor. 

The cables to the generator as well as the control 
cables are carried to the machine cabin through a 
rubber tube fixed in the floor of the cabin and freely 
suspended in the tower so that it will stand being 
twisted ten turns either way without being damaged. 

In that way the use of slip rings for cable connection 
to the cabin has been avoided. Experience shows 
that the yawing will cause, annually, only about 
10 turns, clockwise. 

In the tower is placed a relay (31) connected with 
a cord that passes a pulley and is wound round the 
rubber tube (30) so as to disconnect the control 
cables, thereby stopping the yawing mechanism 
and the mill, in case the cables get too many turns. 
At the monthly inspection the mill- if necessary
is turned b ack the opposite way, by manual operation 
of the yawing mechanism, until the cord round the 
rubber tube has been unwound. 

Another cord is also fastened to the relay. It is 
connected with a loosely placed weight that will 
fall off its stand and influence the relay, thus stop
ping the mill, in case abnormal vibrations occurin 
the tower. 

The tower 

Figure 4 shows the complete construction of the 
tower. It also shows how the blades with their stays 
and guy wires as well as the machine cabin are 
mounted on the tower. This consists of a vertical 
tube (1) made of prestressed concrete, whereas the 
buttresses (2) and the foundation (3) consist of 

ordinary reinforced concrete. (4-) is the above-men
tioned measuring cylinder, placed bet\\'een tower 
and cabin. There, (5) is a service platform by which 
access is gained by an inside as well as by an outside 
ladder (6). Near the tower there is a steel sheet 
house (7). The tower was conceived and and calcu
lated by B. Hejlund Rasmussen, Copenhagen. 

Diagram of the Gedser Mill 

The diagram is shown in figure 11. The mechanical 
parts are shown schematically and cables of generator 
and auxiliary motors are drawn as single lines for the 
purpose of simplifying the diagram. 

When starting the mill the high tension circuit 
breaker (31), the low tension breaker (28), as well as 
the control cable circuit break.er (41), are switched 
on. The cut-in magneto (15) will then close the valve 
(16) and the electromotor (19) and the oil pumps 
(20) will start and put pressure on the hydraulic 
system. The pressure causes the service motors (5) to 
pull the brake flaps (2) of the blades (1) into position 
for operating the mill, in which position they form 
an integrating part of the blades. Further, the 
service motor (7) will release the mechanical brake 
(6) on the generator shaft (8). If the wind velocity 
is 5-6 m/s the mill will start. As soon as the 8-pole 
generator has attained 750 rpm the centrifugal 
relay (9) will switch on the contactor (24) and connect 
the generator to the grid system, into which it will 
feed energy when the wind velocity is above 5 m/s. 
In case the wind velocity decreases to less than 5 m/s, 
the generator will take energy from the grid system 
and the return current relay (26) will then switch off 
the current for the cut-in magneto of the con
tactor (24) which then switches off the generator 
from the grid system until a wind of 5-6 m/s velocity 
starts blowing again and the centrifugal relay switches 
the generator on to the grid system once more. In 
the Vester Egesborg and Bog0 mills the gener ator 
slip is 5 per cent and 4 per cent, and in the case of 
these two plants the required selectivity between 
the centrifugal relay and the return current relay 
can be obtained. 

The Gedser Mill generator, however, has but 
1 per cent slip and here the centrifugal relay could 
not with sufficient accuracy switch off the connection 
to the generator contactor after the return current 
had gone into action. Hence it became necessary 
to build a damping switch into the return current 
relay to retard its action and prevent it from switch
ing on the connection to the centrifugal relay until 
the latter had, on account of the reduced number of 
rpm of the mill, had sufficient time to switch off the 
connection with the cut-in magneto of the contactor. 

The mill is stopped by switching off the low tension 
circuit breaker (28) or the control cable circuit 
breaker (41). The tension on the contactor (24) will 
then be cut off as will also the generator connection 
with the grid system. The tension on the cut-in 
magneto (15), also, will be cut off. The valve (16) 
will turn on the oil for the service motors (5) and (7) 
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Figure 11. Schematic diagram of mechanical operation and electrical circuit 

and put the brake flaps of the blades as well as the 
mechanical brake (6) into operation, thereby stopping 
the mill. 

The vane (37) serves to keep the blades in the right 
position in relation to the direction of the wind; it 
is connected with the reversing device (38). The latter 
can cross two phase cables to the yawing motor (3'3) so 
as to reverse its direction of yawing, when the wind 
veers towards the right or the left respectively. 
When the wind attacks the swept area perpendi-

cularly, the mill will be kept in this position by means 
of a worm gear in the yawing motor gear box. The 
movements of the vane are damped by means of a 
shock absorber filled with oil. 

Various precautionary measures have been taken 
for stopping the mill when any damage occurs or 
in case the connection to the grid system is broken 
off. 

If the grid system connection is broken off and 
the generator is not excited by the grid, its contactor 
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(24) will be switched off, as will the cut-in 
magneto ( 15); the oil pressure will then cease and 
the mill be stopped by the braking devices. 
. If there are capacitors of the requisite capacity 
m_ such par~ of the grid as may remain connected 
with _t~e ,mll generator, the grid will be excited 
capac1_hv~ly. If the load exceeds the output which 
the mill 1s capable of bearing, its rpm and its gener
:itor voltage will automatically drop until at length 
it stops. If the load, however, happens to be less 
~han the output, the mill will increase its rpm and 
its generator voltage. 

In that case the overvoltage relay (39) will switch 
off the_ control cable, if this has not already been done 
by action of the centrifugal relay safety switch which 
can likewise switch off the control cable. The switch
ing off may also be done by an overpressure switch 
built into the hydraulic system and influenced by 
the pressure cylinder (21). 

In the draw bar of the cut-in magneto (15) is a 
built-in spring that makes the closing-valve (16) 
function also as a safety valve that will open for the 
oil in case of overpressure. Thereby the brake flaps 
of the blades will prevent the occurrence of dangerous 
situations caused by an excessive number of revolu
tions. Thus safeguards against racing of the mill have 
been established in several ways. 

The various safeguarding appliances lock them
selves when they have been in operation, so that the 

mill cannot be started before they have been released 
by hand. The several appliances are made selective 
so that only one of them need function to bring the 
mill to a standstill. 

Normally the generator cannot be overloaded even 
in the most violent hurricane, the mill effect being 
automatically limited by the stalling of the blades 
in high wind. 

If a break of phase occurs in the grid system, the 
generator windings in phases r ;and s may be over
loaded, hence an overcurrent relay (25) is inserted 
which, in that case, will switch off the control 
cable, thus stopping the mill. The relays (25) and (26) 
and the kWh-meter (40) operate together with current 
transformers (42) in the main cable. 

The control system diagrams of the former Vester 
Egesborg mill and the Bog0 mill are on the whole 
identical. In the Bog0 mill, instead of a hydraulic 
regulating system, a powerful spiral spring is used. 
The spring is loaded by means of a winch and an 
electromotor and keeps the brake flaps of the blades 
pulled into their flush position when the mill is 
operating. In the Vester Egesborg mill, instead of 
oil pressure, compressed air is used. Condensation 
water can, however, form in the system. This is 
unfortunate, especially in frosty weather, but all 
three systems have been able to function in such 
manner that no mishaps of any importance have 
occurred. 

Summary 

In 1947, Syd0stsjcellands Elektricitets Aktiesel
skab, SEAS (The South-East Zealand Electricity Co. 
Ltd.) inaugurated a series of investigations on the 
possibilities of utilizing wind power for the production 
of electricity in connection with the existing AC grid. 

On various sites in Denmark, anemographs for 
the measuring and recording of wind velocity were 
mounted and a temporary wind tunnel was made 
in which wind motors of up to 2 m2 swept area could 
be tested. About 30 different blade designs and blade 
profiles were tested. On the basis of these experiments, 
a pilot plant of 7.5 m swept area diameter (44 m2 

swept area) was built, in 1950, near Vester Egesborg 
on Zealand. By means of this plant, measurements 
of the effect were taken at various blade tip velocities 
and wind velocities. As well as this, the thrust 
was measured and various devices for making the 
plant fully automatic were tested. 

On the basis of the experiments made with the 
Vester Egesborg plant, a DC wind power plant on the 
island of Bog0, designed and constructed by the 
firm of F. L. Smidth & Co., was converted into 
an AC plant. Since 1942 this plant had been producing 
DC in connection with a local diesel-electric power 
works which had been dismantled and reconstructed 
for AC supply from the SEAS grid. The existing 

tower and machinery were used and the wind motor 
was provided with 3 blades. An asynchronous AC 
generator as well as the automatics necessary for the 
production of AC and the feeding of it into the grid 
were installed as well. The plant started operating 
in the autumn of 1952 and is still working. 

The operating results of the two experimental 
plants were so promising that, at the suggestion of 
SEAS, the Association of Danish Electricity Works 
appointed a Wind Power Committee to carry on the 
wind power work. 

The Wind Power Committee received grants from 
the Danish Government totalling 525 000 Danish 
crowns (about $80.000) for the erection of a 200 kW 
pilot plant - the "Gedser Mill" - and of 3 wind 
measuring stations. 

The Gedser Mill, the construction cost of which 
(apart from 55 000 crowns for measuring equipment 
and 48 000 crowns for projecting) amounted to 272 000 
crowns (about S41.000), was finished during the 
summer of 1957. After some adjustments of the plant 
had been made, measurements of the produced 
energy taken and investigation of such phenomena 
as gradually appeared in connection with its operation 
made, it was finally put into service in June 1958 
and has been in operation since then. 
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The "Gedser l\Iill" is the most recently built 
and largest Danish experimental wind power plant 
and is to a material extent designed on the basis 
of experience gained from the aforesaid pilot 
plants. 

The "Gedser ~lill" has a 25 m high tower made of 
prestressed concrete. On top of the tower is mounted 
a measuring cylinder carrying the machinery. 

The three blades of the rotor have a length of 
12 m, thus forming a swept area of 450 m2• Through 
a chain drive with a ratio of 1:25 the blades drive an 
eightpole, 200 kW asynchronous generator (3 x 380 V, 
50 periods). The blade tip velocity is about 38 m /sec. 
corresponding to ½ r /sec. The wind motor starts 
automatically at a wind velocity of 4-5 m/sec. and 
the plant renders 200 kW at 15 m/sec. 

REALISATION DES CENTRALES EOLIENNES 

Resu,ne 

En 1947, la compagnie d'electricite du Sud-Est 
de la Zelande (Syd0stsjcellands Elektricitets Akties
elskab, SEAS) a commence une serie de recherches 
sur la possibilite d'utiliser l'energie eolienne en vue 
d'une production d'electricite susceptible de s'integrer 
clans le reseau de distribution en courant alternatif 
deja en service. 

On a, en divers lieux du Danemark, des anemo
graphes destines a la mesure et a l'enregistrement de 
la vitesse du vent et on a construit un tunnel aerody
namique provisoire se pretant a l'essai d'aeromoteurs 
ayant une surface balayee pouvant aller jusqu'a 2 m2• 

On a soumis a ces essais environ 30 modeles de pales 
et de profils de pales. Sur la base de ces experiences, 
(1950) on a realise une centrale-pilote ayant un 
diametre balaye de 7,5 m (surface balayee 44 m2) 

pres de Vester Egesborg clans l'ile de Zelande. On 
a mesure les debits realises au moyen de cette instal
lation pour diverses vitesses en bout de pale, ainsi 
qu'en fonction de la vitesse du vent. On a mesure 
en outre la poussee et on a essaye plusieurs dispo
sitifs visant a rendre !'installation completement 
automatique. 

Sur la base des experiences faites a la centrale de 
Vester Egeshorg, on a converti une centrale produc
trice de courant continu, installee sur l'ile de Bog0, 
mise au point et construite par la firme F.L. Smidth 
& Compagnie, en installation fournissant du courant 
alternatif. Depuis 1942, la compagnie debitait du 
courant continu en association avec une centrale 
a moteur diesel qui avait ete demontee et recons
truite pour fournir du C.A. au reseau de la SEAS. 
La tour et les machines restaient utilisables et 
l'aeromoteur a ete dote de trois pales . Un alternateur 
asynchrone et les dispositifs automatiques neces
saires pour la production de courant alternatif 
et sa fourniture au reseau ont egalem ent ete installes. 
Le fonctionnement de !'installation a commence 
au cours de l'automne.de 1952 et elle marche encore. 

Les resultats donnes par !'exploitation des 2 cen-

trales experimentales etaient si prometteurs que, 
sur la recommandation de la SEAS, !'Association 
des centrales electriques danoises a nomme un comite 
special de l'energie eolienne qui a ete charge de 
poursuivre les travaux sur cette question . Le comite 
a re9u des octrois de fonds du gouvernement danois 
atteignant un total de 525 000 couronnes danoises 
(environ 80 000 dollars) en vue de l'installation d'une 
usine-pilote de 200 kW - la centrale de Gedser - et 
de trois stations anemometriques. 

La centrale de Gedser, dont les frais de construction 
(a part 55 000 couronnes danoises pour le materiel 
de mesure et 48 000 couronnes danoises pour les 
projets) s'elevaient a 272 000 couronnes danoises 
(environ 41 000 dollars) a ete t erminee pendant l 'ete 
de 1957. Apres avoir procede a quelques reglages, 
on a fait des mesures sur l'energie produite et etudie 
les phenomenes qui apparaissaient en liaison avec 
son exploitation, puis on l'a mise en service defini
tivement en juin de l'annee 1958: elle fonctionne 
depuis lors. 

La centrale de Gedser est la plus grande centrale 
a energie eolienne danoise de construction recente 
et elle a ete realisee, clans une large mesure, sur la 
base de l' experience acquise au moyen des installa
tions-pilote mentionnees ci-dessus. 

La centrale de Gedser a une tour de 25 m, en beton 
precontraint. A la partie superieure de cette tour, 
on trouve un cylindre de mesure sur lequel repose la 
machine. 

Les trois pales du rotor ont une longueur de 12 m, 
si bien que la surface balayee est de 450 m2

• Ces pales 
entrainent un groupe moteur-alternateur asynchrone 
de 200 kW a huit poles par l'entremise d'une com
mande a chaine (reduction, 25 al) (3 x 380 V, 
50 periodes). La vitesse lineaire en bout de pale est 
de l' ordre de 38 m/s, ce qui correspond a ½ tour par 
seconde. Le moteur demarre automatiquement quand 
la vitesse du vent atteint 4 ou 5 m/s et !'installation 
debite 200 kW pour une brise de 15 m/s. 
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WIND POWER PLANTS SUITABLE FOR USE IN THE NATIONAL 
POWER SUPPLY NETWORK 

Aladar Ledacs Kiss* 

The supply of mineral energy sources in Hungary 
is severely limited, and the natural sources of energy 
are also insignificant, with the exception of wind 
energy. It has therefore been necessary to take serious 
measures for the utilization of wind energy. 

The first step was the collection of data on the 
magnitude of the wind energy. Since only measure
ments already available could be considered, such 
measurements had to be selected from those of the 
National .:VIeteorological Institute. An additional 
consideration was that the location of the measure
ments must be easily reached from Budapest. The 
wind energy of the measuring location selected on 
this basis was 745 kWh/m2 per year measured at an 
elevation of 15.6 m above ground level, which corres
ponds to 1 120 k\Vh/m2 per year measured at an 
elevation of 35 m. 

The second step was the design of an experimental 
wind power plant for wind conditions which would 
drive a generator with a capacity of 200 kW. 

My task initially was to determine what type of 
construction could be used for building such a wind 
power p lant with the lowest investment cost. In my 
design study prepared for this purpose I outlined four 
versions, all of which had bladed wind wheels hav
ing horizontal shafts, since those with vertical shafts 
cannot be considered as a result of the extremely 
high investment costs. Of the four versions, Types 
A, B, and C operate with one wind wheel, and Typ~ D 
operates with two wind wheels, taking equal capacity 
as a basis. 

Type A 

The wind wheel drives a primary drive mechanism, 
followed by a secondary drive mechanism, which 
drives a 200-kW asynchronous generator, with 
n = I 000 rpm. 

Type B 

The wind wheel, which in this case turns at 20 rpm, 
directly drives a special 300-pole 200-~ vV asyn~hronous 

· generator. This generator was_ specially ?es1gned for 
this case by my colleague l\hhaly Goher, who also 
supplied its measurements, . weight, and costs . . In 
this case, therefore, there 1s no need for a dnve 
mechanism. 

* Mechanical E ngineer , Scientific Societ y for E nergy Economy, 
Budapest. 

Type C 

The wind wheel first drives a transmission by a 
chain drive. This transmission is then connected to 
a secondary drive mechanism, which drives the 
I 000-rpm asynchronous generator. 

Type D 

There are two wind wheels, which together have 
a capacity equal to one wind wheel in the previous 
cases. These two wind wheels separately drive one 
100-kW asynchronous generator each by means of 
the Type C drive mechanism. 

The cheapest in construction cost among these 
proved to be Type C. Taking the costs of this as a 
basis, Type A proved 34 per cent more expensive, 
Type B 71 per cent, and Type D 66 per cent. The 
increased cost of Type A is caused by the huge 
primary drive mechanism, which weighs 19 tons. 
In Type B the cost of the 300-pole generator alone 
constitutes 73 per cent of the total cost of the wind 
power plant, so that for a small wind power plant, 
a multipole generator is not economical. In Type D, 
the nacelle holding the two wind wheels is very 
expensive, regardless of whether we place the wind 
wheels one beside the other or one above the other. 
In addition, two dynamos of 100 kW capacity each 
cost more than one of 200 kW capacity. 

The results therefore showed that the Type C 
single-wind-wheel wind power plant was the most 
advantageous. This was therefore designed. A sketch 
of the designed 200-kW experimental wind power 
plant is shown in figure 1. 

The shaft of the \".'ind power plant is located at 
35 m above ground level. For the structure of the 
tower, designs were made both for an all-steel 
framework construction and for a tower which could 
be built up like a chimney out of prefabricated rein
forced concrete elements. The latter proved to be 
20 per cent cheaper and its maintenance is also 
simpler and cheaper. \Ve decided therefore in favor 
of the reinforced concrete tower. 

The wind wheel has a diameter of 36.6 m. It has 
four blades, whose pitch is not variable. Their 
weight is 2 800 kg each. Wind power plants of this 
size have been built in the past with three-blade wind 
wheels. The difference in cost between the t,rn is 
merely the cost of one additional blade, whereas the 
four blades are better balanced and can be braced 
b etter than the three b lades, and are also better able 
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Figure 1 

to utilize weak winds, which are substantially more 
frequent. Streamlined Gottingen-type blades are 
used. The structure is of welded steeel plates, with an 
external aluminum covering. The blades may be 
mounted and removed separately on the finished 
wind power plant, since the hub of the wind wheel has 
a box-type welded plate construction, into which 
the fastening screws of the blades can be inserted, 
tightened and secured on the inside. The blades are 
bent forward and kept fixed in this position by 
tubular rods attached to an extension of the shaft. 

In other constructions up to the present time the 
shaft is generally tilted, and the plane of the wind 

w~eel is tilted backward at the same angle, since the 
wmd apparently blows at the same angle to the 
~urface of the ground. This concept, however, is 
mcorrect, since the movement of the wind is turbu
lent in the lower air layers as a result of friction 
against the ground, while the flow above it which 
may be considered laminar, has a lower ~elocity 
at the bottom and gradually increasing velocity 
towards_ the to~, s? that only the advancing front 
of the air layers 1s tilted forward, while the streamline 
of the wind itself remains completely horizontal. 
A horizontal-shaft wind wheel with blades tilted 
forward therefore corresponds better to the wind 
flow conditions than a tilted-shaft wind wheel which 
is bent backward. The horizontal shaft constitutes 
a simpler and cheaper solution. The tip-speed ratio 
of the wind wheel is ),. = 5. 

The shaft rotates in roller bearings. At the rear 
end of the shaft is the sprocket wheel, which has 
a chain drive ratio of 4:1. The shaft rotation rate is 
17 .85 rpm, that is, slow enough to make the use of a 
chain drive still very advantageous, since the velocity 
of chain motion is less than 2 m/sec. 

The rotation, having been multiplied by four by 
the chain drive is carried by a transmission shaft to 
the speed-up gear mechanism located at the rear part 
of the nacelle, which has a ratio of 14:1, so that its· 
output shaft rotates at 1 000 rpm. This shaft 
directly drives the 200-kW asynchronous generator, 
which has the same rotation rate. 

The entire mechanism is placed in a horizontal 
cylindrical gondola, whose rear end has a stream
lined conical shape. The four-ton rammed concrete 
counterweight is located in this. 

The nacelle lies on a circular roller bearing rim 
in a rotatable fashion on the top of the reinforced 
concrete tower. The rotation is performed by two 
opposite gears connecting to the gear rim fastened to 
the steel-cylinder top of the tower, together with the 
drive mechanisms connected to them. The wind 
wheel is turned to face into the wind by a rudder
controlled automatic device. 

At a wind velocity of 3 m/sec the wind wheel is 
already in synchronous rotation and begins to generate 
power. The power output is 100 kW at a wind velo
city of Sm/sec and reaches the capacity of 200 kW 
at a wind velocity of 10.4 m/sec. The allowable 
overload is 280 kW, which the wind power plant 
reaches at a wind velocity of 12 m/sec. At wind 
velocities higher than this the output does not 
exceed this value. This limiting of output at the 
higher wind velocities is performed by an automatic 
device which turns the wind wheel a little away 
from the wind. This change in direction is so designed. 
that the generator output will not exceed 280 kW. 
If the wind velocity decreases thereafter, this same 
automatic device again turns the wind wheel to face 
into the wind. 

In wind power plants up to the present time, the 
limiting of the load was accomplished by changing 
the pitch of the wind wheel blades. The load-dependent 
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aut?matic pitch adjustment of the blades is based on 
an mcorrect concept. This was done only to imitate 
the load regulation systems of heat and water power 
plants. In the case of heat ~nd water power plants, 
however,_ the energy source 1s storable and is always 
at the disposal of the engineer as required by the 
load. Load regulation of heat and water power plants 
therefore cannot be performed in any way except 
on the basis of the load as it appears. If we do the 
same in the case of wind power plants, then when 
there is wind and there is no load, the wind goes 
past :vithou~ being utilized, and conversely, when 
there 1s no wmd and there is a load, the load remains 
~nfulfi~led. Wind energy must therefore be used 
immediately and fully when it appears, so that the 
load must be adjusted to the wind energy. In other 
word_s, care must be taken to provide automatically 
a s_mtable load for the utilization of wind energy 
as 1t 1:1ay show up at any time. For this purpose 
t~ere 1s no need for variable-pitch blades. Variable
p1tch bl?'des make the system more expensive, 
decrease its reliability, and severely limit its construc
tion dimensions. 

~or thi~ reason we must also avoid using the 
vanable pitch of the blade for overload regulation. 
I;1 the 200-kW wind power plant in Denmark, the 
tips of the blades were made with variable pitch, 
but even this is complicated and expensive. In the 
solution we used there is no need for even partial 
adjustability of the blades, because in a very strong 
wind the wind wheel turns aways from the wind to 
a suitable extent, and in fact, if need should arise for 
complete shutdown, the plane of the wind wheel can 
be set completely parallel to the wind direction and 
can be braked by a small brake force. 

In case of a weak wind or calm, the automatic 
device disconnects the generator entirely, so that the 
wind wheel will not be driven by the power network 
current. 

The nacelle is turned away from the wind only if 
the wind direction has already changed by at least 15°. 
The return rotation of the nacelle has the same 
amount of dead space, so that the wind wheel and 
nacelle will not. turn back and forth at every slight 
change in wind direction. The same occurs in over
load limiting. 

The wind wheel is kept at a synchronous rotation 
rate by the period of the power network current. 

The wind power plant operates completely auto
matically, so that there is no need for any permanent 
operating personnel, and only periodic checking 
is required. 

If the wind power plant is erected at the above
mentioned location, where the wind conditions are 
already known, it will produce an average of 
320 000 kWh per year. This energy will for the time 
being be somewhat more expensive than the energy 
produced by modern heat power plants, because 
this wind power plant, being a unique construction, 
has considerably greater initial costs. This wind 
power plant, however, is intended only to provide 

experi~nc~ ~oncerning the_ suitability and reliability 
of the md1v1dual construct10n solutions. 

:rogether wit_h the calculations and design for 
this 200-kW wmd power plant, it also had to be 
decided what size of wind power plant of this type 
could be constructed and whether the construction 
of wind power plants larger than this will be advanta
geous. 

For every wind power plant in which the low 
rotation rate of the wind wheel has to be speeded 
up to the rotation rate of the generator, the most 
cri~ical point is the first stage of the speed-up mech
amsm. As we have seen for the Type A wind power 
plant, where the first speed-up stage consists of a 
gear drive mechanism, this single mechanism would 
be a huge gear box weighing 19 tons. For this reason 
w~ had to use a chain drive instead in the Type C 
wmd power plant, but the capacity of this is also 
difficult to increase. The industrial drive chains 
manufactured at present can take a maximum load 
of 14 000 kg, taking into account the greater relia
bility required for wind power plants. As a result of 
the limitation in the dimensions of the nacelle the 
pitch circle diameter of the largest sprocket ~heel 
should not exceed 2 400 mm, if possible. As a result of 
the low rotation rate of the wind wheel shaft the 
chain velocity will thus always be less than 2 n'i/sec, 
so that the chain drive is well suited for primary 
speed-up use. The above data, however, also show 
that a single chain can transmit only an amount 
of power approximately equal to the maximum 
output of tµis experimental wind power plant. 
This cannot yet be called a large wind power plant. 
If we are to be able to build larger wind power 
plants, we must first of all transmit the power from 
the wind wheel shaft by more than one chain. 
Whether this is then used to drive a single large 
generator or instead several smaller ones is only a 
question of design. In the case of several generators 
only two, four, or at most six generators can be 
considered, that is, always an even number, because 
we must avoid putting the transmission shaft on the 
center line of the nacelle, since there it would 
inevitably be in the way. 

The other fundamental condition is the output 
capacity of the wind at the chosen location. Let the 
wind capacity be : 

Q kWh/m2 per year 

measured at the elevation of the shaft of the wind 
power plant to be constructed. From the recording 
strip of the anemometer, we can read off the number 
of hours per year that the wind velocity has been 1, 
2, 3, etc., m/sec. From this we can calculate the annual 
energy capacity of the individual wind velocities 
in a wind cross section of one square meter, and 
the sum of these will give the total annual wind 
energy for one square meter for the measurement 
location under consideration. The \Vind power plant 
will utilize a fraction of this equal to its annual 
average efficiency. The annual average efficiency 
also depends on the tip-speed ratio "A = u/Va. 
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The annual average efficiency of the wind power 
plant at the most likely tip-speed ratio values is the 
following: 

For 'A. = 5 : "'l = 0.266 and utilization factor 
q = 0.172 

For 'A. = 6 : ''l = 0.244 and utilization factor 
q = 0.158 

For 'A. = 7 : ·'l = 0.214 and utilization factor 
q = 0.13!). 

The utilization factor q means that the wind power 
plant generator would deliver the energy it has 
produced in the entire year in 8 760 q hours if it 
were operating at full load. The capacity e of the 
generator per m 2 of wind wheel area is therefore 

(1) 

The capacity of the generator on this basis is 

D2 n D2 7t .'l Q 
E = - . e = - . - - (2) 

4 4 8760q 

\Ve have said that an industrial chain can be used 
for a maximum tension of 14 000 kg in the primary 
speed-up transmission with a wind wheel rotation 
rate of n rpm. Since the dimensions of the sprocket 
wheel are also limited, we can assume a maximum 
force arm of 120 cm, so that the torque which can 
be transmitted by an industrial chain drive is : 

111 = 120 · 14 000 = 1 680 000 cm-kg (3) 

The torque which can be transmitted by z chains 
is equal to zM. · 

Asynchronous generators will take severe over~oads. 
For safety's sake, however, we assume a maximum 
overload of 50 per cent, and thus the maximum 
torque which can be transmitted on the basis of 
chain capacity is : 

z 111 = 71 620 • 1.36 · 1.5 E/n = 1 680 000 cm-kg (4) 

whence 
(5) 

and 

Equating (6) and (7), we find that 

0.087 E/z = 60'A.Va/DTC 

Substituting for E from equation (2), this becomes: 

0.087 · 'YJ Q D 2 1t 60 A Va 
8 760 q · z . -4- = D TC 

whence 

D 3 = 60 · 8 7 60 · 4 A Va qz = 2 450 000 ). Va qz 
0.087 · TC2 YJ Q Yj Q 

and thus 

D = 
3 
/2 450 000 A v;;-qz = 135 

3 
/ ~ (

7 ~q~ (8) 
V ·'lQ V .,1 Q 

By means of this equation we can calculate the 
diameter D of the wind wheel. We can then calculate 
the rotation rate n of the wind wheel from equation (7) 
and finally the generator capacity E from equation (5). 

The values of A and z appearing in the equations 
must be selected in advance. Reference values 
are given for q and YJ; however, Va cannot be chosen 
arbitrarily but must be computed. This calculation 
begins with e, the capacity of the generator per m 2 

of wind wheel area, which can be computed from 
equation (1). The calculations required for the design 
of the wind power plant indicated that for the most 
advantageous value of the fundamental wi11d velocity 
Va the wind power plant operates at exactly ~alf 
load, that is, with a capacity of e/2. The correspondmg 
wind efficiency w is obtained by dividing by the 
total efficiency c of the wind power plant. Thus 

where 

e 
W= -

2c 

for A= 5 we have c = 0.36 
for "A = 6 we have c = 0.33 
for "A = 7 we have c = 0.29 

(9) 

For a wind having velocity Va the energy per m2 

of cross section, expressed in kW, is : 

W = 0.000615 Va3 
E = 11.5 zn kW 

n = 0.087 E/z (6) so that 

On the other hand, the circumference speed of the 
wind wheel is it = A Va, where Va is the wind velocity 
for which the wind wheel tip-speed ratio is equal 
to A which we can call the fundamental wind velocity. 

' 
Furthermore, 

it= nD1t/60 = "A Va 
whence 

n = 60 A Va/D TC= 19.l A Va/D 

Wind efficiency, 1 000 
kWh/m2 per year 

For A = 5 7.34 
For),= G 7.57 
For). - 7 7.89 

(7) 

1 500 2 000 

8.40 9.24 
8.67 9.53 
9.05 9.95 

w · e 
Va

3 
= 0.000615 = 0.00123 C 

whence 
3/ e 

Va= V 0.00123 
(10) 

I have calculated these fundamental wind velocities 
for tip-speed ratios of_). = 5, 6, a!1d 7, and have 
summarized the results m the followmg table : 

3 000 4 000 6 000 8 000 JO 000 

Va in m/scc 

10.57 11.65 13.3 14.7 15.8 

10.93 12.00 13.8 15.1 16.3 

11.4 12.54 14.36 15.8 17.1 
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. The torque M which can be transmitted from the 
wm~ wh~el shaft by a single drive mechanism 
(cham dr!ve) appears in these equations with a 
value which must be considered maximal in the 
p~esent state of the art, for low rotation rate of 
wmd power plant shafts. However, there will be 
progress in _this, as in everything else, so that we 
must also give these equations in a form in which 
the torque M appears with no fixed value. In this 
case the equations are the following: 

E = z Mn/146105 (11) 

n = 146105 E/zM = 19.11-. Va/D (12) 

D = \fl.436 t-. Va qz M/YJ Q (13) 

On the basis of equations (5), (7), and (8), I have 
c~mputed the principal technical data for those 
wmd power plants which can be optimally designed 
for locations with wind capacity Q = 1 000-
10 000 k\,Vh/m2 per year. Three wind power plants 
are shown for each wind capacity, calculated for 
tip-speed ratios of A = 5, 6, and 7. 

The first fact that is apparent is that the design 
of a wind power plant for such a system is not worth 
while for a tip-speed ratio of A = 7, since it would 
be more expensive than the wind power plant 
designed for A = 6 and only generate an equal output. 

The second fact is that as between the wind power 
plant with tip-speed ratios of A = 5 and A = 6, 
the latter does not produce a sufficiently greater 
output to justify its greater cost. The latter there
fore would be worth designing only because its 
output still is greater for the same wind conditions. 
The specific output would be cheapest for the wind 
power plant with A = 5,. so that the Hungarian 
200 kW wind power plant would be built with 
this tip-speed ratio. 

For z = 1 and Qin the range 1 000-10 000 kWh/m2 

per year the generator size remains in the range 
208-860 k\i\T. Larger wind power plants can be designed 
only with an increase in z. In the present state of the 
art z = 6 appears to be the maximum value. For 
z = 6 and Q in the range 1 000-10 000 kWh/m2 

per year, wind power plants can be constructed with 
generators having E = 690-2 470 kW, and their 
annual output will be 1 050 000 to 3 750 000 kWh. 

Is it possible to build still larger wind power 
plants? As we have seen, the greatest obstacle to the 
construction of larger wind power plants is the pri
mary section of the speed-up transmission. As the pro
gress of t echnology makes possible larger values 
of zM, it will become possible to build larger wind 
power plants of this type. Building a larger wind 
power plant means the same as placing the shaft 
of the wind wheel at a greater elevation. The first 
wind power plant shown in the table, with a capacity 
of 208-272 kW, has a shaft located about 35 m 
above ground level, where there is almost no turbu
lence, and the wind energy is also 50 per cent greater 
than that m easured at 15 m. This is one reason for 
building as large wind power plants as possible. The 
other reason is that for the construction of larger 

wind power plants the specific investment cost is 
decreased, so that a cheaper output is obtained. 

The entire speed-up transmission can be eliminated 
by driving a multi-pole generator directly from the 
wind wheel shaft. Here there are no problems of 
torque transmission. There are, however, limitations 
here as well, resulting from the limitation in the 
number of generator poles and therefore in rotation 
rate. The maximum number of poles which can 
be used with acceptable dimensions is 300, which 
cor~esponds to n = 20 rpm. Mihaly Goher has 
designed such a 300-pole generator and the resulting 
dimensions are feasible. Nevertheless we shall con
sider for the present only generators with a maximum 
of 240 poles, since many of these have already been 
constructed in various parts of the world. The rota
tion rat_e of the wind wheel for such a wind power 
plant will therefore be n = 25 rpm. The calculations 
for such a wind power plant are carried out as 
follows : knowing Q we select A, which at the same 
time determines the values of Va and q. We calculate 
e from equation (1) and obtain 

u = t-. Va 
and 

60 · u 
D=-

n 7t 
{14) 

from which we can now obtain the magnitude F of 
the wind wheel area. The generator capacity is 
therefore E = Fe and the annual output is found 
from this to be 8 760 qE. 

We must therefore start with the possible rotation 
rate n. This is a function of the feasible number of 
poles. It is seen from equation {14) that the diameter D 
of the wind wheel increases as n decreases and as 
u increases. Since u depends most strongly on A, 
this must be as large as possible. A sample calculation 
will make this clear : 

At a location with a wind capacity of 
Q = 1 000 kWh/m2 per year : 

if A = 5 and n = 25 rpm, then : 
D = 28 m, E = 108 kW, and annual output is 

164 000 kWh 

if A = 6 and n = 25 rpm, then : 
D = 34.7 m, E = 166 kW, and annual output is 

230 000 kWh 

if A = 7 and n = 25 rpm, then : 
D = 42.3 m, E = 248 kW, and annual output is 

302 000 kWh. 

It is probable that this result would be further 
increased by choosing A = 8 and 9, which can be 
considered for location with lower values of wind 
capacity Q. For such values of A, however, I did not 
have at my disposal the suitable YJ, Va, and q values, 
and I have therefore left them out of my calculations 
for the time being. Since the above sample calculation 
gave the best values for A = 7, I have computed 
and shown in table 2 the principal dimensions of the 

9 
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Table 1 

Wind 
efficiency 

in kWh/m • 
per year 

1 000 . 

1 500 . 

2 000 

3 000 

4 000 . 

6 000 . 

8 000 . 

10 000 . 

5 
6 
7 

5 
6 
7 

5 
6 
7 

5 
6 
7 

5 
6 
7 

5 
6 
7 

5 

6 
7 

5 
6 
7 

Wind wheel 
diameter D 
in meters 

38.7 
41.64 
44.65 

35.4 
38.04 
40.88 

33.2 
35.7 
38.3 

30.2 
32.62 
35.0 

28.45 
30.54 
32.87 

25.9 
28.0 
30.0 

24.4 
26.2 
28.2 

23.2 
25.0 
26.84 

Wind wheel 
rotation 
rate n 
in rprn 

18.3 
20.9 
23.6 

22.6 
26.1 
29.6 

26.55 
30.6 
34.8 

33.46 
38.4 
43.5 

39.1 
45.0 
51.0 

49.0 
56.5 
64.0 

57.6 
66.2 
74.8 

65.0 
75.0 
85.0 

z = 1 

Generator 
size E 
i n kW 

208 
240 
272 

260 
300 
340 

306 
352 
400 

384 
442 
500 

450 
516 
585 

564 
650 
737 

662 
760 
860 

746 
860 
980 

maximum constructible wind power plants for wind 
capacity values of Q = I 000-10 000, from which it 
is apparent that multi-pole generators are more 
advantageous even for a location with a wind capacity 
of Q - 2 000 kWh/m2 per year and become still 
more advantageous for higher values. For this system 
with "A = 7, generator capacity values of as much 
as E = 8 000 kW can be achieved, which is more than 
three times the value obtainable with a speed-up 

Wind power 
plant 

capacity in 
kWh per year 

314 000 
331 000 
332 000 

396 000 
415 000 
415 000 

465 000 
486 000 
488 000 

582 000 
610 000 
610 000 

683 000 
714 000 
715 000 

855 000 
900 000 
905 000 

l 000 000 
l 050 000 
l 050 000 

1 140 000 
1 190 000 
l 195 000 

Wind wheel 
diameter D 

1:n meters 

70.3 

64.3 

60.2 

55.1 

51.7 

47.l 

44.4 

42.2 

z = 6 

Wind wheel 
rotation 
rate n-
in rpm 

10.0 

12.5 

15.0 

18.4 

21.5 

27.0 

31.6 

35.8 

Gmerator 
size E 
in kW 

690 

862 

1 035 

l 270 

l 480 

1 860 

2 180 

2 470 

Wind power 
plant 

capacity in 
kWh per year 

1 050 000 

1 320 000 

l 570 000 

l 930 000 

2 250 000 

2 820 000 

3 320 000 

3 750 000 

transmission. The only drawback lies in the large 
dimensions and weight of the multi-pole generator, 
which can be seen from the table. (Data on the gener
ators was also provided by Mihaly Goher.) Here also 
we find valid the rule of experience that the greater 
the size of the unit the smaller the specific investment 
costs, so that here also it is most advantageous to 
build the largest designable unit for the location 
with the specified wind capacity. This will produce 

Table 2. Wind power plants with multi-pole generators 

Wind 
capacity 
(k Wh/m' 
per year) 

1 000 
1 500 
2 000 
3 000 
4 000 
6 000 

8 000 

10 000 

TiP· 
speed 
ratio 
()..) 

7 
7 
7 
7 
7 
7 

7 

7 

Funda
mental 
wind 

velocity 
Va 

(m/sec .) 

7.91 
9.05 
9.95 

11.4 
12.54 
14 .36 

15.8 

17.1 

Wind 
wheel 

area F 
(m') 

1 405 
1 848 
2 240 
2 923 
3 547 
3 237 

3 904 

4 572 
3 740 

Wind 
wheel 

diam. D 
(meters) 

42.3 
48 .5 
53 .4 
61.0 
67.2 
64.2 

70.5 

76.3 
69 .0 

Wind 
wheel 

circum
f eren.ce 
velocity 

u 
(m/sec) 

55.37 
63.35 
69.65 
79.8 
87.78 

100.52 

110.6 

119.7 

Annual 
average 
capacity 
of wind 
Power 
plant 

(kWh/year) 

302 000 
592 000 
960 /JOO 

1 880 000 
3 040 000 
4 160 000 

6 460 000 

9 900 000 
8 000 000 

Capacity 
E 

(kW) 

248 
485 
788 

l 540 
2 500 
3 400 

5 300 

8 000 
6 550 

n 
(rpm) 

25 
25 
25 
25 
25 
30 

30 

30 
33.3 

Number 
of poles 

240 
240 
240 
240 
240 
200 

200 

200 
180 

Generator 

Diam. D. 
of 

external 
structure 

(mm) 

6 000 
6 000 
6 000 
6 000 
6 000 
8 000 
7 100 
8 000 
8 000 
7 100 

Stator 
Caliber 

Db 
(mm) 

5 000 
5 000 
5 000 
5 000 
5 000 
6 960 
6 000 
6 960 
6 960 
6 000 

Axial 
length L 
of rotor 
(mm) 

120 
240 
400 
800 

1 300 
650 

l 500 
1 040 
l 500 
I /iOO 

Pole 
pitch 
(mm) 

65.4 
65.4 
65.4 
65.4 
65.4 

109.0 
94.0 

109.0 
109.0 
105.0 

Weight 
G 

(tons) 

20 
40 
60 
80 

110 
120 
165 
155 
200 
165 
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the cheapest energy, with which no energy production 
system "".or king on heat energy will be able to compete. 

The wmd power plant systems in which the wind 
wheel first produces an intermediate power to drive 
a curre!lt-producing generator, and the energy to be 
transmitted to the power supply system is produced 
only by th:s generator, all suffer from the defect 
of being expensive and having high power output 
costs. The intermediate power is usually direct 

current or hydraulic pressure. By contrast, the wind 
power plant which produces network current directly 
always remains the only system which can be cheap 
and competitive in the production of electrical 
energy to be fed into a power supply network. 
Between the two types of systems examined in detail 
it is mainly the latter, the multi-pole generator 
wind power plant, which can be considered the modern 
wind power plant of future progress. 

Summary 

In Hungary, an experimental wind power plant 
is being constructed. This plant is located at a site 
having a wind power of 1 120 kWh/m2 per year. 
The elevation of the wind wheel center line is 35 m 
above ground level. The wind wheel is fitted with 
four fixed-pitch blades having an external diameter 
of 36.6 m. Its primary speed-up gear uses a chain 
drive, while the secondary one contains a spur gear. 
The coupled asynchronous alternator is rated at 
1 000 rpm. In order to protect the wheel against 
overload, it will be turned out of wind automatically. 
The said wind power plant operates fully automa
tically, without attendance, and will yield 320 000 
kWh per year. 

The paper outlines the possibilities of further 
development considering various wind powers. The 
proposed calculation method of establishing the 
optimal dimensions shows that at sites where wind 
powers from 1 000 to 10 000 kWh/m2 per year 
occur, power plants having outputs from 208 to 
860 kW containing a single-chain primary drive 
may be designed, yielding from 331 000 to 1 190 000 
kWh per year respectively. For the same wind 
energy sources, by adopting a six-chain primary 
drive (which is held to be the upper limit) wind 
power plants having an output from 690 to 2 470 kW 

and yielding from 1 050 000 to 3 750 000 kWh 
per year could be designed. The capacity of wind 
power plants of this type is, therefore, strictly 
limited. 

The major obstacle to development lies in the 
speed-up gear. This may be overcome by direct
driven multi-pole synchronous alternators. The paper 
presents a calculation method applicable for these 
machines, too. Wind power plants provided with a 
multi-pole alternator and operating at a tip-speed 
ratio of A = 7 may be built for wind powers ranging 
from 1 000 to 10 000 kWh/m2 per year, with outputs 
of from 240 to 8 000 kW and yielding from 302 000 
to 9 900 000 kWh per year, respectively. The runner 
rotates at 25 to 33.3 rpm, the number of poles being 
from 240 to 180, respectively. The only drawback 
is the great weight of the alternator, varying from 20 
to 200 metric tons. This is, however, rather a minor 
hindrance as, in turn, the speed-up gear can be 
eliminated so that it does not impede further devel
opment. By increasing the tip-speed ratio ("A.), 
further success may be achieved and a best value 
for A obtained, rendering optimal dimensions and 
output of the wind power plant. In the future, wind 
power plants equipped with multi-pole alternators 
will be favored. 

CENTRALES EOLIENNES APPROPRIEES POUR ALIMENTER 
UN RESEAU DE DISTRIBUTION D'ENERGIE 

Resume 

En Hongrie, on est actuellement en train de 
construire une centrale eolienne experimentale. Cette 
centrale se trouve en un site ou l'energie eolienne 
annuelle est de 1 120 kWh/m2• La hauteur de l'arbre 
de la roue est de 35 m au-dessus du sol. Celle-ci est 
dotee de 4 pales a pas fixe et leur diametre exterieur 
est de 36,6 m. Le train d'acceleration primaire est 
constitue par une commande a chaine tandis que le 
train secondaire contient un pignon a denture droite. 
Le nombre de tours de l'alternateur a synchrone 
couple sur cette roue est de 1 000 a la minute. Pour 
empecher la roue de s'emballer, elle est dotee de la 
mise en drapeau automatique. Cette centrale fonc-

tionne d'une maniere tout a fait automatique, sans 
inspection, et donnera 320 000 kWh par an. 

Le memoire souligne les possibilites de developpe
ment exterieur applicables aux diverses formes 
d'energie eolienne. La methode de calcul que l'on 
propose pour etablir les dimensions ideales, demontre 
qu'en des lieux ou une energie eolienne de 1 000 a 
10 000 kWh/m2 par an se produit, des centrales ayant 
des puissances de 208 a 860 kW et contenant une 
commande primaire a chaine unique peuvent etre 
mises au point, donnant de 331 000 a 1 190 000 kWh 
par an respectivement. Pour les memes sources 
d'energie eolienne, en adoptant une commande primi-
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tive a 6 chaines que l'on considere comme la limite 
superieure, des centrales eoliennes ayant une puis
sance installee de 690 a 2 470 kW et donnant de 
1 050 000 a 3 750 000 kWh par an, pourraient 
etre mises au point. La capacite des centrales de ce 
type est done strictement limitee. 

Le gros obstacle au developpement est constitue 
par le train accelerateur. Ceci peut etre elimine en se 
servant d'alternateurs synchrones multipolaires. On 
indique, dans le memoire, une methode de calcul 
applicable a ces machines. Les centrales eoliennes 
dotees d'un alternateur multipolaire et ayant un 
parametre de fonctionnement de )... = 7 peuvent etre 
construites pour des energies eoliennes allant de 
1 000 a 10 000 kWh/m2 par an avec des debits de 

240 a 8 000 kW et donnant de 302 000 a 9 900 000 
kWh par an respectivement. La roue tourne a 
25-33,3 tour/minute, le nombre des poles etant de 
240 a 180 respectivement. Le seul inconvenient est 
constitue par le poids considerable de l'alternateur, 
compris entre 20 et 200 tonnes metriques. C'est 
cependant un defaut assez peu important car, 
d'autre part, le train d'acceleration peut etre elimine 
et ne s'oppose done plus au progres. En augmentant 
le rapport de puissance "A on pourra realiser et obtenir 
une valeur ideale, ce qui permettra d' o btenir des 
dimensions parfaites et on aura un bon debit de la 
centrale eolienne. A l'avenir les centrales eoliennes 
dotees d'alternateurs multipoles devront etre choisies 
de preference. 



WIND TURBINES OF NEW DESIGN IN JAPAN 

Tomijiro Moriya * and Yoshio Tomosawa ** 

In_ Japan there have been, since early times, wind 
turb1:1-es ?f ~ very simple type. Even nowadays, in 
certam d1stncts of Ja pan, many wind turbines for 
irrigation, made principally of wood, or bamboo, and 
straw mat, are still to be seen. 

The acceptance of modern engineering concepts 
in wind turbine design can be said to date from 
shortly after the end of the Second World War, when 
J:3-pan was e~tremely short of sources of energy. 
Smee that time, however, fire and hydroelectric 
power plants have been added year by year and the 
problem of the shortage of energy has begun to be 
solved, while wind power plants have not been carried 
into effect on a large scale. But we require wind power 
plants for other purposes, such as supplying electric 
power to isolated islands, isolated villages or unat
tended wireless relay stations where wind power 
can be used to advantage. 

The wind turbines which we are now going to 
describe are of a new type, first designed and manu
factured for use by the Antarctic Observation Party 
of Japan in 1956. A wind turbine which is to be used 
in such an extremely cold region, and which must 
stand up to heavy storms, must be specially designed 
so as to be free from the need for maintenance work 
for long periods and so as to operate reliably even 
in stormy weather. For this purpose, the mechanism 
for varying the pitch angles of the blades should be 
as simple as possible and the parts needing some lubri
cant should be as few as possible. This wind turbine, 
unfortunately, drifted away while still packed 
awaiting transport to the base. The design, however, 
had certain advantages, and the Maritime Safety 
Board of the Japanese Government, after considering 
the design, decided to adopt this type of wind turbine 
to supply electric power to a lighthouse on Futaoi 
Island, an isolated island off Shimonoseki. 

As the Antarctic wind turbine, mentioned above, 
could give us no data on its resistance to cold, we 
erected a small wind turbine in August 1960 for the 

* Defense Academy of Japan, Yokosuka, Japan. 
** Dengyosha Machine Works Ltd., Mishima City, J apan. 

purpose of a winter endurance test, near the top of 
Mt. Norikura, about 3 000 m above sea level, where 
the temperature in winter falls as low as -50°C or 
lower. 

In the present paper, we are going to describe the 
mechanism for keeping the rotational speed constant, 
the practical utilization and the winter endurance 
test of these wind turbines. 

The mechanism 

These wind turbines are capable of maintaining 
constant rotational speeds regardless of wind speeds 
above design speed and of loads applied to the shaft, 
by varying the pitch angle of the blades automatically 
by means of a very simple mechanism utilizing the 
blades as a governor. 

A diagramatical sketch of the mechanism is shown 
in figure 1. 

The blade can be rotated, that is, the pitch angle 
of the .blade can be changed about an axis, which is 
set with a backward tilt at a small angle o, called 
the first tilting angle in figure 1. The blade is set 
so as to have the second tilting angle in relation to 
the axis mentioned above, in order to produce a 
moment about this axis due to the centrifugal force 
exerted on the blade when the turbine is revolving. 

Let dm be the mass element of a blade situated at 
a point (X, Y, Z) in relation to the co-ordinate axes, 
where Y-axis coincides with the shaft of the wind 
turbine, and Y Z-plane contains the axis, about 
which the pitch angle of the blade can be changed. 
The co-ordinates (X, Y, Z) can be expressed as 

X = r cos cp 
Y = r sin cp + ~ sin o 
Z = r sin cp sin o + ~ cos o 

the notations of which may be understood with the 
aid of figure 2. Then the moment about the varying
pitch-axis due to the centrifugal force exerted on the 
mass dm when the wind turbine revolves at an angu
lar velocity w is 

dMF = - ~ w2 [r2 sin (2 rp) cos2 o + r ~ cos cp sin (2 o)] dm 

Therefore the whole moment for one blade is: 

MF= - ~ w2 [cos2 of r2 sin (2 cp) dm + sin {2 o) fr~ cos cp dm] 

the integration being extended for the whole blade. 
249 
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Figure 1 

This moment is exerted in such a way as to de~ 
crease rp. If we set the blade so that the moment 
acts to increase the pitch angle, that is, the moment 
acts so as to rotate the blade towards full feathering, 
and if we designate the angle defining the position 
of the blade by 0, so that when the blade is in full 
feathering 6 = 90°, then the moment due to centri
fugal force at a given angular velocity is shown, for 
example, as curve I in figure 4. The air force exerted 
on the blade, moreover, produces a moment about 
the same axis. Therefore, the resultant moment due 
to both centrifugal force and air force becomes that 
represented by curve II in figure 4. 

We counterbalance the moment by a spring 
through a cam for the whole range of 0, so that the 
wind turbine can operate at any value of 0 by balanc
ing the moments one against another. The value of 
0 can be determined automatically, so that the torque 
of air forces about the shaft of the wind turbine at 
the predetermined angular velocity is balanced by 
the load applied to the shaft. 

If, by chance, the angular velocity changes, for 
instance, if it is increased, then the moment due to 
centrifugal force exceeds the moment due to spring 
force and, as the pitch angle increases, that is, as the 
angle of attack of relative air flow and conse9uently 
the air force decrease, the torque of the air force 
decreases and the angular velocity also decreases 
until it reaches the predetermined one. At this instant, 
the moments about the varying-pitch-axis due to 
both centrifugal plus air force and spring force 
balance each other, and no more changes in blade 
angle can occur and the rotational speeds can be 

W;n.4 

y 

X 

Figure 2 

\. 

Figure 3 

kept constant. If wind speeds or shaft loads change, 
the final blade angle is different from the initial one, 
because the wind turbine always revolves at constant 
speed, balancing the air force torque with the shaft 
load by automatically adjusting the blade angle. 

Thus the wind turbine maintains a constant number 
of revolutions irrespective of the wind speeds and 
shaft loads. 

Tests and the utilization features of the wind 
turbines 

WIND TUNNEL TESTS OF A SMALL WIND TURBINE 

In order to test the operational features of the 
mechanism for changing the pitch angle of the blades 
automatically, we tested, in a wind tunnel, a small 
wind turbine, which is designed to supply electric 
power to unattended wireless relay stations. The 
specifications for this test were: 

Diameter ..... 
Number of blades . 
Profile of the blade 
D esign wind speed . 
Design rotational speed 
Design output power of the wind 

turbine ..... •· .. 
Electric generator output . 
Electric load in this test . 

1.2 m 
3 
Thin cambered plate 
7 m/sec 
350 rpm 

50 watts 
15 watts, D.C. 7 volts 
10 watts 

We tested this wind turbine in a wind tunnel, 
changing the wind speeds from O to 36 m/sec, and 
we collected data indicating the relations between 

M 

Figure 4 
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Figure 5 

the various wind speeds, rotational speeds, pitch 
angle of the blades, and power output. 

The mechanism which is used in this wind turbine 
for changing the pitch angle of the blades automa
tically is the same in principle as the one illustrated 
~n the previous paragraph, but is slightly different 
m minor points. This mechanism proved so satisfac
tory that the rotational speed was kept nearly 
constant at from 340 to 350 rpm as shown in figure 5. 

UTILIZATION CONDITIONS OF THE WIND TURBINE 
TO SUPPLY ELECTRIC POWER TO A LIGHTHOUSE 

ON FUTAOI ISLAND 

The specifications of the wind turbine are : 

Diameter ..... 
Number of blades . 
Profile of the blade 
Design wind speed . 
Design rotational speed 
Design output power of the wind 

turbine ....... . 
Electric generator output . 
Battery . . ..... . 
Load on this installation . 

7 m 
3 
Clark Y 
7.5 m/sec 
65 rpm 

2.5 kW 
2.1 kW D.C. 125 volts 
420 ampere-hours 
maximum, 800 watts 

In 1958, we established this wind turbine at the 
top of a hill, about I 200 m north of and about 30 m 
above the lighthouse, which is situated on the south
west end of Futaoi Island. This site is windy all year 
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Figure 7 

round, especially in winter, because the west wind 
is predominant in this district. Figure 6 shows the 
relative positions of the lighthouse and the wind 
turbine, seen from the east side, with the lighthouse 
in the left-hand portion of the figure. 

Figure 7 is a close-up view of the wind turbine. 
This wind turbine is still in operation without serious 
troubles, in spite of having been struck by typhoons 
on several occasions, and we have obtained many 
data regarding the relations between wind speeds, 
rotational speeds, and power output. Some of these 
records are shown in figure 8, and from these records, 
we see that the rotational speeds are kept at between 
55 and 65 rpm, while the wind speeds vary between 
6.5 m/sec and 10 m/sec. This fluctuation in rotational 
speeds is unsatisfactory. The cause of this fluctuation 
is to be found in the fact that the wind turbine 
is situated to some extent in the path of an up
wind along the cliff of the west side of the island, 
producing a constant yawing motion, which causes 
the rotational speeds to be unsteady. When the 
yawing motion does not occur, according to the 
direction of the wind, the wind turbine operates 
steadily, while the mechanism itself has proved to 
be satisfactory, operating at constant speed irre
spective of wind speeds and shaft loads. 

COLD PROOF ENDURANCE TEST 
BY A SMALL WIND TURBINE 

We erected a small wind turbine, 1.2 m in diameter, 
near the top of Mt. Norikura in order to observe 
its reactions to extreme cold. The wind turbine was 
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Figure 9 

set up in August 1960 and is now in operation record
ing the output of electric current. Some of these 
records are shown in figure 9, in which the lower 
curve represents the output of electric current and 
the upper curve rotational speeds, as calculated 
from the current output. 

Figure 10 

As a manometer of the usual type could not be 
depended on in such cold and icy weather, we did 
not equip this turbine with a manometer, and we 
must be satisfied with the current output figures 
alone. Unfortunately we were not able to record the 
relation between wind speeds and rotational speeds. 

In the curve of current output, when the current 
shows 0, the wind speed is supposed to be less than 
5.5 m/sec, and when the current shows about 1. 7 am
p~res, the wind speed is above the design speed. 
Figure 10 shows the conditions when the wind 
turbine was covered with ice and snow on 
3 December 1960. The wind turbine stopped operation 
temporarily, and operated again steadily after two 
days. 

We note that the wind turbine can operate safely 
in cold weather, and even though it may stop opera
tion temporarily, there is no danger of its over
running. 

Conclusion 

The mechanism for keeping the rotational speeds 
of the wind turbine constant irrespective of variations 
in wind speed and shaft loads has been proved 
satisfactory both by wind tunnel tests and by prac
tical utilizations, although the mechanism itself 
is very simple. 

The winter endurance test has also shown that 
icing does not produce dangerous conditions, though 
when icing is very thick the operation may be 
stopped temporarily. 

In this paper, we have presented the formula for 
calculating the moment about a varying-pitch-axis 
due to centrifugal force, which must be balanced 
by the moment due to spring force together with 
that due to air force. We have also introduced some 
data of wind tunnel tests and practical applications. 

As wind conditions depend heavily on local geo
graphical features, such factors must be taken into 
consideration when setting up wind turbines. 

Summary 

Newly devised wind turbines, capable of main
taining a constant rotational speed, regardless of 
wind speeds and variations in the load applied to 
the shaft, have been adopted by the Maritime 
Safety Board of Ja pan to supply electric power to 
lighthouses on isolated islands. The mechanism is 
very simple. The pitch angle of a blade can be changed 
about an axis, which is set with a backward tilt at 
a small fixed angle. The blade is set so as to have 
another angle of tilt in relation to this axis, in such 
a way as to produce a moment about this axis due to 
the centrifugal force exerted on the blade when the 
turbine revolves. This moment is balanced by the 
moment produced by a spring force through a cam. 
We can design in such a way that these two moments 
balance each other at any position of the pitch 

angle at a predetermined rotational speed. When wind 
speeds or loads vary, the pitch angle of the blade 
must be changed in order to keep the rotational 
speeds constant. This can be done automatically by 
shifting the point of balance. Wind turbines with this 
simple mechanism prove very satisfactory, and even 
in typhoon conditions, the rotational speeds can be 
maintained at the same rate as for the wind speeds 
for which they were designed. 

We made, first of all, wind tunnel experiments 
in order to test the operational features of the 
mechanism which changes the pitch angle of the 
blades automatically. The results were satisfactory. 

In 1958, making use of the same mec~;:rnical 
principle, we established a wind power stat10n for 
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the purpose of supplying electric power to a light
house on Futaoi Island, which has also given satis
factory results and is now in operation. 

In 1960, we built a small wind turbine, 1.2 m 
in diameter, near the top of Mt. Norikura, about 

3 000 m above sea level, in order to test endurance 
under very cold winter conditions. The results showed 
that, though the turbine stopped temporarily owing 
to freezing, it operated safely on the whole without 
running into dangerous over-revolutions. 

TURBINES EOLIENNES D'UN NOUVEAU TYPE AU JAPON 

Resume 

La commission de la securite maritime du Japon 
vient d'adopter des turbines eoliennes d'une concep
tion nouvelle, destinees a fournir de l'energie elec
trique aux phares situes sur des iles isolees. Elles 
se caracterisent par le fait que leur vitesse de rotation 
peut etre tenue Constante par Un mecanisme tres 
simple, quelles que soient la vitesse du vent et la 
charge imposee a leur arbre. On peut faire varier 
le pas de chaque aube autour d'un axe qui est incline 
vers l'arriere d'un petit angle fixe. L'aube est montee 
de telle sorte que son inclinaison propre soit diffe
rente par rapport a ce meme axe, de maniere a la 
faire apparaitre un moment sous l'action de la force 
centrifuge qui est mise en jeu lorsque la turbine 
tourne. Ce moment est compense par celui que 
fournit un ressort agissant par l'entremise d'une 
came. La turbine peut etre realisee de telle sorte que 
ces deux moments s' equilibrent mutuellement quel que 
soit le pas, a une vitesse angulaire donnee. 

Quand la vitesse du vent ou les charges varient, le 
pas de l'aube doit etre change de maniere a maintenir 
constante la vitesse angulaire du systeme. Ceci peut 
se realiser automatiquement en modifiant la position 
d' equilibre. A vec ce mecanisme extremement simple, 

les turbines eoliennes se sont averees fort satisfaisantes 
et, meme en plein typhon, on a reussi a maintenir le 
regime de rotation constant et conforme a celui qui 
etait fixe par le projet. 

On a commence par executer des essais en tunnel 
aerodynamique pour verifier les caracteristiques de 
fonctionnement du mecanisme qui sert a changer 
automatiquement le pas. Les resultats ainsi obtenus 
ont ete satisfaisants. 

On a realise, conformement aux memes principes, 
une centrale de production d'energie eolienne des 
1958, laquelle etait destinee a fournir le courant au 
phare de l'Ile Futaoi et qui a donne, elle aussi, des 
resultats satisfaisants et se trouve actuellement en 
fonctionnement. 

En 1960, nous avons construit une petite turbine 
eolienne de 1,2 m de diametre, installee pres du 
sommet du Mont Norikura, a 3 000 m environ 
au-dessus du niveau de la mer, de maniere a pouvoir 
la soumettre a des essais d' endurance par temps 
tres froid. Les resultats ont demontre que, bien qu'elle 
se soit coincee une fois en raison de la gelee, elle a 
fonctionne de maniere reguliere dans !'ensemble, 
sans jamais s'emballer d'une maniere dangereuse. 
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CONSIDERATIONS SUR UN ASPECT NATUREL DE L'AMENAGEMENT 
DE L'ENERGIE DU VENT 

P. Santorini * 

Considerons deux fluides, de densites da et de, 
en mouvement et interposons, dans leur flux d'ecou
lement, des dispositifs mecaniques, d'aires respec
tives Fa et Fe, servant a capter l'energie cinetique 
de ces fluides. II est alors facile de demontrer que : 

Fe: Fa= da: de [l] 

En considerant, comme fluides, l'air (indice a) 
et l'eau (indice e), il s'ensuit, avec les valeurs connues 
des densites respectives, qu'on a approximativement 

Fa= 800 Fe [2] 

Done, la captation de la meme puissance eolienne 
exige des installations enormement plus volumineuses 
que dans le cas des forces hydrauliques. 

Compte tenu de la relation [2] et des grandeurs 
des rayons de rotation des pieces matrices en mou
vement, on peut etre ensuite enclin a penser que 
l'energie du vent est trop << diluee » pour pouvoir 
permettre, pour des raisons purement mecaniques, 
la construction de machines de puissance comparable 
a celle des moteurs hydrauliques. 

On peut penser egalement que la nature meme 
du souffle du vent, se manifestant non sous forme 
d'un ecoulement continu mais, tres souvent, sous 
forme d'une suite de rafales et de tourbillons se 
propageant en diverses directions, est telle que son 
utilisation pratique, dans une seule machine a l'echelle 
industrielle, imposerait des dimensions onereuses hors 
de proportion avec la puissance developpee. 

En principe, il y a tout lieu de proceder a l'amena
gement de la puissance du vent dans des conditions 
techniques et economiques qui lui sont intimement 
particulieres. 

En particulier, il y a interet a repartir la puissance 
totale a amenager sur le nombre correspondant de 
moteurs a vent du type produisant le kWh au prix 
le meilleur marche : a !'inverse de ce qui se passe 
ailleurs (turbines hydrauliques, diesels, etc.), ce sera 
un type de puissance unitaire plutot faible, de l'ordre, 
peut-etre, de 5 kW seulement 1 pour un moteur a 
axe horizontal, et de beaucoup mains encore, pour 

* Directeur, Laboratoire II de physique experimentale, 
Energie du vent et energie solaire, Universite technique nationale, 
Athenes. 

1 Ce chiffre se base sur des offres reelles (janvier 1960) de 
constructeurs en mesure de livrer ces machines. Ainsi, pour 
l'arnenagement de 10 kW, plusieurs constructeurs recommandaient 
!'installation, cote a cote, de deux moteurs de 5 k\V chacun, au 
lieu d'un seul de 10 k\V. 

un moteur a axe vertical, derive du remarquable 
rotor de Savonius (1). 

Dans ce meme esprit d'economie, il devient interes
sant d'installer ces moteurs a vent a tres faible 
hauteur au-dessus du sol : tout le monde sait que 
plus on monte haut, plus grande est la vitesse du 
vent, mais la statique des constructions enseigne 
que chaque dizaine de metres de plus en hauteur 
se paye d'une fa9on nullement en rapport avec le 
surplus de l'energie ainsi captee. 

En ce qui concerne l'emplacement necessaire, on 
peut remarquer qu'il existe, dans chaque pays, un 
certain pourcentage du territoire ne pouvant servir 
a aucune utilisation ou exploitation productive : 
terrains rocheux, arides, versants de montagnes a 
plus ou moins forte declivite, petits ilots inhabi
tables, etc. Sur toutes ces etendues, inutilisables a 
d'autres fins, le souffle du vent se fait sentir, meme 
auras du sol, en pure perte. Rien done ne s'oppose a 
couvrir systematiquement l'etendue entiere de ces 
regions, autrement inutilisables, par une espece de 
<< foret » de petits « elements eoliens >i, pourvus, chacun, 
de sa generatrice particuliere, debitant leur contri
bution en courant electrique sur un collecteur 
general. . 

Il semble qu'il ne viendrait jamais a personne 
l'idee d'hesiter de planter des arbres ou de semer du 
ble sur des terrains de qualite convenable, quelque 
grande que soit leur etendue. Pourquoi ne ferait-on 
alors pas pareillement avec des batteries d'elements 
eoliens, pour extraire d'un territoire aride et impro
ductif !'immense quantite d'energie electrique que 
generent, sur sa surface, les moindres brises du vent? 

II est clair qu'il s'agit, en l'occurrence, d'un principe 
fondamentalement different de celui des puissantes 
machines isolees, dont l'installation, tres couteuse, 

. n'est justifiee que pour de rares regions exception
nellement favorisees par de fortes vitesses moyennes 
annuelles du vent. L'originalite de la presente 
suggestion consiste done dans !'utilisation d'un tres 
grand nombre de petits << elements eoliens )), installes, 
en guise d'une « foret >i, l'un pres de l'autre, presque 
au ras du sol, a peine a quelques metres de hauteu~, 
sur d'immenses etendues de terrain. Dans ces condi
tions particulieres, ces petites machines, ay~nt 
l'aspect exterieur d'un petit cylindre a axe de rotat10n 
vertical, tournant, ce qui est d'une importance 
capitale, toujours dans le meme sens, done indepen
damment des sautes dans la direction du vent, 
seront, par definition, plus solides que les enor~es 
helices des grandes machines a axe de rotat10n 

254 
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. horizo~tal. Ces _« elements eoliens >> pourront, sans 
aucun mconvement, fonctionner a partir de la brise 
la pl?? leger~ jusqu'aux_ plus fortes rafales, la ou 
les heh~es_ do1vent etre m1ses cc en drapeau », permet
!ant _ams1 la transformation integrale en energie 
electnque de tous rµouvements de la masse de l'air 
dans une couche basse suivant les denivellations du 
terrai~, conduisant ainsi a !'expression aussi imagee 
q~e p1ttoresque d'un « ecremage eolien d'un terri
toire ». Il deviendrait alors, peut-etre, possible de 
gagner, par les grandes surfaces de terrain, se trou
va~t disponibles partout, ce que les partisans des 
pmssantes machines cherchent a obtenir, par unites 
1solees, dans de tres rares regions exceptionnellement 
favorisees par de grandes vitesses moyennes annuelles 
du vent. 

II s'agit sans doute d'une nouvelle conception du 
probleme qui nous occupe. En hydraulique, on a les 
hautes et les tres basses chutes, et il ne viendrait 
aujourd'hui a personne l'idee d'ecarter les chutes de 
quelques metres de hauteur pour la raison qu'une 
roue Pelton ne pourrait y etre installee. La concep
tion du probleme de la presente proposition attend 

done aujourd'hui, par analogie, son Kaplan des 
tres basses chutes. 

Chaque cc element eolien », en raison de ses dimen
sions geometriques tres restreintes, travaille dans des 
conditions naturelles optima de rotation continue 
dans le meme sens, sans avoir a subir !'orientation 
forcee des helices a axe horizontal. La question du 
rendement, qui est inferieur a celui des helices, ne 
joue pas dans le cas du vent gratuit comme source 
motrice, puisque le critere principal est le prix de 
revient du kWh produit (2). 

La methode presente est basee Sur une suite de 
raisonnements decoulant de !'interpretation de la 
relation [2], connue evidemment depuis longtemps. 
En Grece, il n' a pas fallu ces raisonnements theo
riques pour arriver pratiquement a la meme conclu
sion de la multitude des petits moteurs a vent : 
en effet, sur le seul plateau restreint de Lassithion, 
en Crete, 10 000 {dix mille) petits rnoulins a vent 
a axe horizontal sont installes, presque au ras du sol, 
pour le pompage de 35 a 50 m3 d'eau d'une profon
deur de plus de 15 metres, en 9 a 10 heures par jour, 
soit a raison de 1 litre d' eau par seconde (3). 
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Resume 

Etant admis que la captation de la meme puissance 
eolienne exige des installations enormement plus 
volumineuses que dans le cas des forces hydrauliques; 
que l'energie du vent est trop « diluee » pour pouvoir 
permettre la construction de machines de puissance 
comparable a celle des moteurs hydrauliques; que la 
nature meme du souffle du vent, se manifestant non 
sous forme d'un ecoulernent continu rnais, souvent, 
sous forme d'une suite de rafales et de tourbillons 
se propageant en diverses directions, est telle que son 
utilisation pratique, dans une seule machine a l'echelle 
industrielle, imposerait des dimensions onereuses 
hors de proportion avec la puissance developpee; 
qu'il y a interet a repartir la puissance totale a 
amenager sur le nombre correspondant de moteurs 
a vent du type produisant le kWh au prix le meilleur 
marche, ce type etant d'une puissance unitaire plutot 
faible; que, dans ce rneme esprit d'economie, il 
devient interessant d'installer ces moteurs a vent a 
tres faible hauteur au-dessus du sol; qu'il existe, 

enfin, dans chaque pays, un certain pourcentage du 
territoire ne pouvant servir a aucune installation ou 
exploitation productive (terrains rocheux, arides, 
versants de rnontagnes a plus OU moins forte declivite, 
petits ilots inhabitables, etc.) et que le souffle du 
vent s'y fait sentir, meme au ras du sol, en pure 
perte, l'auteur propose de couvrir systematiquement 
I' etendue entiere de ces regions, autrement inutili
sables, par une espece de « foret » de petits « elements 
eoliens », pouvus, chacun, de sa generatrice parti
culiere, debitant leur contribution en courant elec
trique sur un collecteur general. 

Dans ces conditions particulieres, ces petites 
machines, derivees du rotor de Savonius, ayant 
l'aspect exterieur d'un petit cylindre a axe de rotation 
vertical, tournant toujours dans le meme sens, done 
independamment des sautes dans la direction du 
vent, seront, par definition, plus solides que les 
enormes helices des grandes machines a axe de rota
tion horizontal. Ces cc elements eoliens » pourront done 
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fonctionner a partir de la brise la plus legere jusqu'aux 
plus fortes rafales, permettant ainsi la transformation 
integrale en energie electrique de tout mouvement 
de la masse d'air dans une couche basse suivant les 
denivellations du terrain. 11 deviendrait alors, peut
etre, possible de gagner, par les grandes surfaces de 
terrain se trouvant disponibles partout, ce que les 
partisans des puissantes machines cherchent a obtenir, 
par unites isolees, dans de tres rares regions excep
tionnellement favorisees par de grandes vitesses 
moyennes annuelles du vent. 

En Grece, il n'a pas fallu ces raisonnements theo- . 
riques pour arriver pratiquement a la meme concep
tion d' « ecremage eolien d'un terrain )) par une 
multitude de petits moteurs a vent : en effet, sur le 
seul plateau restreint de Lassithion, en Crete, 10 000 
(dix mille) petits moulins a vep.t primitifs, a axe 
horizontal, sont installes, presque auras du sol, pour 
le pompage de 35 a 50 m3 d' eau d'une profondeur de 
plus de 15 metres, en 9 a 10 heures par jour, soit a 
raison de 1 litre d'eau par seconde. 

CONSIDERATIONS ON A NATURAL ASPECT OF THE HARNESSING OF WIND POWER 

Summary 

This paper is based on the following assumptions. 
The harnessing of wind power requires installations 
of enormously greater bulk than those required for 
water power. Wind power is too diluted to permit 
the construction of machines comparable in power 
to hydraulic equipment. The very nature of the 
wind, which manifests itself, not in the form of a 
continuous flow, but often in the form of a series of 
gusts and vortices moving in various directions, is 
such that its practical utilization, in a single indus
trial-scale machine, would impose burdensome 
dimensions, out of proportion to the power developed. 
It would be of advantage to distribute the total 
power to be derived among the corresponding 
number of wind-driven generators of the type with 
the lowest energy cost per kWh. This type is of a 
rather low unit power. In the same spirit of economy, 
it would be advisable to install these wind-driven 
generators at very low altitudes above ground. 
Finally, a certain percentage of the area of every 
country-including rocky or arid terrain, mountain 
slopes that are more or less steep, little uninhabitable 
isles, and the like-cannot be used for any installation 
or other productive purpose; even at ground level, 
the potential wind power is completely lost. The 
author therefore proposes that the entire area of 
these regions be otherwise utilized and systematically 
covered by a kind of "forest" of small "wind power 
elements", each with its own generator, feeding its 
contribution in electric current into a common 
collecting grid. 

Under these peculiar conditions, these little 
machines, derived from the rotor of Savonius, in the 
form of a small cylinder with a vertical axis of rota
tion, always turning in the same direction, and thus 
independently of the abrupt changes in wind direction, 
would be, by definition, more rational than the 
enormous propellers of great machines rotating 
about a horizontal axis. These "wind power elements" · 
could thus operate over the entire range of wind 
speeds from the lightest breeze to the strongest blast, 
thus permitting the integral · transformation, into 
electric energy, of all the movements of the air mass 
in the ground layer that follows the changing contours 
of the terrain. It would thus, perhaps, be possible 
to gain, by means of large areas of land, which are 
available everywhere, the same results as are sought 
by the partisans of powerful machines, by mean~ of 
large units sited in very infrequent regions exception
ally favoured by high mean annual wind speeds. 

In Greece, this theoretical reasoning has not been 
necessary to arrive practically at the same concept 
of "skimming off the wind power of an area" by 
means of a multitude of small wind machines. 
Indeed, on the single small plateau of Lassithion 
in Crete, there are 10 000 (ten thousand) primitive 
little windmills with horizontal axis, sited almost 
at ground level, to pump 35 to 50 m3 of water a 
day, from a depth of over 15 m, in nine or ten_ hours 
of daily operation, that is, at the rate of 1 litre of 
water a second. 
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A WIND-DRIVEN ELECTRICAL GENERATOR DIRECTLY COUPLED 
INTO AN A.C. NETWORK - THE MATCHING PROBLEM 

L. H. G. Sterne * and G. Fragoianis ** 

The wind-driven generator system considered in 
this paper comprises a fixed-pitch windmill mechanic
ally coupled (through a step-up gear) to an A.C. 
generator directly feeding into an A.C. network. The 
matching problem may be expressed as follows: 
given (a) the windmill diameter 1 and (b) the mean 
wind speed at the site, what is the optimum choice 
of (a) the gear ratio between windmill and generator 
and (b) the rated power of the generator? . 

If the wind speed were always some constant 
value, the choice of both these parameters woul~ be 
simple; the gear ratio should be such that the wmd
mill would operate at maximum efficiency (i.e., at 
a rotational speed at which it produces maximum 
power) and the rated power of the generator would 
be this maximum power precisely. 

In practice, however, the wind speed at any 
known site varies widely over any substantial interval 
of time. As the rotational speed is more or less 
constant when the generator is coupled to an existing 
A.C. network, the range of operation of the windmill 
(in terms of the non-dimensional speed parameter) 
also varies widely and it is impossible to achieve 
maximum efficiency at all times. 

Furthermore, if the rated power of the generator 
is sufficient to absorb the power available at the 
highest wind speeds, it will be unduly costly (and 
also heavy and this will add to the cost of the ~nd
mill tower) considering that, for nearly all the tune, 
it will operate at lower power. Furthermore, the 
heating losses in the generator can be expected to 
increase with its size, and in consequence, the over
all energy output will be less at lower wind speeds 
than for a smaller rated power. On the other hand, 
if a generator of very small rated power is chosen, a 
low total energy output will obviously result and the 
windmill itself will be costly in relation to the energy 
produced. 

The optimum lies somewhere between these 
ext remes; t he question is "how substantial a fraction 
of the total time should the generator operat e at 
its rated power?" 

Many factors enter into this problem; some can 
readily be expressed in mathematical terms, others 

* Tra ining Center fo r Experimental Aerod ynamics, Rhode
Saint-Genese, Belgium. 

** Appendices by G. Fragoianis. 
1 E qually, t he rated power could be t aken as one of th~ giv~n 

conditions an d an optimum choice sought for the wmdnull 
diam et er. 
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cannot. The purpose of this paper is to consider a 
few of the more obvious ones which can be so 
expressed. 

The problem is really one of matching three sets 
of physical characteristics, namely, the power output 
of the windmill as a function of wind speed, the 
electrical power output of the generator as a function 
of the input mechanical power and the speed
duration function of the wind at the chosen site. 

Power output from a windmill 

In presenting results of wind-tunnel tests on 
windmill rotors, the mechanical power P extracted 
from the wind is, preferably, plotted against the 
cube of the wind speed V, instead of against the speed 
itself, as appears to be common practice. The reasons 
for this departure from convention are twofold : 
first, the latter method gives too great a prominence 
to the values at low wind speeds (which are usually 
of no practical importance anyway in that they are 
normally below the "cut-in" speed of the generator), 
and secondly, it is found, not surprisingly, th~t over 
a substantial range of speed the power output 1s close 
to being a linear function of V3, and hence ~urve 
drawing is easier and ~nterpolation more _re~1able. 
Figure 1 shows an idealized plot of the vanat10n of 
power P against V3• 

The author also considers it to be more satisfactory 
in presenting results on windmill performance to 
reduce power and speed to non-dimensional t erms 
so that tests at various rotational speeds and wind-

P .. P. 

v~v. 

Figure 1 
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mill diameters tend to collapse on to a common 
curve. 

In detail, it is recommended that the power 
coefficient 

p 
Cp = - ---

1t C 
- pn3 D5 
8 

is plotted against the cube of the non-dimensional 
wind speed parameter, i.e. against 

where P output power of windmill measured in 
electrical units 

c = the factor required to convert mecha
nical units into electrical units 

p air density 
n the rotational speed of the windmill 

rotor 
D the windmill diameter 
V - the speed of the wind 

If the power P is measured in mechanical units, 
Cp is then simply given by 

p 
Cp =---

7t 8 pn3 D5 

provided a self-consistent set of units is employed. 

[l] 

Results, presented in this form and obtained 
from tests made by G. Fragoianis in the low-speed 
subsonic wind tunnel at the Training Center for 
Experimental Aerodynamics are given in appendix A. 

Up to a certain value V1 of V, depending on the 
windmill design and Reynolds number, it appears 

that Cp varies linearly with (n~r-
For larger values of V, the form of curve of Cp 

against V varies considerably from test to test, depen
ding apparently on both the design and Reynolds 
number. It would seem that the ideal arrangement 
is to choose a combination of design and Reynolds 
number so that Cp is a constant (Cp1 ) for V> V1. 

In the analysis given in this paper, it is assumed 
that matters have been arranged in this way so that 

V 3 - Aw V1 
Cp = k w = for 0 < V < VI [2] 

n3D3 

Kw (I - Aw) V3 
V ? V1 [3] Cp = Cp, = I for n3D3 

In using results of windmill tests to calculate the 
o·utput of a windmill-generator set, it is, however, 
more useful to rewrite the above equations ([2] and [3]) 
thus: 

!_>__ = kw ( ~
3 

- Aw [l) 
Ev V3 V3 

for o < V < V1 [4] 

p P1 _q 
- = - = kw (1 - Aw) 
Ev Ev V3 

for V ? V1 [5] 

where 
7t C -

Ev = 8 P V3D2 

and Vis the mean (annual) wind speed. 

Thus the output power from the windmill increases 
linearly with V3 until V = Vi, when it reaches its 
maximum value P1 . Precisely zero power is produced 
when V3 = Aw Vr (see figure 1). 

Coupling an A.C. generator to the windmill 

The function of a generator is to convert the mecha
nical power P delivered by the windmill into electrical 
power E, the efficiency of the process being less than 
unity; or if P and E are measured in the same units, 
E <P. 

It is often assumed, in making a simple calculation 
of the output from a wind-generator set, that this 
efficiency is some constant equal to its mean value 
over the range of operation, that is, E varying from 
zero to ER. It appears easy to improve upon this 
simplification. A certain mechanical power is required 
to run the generator at exactly zero electrical output, 
and the electrical output increases roughly linearly 
for higher input powers. Thus, we may write. 

E = kG p - AG En [6] 

where AGER is the mechanical input corresponding 
to zero electrical output. Very roughly, AG is a cons
tant for a given order of magnitude of En. It decreases 
from, say, 0 .20 for 1 kW to, say 0.05 for 100 kW. 

Matching the windmill to the generator simply 
requires that P = P 1 when E = En. Substituting 
this relationship into the previous equation, we 
obtain: 

Combining equations 4-7 : 

t -t:; 

E
E = k ( ~a - ). ~i) 
v V3 V3 

E ER v~ f 
E
- = -E = k (1 - A) =--- or 

v\ v V3 

.. 
-:,,-

A ... 
> 

,, 
9 

Figure 2 

[7] 

3 

(f) 
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E 

1 I \ti3 
Figure 3 

where 
k = kw kG 

"A= "Aw+ "-2. 
1 + AG 

Thus the electrical power output from the windmill
generator set is zero at a wind speed equal to v~ Vl; 
below this speed the output is negative, and above 
this speed the electrical power varies linearly with V3 

up to V = Vi, at which it reaches the rated power 
(ER) of the generator. At higher wind speeds than Vi, 
the power remains equal to En (see figure 2). 

The generator has been matched to the windmill; 
it now remains to match both to the wind-speed 
conditions at the site; this means that we must select 
the optimum value of V1 . To see the problem physical
ly, let us suppose that a value for V1 (and with it En) 
has been selected and then consider the effect both 
of increasing its value and of decreasing it, keeping k 
and A constant in each case. These effects are shown 
in figure 3. 

The wind-speed-duration function 

As shown in figure 3, the effect of increasing V1 

is to reduce the output at low speed and to increase 
it at high speed. The relative importance of these 
loss and gain increments depends upon the relative 
frequency of low and high wind speeds, that is, upon 
the shape of the speed-duration function. This 
function Z(V) is defined as the proportion of time 
(over a whole year) in which the wind speed exceeds V. 
Thus, for a small value of oV, the proportion of time 
during which the wind speed lies between V and 
V + oV is 

_ dz O V 
dv 

Assuming that the windmill generator is cut out 
at wind speeds for which the generator output would 
be negative, the mean (annual) output is 

- Joo ( dz) E = ',./i. ;• E - -dv dv [10] 

substituting the value of E given above ([8] and [9]) 

__§_ = k { <I> (" -Vf) - <I> ( ~r_) } [ 11] Ev ya ya 

where 

<I> ( V
3

) = Joo (V'
3 

_ V
3

) (- dz
1

) dV' va va va dv 
V 

It appears from the available statistics of wind-speed 
duration at various sites that Z, as a function of V/V, 
taken over a year, varies very little from site to site. 
In appendix B, a representative form for Z(V/V) 
is given and also the corresponding values of <I>. 

The mean value E can be expressed as two figures 
of merit, one as a fraction of ER and the other as a 
fraction of Ev namely, the specific output : 

{<I>("~)- <I>(;!)} 
v~ 
V3 

and the "mean efficiency" : 

where 

- = E = K {<1> (" Vl) _ <I> ( Vf)} y E v va ya 

n:c -Ev = 8 p. va DZ 

En=~~ k (1-"A)p VrD2 

8 

[12] 

[ 13] 
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and k, 'A are parameters depending upon the design 
of the windmill and generator. 

Economics 

The optimum choice of site, windmill height and 
diameter and the rated power of generator is that 
which gives the best return for a given cost. In prac
tice, generators are available only in particular sizes 
and there are various practical restrictions on the 
choice of site. Accordingly, the problem breaks 
down to choosing one of a finite number of alterna
tives. To compare the relative merits of such alterna-
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tives, it is often sufficient to compare the ratio of the 
mean output E to the capital cost, and the results 
summarized in the preceding paragraph provide a 
means of calculating this ratio. 

In appendix C, values of s and y based on the 
assumed Z function are deduced for typical values 
of k and A. 

APPENDIX A 

Tests on model windmills 

Both models t ested were two-blade wooden fixed-pitch wind
mills of 1.60 metres diameter. The details of the designs are 
shown in figure 4 and the results in figure 5. 
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Figure 5 
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Tests were made in the open-jet tunnel at the Training Center 
for Experimental Aerodynamics at Rhode-Saint-Genese, Belgium, 
and the torque was measured by means of a strain-ga.uge balance. 

APPENDIX B 

The time-duration function Z and its related function cI> 

The wind-speed-time-duration function Z of V has been defined 
as the proportion of time in which the wind velocity exceeds 
some value V. Thus Z(O) = 1 and Z (co) = 0. In order to perform, 
,,·ith reasonable simplicity, the algebraic analysis required in 
solving the matching problem, an attempt has been made to 
represent typical plots of the time-duration function against 
T'f V mean, by means of well-known and well-tabulated mathe
matical functions . 

Consideration was limited to the family of functions defined by 
the equations: 

with 

z (xJ = ---= 2 j''° 
.Jn X 

V 
-=-=An xh 
V 

,-t' di 

1,11 being a constant such that Vis the mean value of;v 

[14] 

[15) 
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Figure 8 

It was found that most practical results fell between, and on 
average midway between, the two curves given by n = l and 
n = 2/3, for which A assumes the values : 

..;; 
1.1288 

The value chosen for Z is the mean of the two values of the 
functions given by substituting 1 and 2/3 for n in equations 14-18. 
Thus, if Z1 and Z 213 are these two functions 

[18] 

The resulting function <lJ required to calculate the mean output 
of a windmill generator is given by 

Substituting from earlier equations and re-arranging 

... <lJ = i ((1 + xn ,-xl + (1.1:88)3 {x21a e-x\,a 

+ ~n Z 213}] ( ; ) 

3 

Z 

The functions Zand <I> are shown in figures 6 and 7. 

APPENDIX C 

[20] 

Variation of specific output and mean efficiency 
with the ratios ER/Ev and V1/V 

Assuming the following typical values 

"A = 0.138 k = 0.365 

and the function <lJ d educed in appendix B, calculations have b een 
made of the values of the ratios 

E 
s = -

E11 

T:.: 
y = -

£7. 

for various values of V if V a nd h ence of E R/Ev using equations 12 
and 13. The results are shown in figure 8. 

Surrunary 

The wind-driven generator system considered 
in this paper comprises a fixed-pitch windmill 
mechanically coupled (through a step-up gear) to 
an A.C. generator directly feeding into an A.C. net
work. The matching problem may be expressed as 

follows : given (a) the windmill diameter 2 and ( b) 

2 Equally, the rated power could be taken as one of the given 
conditions and an optimum choice sought for the windmill 
diameter. 
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the _mean wind speed at the site, what is the optimum 
choice of (a) the gear ratio between windmill and 
generator and (b) the rated power of the generator. 

l\fany factors enter into the matching problem; 
some can readily be expressed in mathematical 
terms, ?thers cannot. The purpose of this paper is 
to consider a few of the more obvious ones which 
can be so expressed. 

The problem is one of matching three sets of 
physical characteristics, namely, the power output 
of th~ windmill as a function of wind speed, the 
electrical power output of the generator as a function 
of th_e input . mechanical power and the speed
duration funct10n of the wind at the chosen site. 

Power output from a windmill 

In presenting results of windmill performance, the 
author considers it better to reduce power and speed 
to non-dimensional terms and to plot the resulting 
power coefficient 

p 
Cp=----

1t 
- cpn3 D5 

8 

against the cube of the non-dimensional wind-speed 
parameter, i.e. against 

where P 

C 

p 
n 

D 
V 

output power of windmill measured 
in electrical units 
the factor required to convert mechani
cal units into electrical units 
the density of air 
the rotational speed of the windmill 
rotor 
the windmill diameter 
the speed of the wind 

Results, presented in this form and obtained from 
tests made by Fragoianis in the low-speed subsonic 
wind-tunnel at the Training Center for Experimental 
Aerodynamics, are given in figure 5. 

In using results of windmill tests to calculate the 
output of a windmill-generator set, the windmill 
power equation is written: 

:v = kw ( ~: - Aw ;n for O :( V :( V1 

p ~ n V - = - = low (1- Aw) -=- for V ~ 1 Ev Ev ~ 

where 
7t -

Ev = 8 cp V3 D 2 

and V is the mean (annual) wind speed. 

Coupling an A .C. generator to the windmill 

The function of a generator is to convert the 
mechanical power P delivered by the windmill 

into electrical power E, the efficiency of the process 
being less than unity; or if P and E are measured in 
the same units, E < P. 

In this analysis, it is assumed that E and P are 
connected by the equation 

E = kGP-AGER 

where ER is the rated output and AGERisthemecha
nical input corresponding to zero electrical output. 
Very roughly AG is a constant for a given order of 
magnitude of ER; it decreases from, say, 0.20 for 1 kW 
to, say, 0.05 for 100 kW. 

Matching the windmill to the generator simply 
requires that P = P1 when E = ER· Substituting 
this relationship into the previous equation, we 
obtain: 

(l+AG)ER=kGP1 

Combining the above four equations : 

E
E = k ( ~

3 

- A ~i) for O :( V :( V1 v V3 V 3 

!!_ = ER = k ( 1 - A) .!:i for V ~ V1 
Ev Ev va 

where 
k = kw kG 

A= Aw+ AG 
1 + AG 

The wind-speed-duration function 

As shown in figure 3, the effect of increasing V1 

is to reduce the output at low speed and to increase 
it at high speed. The relative importance of these loss 
and gain increments depends upon the relative 
frequency of low and high wind speeds, that is, 
upon the shape of the speed-duration function. 
This function Z (V) is defined as the proportion of time 
(over a whole year) in which the wind speed exceeds V. 
Thus, for a small value of oV, the proportion of time 
during which the wind speed lies between V and 
V + o Vis 

- dz oV 
dv 

Assuming that the windmill generator is cut out 
at wind speeds for which the generator output 
would be negative, the mean (annual) output E is 
given by 

_ = !?- <I> A _ 1_ _ <I> _ 1 E ( V
3

) ( V
3

) 
Ev ~ . P 

where 

<I> - - -- - - dv (va) Jco (V'3 va) ( ~) , 
'j73 - V va ya d v' 

It appears from the available statistics of wind
speed duration at various sites that Z, as a function 
of V/V, taken over a year, varies very lit~le from site 
to site. In figures 6 and 7, a representative form for 
Z (V/V) is given and also the corresponding values 
of <I>. 
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The mean value E can be expressed as two figures 
of merit, one as a fraction of En and the other as a 
fraction of Er, namely, the specific output: 

and the "mean efficiency": 

E { ( V
3

) y = --- = h <I> 'A -=2- - <I> 
Ev V3 (;!)} 

In appendix C, values of s and y based on the 
assumed Z function are deduced for typical values 
of k and A. 

CENTRALE ELECTRIQUE A ENERGIE EOLIENNE BRANCHEE DIRECTEMENT SUR 
UN RESEAU DE DISTRIBUTION EN COURANT ALTERNATIF - PROBLEME DE 
L'APPAREILLAGE 

Resum,e 

Le systeme de generatrices eoliennes que l'on etudie 
dans la presente communication comprend un moulin 
a vent a pas fixe qui est mecaniquement couple 
(par un engrenage multiplicateur) a une generatrice 
de courant alternatif directement branchee sur un 
reseau de distribution en alternatif. Le probleme 
de l'appareillage peut etre pose comme suit: si l'on 
donne a) le diametre de l'eolienne 1 et b) la vitesse 
moyenne du vent au site considere, quel est le choix 
ideal a) du rapport de multiplication entre l'eolienne 
et la generatrice et b) de la puissance nominale de 
cette generatrice. 

Nombre de considerations interviennent dans ce 
probleme, dont certaines peuvent facilement se 
reduire a des expressions mathematiques.- D'~utres 
ne le peuvent pas. On se propose, dans la presente 
communication, d'etudier l'une des plus evidentes, 
parmi ces considerations, qui peuvent s'exprimer 
de la sorte. 

Le probleme consiste a appareiller trois jeux de 
caracteristiques physiques, a savoir : le debit ener
getique des systernes en fonction de la vitesse ?u 
vent, le debit d'energie electrique de la generatn~e 
en fonction de l'energie mecanique qu'elle m;o1t 
et la fonction vitesse-duree du vent au lieu choisi. 

Puissance debitee par un moulin a vent 

En presentant Ies resultats des calculs faits sur le 
rendement d'une eolienne, l'auteur estime qu'il est 
preferable de ramener la puissance et la vitesse a 
des expressions non dimensionnelles et de tracer une 
courbe donnant le coefficient de puissance corres
pondant: 

p 
Cp = ----

1t - cpn3 ns 
8 

en fonction du cube du parametre du vent (non 
dimensionnelle), c'est-a-dire en fonction de 

1 La puissance nominale pourrait egaleme_nt etre pri~e c?~me 
l'une des donnees, tandis que !'on cherchera1t une solut10n tdeale 
pour le diametre de l'eolienne. 

expression clans laquelle 
P puissance de sortie de l'eolienne, mesuree 

en unites electriques 
c facteur necessaire pour convertir les unites 

mecaniques en unites electriques 
p - densite de l'air 
n = vitesse de rotation du rotor de l'eolienne 
D = diametre de l' eolienne 
V = vitesse du vent 
Les resultats, presentes sous cette forrne et obtenus 

au moyen d' essais faits par Fragoianis dans le tunnel 
aerodynamique subsonique a faible vitesse du centre 
d'instruction aerodynamique experimental, sont 
donnes en figure 5. 

Quand on se sert des resultats des essais 
des eoliennes pour calculer le debit d'un groupe 
electrogene a aeromoteur, !'equation de la puissance 
s'ecrit : 

!!.._ = kW ( V
3 

- A W ~i) pour O ~ V ~ V1 

Ev va V3 

P P v3 
- = E 1 = kW (I - Aw) 1 pour V ;?- V1 Ev v V3 

expressions clans lesquelles : 
7t -Ev = 8 cp V3D2 

et V est la vitesse moyenne (annuelle) du vent. 

Couplage d'une generatrice a courant alternatif sur 
l' eolienne 

La generatrice a pour fonction de convertir l'energie 
mecanique P, fournie par un moulin a v~nt, e~ ei;e~gie 
electrique E, le rendement du processus etant mfeneur 
a l'unite ou, si on mesure P et E clans les memes 
unites, E < P. 

Dans cette analyse, on admet que E et P sont 
relies par l'equation 

E = kcP-AcEn 
dans laquelle En est le debit calcule et Ac En la 
fourniture d'energie mecanique qui correspond a un 
debit electrique nul. En tres grossiere approximation 
)... G est constant pour un ordre de grandeur donne 
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de ER; sa valeur decroit de 0,20 pour 1 kW, a 0,05 
pour 100 k\V, par exemple. 

Pour appareiller l'eolienne a la generatrice il 
suffit que P = P1 quand E = En. Si on introduit 
ce rapport dans l'equation precedente, on obtient 

(1 + AG) En = kG P 1 

En combinant les quatre equations ci-dessus : 

-- = k --=- - A 1 pour 0 s: V ~ V E ( V3 vs) 
E,, V3 V3 '--"' '--"' i 

E En Vi 
E- = E - = k (I - A) -=- pour V ;;,, V1 

\' V V3 

expressions dans laquelle 

k = kw kG 

A= AW+ 'le 
1 + AG 

F onction vitesse du vent-ditree 

Ainsi que l'indique la figure 3, augmenter V1 a pour 
effet de reduire le debit a basse vitesse et de !'aug
menter a grande vitesse . L'importance respective 
de ces pertes et de ces gains depend de la frequence 
relative des vitesses de vent (grandes et petites), 
c'est-a-dire de la forme de la fonction vitesse-duree. 
Cette fonction est definie comme etant la proportion 
du temps (sur une annee entiere) pendant laquelle 
la vitesse du vent depasse V. De la sorte, pour une 
petite valeur de oV, la proportion du temps pendant 
laquelle la vitesse du vent est comprise entre V et 
V + oV est : 

- dz 13 V 
dv 

En admettant que la generatrice de l'eolienne entre 
en fonctionnement a des vitesses du vent pour les
quelles son debit serait negatif, le debit moyen 
annuel E est donne par l'expression 

i k <D (A ;n -<D ( ;n 
dans laquelle 

(~) , J "" ( Vj V
3

) (D -- T - - -
V3 V V3 V3 (- dz_) dVl 

dv1 

Il ressort des statistiques disponibles sur la vitesse 
du vent et sa duree en divers lieux que Z, fonction 
de V/V pendant une annee, varie fort peu d'un lieu 
al'autre. Aux figures 6 et 7, on donne une forme type de 
Z (V(V) ainsi que les valeurs correspondantes de <l>. 

La valeur moyenne E peut s' exprimer sous forme 
de deux coefficients de merite, l'un est fraction de E ri 
et l'autre fraction de Ev, a savoir le debit specifique 

E 
5=-= 

En 
1 

1-A 

et le rendement moyen: 

vs 
1 

'j73 

_ E { ( VI) ( Vi ) } y = E T, = k <D A V3 - <I> V3 

A l'appendice C, on deduit, a partir de valeurs type 
de k et de A, des valeurs de s et de y basces sur la 
fonction z supposee. 
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SMALL WIND-ELECTRIC PLANT WITH PERMANENT MAGNETIC GENERATOR 

Franz Villinger * 

Much progress has been made in the last decades 
in supplying densely populated areas with electrical 
energy through public or private networks. There 
still exists, however, an extensive demand for power 
plants to supply houses in remote areas .. These 
plants should be able to provide lighting and make 
possible the use of small appliances such as radios 
and television sets. 

Small electric plants driven by internal combustion 
engines are generally used for this purpose. They have 
a rather low initial cost but need a constant supply 
of fuel as well as maintenance at frequent intervals 
by skilled mechanics if they are to last many years. 
Furthermore, the loud noise of the engines is distract
ing. To stop the noise, at least during the night, the 
plants are usually provided with batteries for the 
storage of electric energy. The batteries are then 
alternately charged to capacity and fully discharged 
while the engines rest. Such a mode of operation is 
of course detrimental to the life expectancy of the 
storage batteries. 

In areas with sufficient average wind velocities, i.e. 
of at least 4 to 4.5 m/sec, small wind-electric plants 
(so-called "wind chargers") may be used i1;1stea~ of, 
or in addition to, the usual set-up to provide smgle 
houses ·with electric energy. These wind chargers 
must in all cases be used in connection with storage 
batteries so as to produce a sufficiently constant 
voltage for lighting purposes, despite more or less 
prolonged fluctuations in wi?d veloci~y. This oper~
tion in shunt connection with the wmd chargers 1s 
much less harmful to the batteries than that described 
in the preceding paragraph. When output and 
consumption of electric energy are almost equal, the 
batteries are relatively little involved and may _last 
10 years or more. The higher initial cost of t~e wmd
driven electric plant is compensated for by mdepen
dence from a permanent fuel supply and by almost 
automatic operation and little noise. 

In an attempt to keep the initial cost of the wind 
chargers as low as possible, a large number of them 
have been produced and sold in many c<;mntries dur
ing the last decades, bu~ they have fa~led to meet 
the requirements of undisturbed opera~10n unde~ all 
atmospheric conditions. Many of them, mdeed,_ failed 
after a relatively short time. On several tnps. to 
Algeria and to the Sahara for purposes of ~mildmg 
larger wind power plants for water pumpmg'. the 
author found that many wind chargers had completely 

* Bortlingen iiber Coppingen/Wiirt, Federal Republic of 
Germany. 

broken down in so ideal an area for wind power plants. 
The experience gained on these trips led soon after
ward to the development of the new wind chargers. 

The new plants were based on the fact that long 
and satisfactory service, without constant mainten
ance, can only be achieved through a very simple 
design, a very sturdy construction, a reliable auto
matic regulation, and without regard to apparently 
cheap initial costs. Another highly desirable feature 
would be the ease of construction and removal of 
the wind chargers without complicated tools any
where. 

Consequently, the new types of wind chargers, 
WL 250 and WK 500, are fitted with two-bladed 
rotors designed for a high running speed rate 
(cL = U/V = velocity of wing tips / wind velocity 
= 8.0) which drive the movable part of the generator 
directly, without gearing. 

As the collectors and brushes in the well-known 
D.C. generators of wind chargers need most careful 
maintenance and are a frequent cause of break

. downs, the new models have specially designed 
disc-shaped magnetic generators. They combine a 
ring of permanent magnetic bars with alternating 
polarity and a corresponding ring of bobbins with 
soft iron cores which are adjacent to the magnetic 
bars on the head of the wind charger and remain in 
a fixed position. As soon and as long as the rotor 
with the magnetic system is running, an alternating 
voltage is induced in the bobbins. 

The disc shape was chosen for the generator in 
order to obtain as high a relative speed as possible 
between the magnets and the bobbins, and, in addi
tion, it was chosen to obtain a simple method for 
adjusting the air space between the magnets and the 
bobbins. 

Formerly, an automatic clutch was placed between 
the rotor hub and the magnetic system for a particu
larly easy start of the wind charger, in spi!e of the 
relatively high torque needed for breakmg the 
magnetic system from the bobbins. The individual 
magnets and the bobbin cores were ma?e of square 
sections. In the new models, the centrifugal clutch 
was eliminated, and the magnets and bobbin cores 
now have round sections. This results in a smaller 
torque in the braking point because of only a 
pointed spot of overlapping at the last moment. 

The A.C. voltage rated at llO V and induced in the 
bobbins with a frequency proportional to the rpm 
of the rotor is transmitted to the tower of the wind 
charger by an insulated peak barrel and an elastic 
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guidance bushing. The A.C. then travels through a 
cable of double wire and to a transformer combined 
with a two-way rectifier. At that point, the current 
is transformed into D.C. which can be stored in a 
battery with any voltage needed between 12 and 
220 V according to the proportion of the transformer. 
Thus, the rectifier works also as a current valve and 
prevents the discharge of the battery through the 
generator when the charging voltage falls below the 
voltage of the battery. Any risk of overloading the 
battery can be avoided by the use of a manually or 
automatically adjustable transformer. 

The blades of the new wind chargers consist of 
glass fibres in molded plastic. They will be manufac
tured by placing single bundles of glass fibres and 
integrated joining sockets into half-shells. The 
method for this procedure was developed several 
years ago by U. Hutter and E. Hiinle. It makes it 

possible to obtain very light and strong blades of·. 
moderate cost even when only small numbers are 
produced. The blades are also thoroughly weather- · 
proofed and need no additional protection of their 
surf~ce for the duration of their life-span. This is 
particularly helpful for operation in areas of high 
humidity and heavy rainfall. 

As a protection against overloading due to 
extremely high wind velocities, the rotor blades 
have an adjustable pitch and can turn in their bear
ing boxes about their axis. This automatically adjusts 
them to a smaller angle of attack, throttles the 
performance of the wind chargers and adjusts the 
number of revolutions of the rotor as soon as it 
exceeds the specifications. For this purpose, the 
bearing boxes of the wing roots are attached to the 
hub by two pairs of parallel levers and they are held 
in their normal operating position by governor 
springs with adjustable initial stress against the 
centrifugal forces acting on the blades. As soon as 
the rated number of revolutions is reached, the 
blades and their bearing boxes begin to move radially 
outwards and thereby function as centrifugal weights 
of a centrifugal governor. At the same time, they 
are shifted about their axis to a throttling position 
by operating rods which extend from an eccentric
ally arranged pivotal point at the wing roots to 
pivot points at a governing fulcrum of the hub. 

When at a stand-still, the rotor blades and their 
bearing boxes are moved still farther inward on the 
hub by a pair of additional springs prestressed much 
lower than the main regulator springs mentioned 
above. In this way, · the blades are shifted quite 
automatically about 30° in respect of their operating 
position and into a starting position. 

The governing fulcrum on the hub is also manually 
adjustable along the axis against the force of a 
return spring by means of a push-rod which penetrates 
the hub and the head box at the center, and by 
means of an adjusting linkage on the tower. This 
makes it possible to turn the wind charger on and 
off at any time by moving the blades to their various 
positions. 

An ordinary wind vane automatically adjusts the 
wind charger to the direction of the wind. It consists 
of the vane itself and a supporting arm which, 
for shipping purposes, can easily be separated from 
the wind charger as well as from the vane itself. 
The wind vane also acts as a counterweight for the 
rotor with hub and generator arranged on the 
windward side of the tower in an undisturbed air 
flow. The wind charger as a whole is thus supported 
about its vertical axis ; this results in relatively 
small friction torques. 

Another new feature is a tower that can be tele
scoped. This tower consists of a variable number of 
tubes of different diameters tapered on the inside at 
the upper end and on the outside at the lower end. 
At the upper end of the widest tube, which also 
constitutes a tower base in the earth, there are two 
brackets on opposite sides for two double levers of 
different lengths. Step by step these levers elevate, 
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Figure 2 

one after the other, the tubes as well as the wind 
charger which is fully mounted on the innermost 
tube. For this purpose, gripping jaws are mounted · 
on the top of short push-rods which can lift and 
alternatively hold and once more grip the tubes. 
As soon as one tube is fully extended, its outward 
tapered lower end is placed against the inward 
tapered upper end of the next wider tube. It is then 
lifted a little and is rigidly coupled with the other 
tube so as to make bending or pushing impossible. 
The outer ends of the double levers are then pushed 
down simultaneously and pulled up alternately 
to hold and to grip the tubes anew until all of them 
are lifted into their highest position and locked 

Figure 3 

together. Once a: year, when the wind charger has 
to be serviced or otherwise repaired, the telescopic 
tower can be lowered by the opposite operation of the 
double levers. When telescoped, the tower has only 
the bulk of the lowest tube which results in favorablc 
freight costs. The total height of the tower is optional 
and depends on the number of tubes. In every case, 
the narrowest ones will be at the top of the tower 
and the wider ones at the bottom. The tube with the 
smallest diameter, directly beneath the head of the 
wind charger, has a flange which is bolted to a 
corresponding flange at the lower end of a supporting 
tube in the wind charger's head. As the tower has a 
built-in erection mechanism, the plant can be assem-
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bled on the ground, in any location. Only two men 
a~d no special tools are needed. The position of the 
wmd charger on top of the telescopic tower eliminates 
the necessity for climbing the tower. This should 
please most owners of isolated houses, as the owner 
has found them to be generally fearful of maintaining 
their wind chargers in this manner. 

. The need for more material and labor in the produc
tion of a reliable wind power plant inevitably results, 
as has been noted above, in much higher initial 
costs than those of an electric plant run by a small 
internal combustion engine. The price of the new 
wind chargers is not yet known; it depends on the 
number to be manufactured. It is hoped that the 
larger one with a rotor 5 m in diameter will cost 
about U.S. Sl 000 while the smaller model with a 
2.5 m diameter will cost $750. 

In order to take good advantage of the generator 
output, and to hold the initial cost of the battery 
down to a minimum, the generators have been rated 
for a much lower output in relation to the diameter 
of the rotors than those for other wind electric 
plants. Thus the WL 250 reaches its rated output 
of 500 watts at a wind velocity of about 5.5 m/sec 
(12.5 m/h), while the smaller model, the WL 250, 
reaches its output of 200 watts at a wind velocity 
of about 6.9 m/sec. (15 m/h). 

By rating the new wind chargers so unusually 
low, the generators achieve a much higher efficiency 
in the most important field of the lower and medium 
wind velocities than do generators rated for higher 
but only rarely occurring wind velocities. The 
comparatively low rated output of the wind chargers 
already becomes available in lower wind velocities. 

This also makes it possible to operate the plants 
with rather small storage batteries whose minimum 
capacity is limited by the maximum permissible 
amperage during charging. 

If a life-span of ten years and 1 000 and 500 gener
ated kWh per year are taken as a basis for the two 
models, 1 kWh costs about $0.15 and $0.22, respec
tively, without the battery, and $0.20 or $0.275, 
respectively, with the battery, the cost of which 
is taken at 15 per cent per year for depreciation and 
interest. These figures cannot, however, be compared 
with those of other wind electric plants because, 
as a rule, a much higher output per rotor area is 
taken as a basis for the calculation. 

The wind chargers described above are still in the 
testing stage. Only recently has the author been able 
to find a manufacturer who was willing and able to 
build at least one plant for testing purposes in accord
ance with the designs perfected by the author in his 
spare time. In the past four years, not even one 
test plant was manufactured, despite promises from 
several manufacturers. The start of practical work 

· was delayed time and again in favor of the more 
conventional products because factory capacities 
were strained in Germany. 

The main obstacle to the setting-up of production 
of the wind chargers in Germany is certainly the 
absence of a worth-while local market, as Germany 
has a close-meshed electric network. It seems there
fore advisable to study the possibility of producing 
these plants in the areas concerned and to have the 
more complicated parts, such as the permanent 
magnets, the rotor blades and the roller bearings, 
supplied by more industrialized countries. 

Summary 

The new types of small wind power plants have 
been designed for the transformation of a natural 
source of energy, namely wind, into electric current. 
Isolated houses that until now could not be supplied 
with electricity at all or only at great expense can 
now, with the additional help of a storage battery, 
be provided with enough for the lighting of rooms and 
for certain small appliances such as radios, tele
vision sets, etc. 

~fany years' experience with different kinds of 
wind power plants in various countries has gone into 
the design of these wind chargers. Special stress was 
laid on great simplicity and reliability, a minimum 
need for servicing and ease of installation. 

In view of these aims, the wind chargers consist 
of a rotor with two blades and a fairly high speed rate 
of blade tip, speed/wind velocity ratio (c1,) and of a 
permanent magnet generator with a dire~t drive, 
that is, without gearing. This generator 1s based 
on a series of magnets which turn with the rotor, and 
bobbins at the resting case. (All moving parts for 
transmitting current, such as collectors, between the 

armature and the stator of the generator have been 
eliminated.) It provides an A.C. of uniformly high 
voltage but of variable frequency. The current can 
be transformed to any voltage needed by means of an 
ordinary transformer and changed into storable D.C. 
in a dry rectifier. This rectifier also functions as a 
current valve which prevents any discharge of the 
storage battery through the generator when the 
charging voltage falls below the battery. 

The rotor blades are made of fibre-glass in molded 
plastic and are weatherproofed. The blades have 
adjustable pitch, turn about their axis and can be set 
automatically for starting, normal working conditions 
or throttling in high wind velocities. They can, 
however, also be set by hand by means of an adjust
ing linkage at the foot of the tower so that the plant 
can be started or stopped at any time. 

A specially designed telescopic tube tower makes 
it possible to assemble t~e wind chargers_ on t~e 
ground and without mountmg tools, and to mstall 1t 
on the lowered tower. Only when this has been done 
is the tower vertically extended, step by step, by 
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a ~imple mechanical lifting device. The wind charger 
w1l~ be on top of the narrowest and innermost tube. 
1:h~s tube and others of over larger diameter are 
ng1d~y locked together to prevent pressing and 
bendn~g. For the yearly servicing, the tower and 
the wmd charger can be lowered by the same 

operation so that the tower itself need never be 
climbed at all. 

The dimensions and capacities of both models 
are shown in figure 1. Their initial cost is estimated 
to be about $1 000 and $750, respectively. 

GROUPE ELECTROGENE A ENERGIE EOLIENNE DE PETITES DIMENSIONS 
DU TYPE A MAGNETO 

Resume 

Les deux modeles de petites centrales eoliennes 
recemment mis au point sont destines a transformer 
la forme d' energie naturelle que represente le vent 
en courant electrique. Ces centrales permettent de 
fournir du courant a des maisons isolees dont !'elec
trification serait soit impossible, soit trop couteuse 
pour eclairer les pieces et couvrir les besoins de force 
motrice, par exemple pour les pastes de TSF ou de 
television, etc. Le tout s'installe en liaison avec une 
batterie d'accumulateurs. 

De nombreuses annees d'experience, acquise 
avec differents modeles de centrales eoliennes dans 
divers pays ont permis de realiser semblables instal
lations d'aeromoteurs. On s'attache particulierement 
a une grande simplicite et une parfaite regularite 
de marche, combinees avec la reduction au minimum 
des frais d'entretien et avec la plus grande facilite 
d'installation. 

Pour realiser ces objectifs, les eoliennes employees 
sont du type a deux pales avec une vitesse lineaire 
des bouts de pales assez elevee p~r rapport a la 
vitesse du vent (er,) et du modele a commande directe, 
c'est-a-dire sans train d'engrenage. Elles entrainent 
des generatrices a aimant permanent. Celles-ci 
debitent du courant alternatif en liaison avec un 
systeme d'aimants qui tourne avec l'helice. Les 
enroulements sont montes sur le boitier et il n'y a pas 
de pieces mobiles telles que collecteurs et autres 
entre l'induit, ou rotor, et le stator. Ce courant 
alternatif, dont la tension est elevee mais la frequence 
variable, peut etre ramene a la tension voulue a 
l'aide d'un transformateur de type classique et 
servir ensuite a la charge d'une batterie par l'inter
mediaire d'un redresseur du type sec. Ce redresseur 
sert . egalement de conducteur unidirectionnel qui 
s'oppose a toute decharge des accumulateurs par la 

generatrice quand la tension de charge tombe au
dessous de celle des accumulateurs. 

Les pales de l'eolienne sont en fibre de verre 
agglomeree par un produit plastique, qui est eminem
ment resistante et a l'epreuve des intemperies. 
Ces pales s'articulent sur leur moyeu de maniere a 
pouvoir pivoter sur leur axe longitudinal, si bien que 
le pas est automatiquement regle, et ce d'une fa<;on 
totalement automatique, a diverses valeurs pour 
le demarrage, la marche normale et la mise en drapeau 
aux grandes vitesses de vent. On peut egalement 
regler le pas a la main au moyen d'une timonerie 
depuis la base de la tour pour arreter ou demarrer 
a volonte. 

Il est possible de monter ces aeromoteurs au sol 
et de les installer sur une nouvelle tour telescopique 
tubulaire qui, elle aussi, a ete mise au point recem
ment pour les modeles WL250 et WL500, avant de la 
deployer. Ceci fait, la tour est elevee verticalement, 
avec son aeromoteur tout installe, au moyen d 'un 
dispositif mecanique simple qui permet de la deployer 
progressivement. L'eolienne repose sur le tube de 
plus petit diametre et les autres sont verrouilles les 
uns aux autres, de maniere a resister aux sollicitations 
verticales et aux moments flechissants. Pour les 
besoins des travaux d'entretien - qui ne doivent 
normalement s'executer qu'une fois par an - on peut 
egalement faire descendre !'ensemble tour-aero
moteur, si bien qu'il n'y a jamais lieu de monter au 
sommet de cette tour. 

On donne les cotes principales et les caracteris
tiques des deux modeles d'eolienne, dont la construc
tion est identique, quant au principe, a la figure 1. 

Les frais de premier etablissement de ces machines 
sont evalues respectivement a 1 000 et 750 dollars 
environ. 
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TESTING OF THE GEDSER WIND POWER PLANT 

V. Askegaard * 

The experimental plant of the Danish Wind Power 
Committee, the Gedser mill, is equipped with a 
measurement cylinder which makes it possible to 
measure the influence of the wind on the mill. The 
measurement cylinder is placed between the tower 
and the machine cabin (figure 1). 

The measurement cylinder 

The measurement cylinder was designed by 
Dr. B . H0jlund Rasmussen and constructed and 
mounted by the firm of Aarhus Maskinfabrik. The 
measurement cylinder (figure 3) has a wall thickness 

Figure 1. Position of the measurement cylinder 
immediately between tower and machine cabin 

* Civil E ngineer , \ Vind Power Committee, Association of 
D anish Electricity Works , Copenhagen. 

of 3 mm, a radius of 700 mm and a height of 450 mm. 
The cylinder is welded together in the direction of the 
cylinder generators. 

Along its lower rim, the cylinder is welded on 
a circular ring-shaped steel plate. This plate is fixed 
to the top of the concrete tower by means of eighteen 
bolts. 
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Figure 2. On the inside of the measurement cylinder are 
pasted 64 wire resistance strain gauges, which are placed 
at an angle of 45° between their longitudinal direction and 
the generators of the cylinder and in such a way that any 
two successive gauges are perpendicular to each other 
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Figure 3. Cross-section of measurement cylinder. Along its lower rim the cylinder is welded 
to a circular ring-shaped steel plate. Eighteen bolts hold it to the top of the concrete tower. 
The top edge of the cylinder is welded to a circular steel plate carrying the bull gear and, thus, 
also the machine cabin, which can turn 
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Figure 4. The measurement cylinder is calibrated for 
various moments of force : Px, My and Mz, The system 
of co -ordina tes shown is fixed in r elation to the m a chine 
cabin 

Figure 5. Measuring combinations w hich show the gauges 
used by mea surement of Px and Mz 



274 11.B.2 Design and testing of wind power plants 

The top edge of the cylinder is welded to a circular 
steel plate carrying the bull gear and, thus, also the 
revolving machine cabin. Around the outside of the 
measurement cylinder is another cylinder that serves 
to relieve the pressure on the measurement cylinder 
whenever measurements are not being taken. The 
top edge of the external cylinder is welded to the 
same plate as the measurement cylinder, and its 
lower edge can be locked to the circular, ring
shaped steel plate by insertion of a row of bolts. 

Measuring 

The measurements were taken by the Laboratory 
of Building Technique of the Technical University 
of Denmark. 

The state of deformation of the measurement 
cylinder depends upon the forces (strength and 
direction) acting upon the blades and the machine 
cabin. This state of deformation is determined by 
means of wire resistance strain gauges. Altogether, 
sixty-four strain gauges are pasted on. They are 
placed on the inside of the cylinder at angles of 45° 
between their longitudinal direction and the cylinder 
generators and in such manner that any two successive 
gauges are perpendicular to each other (figure 2). 

Before it was mounted on the tower, the measure
ment cylinder was calibrated on a clamping stand, 
for various moments of force: Px, My and Mz 
(figure 4), corresponding to the stresses for which 
the dimensions of the tower were calculated. 

The system of co-ordinates shown in figure 4, 
in relation to the machine cabin, is fixed. Because 
of the shape (small height) of the measurement 
cylinder, its state of deformation, when subject~d 
to a certain moment of force, depends upon its 
conditions of support. Consequently, it has been 
difficult to obtain a clear differentiation between the 
magnitude of the signal registered from a strain gauge 
combination and the magnitude of a component of 
force. The most reliable combinations were selected, 
however, and by means of these, the measuring 
accuracy described below was obtained. 

After the measurement cylinder had been mounted 
on the mill, an after-calibration was carried out, 
at which the behaviour of the cylinder was ascertained 
- through measurements of the combinations 
selected - and it had not changed materially because 
of the mounting. The after-calibration, however, 
could only be carried out with regard to the bending 
moment My, this moment being solely d1:e to t~e 
eccentric effect of the weight of the machme cabm 
itself. 

The calibration measurements were carried out 
with a view to later continual measuring, over a 
prolonged period, of the horizontal force 

Px = VPA2 + Pn2 

of the moment of torsion around the vertical axis 
of the tower Mz, as well asof the overturning moments 
MxandMy. 

The experimental technique, however, was altered 
so that only the two components of Px and Mz 
were determined during the measuring on the mill. 
The measuring combinations used are shown in 
figure 5. A permanent measuring arrangement was 
established, measurements having been taken only 
on days with the desired wind conditions, however, 
and signals were then recorded during short periods 
(about 5 sec) within which the wind velocity might be 
supposed to be constant. 

Thus, measurements were taken during the opera
tion of the mill on 27 October 1959, at 12-20 m /s. 
Measurements were taken at 5-7 m/s only on 29 Octo
ber 1959, the mill being stopped at the time. This 
last measuring formed the basis for determining 
the readings of the measuring combinations at 
0 m/s, which was the basis of determination of the 
wind forces measured. During these measurings, the 
mill was standing in the same position. 

Correspondingly, measurements were taken while 
the mill was operating on 2 November 1960 at 
10-16 m/s and again, with the mill stopped and in 
the same position, on 9 November 1960 at 6 m/s. 
Wind conditions at the same time are shown in 
figure 6. 

While measurements were taken, the wind velocity 
was read on an instrument connected with a cup-

Figure 6. The wind conditions during the taking 
of measurements 
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Figure 8. The correlation between Px, Mz and the measured 
values of the unit-elongation e: (n is the measuring combi
nation) 

contact anemometer placed about 25 m to the west 
of the mill at a height of about 10 m. 

Measurement results 

During the measuring, films of a duration of a 
few seconds were taken. Typical cases are shown 
on the films in figure 7. The zero lines of the individual 
signals, laid down after correction for effects of wind 
direction and wind velocity, as well as the correlation 
between the amplitude and the measured unit
elongations, e:, are shown. The correlation between 
e: and the wind forces measured appears from the 
calibration curves in figure 8. 

On the film shown in the lower half of figure 7, 
the position of the blades has been recorded by means 
of a contact device on one of the blades. 

The total number of measurement results (i.e., the 
maximum value in each period of measuring) as 
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Figure 9. The measurement points indicate the maximum 
values in measuring periods of about 5 sec duration 
(x = measurement on 27 October 1959; o = measure
ment on 2 November 1960) 

regards Px and Mz are sketched in figure 9. The 
average inaccuracy of the individual measurements is 
700 kg and 700 kgm, respectively. 

For comparison it may be noted that the tower 
is calculated for Px = 15 000 kg and Mz 
± 5 000 kgm. Although measurements so far have 
only been taken at wind velocities up to 20 m/s, 
there appears to be a great safety margin for P z. 
As for Mz values, they were measured in this wind 
speed interval, which exceeded the one deciding the 
dimensions, and are in this case only of importance 
for the bull gear. 

Summary 

The experimental wind power plant of the Danish 
Wind Power Committee, the Gedser mill, is designed 
to make possible the measurement of pressures and 
torsional forces acting upon it. 

A measuring cylinder is fixed on top of the tower, 
and the machinery is mounted pivotally on top of 
that. 

The dimensions of the measuring cylinder are the 
following: diameter, 1 400 mm; height, 450 mm; 
and wall thickness, 3 mm. 

The cylinder is fixed by welding behv_een two 
horizontal circular plates; the bottom one 1s bolted 
to the tower and the top one carries the bull gear 
and, thus, also the revolving machine cabin. 
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The forces acting upon the blades are absorbed 
by the measuring cylinder. By placing a suitable 
number of resistance wire strain gauges on the surface 
of the measuring cylinder, the static as well as the 
dynamic effects can be registered electrically. 

Before the measuring cylinder was mounted on 
the tower, a calibration of it was undertaken on the 
testing stand of the Laboratory of Building Technique 
at the Technical University of Denmark. The measur
ing cylinder was mounted on the wind power plant 
and a recalibration was made at which it was ascer
tained that the behaviour of the measuring cylinder 
had not materially altered because of being mounted. 

Measurements have been taken at a wind velocity 
of 10-20 m/s. It was not yet possible to take measure
ments at 20-30 m/s. 

The 10-20 m/s measurements were registered 
during short periods (about 5 seconds); within that 
space of time, the wind velocity may be supposed 
to be very nearly constant. 

The action of thrust on the blade hub, as well as 
the influence of torsion around the vertical axis 
of the tower, have been registered. Although measure
ments so far have only been taken at wind velocities 
up to 20 m/s, there appears to be a great safety 
margin for the action of thrust on the blade hub. 
As for the torsion around the vertical axis of the 
tower, values were measured in this wind speed 
interval. They exceeded the ones deciding the 
dimensions, and are in this case only of importance 
for the bull gear. 

ESSAIS SUR LES CENTRALES EOLIENNES GEDSER 

Resume 

L'installation experimentale d'energie eolienne 
de la commission danoise chargee de cette source 
de force motrice, - la Centrale de Gedser - a ete 
conc;ue de maniere a permettre la mesure des pres
sions et des couples qui agissent sur ses elements 
constitutifs. 

On trouve, au sommet de la tour, un cylindre de 
mesure qui porte les machines necessaires, montees 
sur un pivot. 

Les dimensions du cylindre de mesure sont les 
suivantes : diametre, 1 400 mm; hauteur, 450 mm; 
epaisseur de paroi, 3 mm. 

Le cylindre est fixe, par une soudure a l'autogene, 
entre deux plaques circulaires horizontales. Celle du 
bas est boulonnee a la tour et celle du haut porte 
l'engrenage d'entrainement, ainsi que la cabine de 
la machine, qui est capable de tourner. 

Les reactions creees par les forces qui agissent sur 
les pales sont absorbees par le cylindre de me~ure. 
On peut, en installant un nombre suffisant de ~ahbres 
de deformation a fils sur la surface du cylmdre a 
mesurer, enregistrer electriquement les effets sta
tiques et dynamiques. 

Avant !'installation du cylindre de mesures sur 
la tour, son etalonnage a ete entrepris au bane 

d'essais du laboratoire d'architecture de l'universite 
technique du Danemark. Une fois le cylindre de 
mesure installe sur l'aeromoteur, on proceda a un 
second etalonnage, qui revela que son comportement 
n'avait pas ete modifie dans une mesure appreciable 
par l'installation. 

On a pris des lectures pour des vitesses de vent 
s'echelonnant de 10 a 20 m/s. Celles que l'on comptait 
executer dans la gamme allant de 20 a 30 m/s n'ont 
pas encore ete possibles. 

Les mesures faites entre 10 et 20 m/s ont ete enre
gistrees pendant de breves periodes (cinq secondes 
environ) pendant lesquelles on peut admettre que la 
vitesse du vent restait tres sensiblement constante. 

On a enregistre !'action de la poussee sur le moyeu 
des pales, ainsi que l'effet de torsion sur l'axe vertical 
de la tour. Bien que les mesures n'aient ete faites, 
jusqu'a present, qu'a des vitesses de vent de 20 m/s 
au maximum, il semble y avoir une large mesure de 
securite quant a !'action de la poussee sur le moyeu 
de la pale. En ce qui concerne la torsion autour de 
l'axe vertical de la tour, on a mesure des valeurs, 
a cette gamme de vitesses du vent, qui depassaient 
celles qui determinaient les dimensions, ce qui 
n'a d'importance, en pareil cas, que pour la roue 
dentee d'entrainement. 

10 
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VARIOUS RELATIONSHIPS BETWEEN WIND SPEED AND POWER OUTPUT 
OF A WIND POWER PLANT 

G. Clausnizer * 

For the technical and economical valuation of 
wind power plants, the knowledge of the relationship 
between wind speed and power output, the so-called 
power characteristic, is of greatest importance. This 
characteristic varies according to the type and 
magnitude of the wind power plants, as well as to 
the rated output of the generator. Furthermore, 
the mode of operation of wind power plants marked 
by the two extremes, i.e., loading of batteries on the 
one hand, and synchronous interaction with an 
electrical network on the other hand, has a signi-
ficant influence on the characteristic. · 

Fundamental difficulties are encountered in measur
ing the relationship between wind speed and power 
output. The magnitude of wind speed close to the 
ground varies very rapidly with time and may be 
quite different at two locations not far apart. The 
reason for this is the turbulence produced by obstacles 
in the path of the air-stream. Recordings of sensitive 
anemometers therefore show the well-known zigzag 
curves. As a wind power plant is mostly within the 
turbulence zone of the free atmosphere, it is thus 
exposed to velocities varying to a great extent both 
temporally and locally. 

The generated power therefore also shows great 
variations, although the often considerably large 
swept circle and the inertia factor of the rotating 
masses of the plant produce a certain smoothness of 
the power performance. Comparing temporally cor
related instantaneous values of wind velocity and 
power output, a field of widespread points is obtained 
from which the connection sought after cannot be 
determined in a satisfactorily exact manner. 

The simplest way to overcome this difficulty is 
the temporal mean value of velocity and power. 
Hourly and, to a much greater extent, daily, mean 
values lead to a sufficiently exact reproducible rela
tionship between wind speed and pow~r _ou~put. The 
determination of the power charactenshc m hourly 
or daily mean values is, therefore, up to the present 
common practice. 

In examining the economic possibilities of installing 
a wind power plant at a certain place, the wind 
conditions in hourly or daily mean values must be 
sufficiently known. This necessitates some expenditure 
as to personnel and measuring equipment which 
is not always available at very remote places. Fortu
nately, the annual mean value of the wind velocity 

* Hamburgische Electrizitats-Werke AG, Hamburg. 

is specifically constant at each place; moreover, it is 
easily determined by simple integrating anemometers. 
Besides, maps on which points with the same annual 
mean value of wind velocity are connected are 
available for many parts of the world. Therefore, it 
is necessary to know the power characteristic of a 
wind power plant in annual mean values, because 
with this characteristic it is possible to state the 
average annual output. Thus, the energy production 
from the annual mean velocity for a given place can 
be found and it is possible to estimate whether the 
installation of wind power plants at that particular 
place is economically feasible. 

An experimental determination of the character
istic in annual mean values for a single plant requires 
years, and for this reason it is not put into practice. 
On the other hand, the characteristic in hourly or 
daily mean values is quite different from the charac
teristic in annual mean values, since measurements 
of a wind power plant operating in parallel with an 
electrical network (1), described below, have shown 
that the characteristic also changes considerably 
with the length of the time interval over which the 
mean value was taken (measuring time interval 3). 

Measurements 

The a/m measurements were carried out on the 
Stotten test field of the Studiengesellschaft Windkraft 
e. V. Stuttgart, under the guidance of Dr. Hutter. 
A two-bladed Allgaier-Hutter wind power plant, 
with a rotor 10 m in diameter and a three-phase 
induction generator of 8.8 kW, operated parallel 
with an electric network. At sufficient wind speed, 
an automatic device connected the plant parallel to 
the grid and disconnected it again at power reflux. 
A cup-anemometer was positioned at 50 m distance 
from the wind power plant, at the same level as the 
rotor axis, 10 m above ground. The anemometer 
made a contact on a Tritschler-quantum recorder 
every 20 m run-of-wind. 

In this device, each pulse is forwarding a paper 
tape by 0.2 mm. At the end of 2.5 min, a time 
marking is perforated on the tape, so that the length 
of tape between two markings indicates directly 
the wind velocity existing during this interval. 
The power output was recorded on a second quantum 
recorder; an electric meter made a contact every 
0.44 kWh. Here also the metering interval was 
2.5 min. In both quantum recorders, the perforation 
was simultaneous. 

278 
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Naturally, it is the aim to keep the measuring 
time interval as short as possible in order to be able 
to obtain in a short time many measurings of both 
wind velocity and power output. During the tests 
in Stotten, it became evident, however, that it is 
not advisable to pass over to measuring time intervals 
shorter than 2.5 min at 50 m distance. Otherwise, 
the time lag of air between the anemometer and 
the wind power plant, as well as the influence of 
the wind direction and the already mentioned in
fluences of turbulence, have an impermissibly strong 
effect on the result. The minimum measuring time 
interval required can be roughly estimated according 
to the formula 

o ruin ~ 6 . :min [min] 

where d is the distance between anemometer and 
wind power plant in meters, and Vmin is the lowest 
wind velocity in m/sec, the exact measurement of 
which is still of interest. 

With the equipment described, the characteristic 
of a wind power plant in mean values of 2.5 min 
was obtained in the short period of three days. 
The evaluation was made largely automatically by 
mechanical scanning of the munched tapes. 

By taking the moving mean, the characteristic 
of the same plant in mean values of 5, 10 and 30 min, 
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as well as 1, 2, 3, 4, 6, 8, 12 and 24 hr, was obtained. 
The results are shown in figure 1. Two of these curves 
are drawn separately above a fixed scale of wind 
velocity (figure 2). Here it becomes evident that the 
cut-in velocity (intersection of characteristic and 
velocity axis) decreases with increasing measuring 
time interval, a fact which results from the frequency 
distribution of wind velocities within the measuring 
time interval. 

The fact can also be explained in that the charac
teristic in instantaneous values of a wind power 
plant connected to a grid is a straight line. Owing 
to the constant speed of the rotor enforced by the 
frequency of the network, the cL vs. tip speed ratio 'A 
curve is swept over at varying wind velocity. This 
curve is within operating range approximately 
proportional to 'A2, i.e. proportional to v-2 • Therefore, 
a dominating influence of the linear term of velocity 
on power remains. 

For the testing of wind power plants, the important 
yield of these measurements is, as already mentioned, 
that the power characteristic of a wind power plant 
varies with the length of the measuring time interval. 
For this reason, the characteristics in daily and 
hourly mean values are not comparable with each 
other without considerable error, and the use of 
these characteristics for annual mean values is 
absolutely impossible. 
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Figure 1. Wind speed/power output relationship for various measuring time intervals i5 (experiments) 
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Figure 2. Characteristics in 2.5-min and 24-hr mean values 

Measuring equipment 

For the purpose of comparing various wind power 
plants and wind rotor types, uniform test methods 
are necessary. Here it is important to keep the measur
ing time interval as short as possible, to reduce the 
total testing time. It is therefore advisable to approach 
o min. Furthermore, the equipment should be both 
simple and conventional and be adapted easily to 
testing conditions. The most important factor, how
ever, is that the measuring time interval o be 
the same throughout. If this should not be possible, 
the applied measuring time interval should at least 
be given with each characteristic. 

Considering all these points, the following test 
method is proposed. 

(a) The measuring time interval o for wind rotors 
of D ~ 10 m in diameter, shall be o = 2.5 min. 
For larger wheels, o = 6 min is chosen. 

(b) The totalizing anemometer - a cup-anemo
meter making contact after 15 m and 36 m run-of
wind, corresponding to the smaller and the larger o, 
respectively, should be placed in a stream undisturbed 
as far as possible and at the same height as the 
rotor axis. To avoid a reaction from the wind rotor 
to the anemometer, a distance between these of 
5 times the diameter of the rotor is considered to be 
sufficient (2). 

(c) The energy produced by the generator is metered 
and a contact device operated each time a fixed 

quant~ty of energy has been produced. This fixed 
quantity of energy ME is determined by the required 
accuracy of the measurement, as 

M 0.5 N 
E ~ 3 · inst for o = 2.5 min 

ME~ 0.4 · Ninst for o = 6 min 

~here Ninst is the installed capacity of the generator 
m kW, and ME the fixed quantity of energy in 
Wh/pulse. From this quantity of energy, the necessary 
constant of the meter used is derived. With 

n = counts per disk-rotation (c/rev) 
Ninst = installed generator capacity (kW) 
w = transformer ratio 

the constant of the meter m disk-revolutions per 
kilowatt/hour is 

6 000 w 
c ~ -- · -- for o = 2.5 min 

n Ninst 

2 500 w 
c~--•--

n Ninst 
for o = 6 min 

As the quotient of transformer ratio and installed 

generator capacity Nw is always of the same order 
inst 

of magnitude, the formulae show that the same meter 
can be used for different installed capacities. Only 
the transformers have to be replaced, which causes 
less expenditure and saves time. 

(d) Run-of-wind and energy pulses are recorded 
by two synchronized quantum recorders. Their time 
constants can be changed by simple switching from 
2.5 min to 6 mjn. 

With the described measuring equipment, it should 
be possible to gather within a few days as many 
measurings as required for a statistical evaluation. 
The evaluation itself is done by mechanical scanning 
of the tapes and by classification of the determined 
values into individual groups, to which mean values 
of wind velocity and power, respectively, are assigned. 
From the abundance ratio of the individual groups, 
duration curves for both wind speed and power 
can be drawn. If this is done in the way as shown 
in figure 4, the power characteristic can be easily 
determined from the two duration curves by graphs. 

Thus, in a relatively short time, comparable 
characteristics of various types of wind power plants 
can be obtained. The short testing period makes it 
possible to examine experimentally and to prove the 
effect of technical improvements on installed wind 
power plants. This may be of interest for the develop
ment of such plants. Furthermore, acceptance 
tests can be carried out to check the terms of 
guaranty given. 

Power characteristic in annual mean values 

The characteristic in short-time mean values is 
particularly suitable for the technical evaluation 
of wind power plants, as was previously shown. If, 
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however, economic aspects are involved, especially 
the search for favourable sites, it is necessary to 
know the characteristic in annual mean values 
Since. the characteristic cannot be determined by 
expenments, all that can be done is to attempt 
to calculate its shape from short-time measurements. 

_This attempt was successfully carried out for a 
":'md power plant connected to a grid (1). The calcula
t10n was simplified by the fact that in this case 
the s~ort-time characteristic is a straight line, as 
explamed above. The results of this work are dis
cussed below. 

Starting with the characteristic in mean values 
of 2.5 min and 6.0 min, respectively, 

with N 
N = C (v - vn) 

mean value of power 
V 

C 
mean value of wind velocity 
incremental factor of the characteristic 

Vn mean value of cut-in wind velocity. 

The two "constants" C and Vn are functions of the 
measuring time interval o. The tests applied have 
demonstrated that the characteristic in instantaneous 
values ( o = o) 

N = Co · (v - Vno) 

is obtained by increasing C and Vn by a small per
centage: 

o = 2.5 min; Co= 1.044 • C; v,10 = 1.028 • Vn 
O = 6 min; Co = 1.092 • C; Vno = 1.036 • Vn, 

Using an analytical formulation of the annual 
duration curve of the wind velocity (3) 

f - X X - = ex, 'i:,p -
0 0 p! 

with 
V 

X = -=- (X + 1) 
V 

where x is a form factor of the order between I 
and 3, leading to the characteristic in annual mean 
values of the plant connected to a network 

- -b { - x bP _ bx + I } 

N =Co· e (V - Vno) ·~PP!+ V (x + I) l 

with 

b = V1:_o (x + 1) 
V 

l L XL 3 

The influence of an overload control 1s taken into 
account by the factor 

R=NR=l-tA 
N tn 

whereby tA is the time during which the overload 
control was operating and tn the time during which 
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Figure 3. Power characteristic in annual mean values 
for a two-bladed Allgaier-Hutter wind power plant 
with a rotor 10-m in diameter and a generator-capacity 
of 8.8 kW operated in parallel to an electrical network 

the plant supplied power to the network. Both 
times can be calculated easily from the duration 
curve of wind velocity. 

Figure 3 shows the characteristic N in annual 
mean values calculated for the wind power plant 
tested in Stotten; the overload control has been 
considered in the curve N R· Two different statements 
can be obtained from this figure. On the one hand, 
for each annual mean value of wind velocity, the 
attainable annual mean power output and, therefore, 
annual energy generation can be read. On the other 
hand, it is to be seen that on sites where the annual 
mean value of the wind velocity is above 5 m/sec, 
a larger-sized generator could be chosen. For Sti:.itten, 
however, with an annual mean value of 4.4 m/sec, 
the rating of the plant was absolutely correct, in 
order to produce a maximum of electrical energy. 
Figure 3 also shows the mean power output which 
resulted during the twelve-month testing period in 
Stotten. The insignificant deviation can be explained 
by the outages unavoidable during tests. 

For a wind power plant operated for battery 
loading, it is much more difficult to calculate the 
characteristic in annual mean values. In this case, 
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Figure 4. Evaluation of a short-period test' 
(Total time required for measurement T = 39 hr) 

a short-period characteristic must be approximated 
by a polynomial of a higher order, of which the 
constants probably all depend on the measuring 
time interval ~- This dependency must be determined 
again by experiments. A further difficulty is that the 
power output of the plant depends on the state of 
battery charge. This means that the structure of 
demand is of great significance and may differ 
largely from one case to another. To what extent 
it could be posible to agree upon general assumptions 
cannot be examined here in more detail. 

Conclusions 

This paper emphasizes the fact that the power 
characteristic of a wind power plant varies with the 
measuring time interval and that for the particular 
case of a plant connected to a network, the charac
teristic in annual mean values can be determined 
by short-period tests. A measuring equipment by 
which the short period characteristic can be quickly 
obtained could provide a uniform basis for evaluating 
the productivity of wind power plants. · 
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Summary 

The relationship between wind speed and power 
output of a wind power plant, the so-called power 
characteristic, can only be determined by statistical 
methods. This means that the power characteristic 
has always to be given in temporal mean values of 
wind speed and power output. 

In this paper, measurements on a wind power 
plant connected to an electrical network are described. 
The results show clearely that the characteristic 
varies with the length of the time interval over 
which the mean value was taken, i.e. the measuring 
time interval o. 

For the technical valuation of wind power plants, 
e.g. for proving the effect of improvements carried 
out on the plant, it is useful to keep the measuring 
time interval as short as possible in order to keep 
the total measuring time short. Various influences, 
however, do not make it possible to go under a certain 
limit of o for which an approximative expression is 
given. 

A simple measuring equipment is proposed for 

standard short-period tests, consisting of a cup
anemometer, an electric meter and two quantum 
recorders for both run-of-wind and electric energy. 
The tapes of the quantum recorders are scanned 
automatically so that the short-time characteristic 
of a wind power plant can be determined by this 
equipment experimentally within a few days. 

Finally, a method is dealt with enabling the calcula
tion of the characteristic in annual mean values from 
such short-period tests for a wind power plant 
connected to an electrical network. This special 
characteristic is of interest for the economic valuation 
of a wind power plant and for the evaluation of a 
suitable site. This relationship normally can be 
obtained experimentally only in unreasonably long 
periods. On the other hand, the annual mean results 
have shown that characteristics in hourly or daily 
mean values cannot be used as annual mean values. 
The outlined calculating method shows the possibility 
of obtaining, at least approximatively, the charac
teristic of a wind power plant connected to a net
work in annual mean values. 

QUELQUES RAPPORTS ENTRE LA VITESSE DU VENT ET LA PUISSANCE DISPONIBLE 
D'UNE CENTRALE EOLIENNE 

Resume 

Les rapports qui lieut la vitesse du vent et la 
puissance disponible d'une centrale eolienne, en 
d'autres termes son coefficient de puissance, ne peu
vent etre etablis que par des methodes statistiques. 
Ceci revient a dire que ce coefficient doit toujours 
etre indique sous la forme de moyennes, par rapport 
a !'argument t emps, de la vitesse du vent et de la 
puissance disponible. 

On decrit, dans le present memoire, les mesures 
effectuees sur une centrale eolienne reliee a un reseau 
de distribution electrique. Les resultats demontrent 
clairement que la caracteristique varie avec l'inter
valle sur lequel la moyenne est prise, c'est-a-dire avec 
le temps de mesure. 

Pour aboutir a une evaluation technique des cen
trales eoliennes, par exemple pour mettre en lumiere 
les effets des perfectionnements qui y sont apportes, 
il est indique de rendre la duree de mesure aussi 

courte que possible, de maniere a maintenir le temps 
consacre a toutes les mesures dans des limites aussi 
exigues que possible. II existe cependant certaines 
influences en raison desquelles on ne saurait ramener 
ce t emps d'experience au-dessous d'une certaine 
limite, dont on donne une expression approchee. 

On propose un systeme de materiel de mesure 
simple pour les essais standard de breve duree, 
.constitue par un anemometre a coquilles, un comp
t eur electrique et deux enregistreurs totalisateurs 
pour l'energie fournie par le vent et celle de I'elec
tricite. Ces derniers utilisent un ruban a exploration 
a utomatique, si bien que la caracteristique a court 
terme de la centrale eolienne peut etre determinee 
experimentalement avec ce materiel en quelques 
jours seulement. 

On mentionne finalement une methode qui permet 
de calculer la caracteristique, sous forme de moyennes 
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annuelles, a partir de ces essais sur de courtes periodes, 
pour une centrale eolienne reliee a un reseau elec
trique. Cette caracteristique speciale presente de 
l'inten~t pour !'evaluation economique d'une centrale 
eolienne et celle d'un emplacement approprie. 
Normalement, ce rapport ne peut etre determine 
experimentalement qu'au prix de periodes indument 
prolongees. Les determinations anciennes de la 

moyenne annuelle ont demontre toutefois que les 
caracteristiques tirees des moyennes horaires ou 
journalieres ne peuvent etre utilisees a son evaluation. 
La technique de calcul soumise dans le present 
memoire laisse entrevoir la possibilite cl'obtenir les 
caracteristiques d'une centrale eolienne liee a un 
reseau de distribution d'electricite pendant une annee 
entiere, tout au mains d'une maniete approchee. 
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METHODES D'ESSAIS EMPLOYEES SUR L'AEROGENERATEUR 100 KW 
ANDREAU-ENFIELD DE GRAND VENT 

F. H. Delajond * 

L'aerogenerateur installe a Grand Vent pres 
d' Alger (figure 1) est place sur une plate-forme 
triangulaire de 100 m environ de cote dominant un 
relief aux formes arrondies, mais assez tourmentees. 
Ce relief cree done des turbulences notables du vent, 
turbulences peu favorables aux mesures. 

Pour mesurer le vent, un pylone en treillis supporte 
un anemometre a la meme hauteur que le centre de 
l'helice et a une distance de 50 m (deux fois le diametre 
de l'helice). La direction du vent est generalement 
perpendiculaire a la ligne machine-pylone de mesures. 

Du fait de la transmission d'energie par depression, 
nous disposions, en plus de la vitesse du vent et de la 
puissance produite, de parametres intermediaires : 
vitesse de rotation de l'helice, depression en aval de la 
turbine, debit d'air dans la turbine. 

Les instruments de mesure sont groupes dans un 
pavillon a 50 m de la machine, et a 20 m du pylone. 
Les depressions y sont transmises par des tubes 
souples, et mesurees par des manometres a eau. 

La vitesse de rotation d 'helice est mesuree avec 
un tachymetre a distance du type Aviatio~. La 
puissance est mesuree avec un wattmetre enreg1streur 
ordinaire. Pour le vent, on utilisera d'abord un 
anemometre a coupelles de fabrication courante. 

* Electricitc et gaz d'Algerie, Alger. 

Figure 1 
285 

Essais 
Premier stade 

Ouand la machine commern;a a fonctionner, en 
no;'embre I 957, les mesures furent assez grossieres, 
du fait de !'imprecision de l'anemometre. Les resultats 
(vitesse du vent-puissance produite) semblaient 
tres disperses, et on se rendit compte de l'impossi
bilite de faire des lectures simultanees et frequentes 
des cinq appareils de mesure, plus l'heure. 

On decide done de grouper tous les appareils sur 
un panneau eclaire qu'on photographierait toutes les 
secondes environ au moyen d'une camera de 16 mm. 

Pour la mesure du vent, nous avons conserve le 
transmetteur a coupelles, mais remplace le recepteur 
par un galvanometre plus sensible (0,1 mA 1 volt) 
avec redresseurs au germanium. Pour l'ajuster et 
l'amortir, nous l'avons muni d'une resistance en 
serie et un condensateur en parallele. 

Deuxibne stade d' essais 

Cette installation (figure 2) ne fut en etat de marche 
qu'au debut de 1959, divers ennuis mecaniques etant 
survenus entre-temps a la machine. 

Nous avons alors pu commencer a faire des enregis
trements de mesures d'environ 30 minutes sans inter
ruption. Pour cela nous avians regle le limiteur de 

Figure 2 

10• 
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regime d'helice a 111 t/min au lieu de 100 t/min, 
pour disposer d'une zone de mesures aussi etendue 
que possible sans qu'il entre en action. 

La premiere serie d'essais fut faite avec un angle 
de calage des pales de 7°. Puis quatre autres series 
d'essais furent effectuees, en reduisant legerement le 
calage entre chaque serie. On disposa ainsi d'un 
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nombre de mesures considerable (plus de 50 000), 
mais dont !'analyse etait difficile. 

En portant sur un graphique les vitesses du vent 
et les puissances produites, on trouvait un nuage de 
points d'une largeur considerable (figure 3) qui montre 
bien la difficulte d'obtenir la loi de correlation en 
atmosphere turbulente. 
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Interpretation des resultats 

111 ethode du choix 

Pour etudier les resultats de ces mesures, on 
commern;a par transposer toutes les mesures photo
graphiees, en chiffres, ranges chronologiquement 
sur des tableaux. 

En examinant ces tableaux de chiffres, il fut aise 
de reperer les moments ou la vitesse du vent et la 
puissance produite restaient stables pendant 5 a 
10 secondes. On peut penser qu'on est alors en regime 
permanent, et qu'en limitant son choix a ces valeurs 
on pourra tracer la courbe cherchee. 

En fait, les points ainsi obtenus (figure 3, zones 

. , ' 1 ! . ' 
I •6'.:~r'f>f,g/tJ/i 

'. e+'ln ~llff 
/If 

ombrees) sont beaucoup moins disperses que l'en
semble des mesures. L' ecart maximum de puissance 
pour un vent donne est de l'ordre de 10 kW au 
lieu de 50 kW. Mais on ne peut tout de meme pas 
tracer une courbe qui se rapproche de ces points 
d'une maniere satisfaisante. 

Par contre, si l'on considere les relations entre les 
autres parametres que le vent, et qu'on limite son 
choix aux periodes de stabilite, on trouve que tous 
les points choisis pendant ces periodes sont pa~fai
tement alignes sur des courbes. Deux de ces relat10ns 
sont particulierement simples : la depression est 
proportionnelle au earn~ de la vitesse de rotation de 
l'helice (figure 4), et le debit d'air est proportionnel 
a la vitesse de rotation de l'helice. 
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M ethode statistiqtte 

N'ayant pas obtenu un si bon resultat pour la 
relation vitesse du vent-puissance, nous avons cher
che a utiliser le grand nombre de mesures dont nous 
disposions, en employant une methode statistique. 

Pour cela nous avons calcule la moyenne des 
puissances pour chaque vitesse de vent, ou, plus 
exactement, pour chaque tranche de vitesse de 
0,3 m/s de la largeur. En portant ces resultats sur un 
graphique, on obtient une serie de points (figures 5 
et 6) qui permet de tracer une courbe (a) plus faci
lement que la precedente methode, par le simple fait 
que les points sont regulierement espaces en abscisse. 
Le calcul statistique indique que ces points se rappro-

--·-·--- _______ !_ ·'-· -- " 

f'.u1~-, produifos 
en ~w 
1115 

cheront d'autant mieux d'une courbe que le nombre 
de mesures effectuees sera plus grand. L' experience 
montre qu'il faut un minimum de 50 mesures par 
tranche de vitesse pour avoir un resultat acceptable. 

Cette courbe represente-t-elle bien la relation 
cherchee? Pas exactement, car elle donne seulement 
la puissance la plus probable pour un vent donne. 
Inversement, si l'on fait la moyenne des vitesses 
de vent pour chaque puissance, on obtient une autre 
serie de points, done une autre courbe (b), qui, elle, 
donne la vitesse de vent la plus probable corres
pondant a une puissance donnee. La theorie, comme 
la pratique, montrent que ces deux courbes se croisent 
aux environs du centre de gravite du nuage de points 
initial, mais font entre elles un angle d'autant plus 
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grand que le nuage de points initial est plus large et 
plus court. Cet angle ne se reduira pas si l'on aug
mente le nombre de mesures : ceci ne fera que preciser 
davantage le trace des deux courbes, en rapprochant 
les points aberrants. Les seules ameliorations qu'on . 
puisse esperer s'obtiendront en allongeant le nuage de 
points initial, c'est-a-dire la plage des puissances au 
cours de l'essai (jusqu'en zone negative par exemple) 

et en diminuant sa largeur, c'est-a-dire en operant 
un jour ou le vent est aussi peu turbulent que pqssible. 
II faut done choisir, pour effectuer l'essai, un jour 
ou le vent, tout en etant peu turbulent, couvrira 
equitablement la gamme des vitesses souhaitees, 
sans jamais la depasser ! On corn;oit aisement qu'il 
est rare de rencontrer cette chance, mais on pourra 
y parvenir plus facilement en operant en deux ou 
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- ! 

trois fois, sans que le resultat final s'en trouve trop 
perturbe. 

111 ethode speciale a l' aerogenerateur A ndreau 

Nous avons vu que sur la machine du type Andreau 
nous disposons de trois autres parametres mesurables, 
entre lesquels les relations sont bien definies, ainsi 
qu'avec la puissance produite. Nous avons meme 
signale que la depression est proportionnelle au 
carre de la vitesse de rotation de l'helice et le debit 
d'air proportionnel a cette meme vitess~ (figure 4), 
la precision des mesures effectuees etant d'environ 
1 et 5 p. 100. 

Or, dans les limites ou travaille la machine (depres
sion inferieure a 60 cm d'eau) la puissance disponible 
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clans la veine d'air traversant la turbine est, a 1 p . 100 
pres, proportionnelle au produit de ces deux gran
deurs, done au cube de la vitesse de rotation de 
l'helice. 

La puissance disponible dans le vent etant elle
meme proportionnelle au cube de la vitesse du vent, 
cette similitude nous a amenes a penser que, si la 
machine travaillait en ecoulement permanent, la 
vitesse de rotation de l'helice devrait etre exactement 
proportionnelle a la vitesse du vent. La courbe 
representant cette rotation serait alors une droite 
passant par l'origine. 

Comme nous sommes en regime transitoire, nous 
trouvons un nuage de points. Mais, avec l'hypothese 
de proportionnalite, ii devient inutile , pour obtenir 
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cette relation, de faire des moyennes pour chaque 
tranche de vitesses, car nous savons que la droite 
de regression est celle-ci qui joint le centre de gravite 
de ce nuage de points a l'origine. L'ambigui:te se 
trouve levee et les calculs de depouillement, nota
blement simplifies. 

Connaissant alors la relation entre la vitesse du 
vent et la vitesse de rotation de l'helice, et, par les 
mesures citees plus haut, la relation entre cette 
derniere et la puissance produite (figure 3), ii suffira 
d'eliminer la vitesse du vent pour obtenir, sans 
ambigui'te, la relation entre la vitesse du vent et la 
puissance produite. 

Nous avons done tente de demontrer que la vitesse 
de rotation de l'helice, en regime permanent, doit 
bien etre proportionnelle a la vitesse du vent. 

Pour cela ii faut admettre que pour un angle 
d'incidence donne, la portance et la trainee de chaque 
element de pale sont proportionnelles au earn~ de la 
vitesse relative, ce qui semble valable dans l'inter
valle considere, 25 a 125 m/s environ. 

Nous ne reproduirons pas la demonstration, qui est 
fastidieuse, mais, intuitivement, on comprend faci
lement que, les lois d'ecoulement de l'air etant 
supposees les memes a l' exterieur de l'helice et a 
l'interieur de la machine, le rapport de ces deux 
vitesses d'ecoulement reste constant. 

Pour obtenir la relation vitesse du vent-vitesse de 
rotation de l'helice, il suffit done de calculer la valeur 
moyenne de toutes les mesures effectuees sur ces 
deux grandeurs. On en deduit la valeur moyenne du 
rapport vitesse vent/vitesse helice, puis, dans la 
relation vitesse helice-puissance (figure 7), on mul
tiplie la premiere par ce rapport pour obtenir la 
relation vitesse vent-puissance produite (figures 5 
et 6, courbes c). 

Critique des methodes d'interpretation 
des essais 

La methode du choix presente !'inconvenient d'un 
certain arbitraire, de ne donner qu'un petit nombre 
de points de la courbe, que ces points sont tres ine
galement repartis, et enfin assez disperses. II est 
difficile de tracer une courbe pretendant a quelque 
precision a partir de ces resultats. 

La methode statistique supprime l'arbitraire, et 
donne le nombre de points desires, regulierement 
repartis. Par contre, elle necessite un gros travail 
de depouillement, et la dispersion, meme avec 
plus de 50 mesures par point, reste notable. On voit 
qu'elle est plus grande sur le graphique de la figure 5 
(essai effectue en deux fois) que sur le graphique de la 
figure 6, qui resulte d'un essai ininterrompu. 

Les courbes a et b sont cependant plus faciles a 
tracer que par la methode du choix (zones ombrees, 
figure 3) a cause de leur repartition reguliere des 
points. Mais le gros inconvenient est !'introduction 
d'une ambigui:te d'autant plus grande que le vent est 
plus irregulier. 

La methode nouvelle que nous avons employee 
pour la machine du type Andreau supprime l'ambi
gui:te, la dispersion des points, et simplifie le depouil
lement, ce qui rend possible !'utilisation d'un plus 
grand nombre de mesures, d'ou un meilleur resultat 
statistique. 

Elle est neanmoins discutable, car elle est fondee 
sur une demonstration basee elle-meme sur des 
donnees qu'on sait etre legerement inexactes (erreurs 
de l'ordre de 2 p. 100 dans l'intervalle de mesures 
considere). 

La meilleure verification de son exactitude est sa 
comparaison aux resultats des methodes precedentes : 
elle donne une courbe beaucoup mieux definie, situee 
entre les courbes de la methode statistique (figures 5 
et 6) et voisine des points choisis (figure 3). 

Son interet semble tres limite, puisqu'elle ne peut 
s'appliquer qu'aux machines du type Andreau. l\fais 
elle permet de juger, par comparaison laquelle est la 
plus valable parmi les methodes precedentes, et 
d'etendre ce jugement aux essais d'autres machines. 

Methode d'essais proposee 

Chaix de la methode d'interpretation 

Pour les raisons exposees ci-dessus, nous ne conseil
lons pas la methode du choix, a moins qu'elle ne 
donne de meilleurs resultats en des sites ou le vent 
est moins turbulent. 

La methode nouvelle que nous avons employee 
peut etre conservee pour les machines du type 
Andreau, puisqu'elle donne un resultat qui semble 
bon, et en tous cas sans equivoque. 

Pour les autres machines, il faut done se reporter 
a la methode statistique. Mais comme elle conduit 
a deux resultats (courbes a et b des figures 5 et 6) 
d'autant plus differents que la turbulence du vent 
est plus grande au moment de l'essai, et que le 
resultat exact se situe sensiblement a mi-distance 
entre les deux precedents (courbe c), nous proposons 
de considerer comme exacte la courbe obtenue a 
partir des courbes a et b en prenant la moyenne des 
vitesses de vent pour chaque puissance. 

Conditions dans lesquelles les mesures doivent etre 
effectuees 

Les mesures doivent etre regulierement espacees 
dans le temps, a environ 1 seconde d'intervalle et 
rigoureusement simultanees. Pour cela, la photo
graphie d'appareils a lecture directe semble tres 
preferable a un enregistreur multiple. 

II faut disposer d'au moins 2 000 mesures conse
cutives et bien reparties sur la gamme des puissances, 
de maniere a pouvoir la diviser en 30 tranches egales 
comportant chacune plus de 50 mesures. Si on ne 
peut rencontrer les conditions de vent necessaires pour 
effectuer cet essai en une seule fois, on pourra utiliser 
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deux ou trois periodes d'essai, a condition d'effectuer 
separement les corrections de densite d'air. Pendant 
ces essais, la puissance peut devenir negative, mais 
il faut alors que le wattmetre puisse la mesurer. 
Aucun limiteur de puissance ne doit entrer en action 
pendant ces periodes. 

Pour eviter les perturbations dues aux micro
turbulences, l'anemometre doit avoir un temps de 
reponse d'au mains une seconde, sensiblement egal 
a celui du wattmetre, compte tenu de l'inertie de 

l'helice. Ces temps de reponse doivent etre egaux a la 
montee et a la descente. 

L'anemometre doit etre place a meme hauteur que 
l'axe de l'helice. La distance entre l'anemometre et 
le centre de l'helice doit etre environ egale au double 
du diametre de cette derniere, pour eviter son inter
action, tout en restant aussi pres que possible. 

Au cours d'un essai, l'anemometre doit toujours 
etre en dehors de l'angle de 120° en aval de l'helice, 
pour ne pas etre influence par son sillage. 

Resurne 

Les premiers essais de la machine ont montre une 
grande dispersion dans les resultats de mesures. 
De plus, il etait impossible de faire une lecture simul
tanee de tous Jes appareils a une cadence assez 
rapprochee. 

On a done installe une camera qui photographie 
toutes Jes secondes le tableau des instruments de 
mesure. 

On dispose alors de mesures tres nombreuses et 
parfaitP.ment objectives. Parmi ces mesures, on peut 
choisir celles qui correspondent a des periodes de 
stabilite de 5 a 10 secondes. 

Ce choix reduit notablement la dispersion dans la 
relation vitesse du vent-puissance produite, et la 
supprime entierement dans les relations entre le 
regime d'helice, la depression, le debit d'air et la 
puissance produite. 
- Le grand nombre de mesures permet egalement de 
faire la moyenne des puissances pour chaque vitesse 
de vent, ou inversement, la moyenne des vitesses de 
vent pour chaque puissance. Les deux courbes 
obtenues sont legerement differentes et se croisent 
aux environs du centre de gravite du nuage des 
points mesures. 

Enfin, sur la machine Andreau, du fait qu'on dispose 
de parametres intermediaires et que Jes lois d'ecou
lement de l'air sont les memes (regime turbulent) 
pour le vent exterieur a l'helice et pour le circuit 
interieur a la machine, on a pu demontrer que la 
vitesse de rotation de l'helice devrait etre sensi
blement proportionnelle a la vitesse du vent, en 

regime permanent. Ceci permet de lever le doute 
signale plus haut, et d'obtenir une courbe bien tracee, 
qui se situe entre les deux precedentes. Cette methode 
n'etant applicable qu'aux machines de ce type, il est 
necessaire d'adopter une autre solution permettant 
de comparer les resultats d'essais des diverses 
machines. 

La meilleure methode sernble etre de tracer les 
deux courbes precedentes (moyenne des puissances 
et moyenne des vitesses) puis, entre ces deux courbes, 
de faire une moyenne des vitesses de vent pour chaque 
puissance. 

A cela, on pourrait ajouter Jes conditions suivantes : 
a) L'intervalle entre chaque mesure doit etre de 

l'ordre de la seconde et chaque tranche doit comporter 
au mains 50 mesures; 

b) L'ensernble des mesures couvrant toute la 
gamme des puissances de la machine doit etre effectue 
si possible au cours d'un rneme essai, ou au maximum 
en trois essais, sans qu'aucune mesure ne soit eliminee 
entre le de but et la fin d'une periode d' essai; 

c) L'anemometre doit avoir un temps de reponse 
d'au mains 1 seconde sensiblement egal a celui de 
Wattmetre, et ces t emps de reponse doivent etre 
egaux a la montee et a la descente; 

d) L'anemometre doit etre place a meme hauteur 
que l' axe de l'helice a une distance de la machine 
egale au double du diametre de l'helice. Au cours 
d'un essai, il ne doit jamais se trouver dans l'angle 
de 120° a l'aval du centre de l'helice. 

TEST METHODS APPLIED TO THE ANDREAU-ENFIELD 100 KW WIND-DRIVEN 
GENERATOR AT GRAND VENT 

Summary 

The first tests of this generator gave results with 
a great scatter. Moreover, simultaneous readings 
of all the instruments could not be taken at suffi
ciently short intervals. 

A camera was therefore installed, and the instru
ment panel was photographed at one-second intervals. 

Very numerous measurements, all of them perfectly 
objective, have thus been made available. Am_ong 
them, we may select series corresponding to periods 
of stability lasting 5 to 10 seconds. 

This selection sharply reduces the scatter in the 
relation between wind speed and power output, 
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and suppresses it entirely in the relations between 
propeller regime, depression, air flow and power output. 

The large number of measurements likewise makes 
it possible to average the power output for each 
wind speed, or to average the wind speed for each 
power-output level. The two curves obtained differ 
slightly, and intersect near the center of gravity 
of the cloud of measured points. 

Finally, owing to the availability of intermediate 
parameters for the Andreau generator, and to the 
fact that the laws of airflow are the same (turbulent 
conditions) for the external wind outside the pro
peller and for the internal circulation in the machine, 
it could he demonstrated that the propeller speed 
must be substantially proportional to the wind 
speed under steady conditions. This eliminates the 
above uncertainty and gives a reliable and definite 
curve located between the two original curves. 
Since the method is applicable only to generators of 
this type, a different solution must be adopted for 
comparing the test results of different machines. 

The best method appears to be to plot the two 
curves just mentioned (the mean of the power outputs 

and the mean of the wind speeds) and then, between 
these two curves, to plot the mean wind speed for 
each value of the power output . 

The following conditions may be imposed. 
(a) The interval between the measurements of 

each parameter should be of the order of one second, 
and each section should consist of at least 50 meas
urements. 

(b) The set of measurements covering the entire 
power-output range of the generator should be made, 
if possible, during a single test, or at most in three 
tests, without eliminating any measurement at all 
between the beginning and end of a test period. 

(c) The anemometer should have a response time 
of at least one second, substantially equal to that of 
the wattmeter, and these response times must be the 
same for increasing and decreasing wind speeds. 

(d) The anemometer should be placed at the same 
height as the propeller shaft at a distance from the 
generator equal to twice the propeller diameter. 
During a test it must never be at an angle of 120° 
downwind from the propeller centre. 
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THE TESTING OF A WIND POWER PLANT 

J. G. Morrison* 

The investigations described in this report were 
made at the request of the scientific division of the 
Ministry of Power and were carried out at the 
Ele~trical Research Association's windmill testing 
station at Cranfield. The station is situated on top 
of a small plateau, 350 ft. above sea level , and is 
open to winds from the south and south-west, the 
prevailing wind direction. 

The tests were conducted to establish methods for 
measuring the stresses set up in the windmill blade 
system and the output of the machine over short 
periods of time. The information to be obtained and 
methods adopted from these tests were required in 
connection with the design and testing of various 
wind power plants then under construction for the 
1'1inistry of Power. 

Description of the plant and test equipment 

Wind power plant 

The windmill on which the tests were conducted 
was coupled to a 10 k\,V asynchronous alternator, 
the output of which was fed directly into a 3-phase, 
50 c/s 440 volt network. The two 10-ft blades were 
constructed of laminated Douglas fir and designed 
to run down-wind of the tower structure. Provision 
was made for automatic pitch changing, but through
out the tests described, the blades were locked in the 
fine pitch position when the blade angle, at 0.75 radius, 
was +2° to the plane of rotation. Static tests were 
conducted to determine the natural period of the 
blades in flexure and torsion, and records of these 
tests are shown in figure I. 

The machine was mounted on a lattice tower at 
a hub height of 45 ft (figure 2) and could be yawed 
in any direction by means of an electric motor. 

The power output of the windmill alternator was 
measured by an auto-repeater, which is a quick 
response device for obtaining a direct current propor
tional to the power in an A.C. circuit. For recording 
purposes, the output of the auto-repeater was 
connected to one channel of a two-channel pen 
recorder. 

Anemometers 

Two omni-directional anemometers were used for 
measurement of wind speed - a highly responsive 
gust anemometer (1), and a small windmill-type 

* Electrical Research Association, ,vindmill Research Station, 
Cranfield, United Kingdom. 

anemometer fitted with balsa wood blades (2). 
The response of the former was of the order of 0 . 1 
seconds and its output was recorde,l, in analogue 
form, on the second channel of the pen recorder. 
The windmill anemometer had a re~ponse time of 
approximately 0.25 seconds and its cutput, a series 
of pulses for a given short period-run-of-wind, was 
reproduced on one of the channels of a 5-channel 
photographic recorder together with lhe strains set 
up in the blades (figures 3, 4 and 5) . 

Strain measitring equipment 

Strain gauges were attached to the blades to 
measure flexure and torsion at five '.Jositions along 
their length. The arrangement and po---;itioning of the 
strain gauges are shown in figure 6. The supply to , 
and output from, the strain gauges, -,, as transmitted 
via a multi-cored screened cable ;;nd IS-channel 
slip-ring assembly. The screened cablt was supported 
and held clear of the rotating blades by means of a 
steel hawser anchored, at one enc'.. to the non
rotating part of the slip-rings, and at the other, 
to a stake fixed in the ground at a st.;table distance 
from the base of the tower. 

The signals from the strain gauges, ': or alternating 
stresses, were amplified by four a.1dio-frequency 
amplifiers and then recorded on the photographic 
recorder. In order to record average or steady 
stresses, the output signals from the- strain gauge 
bridges were "chopped" (short-circui ted) at a fre
quency ten times greater than the alternating stress 
frequency (figure 5). 

Blade position marker 

A micro-switch fixed to the housing of the windmill 
and operated once per revolution by a cam on the 
blade system gave an indication, on the records, 
of the blade position. The cam was arranged to 
operate the switch when one of the blades was at 
bottom-dead-centre, i.e. vertical. The switch, when 
"made", short-circuited the output from the wind~ill 
anemometer for a fraction of a second, appeanng 
on the record· as a short break in the wind-speed 
trace (figures 4 and 5). 

Testing methods 

As already stated, the generator output and sig~1al 
from the gust anemometer were recorded side-by-side 
on a high-speed pen recorder. The blade str~sse, 
from four selected positions and wind-speed signal 

294 
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Figure I. Natural period of blade in flexure (above) and torsion (below) 

from the balsa mill anemometer were recorded simul
taneously on the photographic recorder. A marker, 
common to both recorders, could be put in operation 
when it was desired to compare the two records over 
definite time periods. During analysis of the records, 
a llowance was made for the displacement, up-wind, 
of the anemometer from the windmill. 

Generator output 

Analysis of early records showed that the response 
of the windmill to gusts of reasonable magnitude 
was sluggish, and in order to obtain a true wind-speed/ 
generator-output characteristic, it was necessary 
to select points from the records when the wind speed 
had been steady, within ± 3 mph for periods of at 
least 3 seconds, and then take the average wind 
speed over the last 0.25 second of this period. The 

generator output corresponding to this wind speed 
was taken as the mean of that indicated at the end 
of the period. 

Correlation of blade stresses with wind speed 

Various methods of correlating blade stresses with 
wind speed were tried out initially, but the final 
method adopted was as follows: 

(a) Alternating stress : the range of stress between 
the trough, caused by the reduction in wind velocity 
behind the tower, and the peak, due to the increase 
in wind velocity as the blade cleared the tower; 

(b) Average stress : the algebraic sum of half 
the alternating stress, defined as above, and the 
minimum value of stress. 

The reasons for adopting these methods are fully 
explained below. 
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Figure 2. View of windmill and anemometer mast 

The stress values thus obtained were related to 
wind speeds averaged over 0.25-second intervals and 
selected at points on the records where, again, the 
wind speed had been reasonably steady for a period 
of at least 3 seconds. 

Results 

The records from which the test results 
were extracted cover a mean wind-speed range of 
18 to 38 mph, and a generator output of Oto 10 kW. 
These tests were made over a period of 7 months and 
represent approximately 100 hours of running. 

:\Iidway through the tests, it was seen that the 
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maximum stress in flexure was occurring at the 
0.3 radius station (figure 3), and, in view of this, 
it was decided that all future investigations would be 
concentrated at this position on both blades, especially 
as it was obvious that there were no nodes along the 
blade length. At the same time, it was decided to 
discontinue measurements of blade torsional stresses 
because of their very small amplitude throughout 
the wind-speed range. 

Interpretation of stress records 

From the records it was observed that the cyclic 
variations of stress experienced by the blades was due 
almost entirely to the reduction in wind speed behind 
the tower. Figure 7 shows stress changes taking place 
at the root of the blade, due to this effect, during 
one revolution. The wind speed during the period 
considered had remained steady at 24 mph for 3 
seconds, and the machine output was 3 kW. 

Commencing at the point where the blade is at 
bottom- dead-centre (0°) and is experiencing a reduc
tion in wind speed due to the tower structure ("tower 
shadow"), it will be seen that the alternating stress 
does not reach its minimum value, or trough position, 
on the stress curve, until it has rotated a further 31 °. 
At some short period of time later, the blade receives 
the full force of the wind and commences to absorb 
this force in bending, until the maximum stress, or 
peak, position is reached. This change in wind velocity 
can be looked upon as an artificially created gust 
having a value equal to the wind velocity in the 
unscreened portion of the swept circle, minus the 
wind velocity behind the tower structure. In other 
words, the blades are subjected to a forcing vibration 
with a frequency of once per revolution, and the 
blades then vibrate at their natural period until, 
once again, the tower shadow intervenes and the 
cycle is repeated. 
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Figure 3. Flexural stress records along the length of one blade 
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Figure 7. Stress experienced by a windmill blade during one revolution 

Generator-output/wind-speed relationship 

The generator output is related to wind speed in 
figure 8; the output and wind-speed values were 
measured as described under "Generator output" 
above. The small cyclic pulsations in the power out
put were thought to be due to the blades passing 
through the shadow of the tower, but tests carried out 
at a later date, when the blades were run up-wind of 
the tower, tended to disprove this (see "Discussion 
of results" below). The amplitude of these pulsations 
remains constant over the range of power output 
and has an approximate value of 0.5 kW. 

Blade stress results 

In figure 9, the combined average and alternating 
stresses in flexure, for a strain gauge position situated 
at 0.3 radius on one of the blades, are shown plotted 
against wind speed. They are mean values derived 
from a large number of readings covering the stress 
values over the wind-speed range 18 to 36 mph. 

The wind speed as measured by two anemometers, 
the generator output and the average and alternat
ing blade stresses at 0.3 radius, ar e shown plotted 
against time in figure 10. This represents a period 
when the wind speed is subject to fairly rapid changes 
with subsequent changes in the generator output. 
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Discussion of results 

The scatter present on the generator output curve 
(figure 8) is most probably due to the fact that prior 
t~ each test, the windmill was fixed in yaw with the 
wmd rotor normal to the mean wind direction so 
that any large change in wind direction would affect 
the output of the machine. The anemometer, on the 
other hand, was of the omni-directional type and 
measured maximum wind speed irrespective of wind 
direction. 

The method adopted of selecting reasonably 
steady wind-speed conditions, prior to taking readings 
from the records, is satisfactory, as this period of 
time, 3 seconds, ensures that the wind speed acting 
on the anemometer and windmill are of the same 
order when their outputs are compared, provided, 
of course, there has been no major change in the 
wind direction. It also allows the output of the 
generator to settle down to the particular value of 
wind speed under consideration. 
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The cyclic variation in the power output, two per 
revolution of the wind rotor (figure 11 (a) ), was at 
first thought to be due to the effect of the tower 
shadow on the blades, but tests at a later date, when 
the blades were run up-wind of the tower, gave a 
cyclic variation in the power output of once per revo
lution (figure 11 (b)), and a reduced value of alternat
ing blade stress (figure 12). 

Further tests were made where the upper portion 
of the lattice tower was blanked-off to simulate a 
solid tower and another where the bottom half of the 
swept area was screened with fine mesh expanded 
aluminium. During these tests, the amplitude of the 
power fluctuations (figures 11 (c) and (d) ) increased 
slightly but with a smoothing effect in one case 
(figure 11 (d)). The main effect, however, was to 
reduce the mean power output of the generator for 
a given wind speed, and in the case of the latter 
test, where half of the swept area was screened, the 
windmill output was reduced by approximately 20 per 
cent. The alternating stress level at the blade roots, 
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Figure 9. Combined alternating and average stress values in flexure for one blade 
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Figure 10. Wind speed, generator output and blade stresses over a short period of time 

on the other hand, increased rapidly (figure 12), until, 
in the final condition, the strain gauges were ruptured. 

Although the machine was locked in yaw during 
these tests, there was a small cyclic variation of the 
windmill head in this plane which was due to back
lash in the bullring and yawing motor gears. The 
amount of angular movement was approximately 10° 
and occurred with a frequency of once per revolution 
of the wind rotor. A small unbalance in the blade 
system could account for this movement, and it is 
thought that it is this effect, when transmitted to the 
plane of rotation of the wind rotor, that is mainly 
responsible for the power fluctuations in the generator 
output. 

The fact that the alternating stress level at the 
blade roots increases rapidly as the tower obstruction 
increases would suggest that larger power fluctua
tions could be expected if the tower shadow was 
responsible. This is not the case, in point of fact : 
when the blades were run up-wind of the tower, 
equivalent to reducing the tower obstruction, the 
alternating stresses were reduced considerably (fig
ure 12) and the amplitude of the power fluctuations 
increased from 0.5 kW to 1.5 kW (figure 11 (b)). One 
of the most important effects to be made clear by 
the tests is that of the tower structure on the rotor 
blades, especially when the blades are run down
wind of a solid tower. 

The tower shadow effect extends to some distance 
on either side of the tower and the traces of torsional 
stress indicate this more precisely than do the traces 
of flexural stress. In figure 4 it can be seen that 
the frequency of the blade oscillations in torsion is 
approximately 6.5 times greater than that in flexure, 
and it follows that the h"gher frequency of oscillation 
will respond more rapidly to a change, such as that 
created by the tower. The positions (a) and (b) 
in figure 4 show, respectively, the release of the 
torsional stress as the blade enters the tower shadow, 
and its re-application as the blade leaves the tower 
shadow. For this particular windmill, the angular 
extent of the tower shadow was determined as 
63°. 

Considering the rapid changes in wind speed 
experienced by a blade under these conditions, the 
blade, on leaving point (a) in figure 7, will have 
experienced the full change of wind speed by the 
time it reaches the position ( b), i.e., after 0.026 second. 
With a reduction in wind speed, behind the tower, 
of 20 per eoent in a 24 mph wind (3), the rate of change 
will correspond to a gust of 4.8 mph in 0.026 second 
or 185 mph/second. This rate of rise is much greater 
than any gust so far measured at the Cranfield site, 
and no doubt the higher the average wind speed the 
greater the rate of rise will be due to the tower shadow 
effect. 
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Suggestions for the standardization of testing 
methods for wind power plants over short 
periods of time 

Testing methods for obtaining the output charac
t~ristics of normal prime-mover-generator combina
t10ns are already well established, but during these 
tests the input power is usually under the control of 
the investigator so that a large number of different 
steaciy-state operating conditions can be produced 
merely by altering the input power to the prime 
mover and allowing the machine to settle down to its 

new steady-state condition. In the case of the wind
. mill, however, the input power is not under control 

and is, in point of fact, extremely variable, remaining 
steady only for very short periods of time. 

At the commencement of the tests described, it 
was realised that to obtain a steady-state relation
ship between output and input it would be necessary 
to measure the wind speed, generator output and 
blade stress values, during these small periods of 
steady-state wind speed conditions, and that highly 
responsive instruments and recording equipment 

(a) Mormal running, blades down-wind of touer 

•. 
(b) Blades up-wind of tower 

Figure 11. Generator output records of the 10 kW machine under various operating conditions 
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Figure 12. Combined stress loads with the machine under various operating conditio1~:s 

would be required for this purpose. It was decided 
that test equipment already to hand would be suitable 
and that the various testing methods could be devel
oped in the light of results obtained. 

An ideal m ethod of recording, but very expensive 
and scarcely justified at this stage, would have been 
one where all the variables were recorded side by side 
on a multi-channel recorder having a common time 
base. Nevertheless, the methods used were satisfac
tory, and, with a few modifications as suggested 
below, they could, in the author's opinion, form a 
basis for the standardization of wind power plant 
testing methods over short periods of time. 

Measurement of wind speed 

In order that the wind speed measured is free of 
all turbulence created by the windmill rotor or sup
porting structure, the anemometer must be at least 
two diameters of the wind rotor, up-wind of the 
machine, and fixed at some height to come well 
within the area of the swept circle and preferably 
within the upper half of this area. This latter position 
will be more representative of the wind speed acting 
on the rotor, as, in the lower half of the swept circle, 
the rotor blades will be subject to turbulence caused 

by the tower structure even when the rotor is up-
wind of the tower. · 

The type of anemometer used will depend upon 
the scope of the tests, i.e., purely power-output/wind
speed relationship or a combination of these and 
measurements of stresses in various parts of the 
machine. In the first case the anemometer should 
have a response of 0.25 s~cond to enable selection 
of reasonably steady wind-speed periods and, in the 
latter case, the instrument should be able to respond 
to a gust of 0.1 second duration. The anemometer 
should in either case be of the uni-directional type 
h_aving the same sensitivity to change of wind direc
tion as the windmill under test. 

One anemometer should be sufficient for testing 
wind power plants on the small and medium scale, 
i.e. 10 to 100 kW, but for machines with output in 
excess of 100 kW, two or even more may be required. 

The mast supporting the anemometer should be of 
slim dimensions to cause minimum disturbance in 
the air flow immediately up-wind of the rotor: 
if fully portable, it will a llow easy alignment. 

Measurement of generator power output 

The majority of wind power plants are fitted with 
some means of automatic yawing to allow for changes 
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in the wind direction over long periods of time. The 
response of these systems is usually very slow and 
cannot hope to follow the normal gusty directional 
deviations present in a mean wind speed of 25 mph 
or above, with the result that the machine is continu
ally yawing from side to side, admittedly by a small 
amount, but seldom is it directly in step with the 
wind direction. If, however, before each test, the 
windmill rotor is placed normal to the mean wind 
direction and then locked in yaw, the air-flow affect
ing the rotor will be the same as that measured by the 
uni-directional anemometer. The readings obtained 
by this method will have the effect of reducing the 
scatter which is present on most curves showing 
wind-speed/generator-output . characteristics. 

This is· a precise method of obtaining the wind
speed/output characteristics of a machine under 
steady wind speed conditions and is the only method 
which enables quick tests to be made to check the 
effect of modifications to a machine, such as a 
change in the blade pitch, or of the tests referred to 
earlier in this paper. 

As, by this method, no account is taken of gustiness 
in the wind, it is not expected that the average 
output of the machine over a given period, in hours, 
days or weeks, when related to the mean wind speed 
over the same period, will be the same as that pre
dicted by the short-term measurements. 

Stress measurement 

The methods developed and described under 
"Strain measuring equipment" above for measure
ment of stress in the rotor blades were considered 
satisfactory, but again, more accurate results, in the 
wind-speed/stress relationship, would be expected 
if a fast response uni-directional anemometer was 

used. The measurement of these stresses over the wind 
speed range of cut-in to rated value is considered 
essential for any new design of wind power plant. 
This information, when coupled with a knowledge 
of the blade material and of the wind regime, as 
expressed by the velocity/duration curve (4) for the 
windmill site, makes it possible to estimate the life 
of the blades. 

The number of stress investigation points and their 
positioning along the length of a blade will depend 
upon (a) the length of the blade, (b) the construction 
of the blade, i.e., solid, or hollow with a main spar, 
and (c) the construction of the rotor as a whole, i.e., 
whether fitted with blade interconnecting straps 
and stay-wires. In the latter case, it is advisable 
to take direct measurements of stress and vibrations 
set up in the blade interconnecting straps and 
stay-wires as these, when superimposed on the blade 
stresses, tend to mask the actual blade alternating 
stress frequency. 

The stress level at the blade root in the plane of 
rotation is also of importance, especially where a 
machine has been designed to shut down automatic
ally, in an emergency, by the application of a disc or 
band brake on the wind-shaft. The loads experienced 
at the blade roots and wind-shaft under these 
conditions can exceed those normally experienced 
in the plane of the wind. 

It should only be necessary to investigate one blade 
of the rotor system extensively with a few check 
points on the remaining blades situated where the 
major stress concentrations are expected. 

Methods used for relating m:achine output to wind 
speed over long periods of time are given in a paper 
by Tagg.1 

1 Paper W/12, under agenda item II.B.l above. 
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Summary 

During the past ten years, the Electrical Research 
Association, in co-operation with other bodies, 
has been wholly or partly responsible for the testing 
of various wind power plants ranging in size from I 0 
to 200 kW. 

These tests were conducted to determine (a) the 
power-output/wind-speed relationship~ an~ (b) . the 
stress levels, both average and alternatmg, m vanous 
parts of the blade system. 

For the purposes of this paper, the relevant 
information obtained from tests made on a 10-kW 
machine is given, but the information and experience 
gained over the past ten years has been taken into 
account in the suggestions made for standardization 
of testing methods and measurements. 

The methods used for measuring wind speed, 
generator power-output and blade stress over short 
periods of time are given. 
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The results of tests are included where the wind 
plant was operated with (a) the lattice tower blanked
off to give the equivalent of a solid tower, (b) the 
bottom half of the swept area blanked-off to simulate 
a much wider and solid tower, and (c) the blades 
running up-wind of the tower structure. 

Power fluctuations in the generator output and 
their probable cause are discussed, together with the 
effect of the tower structure on the rotor blades. 
The amplitude of the power fluctuations was of the 

order of 0.5 kW throughout the generator range of 
0 to 10 kW, so that, at the lower levels of power 
output, the fluctuations could be a very high percen
tage of the total power output. The effect of the 
tower structure on the blades commonly referred 
to as the "tower shadow effect", can, in the author's 
opinion, seriously limit the life of the blades, especially 
when they are running down-wind of the tower. 
A precise method for the measurement of the angular 
extent of the tower shadow effect is discussed. 

ESSAIS D'UNE CENTRALE EOLIENNE 

Resume 

Au cours de ces dix dernieres annees, !'association 
des recherches electriques, en collaboration avec 
d'autres organismes, s'est chargee, pour tout ou partie, 
de mener les essais sur diverses centrales eoliennes 
dont la puissance s'echelonnait de 10 a 200 kW. 

On a execute ces essais pour determiner a) les 
rapports qui existent entre le debit d'energie et la 
vitesse du vent et b) les sollicitations qui apparaissent 
- valeurs moyennes ou instantanees, par alter
nances - dans diverses parties du systeme de pales. 

Pour les fins de la presente communication, on 
donne les renseignements pertinents qu'ont fourni 
des essais executes avec une machine de 10 kW mais 
les donnees recueillies et !'experience acquise au 
cours de ces dix dernieres annees ont ete prises en 
consideration clans les recommandations faites pour 
la standardisation des mesures et des methodes 
d'essai. 

On indique les methodes dont on se sert pour la 
mesure de la vitesse du vent, le debit d'energie 
de la generatrice et les sollicitations auxquelles 
sont soumises les pales pendant de brefs laps de 
temps. 

Les resultats des essais s'appliquent aux confi
gurations suivantes : a) tour a croisillons masques 
pour donner !'equivalent d'une tour massive; b) mas
que sur la moitie inferieure de la surface balayee 
pour simuler une tour beaucoup plus large et massive, 
et c) pales tournant au vent de la structure de la 
tour. 

On passe en revue les fluctuations de debit de la 
generatrice, leurs causes probables ainsi que les effets 
de la structure de la tour sur les pales du rotor. 
L'amplitude des fluctuations d'energie a ete de l'ordre 
de 0,5 kW sur toute la gamme de puissance des 
generatrices, soit de O a 10 kW, si bien qu 'aux faibles 
niveaux de fourniture d'energie, les fluctuations 
pourraient representer un tres gros pourcentage du 
debit total de force motrice. L'effet de la structure 
de la tour sur les pales, que l'on designe habituel
lement sous le nom de « effet d'ombre de la tour » 
limite serieusement la duree de service de ces 
pales, de l'avis de !'auteur, particulierement quand 
elles sont sous le vent de cette tour. On passe en 
revue une methode directe de mesure de l'ouverture 
angulaire de l'effet d'ombre de la tour. 
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RECENT DEVELOPMENTS AND POTENTIAL IMPROVEMENTS 
IN WIND POWER UTILIZATION 

Ulrich Hutter * 

During the last decades of the nineteenth century, 
at least 30 000 windmills were being operated in 
Denmark, northern Germany, the Netherlands and 
England. 

These mills had a wing-wheel diameter of 18 
to 24 metres. Therefore, the circular areas swept 
by the wind blades amounted to about 250 to 450 m2 

per unit. At equal number and equal dimensions, the 
total energy output of these windmills would amount 
to more than 10 000 000 m Wh (10 million megawatt 
hours) if the figures specified in the paper by J. Juul 
(W/20) for the measured specific energy gain at the 
experimental wind power plant at Gedser are taken 
into account. 

The operational experiences realized by Juul 
(Papers W/20 and W/21, and Paper W/17 under 
agenda item II.B.2 above) at three experimental 
plants of different size (Vester Egesborg, Bogo and 
Gedse:) represent only one part, although a very 
essential one, of the knowledge which was gained as 
secured experience for the exploitation of energy 
from ·the wind by several countries actively engaged 
in this Conference. 

By taking into account the breadth of the subject 
and the variety of test methods and results, the very 
interesting papers on hand can give only limited, 
so-to-speak accidental, insights into the entire prob
lem of wind energy utilization, restricted to typical 
special problems. 

In addition - especially in the application - the 
layout, as well as the constructive design of wind 
power plants, is so closely connected with the kind 
and economy of utilization that to gain a completed 
picture of this section, the discussion cannot be 
restricted to the papers cited under the present 
agenda item. 

The papers presented by Frenkiel (W/6), J acobs 
(W/22) , Walker (W/29), Stam, Tabak and van 
Vlaardingen (W/38) and Venkiteshwaran (W/25) 
deal with typical problems of utilization of electrical 
energy for individual uses, whereas Stam (W/40), 
Nilakantan, Ramakrishnan and Vcnkiteshwaran 
(W/23), as well as Havinga (W/32, under agenda 
item II.B.2 above), suggest and discuss the question 
of the optimum layout and design of wind pumps in 
types of construction, the production of which is 
possible even with a lack of modern production 
techniques. 

* Professor, P olytechnic Institute, Stuttgart. 

Walker (W/18) describes an installation of the 
Electrical Research Association which offers consider
able improvements for individual uses as well as 
for community purposes with regard to the following : 

. (a) The full utilization of the energy offered by the 
wmd power plant; 

(b) The correct usage according to arbitrarily 
eligible preferences; 

(c) A_ re~arkable e~tension of the energy balance 
and, with 1t, a considerable revalorization of the 
usefulness of the available energy. 

Arnfred (W/1) communicates the experiences of 
half a century of practical application of medium
sized wind power plants with conventional thermo
electric stand-by units. 

The papers submitted by Juul (W/20, W/21 and 
under item II.B.2, W/17), as well as by Delafond 
(W /8 and, under II.B.2, W /9), cleverly complemented, 
under II.B.2, by the papers of A. Ledacs-Kiss 
(W/36) and Armbrust (W/34), on the use of A.C. 
wind power plants in connexion with electrical 
networks, show us that nearly all basic problems of 
parallel operation of such plants with powerful 
electrical networks may be considered as cleared, in 
that, with a further development of the existing 
experimental plants, reliable machines may be expec
ted within a short time. These, being produced in 
quantity as fuel savers, would be able to feed low
cost electrical energy into existing public networks. 

Present wind power utilization 

In order to understand entirely the technical 
background upon which potential improvements 
in wind power utilization may be developed in the 
future, we should not overlook the following. 

(a) In the western part of the United States, in 
South America, in the Mediterranean, in Australia 
and in South Africa, several hundred thousand 
wind pumps of conventional multi-winged design 
have contributed essentially to the utilization of 
semi-arid deserts and for many decades have been 
the very precondition for the possible existence of 
life on farms in these regions. 

( b) Denmark, during both world wars, was able 
to improve the energy supply of its rural counties 
a great deal (Arnfred, W/1) on the grounds of exper
iences gained by Paul La Cour at his wind power 
test plant in Askov, by the installation of a large 
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number of rural power stations with stand-by 
diesel-electric machines, as well as by countless 
wind power plants installed on farms. 

(c) From the middle twenties to the middle fifties 
of this century, many thousands of so-called "wind 
chargers" from the United States were delivered, 
installed and used for the supply of farms with elec
trical energy, mainly for illumination and the opera
tion of radios (Jacobs, W/22). 

(d) For about three decades, experimental wind 
power plants with a rated output ranging from 10 
to 1 000 kW and with fast turning wing wheels 
(wheels with high rated speed) designed according 
to the realizations of modern aerodynamics, have 
proved in years of service in the Soviet Union, the 
United States, Denmark, France, England and Ger
many, that electrical energy can be fed into public 
networks with full automation . 

We therefore need no renewed proof that the 
utilization of wind energy upon certain premises 
- premises such as are often found in industrially 
under-developed countries - is technically feasible 
and economically justified. 

Energy quality and cost 

In judging the usefulness and economy of an energy 
source, the following aspects are dominant : 

(a) The energy quality, which is to be understood 
as : (i) the degree of time independence of the energy 
offer, and (ii) the extent of adaptability of the appara
tus producing the energy to reliably cover top needs 
as they sometimes occur; 

(b) The energy cost, which is the total expenditure 
for the provision of energy in relation to the energy 
unit; 

(c) The operational reliability of the equipment 
under all possible conditions to be expected in prac
tical, long-term operation. 

The aspect of energy quality has taken precedence 
over the aspect of energy cost not only because the 
equipment for improving the energy quality crucially 
influences the energy cost, but also because the ques
tion of whether wind energy can be applied in the 
right way, under the premises being discussed 
within the framework of this Conference, is a question 
in the first place of energy quality- in the sense of 
the above definition - and only in the second place 
a question of the energy cost. 

The crude energy offer from the wind varies steadily 
because of the continuous fluctuation of the wind 
speed. The amplitudes of fluctuation often surpass 
the value of the average figures of the wind speed. 
The fluctuation frequencies vary from parts of 
seconds to months. But not all fluctuations have the 
same consequences for the energy quality. 

(a) The turbulence-caused, sh~rt-time (fro~ split
seconds to five minutes from maximum to maximum) 
:fluctuations of the wind speed create only minor 
technical difficulties and have little influence upon 

the energy quality and cost. They may be eliminated 
without large extension of the investments required 
for the plants because of the infinitely small storage 
capacities necessary for their balance. 

(b) In comparison with it, the fluctuations. of 
wind speed, and thus of the energy offer reaching 
from half-hourly intervals to the duration of ten 
days, cause quite considerable difficulties in view 
of the technical apparatus needed for their compen
sation, as well as of the economic consequences 
following upon storage and governing requirements. 

(c) Over a long period of time, the energy offer from 
the wind is not only extraordinarily uniform, more 
uniform than the energy offer from water power 
plants, but it also shows - as is pointed out by 
Juul (W/21) in agreement with considerations by 
H. Honnef in his book Windkraftwerke in 1932 - that 
the monthly energy offer in the course of a year 
yields a fascinating conformity with the oscillation 
lapse of the energy need of a country in the middle 
latitudes of the northern hemisphere, as demonstra
ted by· the load on large energy supply centres. The 
water passage of large streams, and thus the energy 
offered by river power stations, behaves in a contrary 
manner in these regions, as shown by Juul and 
Honnef. 

Necessary energy storage capacity 

In the planning of wind power plants it is therefore 
necessary to deal only with the fluctuations of the 
energy off er resulting from wind speed changes· over 
average time interval figures . 

In endeavouring to lay out the total installation 
of wind power plants for the purpose of a minimum 
energy cost and availability of the energy in optimum 
form, one faces the following problems. 

(a) By comparing the energy gain of plants of 
different layout with that which is obtained with 
the assumption of constant optimum energy conver
sion from watched wind frequency distributions, 
the gain distinctly becomes a function of the average 
wind speed and the specific swept circular area power 
(table 1). The specific circular area power is the 
quotient of the installed capacity of the plant divided 
by the circular area swept by the wing blades. 

( b) On the other hand, the size of the energy 
accumulator required for a certain amount of unifor
mity of the energy gain is also a function of the 
long-time average wind speed, as well as of _the 
specific swept circular area power. The quotient 
of the difference of maximum and minimum power 
of the plant and its average power is chosen as a 
measure for the uniformity of the output. All three 
figures may be taken from the power durat_ion curve 
of the plant. It is suitable to relate. the size of the 
required energy accumulator to the size of the long
term daily average of energy out~ut to be expect~d. 
By it we express the storage size m accordance wit_h 
the time during which the accumulator alone is 
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Table 1. Annual energy utilization in kWh in relation to the circular area swept by the wing blades 

A nwual average E-theoretical E-Practical 
E-thcoretical 

E-practical 
wind speed computed from 

measured at measured at 
wind power computed from wind power (m/sec) wind measurements wind measurements plants plants 

3 180 20 to 120 230 140 to 240 
5 410 140 to 340 740 410 to 580 
7 600 240 to 560 1 300 670 to 1 100 
!) 680 380 to 700 1 800 1 200 to 1 640 

Specific-rated-power related to swept area Specific power/swept area 340 watt per m2 

120 watt per ni2 {e.g., Allgaier-Hutter (e.g., J. Juul Gedser 240 kW unit) 
WE 10m0) 

8 760 hours per year /) 1· ,lvr max J 
Eth = - - ----- • 0.596 • - • _ /

0 

v3dt + {l - lv1 max) · v3
1 

max 
102 mkp per kW sec 2 J( 

o - in kp sec2/m4 
t - in hours per year (total, 8 760) 
v - in m/sec. 

able to supply the consumer with energy at energy 
delivery with constant power (table 2). 

From table 2 we recognize that at larger mean 
speed values - at equal layout - the requirements 
for the accumulator become smaller than at smaller 
mean values in relation to the mean energy utilization. 

(c) The total cost of a wind power plant is the sum 
of the costs for the engine itself, i.e. wind wheel, 
gear, generator, wind direction servo-mechanism, 
tower, fundaments, etc., the expenditure for erection 
and installation including switch and load selection 
equipment (according to Walker, W/18) and the 
costs for the energy accumulator. 

(d) Under agenda item II.B.l there is a discussion 
of the extent to which the long-term average of the 
wind speed depends not only on the meteorologically 
large-scale given value, but also on the local, topo
graphic properties. 

Here it is only pointed out that at an average wind 
speed figure, which is below the large-scale given 
figure, the small wind speeds are being weakened 
rather strongly, thus not only reducing the total 
energy gain, but also increasing the requirements 
of the energy accumulator. 

It is certain that a relation between the layout 
of the plant, the size of the accumulator, and the 
average wind speed exists, which must be optimized 

at a given design conception and at prescribed 
uniformity of the energy output, with a view to 
energy costs as well. 

With regard to individual uses, the position of the 
optimum was, until lately, more or less a matter of 
personal opinion, and also of the personal experience 
of designers and constructors of wind power plants. 
Here and there, sales-psychological effects, as well 
as economic factors, may have had an undesirable 
influence. 

Not only the size of the required accumulator, 
but also the kind has an influence on the optimum 
of the total expenditure. E. W. Golding and the 
present author of this section, as well as several 
other authors, have early pointed out this 
circumstance. Their hints originate from the thought 
that the required energy is only a means to get 
certain effects and to enable the provision of certain 
products necessary for life, and are therefore not 
of primary interest. 

Energy requirement structure : automatic load 
choice and total use of the energy offer 

When in the process of planning, one should 
therefore prepare an analysis of the need structure 
as well as an analysis of the need volimie. In many 
cases, the final product, to the provision of which 

Table 2. Necessary storage capacity for the layout of a plant with 120 watts/m2 

Power oscillation: Storage capacity: storage volume Degree of 
energy-balance Pmax - Pmin 

P average mean daily energy output kWh 

Power constant 0 11 days 20 days 32 days 
Balance excellent 0.5 3.5 6 20 
Useful 1.0 1.2 2.6 12 
Bad 2.0 0 0.8 3.4 
Not sufficient 3.0 0 0 1.0 
l\fean wind speed 10 m/sec 6 m/sec 3 m/scc 
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number of rural power stations with stand-by 
diesel-electric machines, as well as by countless 
wind power plants installed on farms. 

(c) From the middle twenties to the middle fifties 
of this century, many thousands of so-called "wind 
chargers" from the United States were delivered, 
installed and used for the supply of farms with elec
trical energy, mainly for illumination and the opera
tion of radios (Jacobs, W/22). 

(d) For about three decades, experimental wind 
power plants with a rated output ranging from 10 
to 1 000 kW and with fast turning wing wheels 
(wheels with high rated speed) designed according 
to the realizations of modern aerodynamics, have 
proved in years of service in the Soviet Union, the 
United States, Denmark, France, England and Ger
many, that electrical energy can be fed into public 
networks with full automation . 

We therefore need no renewed proof that the 
utilization of wind energy upon certain premises 
- premises such as are often found in industrially 
under-developed countries - is technically feasible 
and economically justified. 

Energy quality and cost 

In judging the usefulness and economy of an energy 
source, the following aspects are dominant : 

(a) The energy quality, which is to be understood 
as : (i) the degree of time independence of the energy 
offer, and (ii) the extent of adaptability of the appara
tus producing the energy to reliably cover top needs 
as they sometimes occur; 

(b) The energy cost, which is the total expenditure 
for the provision of energy in relation to the energy 
unit; 

(c) The operational reliability of the equipment 
under all possible conditions to be expected in prac
tical, long-term operation. 

The aspect of energy quality has taken precedence 
over the aspect of energy cost not only because the 
equipment for improving the energy quality crucially 
influences the energy cost, but also because the ques
tion of whether wind energy can be applied in the 
right way, under the 12remises bein~ discus~ed 
within the framework of this Conference, is a quest10n 
in the first place of energy quality - in the sense of 
the above definition - and only in the second place 
a question of the energy cost. 

The crude energy offer from the wind varies steadily 
because of the continuous fluctuation of the wind 
speed. The amplitudes of fluctuation often surpass 
the value of the average figures of the wind speed. 
The fluctuation frequencies vary from parts of 
seconds to months. But not all fluctuations have the 
same consequences for the energy quality. 

(a) The turbulence-caused, short-time (fro~ split
seconds to five minutes from maximum to max1m~m) 
fluctuations of the wind speed create only mmor 
technical difficulties and have little influence upon 

the energy quality and cost. They may be eliminated 
without large extension of the investments required 
for the plants because of the infinitely small storage 
capacities necessary for their balance. 

(b) In comparison with it, the fluctuations. of 
wind speed, and thus of the energy offer reachmg 
from half-hourly intervals to the duration of ten 
days, cause quite considerable difficulties in view 
of the technical apparatus needed for their compen
sation, as well as of the economic consequences 
following upon storage and governing requirements. 

(c) Over a long period of time, the energy offer from 
the wind is not only extraordinarily uniform, more 
uniform than the energy offer from water power 
plants, but it also shows - as is pointed out by 
Juul (W/21) in agreement with considerations by 
H. Honnef in his book Windkraftwerke in 1932 - that 
the monthly energy offer in the course of a year 
yields a fascinating conformity with the oscillation 
lapse of the energy need of a country in the middle 
latitudes of the northern hemisphere, as demonstra
ted by· the load on large energy supply centres. The 
water passage of large streams, and thus the energy 
offered by river power stations, behaves in a contrary 
manner in these regions, as shown by Juul and 
Honnef. 

Necessary energy storage capacity 

In the planning of wind power plants it is therefore 
necessary to deal only with the fluctuations of the 
energy offer resulting from wind speed changes· over 
average time interval figures. 

In endeavouring to lay out the total installation 
of wind power plants for the purpose of a minimum 
energy cost and availability of the energy in optimum 
form, one faces the following problems. 

(a) By comparing the energy gain of plants. of 
different layout with that which is obtained with 
the assumption of constant optimum energy conver
sion from watched wind frequency distributions, 
the gain distinctly becomes a function of the average 
wind speed and the specific swept circular area power 
(table 1). The specific circular area power ~s. the 
quotient of the installed capacity of the plant divided 
by the circular area swept by the wing blades. 

(b) On the other hand, the size of the en~rgy 
accumulator required for a certain amoun~ of umfor
mity of the energy gain is also a function of the 
long-time average wind speed, as well as of _the 
specific swept circular area power. The quotient 
of the difference of maximum and minimum power 
of the plant and its average power is chosen as a 
measure for the uniformity of the output. All three 
figures may be taken from the power durat!on curve 
of the plant. It is suitable to relate the size of the 
required energy accumulator to the size of the long
term daily average of energy output to be expect~d. 
By it we express the storage size in accordance w1tJ1 
the time during which the · accumulator alone 1s 
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Table 1. Annual energy utilization in kWh in relation to the circular area swept by the wing blades 

Annual average E-theoretical 
E-practical 

E-theoretical 
E-practical 

wind speed computed from 
1neas1,red at measured at 
wind power computed from wind power (m/sec) wind measuren·tents wind measurements plants p/a.nls 

3 180 20 to 120 230 140 to 240 
5 410 140 to 340 740 410 to 580 
7 600 240 to 560 1 300 670 to 1 100 
D 680 380 to 700 1 800 1 200 to 1 640 

Specific-rated-power related to swept area Specific power/swept area 340 watt per m2 

120 watt per m2 (e.g., Allgaier-Hutter (e.g., J. Juul Gedser 240 kW unit) 
WE 10m0) 

8 760 hours per year o 
Eth = ------- · 0 .596 · - · 

102 mkp per kW sec 2 

O - in kp sec2/m4 
t - in hours per year (total, 8 760) 
v - in m/sec. 

able to supply the consumer with energy at energy 
delivery with constant power (table 2). 

From table 2 we recognize that at larger mean 
speed values - at equal layout - the requirements 
for the accumulator become smaller than at smaller 
mean values in relation to the mean energy utilization. 

(c) The total cost of a wind power plant is the sum 
of the costs for the engine itself, i.e. wind wheel, 
gear, generator, wind direction servo-mechanism, 
tower, fundaments, etc., the expenditure for erection 
and installation including switch and load selection 
equipment (according to Walker, W/18) and the 
costs for the energy accumulator. 

(d) Under agenda item II.B.l there is a discussion 
of the extent to which the long-term average of the 
wind speed depends not only on the meteorologically 
large-scale given value, but also on the local, topo
graphic properties. 

Here it is only pointed out that at an average wind 
speed figure, which is below the large-scale given 
figure, the small wind speeds are being weakened 
rather strongly, thus not only reducing the total 
energy gain, but also increasing the requirements 
of the energy accumulator. 

It is certain that a relation between the layout 
of the plant, the size of the accumulator, and the 
average wind speed exists, which must be optimized 

[ 
(Iv, max ·J 

Jo v3dt + (1 - lv1 max) • v~ max 

at a given design conception and at prescribed 
uniformity of the energy output, with a view to 
energy costs as well. 

With regard to individual uses, the position of the 
optimum was, until lately, more or less a matter of 
personal opinion, and also of the personal experience 
of designers and constructors of wind power plants. 
Here and there, sales-psychological effects, as well 
as economic factors , may have had an undesirable 
influence. 

Not only the size of the required accumulator, 
but also the kind has an influence on the optimum 
of the total expenditure. E. W. Golding and the 
present author of this section, as well as several 
other authors, have early pointed out this 
circumstance. Their hints originate from the thought 
that the required energy is only a means to get 
certain effects and to enable the provision of certain 
products necessary for life, and are therefore not 
of primary interest. 

Energy requirement structure : automatic load 
choice and total use of the energy offer 

When in the process of planning, one should 
therefore prepare an analysis of the need structure 
as well as an analysis of the need volume. In many 
cases, t he final product, to the provision of which 

Table 2. Necessary ' storage capacity for the layout of a plant with 120 watts/m2 

Degree of 
energy-balance 

Power constant . 
Balance excellent 
Useful .. . 
Bad .. . . . . 
Not sufficient . . 
:!\lean wind speed 

Power oscillation: 

Pmax - Pmin 

P average 

0 
0.5 
1.0 
2.0 
3.0 

11 days 
3.5 
1.2 
0 
0 

10 m /sec 

Storage capacity: storage volume 

mean daily e,iergy output i<Wh 

20 days 32 clays 
6 20 
2.6 12 
0.8 3.4 

0 1.0 
6 m/sec 3 m/scc 
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energy !s needed, may be stored with essentially less 
expenditure than the energy itself. 

This is especially true of heat and water. The 
present author had· access to investigations on the 
energy-need-structure of agricultural installations in 
Germany that had been undertaken between 1930 
and 1938 by the Deutsche Gesellschaft fiir T echnik in 
der Landwirtschaft and between 1946 and 1948 by 
the Energieversorgung Schwaben. 

In both cases, surprising results were obtained, 
as the following examples indicate. 

(a) Only 8 to 16 per cent of the total energy is 
needed for illumination, radios and small appliances, 
and also for such uses as milking machines and 
milking centrifuges, operating daily, at fixed times. 
Only these appliances need the energy "on demand", 
as \Valker says (W/18). 

(b) The energy needed for mechanical drives 
such as wood circular saws, hay lifts, small corn 
mills, etc., is in the same size category. Mechanical 
drives of this kind are needed to convert products 
in storage, and to store them again. Itis not absolutely 
necessary, therefore, to take care of these tasks 
during calm periods at an agricultural installation, 
and it is possible to wait for periods of sufficient 
wind without disadvantage. 

(c) Seventy per cent to more than 80 per cent, 
however, was used up for thermal devices such as 
heating, electrical stoves, cooling, refrigerators, 
hot-water storage, etc. In these, very large amounts 
of energy are rather simply stored and with consider
ably less cost than with storage of electrical energy 
in lead-acid batteries. 

(d) The same is true for water pumping. Water 
can be stored in large containers or, in the case of 
irrigation devices, in the earth itself, without consider
able additional expenditure. 

The very interesting and, for the methods of 
practical application of wind energy, immensely 
informative and valuable paper by Walker (W/18) 
not only reports on the practical results of an exten
sively automatic installation for the energy supply 
of a medium-sized farm, with the aid of wind energy 
by the use, basically, of the above-mentioned philo
sophy, but also on the consequences resulting from 
the provision of many possibilities for the use of 
energy, in order to exploit the offered energy. 

It can be gathered from the exact measurements 
by Frenkiel (W/6) at the wind power plant at Eilat, 
covering a duration of three years (a machine which 
was developed and described by Jacobs, W/22) that 
in spite of careful precautions, only 2 750 kWh out 
of 4 200 kWh offered by the wind annually, or 
65.5 per cent, in fact, could be used. Since the energy 
price results almost entirely from the stock costs 
of the installation of the plant, the part exploitation 
of an existing plant in the form described by Frenkiel 
means a rise in the energy price of about 50 per cent. 

The procedure of the Electrical R esearch Associa
tion (E.R.A.) described by Walker provides for an 
automatic control system for the complet e installation 

designed to be operated by a non-technical user and, 
at the same time, giving the user full control over 
the selection of the priorities of the various loads. 

The load-distributing device, operating on varia
tions in the voltage of the wind-driven alternator, 
consists basically of a moving coil relay supplied, 
through a rectifier, from the alternator. Increases 
or decreases of alternator voltage cause the moving 
contact of the relay to energize and operate a small 
motor which drives, through gearing, a series of 
twenty-eight cams. The cams are arranged to close 
one micro switch for every 6 degrees of shaft rotation. 
A single pole supply, taken from the three phase 
bus bars, is fed, via the microswitches, to a vertical 
row of twenty-eight sockets. 

The number of cams, micro-switches, sockets, etc., 
is entirely dependent upon the number of installed 
loads. The sockets are so connected that an increase 
in the output voltage - and therefore power -
of the wind power plant causes them to be energized 
in an ascending order, a decrease in output voltage 
de-energizing them in the reverse order. 

By inserting the plugs into the vertical row of 
sockets, the operator can select at will the order 
in which the loads are to be connected to the supply 
as the energy becomes available. 

This basic design of the load-selector system can be 
applied to any type of medium-sized machine up 
to, say, 50 kW capacity, provided that the rating 
and number of load contactors is adjusted to suit 
any specific requirement. 

Conventional thermo-electric 
stand-by machines 

At wind power plants of a magnitude enabling 
them to supply medium-sized farms or small com
munities with sufficient energy, the provision of a 
standby machine may, under circumstances, create 
extraordinarily favourable conditions in view of 
operational reliability and the economy of the total 
installation (Papers W / 1 and W / 18). 

Such thermo-electric stand-by machines offer the 
following advantages. 

(a) It offers emergency electricity supply in the 
case of especially long calm periods. Calm intervals 
of .medium duration, i.e . from one to a maximum 
of 48 hours, are extraordinarily frequent, but calm 
periods - as a consequence of stable weather con
ditions, for instance - of more than two days' 
duration are quite rare. It is uneconomical and sense
less to lay out the energy storage equipment for an 
especially unfavourable situation occurring only two 
or three times annually. On the contrary, it makes 
more sense to transfer such rare cases to the stand-by 
machine. 

(b) The stand-by machinery takes over the entire 
provision of the consumer when repair or mainten
ance work at the wind power plant or energy accumu
lator becomes due. 
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(c) At seasonal, large, short-term top power 
consumption (for instance, threshing of the harvest), 
the stand-by plant, energy accumulator, and wind 
power plant together can supply the net, thus taking 
over unusual and high load demands. 

The experimental installation erected by the 
E.R.A. in Scotland, as well as a wind power plant 
operated by the Wasser- und Schifffahrtsamt in Kiel 
on the pilot's island, Schleimtinde, for the supply 
of the lighthouse and several houses (reference 4 
in W/6), had been equipped with Diesel stand-by 
machines for the support of the Allgaier-wind power 
plant of 10 m wind-wheel diameter and 6 kW and 
7.5 kW rated output, respectively. 

In both cases, it was proven that the diesel 
stand-by generator was needed quite seldom during 
several months of operation. At Schleimi.inde the 
wind power plant produced 94.5 per cent of the 
needed energy and at the E.R.A. installation as 
much as 98.6 per cent, although at the latter the 
annual average hourly mean wind speed amounted 
to only 3.8 m/sec. 

In the face of this quite small contribution of 
stand-by units to the entire energy production, 
Walker says that the stand-by unit could take the 
form of a portable petrol-driven generator having 
a capacity of 12 to 20 per cent of the rated output 
of the wind power plant. 

Energy costs in competition with those 
from conventional power sets 

In judging the energy prices for individual use, 
as well as for community purposes, we must bear 
in mind that in all cases in which the use of wind or 
solar energy is being evaluated, the energy price does 
not compete with those of public networks in industri
ally highly developed countries, but with that of 
local thermo-electric plants. Table 3 gives a general 
view of those figures of energy-producing costs 
which are contained in the papers of this section, 
and compares the data given by Golding.1 

1 Golding, E. W., Power from Local Energy Resources, Proceed
ings of the United Nations Conference on New Sources of Energy, 
1961, vol. 1, agenda item II.D.l, paper GEN/5. 
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It must not be overlooked that the figures shown 
in Paper W/21 are valid for plants which are operated 
in parallel with public networks. The figures taken 
from Paper W/1 may rely upon procurement prices 
for wind power plants that date back so far that they 
can no longer be realized, as the devaluation of 
currency in the last twenty years has to be considered. 

Even when considering these different assumptions, 
the enormous divergence of the data being cited as 
energy price is conspicuous. This divergence reflects 
an uncertainty in the pre-calculation of the energy 
costs which becomes still larger when we consider 
that, besides the varying average values of wind 
speed on which the cost investigations in Papers 
W/21, W/18, W/22 and W/6 are based, all those 
uncertainties are added of which Stam speaks in 
Paper W /40 : "the prices of products, shipped outside 
the normal routes of world trade multiply ... " 

The wind power plants described in Papers W/22 
and W /6 are identical as to make and type. As the 
same mean wind speed was assumed for both energy 
price investigations, the energy cost relation is 
remarkable. 

Water-pumping with wind power plants 

Unfortunately, only two papers in this section 
- W /40 and W/23 - refer to water pumping with 
mechanically driven pumps. Both papers report on 
efforts to create the premises for the production of 
such plants in countries without highly developed 
industries by means of simple technical solutions in 
design. 

For reasonable planning of large-scale irrigation 
projects in the course of settling projects or in the 
course of programmes aiming to enlarge the return 
on the land of already settled areas by artificial 
irrigation, it is indispensable that the following data 
be compiled by meteorologic observations and test 
drills : 

(a) Weekly and monthly average values, respec
tively, of the wind speed over several years; 

(b) Weekly average values 0£ rainfall; 
(c) The depth of the ground water level below 

ground; 

Table 3. Comparison of energy costs on the basis of 10-year amortization at total energy sale 

Rated Windwheel US$ per kWh A1tthor Paper output diameter 

Juul W/21 200 kW 24 m 0 0.00105 
Arnfrcd W/1 30 kW 18 m 0 0.00073 
\Valker W/18 7.5 kW 10 m0 0.041 
Jacobs W/22 3.0 kW 4.5 m0 0.028 (factory price of plant 

considered) 
Frenkiel W/6 3.0 kW 4.5 m0 0.100 (price of plant at the very 

place considered) 
Frenkiel W/6 30 kW} (°'' Diesel 
Golding GEN/5 50 kW 0.073 

electric 
Golding GEN/5 100 kW 0.051 

units 
Golding GEN/5 200 kW 0.042 
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(d) The maximum ability of the boring well to 
yield. 

It seems that the wheel size of the multi-winged 
wind pumps has arisen from the mean well-yield 
ability- until dry operation of the well- and the 
mean depth of the groundwater level in the semi-arid 
steppe areas in which these wind pumps are spread 
so far apart. 

On the other hand, the ground-water level and 
possible well-yield ability are regionally so different 
that it pays, upon opening up areas, to make careful 
climatic and hydrologic examinations in the course 
of planning, and to design the plant size and layout, 
as well as the optimum irrigation system, with the 
values obtained. 

\Vind-driven water pumps represent a peculiarity, 
as do the open gutter pump described by Stam 
(W /40) or the drainage windmills described by 
Havinga (II.B.2, W/32), in that they have to_ take 
care of only a very low hoisting depth at larg~ mter
spersing water volumes. \.Yater pumps of this type 
have already been used to keep dry low grounds 
enclosed by dikes in northern Germany and the 
Netherlands, for the reclamation of settling country 
from river mud sedations in Camarque, in southern 
France, and for irrigation and draining purposes in 
the delta areas of large streams, where they have 
their own typical tasks. 

Hydroelectric sets in water provision systems 

Often the opening up of settling. areas with_ ~he 
aid of wind energy will have to start with the provision 
of the water that is so vitally necessary. The storage 
of water in corrugated sheet steel containers ~r 
earth cavities, made by earth dams, off~rs th~ p~ssi
bility of producing electric energy for 1llummahon, 
and the operation of radios and smal~ household 
appliances, by means of small hydroelectric sets at the 
water-flow from the container to the consumer (W /18) 
or at the return of surplus water into the well (W /40). 
This has been suggested by Walker (W /18) as well 
as by Stam (W/40), __ and also by the :pre~ent author 
during his lectures m Bangalore, India, m January 
1961. 

The installation of a water-distributing network 
with the aid of plastic pipes embedde~ in the soil 
and with the provision of hydroelectric sets to be 
installed in the houses not only offers great c1:dvantag~s 
for water distribution but, in the P:oduct10n_ of this 
kind of electric energy, also avoids the difficulty 
described by Walker (W/29), that a~ small-scale 
wind power plants with low voltage (m re~ard to 
battery prices), the power losses can be considerable 
in the supply lead from the plant to the consumer. 
They offer the additional advantage th~t at ~he 
first settlement, relatively simple mach!nes with 
only mechanical transformati?ns, in~ludmg wa~er 
distribution systems, are put mto action, to wh1~h 
the population will easily become accu~tomed while 
the understanding of more subtle techmcal problems 
is still lacking. 

Use in connexion with electrical networks 

For use in connexion with electrical networks which 
transport large quantities of energy, plants with 
medium-sized layout output will always be preferred, 
not only because machines with a larger layout 
power are specifically cheaper, but also because su~h 
plants may have more subtle governing systems m 
order to fulfil all the operational requirements 
occurring in the automatic feed-in of electric energy 
into large networks. 

It has been known for years that it is not necessary 
to govern revolutions or frequency, but that, for 
inst;rnce, precautions must be taken so th3:t the 
maximum permissible load of the generator 1~ not 
surpassed, the plant is instantly and automatically 
stopped at net failure, and, with subduing winds, 
no energy is taken from the networks. 

All plants built for parallel operation wit_h net
works during the last decades have been experimental 
installations, some of them ingenious improvisatio!ls, 
the machine and governing components o_f which 
were pieced together from ele~ents which had 
originally been destined for machi~ery of a totally 
different kind. But with all the vanat10n of assump
tions, the result, from the nature of the matter, was 
that the governing programmes of all the plants 
showed fundamental analogies, in spite of the 
considerable novelty of technical solutions (W /18 and, 
under agenda item II.B.2, W/9, W/17, W/34 and 
W/36). 

For example, the precautions to avoid too frequ~nt 
cut-out and cut-in operations at wind speeds which 
are just sufficient for the delivery of power from the 
plant, as described by Delafond (W /~), . are also 
described by Juul and Armbrust m s1m1lar ~orm 
(W/17 and W/34, respectively, under agenda item 
II.B.2). 

Two types of vibrations are found to be disturbing 
at all plants, and they show up mechanically as 
well as in the form of load oscillation : 

(a) Oscillations in consequence of the passage of 
the wing blades past the tower; 

(b) Those effects of motional unrest whic~ _result 
from the finite number of blades, the addition of 
wind speed with the altitude, and from the fac~ that 
the elastic stiffness of the wheel shaft-support 1s not 
axially symmetrical. . 

Fortunately, both cases deal with. stab~e oscill~
tions, without tendency to resonant nse. Sm_ce the~r 
causes are known, they can be weakened m their 
actions in later designs. 

Wind power plants being operated parallel to 
strong networks result in a negative load for t~e 
network, as H. Munroe, in his comments on this 
question, has noted.2 

• 

These negative loads, mainly in the operation of 
single wind power plants parallel to st:ong netvyorks, 
and not always precisely to be determ111ed, act m the 

2 Meetings of the Electricity R esearch Association, London, 
March 1955. 
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network only as fuel savers. But as the public net
works are ~orced to offer a guaranteed output, the 
representatives of the electricity corporations main
tam that the profit of the fuel-saving is relatively 
small for the following reasons : 

of the production price. \Ve must bear in mind that, 
up to now, all larger wind power plants have been 
single-part productions and that all present energy 
price calculations are based on the thus raised costs 
for the erection of the plant. This statement holds 
true not only for wind power plants in parallel 
operation with electric networks, but also for commer
cially produced machines intended for individual 
use. 

(a) The portion of the fuel costs at the gross price 
of the ~ilowatt hour is relatively small in all energy
supplymg systems; 

(b) For the provision of each power unit that wind 
po:-ver plants nomir:ally offer, an equally sized power 
umt must be provided for in case of total lack of 
wind energy. · · 

These arguments without doubt have a certain 
justification, but they quietly assume that fuel 
- oil or coal - is under any circumstances always 
on hand and, above all, at stable prices. This is not 
always the case. Figure 5 in \V/21 shows that be
tween 1950 and 1960, coal as well as crude oil prices 
varied plus or minus 50 or 60 per cent from the 
average price in Denmark. Countries without sufficient 
resources must even take into account economically 
or politically caused situations endangering the 
supply of fuels. 

It is by no means true that additional serious 
difficulties arise for the load distributor of energy
supplying corporations because of the constant 
oscillation of the power offer from wind power plants, 
if the share of the wind power of the total net power 
exceeds 20 to 30 per cent. As shown by Juul (W/21) 
and Delafond (W/8), an interior power balance takes 
place at the parallel operation of several, far-spaced 
wind power plants in such form that the energy 
offer becomes more uniform. This is due to the fact 
that wind speed and power oscillations, especially 
at a larger number of far-spaced wind power plants, 
are eliminated by local turbulence influences with 
considerable statistical probability. 

The large-scale exchange of air masses and thus 
the magnitude of the wind speed to be expected can 
be forecast with some reliability for a period of 
hours. In the case of a larger portion of the potential 
wind power in a network, the load distributor ought 
to be informed continuously of the changing weather 
situation by existing meteorologic services, enabling 
him to plan ahead of time the size of the engagement 
of conventional power plant units. 

Since there are basically no unsurpassable difficul
ties for the feed-in of electric energy from the wind, 
the fact remains as an essential restriction that the 
energy price is faced with decidedly stronger competi
tion from the energy delivered by conventional units 
than from individual uses. 

(b) Systematic further development of the plants 
in the light of all experience so far gained, with the 
aim of uncompromising simplification with full 
consideration of the realizations of modern aero
dynamics and governing techniques, as well as un
limited application of the present knowledge of new 
production techniques and materials. 

Topics for discussion 

I. How large are the intervals that have been 
experienced between the necessary maintenance 
work at wind power plants in comparison with such 
work at conventional power sets? 

2. How large are maintenance and repair costs in 
relation to the total energy costs of wind power 
plants for both individual and community use? 

3. What damage can occur at wind power plants 
by lightning and what protective measures are 
necessary? 

4. What influence does icing of the wing blades 
have on wind power plants? Can damage because 
of imbalance occur and how is the power of the plant 
influenced? 

5. For certain aims, the operational reliability 
of wind power plants has advanced so much to the 
foreground that each constructive simplification 
of the machine causes an additional simplification 
of the operational reliability. Such an essential 
simplification would be the omittance of the wind 
directional governing. To what extent is the energy 
output of an installation with fixed direction being 
reduced in comparison to one with directional 
governing? 

6. Can the power fluctuation, which results from 
the passing of the wing blades past the tower, be 
avoided when the wheels do not turn behind the 
tower in the wind direction, but in front of the tower? 

7. How strong are the operational noises of work
ing wind power plants? 

8. What is the advantage of the installation, at 
wind-electric plants, of a three-phase current pump 
inserted in the well, in comparison with directly 
driven pumps? The possibilities of further lowering the energy 

price from wind power plants as compared wi_th 
optimum figures so far reached (table 3) consist 
in the following : 

(a) Large-scale series production of wind power 
plants of medium power size, and thus the lowering 

9. During the course of a day, the wind speed, 
as is well known, shows characteristic maximae 
and minimae. The energy need curves analogously 
have a typical trace. Is it possible to modulate the 
day's energy requirements with the daily fluctuations? 
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UTILISATION DE L'ENERGIE EOLIENNE: PROGRES RECENTS 
ET AMELIORATIONS POSSIBLES 

(Traduction du rapport precedent) 

Ulrich Hutter * 

Vers la fin du xrxe siecle, au moins 30 000 moulins 
a vent etaient exploites en Angleterre, au Danemark, 
aux Pays-Bas et dans le nord de l'Allemagne. Leurs 
ailes avaient de 18 a 24 m de diametre et la surface 
qu'elles balayaient etait de 250 a 450 m2• En prenant 
comme base les valeurs indiquees par J. Juul dans le 
memoire W/20 pour l'energie specifique produite par 
l'aeromoteur experimental de Gedser, on peut calculer 
que ces moulins a vent developperaient environ 
10 000 000 lVIWh (10 millions de megawattheures) 
par an. 

Les donnees determinees par J. Juul (memoires 
W/20 et W/21, ainsi que le memoire W/17, presente 
plus haut au titre du point II.B.2 de l'ordre du jour) 
clans trois installations experimentales (Vester Eges-

. borg, Bogo et Gedser) d'importance variee ne repre
sentent qu'une partie, aussi considerable soit-elle, 
des connaissances deja acquises en matiere de pro
duction et d' exploitation de l' energie eolienne par 
les pays qui participent a cette Conference. 

Si l'on considere l'ampleur du probleme et la diver
site des methodes essayees et celle des resultats 
obtenus, les travaux tres interessants qui nous 
sont presentes ne peuvent donner de tout le probleme 
complexe de !'exploitation de l'energie eolienne 
qu'un apen;u en quelque sorte fortuit et limite a 
certains aspects particuliers. 

11 faut ajouter que !'implantation et la construction 
des installations eoliennes sont si etroitement liees, 
lorsqu'on passe aux applications, au type et a l'eco
nomie de !'exploitation que, pour obtenir une vue 
d1ensemble de cette section, la discussion ne saurait 
se limiter aux seuls travaux cites au titre du point 
II.B.3 de l'ordre du jour. 

Les memoires presentes par Frenkiel (W/6), 
Jacobs (W/22), Walker (W/29), Stam, Tabak et van 
Vlaardingen (W /38), par Venkiteshwaran (W /25), 
traitent de problemes types de l'utilisation de l'ener
gie electrique a des fins individuelles, alors que 
Stam (W/40), Nilakantan, Ramakrishnan et Venki
teshwaran (W/23) ainsi que Havinga (W/32, au titre 
du point II.B.2), examinent la question de la concep
tion et de !'implantation optimales d'un type d'aero
pompe qui puisse etre construit meme lorsqu'on 
ne dispose pas d'installations industrielles tres 
evoluees. 

* Professeur, Ecole polytechnique de Stuttgart. 

Walker (W/18) decrit une installation de la Elec
trical Research Association, qui presente d'impor
tantes ameliorations, tant du point de vue des usagers 
individuels que de celui des collectivites, en ce qui 
concerne : 

a) L' exploitation totale de l' energie fournie par 
l' eolienne; 

b) L'utilisation rationnelle de celle-ci selon des 
criteres choisis arbitrairement; 

c) Une remarquable amelioration du bilan ener
getique et, de ce fait, une revalorisation sensible de 
l'utilite de l'energie disponible. 

Arnfred (W /1) nous fait part des connaissances 
qu'il a recueillies au cours d'un derni-siecle d'utili
sation d'eoliennes d'importance moyenne accouplees 
a des groupes thermoelectriques classiques de secours. 

Les memoires presentes par J. Juul (W/20, W/21 
et W/17, ce dernier au titre du point II.B.2) et 
Delafond (W/8 et, au titre du point II.B.2, W/9), 
judicieusement completes, au titre du point II.B.2, 
par ceux de Ledacs-Kiss (W/36) et Armbrust (W/34) 
sur les aerogenerateurs de courant alternatif relies 
a des reseaux de distribution, montrent qu'il est 
possible de tenir pour resolus les problemes fonda
mentaux de la marche en parallele de ces installations 
avec des reseaux puissants, dans la mesure ou l'on 
peut prevoir qu'il serait possible, en partant des 
installations experimentales actuelles, de realiser 
a breve echeance des machines pretes a fonctionner. 
Produites en grandes series, celles-ci pourraient 
alimenter les reseaux en courant electrique bon 
marche, tout en permettant d'economiser les combus
tibles et carburants. 

Les realisations actuelles 
en matiere d'exploitation de l'energie eolienne 

. Pour bien comprendre les conditions techniques 
dans lesquelles se presente le probleme et dont ii faut 
tenir compte pour envisager les ameliorations qu'il 
serait possible d'apporter a l'exploitation de l'energie 
eolienne, il ne faut pas oublier Jes considerations 
suivantes. 

a) Daus l'ouest des Etats-Unis, en Amerique du 
Sud, dans le bassin mediterraneen, en Australie et 
en Afrique du Sud, quelques centaines de milliers 
d'aeropompes classiques a plusieurs pales ont puis-
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samment contribue a la mise en valeur de zones semi
arides, et depuis des dizaines d'annees elles rendent 
possible la vie dans les fermes de ces regions. 

b) Au cours des deux dernieres guerres, le Dane
mark a pu notablement ameliorer la situation 
energetique de ses zones rurales (memoire Arnfred, 
W/1), grace aux connaissances recueillies par Poul 
La Cour dans sa station eolienne experimentale 
d'Askov, en installant un grand nombre de cen
trales rurales completees par des groupes electro
genes diesel de secours, tandis que d'innombrables 
eoliennes etaient montees dans des fermes. 
. c) Des annees vingt-cinq aux annees cinquante

cmq, des milliers et des milliers d'aerogenerateurs 
ont ete livres, surtout par les Etats-Unis, installes 
et exploites pour alimenter des fermes en courant 
servant a 1 'eclairage et au fonctionnement des postes 
de T.S.F. (memoire Jacobs, W/22). 

d) Depuis environ 1930, des centrales eoliennes 
experimentales de 10 a 1 000 kW de puissance 
nominale, dotees d'helices tournant a grande vitesse 
et corn;ues selon les enseignements de l' aerodynamique 
moderne, en ,service parfois depuis des annees en 
URSS, aux Etats-Unis, au Danemark, en France, 
en Angleterre et en Allemagne, prouvent que les 
reseaux publics peuvent etre alimentes automati
quement en energie electrique. 

Point n'est besoin d'autres preuves pour demontrer 
que !'exploitation de l'energie eolienne est possible 
dans des conditions qui sont souvent reunies dans les 
pays peu industrialises, tant sur le plan technique 
que sur le plan economique. 

Qualite et prix de l'energie 

Pour juger de l'utilite et de l'economie d'une 
source d'energie, il faut avant tout tenir compte des 
facteurs suivants : 

a) Qualite de l' energie. C' est le degre d'indepen
dance a l'egard du temps qu'atteint l'offre d'energie, 
et le pouvoir d'adaptation de !'installation produc
trice d'energie, qui lui permet de faire face aux 
demandes de pointe qui peuvent se presenter. 

b) Prix de l' energie. C'est la depense totale consentie 
par unite d'energie pour la fourniture de celle-ci. 

c) Surete de Jonctionnement de !'installation dans 
toutes les conditions imaginables qui peuvent se 
presenter sur une longue periode. 

Si la question de la qualite prend le pas sur celle 
du prix, ce n'est pas seulement parce que ce prix 
est decisivement conditionne par l'appareillage neces
saire a !'amelioration de la qualite, mais aussi parce 
que, pour decider si l'energie eolienne peut etre 
rationnellement exploitee dans les conditions dis
cutees dans le cadre de cette Conference, il faut avant 
tout resoudre le probleme de la qualite (dans le 
sens de la definition donnee plus haut), et ensuite 
seulement celui du prix. 

L'energie brute contenue dans le vent varie cons
tamment en raison des fluctuations de la vitesse du 
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vent. L'amplitude de ces fluctuations depasse sou vent 
la valeur moyenne de la vitesse du vent. Leur 
frequence passe de quelques fractions de seconde a 
plusieurs mois. Toutefois, les fluctuations n'entrainent 
pas toutes les memes consequences pour la qualite 
de l' energie. 

a) Les fluctuations breves (de quelques fractions 
de seconde a cinq minutes de maximum a maximum), 
dues a des turbulences, ne creent que des difficultes 
techniques mineures et n'influent que peu sur la · 
qualite et le prix de l'energie. Nous pouvons les 
eliminer, car il suffit d'une capacite d'accumulation 
extremement faible, qui n'entraine pas d'augmen
tations sensibles des investissements necessaires 
a !'installation, pour les compenser. 

b) En revanche, les fluctuations de la vitesse du 
vent et, par suite, de l'energie offerte, qui durent 
d'une demi-heure a une dizaine de jours, creent des 
difficultes considerables tant par l'importance de 
l'appareillage technique necessaire pour les compenser 
que par les consequences economiques qu'impliquent 
alors !'accumulation et la regularisation. 

c) A longue echeance, la quantite d'energie eolienne 
offerte est extremement uniforme - plus meme que 
celle des centrales hydrauliques - et en outre elle 
montre, ainsi que le signale Juul (W/21), confirmant 
ainsi les vues exposees en 1932 par H. Honnef dans 
son livre Windkraftwerke, que la quantite d'energie 
mensuelle offerte au cours d'une annee correspond de 
far;on frappante a !'evolution, exprimee par la charge 
des grandes centrales, des besoins en energie d'un 
pays de !'hemisphere nord, tout au moins a une 
latitude moyenne. Ainsi que Juul et Honnel l'ont 
demontre, il y a au contraire disparite entre le regime 
des grands fleuves de ces regions (et partant la 
production des centrales hydro-electriques) et la 
demande d'energie. 

Importance de l'accumulation requise 

11 suffit done, lorsqu'on dresse les plans de centrales 
eoliennes, de s'occuper des fluctuations de la quan
tite d'energie offerte, dues aux variations de la 
vitesse du vent au cours de periodesdedureemoyenne. 
Si l'on veut donner a l'ensemble d'une centrale 
eolienne une configuration telle que le prix de l'ener
gie soit ramene au niveau le plus bas et que l'energie 
soit fournie sous une forme optimale, il faut resoudre 
les problemes suivants. 

a) Comparer le rendement energetique d'instal
lations diversement conr;ues avec le rendement 
theorique postule en supposant une transformation 
d' energie optimale et constante a partir de la repar
tition de la frequence des vents telle qu'elle a ete 
observee; il en ressort que le rendement est fonction 
autant de la vitesse moyenne des vents que du ren
dement specifique de la surface balayee (tableau 1). 

b) D'un autre cote, Ies dimensions de l'accumu
lateur d'energie necessaire pour assurer une certaine 
uniformite du rendement energetique sont egalement 
fonction de la vitesse moyenne du vent pendant une 
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Tableau 1. Quantite annuelle d'energie utilisee (en kWh) par rapport a la superficie circulaire 
balayee par les pales de l'helice 

E-thioriq11,e 
E-Pratique 

E-thiorique 
E-pratique V itesse moyenne calcule sur la calculi sur la base 

amwelle du vent base des mes11,res mesuri a·ux des mesures mesure aux 
du vent lotiames du vent iolieunes 

3 m/sec 180 20 a 120 230 140 a 240 
5 m/sec 410 140 a 340 740 410 a 580 
7 m/sec 600 240 a 560 1 300 670 a 1 100 
9 m/sec 680 380 a 100 1 800 1 200 a 1 640 

Rendement specifique de la surface balayee: Rendement specifique de la surface balayee: 
120 watts/m2 340 watts/m2 

8 760 heures/an I> 
E theorique = --------'- • 0 596 • - · 

102 mkp/kW/sec ' 2 

OU a est en kp sec2/m4 
t est en heures par an (total : 8 760) 
v est en m 1sec. 

Le rendemennt specifique de la surface balayee est le quotient de la capacite installee 
de l'eolienne divisee par la surface circulaire balayee par les pales de l'elice. 

longue periode et de la puissance specifique de l' aire 
balayee (tableau 2). Le quotient de la difference entre 
la puissance maximum (Pmax) et la puissance mini
mum (Pmin) de !'installation, et la puissance moyenne 
(Pmoy), sert d' etalon pour mesurer l'uniformite du 
rendement. Ces trois valeurs sont donnees par la 
courbe de duree de la puissance. II convient alors 
de rapporter les dimensions de l'accumulateur neces
saire a l'importance du rendement a prevoir pour la 
production moyenne journaliere d'energie etalee 
sur une longue periode. L'importance de l'accumu
lateur s'exprime par le laps de temps pendant lequel 
il peut alimenter le consommateur en energie, 
celle-ci etant fournie a une puissance constante. 

c) Le cout total d'une eolienne est determine par 
la somme des depenses couvrant la machine elle
meme, c'est-a-dire l'helice, les transmissions, l'alter
nateur, le dispositif d'alignement dans le vent, la 
tour, les fondations, etc., les frais de montage et 
d'installation, y compris les appareils de commande 

et de selection de la charge (selon Walker, W/18), 
et des depenses pour l'accumulateur. 

d) La valeur moyenne a long termc de la vitesse 
du vent, qui ne depend pas seulement du facteur 
meteorologique clans son ensemble, mais aussi des 
particularites topographiques locales, est discutee 
en detail au titre du point II.B.l de l'ordre du jour. 

Contentons-nous de signaler ici que pour une 
valeur moyenne de la vitesse qui reste en-dessous 
du facteur meteorologique global, les faibles vitesses 
du vent sont fortement diminuees; le rendement 
6ncrg6tiquc total diminue, et les exigences en matiere 
d'accumulateur augmentent. 

II est certain qu'entre l'implantation de !'instal
lation, !'importance de l'accumulateur et la vitesse 
moyenne du vent il y a un rapport qui, eu egard au 
prix de l'energie, doit etre porte a un niveau optimum 
pour un projet donne et une uniformite determinee 
de l' energie offerte. 

Tableau 2. Capacite d'accumulation necessaire pour !'implantation d'une installation de 120 W/m2 

Eqt<ilibre 
inergitique 

Variations 
de puissance 

Pmax - Pmrn 

P moyen 

Puissance constante. 0 
Equilibre excellent . 0,5 

Utile . . . 1 
Mauvais . . . . 2 
Insuffisant . . . 3 

Vitesse moyenne du 
vent. . . . . . . 3 

Capacife d'accumulation: volume d'emmagasinage 

Energie journalitre moyenne produite (kWh) 

11 jours 20 jours 32 jours 
3,5 6 20 
1,2 2,6 12 

0 0,8 3,4 

0 0 1 

10 m/sec 6 m/sec 3 m/sec 

Ce tableau montre qu'aux valeurs plus elevees de vitesse moyenne, et pour des installa
tions identiques, les exigences d'accumulation sont plus faibles qu'aux valeurs moins 
elevees, par rapport a. !'utilisation moyenne d'energie. 
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II y. a peu de temps encore, ce niveau optimum 
dependait en premier lieu, en ce qui concernait les 
usages individuels, de }'opinion personnelle, peut-etre 
aussi de l' experience de techniciens qui concevaient 
les eoliennes; outre les n~alites economiques, des 
motifs relevant de la psychologie des ventes pouvaient 
alors jouer un role defavorable. 

Le niveau optimum de la depense totale ne depend 
pas seulement de !'importance de l'accumulateur 
necessaire,,mais aussi de son type. E. W. Golding et 
le rapporteur de cette section ont, en plus d'autres 
auteurs, signale tres tot cette circonstance. Ils y ont 
ete amenes par l'idee que l' energie necessaire n' est 
qu'un moyen d'obtenir certains effets et qu'elle ne 
concerne pas au premier chef la fourniture de produits 
necessaires a la vie. 

Structure des besoins en energie : selection 
automatique de la charge et exploitation 
complete de l'energie offerte 

La planification doit done toujours comprendre 
non seulement une analyse du volume des besoins, 
mais encore une analyse de leur structure, car, dans de 
nombreux cas, il est plus facile de stocker le produit 
fini dont la transformation necessite de l'energie que 
cette energie elle-meme. 

II en est particulierement ainsi de la chaleur et de 
l'eau. Le rapporteur a eu a sa disposition les resultats 
d'enquetes faites sur la structure des besoins d'energie 
des exploitations agricoles en Allemagne, entreprises 
de 1930 a 1938 par la Deutsche Gesellschajt fiir 
Technik in der Landwirtschajt et de 1946 a 1948 par 
la Energieversorgung Schwaben: 

Dans les deux cas, les resultats ont ete surprenants, 
comme l'indiquent les exem~les suivants. 

a) De 8 a 16 p. 100 seulement de l'energie tota~e 
sont utilises pour l'eclairage, la radio et le pet1t 
appareillage, ainsi que pour les trayeuses et centri
fugeuses electriques qui fonctionnent a certai~s 
moments de la journee. Ce sont les seuls appare1ls 
qui consomment de l'energie cc a la dcmande )), selon 
Walker (Vl//18). 

b) Les besoins en energie pour l'entrainement 
mecanique des scies circulaires a bois, des monte
charge a foin, des petits moulins a cereales, etc., sont 
du meme ordre de grandeur. Les commandes meca
niques de ce genre sont necessaires pour transformer 
les produits emmagasines et pour les stocker de 
nouveau. Il n'est done pas absolument necessaire 
de faire ces travaux pendant des periodes d'accalmie 
du vent; on peut au contraire attendre, sans que 
cela entraine des consequences facheuses, que la 
force du vent soit suffisante. 

c) D e 70 a 80 p. 100 de l'energie requise sont 
affectes a des appareils thermiques : chauffage, 
cuisinieres electriques, refrigerateurs, accumulateurs 
d'eau chaudc, etc. II est relativement plus facile et 
nettement mains onereux d 'accumulcr de grandes 
quantites d'energie pour ces appareils que ce n 'est 
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le cas avec l'accumulateur d'energie electriquc dans 
des batteries plomb-acide. 

d) II en va de meme pour le pompage de l'eau. 
L'eau peut etre emmagasinee dans de grands reser
voirs, ou pour les installations d'irrigation, dans le 
sol meme, sans grandes depenses. . 

Dans le memoire de Walker (W/18), aussi interes
sant que precieux et bien documente du point de 
vue des methodes a appliquer a !'exploitation de 
l'energie aerodynamique, il n'est pas seulement 
question des resultats pratiques obtenus dans une 
installation en grande partie automatisee qui ali
mente en energie eolienne une ferme de moyenne 
importance, en prenant pour bases les notions qui 
viennent d'etre esquissees; mais encore des conse
quences qu'entrainent ses multiples possibilites d'uti
lisation pour }'exploitation de l'energie offerte. 

Les mesures faites pendant trois ans par Frenkiel 
(W/6) clans !'installation eolienne d'Eilat, mise au 
point et decrite par Jacobs (W/22), montrent que, 
malgre les precautions prises, 2 750 kWh seulement 
ont pu etre effectivement utilises, alors que 4 200 kWh 
etaient contenus dans le vent, soit un rendement de 
65,5 p.100. Or, le prix de l'energie etant presque 
uniquement determine par les depenses d'equi
pement qu'entraine l'installation de l'eolienne, il 
s'ensuit que !'exploitation partielle d'un aeromoteur 
du type decrit par Frenkiel provoque une augmen
tation de 50 p. 100 environ du prix de l 'energie. 

Le precede de l'E.R.A. (Electrical Research Asso
ciation) decrit par Walker prevoit un systeme auto
matique de commande de toute !'installation, con<;u 
pour etre utilise par un usager non technicien tout 
en permettant a celui-ci de choisir ·a son gre l' ordre 
de priorite des diverses charges. 

Le dispositif de repartition de la charge, commande 
par les variations de tension de l'alternateur entraine 
par le vent, se compose essentiellement d'un relai 
a soleno1de mobile alimente, par l'intermediaire 
d'un redresseur, par l'alternateur. Les chutes ou les 
hausses de tension dans l'alternateur excitent le 
contact mobile du relai, qui fait demarrer un moteur 
de faible puissance, celui-ci entrainant a son tour, 
par l'intermediaire d'un engrenage, 28 cames dis
posees de fa<;on qu'a chaque rotation de 6 degres 
de l'arbre corresponde la fermeture d 'un micro
rupteur. Le courant derive d'un pole unique, preleve 
sur les trois barres omnibus, alimente une rangee 
verticale de 28 douilles apres etre passe dans les 
microrupteurs. 

Le nombre des cames, microrupteurs, douilles, etc. 
depend entierement du nombre des charges installees. 
Les douilles sont groupees de t elle sorte que toute 
augmentation de la tension de debit, et par conse
quent de la puissance de l'eolienne, provoque leur 
excitation dans un ordre ascendant, tandis qu'une 
baisse de la tension de debit les desamorce dans l' ordre 
inverse. 

L'utilisateur peut choisir a volonte, en enfon<;ant 
les fiches dans la rangce verticale de clouilles, l' ordre 
dans lequel les charges doivent se trouver par 

11. 
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rapport a l'alimentation, au fur et a mesure que 
l'energie devient disponible. 

La conception fondamentale du systeme a selecteur 
de chaq~e peut etre appliquee a n'importe quel type 
de machme ayant jusqu'a, disons, 50 kW de puissance, 
a condition que la puissance et le nombre des contacts 
de charge soient adaptes a tous les besoins prevus. 

Groupes thermo-electriques 
de secours classiques 

Daus les cas d'eoliennes suffisamment grandes 
pour alimenter largement en energie des fermes 
d'importance moyenne ou de petites collectivites, 
le fait de disposer d'un groupe de secours permet 
de creer des conditions extremement favorables en 
ce qui concerne la surete de fonctionnement et 
l'economie de toute !'installation (voir memoires W/1 
et W/18). 

Ces groupes thermo-electriques presentent les 
avantages suivants. 

a) Fourniture de courant de secours en cas de 
periodes d 'accalmie extremement longues. Les accal
mies moyennes, d'une a 48 heures, sont tres nom
breuses, tandis que les accalmies de plus de deux 
jours, par suite de conditions meteorologiques stables, 
sont tres rares. Il serait peu economique et peu 
rationnel de prevoir une installation d'accumulation 
de l'energie qui ne servirait que deux ou trois fois 
par an. Il serait plus rationnel d'utiliser dans ce cas 
un groupe de secours. 

b) Le groupe de secours alimente entierement le 
consommateur en energie lorsqu'il s'avere necessaire 
de proceder a l'entretien ou a la reparation de 
l' eolienne. 

c) Pendant les pointes de consommation saison
nieres, importantes et de courte duree (battage du 
ble, par exemple), le groupe de secours, l'accumu
lateur et l'eolienne peuvent alimenter ensemble le 
reseau et faire face ainsi aux pointes de charge 
rares et importantes. 

L'installation experimentale construite par l'E.R.A. 
en Ecosse ainsi que l' eolienne exploitee par le Wasser-

und Schijjahrtsamt de Kiel sur l'ile Schleimiinde pour 
l'alimentation du phare et de quelques maisons 
d'habitation (voir la reference 4 du memoire \V /6) 
etaient equipees de groupes de secours diesel, qui 
prenaient le relais d'une eolienne Allgaier equipee 
d'une helice de 10 m de diametre et developpant 
l'un 6 kW, l'autre 7,5 kW de puissance nominale. 
Dans les deux cas, il s'est avere au cours de plusieurs 
mois d'exploitation que les groupes diesel n'etaient 
que rarement utilises. A Schleimiinde, l'eolienne 
produit 94,5 p. 100 de l'energie necessaire; ce pour
centage est de 98,6 p. 100 a !'installation E.R.A. 
bien que la vitesse moyenne annuelle du vent n'ait 
ete que de 3,8 m/s. 

Du fait de cette faible participation du groupe de 
secours a la fourniture de l'energie totale, Walker 
estime qu'il suffirait de disposer d'un groupe elec
trogene portatif a essence dont la capacite equi
vaudrait a 12 ou 20 p. 100 de la puissance calculee 
de l'eolienne. 

Prix de l'energie compare a celui des groupes 
electrogenes classiques. 

Lorsque l'on compare les prix de l'energie destinee 
aux usagers individuels et aux collectivites, il faut 
se rappeler que dans tous les cas ou l'on envisage 
d'utiliser le vent (ou l'energie solaire), le prix de 
l'energie ne concurrence pas celui de l'energie fournie 
par les reseaux de distribution publics des pays tres 
industrialises, mais celui des centrales thermiques 
locales. Le tableau 3 donne un apen;u des frais de 
production de l'energie tels qu'ils figurent dans les 
memoires de cette section et les compare aux donnees 
fournies par Golding.1 

Il faut se rappeler a ce propos que les donnees 
reprises dans le memoire W /21 s' a ppliquent a des 
installations exploitees en parallele avec des reseaux 
de distribution publics. Il est possible que les valeurs 

1 Golding, E. \V., La production d 'energic a partir des ressources 
locales, Actes officiels de la Conference des Nations Unies sur les 
sources nouvelles d'energie, 1961, vol. 1 point II.D.l de l'ordre du 
jour, memoire GEN/5. 

Tableau 3. Comparaison des prix de l'energie calcules sur la base d'un amortlssement decennal 
et de la vente de toute l'energie produite 

Auteur Mimoire Puissance Diametre Dollar des E tats-U nis 
nominale de l'helice par kWh 

Juul W/21 200 kW 24 m 0,00105 
Arnfred W/1 30 kW 18 m 0,00073 
Walker . W/18 7,5 kW 10 m 0,041 
J acobs W/22 3 kW 4,5 m 0,028 a 
Frenkiel W/6 3 kW 4,5 m 0,1 b 

Frenkiel W/6 3 kW 

l ( 
0,18 

Golding GEN/5 50 kW Groupes 0,073 
Golding GEN/5 100 kW electrogenes 0,051 
Golding GEN/5 200 kW diesel 

0,042 

a Prix de 1'6olienne a l'usine. 
b Prix de I'eolienne livree. 
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trouvees dans le memoire W/1 reposent sur les prix 
d'achat d' eoliennes tellement anciens qu'ils n' ont 
plus cours a l'heure actuelle. Cependant, si l'on admet 
des conditions tellement variees, on ne peut manquer 
de remarquer combien est vaste l'eventail des donnees 
concernant le prix de l'energie. 

Ces differences denotent un manque de certitude 
quant au calcul des prix de l'energie. Elles sont 
encore plus frappantes lorsqu'on pense qu'aux 
valeurs moyennes divergentes de la vitesse du vent 
qui ont servi de bases au calcul des depenses, telles 
qu'elles figurent aux memoires W/1, W/21, W/18, 
W /22 et W /6, s'ajoutent encore les facteurs d'incer
titude dont Stam dit (W/40) : << les produits qui 
n'empruntent pas les voies normales du ~ommerce 
mondial voient leurs prix multiplies ... ,, 

Les eoliennes decrites clans les memoires W/22 et 
W /6 sont de type identique et construites par les 
memes fabricants. Bien que les vitesses moyennes 
des vents retenues clans les cleux cas pour calculer 
le prix de l'energie aient ete analogues, les deux 
prix varient entre eux clans une proportion de I a 3. 

Le pompage de l'eau par des eoliennes 

II n'y a malheureusement que cleux memcirts 
(W/40 et W/23) consacres au pompage de l'eau par 
des moyens mecaniques. II y est question des efforts 
deployes pour etablir, en faisant appel a des solutions 
de conception particulierement simple, les premisses 
necessaires a la fabrication de telles installations 
clans les pays qui ne disposent pas encore d'une 
industrie tres evoluee. 

II est indispensable, si I'on veut planifier ration
nellement de vastes projets d'irrigation clans le cadre 
de programmes de colonisation des terres ou de 
programmes visant a ameliorer le rendement du sol 
clans des regions deja peuplees, de reunir les donnees 
suivantes au moyen d'observations meteorologiques 
et de forages : 

a) La valeur moyenne hebdomaclaire ou mensuelle 
de la vitesse du vent au cours de plusieurs annees; 

b) La valeur moyenne hebdomadaire des precipi-
tations ; 

c) Le niveau des eaux souterraines; 
d) Le debit maximum des puits fares. 

II semble que le debit moyen des puits (jusqu'a 
leur .assechement) et la profondeur moyenne des 
nappes d'eau souterraines, clans les regions semi
arides ou les eoliennes de pompage sont couramment 
utilisees, aient joue un role determinant pour les 
dimensions du chassis multipale dont sont dotees les 
eoliennes les plus repandues. 

D'un autre cote, le niveau des nappes d'eau souter
raines et le debit possible des puits varient tellement 
d'une region a l'autre qu'il vaut la pcine, lors de la 
mise en valeur d'un nouveau territoire, de proceder 
a des enquetes climatologiques et hydrologiques 
clans le cadre de la planification et, ensuite seulement, 
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de tiefinir !'importance et !'implantation de !'instal
lation ainsi que le systeme d'irrigation optimum. 

Les eoliennes de pompage, comme les pompes 
a gouttiere ouverte dont parle Stam (W /40) ou les 
moulins a vent a faible ecoulement auxquels se refere 
Havinga (II.B.2, W/32), clans lesquels la hauteur de 
refoulement est minime alors que la quantite d'eau 
a debiter est forte, representent un cas special. Des 
aeropompes de ce genre ont deja ete utilisees aux 
Pays-Bas et clans le nord de l'Allemagne pour assecher 
des terrains bas endigues, en Camargue pour recon
querir des terrains defrichables en faisant deposer les 
boues, et clans les deltas des grands fleuves a des 
fins d'irrigation ou d 'assechement; elles y remplissent 
des taches caracteristiques qui leur sont propres. 

Les groupes hydro-electriques dans les systemes 
de distribution d'eau 

Souvent, la premiere tache a remplir lors de Ja 
mise en valeur des terres de colonisation a l'aide de 
I' energie eolienne consiste a rendre disponible l' eau 
necessaire a la vie. L'emmagasinage de l'eau clans 
des reservoirs en tole ou clans des cuves souterraines 
off re la possibilite, mise en avant par Walker (W /18), 
Stam (W /40) et par le rapporteur (conference 
faite en janvier 1961 en Incle, a Bangalore), d'installer 
de petits groupes hydro-electriques sur les conduites 
amenant l'eau du reservoir au consommateur (W/18) 
ou ramenant l'eau en surplus vers le puits, et de 
produire ainsi du courant qui assure l'eclairage ainsi 
que le fonctionnement des pastes de T.S.F. et des 
petits appareils menagers. 

L'installation d'un reseau de distribution d'eau 
compose de conduites souterraines en plastique et 
celle de groupes electrogenes clans les maisons ali
mentees en eau offrent de grands avantages pour la 
distribution de ce liquide. Elles permettent aussi de 
surmonter, grace a cette fa<;on de produire l'elec
tricite, la difficulte dont parle Walker (W /20) : 
les pertes de puissance clans les lignes d'amenee au 
consommateur, qui peuvent etre considerables clans le 
cas des petits aerogenerateurs oil, vu le prix des 
batteries, la t ension est faible. II y a un autre avan
tage encore pour la misc en valeur des terres nouvelles, 
le fait qu'il ne soit d'abord fait appel qu' a des machines 
et a des systemes de distribution d'eau relativement 
simples, a transformation uniquement mecanique, 
avec lesquels la population pent aisement se familia
riser, alors qu'elle ne saurait encore s'attaquer a des 
problemes techniques plus subtils. 

Utilisation en liaison 
avec des reseaux electriques 

Lorsque les installations doivent etre utilisees en 
parallele avec des reseaux transportant de grandes 
quantites d'energie, on les choisit de preference de 
puissance et de grandeur moyennes, non seulement 
parce que les machines de grandc puissance sont 
mains cheres, mais encore parce que ces installations 
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peuvent etre equipees de systemes de reglage plus 
sensibles et capables de repondre a toutes les exi
gences posees par I'alimentation automatique de 
grands reseaux en energie electrique. 

On sait depuis longtemps qu'il n'est pas necessaire 
de regler la vitesse de rotation ou la frequence d'une 
telle installation; il faut cependant prendre des 
precautions pour que, par exemple, la charge maxi
mum admissible de l'alternateur ne soit pas depassee, 
que !'installation soit arretee automatiquement en 
cas de panne de secteur et qu'aucune energie ne soit 
prelevee sur le reseau quand le vent mollit. 

Toutes les eoliennes construites ces dernieres 
annees et destinees a etre montees en parallele avec 
des reseaux etaient des appareils experimentaux. 
Certains d'entre eux etaient des improvisations 
geniales dont les elements et le systeme de reglage 
avaient ete « bricoles >> avec des pieces destinees a 
l'origine a des machines d'un tout autre , genre. 
::\Ialgre la diversite des postulats et bien que les 
solutions trouvees soient tres differentes, il resulte 
de la nature des chases que les programmes de 
commande et de regulation de toutes les installations 
presentent des analogies fondamentales (voir me
moires W/18, W/9, W / 17, W 34 et W / 36, ces quatre 
derniers au titre du point II.B.2). 

C'est ainsi que Juul et Armbrust (memoires W/17 
et W 34, respectivement, au titre du point II.B.2 de 
l'ordre du jour) decrivent d'une maniere analogue 
a celle de Delafond (W /8) les m esures a prendre pour 
cviter les couplages et decouplages trap frequents 
lorsque la vitesse du vent suffit tout juste a faire 
produire de I'energie a l'aerogenerateur. 

II y a deux sortes d'oscillations, les oscillations 
mecaniques et les variations de charge, qui troublent 
le fonctionnement de toutes les eoliennes : 

a) Celles que provoque le passage des pales de 
l'helice devant la tour; 

b) L'effet de << pompage » provoque par le nombre 
fini de pales, par !'augmentation de la vitesse du 
vent avec !'altitude et par le fait que la rigidite de 
l'appui sur lequel repose l'arbre de l'helice n'est pas 
symetrique a son axe de rotation. 

II est heureux que dans les deux cas il s'agisse 
d'oscillations stables qui n'ont pas tendance a se 
transformer en vibrations. Leur origine etant connue, 
il sera possible d'y remedier en grande partie dans 
les modeles ulterieurs. 

Les aerogenerateurs exploites en parallele avec des 
reseaux puissants constituent une charge negative 
pour ces reseaux, ainsi que l'a note Munroe, dans les 
commentaires formules par lui a ce sujet (reunions 
d e !'Electricity Research Association, Landres, 
mars 1955). 

Ces charges negatives, qu'il n'est pas toujours 
possible de prevoir a l'avance, surtout lorsque des 
aerogenerateurs isoles sont exploites en parallele 
avec des reseaux puissants, ont pour effet d'econo
miser le combustible ou le carburant. Toutcfois, les 
reseaux publics doivent avoir une puissance garantie; 
c'est pourquoi les representants des entreprises 

distributrices de courant electrique soutiennent que 
l'economie ainsi realisee est relativement faible pour 
les raisons suivantes : 

a) La part revenant au combustible dans le prix 
de revient brut du k\Vh est relativement minime, 
quel que soit le systeme d'alimentation en energie; 

b) Pour chaque unite de puissance nominalement 
produite par un aerogenerateur et fournie a l'usager, 
il doit y avoir une unite de puissance egale d'origine 
classique utilisable en cas d'accalmie complete du · 
vent. 

Bien que ces arguments soient fondes en un certain 
sens, il n'en reste pas mains qu'ils postulent que le 
combustible ou le carburant (charbon ou mazout \ 
sera disponible en toute circonstance a des pri.x 
stables. Or, tel n'est pas le cas. II ressort de la figure 5 
du memoire W /21 que, de 1950 a 1960, le prix du 
charbon et du petrole a varie au Danemark de plus 
ou moins 50 a 60 p. 100 par rapport au prix moyen. 
Les pays qui ne disposent pas de ressources suffi
santes en ce domaine doivent meme s'attendre de 
temps en temps a des situations economiques ou 
politiques qui mettent en danger leur approvision- · 
nement. 

II n'est pas toujours vrai non plus que le repar
titeur de charge des entreprises de distribution de 
courant pourrait eprouver de grandes difficultes par 
suite des oscillations constantes de la puissance 
offerte par les aerogenerateurs lorsque la part de 
l'energie eolienne dans la puissancc totale du reseau 
depasse 20 a 30 p . 100. Comme le demontre Juul 
(W/21) et comme le signale Delafond (W/8), il s'etablit 
un equilibre energetique interne dans !'exploitation 
en. parallele de plusieurs aerogenerateurs largement 
espaces, la quantite d'energie offerte etant alors 
plus uniforme. Ainsi qu'il ressort des probabilites 
statistiques, cela s'explique par le fait que les varia
tions de la vitesse du vent dues aux turbulences 
locales de meme que les oscillations de puissance 
sont ainsi supprimees, surtout si les aerogenerateurs 
sont nombreux et largement dissemines. 

Les echanges de masses d'air importantes et, de ce 
fait, l'ordre de grandeur de la vitesse previsible du 
vent peuvent etre predits quelques heures a l'avance 
avec une assez grande certitude. Lorsque l' energie 
eolienne potentielle represente une part assez grande 
du reseau, le repartiteur de charge doit etre constam
ment renseigne par les services meteorologiques sur 
les changements de la situation m eteorologique, 
afin qu'il puisse programmer son recours aux groupe5 
electrogenes classiques. 

Aucune difficulte fondamentale et insurmontable 
ne s'oppose done a l'alimentation d'un reseau en 
energie d'origine aerodynamique. II ne reste alo'.5 
qu'une seule restriction, le fait que cette energ1r 
est mal placee, en ce qui concerne les prix, pour sou
tenir la concurrence de l' energie d' origine classique. 
surtout lorsqu'elle est utilisee par des usagers prives. 

II serait pourtant possible de baisser encore son 
prix de revient par rapport aux valeurs indiquee, 
dans le t ableau 3. Pour cela, il faudrait : 
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a) Produire en grandes series des aerogencrateurs 
de puissance moyenne et abaisser ainsi les prix du 
fabricant. II faut se rappeler que, jusqu'a present, 
tous les grands aerogcnerateurs etaient des modcles 
uniques et que tous les prix de revient de l'energie 
etaient fondes sur les frais plus eleves qui en decou
laient. II en est ainsi non seulement pour les aero
generateurs exploites en parallele avec des reseaux 
de distribution, mais encore (sous reserve de certaines 
restrictions) pour les machines fabriquees industriel
lement et destinees a etre vendues a des usagers 
prives; 

b) Perfectionner systematiquement les installa
tions sur la base des connaissances deja acquises, 
en vue de simplifier au maximum, en tenant pleine
ment compte des donnees de l'aerodynamique 
moderne et de la technique de la regulation, ainsi 
qu'en mettant en pratique nos connaissances clans 
le domaine des materiaux nouveaux et clans celui des 
procedes de fabrication les plus recents. 

Themes de discussion proposes 

1. De quelle duree doivent etre, en comparaison 
des groupes electrogenes classiques, les intervalles 
separant les travaux d'entretien et de reparation 
effectues sur les eoliennes? 

2. Quelle est !'importance des frais d'entretien et 
de reparation par rapport au prix de revient total 
de l'energie eolienne destinee a des usagers prives 
OU a des collectivites? 
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3. Quels dommages la foudre peut-clle causer aux 
eolienncs, et quellcs precautions faut-il prendre a 
ce sujet? 

4. Quelle influence le givrage des pales d'helicc 
exerce-t-il sur les eoliennes? Des balourds peuvent-ils 
les endommager, et de quelle fa<;on le debit de !'instal
lation en est-il affecte? 

5. La surete de fonctionnement des eoliennes 
revet une telle importance clans certains domaines 
que toute simplification de leur construction entraine 
une simplification supplementaire du fonctionne
ment. La suppression du systeme d'alignement dans 
le vent constituerait une telle simplification. Dans 
quelle mesure le debit d'une eolienne fixe diminuerait
il par rapport a celui d'une installation a commande 
d'alignement? 

6. Est-il possible d'eviter les oscillations de puis
sance provoquees par le passage des pales devant la 
tour en faisant tourner l'helice devant celle-ci et non 
pas derriere elle, clans le sens du vent? 

7. De quel ordre de grandeur sont les bruits 
provoques par les eoliennes en marche? 

8. Quels avantages presentent, par rapport aux 
pompes a entrainement mecanique direct, les instal
lations de pompage clans lesquelles des aerogene
rateurs alimentent en courant triphase des pompes 
plongeantes montees sur un puits? 

9. On sait que, au cours de la journee, la vitesse 
du vent accuse des valeurs maxima et minima carac
teristiques. Les courbes de demande d'energie pre
sentent elles aussi un aspect caracteristique. Est-il 
possible de faire suivre a la demande d'energie les 
fluctuations journalieres de la vitesse du vent? 



RECENT DEVELOPMENTS AND POTENTIAL IMPROVEMENTS 
IN WIND POWER UTILIZATION 

Rapporteur's summation 

The main points which emerged from the discussion 
concerning agenda item II.B.3 are here summarized. 

Apart from the potentiality of solar energy, the 
only presently available energy source for individual 
use, as ,vell as for small isolated communities, is 
the thermo-electric unit of conventional type. If 
the local average wind velocity at the selected site, 
measured over a long period, exceeds 4 m/sec or 
9 mph, integrated wind power installations of 
present day design can easily compete with conven
tional thermo-electric sets, both economically and 
from the point of view of maintenance. 

The relation between the price of a kilowatt 
produced by a wind electric installation and that 
produced by conventional thermo-electric sets is 
much better for a unit producing more than about 
20 000 k\V per annum than for smaller ones. 

If there exists, at the site provided for the erection 
of a wind power plant, a measured long-time average 
wind velocity value, then the quantity of energy 
which a certain wind pO\ver plant at this site will 
produce can be predicted exactly. 

If, for at least a year, the daily average of wind 
velocity at the site has been m easured, the necessary 
capacity of the energy-storing device (which has a 
considerable influence on the economy of the instal
lation) can be exactly calculated on the basis of the 
power availability diagram which the the user of 
the plant has. 

A small conventional thermo-electric stand-by 
unit is certainly of some help, but it will contribute 
only l to 3 per cent to the total energy supply. 

As the required energy is only a m eans for provid
ing certain_ products necessary for life and therefore 
not of primary interest, not only the size but also 
the kind of the required accumulator has a marked 
influence on the economy of an integrated plant. 

Plants of this optimum size exist i'n Grand Vent, 
Algeria ; G j edser, Denmark; N ogen t le Roi, France; 
and Stotten, Germany. 

This size, about 24 to 34 metres in diameter, can 
easily be produced in quantities so that the selling 
price will fall to a reasonable level; the wind power 
plants will be able to serve as po,ver sources for 
communities, producing 100 to 500 megawatt hours 
per unit per annum at only 10 mph average wind 
velocity. 

For water pumping, it has for many .years frequent
ly been proposed that wind electri c units of some 
size be installed on hill-tops to feed electrically 
driven water pumps at deep points in the valleys 
where sub-surface water exists. This would not only 
divide the problem into a more or less new one -
wind electricity - and an old one - pumping water 
by electric driven pumps - but would also take 
advantage of the higher energy gain on the hill
tops. 

\Vhere fl at country prevails, even mechanically 
driven pumps with variable stroke, following the 
ideas of patents more than thirty years old, may 
pump water in quantities using wheels with high 
specific speed. 

To obtain water from moisture in the air, direct , 
mechanically, driven compressors of refrigerator 
systems may be of considerable value. 

As many parts of wind power plants, such as 
wings and tower, are bulky for transport, on the one 
hand, and comparatively easy to make, on the other 
hand, if the preparatory engineering is on a high 
level - taking into account even the much bigger 
tolerances, which have to be conceded - these 
could easily be made by local labour. This not only 
decreases the necessary capital investment but also 
has the psychological effect of giving local labour the 
feeling ofability to make such a plant as well as the 
responsibility for the installation. By correct choice of the characteristic outlay data, 

the economy of a wind power plant can be optimized . 
The influencing data are the rated power per unit The facts concerned with parallel operation of 
of area swept by the wings and the capacity of the wind power plants are well known. Years of satisfac
energy storage device expressed in days of independ- tory and completely automatic operation have 
ent energy storage. It is remarkable that the necessity proved it. 
of energy storage makes it more reasona?le to choose In summarizing these points and in considering 
a smaller specific power than that which seems to what could be done now, we are confronted with 
be the optimum if no storage is considered. the following situation. _ 

The optimum size of wind power pla~ts depends A comparatively small group of enthusiastic 
on the average wind velocity and the design concept. engineers and scientists have already developed all 
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the techniques to use wind power on a large scale. 
The difficulty, however, lies in the fact that, on the 
one hand, industrialized countries are expected to 
undertake the considerable investment necessary 
for mass production of units, while on the other hand, 
developing countries are expected to place orders in 

such quantity that the efforts to organize a planning, 
selling and servicing system, which is essential to 
bring wind power utilization to a success, can be 
considered economically reasonable. It is to be 
hoped that this Conference may help to resolve this 
difficulty. 



UTILISATION DE L'ENERGIE EOLIENNE : PROGRES RECENTS 
ET AMELIORATIONS POSSIBLES 

Resume du rapporteur 

. ?n fr~uvera ci-apres un resume des principales 
1dees em1ses au cours de l'examen du point II.B.3 
de l'ordre du jour. 

Abstraction faite des utilisations possibles de 
1' energie solaire, la seule source d' energie actuelle
ment a la disposition des particuliers et des petites 
collectivites isolees est le groupe thermo-electrique 
d~ type classique. Si, a !'emplacement choisi, la 
v1tesse moyenne du vent, mesuree pendant une 
periode de longue duree, depasse 4 m/s, soit 9 milles 
par heure, !'installation eolienne integree de type 
courant peut facilement rivaliser, tant sur le plan 
economique que du point de vue de son entretien, 
avec la centrale thermo-electrique classique. 

Le rapport du prix du kilowattheure produit dans 
une centrale eolienne a celui du kilowattheure pro
duit . dans une centrale thermo-electrique de type 
class1que est beaucoup plus favorable s'il s'agit d'une 
installation produisant plus de 20 000 kilowatt
heures par an que d'une installation plus faible. 

Si l'on a mesure la vitesse moyenne du vent pen
dant une longue periode a !'emplacement choisi 
pour la construction d'une centrale eolienne, on peut 
prevoir avec exactitude la quantite d' energie que 
produira cette centrale. 

Si l'on a etabli, pendant une annee au moins, la 
moyenne quotidienne de la vitesse du vent a !'empla
cement donne, on peut calculer avec exactitude la 
capacite necessaire du dispositif d'accumulation 
d' energie ( qui in flue considerablement sur la renta
bilite de l'installation) d'apres la courbe de la puis
sance disponible que possede l'utilisateur de l'instal
lation. 

Un petit groupe thermo-electrique classique de 
reserve n'est certes pas inutile, mais il ne peut four
nir que 3 p. 100 de la quantfte totale d'energie. 

Comme l'energie requise ne represente qu'un 
moyen de se procurer certains produits necessaires 
a la vie et, par consequent, ne revet qu'un inten'.!t 
secondaire, la rentabilite d'une installation integree 
depend dans une large mesure non seulement de la 
dimension de l'accumulateur utilise, mais aussi du 
type auquel il appartient. 

On peut assurer la rentabilite optimale d'une cen
trale eolienne en choisissant correctement les carac
teristiques de !'installation. Les facteurs essentiels 
sont la puissance de regime par unite de surface 
balayee par les ailes et la capacite de l'accumulateur 
d'energie exprimee en journees d'accumulation inde
pendante d'energie. II y a lieu de noter que, vu la 

necessite d'accumuler l'energie, il est plus avanta
geux de choisir une puissance specifique plus faible 
que celle qui semble optimale lorsqu' on n' envisage 
pas la question de !'accumulation de l'energie. 

La dimension ideale des centrales eoliennes depend 
de la vitesse moyenne du vent et du modele choisi. 
On trouve des centrales ayant cette dimension 
optimum a Grand Vent (Algerie), Gjedser (Dane
mark), Nogent-le-Roi (France) et Sti:itten (Allemagne). 

Des installations de cette dimension - c'est-a-dire 
ayant de 24 a 34 metres de diametre - peuvent etre 
aisement fabriquees en grandes quantites de maniere 
que le prix de vente en soit raisonnable; ces centrales, 
qui peuvent produire de 100 a 500 megawattheures 
par groupe et par an pour une vitesse moyenne du 
vent de 10 milles par heure seulement, permettront 
d'alimenter des collectivites en energie. 

Pour le pompage de l'eau, on propose depuis 
plusieurs annees d'installer sur Ies hauteurs des 
centrales eoliennes de dimension assez importante 
afin d'alimenter des pompes a eau electriques situees 
au fond des vallees, ou se trouve de l'eau a faible 
profondeur. Le probleme se subdiviserait ainsi en 
deux, dont l'un - la production d'electricite au 
moyen de l'energie eolienne - est plus ou moins 
nouveau et l'autre - le pompage de l'eau par des 
pompes actionnees electriquement - est ancien; 
en outre, on pourrait tirer parti du gain d'energie 
plus eleve, existant sur les hauteurs. 

En terrain plat, meme des pompes mecaniques a 
course variable construites d'apres des brevets datant 
de plus de 30 ans peuvent pomper de grandes quanti
tes d'eau grace a des roues a grande vitesse speci
fique. 

Lorsqu'il s'agit d'obtenir de l'eau a partir de l'humi
dite contenue dans l'air, les compresseurs mecaniques 
directs utilises clans les installations frigorifiques 
peuvent presenter un inten~t considerable. 

Comme un grand nombre des elements des centrales 
eoliennes, notamment les ailes et la tour sont, d 'une 
part, difficiles a transporter en raison de leur volume 
et, d'autre part, de fabrication assez simple si celle-ci 
est mise au point avec soin - meme en tenant 
compte des tolerances plus elevees a. observer - ces 
elements pourraient etre aisement fabriques par la 
main-d'ceuvre locale. On pourrait ainsi reduire le 
montant des investissements necessaires; en outre, 
on donnerait aux travailleurs locaux le sentiment 
qu'ils sont capables de construire une installation 
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de ce genre et on pourrait lcur confier la responsa
bilite de l'installation. 

Tout ce qui concerne l'exploitation parallele des 
centrales eoliennes est bien connu, comme l'attestent 
des annees de fonctionnement satisfaisant et entiere
ment automatique. 

Compte tenu de l'expose ci-dessus et des possibi
lites qui s'offrent actuellement, la situation se pre
sente de la maniere ci-apres. 

Un groupe assez restreint d'ingenieurs et de 
savants enthousiastes ont deja effectivement mis 
au point toutes les methodes d'utilisation de l'energie 

eolienne a grandc echclle. Cependant, une difficulte 
demeure car, d'une part, on compte sur les pays 
industrialises pour effectuer les investissements consi
dcrables qui permettront de produire lcs machines 
en grande quantitc et, d'autre part, on espcre que les 
pays en voie de developpement feront assez de 
commandes pour que puissent etre consideres comme 
economiquement rentables les efforts deployes en 
vue d'organiser un systeme de planification, de vente 
et d' entretien sans lequel !'utilisation de l' energie 
eolienne ne peut donner des resultats satisfaisants. 
II faut esperer que les travaux de la Conference 
permettront de surmonter cette difficulte. 



INDIVIDUAL PAPERS - MEMOIRES 

Agenda item 11.B.3 (a) 

W/6 

WIND POWER PLANT IN EILAT 

J. Frenkiel * 

Eilat, the southernmost settlement in Israel 
(29° 33' N, 54° 57' E), lying on the arid north
eastern extremity of the Red Sea shore, is an excellent 
example of a new locality in a completely undeveloped 
area. When first established in 1949, it was almost 
250 km distant from the nearest inhabited place in 
Israel, and all supplies had to be brought either 
by road, most of it dirt track, over a distance of some 
400 km, or by air. Since then conditions have greatly 
improved : there is now a hard-surfaced road all 
the way with a chain of settlements along it, and 
some supplies are brought by sea as well . Even now, 
however, because of the considerable distance of 
Eilat from the centers of supply, the price of bulky 
goods is appreciably higher there than elsewhere in 
Israel. Obviously, this price differential was much 
more pronounced before the road was built. 

One of the first and most pressing needs of the 
new settlement was power generation, and this was 
first supplied by a relatively small (30 kW) Diesel 
generator, working on a 15-hour a day sche~ule. The 
electricity so produced was very expensive, and 
its supply was not continuous. 

For some purposes it was essential to have a 
continuous supply of electricity, and wind power 
was among the alternatives considered. The Eilat 
area had been known since antiquity as a place 
where strong and steady winds prevail; its winds 
were said to have helped in smelting copper in the 
fabled King Solomon's mines. 

Since 1945, regular wind measurements have 
been made there (at that time, the locality consisted 
of a lonely police outpost known as Um-Rash
Rash only), and these have confirmed its biblical 
reputation. 

Consequently, it was decided to set up a small 
wind power plant, to cater for a connected load ?f 
about 3 kW. The plant chosen was the largest avail
able commercially at the time (1952), a 3 kW, 
110 V D.C. J acobs unit. It was set up on a small 
ridge athwart the prevailing wind direc!ion? at a 
distance of about 30 m from a wind-recordmg mstru
ment and at the same height. The load was provided 
by two near-by cottages housing Government offices 
with attached living quarters. 

The plant was in continu~us ?perati?n for m<;>re 
than three years. During this time, w:nd velo~1ty 
and direction were recorded and daily readmgs 
were taken of the output of the plant _and the_ effective 
electricity consumption. The followmg sections deal 
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with wind regime in Eilat; the installation; perform
ance data; and economic aspects. 

Wind regime in Eilat 

As stated above regular wind observations were 
started in Eilat in 1945. Monthly means of wind force 
and frequ~ncy of direction at 08, 14 and 2~ hours 
local time are given in tables 1 and 2 which are 
derived from Climatalogical Normals, 1956 (1) and 
are based on six years of observation (1945-1947 and 
1950-1952) prior to the installation of the wind power 
plant in Eilat. 

Tables 1 and 2 show some salient features of the 
wind regime in Eilat. These are : (a) a pronounced 
seasonal variation with a flat winter minimum and a 
broad summer maximum with a trough in the middle 
of it; (b) a comparatively strong diurnal v~riat~on; 
(c) a year-round strongly prevailing wind direction. 

In the spring of 1953, a Dines wind-speed ~nd 
direction recorder was set up on a small 20-m high 
east-westerly ridge some 30 m from the wind power 
plant (see figure L). The pressure tube was placed on 
a self-supporting tower about 12 m above grom:id 
with the recorder on the ground directly below 1t. 
At a later date, a cup-counter anemometer was 

Figure 1. Wind power plant and wind measuring 
instruments in Eilat 
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Table 1. Weighted means of wind force in Eilat (in Beaufort) 

Time Yearly 
(G.M.T. + ~) Jan. Feb. Mar. Apr. May ]tl!tC July Attg. Sept. Oct . Nov. Dec. mean. 

08. 2.9 3.0 3.4 3.9 3.9 4.0 3.5 3.6 4.3 3.8 3.4 2.6 3. 53 
14. 3.6 3.4 3.6 3.9 3.9 4.6 4.0 4.3 4.6 3.9 3.8 3.0 3.88 
20 . 2.8 2.8 3.1 3.3 3.6 4.0 2.9 3.6 3.8 3.0 2.9 2.2 3.17 
Mean (Beau£.) 3.1 3.1 3.4 3.7 3.8 4.2 3.5 3.8 4.2 3.6 3.4 2.6 3.53 
(Conv.) (km/hr) . 16.4 16.4 18.8 21.3 22.2 25.8 19.7 22.2 25.8 20.5 28.8 12.6 19.8 

Table 2. Frequency of wind directions (in per mille) in Eilat 

Month Time N NE E SE s SW w N W Calm 
(GMT+ 2) 

· { 
08 545 286 11 20 3 14 24 97 

Jan. 14 425 255 62 28 119 37 3 30 43 
20 527 201 6 13 32 17 38 59 107 

·{ 
08 549 278 9 6 9 24 30 30 65 

Feb .. 14 364 226 57 12 128 111 42 48 12 
20 529 190 3 6 30 27 36 84 95 

·{ 
08 537 306 16 22 16 17 86 

Mar . . 14 318 206 41 16 235 108 38 11 27 
20 522 134 3 74 76 24 87 80 

·{ 
08 567 318 9 9 29 18 17 33 

Apr . . 14 361 214. 20 37 226 84 15 32 11 

20 461 136 9 6 70 35 69 135 81 

· { 
08 600 302 6 41 22 8 5 16 

May. 14 440 214 24 13 186 78 13 16 16 
20 492 175 3 3 85 60 31 113 38 

-{ 
08 664 304 3 3 15 11 

June. 14 556 272 6 25 97 23 3 18 
20 561 73 34 12 17 292 11 

·{ 
08 582 370 9 3 8 3 3 22 

July . 14 425 229 12 28 203 76 3 19 5 
20 538 33 33 60 19 195 122 

-{ 
08 688 288 3 3 13 5 

Aug .. 14 561 227 3 102 67 11 24 5 
20 623 70 40 33 27 180 27 

·{ 
08 689 293 18 18 

Sept . . 14 645 294 9 3 23 20 6 12 

20 669 llO 12 17 3 178 11 

-{ 
08 680 264 5 8 43 

Oct. 14 557 233 3 22 65 40 3 39 38 

20 633 168 18 17 14 107 43 

.{ 08 728 200 14 6 15 6 14 17 
Nov .. 14 611 179 9 3 87 38 9 25 39 

20 660 136 9 31 18 18 56 72 

-{ 
08 593 188 3 16 3 3 33 161 

Dec .. 14 498 162 16 62 85 55 5 27 90 

20 548 160 3 27 16 13 35 198 

Yearly mean { 
08 617 283 7 2 12 8 8 17 46 

08 480 226 22 21 129 61 12 25 24 

20 564 132 3 3 40 32 26 126 74 

installed at the same height , and regular daily Table 3. Yearly mean wind speeds and energy 

readings of this instrument were taken at the time Jn the wind in Eilat 

of changing the Dines ch art. The two wind measuring 
M ean wind speed Energy in the wind 

instruments were in continuous operation for the Period (km/hr) (k Wh p .a./ sq.m.) 

next four years, Dines chart evaluation having been 
made for three years. The results of the previous 

1 April 1953-1 April 1954 18.5 l 250 
measurement s were fully confirmed (see figure 2) 1954' 19.0 1 220 
with an important addition : constancy of yearly 1955 . 19.4 1 300 
wind regime, as shown in table 3. 
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Figure 2. Wind velocity survey, Eilat (25 m above sea level; 12 m a bove ground) 
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Description of the installation 

The wind power unit chosen was a Jacobs wind 
electric plant, model 60 BX, 110 volt rated at 3 kW. 
It had a 14 ft-diameter, 3-blade variable pitch pro
peller steered by a vane to face the wind and driving 
directly a slow-speed (150 to 250 rpm) shunt genera
tor. It was linked to a 150 Ah. heavy duty battery 
through a control cabinet consisting of a reverse 
current relay, a charge control unit and a voltage 
control unit. In view of the capacity of the battery, 
the charge limit was set at 18 amp, and the voltage 
limit at 138 V, resulting in the effective maximum 
power of the plant of 2.5 kW, or 175 watts per square 
meter of the swept area of the propeller. 

The plant was set on a 12-m high self-supporting 
tower at the eastern extremity of a small ridge. 
overlooking the settlement and Eilat Bay (figure 1). 
The battery was stored on the rear porch of a cottage 
built at the other extremity of the ridge some 60 m 
from the plant, and in one of the rooms the instru
ment panel was set up (figure 3). The latter contained 
a voltmeter, an amperemeter in the generator circuit 
and an amperemeter to measure the net current to 
the battery; an amperehourmeter indicator giving 
the state of charge of the battery; a watthourmeter 
in the generator circuit, and an amperehourmeter 
in the load circuit. 

The load was provided by two cottages of about 
120 sq.m. floor area each : one of these, which housed 
the instrument panel and a battery, served as living 
quarters for the Government's representative in 
Eilat; the other housed his offices and a small mari
time museum. The total connected load was about 
3 kW. 

Figure 3. Instrument panel . 

Performance data 

The wind power plant was put into operation in 
the middle of June 1953, some three months after 
the beginning of wind measurements with the Dines 
recorder, and remained in operation practically 
without interruption until September 1956. During 
this first year (1 July 1953-1 July 1954), daily read
ings were taken of the consumption of wind-produced 
electricity, and subsequently both the output (kWh) 
and the consumption (in amp/h), together with the 
state of charge of the battery, were recorded daily. 
These data are summarized for 3 months' periods 
in table 4. 

From table 4 it may be seen that the average 
yearly output - with charge limiting device operat
ing - was 4 200 kWh, equivalent to 1 680 kWh per 
kW installed, or 294 kWh per square meter of the 
swept area of the propeller. 

The figure of 1 680 kWh per annum per kW 
installed and the corresponding figures for shorter 
periods may be compared with the specific output 
of an "ideal wind machine" obeying the following 
relationship : 

P = k). (v)v3 ). (v) = 
( 

= 0 when v < v, 
= ). (v ,) = const. when v8 < v < Vr 
= ). (vr) (v,/v)3 when Vr < v 

where P - effective power of the windmill 
k - constant for given atmospheric condi

tions 
Vs - cut in wind speed = 16 km/hr 
Vr - rated wind speed = 32 km/hr. 

In the wind regime of Eilat, the specific output 
has been found to be a precise linear function of the 
mean wind speed relating to 3-monthly period 
according to the regression equation (2) : 

Ts/To =a+ bv 

Ts = specific output (related to one year); To = 
8 760 (hours) 

v = quarterly (i.e. 3-monthly) mean wind speed 
a = -0.398 ± 0.014; b = 0.0360 + 0.0007 

variance about the regression line 0.00003. 

Now, the characteristic of the Eilat plant was not 
very different from the above characteristic of an 
"ideal wind machine". It started generating at a 
wind speed of about 15 km/hr, and achieved its rated 
(2.5 kW) power at about 32 km/hr, when its over-all 
efficiency was 41 per cent (when related to power 
in the wind) or 68.5 per cent (when related to avail
able power in the wind). With wintl velocity rising 
above 32 km/hr, the flyball governor reduced the 
pitch of the blades, resulting in an approximately 
constant rotational speed of 250 rpm, and a pro
gressively diminishing over-all efficiency. 

A comparison of the maximum possible output 
(i.e., if all the energy available could be utilized) 
with the effective output is given in table 5. 

The very high ratio of the effective output to 
maximum possible output in the period January-
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Table 4. Performance data of wind power plant in Eilat (1 July 1953-1 July 1956), 
· three-monthly periods 

July-Sept. 1953 
Oct.-Dec. 1953 . 
Jan.-Mar. 1954 
Apr.-June 1954 

Period 

l July 1953- l July 1954 

July-Sept. 1954 
Oct.-Dec. 1954 
Jan.-Mar. 1955 
Apr.-June 1955 

1 July 1954-1 July 1955 

July-Sept. 1955 
Oct.-Dec. 1955 
J an.-:\Iar. 1956a 
Apr.-June 1956a 

1 July 1955-1 July 1956 

Output 
(kWh) 

1 146 
874 
959 

1 216 

4195 

1 152 
848 

1 200 
1 702 

4 902 

Consumptto,i 
(amphf) 

6 947 
3 252 
4 743 
7 424 

22 366 

6 422 
4 710 
3 226 
6 965 

21 323 

6 974 
4 780 
6 007 
6 860 

24 621 

Days of battery 
/1<1/y charged 

(nu.mber) 

28 
34 
41 
40 

143 

54 
24 
31 

M ean wind 
spee,t 

{km/hr) 

19.5 
17.1 
16.0 
:H.2 

18.5 

21.9 
16.9 
16.9 
21.0 

19.2 

23.3 
16.3 
16.5 
21.6 

19.4 

• Beginning with January 1956, the charge limiting device did not operate; this explains the high output figures for this period. 

l\1arch 1956 is apparent only. This will be explained 
when analysing the performance on a monthly 
basis. 

The figure of 294 kWh per annum/sq.m. may be 
compared with the specific output from 76.5 to 
251 kWh per annum/sq.m. for Lykkegard wind 
power plants, and from 107 to 304 kWh per annum/ 
sq.m. for Smidth aerogenerators in Denmark in the 
years 1941-1944 (3). It is noteworthy that the highest 
figure was achieved by the 17.5 m diameter, 50 kW 
units in parallel operation with local networks in 
a wind regime characterized by a mean wind speed 
of 6 m/sec (as against mean wind speed of 5.3 m/sec 
in Eilat). When the charge limiting device of the 
Eilat plant did not operate, the output figures rose 
by 30 per cent giving an extrapolated specific yearly 
output of 380 kWh per sq.m. (see also table 6). 

Table 5. Comparison of the effective output of the Eilat 
plant with the maximum possible output 

Period 

July-Sept. 1954 
Oct.-Dec. 1954 
Jan.-Mar. 1955 
Apr.-June 1955 
July-Sept. 1955 
Oct.-Dec. 1955 
Jan.-Mar. 1956 
Apr.-June 1956 

Maximum 
possible 
output 

(kWh/kW) 

889 a 
476 a 
456 a 
773a 
963 a 
393 a 
417 b 

850 b 

• Computed from power dura (ion curves. 
b Computed from the regression equation. 

Effective output 
( before battery) 

Per cent 

kWh/kW of maximum 
possible 
output 

458 52.6 
349 73.4 
383 84.0 
486 62.8 
461 47.9 
339 86.2 
400 95.9 
567 66.7 

Another comparison may be drawn with an All
gaier 6 kW aerogenerator operating navigation lights 
on Schleimuende Island ( 4), in a wind regime charac
terized by the same mean wind speed as in Eilat. 
There, during the period August 1953-October 1954, 
5 546 kWh were produced, equivalent to 57 kWh per 
annum/sq .m. This low figure is explained by low 
demand, and it is stated that if full available energy 
could have been utilized, the output would have 
trebled, reaching about 170 kWh per annum/sq.m. 
Even so, it would have been much below the figure 
obtained with the Eilat plant. 

However, of the 4 200 kW produced yearly by 
the latter, only 2 750 kWh (22 000 amph at an aver
age voltage of 125 V) or 65.5 per cent were actually 
consumed, whereas the remainder of 1450 k\Vh, 
or 34.5 per cent, must be regarded as loss incurred 
during battery charging. 

A more detailed picture of the performance of the 
Eilat plant (on a monthly basis) for a two-year 
period is given in table 6. It is seen that the monthly 
output varied from 184 kWh to 524 kWh (with 
charge limiting device operating) and 650 kWh 
(with charge limited only by the battery voltage). 
The lowest monthly value of output was achieved, 
not surprisingly, in the least windy month, December 
1955. When this output is compared to that of 
January 1956, the ratio is found to be 1: 2, which 
is identical to the ratio of specific outputs as computed 
from the regression equation when substituting the 
respective mean wind velocities (13.5 km/hr and 
15.9 km/hr). In both cases, the actual output is 
some 12 per cent higher than the possible maximum 
output as computed from the equation. There are 
several explanations for this apparent incompatibility: 

(a) Departure of the actual performance of the 
Eilat wind machine from ideal windmill; (b) un-
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Table 6. Performance data of wind power plant in Eilat (1 July 1954-1 July 1956), 
monthly periods 

Output Consu.mption Days of battery Jf eat, wind 
Month 

(kWh) ( amp/ h) ft<lly charged speed 
(num ber) (km/hr) 

1954 

July 524 2 786 6 21.9 
Aug. 416 1 934 12 21.1 
Sept. 305 1 702 10 22.8 
Oct. 344 2 374 9 19.0 
Nov. 224 1 140 15 15.6 
Dec. 306 1 195 10 16.0 

1955 

Jan. 275 922 19 17.l 
Feb. 281 l 071 10 15.7 
Mar. 403 1 233 12 17.9 
Apr. 415 2 522 8 18.5 
May 393 2 188 14 21.2 
June 405 2 255 18 23.4 
July 364 2 098 12 20.9 
Aug. 370 2 118 22 23.6 
Sept. 418 2 756 20 25.4 
Oct. 314 1 924 14 19.1 
Nov. 360 1 821 6 16.3 
Dec. 184 1 035 4 13.5 

1956a 

Jan. 374 1 852 11 15.9 
Feb. 402 1 928 11 16.6 
?.far. 424 2 227 9 16.9 
Apr. 458 2 779 (b) 18.6 
May 594 2 439 (b) 23.4 
June 650 l 642 (b) 22.7 

• Beginning with January 1956, the charge limiting device did not operate; this explains the high output figures for 
this period. 

b Ko d ata recorded. 

Table 7. Some daily maxima of output of the wind power plant in Eilat 
and corresponding wind runs 

Date Max. daily 
State of 

Corresponding Corresponding 
( day ending on output wind run consumption. 
the morning of) (kWh) battery ( km) (a,np/h) 

1954 

20 June . 25.4 almost full 646 116 
8 July 24.4 almost full 554 66 

20 Aug .. 25.7 full 657 118 
29 Sept .. 28.8 full 641 112 
10 Oct. 26.4 half-full 497 114 
10 Nov .. 21.4 full 663 98 
17 Dec. 23.8 half-full 402 92 

1955 

24 Feb. 47.6a almost full 762 65 
20.May . 34.9 full 701 177 
26 June. 26.6 full 778 91 
22Aug .. 24.4 full 680 85 
10 Sept. 38.1 half-full 717 157 
21 Dec. 30.2 a lmost full 495 24 

1956 
24 Jan. 29.5 half-full 500 229 
24 l\Iar. 29.3 almost full 502 66 
131\Iay 36.6 639 

• 27 hours. 

331 



332 II.B.3 Developments and improvements in wind power utilization 

Table 8. Some minima of daily wind run 
and corresponding output 

Date 
( endin g OJJ, the 

morning of) 

1954 

31 July . 
23 October . 
2 NO\·ember. 
1 December 

1955 

4 February 
12 February . 
1 :\larch 
28 :\larch . 
4 April .. 
2i October 
7 ~O\·ember. 
15 December 

lVind run
( km ) 

212 
198 
249 
212 

251 
172 
187 
193 
168 
203 
117 
171 

Output 
( kWh) 

0.7 
3.9 
1.7 
0.8 

2.5 
1.1 
1.2 
1.4 
6.3 
3.5 
1.3 
1.0 

State of battery 

empty 
empty 
empty 

half empty 

half empty 
almost full 
almost full 
half empty 

empty 
half empty 

empty 
empty 

certainty of the regression equation for monthly 
mean values, especially for low mean wind speeds; 
(c) energy pattern factor (i.e., the ratio of the actual 
energy in the wind to the energy which would obtain 
if the wind speed was constant during the hour); 
(b) and (c) each could account for too low assessment 
of the maximum possible output by as much as 
15 per cent. 

In view of the above, it seems necessary to revise 
the maximum possible output as given in the second 
column of table 5 by at least 15 per cent. This will 
result in a corresponding reduction of the ratio of 
effective output to maximum output (fourth 
column), and take care of an unduly high ratio of 
effective output to maximum possible output as 
in the period January-March 1956. 

To proceed one step further with the performance 
analysis, daily maxima of output will be given for 
most single months of the two-year period June 
H)54-11ay 1956 (Table 7). 

From the table, the close dependence of the output 
on the state of battery is clearly seen. Some daily 
minima of wind run were also sought and corre
sponding output noted. These are given in table 8. 

The interesting feature of the figures in table 8 is 
that even on the least windy days some output 
was registered. 

Economic analysis 

As stated previously, the average yearly output 
of the Eilat plant was 4 200 kWh. The plant with the 
tower cost $990 f.o. b. New York. Its approximate 
price in Eilat was $1 100. The battery, made locally, 
cost another $1 100, according to the official rate 
of exchange (Sl = 1£1.80). The erection of the plant 
cost about S300. Altogether, its price was about 
S2 500, or $1 000 per kilowatt installed. 

The cost of wind generated electricity is equal to 
the annual charges on the investment, together with 
the maintenance cost, divided by the yearly output. 

The effective lifetime of a wind power plant can 
be taken as 15 years, and that of a battery as 5 years. 
With an 8 per cent interest rate, this would be : 

$ 

8 per cent interest on $2 500. . . . . . . . . . 200.00 
Depreciation over 15 years with 8 per cent interest 

on $1400 . . . . . . . . . . . . . . . . . . 51.50 
Depreciation over 5 years with 8 per cent interest 438.50 

on $1100. . . . . . . . . . . . . . . . . . 187.00 

438.50 

i.e., about $0.10 per kWh produced (without main
tenance costs, which are not included for the sake of 
comparison with comparable Diesel plants), or 
$0.15 per kW consumed. 

As against this, a 2.5-kW Diesel set would have cost, 
with installation, about $800. It would have to be 
fully depreciated in 12 000 hours of operation or 
about 3 years of operation if no battery was pro
vided; the fuel consumption, which would have 
been about 400 g per kWh when operating at full 
capacity, would go up to 600 g per kWh at the aver
age (0.3) load factor. 

Thus, the cost of Diesel-generated electricity 
would have been: 

8 per cent interest on $800 . . . . . . . . . . 
D epreciation over 3 years with 8 per cent interest 
Fuel component 1.65 ton at $100 a ton . . . . . 

s 
64.00 

260.00 
165.00 

489.00 

i.e., S0.18 per kWh consumed, as against $0.15 per 
kWh consumed of wind-generated electricity. 

In this comparison, no account was taken of 
maintenance costs, which weigh heavily against the 
Diesel units, making wind power even more attractive. 

To validate the above comparison for present 
conditions in Eilat, it is only necessary to lower 
somewhat the price of fu el (to $87 a ton), thereby 
lowering the over-all cost of Diesel-generated elec
tricity, without maintenance, to 8467.50, i.e., to 
S0.17 per kWh consumed. 

Conclusion 

On the basis of the above analysis, it may be stated 
with some degree of confidence that in any unde
veloped area where mean wind speeds of 5 m/sec 
(18 km/hr) prevail, there is every advant3:ge in ins~al
ling wind power units to supply needs m electncal 
energy of up to about 10 000 kWh yearly. If the 
wind regime of the area is characterized by a strong 
diurnal cycle, even lower mean wind speeds (dm~n 
to 4 m/sec) may be enough to confer economic 
advantage on wind-produced electricity. 
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Summary 

Eilat, the southernmost settlement in Israel, lying 
on the Red Sea shore, is an excellent example of a 
new locality in an undeveloped area. When first 
established in 1949, it was almost 250 km distant 
from the nearest inhabited place in Israel, and all 
supplies had to be brought either by a dirt track or 
by air. 

Power generation presented one of the more 
pressing needs, and this was first supplied by a 
relatively small Diesel generator. The electricity 
so produced was very expensive, owing primarily 
to the exorbitant cost of fuel, and its supply was 
not continuous. For some purposes it was essential 
to have a continuous supply of electricity, and wind 
power was among the alternatives considered. Winds 
are comparatively strong and steady in Eilat, and 
it was decided to set up a small wind power plant 
there. 

The plant chosen was the largest available commer
cially at the time {1952), a 14-ft diameter, 3-kW 
nominal power 110 V D.C. Jacobs unit. The plant 
was set up on a 12-m high tower erected on a small 

Jan. Feb . Mar. Apr. May Jime 

15.5 15.7 16.3 17.9 21.3 21.9 

ridge athwart the prevailing wind direction, at a 
distance of about 30 m from a wind-recording instru
m ent and at the same height. It was equipped with 
a 150-amph battery and electrical measuring instru
ments. In view of the capacity of the battery, the 
charge limit was set at 18 amp, and the voltage 
limit at 138 volts. The load was provided by two 
near-by cottages housing government offices with 
attached living quarters. 

The plant was in continuous operation for more 
than three years. During this time, wind velocity 
and direction were recorded, and daily readings 
were taken of the output of the plant and the effective 
electricity consumption. 

Wind regime in Eilat 

The wind regime in Eilat is characterized by the 
following: 

(a) A pronounced seasonal variation, as shown in 
the following monthly mean wind speeds {1954-
1957), in km/hr : 

July Aug. S ept. Oct. Nov. Dec. 

20. 7 22.1 23.5 19.3 16.2 15.9 

It is seen that there is a flat minimum in winter, and a broad maximum in summer with 
a slight trough in the middle of it. 

(b) A strong diurnal variation, especially in summer: ratio of the difference of mean 
maximum and minimum hourly wind speed to mean monthly speed is as follows: 

Jan. Feb. M ar. Apr. May ]tme July Aug. Sept. Oct. Sov. Dec. 

0.45 0 .33 0.38 0.40 0.43 0.43 0.60 0.60 0.57 0.53 0.55 0.50 

(c) A y ear-round strongly prevailing wind direction: frequency (in per mille) of yearly 
mean wind direction is as follows : 

T.:me N NE E SE s SW TV NW Calm (G.M.T . + 2) 

8 a.m .. 617 283 7 2 12 8 8 17 46 
2.p.m. 480 226 22 21 129 61 12 25 24 
8p.m .. 504 132 3 3 40 32 26 126 74 
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(d) A constancy_ of yearly_ wi1:d regime: yearly wind 
speed and energy m the wmd m Eilat are as follows : 

Period Mean wind speed Energy i n the wind 

(km/hr) (kWh 
per annum/sq. m) 

1 April 1953-1 April 1954 18.5 1 250 
1954 . 19.0 1 220 
1955 19.4 1 300 
1956 19.2 (not computed) 
1957 18.1 (not computed) 

Performance data 

~he performance data of the plant relate to the 
penod July 1953-June 1956. During this time, the 
3:ve:~ge yea~ly output_ - with charge and voltage 
hm1tmg devices operatmg - was 4 200 kWh, equiva
lent to 1 680 kWh per kW installed, or 294 kWh per 
square meter of the swept area of the propeller. 
The latte~ figure approaches that achieved by the 
17.~-m diameter, 50 kW Smidth aerogenerators 
d~rmg the years 1941-1944 when working in parallel 
with local D.C. Danish grids in wind regimes charac
terized by the mean wind speed of 6 m/sec (as against 
mean_ wind speed of 5.3 m/sec in Eilat), and is far 
superior to any known published performances of 
D.C. wind units operating individually. However, of 
the 4 200 kWh produced yearly, only 2 750 kWh 
(or ~5.5 per cent) were actually consumed; the 
remamder of 1 450 kWh (or 34.5 per ce·nt) must be 
regarded as loss incurred during battery charging. 

1'1onthly outputs varied from 184 to 524 kWh 
(with charge limiting device operating) and 650 kWh 
(with charge limited only by the battery voltage), 
while the maximum daily output was 47.6 kWh (for 
27 hours). 

Whereas during calm winter months the output 
was near the plant capacity, during windy summer 

mo?ths it was 50 per cent of the capacity, limited 
~s it was by insufficient consumption. Not surpris
mgly, the highest daily output was achieved on a 
wi1:dy winter day, the battery almost discharged. 
It 1_s noteworthy _that there was not a single day 
durmg the operat10n of the plant in which at least 
some output was not registered. 

Economic analysis 

The price of the Eilat plant, including the batteries, 
was about $2 500, or $1 000 per kW installed. 
~ss~ming an 8 per cent interest rate, a 15-year 
lifetime of the plant, excluding the battery, and a 
5-:year lifetime of the battery, it is found that the 
pnce of 1 kWh produced was about $0.10 and that 
of 1 kWh consumed about $0.15. As against this, a 
2.5-kW Diesel set would have cost about $800. To 
give service equivalent to that of the wind power 
plant at Eilat, it would have to be in operation 
(mostly partial) at least for 4 000 hours yearly, and 
consequently would have to be fully depreciated in 
three years. With the high prices of fuel prevailing 
in Eilat at the time of the operation of the wind 
power plant, the price of electricity so produced 
(and consumed) would have amounted to $0.18 per 
kWh. With the present lower prices of fuel, it would 
still amount to $0.17. The prices of wind- and Diesel
generated electricity do not take into consideration 
the maintenance costs which tip the balance even 
further in favour of wind power plants. 

Conclusion 

In any undeveloped area, whenever small quanti
ties of electricity (of the order of 10 000 kWh yearly 
or less) are required and the mean wind speed is 
about 5 m/sec (18 km/hr) or more, there is a definite 
advantage in using wind power units rather than 
diesel generators. 

LA CENTRALE EOLIENNE D'EILA T 

Resume 

Eilat, qui est le centre le plus meridional d'Israel, 
en ce sens qu'il se trouve sur la cote de la Mer Rouge, 
offre un excellent exemple d'un nouvel etablissement 
situe dans une region dont le developpement est a 
poursuivre. Quand la ville fut fondee, en 1949, elle 
se trouvait a pres de 250 km du plus proche autre 
centre de population d'Israel, et toutes les fourni
tures devaient y etre amenees, soit par un chemin 
de terre, soit par avion. 

La force motrice etait l'un de ses besoins les plus 
pressants et la fourniture en fut assuree, au debut, 
par un groupe electrogene a moteur diesel relative
ment petit. L' electricite ainsi produite etait tres 
couteuse en raison, au premier chef, du prix exor
bitant du combustible, et elle n'etait pas fournie 

de fa9on continue. Or, il etait essentiel de disposer 
d'une source continued' electricite et l' energie eolienne 
etait une des solutions envisagees pour ce probleme. 
Les vents sont relativement forts et soutenus a 
Eilat, et on decida d'y organiser une_petite centrale 
a energie eolienne. 

Le groupe etait le plus puissant en production 
commerciale a l'epoque (1952) etant constitue par 
un appareil de Jacobs de 14 pieds de diametre 
(4,20 m), debitant 3 kW de puissance nominale sous 
llO V en courant continu. On l'installa sur une tour 
de 12 metres de haut erigee sur une petite crete, 
a angle droit avec la direction des vents dominants 
et a une distance de 30 metres d'un anemographe 
ayant meme cote. Il fut dote d'une batterie d'accu-
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mulateurs de 150 amperes/heure et d'instruments 
electri9-ues de mesure. Eu egard a la capacite de la 
battene, on fixa la limite de charge a 18 amperes 
et celle de la tension a 138 V. La charge etait consti
tuee par deux petites maisons situees non loin de la 
centrale, qui abritaient les bureaux du gouverne
ment, avec les locaux d'habitation y afferents. 

Le groupe electrogene fonctionna de maniere 
continue pendant· plus de trois ans. Au cours de ce 

Janv. Fiv. Mars Avr. Mai Juin 

15,5 15, 7 16,3 17,9 21,3 21,9 

temps, on enregistra la vitesse et la direction du vent 
et on proceda a des lectures quotidiennes du debit 
de courant de la centrale et de la consommation 
effective d' electricite. 

Le regime des vents a Eilat se caracterise par : 

a) Une variation saisonniere marquee, ainsi que 
l'indique le tableau suivant, donnant les vitesses
moyennes mensuelles du vent en km/h (1954-1957) : 

Juil. Ao,U Sept. Oct . Nov . Dec. 

20,7 22,1 23,5 19,3 16,2 15,9 

On observera qu'il y a un minimum en plateau pendant l'hiver et un maximum en plage 
etalee en ete, avec une legere depression en son milieu; 

b) Une variation diurne sensible, particulierement pendant l'ete; le rapport entre 
l'ecart du maximum et du minimum horaire moyen de la vitesse du vent sur la moyenne 
mensuelle se presente ainsi : 

Janv. Fevr. Mars Avr. Mai Juin Juil. Aout Sept. Oct. Nov. Dec. 

0,45 0,33 0,38 0,40 0,43 0,43 0,60 0,60 0,57 0,53 0,55 0,50 

c) Une direction nettement prejeree par les vents, sur toute l'annee. La frequence (en 
parties par mille), de la direction moyenne annuelle du vent se presente comme suit 

H eure 
(G.M.T. + 2) 

N NE E SE s so 0 NO Calme 

08 
14 
20 

617 
480 
504 

283 
226 
132 

7 
22 

3 

d) Une constance du regime annuel des vents. La 
vitesse annuelle du vent et l'energie eolienne a 
Eilat se presentent ainsi : 

Periode 
V itesse moyenne Energie du vent du vent 

(km/h) 
(kWh. p.a. m') 

1 avril 1953-1 avril 1954. 18,5 1.250 
1954 19,0 1.220 
1955 19,4 1.300 
1956 19,2 (non calculee) 
1957 18,1 (non calculee) 

Donnees sur l 'exploitation 

Elles s'appliquent a la periode allant de juillet 1953 
a juin 1959. Pendant cette periode, le debit annuel, 
les limiteurs de charge et de tension etant en service, 
s'est etabli a 4 200 kWh, soit 1 680 kWh par kilo
watt installe, ou 294 kWh par m2 de surface balayee 
par les pales de l' eolienne. Ce dernier chiffre est 
voisin de celui qui a ete realise par les aeromoteurs 
de 17,5 metres de diametre et de 50 kW du modele 
Smidth durant les annees 1941-1944 lorsqu'ils fonc
tionnaient en parallele avec les reseaux de distri
bution danois en courant continu, par des regimes 

2 
21 

3 

12 
129 
40 

8 
61 
32 

8 
12 
26 

17 
25 

126 

46 
24 
74 

de vent caracterises par une vitesse moyenne de 
6 m/sec (contre 5,3 m/sec a Eilat) valeur tres supe
rieure a tout autre resultat publie pour des aero
moteurs a courant continu fonctionnant individuelle
ment. Neanmoins, des 4 200k Wh produits annuelle
ment, on ne consomma en realite que 2 750 kWh, 
soit 65,5 p. 100; le reste, soit I 450 kWh (34,5 
p. 100), doit etre considere comme une perte subie 
pendant le chargement de la batterie. 

Les debits mensuels ont varie entre 184 kWh et 
524 kWh (avec un dispositif limiteur de charge en 
fonctionnement) ou 650 k\Vh (la charge n'etant 
limitee que par la tension de la batterie), tandis que 
le debit maximum quotidien s'etablissait a 47,6 kWh 
pour 27 heures. 

Alors que pendant les mois calmes d'hiver le 
debit etait voisin de la capacite de la centrale, il ne 
depassa pas 50 p. 100 de cette derniere pendant les 
mois d'ete, ou les vents soufflent beaucoup, en raison 
des limites imposees par l'insuffisance de la demande. 
Chose peu surprenante, le debit quotidien maximum 
fut realise un jour d'hiver ou le vent soufflait fort, 
la batterie etant alors presque dechargee. II est a 
observer qu'il n'y eut aucun jour, pendant la periode 
de fonctionnement de l'usine, pendant lequel on 
n'enregistrat pas au moins un certain debit. 
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Analyse economique 

Le cout d'installation de la centrale d'Eilat, y 
compris celui des batteries, etait de l'ordre de 
2 500 dollars ou 1 000 dollars par kW installe . 
Si on prend un taux d'interet d'environ 8 p. 100 et 
une duree de service de quinze ans pour la centrale, 
a !'exclusion de la batterie, dont la vie utile peut 
etre prise comme devant etre de cinq ans, on calcule 
que le prix du kWh produit ressort a environ 10 cents 
et celui du kWh consomme a 15 cents. Un groupe 
electrogene a moteur diesel de l'ordre de 2,5 kW 
aurait coute environ 800 dollars. Pour rendre les 
memes services que ceux de la centrale eolienne 
d'Eilat, il aurait fallu qu'il fonctionne (partiellement 
en general) 4 000 heures par an au minimum et, en 
consequence, on aurait du l'amortir completement 
en trois ans. Compte tenu du prix eleve du combus
tible a Eilat au moment ou fonctionnait la centrale 

eolienne, le prix de l'electricite ainsi produite (et 
consommee) se serait elevc a 18 cents par kWh. 
A vec la reduction des prix du combustible dont on 
beneficie actuellement, ii serait encore de 17 cents. 
Ni le prix de revient de l'electricite produite par la 
centrale eolienne, ni celui du courant fourni par le 
groupe electrogene a diesel ne tiennent compte des 
frais d'entretien qui font pencher la balance encore 
davantage vers les centrales eoliennes. 

Conclusions 

Dans toute region a developper, chaque fois qu'il 
est besoin de petites quantites d'electricite (de l'ordre 
de 10 000 kWh par an ou moins) et que la vitesse 
moyenne du vent est de 5 m/sec a peu pres {18 km/h) 
ou davantage, ii est nettement avantageux de faire 
usage de centrales eoliennes plutot que de groupes 
electrogenes a moteur diesel. 



EXPERIENCE WITH JACOBS WIND-DRIVEN ELECTRIC 
GENERATING PLANT, 1931-1957 · 

Marcellus L. Jacobs* 

This report outlines the engineering, construction, 
performance, electric output, and different uses of 
the Jacobs wind electric 2 500 to 3 000 watt plant, 
thousands of which were installed in many parts 
of the world between 1931 and 1957. 

Early engineering started on this wind-operated 
electric generating plant in 1925. After several years 
of' testing different types of windmills, the three
blade aeroplane type of propeller was found to be 
far superior in power output. By means of a flyball
governor-operated, variable pitch speed control, the 
maximum speed of the propeller was accurately and 
easily controlled, to prevent excessive speeds in 
high winds and storms. The three-blade propeller 
was found to be necessary (as compared to the two
blade type) to prevent excessive vibration whenever 
the shift of the wind direction required the plant 
to change its facing direction on the tower. 

The periods of vibration which occurred, on the 
two-blade propeller, every time the tail vane shifted, 
to follow the changes in wind direction, were found 
to be caused by the fact that the two-blade propeller, 
when in a vertical position, offers no centrifugal 
force resistance to the horizontal movement of the 
tail vane in following changes in wind direction. 
However, when the two-blade propeller is in the 
horizontal position, its maximum centrifugal force 
is applied to resist horizontal movement of the tail 
vane; thus the tail vane is forced to follow wind direc
tion changes by a series of jerks, causing considerable 
serious vibration to the plant. 

The three-blade propeller was developed by us in 
l!l27 to correct this condition. When in operation, 
the three-blade propeller creates a steady centri
fugal force resistance, against which the tail vane 
reacts with a constant pressure and produces a 
smooth shifting horizontal movement of the plant 
facing direction. The centrigufal force generated by 
the very light aeroplane spruce-wood blades, when 
operating at 225 rpm is 550 pounds each, making a 
force of over 1 600 pounds of gyroscopic resistance 
force to the horizontal vane movement for the three 
blades, but this resistance is in the form of an even 
pressure or resistance to horizontal movement, 
whereas the 1 I 00 pounds of gyroscopic resistance 
force of the two-blade propeller to the vane movement 
is applied and then eliminated twice during each 
revolution. 

A propeller diameter of 15 feet was found to pro
duce ample power for electric generator operation 
to develop 400 to 500 kWh per month, based on 
the available winds in most areas of the states in 
the western half of the United States. This required 
10 to 20 mph winds for two or three days per week. 
A specially designed 6 pole battery charging t ype 
shunt generator was developed to operate at a speed 
range from 125 to 225 rpm for direct connexion to the 
governor hue of the propeller. It was designed so that 
its load factor would exactly parallel the power out
put curve of the wind-driven propeller when operat
ing in the 7 to 20 mph range that it was felt produced 
the most hours of wind per month. Wind plants 
that require higher than 20 mph winds to deliver 
their rated output will find too many areas where 
there are too many days with winds below that 
speed each month and thus their effective average 
monthly output in many areas is below expectations. 
The generator weighs 440 pounds with a 9-inch 
diameter armature with a 9-inch core length. The 
60 pounds of wire on the field poles gave maximum 
efficiency with a drain of less than 100 watts for 
field coil operation. The generator output is 2 500 
watts at 32 volts, and for the ll0-volt generator, 
it is rated at 3 000 watts. 

Our experience with plants installed in many parts 
of Alaska, Canada, Finland, northwestern United 
States and a number of special installations such 
as the plant we have installed for the joint operat ed 
United States and United Kingdom weather station 
at Eureka, in the Arctic Circle, and with the Byrd 
expedition at Little America has shown that alu
minum painted (copper edged) spruce-wood propel
lers have considerably less trouble with frost and 
ice formation than when they are varnished or when 
other type coatings are used. 

Generators located on high steel towers are sub
ject to considerable static discharge from the arma
ture through the ball or roller bearings, and excessive 
charges from nearby lightning will often arc through 
a bearing and weld spots on the balls and race, 
causing it to brake up soon. We found the revolving 
propellers collected discharges into the direct con
nected armature and the lightning pick-up effect of the 
propellers was frequent and of considerable intensity . 
To correct this, we installed dual set s of heavy 
grounding brushes on the armature shaft which 
completely eliminated any trouble from this cause. 
With the additional use of a large capacity oil

* Jacobs Wind Electric Company, Inc. , Fort ;'.\Iyers, Florida. filled condenser connected across the generator 
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brushes and frame, we practically eliminated any 
damage to the generators from lightning, so much so 
that, with high grade ample insulation used through
out the generator and the grounding brushes and 
condensers, we gave an unconditional five-year 
guarantee with every generator against burn-out 
from any cause and have built many thousands 
during the past twenty years using this construction 
without any replacements ever being required be
cause of lightning damage or burn-out from any 
cause. 

The price received at the factory for our 2 500-
watt, 32-volt plant was $490, less the cost of a suit
able tower and batteries, which could often be se
cured in the country or area to which the plant was 
shipped. We supplied a 21 000 watt hour glass cell 
lead-acid type of storage battery with a ten-year 
guarantee, for which we received $365. A fifty-foot 
self-supporting steel tower was supplied for $175, 
making a total cost for the plant of $1 025. This is 
about S400 per kilowatt as the manufacturing cost 
of the plant. Shipping and installation costs are 
additional. Installation cost requires only the labour 
of two men for two days and a small amount of ce
ment to put into the anchor holes when the tower 
is built.No special equipment or training is necessary. 
\Ve have shipped hundreds of plants to most coun
tries with not a single request for additional infor
mation to enable them to erect the plant. Regular 
installation and operating instructions are prepared 
and sent with each plant. 

Operating and maintenance costs of this plant are 
largely limited to the replacement of the storage 
battery which, on a ten-year basis, is about $36 per 
year; from records kept of more than 1 000 plants 
over a ten-year period, the maintenance cost of 
repairs was less than $5 per year. Some of the owners 
of our plants bought the Edison type battery and 
after twenty years are still using the same battery. 
New batteries of this type are quite expensive, but 
these owners bought second-hand batteries which 
still gave them twenty years of service. 

Special generators designed for the cathodic pro
tection of underground steel pipelines were developed 
by us in 1936. These· generators were wound for an 

external circuit resistance of 1/10 ohm or higher. 
The generators produced 10 volts at 100 amperes 
and were straight shunt wound. \,Vhen connected 
to the pipelines in any normal wind , they maintained 
a pipe-to-soil potential of 3/10 of a volt pipe negative. 
Due to the action of the current, the pipe maintained 
a fair degree of protection through calm wind periods. 
Hundreds of our plants are protecting many mil~s 
of pipelines in North and South America and m 
Arabia. Some of these plants have been in service 
since 1937. 

Figure 1 

Summary 

After several years of testing d fferent types of 
windmills, a three-blade aeroplane-type propeller, 
developed in 1927, was found to be far superior both 
in power output and in minimizing vibration. A pro
peller diameter of 15 feet was found to produce ample 
power, developing 400 to 500 kWh per .month in 
most areas of the western United States with wind 
speeds ranging from 10 to 20 miles per hour for two 
to three days per week. 

Dual sets of heavy grounding brushes were installed 
on the armature shaft and a large capacity oil-filled 
condenser was connected across the generator 

brushes and frame to eliminate the otherwise consider
able static discharge and damage from lightning, 
while aluminum painted (copper edged) spruce
wood propellers reduced trouble with frost and ice 
formation. 

The total factory cost of the plant of $1 025, or 
about $400 per kilowatt, included $490 for a 2 500-
watt, 32-volt plant, as well as, optionally, $360 
for a 21 000 watt storage battery with a ten-year 
guarantee and $175 for a self-supporting steel tower. 
Operating and maintenance costs of the plant are 
largely limited to the replacement of the storage 
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battery, while according to records kept for more 
than 1 000 plants over a ten-year period, the repair 
costs have been less than $5 per year. 

Hundreds of these plants, with specially designed 
generators, are used for the cathodic protection of 
underground steel pipelines in several countries. 

EXPERIENCE ACQUISE AVEC UNE CENTRALE ELECTRIQUE EOLIENNE JACOBS 
ENTRE 1931 ET 1957 

Resume 

Apres plusieurs annees d'essais de divers types 
d'eoliennes, on a etabli qu'une helice du genre avion, 
mise au point en 1927, etait nettement superieure 
aux autres dispositifs, tant quant a leur debit 
d'energie qu'en ce qui concerne la reduction des 
vibrations. On a decouvert qu'un diametre d'helice 
de 15 pieds (soit 4,57 m) fournissait une abondance 
d'energie (de 400 a 500 kWh par_ mois) dans la 
plupart des regions de l'ouest des Etats-Unis, avec 
des vitesses de vent s' echelonnant entre 10 et 20 
milles (16 et 32 km) a l'heure, pendant deux ou trois 
jours par semaine. 

On a prevu des jeux doubles de gros balais demise 
a la terre sur l'arbre de l'induit ainsi qu'un conden
sateur a bain d'huile de grande capacite, monte en 
parallele entre les balais de la generatrice et le 
chassis, de maniere a eliminer les fortes decharges 
d'electricite statique qui se produisaient autrement, 
ainsi que pour proteger l'ensemble contre la foudre. 

On a observe egalement que l'emploi d'helices en 
bois peintes a l'aluminium (a bords revetus de cuivre) 
reduisait les ennuis dus a la gelee et au givrage. 

Le prix total de la centrale, f.o.b. usine, soit 
1 025 dollars ou environ 400 dollars par kilowatt, 
comportait 490 dollars pour une installation de 
2 500 watts sous 32 volts et, facultativement, 
365 dollars au titre d'une batterie d'accumulateurs 
de 21 000 watts avec garantie de dix ans et 175 
dollars pour une tour en acier autonome. Les frais 
d'exploitation et d'entretien de la centrale se limitent 
essentiellement au remplacement de la batterie tandis 
que, d'apres les archives tenues pour plus de 1 000 
usines pendant une periode de dix ans, les frais de 
reparation ont ete inferieurs a 5 dollars par an. 

Des centaines de ces installations, avec generatrices 
speciales, s'utilisent pour la protection cathodique 
de pipelines souterrains en acier dans nombre de 
pays. 
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SMALL RADIO, POWERED BY A WIND-DRIVEN BICYCLE DYNAMO 

H. Stam, H. Tabak and C. J. van Vlaardingen * 

The essential conditions to be fulfilled in the 
successful production of radio receivers in the less
industrialized countries were set out in "Low cost 
radio reception" by 1\1. Claude Mercier.1 

The keen interest in listening to broadcasting 
amongst the populations of Africa ancl the Middle 
and Far East, the rapidly growing skills in the repair 
and assembling of sets, the introduction of transistors 
that consume less power, and so require fewer dry 
batteries, all favour the fabrication, locally, of cheap 
sets even in rural districts of the less-industrialized 
areas. 

Still the demand seemed greater than the supply. 
Organizations concerned with refugees and orphan
ages requested our foundation to design a small 
receiver which ,vould (a) be adapted to assembling 
by nearly unskilled people, but under the guidance 
of instructors; and (b) avoid consumption of dry 
batteries, their major disadvantage being not their 
cost but the difficulty of procurement in the remote 
regions concerned. 

Thermo-electricity by solar heat or by a wind
driven dynamo can act as a substitute for batteries 
if only sufficient storage is provided to tide over 
the hours of dark or calm, respectively. Such a 
thermo-element for a radio is mentioned in our 

* Stich ting Dienst Ontwakcnde \Vercld, Amsterdam. 
1 Published by UNESCO in 1U50 in the series "Press, film and 

adio in the "·orld today". 
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contribution on solar kitchens using accumulated 
heat, but in general, a wind-driven (bicycle) dynamo 
offers the cheapest solution for a radio alone. More
over, the dynamo can supply some light during the 
night if there is sufficient wind during those hours. 
We therefore tried the radio set and its wind charger 
as described here. 

The circuit 

In figure 1 the part of the circuit to the left of the 
discontinuous line shows a three-transistor radio 
fitted with a loudspeaker and po'vvered by a normal 
three-cell dry battery, shown as "Batt. l" in the 
figure. \Vith earphones, two transistors would be 
sufficient and the set would cost less, but our view is 
that this solution is "under-developed" and unhy
gienic. The part of the circuit to the right of the dotted 
and dashed line shows the powering with an alter
nating current bicycle dynamo and a rectifier, in 
which case Batt. 1, the dry battery, is switched off 
or left out. Storage by three silver cadmium accu
mulators allows current to be delivered to the radio 
during calms. The telephone bulb "LA. l" gua~ds 
against overloading the Ag-Cd accumulator durrng 
strong winds. Wind generating whilst listening pro
vokes no annoying noise. Not shown in the circuit is 
the normal bicycle light bulb that can be connected 
across the dynamo in addition to the radio during 
the dark hours, if the wind is sufficiently strong. Due 

I . 
I 

}~ 
6V2 .3W 

I 

Figure 1. Radio circuit 
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Table 1. Parts list for transistor-receiver on alternatin~ current delivered by wind-driven bicycle dynamo 

Set itself (if wished, powered by direct current from a dry battery; left of dotted and dashed line in circuit, figure 1) 

Rl and SK 1 Potentiometer 50 K incl. switch 

R3 and R5 Carbon resistance 68 000 Q 
R4, R6, R7 Carbon resistance 3 300 Q 

Florins 
1.95 

R2 . . . . Carbon resistance 2 200 Q I 

RS and RIO Carbon resistance 12 000 Q 12 x f. 0.08 0.96 
R9 and Rll Carbon resistance 1 200 Q \ 
R 12 Carbon resistance 1 000 Q 
R 13 Carbon resistance 68 Q 
Cl Variable condenser 
C2 Ceramic condenser 
C3 Electrolytic condenser 
C4 and C5 Electrolytic condenser 
C6 Electrolytic condenser 
C7 and CS Electrolytic condenser 
C9 Electrolytic condenser 
L 1 . . . . Tuning coil 
TS 1 and TS 2 Transistor OC 3 (Amroh) 
TS 3. Transistor OC 4 (Amroh) 

300 pF 
1 000 pF 

10 pF (3 V) 
8 pF (6 V) 

100 pF (12½ V) 
32 pF (3 V) 

100 pF (3 V) 

2 X f. 3.75 = 

1.50 
0.30 
0.60 
1.20 
0.65 

0.50 
7.50 
4.50 

GR 1 . . . . . Germanium diode OA 79 (Philips) 2.50 
LS 1. . . . . . Loudspeaker 150 l½ W (Philips) 8.25 
Dialing knobs, case, pertinax, mounting material . . . . . . . . . . . . . . . . .about 3.00 

Parts for radio set sold individually. 35.31 

Generator and rectifier 
R 14 
C 10 

· GR 2 
LA 1 
Batt. 2. 

Potentiometer 
Electrolytic condenser 
Rectifier, single phase 
Telephone bulb 
Accumulator (Deac, 150 dk) 
Bicycle dynamo 
Ball-race, k 30 

Tinned sheet, solder, tubes, balsawood . . . 

100 F (12½ V) 
(Siemens) 
12 v·35 rnA 
3 X f. 3.50 = 
(Czech orig.) 

(Star) 

. about 

0.08 
0.70 
1.35 
0.30 

10.50 
4.50 
0.30 
2.50 

Parts for generator sold individually 20.23 

Normal reduction for purchase in quantities, 30 per cent 
Lower prices for foreign products, another 20 per cent, 

to the characteristic saturation of bicycle dynamos, 
above a certain limit, the differences in wind velocity 
do not cause much inconvenience with regard to the 
intensity of the light. 

Costs of parts and materials 

Table I shows the parts-list separately for the 
radio set and the generator-rectifier-storage provision. 
Prices are in Dutch currency for first quality Dutch 
products for sale by private purchase. Buying in 
quantity, these prices are reduced by 30 per cent. 
Foreign, i.e., Japanese, parts will lower the costs 
another 20 per cent. Originally, we used a "Lucia" 
dynamo costing 10 D.G., and later the Czech dynamo, 
shown in figure 2, at 4.50 D.G., including 14 per cent 
import duty. 

Mounting and assembling 

We mounted the radio set in a normal tin, as used 
for paint, and framed it with two sheets of pertina~. 

TOTAL 55.54 

38.88 
31.11 

At small extra cost, a more luxurious looking casing 
can be made 1 {3 g semi-transparent tetrahedron). 
The mounting inside the tin by hand requires a 
total of three to four hours each, if done in batches 
of tens. With industrial methods, this time diminishes 
considerably, but such methods seem unnecessary 
for producing an article of this nature. Inside the 
casing is a switch for mounting either a dry battery 
(Batt. 1) or the Ag-Cd accumulators. One short and 
one long pole make it impossible to make contact if 
one places the dry battery in the wrong position. 
We are still searching for a similar simple safeguard 
against wrong positioning of the accucells. A simple 
mistake made with them destroys at least one of 
the transistors. The generator is shown in figure 2. 
A normal bicycle hub is provided, running on milled 
or even pressed soft steel ball races, to ensure the 
wind rotor a stable bearing on the dynamo. We used 
curved plate blades, soldered from tinned sheet for 
simple manufacture. In Holland we used balsa-wood 
for the streamlined body, but in the arid regions cork 
pressings are better suited. 

12 
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Choice of dynamo and wind rotor 

For adjustment of the regulator in the generating 
part of the circuit, the dynamo was driven by a 
sewing machine motor at varying speeds and different 
degrees of accumulator-load. By that method, one 
can change to another type of dynamo, i_.e., a !oy,rer 
number of poles if demanded by the wmd regime 
of the region concerned. Initial trial and error in ~he 
choice of a two-bladed rotor, the profiles of which 
were cast in plastic, caused a lot of trouble, as much 
in the fabrication as in behaviour in the wind. 
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We therefore decided on the multi-poled dynamo 
and the rather slow-running multi-bladed rotor, 
delivering high starting torque. But curved plates 
were, in any case, preferable for ease of manufacture, 
as well as for their low Reynolds number. An article 
by M. Iwasaki 2 provided us with a suitable c~lcula
tion method, executed and proved by expenments 
for the profile Go 623. His diagrams for the four
bladed rotor are reproduced in figure 2. 

2 "The investigation of windmills", Rep. Res. Ins. of Appl. 
Mech., vol. II, No. l (1953). 
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Another article, by 0. Flachsbart,3 provides data 
for curved plate profiles. The comparison of Go 623 
~nd the curved plates from polar diagrams is given 
m figure 3. From this it is estimated that a curvature 
f/t = 0.075 might offer the closest similarity with Go 
623, but for better starting torque, f/5 = 0.1 was 
chosen, because the cylindrical form of blade presents 
an angle somewhat less at the tips than at the root. 
Instead of setting up exact calculations, it seemed 
reas?nable for our purpos_e t? make the crude approxi
mat10n, that the Iwasaki diagrams can be used with 
a correction on the angle of the blades of 3° to 4°, 

Easy starting is the key to stable performance 
and having regard to the unstable character of th~ 
four-bladed rotor at BO, 75 = 10°, we preferred the 
Iwasaki diagrams for BO, 7 5 = 19 °. 

The measured starting torque of the dynamo 
a:nounts to 115 gram-centimetres. With a swept 
diameter of 0.36 m and a starting torque coefficient 
c = 0.1, the wind velocity needed for starting i~ 
3¼ metres per second. 

It was found from the measurements that the full 
3 watts output of the dynamo is delivered at 800 
revolutions per minute. 

Dynamo efficiency was estimated at 0.7, and the 
power coefficient, from the diagram of Iwasaki, 
0.35; the wind velocity for full power is reached 
at 5¾ m/sec. Furthermore, full power is obtained 
if the ratio tip velocity/wind velocity= u/v = 2.75. 
At a wind velocity v = 5.3/4 m/s, the tip velocity 
reaches 15.4 m/s and the 0.36 m diameter rotor 
rotates at 840 revolutions per minute. From this 
data, it appears that the designed windmill is suited 
to regions with modest wind regimes. Two hours of 
full output from the dynamo is sufficient for ten 

3 "Messungen an ebenen und gewolbten Platten", Gotinger 
Ergebnisse Lief, IV, 1932. 

hours listening. In our climate and wind regime, it 
would be overpowered. A smaller windmill is there
fore needed, or a device for switching off in periods 
of excess wind. 

Conclusion 

Both the receiver set and the generator offer good 
examples of what here and in other contributions 
we _have called: "innovating handicraft" suited 
for improvement of rural living conditions. Special 
conditions brought about the request for such an 
assembly to our foundation and we did our best 
with considerable success. B~t the authors are con~ 
vinced that students and/or instructors in the regions 
concerned must be able to fulfill this and similar 
demands in a better way and in far less time. 

On t~e other hand, we recognize that in developing 
countnes, the demand for luxury goods for the few 
that_ can pay for them is still unsaturated, and delays 
the mtroduction of the forementioned cheap cultural 
goods for the masses. 

From our point of view, a solution may lie in what 
we have called "innovating handicraft" such as the 
one described in this paper, developed through 
co-operative efforts of teachers and pupils, supported 
by governmental institutions and by scientific 
instruction of universities and technical schools. 

In our opinion, a small two-transistor receiver on 
dry batteries can be delivered at £2 6s. if fitted with 
an aural speaker, the three-transistor set with loud
speaker on batteries at £3 6s, and the same with the 
wind-driven generator at £5 6s. all these are retail 
prices, assuming that the parts can be obtained 
on the favourable terms normally available in the 
trade to manufacturers engaged in assembling and 
servicing. 

Summary 

Our Foundation was approached by organizations 
concerned with refugees and orphanages to design 
a small receiver which would be easy to assemble by 
unskilled people under the care of instructors, and 
which would dispense with the need for dry batteries, 
bec~use of the difficulty of obtaining them in remote 
reg10ns. 

A thermo-element for a radio using accumulated 
heat is mentioned in our contribution on solar 
kitchens, but a wind-driven (bicycle) dynamo offers 
the cheapest solution for a radio alone and can, 
moreover, supply some light during night. 

The circuit 

The left-hand side of figure 1 shows a three
transistor radio, fitted with a loudspeaker and 
powered by a dry battery (Batt. 1). The right-hand 

side shows a power circuit using an A.C. dynamo 
and rectifier with storage by three Ag-Cd accumu
lators. The telephone bulb (LA. 1) guards against 
overloading. Not shown is the switch for connecting 
a light bulb directly across the dynamo. 

Costs of parts and materials 

Table 1 shows the parts-list in retail prices for 
first-class Dutch products. These can be lowered 
by 30 per cent for orders in quantity and a further 
20 per cent for cheaper foreign deliveries. 

Mounting and assembling 

Three to four hours are needed to assemble the 
set, and a further three hours are required to install 
the generator shown in figure 2. 
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Choice of dynamo and wind-rotor 

Adjustment of the regulator is obtained by driving 
the dynamo from a sewing-machine motor. For good 
starting torque,' a multi-poled dynamo and a slow
running multi-bladed motor are combined. A curved 
plate profile is preferred because of its low Reynolds 
number. The data compared in figure 3 are derived 
from a number of sources. The measured starting 
torque of the dynamo is 115 gr. cm. and with swept 
diameter 0.36 m and torque-coefficient 0.1, a wind 
velocity of 3! m/sec is needed for starting. The 
full 3-watt output is delivered at 800 revolutions per 
minute at a dynamo efficiency of 0. 7. Full power is 
reached at 5¾ m/sec. The design is suitable for 
modest wind regimes. 

Conclusion 

The receiver. and generator offer examples of pro
ducts suitable for handicraft production by the 
adaptation of ancient handicraft skills to new in
dustries. Such "innovating handicraft", as we may 
call it, lends itself to co-operative effort by teachers 
and pupils supported by governments for the im
provement of rural conditions. The two-transistor re
ceiver operated on dry batteries with earphones can be 
delivered at £2 6s, the designed three-transistor set, 
run off batteries, at £3 6s. and the same with wind
driven generator at £5 6s. all are retail prices, assum
ing that the parts can be obtained on the favourable 
terms normally available in the trade to manufac
turers engaged in assembling and servicing. 

PETIT APPAREIL DE TSF ACTIONNE PAR UNE DYNAMO DE BICYCLETTE ENTRAINER 
PAR UNE EOLIENNE 

Resume 

Les organismes qui s'interessent, entre autres, 
aux refugies et aux orphelinats, ont charge notre 
fondation de realiser un petit recepteur de TSF 
facile a monter pour des personnes sans entrainement, 
sous la surveillanre d'instructeurs, et susceptible 
d'eliminer le besoin de piles seches, lesquelles sont 
difficiles a se procurer dans certaines regions peu 
accessibles du globe. 

On mentionne, dans un memoire soumis par notre 
groupe sur les cuisinieres solaires, l'emploi d'un ther
mo-element pour un appareil de TSF qui utilise de 
la chaleur mise en reserve; mais une dynamo de 
bicyclette entrainee par une eolienne constitue la 
solution la plus economique pour un appareil de 
TSF pris isolement et, qui plus est, peut fournir 
un peu de lumiere pendant la nuit. 

Circuit 

On voit, dans la moitie gauche de la figure 1, un 
appareil a trois transistors dote d'un haut-parleur, 
pour lequel l' electricite est fournie par une batterie 
de piles seches (Batt. 1). A droite, on notera le circuit 
d'alimentation qui se sert d'un petit alternateur 
(dynamo a courant alternatif) et d'un redresseur, 
avec mise en reserve du courant dans trois accu
mulateurs du type Ag-Cd. La petite ampoule de 
telephone (LA. 1) protege le systeme contre toute 
surcharge. On n'a pas represente un commutateur 
qui permet de brancher une ampoule directement sur 
les bornes de l'alternateur. 

Prix des pieces et des materiaux 

Le t ableau 1 donne les prix des pieces au detail 
pour des produits neerlandais de premiere qualite. 

Ils. peuvent etre reduits de 30 p. 100 pour les com
mandes en grandes quantites, plus une autre reduc
tion de 20 p. 100 pour les articles importes qui sont 
moins couteux. 

Montage et installation 

Il faut compter trois ou quatre heures pour monter 
le paste, et trois heures de plus pour installer l'alter
nateur, que l'on voit a la figure 2. 

Chaix de la dynamo et de la roue eolienne 

On ajuste le regulateur en entrainant la dynamo 
avec un moteur de machine a coudre. Pour avoir un 
bon couple de demarrage, on combine une dynamo 
multipolaire et un aeromoteur a plusieurs pales a 
faible regime de rotation. On prefere les pales courbes, 
en raison du faible nombre de Reynolds qu'elles 
donnent. Les chiffres dont la figure 3 donne une 
comparaison sont derives de nombres de sources. 
Le couple de demarrage de la dynamo a ete mesure 
a 115 g/cm et, avec un diametre balaye de 0,36 m 
et un coefficient de couple de 0,1, il faut une vitesse 
de vent de 3,25 m/s pour assurer le demarrage. Le 
debit total de 3 watts est fourni a 800 t/m avec un 
rendement de dynamo de 70 p. 100. La pleine puis
sance se realise a 5, 75 m/s. La conception de ce dispo
sitif ?e,prete a des regimes caracterises par des vents 
moderes. 

Conclusion 

Le recepteur et la dynamo nous donnent des 
exemples de produits qui se pretent a la production 
manuelle par !'adaptation de certaines adresses 
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artisanales a de nouvelles industries. Ce genre de 
travaux d'artisans dits « a innovation», se prete a des 
efforts cooperatifs par les professeurs et les eleves 
aides par un gouvernement, pour ameliorer les condi
tions de vie rurale. Le recepteur a deux transistors 
alimente par des piles seches et utilisant des ecouteurs 
peut se livrer au prix de £2 6s. le poste a trois tran-

sistors tel qu'il a ete conc;u et alimente par des batte
ries de piles a £3 6s. le meme avec dynamo actionnee 
par une eolienne a £5 6s. tous prix de detail bases 
sur l'hypothese que les pieces peuvent s'acheter dans 
les conditions favorables qui sont normalement 
faites aux entreprises chargees du montage et de 
l'entretien de ce genre d'appareils. 
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ADAPTATION OF WINDMILL DESIGNS, WITH SPECIAL REGARD TO THE NEEDS 
OF THE LESS INDUSTRIALIZED AREAS 

H. Stam* 

The Dutch reputation in the field of windmills 
invites many inquiries for wind power equipment. 
Indeed, the favourable wind regime of the Nether
lands, a flat and open country, made it the wealthiest 
nation in the world during the seventeenth century. 
In those days, the wind in the sails of Dutch ships 
spread the nation's trade over all the oceans, and the 
wind in the sails of thousands of windmills, each 
30 to 70 horsepower, made the Netherlands the most 
industrialized nation during that period. Not only 
water pumping for drainage, but above all milling 
equipment for wood sawing, flour handling, paint 
mixing, rice scaling, oil pressing and paper fabri
cation were developed under this favourable pro
vidence with mechanical power. 

In our day, all this is over. The few traditional 
windmills still in existence have a purely touristic 
value; their costly construction in rigid timber has 
little applicability to the present needs of wind 
power elsewhere. 

Nevertheless, these historical facts contain a 

* Stichting Dienst Ontwakende Wereld, Amsterdam. 
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promise for solving the urgent problems of the less
industrialized areas of the world that are in need of 
mechanical power for drainage and irrigation. 
Dutch history proves that less-industrialized coun
tries can provide themselves with a great deal of 
applied wind power, if local skills and materials are 
used through the adaptation of handicraft techniques. 

Many countries need to fill the gap between the 
introduction of industrial products and the decline 
of traditional means of power-human labour, animal 
power and, here and there, some few remaining 
windmills. 

On the one hand, the less-industrialized nations 
must erect basic industry, founded on major power 
resources and sites of ore, and must provide their 
populations with modern means of welfare. On the 
other hand, there is the danger of widespread un
employment among peasants and rural craftsmen 
if most of the nation's investments become concen
trated in a few urban districts. Equilibrium can be 
maintained if the rural districts play their own part 
in the nation's development by expanding rural 
industrialization. 
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Figure 1. Number of people fed by, and water requirements of, selected agricultural products 
of the Nile valley 
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Figure 2. Natural power water-lifts 

Rural markets in less-industrialized regions 

Sales potential in regard to foreign products 

In estimating purchasing power, the following 
two cardinal factors must be kept in mind, especially 
by consulting designers: 

(a) The annual cash income is between $50 to 
$150 for the large majority of families under considera
tion. For a smaller group, income ranges between 
SI50 and $500. 

(b) The prices of products shipped outside the 
normal routes of world trade IJ1.Ultiply, so that 
peasants in the non-industrialized agrarian countries 
pay 2 to 3 times the original cost of imported equip
ment. 

Small /armers' needs for waterlifting devices 

l\fost of the population consists of small farmers 
and cattle breeders. The small farmers are in the 
main concentrated on irrigated areas of high popu-

lation density. Others live in remote oases. In all 
regions where irrigation requires water-lifting by 
human or animal power, the peasants' yield is limited 
by the amount of water raised daily by man or 
animal. Figure 1 shows the number of persons fed 
by, and the water requirements of, several products 
of the Nile valley. Depending on the regions of the 
world, a wide variety of water-lifting devices has 
been in use since antiquity. Data on them, collected 
by the Food and Agriculture Organization of the 
United Nations (I), are illustrated in figure 2. 
Comparison of this figure with the theoretical limit 
of normal human and animal power makes it obvious 
that rural craftsmen can modernize the traditional 
water-lifts considerably, if only they are stimulated 
to do so. 

Western industrial motor-pumps devalue, in effect, 
the small farmer's capital outlay, incorporated in 
his animal-driven, water-lifting devices, and make the 
peasants more dependent on the rich farmer who can 
afford the investment. At best, the necessity for co
operation is demonstrated. Engineers with a sense of 
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responsibility can promote the economical manu
facture of a small combustion motor supplying one 
shaf~ horsepower at the low revolutions per minute 
required by these slow-turning traditional devices. 
It may be that, even then, the cost for fuel and main
tenance would be prohibitive, though the food for 
beasts of burden also places a heavy load on the 
small plots of the water-lifting farmers. 

From this, it is obvious that cheap solar and wind 
power units, preferably made mainly by hand, are 
most suitable to free both man and animal from 
laborious water-lifting. Up till now the soils best 
suited to agriculture have been overcrowded, and in 
many regions, because of the excessive labour needed 
to lift water, second-best soils are underpopulated 
or even neglected. Moreover, the burdensome water
lifting keeps the farmer from necessary drainage, 
which he considers as a loss of water. Thus the soil is 
gradually silting up, with salt or natron. 

The family's desire for radio and light 

There is nowadays an intense desire to listen to the 
radio and have electric lighting if only by one bulb. 
The use of batteries is impractical owing to the cost 
and the difficulty of obtaining them. Wind-driven 
bicycle dynamos for radios can be the first step 
towards generating electricity for light. 

The demand for wind power by communities and 
plantations 

Where electric power is the only objective, the 
wind generator industry of Europe, the United States 
and the Soviet Union can compete with motor 
generators in regions which are favoured by strong 
and continuous winds. 

In zones depending on artificially raised water for 
irrigation, the best solution is to drive a generator 
by a water turbine, powered by excess water stream
ing back into the well. 

It is in this field that the adaptation of handicraft 
techniques will have to compete with modern indus
trial deliveries, after building up its selling market. 
Rural industrial mills for food processing, etc., are 
best suited for handmade wind power machines. 

Windmills manufactured by hand, 
using local materials 

Types in regional use (2) 

The Chinese water-lifting windmill with 6 to 8 
rectangular cloth sails has survived since antiquity. 
Actually, this simple stakes and cloth construction, 
revived as a power source for rural processing, is a 
good example of adaptation of handicraft techniques, 
although perhaps still lacking sufficient scientific 
guidance. 

In Japan and South-East Asia, the needs of the 
small farmers are met by the village craftsma!1, 
following modern aerodynamic design, executed m 

rigid timber and fitted with solid wooden fixed-pitch 
blades. 

The l\Iediterranean, Cretan or Syrian windmills 
possess 6 to 12 triangular cloth sails with variable 
area. Used for flour milling and oil pressing, they are 
generally in decay but rather well maintained in 
Portugal. 

The numerous modern Cretan steel mills irrigate 
the Cretan plain of Lassithi which peasants and a 
few handicraftsmen have cultivated during the last 
fifty years. It is one of the few existing examples of 
the adaptation of handicraft techniques. 

Triangular cloth sails are best suited to strong sea 
winds; the rectangular cloth blades of the Chinese 
windmills are well adapted to low average wind 
velocities, but get into trouble, and need pitch 
changing during the evening with the rather strong 
wind usual at that time of day in the desert. The 
turbine blades for high tip speed ratio have a low 
starting torque. 

Newly designed windmills must be adapted to the 
needs of existing water-lifting devices and to the 
variations in wind regime. 

From the foregoing, the following newly designed 
types are derived to meet varying demands. 

Windmill with self-adjusting cloth sails (figure 3) 

This variation on the centuries-old Chinese wind
mill shows some innovation in comparison with the 
original. The head can turn with the wind direction. 
The cloth sails have variable pitch, using springs that 
veer the sails under gusts or strong winds. The form 
of the sails is deduced from the measurements of 
windmills by Mr. 1\1. Iwasaki (3). He used rigid turbine 
blades following Gottingen profile 623, and from 
comparisons with curved-plate profiles (4) and Voelz' 
calculations of the form, lift and momentum of sails 
hinged between two poles (5), the estimate of the 
power curve will have a high degree of accuracy. 
Figure 3 shows the variety of rotating water-lifting 
devices to be driven by simple (steel) wire transmis
sion of power, easily adapted to the rotational speed 
of the actual lift. This simple solution requires that 
the water-lift follow the direction of the wind. Thus 
the vertical column turns with the head and device 
as a whole. The guy wires that hold the mast upright 
are attached to a collar. The wind itself regulates the 
friction at the collar, damping out undesired oscilla
tions around the vertical axis. The chain pump needs 
a special feature at the foot of the mast. 

There is the problem that the entirely filled water
lifting rotors need a constant momentum while the 
wind offers a varying momentum on the sails. The 
best solution would be offered by V-rope trans
missions of varying ratio which can be obtained on 
the market, but these make the mill rather costly. 
The simplest solution is offered by artificial leakage 
in the lower part of the water-lifts. The leakage is 
considerable, and consequently the torque needed 
during starting is small. With increasing number of 
revolutions per minute, the volume delivered per 

12* 
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Variable -

stroke 

piston pump 

Archimedean screw 

Archimedean spiral 

Figure 3 

revolution increases and with it the torque. It is 
difficult to arrange a similar feature with the chain 
of pots of the Persian water-lift. It is advisable to 
place a windmill-powered chain-pump in those wells 
beside the Persian lift. Both are suited for great 
depths, but the former has far better efficiency. 
With increasing depth, regulation by leakage may 
get out of phase with the variations in wind velocity. 

Here the piston or membrane-pump with adjust
able stroke offers a better solution. We therefore 
designed the same mill with a crankshaft in the head, 

adapted to this special deep-well pump. The variation 
of the stroke is effected through the hollow crankshaft 
by a spring and the backward poles of the sails. 
Figure 3 shows the scheme using the piston pump. 

The design velocities chosen depend on the wind 
regime of the region concerned. If, with 5 metres per 
second, the windmill gets its optimum performance, 
and pitch variation occurs, at a wind of 9 m/sec, the 
start of delivery will be at roughly 2½ m/s wind. For 
all the aforementioned types of water-lifting devices, 
the yield of water multiplied by height of lift for 
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each square metre area swept by the sails is shown 
by the upper curves in figure 4. Minor differences 
depending on the kind of lifting device, are ignored 
in this figure. 

It is expected that the smallest sail diameter might 
be 5.4 metres; but 8 and 12 metres diameter will be 
asked for too by individual farmers. Machines of 18 
c1:nd 27 metres diameter are suitable for co-operative 
and communal service. 

Turbine bladed windmill with open-gutter centrifugal 
pump 

Farmers who need to lift their irrigation water less 
than one metre will find the aforementioned types 
too large for their needs. Moreover, the existing 
water-lifts are inefficient at such low lifts. 

A two-bladed turbine of 3.6 metres diameter can 
equal the human output of power with moderate 
winds of 4½ metres per second and is well suited to 
drive the type of centrifugal pump shown in figure 5. 
Based on one of the oldest registered Dutch patents, 
this comprises a rotating bucket lifting the water 
through a hole in the bottom by centrifugal force. 
At sufficient revolutions per second, water is ejected 
from the bucket at the top. Every particle of fluid 
gets as much static energy during lifting as it obtains 
energy of velocity, so that the ideal efficiency is 
limited to 50 per cent. 

By our modification, the rim of the bucket is 
broadened and vanes are fixed on it to rotate with 
the bucket. The centrifugal forces on the water 
transported along the vanes force the water back
wards in the direction of rotation, regaining a part 
of the aforementioned loss of kinetic energy, and the 
limit of efficiency can easily be increased to 80 per 
cent. The special advantage of this low-lift pump is 
that the water during transport from the bottom 
hole to the ends of the vanes runs through " open 
gutters ". Thus the quantity transported can change 
over a wide range, with minor change of velocity and 
rotational speed. Moreover, the momentum needed 
is extremely low during the starting period before 
delivery. 

During standstill, no water can run back from the 
higher to the lower level; thus no check-valve is 
needed and no leakage can occur. The average wind 
velocity that one wishes in order to obtain the highest 
efficiency of the wooden or plastic-bladed turbine 
depends on the wind regime of the region concerned. 
Thanks to the almost constant rotational speed of 
this open gutter pump, the ratio of tip velocity to 
wind velocity will change considerably with wind 
strength (figure 6). The rigid turbine blade remains 
stable in its performance, thanks to this type of 
pump. Twisting propellers made from, for example, 
split plastic tube will deliver increasing torque and 
more water at higher wind. 

The torque in the vertical axis of th~ pum_P fo~ces 
the turbine head to rotate out of the wmd d1rect10n. 
That torque is counteracted by placing the horizoi;tal 
axle of the sails at some distance from the vertical 

axis of the supporting columns. Dividing the torque 
coefficient of the turbine by its drag coefficient gives 
the eccentricity in relation to the outer radius of the 

\ \ 
I \ 
\\ 

\ 
\ \ 

~ 
'~ 

~ 

//,, 
..... ~-:-.:::-:.. --:....... -.... .......... - / 

- -:--- -

Figure 5 

i 
·,' i 

/. ,' 
'/ 

,_/ 



Adaptation of windmill designs W/40 Stam 353 

Tt'p 11c>2oc: ,· t-y 
Wb, 4 VQ to~ ,•~_y 

Figure 6. Characteristics of wind turbine and open-gutter pump 

vanes (3). (This is derived from classic German 
research on windmills (6).) 

At design wind velocities, the vane/rotor remains 
almost perpendicular to the wind. With weaker and 
stronger winds, some deviation will occur. 

Mechanical parts and prospects Jor electricity 

. Such essential mechanical parts as ball bearings 
011 seals, flexible spindle, etc., are limited to a few, 
suited for as many applications as possible. That is 
the reason why, first, a broad programme was set 
up and then, taking into consideration all the varia
tions absolutely needed, the details were designed . 
The parts are all suited to be made by simple car
penter-blacksmith techniques. The modern oil-tight, 
high quality ball bearings are reckoned to be too 
costly; the cheaper "bicycle ball-cases " on simply 
milled bushings are used. Separate sand and water
repellents are envisaged, as well as oil-seals. 

The demand of the individual farmer for electricity 
for radio or for cooking can best be met by mounting 
a wind-driven generator on the tip of one or more sails 
on Flettner's principle of the "aerodynamic trans
former " (7); because of the coupling with water
lifting, the delivery of electricity will then be already 
at full capacity with low wind velocity. Without 
any mechanical transmission, the generator will be 
driven at high rotational speeds. Thus a normal, or 
large-size, bicycle dynamo is suitable for the job, to
gether with a rectifier and, perhaps, an H2O2 cell. 

Wind regime and mills for farmers' 
and communal needs 

The needs at New Delhi ditring January 

For a very unfavourable example, I refer to the 
data at New Delhi, as given by Ramdas and Rama
krishnan (8) . Water is then at its scarcest and the 
average wind velocity is at a minimum during that 
month. Supposing that the regime given for the 
whole month might be representative for every turn 
of watering, figure 7 shows the specific daily output 
for each wind-velocity step in wind energy as well 
as in water power for the turbine bladed mill with 
open gutter pump as described above. The water 

power is given in tons lifted, multiplied by metres 
lifted and with the hours for each wind-velocity step, 
for the depth of the water level near New Delhi is 
not known. But if the open-gutter pump should be 
suited to this depth, the 3.6-metre diameter of the 
sails will still deliver sufficient hourly output in 
comparison with human water-lifting, as proved by 
the appropriate curve in figure 2. Moreover, a wind
mill at New Delhi would deliver for 13 hours daily 
even during January, when human labour would be 
limited to 4 to 5 hours of water-lifting a day. I am 
convinced that this type of mill and pump are very 
well suited to the conditions in the delta of the Nile 
and the coast and Fezzan-oasis of Libya. Should the 
machine of 3.6-metre diameter deliver insufficient 
water power for the farmer's needs, the 5.4-metre 
diameter one - either the two-bladed turbine or the 
cloth sail mill - will satisfy him in nearly all the 
cases where he would normally use two bullocks or 
one camel for turning his traditional devices. Again, 
assuming the January wind regime of New Delhi, 
the average delivery depending on height of lift is 
also shown in figure 2, disregarding minor variations 
in efficiency of the several water-lifting devices, as 
shown in figure 3. 

Communal services 

The examples mentioned for the small farmers 
prove that even under rather unfavourable wind 
regimes, it might be possible to satisfy communal 
needs for irrigation water and auxiliary electricity 
by means of turbine-bladed or cloth-sailed windmills. 
Both can be built in diameters of 8, 12, 18, 27 and 
even 40 metres and made in either wood or steel and 
plastic. A communal grid utilizing the principle of the 
Flettner aerodynamic transformer permits cheap and 
simple generating by asynchronous or even synchron
ous alternators. In combination with the open gutter 
pump, with its characteristic constant· speed, it is, 
moreover, possible to place a generator on the pump 
axle and to regulate the electric power by minor 
variations of the lifting height of that pumping device. 
But a great deal depends on the instructional insti
tute co-operating with the handicraft guilds as to 
how far the adaptation of handicraft techniques will 
provide the communal services with the essential 
needs in competition with modern industry. 
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Figure 7. Daily water-power per square meter swept-area in wind regime of January at New Delhi 

Stimulation of western "know-how" 
into oriental handicraft skill 

It is quite obvious that adapting modern science 
and techniques to traditional skills and local materials 
can best be achieved in the engineering institutions 
and instructional services of the regions concerned. 
But in any case it may be insufficient to supply rural 
craftsmen with blueprints and written instructions 
only. It is better to sell construction kits to those 
agrarian families that are willing to build a mill in 
districts where the selling institute knows the wind 
regime and conditions of irrigation. Such a kit may 
include a strip-story illustrated instruction, clearly 
understandable even for people who cannot read, 
together with the essential parts that cannot be 

fabricated with local means. At its best, the kit 
should also contain a scale model. 

The kits themselves can be best made by craft 
guilds or by technical schools. Guild members or old 
pupils could sell these kits and erect mills throughout 
the country. 

Because of the very limited financial resources of 
our foundation, we can only supply a limited number 
of parts to those co-operatives or institutions in the 
less-industrialized areas that really intend to further 
the adaptation of handicraft techniques to indus
trialization. 

A better solution will be offered if the nations 
concerned establish regional and co-operative institu
tions for simple application of wind power (and solar 
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energy) to undertake the co-ordination of activities. 
By virtue of the social-economic nature of such deve
lopment programmes as the one suggested here, these 
institutions and the governments behind them can 

assure that due emphasis is placed on all the wider 
aspects and problems encountered in th exploitation 
of natural power sources for the benefit of the whole 
population in the new industrializing areas. 
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Summary 

Wind made the Netherlands the wealthiest nation 
during the seventeenth century. Thousands of wind
mills delivered power for water-pumping, wood
sawing, flour-handling , paint-mixing, rice-scaling, 
oil-pressing, paper fabrication, etc. Today, they have 
only tourist value. 

The less-industrialized countries need to indus
trialize to provide modern welfare. The problem of 
the displacement of traditional craftsmen and 
peasants which may result may be faced partly by 
adaptation of ancient handicrafts to local small
scale production of modern products. 

Rural markets in less-industrialized regions 

Sales potential in regard to foreign products. Con
sulting designers must keep in mind that most of 
the families under consideration earn $50 to $150 
a year. 

The small farmers' needs for water-lifting devices. 
With non-gravity irrigation, yield is limited by the 
water raised by man or animal (figure 1). Data on 
traditional devices are illustrated in figure 2. Motor 
pumps have the effect of devaluing the small farmer's 
capital incorporated in his animal-dri':'en devices 
and making him dependent on the nch farmer. 
Cheap solar and wind power will free both man and 
animal from laborious water-lifting and may leave 
him free to pay more attention to drainage and 
avoidance of salination. 

The family's desire for radio and light. Wind
driven bicycle dynamos for radio can be the first 
step towards generating electricity for light. 

The demand for wind power by comm,unities and 
plantations. The wind generat~r ind~stry of Europe, 
the United States and the Soviet Umon can compete 
with motor generators. Rural industrial mills for food 

processing, etc., are best suited for fabrication by 
hand. 

Windmills manufactured by hand, using local materials 

Types in regional use (2). The Chinese stakes and 
cloth mills undergo a revival for water-lifting and 
rural processing. Japanese aerodynamic design is 
executed by village craftsmen in South-east Asia. 
Mediterranean mills are well maintained in Portugal. 
Modern mills irrigate the plains of Crete. 

The following newly designed types are derived 
from these to meet varying demands. 

Windmill with self-adjusting cloth sails ( figure 3). 
The form of the sails is deduced from Japanese_ 
measurements (3, 4, 5). Figure 3 shows the rotating 
water-lifts to be driven by wire transmission. Arti
ficial leakage torque during starting is small; it 
increases with rotational speed. A windmill powered 
chain pump needs to be installed alongside existi_ng 
Persian lifts because leakage gets out of phase with 
wind variations as pumping depth increases. 

The membrane pump with adjusting stroke offers 
the best solution for great depth; thus we designed 
the same mill with a crankshaft, the adjustment 
being effected by wind pressure on the sails. 

Figure 4 shows mill and water-lift performance 
depending on design velocities. Indivi~ual farmers 
will require machines of 5.5 metres diameter; co
operative and communal services, from 18 to 27 metres 
diameter. 

Turbine bladed windm,ill with open gutter pump. 
A two-bladed turbine of 3.6 metre diameter gives 
an output similar to one manpower and is suited to 
drive the type of pump shown in figure 5. Our 
adaptation of an old Dutch patent increases the 
efficiency of pumping to SO per cent. The open 
gutters transport changing quantities with minor 
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changes of rotational speed, and during starting 
the momentum needed is low. No check valve is 
needed and no. leakage can occur. Figure 6 shows 
the characteristics of the wind turbine and of the 
pump. 

Jyf eclianical parts and prospects for electricity. The 
parts are few in number and are suited to normal 
carpentry and blacksmith techniques. The "aero
dynamic tranformer " (7) generates electricity, with
out any mechanical transmission from bicycle or 
car dynamo. 

Wind regime and mills for farmers' and communal 
needs 

Small farmers at New Delhi, in January. Using the 
figures of ref. 8 as an unfavourable example, figure 7 
shows the output for the turbine-bladed mill with 
open gutter pump. As shown in figure 2, the machine 
having a 3.6 metre diameter rotor delivers sufficient 
water; on an average, the mill operates 13 hours per 

day. This type of mill and pump are also suited for 
the Nile delta and for Libya. The 5.4 metre diameter 
cloth saill mill in the wind regime for New Delhi 
easily outworks two bullocks. 

Communal services. How far communal services 
may be supplied through these techniques may 
depend on effective co-operation between handicraft 
organizations and instructional institutes. 

Stimulation of western " know-how " into oriental 
handicraft skill 

Adapting handicrafts requires instructional ser
vices in the regions concerned. Construction kits 
with illustrated instructions, essential parts and a 
model can be fabricated by craft-co-operatives or 
by technical schools. A limited number of kits can 
be financed by our foundation. The best solution 
is the creation of regional institutions for wind 
power and solar energy by the interested govern
ments. 

ADAPTATION DES CONCEPTIONS CLASSIQUES DES EOLIENNES 
SPECIALEMENT A L'INTENTION DES PAYS PEU INDUSTRIALISES 

Resume 

C'est le vent qui a fait des Pays-Bas le pays le 
plus riche du monde au cours du xvne siecle. Des 
milliers de moulins a vent fournissaient la force 
motrice necessaire au pompage de l'eau, assuraient 
le sciage du bois, la manutention des sacs de farine, 
le melange des peintures, l'ecossage du riz, le pressage 
des graines oleagineuses, la fabrication du papier, etc. 
Aujourd'hui, ces moulins a vent n'ont plus d'interet 
que pour les touristes. 

Les pays peu industrialises ont besoin de corriger 
cette deficience pour garantir le bien-etre moderne 
a leurs citoyens. Le probleme que souleve le deplace
ment des artisans et des paysans qui peut en resulter 
pourra etre resolu partiellement en adaptant les 
anciennes techniques artisanales a la fabrication sur 
place a petite echelle des produits modernes . 

Marches ruraux dans les pays peit industrialises 

Potentiel de vente en ce qui concerne les produits 
etrangers. Les ingenieurs-conseil doivent se rappeler 
que la plupart des families en cause gagnent seule
ment de 50 a 150 dollars par an. 

Besoins dit petit agriculteur en ce qui concerne les 
materiels d' elevation d' eau. Quand l'irrigation est 
assuree autrement que par la pesanteur, le rendement 
est limite par la quantite d'eau que l'homme ou un 
animal peuvent elever (figure 1). Les donnees sur les 
dispositifs traditionnels sont illustrees a la figure 2. 
Les pompes a moteur provoquent une devaluation 
du capital du petit fermier, lequel est immobilise 
dans les appareils entraines par des animaux. II 

tombe ainsi sous la dependance des agriculteurs plus 
riches. L' energie solaire et l' energie eolienne fournies 
a des prix modiques libereront l'homme et !'animal 
de travaux penibles consistant a elever l'eau et 
laisseront le petit agriculteur peut-etre libre de preter 
plus d'attention au drainage, lui permettant d'eviter 
!'accumulation de sels. 

Besoins de radio et d' eclairage: Les dynamos du 
genre que l'on emploie avec les bicyclettes entrainees 
par le vent peuvent constituer le premier pas vers 
la production de l'electricite en vue de l'eclairage et, 
entre temps, on peut s'en servir pour les appareils de 
T.S.F. 

Demande d' energie eolienne par les co1nmunautes 
et les plantations. L'industrie des eoliennes en Europe, 
aux Etats-Unis et en Union Sovietique peut faire 
concurrence au groupe electrogene classique a moteur
generateur. Les usines industrielles rurales de trans
formation des denrees alimentaires se pretent specia
lement a la fabrication a la main. 

Eoliennes a Jabriquer a la main avec des materiattx 
locaux 

M odeles utilises regional_ement (2). Le materiel 
chinois est en train d'etre ressuscite pour elever l' eau 
et realiser certains traitements de produits ruraux. 
La conception aerodynamique japonaise est executee 
par des artisans de village en Asie du sud-est. Les 
moulins mediterraneens fonctionnent bien au Por
tugal. Des moulins modernes servent a !'irrigation 
des plaines de la Crete. 
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Les modeles recents qui suivent derivent de ces 
dispositifs pour faire face a des demandes diverses. 

M oulins a vent a ailes en tissit a auto-reglage 
(figure 3). La forme des ailes decoule des cotes japo
naises (3, 4, 5). La figure 3 montre les dispositifs 
d'elevation rotatifs qui doivent etre entraines par des 
liaisons a cables. Le couple artificiel de fuite au depart 
est faible et augmente avec la vitesse de rotation. 
Une pompe a chaine sans fin, entrainee par un moulin 
a vent, doit etre installee le long des norias persanes 
parce que les fuites perdent la phase avec les varia
tions du vent tandis que la hauteur sur laquelle 
l'eau doit etre elevee augmente. 

La pompe a membrane a course reglable constitue 
la meilleure solution pour les grandes profondeurs. 
Nous avons done realise le meme moulin avec un 
vilebrequin, le reglage etant assure par la pression 
aerodynamique du vent sur les ailes. La figure 4 
montre le fonctionnement du moulin et de l'eleva
tion d' eau suivant les vitesses de regime. Les agri
culteurs exigeront des machines ayant un diametre 
de 5,5 m et les services cooperatifs et communaux 
des diametres de 18 a 27 m. 

M oulins a vent a aubes de turbine avec pompe a 
gouttiere oitverte. Une turbine a deux pales de 3,6 m 
de diametre donne un debit analogue a celui d'un 
homme et se prete bien a l'entrainement de pompes 
que l'on voit a la figure 5. Notre adaptation d'un 
vieux brevet hollandais augmente le rendement du 
pompage, le portant a 80 p. 100. 

Le systeme a gouttiere ouverte transporte des 
quantites variables avec de faibles changements de 
la vitesse de rotation et le couple necessaire au demar
rage est faible. Point n'est besoin de soupape anti
retour et toute fuite est impossible. On voit, en 
figure 6, les caracteristiques de la turbine et de la 
pompe. 

Elements mecaniques et perspectives pour l' elec
tricite. Les pieces sont peu nom breuses et se pretent 

bien aux travaux de menuiserie normaux et aux 
techniques de la forge de village. Le <( transformateur 
aerodynamique )> (7) produit de l'electricite sans 
transmission mecanique en se servant d'une dynamo 
de bicyclette ou de voiturc. 

Regime des vents et moulins pour les agriwlteurs et 
les besoins commitnaux 

Petits agriculteurs a New Delhi, en jq,nvier. En se 
servant des chiffres de la reference 8 comme un 
exemple defavorable, la figure 7 montre le debit 
d'un moulin a ailes de turbine avec une pompe a 
gouttiere ouverte. Comme l'indique la figure 2, la 
machine qui a un rotor de 3,6 m de diametre fournit 
assez d'eau; ce moulin fonctionne en moyenne 
13 heures par jour. Ce type de moulin, avec sa pompe, 
se prete egalement au delta du Nil et a la Lybie. 
Les ailes en tissu de 5,4 m de diametre, pour le 
regime des vents que l'on trouve a New Delhi, 
donnent facilement plus de travail que deux jeunes 
ba:ufs. 

Services communaux. La mesure dans laquelle on 
peut les satisfaire en ayant recours a ces techniques 
dependra d'une collaboration efficace entre les orga
nisations artisanales et les centres d'instruction. 

Connaissances occidentales et artisanat oriental. 

L'adaptation des techniques artisanales exige 
des services d'instruction dans les regions en cause. 
Les necessaires, avec instructions illustrees, les 
pieces essentielles et un modele, peuvent etre fabri
ques par des cooperatives d'artisans et par des 
ecoles techniques. Notre fondation pourra financer 
un riombre limite de necessaires. La meilleure solu
tion est constituee par l'etablissement d'instituts 
regionaux d' energie eolienne et d' energie solaire 
par les gouvernements interesses. 
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OPERATION OF ALLGAIER TYPE (6-8 KW) WIND ELECTRIC GENERATOR 
AT PORBANDAR, INDIA 

S. P. Venkiteshwaran * 

There is no doubt that wind electric generators 
will play a much greater part in the use of wind 
power than the ordinary type of direct acting wind
mills for pumping water, etc. In this connection, 
India has had the opportunity to gain some expe
rience in the installation, maintenance and perform
ance of a 6 kW Allgaier wind electric generator pre
sented to the Wind Power Division of the National 
Aeronautical Laboratory by the West German 
Government. This equipment, which is of the 
" High Speed " type, is supported on a mast 10 me
tres high (figure 1) and has three blades, each of 
5 metres length. Variable pitch blades are used; for 
wind speeds between the starting speed and the 
rated speed, the pitch of the blade remains constant, 
and when this is exceeded, a regulating mechanism, 
which consists of a swinging plate placed in the wind 
stream, comes into operation thereby modifying the 
pitch of the blades and thus maintaining the rate 
of revolution and the power constant. The vertically 
hanging plate gets tilted in strong winds and thereby 
actuates the piston in a hydraulic jack and furls the 
propeller. An electromagnet also controls the hydrau
lic jack when the voltage generated is too high. 

A DC generator (6 kW, 220 volts) is coupled to 
the rotor with a train of gear wheels, so that one 
revolution of the rotor corresponds to 17.4 revolu-
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Figure 1. Allgaier wind electric generator, Porbandar 
(India) 

* National Aeronautical Laboratory, Bangalore, India. 

tions of the generator. These gear wheels work 
in oil. 

The switchboard for use with the generator has 
arrangements to charge a battery or to keep it 
floating, the current being used for any external 
loads. The generator operates automatically without 
attention in charging the battery and keeping the 
voltages within adjusted limits. 

The power generated by this plant for various wind 
speeds is as follows : 

Table 1 

Wind speed Total Speed of wheel 
kmph output (rpm) 

11 0.3 38 
14. 1.0 51 
18. 2.0 63 
22 3.5 72 
25 4.8 78 
29 5.6 83 
32 6.0 86 

Meteorological conditions at site selected 
for the erection of the wind electric generator 

For testing the performance of this wind electric 
plant, the most favourable region of India with 
maximum availability of wind and good exposure 
was selected. It is well known that Saurashtra is one 
of the most windy parts of India and the rainfall is 
comparatively very small during the monsoon 
compared to other regions of India. Figure 2 shows 
the mean monthly wind distribution over this state. 
The site for installation was chosen at an agricultural 
farm in Porbandar, where electricity was not avail
able. A 10 hp diesel operated pump supplying 
6 000 gallons per hour was being used to irrigate 
the farm . Thus the installation of the electric genera
tor would enable its performance to be examined 
from many aspects, under the best available meteo
rological conditions. 

It will also serve a very useful purpose in the 
agricultural farm by providing water. 

Table 2 gives the mean monthly wind speeds in 
kmph at Porbandar during 1960 during the different 
periods of the day. 
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Table 2 

Period 
J. F. of day M. A. M. 

0830-1730 IST 15 15 18 21 23 
1730-0830 IST 12 11 12 15 15 

0830-0830 IST 13 12 15 18 18 

_Table 3 gives freguencies of specified mean daily 
wmd speeds for different periods of the day at 
Porbandar during 1960. 

Figure 3 gives the mean hourly wind from Dines' 
anemographic records · at Veraval, which is also 
situated in Saurashtra (lat. 20° 55' N, long. 70° 22' E) 
at about 70 miles from Porbandar. It may be assumed 
that the general pattern of wind at Porbandar is the 
same as at Veraval. 

Table 3. Number of occasions in a year when wind speeds 
at Porbandar Airport lay in specified ranges 
(a) From 0830-1730 hrs., (b) From 1730-0830 hrs. 

and (c) 0 830-0 830 hrs. 
Year : 1960 

JVittd speed ra11ge 
a b C (kmph) 

0-5 0 20 0 
6-10 22 115 72 

11-15 74 107 115 
16-20 . 100 85 114 
21-25 . 111 26 50 
26-30 . 47 8 9 
31-35 11 5 6 
36-40 . 1 

TOTAL 366 366 366 
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Figure 3 

The mean total monthly rainfall and the number 
of rainy days at Porbandar are given below : 

Table 4. Porbandar - rainfall and number of rainy days 

]. F. M. A. M. 

Rainfall inches . .09 0.12 0.07 0 0.18 

Number of days .. 0.2 0.3 0.1 0 0.2 

The agricultural farm at Porbandar represents the 
usual conditions prevailing at most other farms in 
India where electrical energy is not available. The 
main difference between them is only in the meteo
rological conditions relating to the period and inten
sity of the monsoon and the related crops that are 
grown. Water is either pumped with diesel engines 
or by bullocks and in some areas by lifts operated 
by manual labour. There is generally no need for 
electric power at these farms for other purposes and 
if available it is used for operating agricultural 
machinery. But even these have not come into 
general practice yet. Bullocks are generally main
tained in all farms for ploughing and for other work. 
The common difficulties usually met with in all 

] . Jy. A. s. o. N. D. Year 

4.45 8.27 3.74 1.23 0.29 0.30 0.10 18.84 

3.4 8.7 6.7 3.1 0.5 0.2 0.1 23.5 

farms in operating diesel engines are experienced 
in this farm also, i.e., the availability of engines, their 
overhaul and supply of spare parts, regular supply 
and storage of diesel oil, etc. 

Operation of the wind electric generator 
at Porbandar 

Table 5 gives the expected mean power output 
from the wind electric generator during the different 
periods of the day in different months. This has been 
obtained from tables 1 and 2. 

If we assume that at Porbandar electric energy 
will be used mainly for pumping water as with the 
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Table 5. Mean power output from the wind electric generator (kW) 

I'eriod of 
]. F. M. A. M. day 

0830-1730 IST 1.3 1.3 2.0 3.1 3.9 

1730-0830 IST 0.5 0.3 0.5 1.3 1.3 

0830-0830 IST 0.8 0.5 1.3 2.0 2.0 

diesel engine and that it will therefore work only 
by day, it will be seen from table 5 that the wind 
electric generator will supply about 1.5 kW during 
6 months and about 4 kW in the other months. 
The energy available at the station is lowest during 
the winter months when less water may be needed 
for agriculture. The total energy available during 
the year during the daylight hours 0830-1730 IST 
is approximately 8 900 kWh. If we assume that the 
cost of the generator, installation, pumps, etc., is 
20 000 rupees and that its maintenance cost is about 
500 rupees per annum and that the life of the gener
ator is 10 years, the cost per unit of electricity will be 
approximately 28 nPs. It will be cheaper if energy is 
used for more hours of the day. The well, fitted with 
an electric pump of about 1.5 kW, delivers approxi
mately 4 000 gallons of water per hour (total head of 
40 ft). Assuming that one pump will work for 
6 months and 2 for the rest of the year, cost per 
1 000 gallons of water is approximately 10 nPs and 
5 nPs respectively. 

The diesel engine now in operation (10 hp) requires 
3.3 litres of oil per hour and pumps 6 000 gallons of 
water per hour. The cost of oil for pumping 1 000 gal
lons of water is approximately 25 nPs. Assuming 
cost of the engine at 4 000 rupees - and maintenance 
and repair at 5 % and 10 years life, the cost per 
1 000 gallons of water is approximately 28 nPs. 

In the above programme of operation of wind 
electric generator, no battery has been used. The 
use of batteries in the agricultural farm is both 

]. Jy. A. 5. 0. N. /l. Ytar 

3.5 5.0 4.4 3.5 2.0 1.5 1.3 2.7 

1.5 3.1 2.4 0.5 0.2 0.2 0.3 1.0 

2.0 3.9 3.1 1.3 0.8 0.3 0.3 1.5 

costly and difficult. There appears to be no need for 
them, since electricity may not be needed during 
the night and if used, it will be negligible. However, 
there is one aspect, that the energy available at night 
can be stored in the batteries and used during the 
day. If we assume that this can be done, and estimat
ing the cost of a suitable battery and installation at 
15 000 rupees, the life of the battery at 10 years, and 
cost of maintenance, 600 rupees per year, the cost 
of one kWh of energy is approximately 32 nPs. 
On the other hand the cost of energy per kWh, 
without the battery, used only for pumping water 
during daylight hours, works out to 28 nPs. 

Future programme 

The experience gained at Porbandar with the wind 
electric generator has been encouraging and it will 
be worth while trying out a few more of them, in 
other regions of India. The initial attempt will be 
to use smaller size equipment of 1.5 to 2 kW which 
will be more easily portable and simpler to erect. 
Future programmes will be based on the experience 
gained. 
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Summary 

The Allgaier wind electric generator presented to the Wind Power Divi
sion of the National Aeronautical Laboratory by the Vi1est German Govern
ment is described briefly in this paper. It is capable of giving 6 kW on 220 volts 
DC at a wind speed of about 32 kilometres per hour. This equipment is installed 
at an agricultural farm. at Porbandar (l~t. 21 ° 38' N, _long. 69° 37' _E) _ wh~re 
a diesel operated pump 1s at present workrng for supplyrng water for 1rngat10n 
purposes. The meteorological conditions, including detailed information 
about the wind speed, are given for Porbandar. The mean power output from the 
wind electric generator for different periods of the day during the year are 
also given. The cost per kWh electricity with ~he wind_ electric genera!or 
without employing a battery works out to 28 nPs 1f energy 1s used only dunng 
the daylight hours of morning 0830 to 1730 IS~. The co:>t of pumping 1 O?O gal
lons of water against a to_tal head of 40 ft m the di~erent ?easons ~s also 
estimated and compared with the present cost of operatmg a diesel engrne for 
the same purpose. It is f?und th~t w_hile the cost of pumping l_ 000 gall?ns 
of water with the present diesel engme 1s about 28 nPs, the cost with the wmd 
electric generator is between 5 to 10 nPs. 
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FONCTIONNEMENT DE LA GENERATRICE EOLIENNE 
DU MODELE ALLGAIER (6 A 8 KW) 
INSTALLEE A PORBANDAR, INDE 

Resume 

Le groupe electrogene a aeromoteur qui a ete offert a la section d 'energie 
eolienne du Laboratoire national d'aeronautique, par le gouvernement de la 
Republique Federale Allemande, fait l'objet d'une breve description dans le 
present memoire. 11 peut debiter 6 kW sous 220 V.C.C. pour une vitesse de 
vent de l'ordre de 32 km a l'heure. Le materiel est installe dans une exploita
tion agricole a Porbandar (lat. 21 ° 38' N -long. 69° 37' E) ou une pompe action
nee par un moteur diesel assure actuellement le pompage de l'eau d'irrigation. 
On donne les conditions meteorologiques, notamment des renseignements 
detailles sur le regime de la vitesse des vents pour Porbandar. On indique 
egalement le debit moyen d'energie du generateur a aeromoteur pour diverses 
periodes de la journee au cours de l'annee. Le cout par kW/h de l'electricite 
produite par la generatrice sans batterie d 'accumulateurs, s'etablit a 28 nPs 
si on ne se sert de l'energie gue pendant les heures de jour, notamment du 
matin, en tout cas de 8 h: 30 a 17 h: 30 (heure standard de l'Inde). Le cout de porn
page de 1000 gallons d'eau (4 540 1) contre une pression totale de 10 pieds 
(12 m) au cours des diverses saisons fait egalement l'objet d'une evaluation 
et on le compare avec les frais actuels d'exploitation d'un moteur diesel servant 
au meme objet. On a etabli que tandis gue le cout de pompage de 1 000 gallons 
d'eau (4540 1) avec le moteur diesel actuel est de l'ordre de 28 nPs, ce meme 
cout, avec la generatrice eolienne, ressort a une valeur comprise entre 5 et 
10 nPs. 
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A METHOD FOR IMPROVING THE ENERGY UTILIZATION OF WIND-DRIVEN 
GENERATORS, AND THEIR OPERATION WITH CONVENTIONAL POWER SETS 

J. G. Walker * 

Among the natural forces that man can ·attempt 
to utilize, wind possesses the peculiarity of being 
reasonably easy to harness when the power demand 
is small. When wind power plants have been designed 
for higher power ranges, however, difficulties have 
been encountered which have not even yet been over
come completely, and economically. 

Given unlimited time and money there remain 
very few problems that are insurmountable, but, for 
wind power to compete on a cost basis with steam or 
diesel-driven electricity generating sets, it is essential 
that the proposed installation be planned thoroughly 
from the outset. A detailed study of the area is 
required before a wind power plant is erected, in 
order to ascertain the most favourable site for the 
machine. Special regard should be made to local 
topography and then, from the site chosen, accurate 
wind records must be obtained over a period of at 
least a year. This will enable a wind-driven generator, 
having the most suitable characteristics, to be oper
ated economically. 

The records obtained should provide the potential 
user with the annual average hourly mean wind speed 
for the site and thus sufficient data to enable the 
velocity duration curve to be drawn. Tests carried 
out by the Electrical Research Association on 
medium-sized machines have shown that a reason
ably accurate power coefficient (or efficiency) charac
teristic can be estimated for a given plant. Knowledge 
of this characteristic, together with the information 
obtained from the wind records, will enable an 
assessment to be made of the annual amount of 
energy available at the chosen site and, thus, the 
cost per unit of this energy (1). 

The importance of full utilization 

To enable the cost per unit of the energy produced 
to be kept as low as possible, it is essential to utilize, 
fully, the output from the wind-driven generator. 
In particular, utilization of the power available be
tween "cut-in" and rated output should be catered 
for. 

Thus, to follow the ideal power output-wind speed 
characteristic of the plant over the complete operating 
range, the connected load should be infinitely 
variable. In practice, however, when supplying the 

* Electrical Research Association, Cranfield Bletchley, Bucks., 
United Kingdom. 

needs of a large farm or small isolated community, 
this infinitely variable l_oad is almost impossible to 
achieve. It is therefore necessary to divide the total 
electrical load on the wind power system into as 
many small units as possible. These smaller loads can 
then be switched in and out of circuit in an endeavour 
to match the power in the wind. 

Past experience shows that a fraction only, at best 
perhaps half, of the energy potentially available from 
the wind-driven generator is usefully employed if 
the loads are switched manually. When only limited 
storage is available, it is essential that the loads be 
switched automatically, to ensure that all the energy 
available is put to some useful purpose whenever it 
chances to occur. Such an automatic system has been 
developed and constructed by the E.R.A. for use 
with a 7.5 kW Allgaier wind-driven generator (System 
Dr. Hutter), when the plant is used to supply the 
electrical needs of an isolated household (2). 

Automatic load control and load selector 

The automatic control system for the complete 
installation was designed to be operated by a non
technical user and, at the same time, to give the user 
full control over the selection of the priorities of the 
various loads. 

The load-distributing device, operating on varia
tions in the voltage of the wind-driven alternator, 
consists basically of a moving coil relay supplied, 
through a rectifier, from this alternator. Increases or 
decreases of alternator voltage cause the moving 
contact of the relay to energise and operate a small 
motor which drives, through gearing, a series of 
28 cams (figure 1). The cams are arranged to close 
one micro-switch for every 6 degrees of shaft rotation. 
A single pole supply, taken from the three phase 
busbars, is fed, via the micro-switches, to a vertical 
row of 28 sockets. The number of cams, micro
switches, sockets, etc., is entirely dependent upon 
the number of installed loads, one complete circuit 
being required for each load. The sockets are so 
connected that an increase in the output voltage 
- and therefore power - of the wind power plant 
causes them to be energised in an ascending order, a 
decrease in output voltage de-energising them in the 
reverse order. 

Each load contactor operating coil has one pole 
connected to the a.c. bus bars, the other being connect
ed to a suitable plug marked with the name of the 
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Moving coil 
relay J Reverse 

j111 ~-
~ 12 volt 

Battery 

control 

Motor ---- Seriesof28 
cams and 

micro swilche5 

Forward 
Rectifier control unit 

three-phase 

I r I 
Figure 1. Schematic diagram of load regulator 

load connected to it. By inserting the plugs into the 
vertical row of sockets, the operator can select at 
will the order in which the loads are to be connected 
to the supply as the energy becomes available 
(figure 2). 

The windmill itself, being entirely automatic in 
operation, allows the complete plant, including selec
tion of the load priorities, to be under the control of 
a non-technical user. The types of loads connected to 
the E.R.A. wind power installation, together with 
their installed capacities, are shown in table I. 

The basic design of the load-selector system de
scribed above can be applied to any type of medium
sized machine up to, say, 50 kW capacity, provided 

Figure 2. Arrangement of services using load selector 

that the rating and number of load contactors, 
micro-switches, etc., is adjusted to suit any specific 
requirement. It should be mentioned here that the 
speed of operation of the motor-driven cams is entire
ly dependent upon the type of loads connected to the 
supply. If the loads are purely resistive - heating 
loads, etc. - the frequency of contactor operation, 
as governed by the moving coil relay is, in the limit, 
dependent only upon the variations in wind speed 
that can be followed by the installation. If, however, 
motor loads are connected to the supply, the fre
quency of switching should not exceed the maximum 
recommended number of starts per unit time as 
given by the motor manufacturer. The control system 
can be used with various types of wind power plant. 
The Allgaier type of machine, having either variable 
pitch blades and centrifugal governor system for 
speed control or the fixed pitch stalling blade type 
of machine where the connected load acts as the 
overspeed control, can in either case be fitted with 
the load selector. 

Auxiliary power supplies 

The wind power plant was backed, in the E.R.A. 
installation, by a small 240 volt lead-acid battery 
having a capacity of 20 amp-hrs. This battery was 
installed to provide firm power for such loads as 
lighting, ironing, radio, refrigeration, etc., these 
loads being termed "on demand" loads to distinguish 
them from those which can only be supplied when the 
windmill is operating. In order to allow for excessive 
periods of calm and, should it occur, mechanical 
failure of the windmill, a 2 kV A, three phase alter
nator, together with a 2 kW, 240 volt d.c. generator, 
were installed. These two stand-by machines were 
coupled to a 5 hp diesel engine. In the installation 
described, it was found necessary to have the stand
by alternator to provide power for the water pumping 
plant during periods of calm weather. Due to the 
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Table 1 

Situation Type of load Tnstalled rating 
(1t1atts) 

Bedroom I Tubular heaters, I ph., a.c. 720 
Bedroom 2 Tubular heaters, 1 ph., a.c. 720 
Bedroom•3 Tubular heaters, 1 ph., a .c. 360 
Front room Tubular heaters, 1 ph., a.c. 720 
Office Tubular heaters, I ph., a.c. 720 
Living room Reflector fire 1 ph., a.c. 750 

Immersion heater I ph., a.c. 3 000 
Bathroom Tubular heaters 1 ph., a.c. 540 
Attic . Tubular heaters I ph., a.c. 660 
Linen cupboard Tubular heaters 1 ph., a.c. 180 
Water tank cupboard Tubular heaters I ph., a.c. 180 
Diesel engine shed Tubular heaters l ph., a.c. 240 
Control room Tubular heaters 2 ph., a.c. 480 
Garage Storage heater 3 ph., a.c. I 500 
Soil warming No. 1 Heating wires 3 ph., a.c. 300 
Soil warming No. 2 Heating wires 3 ph., a.c. 300 
'vVater pump 1.25 h.p. motor 3 ph., a.c. 1 200 
Saw bench 1.75 h.p. motor 3 ph., a.c. 1 450 
l\Iain dwelling .. Lighting d.c. 1 000 
Main dwelling .- Ironing d.c. 450 
Main dwelling . Radio d.c. 75 
Main dwelling . Extractor bars d.c. 50 
Outside buildings Lighting 

s:naII capacity of the water tanks already on the 
site chosen for the experiment, sufficient water 
storage was not available to cater for these calm 
periods. 

Stand-by plant of the conventional type, when 
connected to an automatic system should, obviously, 
~e arranged to start under two main loading condi
t10ns. These are low battery voltage, indicating a 
discharged battery, and excessive battery discharge 
on load. 

Should the battery voltage fall below the normal 
discharged value, as might occur in prolonged periods 
of calm, a voltage sensitive relay should operate to 
start the diesel set. This relay can be reset to stop 
the set, by the action of a special type of ampere
hour meter, registering on battery charge only. The 
type of meter installed should be fitted with a dial 
marked off in Ah. A small, manually adjustable 
pointer allows a preset number of ampere-hours -
dependent upon the battery capacity and the wind 
regime of the site - to be set against the dial. When 
the battery has received the charge indicated, con
tacts inside the meter close momentarily and reset 
the voltage sensitive relay, thus stopping the diesel 
set. The meter contacts reset automatically for the 
next operating sequence. 

This type of meter enables the operator to find the 
minimum battery charging period required for any 
particular site and installation, with a consequent 
saving in diesel fuel. However, should the wind rise 
during the battery charging period, the windmill and 
diesel-driven generator will run in. parallel to charge 
the battery, the diesel set shutting down when the 
indicated charge has been reached. 

d .c. 600 

In order to prevent a heavy battery discharge, as 
might occur if most of the d.c. loads in table I were 
switched on at the same time, a differential current 
relay should be fitted. This relay must be arranged to 
operate when the load current is greater than the 
windmill output current by a preset value. This 
difference would, naturally, be supplied by the 
battery. When the battery discharge is greater than 
the preset value, the differential relay will operate 
to start the stand-by set. A time delay mechanism 
should also be incorporated in this circuit, to prevent 
the diesel set starting up on momentary overloads. 
This latter control assumes the use of a small capacity 
battery. The d.c. control circuit diagram for the 
E.R.A. installation is shown in figures 3 and 4. 
Figure 4 also shows the wiring arrangement for the 
water pumping plant. It will be noted that only one 
of the stand-by generators is connected to an electrical 
load at any one time. This was done to enable a 
diesel engine having a much smaller rated output 
than 5 h.p. to be installed at a later date.· 

Results obtained with automatic load control 

During a test period covering 5 months of con
tinuous operation, the total energy output from the 
windmill was 4 510 kWh. From the records of wind 
speeds which occurred during this period and from a 
knowledge of the maximum power output of the 
machine in different wind speeds, an estimate can be 
made of the maximum potential energy output which 
could have been obtained. Using the method out
lined in reference (I), this estimate was found to be 
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4 400 kWh which compares very favourably with the 
experimental result. 

Need for careful planning 

Of the total energy used by the household during 
this period, the diesel set was called upon to supply 
only 1.4 p er cent. This percentage is remarkably 
low when it is considered that the annual average 
hourly mean wind speed for the site was only 
3.8 metres per second, whilst the rated output of the 
7.5 kW wind power plant occurs at 10.3 metres per 
second. 

Both the diesel set and the 20 Ah battery were 
available before the installation was finally planned 
and, further, on the site selected for the tests, water 
storage tanks were already installed. It was therefore 
necessary to fit these items into the final scheme, 
irrespective of their exact suitability. Operational 
experience of the plant has shown that, using suitable 
storage t anks, the stand-by alternator could have been 



Improving utilization of generators W/18 Walker 367 

omitted from the scheme. If the capacity of the water 
storage tanks could have been increased to 700 gallons 
(3 200 litres) from the original 175 gallons (800 litres), 
the windmill alone could have supplied all the energy 
required for water pumping duties. 

At the site in question, increasing the battery 
capacity to 40 Ah would, almost certainly, obviate 
the need for a stand-by battery charging set. To cater 
for emergencies, however, it is necessary, when the 
installation is used to supply the needs of an isolated 
community, to have some form of small stand-by set. 
This could take the form of a portable, petrol-driven 
generator, having a capacity of, say, 1 000-1 500 watts. 
This unit, being portable, would serve many uses, 
other than that of battery charging only. 

It has been stated by various authors that the 
capital cost of storage batteries, together with their 
limited life, precludes their use with wind power 
installations of medium size. This only applies if 
provision is made to store the full energy output of 
the windmill. It is necessary, if "on demand" loads 
are to be supplied, to include in the installation either 
a battery or stand-by set. Knowledge of the capacity 
and duration of the "on demand" loads, together with 
a detailed record of the wind regime at the site, 
govern the size of storage battery needed. Wind 
records are required to estimate the power that 
would be available for battery charging. The modern 
station type battery, given reasonable maintenance, 
would have a probable life of 10 years. With expert 
maintenance and close battery charge control, this 
life could be extended to over 12 years. 

Costs of installation 

A reasonable figure for the cost of a 7.5 kW, fully 
automatic installation, as described in the foregoing 
paragraphs, should be in the region of £1 800 or less, 
when based on a probable production quota of 
200 units. Of this initial cost, some 20 per cent would 
be required for the battery. 

To enable a comparison to be made between the 
cost of the energy produced by a wind-driven plant 
and that produced by conventional means, three 
distinct facts must be shown. These are : 

(a) The capital cost per kW of the installed 
capacity, 

(b) The annual energy output expressed in kWh/ 
annum/kW, and 

(c) The percentage of the capital charges required 
to cover interest, depreciation and maintenance. 

Assuming an annual energy output of 1 415 kWh/ 
annum/kW - as obtained from the E.R.A. experi
mental unit - and a capital cost for the plant 
of £1 800, a reasonable figure for the annual charges 
would be in the region of 12 per cent. From these 
figures the cost per kWh can be obtained and is, 
in fact, 

12 1 800 1 
100 

x 7Y x 
1 415 

= £0.0203 = 4.87 pence. 

It should be remembered here that the figure for 
the "specific output" of 1 415 kWh/annum/kW has 
been obtained from a site having an annual average 
hourly mean wind speed of only 3.8 metres per second. 
A comparable figure for the annual energy output 
- using the same installation - at a site having an 
average wind speed of 4.3 metres per second, would be 
1 810 kWh/annum/kW. Assuming the same capital 
costs and annual charges the price, per unit, of the 
energy produced would now be 3.6 pence per kWh. 
Thus, for an increase in the annual average hourly 
mean wind speed of only 0.5 metres per second, the 
energy cost per unit has been reduced by over 25 per 
cent. This further emphasises the need to survey 
accurately any area in which it is proposed to 
establish a wind power site. 

General maintenance and operation 

If it is essential that the complete wind power 
installation be made fully automatic in operation, it 
will be necessary to obtain the services of a skilled 
electrician to maintain the plant. However, should 
the unit be used to supply a small community, only 
the load distributing device need be automatic. The 
diesel set can be operated manually, as and when 
desired, by a member of the community who, apart 
from undertaking part-time duties, would be required 
to maintain the plant. Fully automatic operation 
combined with skilled maintenance, when compared 
with semi-automatic operation and semi-skilled 
maintenance, will again influence the capital cost 
of the plant. 

Other considerations 

In arid and semi-arid areas, water pumping for 
irrigation will, obviously, be the main duty of the 
wind power plant. A large tank or reservoir, giving 
a head of water of about 30 metres, would, except 
for a small battery, be the only form of storage 
required. The wind power plant would be used solely 
to drive the submersible or surface pumps supplying 
the reservoir. The main "draw off" pipe from the 
reservoir would feed water to a small hydro-electric 
set, before being distributed to the areas requiring 
irrigation. Thus, irrigation carried out during the 
night would have the dual advantage of greatly 
reducing water losses due to evaporation and also, 
via the hydro-electric set, of providing electrical 
power when it is most needed . When considering 
evaporation during daylight hours, a thin film of oil 
on the surface of the water would obviate the need 
to totally enclose the reservoir. This would, obviously, 
reduce the initial cost considerably. Experiments 
carried out in Australia, using eucalyptus oil, have 
proved quite successful. 

In the preceding paragraphs, emphasis has largely 
been placed on an installation in which the wind 
power plant is the main supplier of energy, the 
conventional power sets being used only during 
periods of calm. This form of application would 
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apply, in the main, to windmills having a capacity 
of 1:P to 25-30 kW. For larger communities, requiring 
an ms~alled generating capacity greater than ·30 kW, 
the wmd power plant would be called upon to act 
as a "fuel saver" for the main conventional generating 
plant. 

Another point relevant to the type of installation 
considered is the need or otherwise for voltage regu
lation of the wind-driven generator output. The load 
selector described above worked on an average 
voltage swing of plus or minus 30 volts about a 
nominal 380 volts. A more modern moving coil relay 
co~ld reduce the voltage tolerance to, say, plus or 
m~nus I? volts. However, when considering a wind
mill havmg a synchronous alternating-current gener
ator, supplying resistive loads, the voltage and 
frequency at which these loads can be supplied is 
dependent, only, upon their maximum rating. Fur
ther, if induction motor loads are supplied, voltage 
and frequency variations are again of less consequence 
than has previously been supposed. 

As it is desirable, from efficiency and power factor 
considerations, to maintain an almost constant flux 
density in the iron of the induction motor, it is 

necessary that any change in voltage is accompanied 
by a proportional change in frequency. It will be 
realised that the required change in voltage and 
frequency can easily be obtained from the alternator 
of the wind power plant. To effect this proportional 
change, it is necessary to keep the excitation of the 
alternator as near constant as possible. An over-sized 
alternator exciter controlled by, say, a carbon pile 
regulator, enables this constancy of excitation to be 
attained. It is realised that with the above system 
the variations of the supply will be too great for those 
loads requiring a fixed voltage. A small magnetic 
transducer, however, can be incorporated in, say, the 
battery circuit, to produce a constant voltage battery 
charging supply. This constant voltage method of 
charging will again have the effect of prolonging the 
battery life. 

It has been shown in the preceding paragraphs 
that before any wind power installation is contem
plated, it is essential to plan carefully every detail of 
the unit. Wind power plant working in isolation, with 
or without backing from conventional power sets, is 
far more susceptible to economic considerations than 
that designed for feeding into main networks. 
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Summary 

Before any wind power installation is finally 
planned, it is essential to carry out a careful survey 
of the area in which the plant is to be erected. 
Not only is it necessary to obtain accurate hourly 
mean wind records for the chosen site, preferably 
over a period of at least a year, but also an advance 
knowledge of the loads, degree of storage required, 
etc., is needed. 

The size, or capacity, of the "on demand" loads 
which are essential and for which the supply must be 
continuous, is a critical factor in deciding the_ size 
of the storage battery. A further factor governing 
thP size of this battery, is the average duration 
of calm spells during which the "on demand" loads 
must be supplied. Provision for charging this battery 
during excessive calm spells must also be made. 

The maximum utilization of the power available 
in the wind is of the utmost importance, if the cost 
of energy produced by the wind power plant is to be 
competitive with that produced by conventional 
means. An automatic load distributing device is 
described, which gives the operator complete freedom 

of load selection and priority, and enables the energy 
in the wind to be utilized whenever it becomes 
available. 

Results obtained when using this device, in con
junction with an experimental installation, are 
referred to. The installation, consisting of a 7.5 k\Y 
Allgaier wind power plant, diesel-driven generators 
and storage battery, was completely automatic in 
operation. A special form of battery charge meter, 
controlling the operation of the diesel set, is described. 

An accurate choice of the site for any proposed 
wind power installation is shown to be important. 
An increase in the annual average hourly mean 
wind speed of as little as 0.5 metres per second, 
can reduce the cost, per unit, of the energy supplied, 
by over 25 per cent. 

The effects on the capital cost ·of a fully automatic 
plant employing skilled labour for maintenance, 
as opposed to semi-automatic operation employing 
semi-skilled part-time labour, should be considered. 

A further consideration is the role played by the 
wind power plant, either as the main supplier of 
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energy, or, when used solely as a "fuel saver", 
backing up a conventional power generating set. 

The need for voltage regulation is not as essential 
as was once supposed. The upper limit of voltage 

applied to a resistive load depends only upon the 
rating of that load. Further, induction motors will 
accept variations in voltage and frequency up to 
at least 30 per cent of their nominal rating. 

METHODE PERMETTANT D'AMELIORER L'UTILISATION D'ENERGIE 
PAR LES GENERATRICES ENTRAINEES PAR AEROMOTEURS ET LEUR INTEGRATION 

DANS DES SYSTEMES CLASSIQUES 

Resume 

Avant que l' on passe aux derniers stades d' etablis
sement des projets de centrales eoliennes, il est 
essentiel de proceder a une etude serree de la region 
dans laquelle on doit la construire. 11 ne faut pas 
seulement etablir des moyennes horaires exactes 
des donnees anemometriques au lieu choisi, de 
preference sur une periode d'un an au minimum. 
Il faut connaitre d'avance les charges, le degre d'em
magasinage cherche, etc. 

L'importance ou la capacite des charges « instan
tanees » qui sont essentielles et pour lesquelles la 
fourniture d'energie doit etre continue, est une exi
gence imperative quand il s'agit de decider de la 
taille de la batterie. Un autre facteur ayant trait 
aux dimensions de la batterie est la duree moyenne 
des periodes de calme pendant lesquelles ces charges 
« instantanement exigibles » doivent etre fournies. 
On doit egalement prevoir le moyen de charger 
la batterie pendant les periodes de calme d'une 
duree exageree. 

La pleine utilisation de l'energie eolienne est 
d'une importance capitale si le prix de la force motrice 
qu'elle represente doit pouvoir faire concurrence 
a celle qui est fournie par d'autres moyens. On decrit 
un dispositif automatique de repartition de la charge, 
qui donne pleine liberte de choix de charge et de 
priorite a l'operateur et permet la pleine utilisation 
de l'energie eolienne chaque fois qu'elle se manifeste. 

Les resultats obtenus au moyen de ce dispositif 
font l'objet d'une mention, en liaison avec une instal
lation experimentale. L'installation, constituee par 

une centrale eolienne Allgaier de 7,5 kW, de groupe 
diesel-generatrices et d'une batterie d'accumulateurs 
est completement automatique quant a son fonction
nement. On decrit une forme speciale d'indicateur 
de charge de la batterie, servant a la surveillance 
de la marche du diesel. 

On indique !'importance du choix exact de I:empla
cement de toute centrale a energie eolienne. Une 
augmentation de la vitesse moyenne horaire annuelle 
du vent ne depassant pas 0,5 m par seconde peut 
reduire de plus de 25 p. 100 le cout unitaire de l'energie 
fournie. 

Les repercussions sur les frais de premier etablis
sement de l'emploi d'une centrale totalement auto
matique faisant usage d'un personnel specialise pour 
l'entretien du materiel, en lieu et place d'une instal
lation semi-automatique faisant usage d'ouvriers 
semi-specialises et travaillant une partie du temps 
seulement, doivent etre prises en consideration. 

Une autre consideration a trait au role que joue 
la centrale eolienne, soit comme source principale 
d'energie, soit simplement comme moyen d'economi
ser du combustible en fonctionnant comme renfort 
a un groupe classique. 

Le besoin de regulateurs de tension est moins 
imperatif qu'on ne l'avait suppose. La limite supe
rieure de la tension que l'on doit appliquer a une 
charge constituee par une resistance pure ne depend 
que de cette charge. Au surplus, les moteurs a induc
tion tolerent des variations de tension et de frequence 
allant jusqu'a 30 p. 100 au moins des valeurs specifies. 
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UTILIZATION OF RANDOM POWER WITH PARTICULAR REFERENCE 
TO SMALL-SCALE WIND POWER PLANTS 

J. G. Walker * 

Wind power, when used for the generation of 
electricity, has the great advantage of a free and 
inexhausti~le supply of energy without the problems 
of production, transport or storage of fuel, associated 
with conventional generating sets. A very obvious 
disadvantage is the uncertainty of power being 
available at any given time. When the wind-driven 
generator is the sole source of power, some form 
of storage for the energy generated is essential, 
to ensure continuity of supply and to take full 
advantage of the wind throughout the year. 

Small wind power plants, varying in capacity 
from 250 watts to around 2 or 3 kW, have been avail
able commercially for some years. These plants 
operating in parallel with 12, 24, 32 or 110 volt 
batteries have been used to supply domestic needs, 
requiring only small power. 

Installation 

The effective operation of a wind-driven generator 
when used in conjunction with full battery storage 
is dependent upon many factors. Unlike medium
sized sets, these smaller installations utilizing direct 
current generators operate at low voltages. This fact, 
combined with the low power capacity, must limit 
the choice of site available and implies that the 
generator must be sited as near as possible to the 
load being supplied. 

To illustrate this point, consider a 1 000 watt 
generator having a terminal voltage of 24 volts, 
the full output current thus being 41.5 amperes. 
If a cable having a cross-sectional area of 14.5 sq mm 
is used to carry the current for a distance of, say, 
50 metres, the voltage drop would be of the order 
of 5. 6 volts. The resulting power loss is thus 23 per 
cent of that generated. Use of a more heavy cable 
would reduce the figure for the power loss, but 
would also increase the over-all cost of the installation. 

A further point is the height above ground, at 
which the windmill should be erected. The most 
suitable height, in order to clear surrounding obstruc
tions to wind flow, would be of the order of 10 to 
15 metres. However, the cost of such a tower and 
foundations might easily cancel out the benefits 
obtained from a higher energy output. It is thus 
apparent that, as with all wind power installations, 

* Electrical Research Association, Cranfield, Bletchley, Bucks., 
United Kingdom. 

an examination of each particular site is necessary 
to ascertain the most suitable type of plant to be 
erected. 

Operating characteristics 

In order to minimize both the cost and physical 
size of the generator unit, it is essential that it 
should be driven at a high rotational speed. Genera
tors having propeller diameters of 1.75 to 3 metres, 
can be designed for high rpm thus cutting out the 
need for gearing. The limit to the rotational speed 
is set by the maximum allowable blade tip speed. 
As the speed of the plant varies with wind speed, 
a point is reached at the rated output of the generator 
when some form of governing mechanism is required 
to limit the output. 

When considering the performance of small 
battery charging sets, three main characteristics 
must be compared. These are : 

(a) The blade characteristic; 
(b) The generator-load characteristic, varying with 

rotational speed; 
(c) The battery load characteristic. 
The power characteristics, for a 2 metre fixed pitch 

wooden propeller, at different values of wind speed, 
are shown in figure I. Assuming, for this discussion, 
an efficiency for the plant of 100 per cent, then, 
the power output from the blades - which will be 
equal to the generator output - should follow the 
"maximum watts line" shown in the figure. The curve 
of actual generator output is seen to be far to the 
right of the maximum watts line. For a high efficiency 
to be obtained in practice, it is clear that the blade 
and generator characteristics should be more closely 
matched. The generator input curve, however, should 
not approach the maximum power line too closely, 
in order to avoid the possibility of stalling. 

The aerodynamic efficiency of the blade system 
depends upon the "tip speed ratio", that is - the 
ratio of the peripheral speed of the blade tips to the 
velocity of the wind through them. This efficiency 
reaches a maximum at a particular value of the ratio, 
depending upon the blade design. It follows, there
fore, that to maintain the optimum efficiency, it is 
necessary to operate the plant at a rotational speed 
which bears a continuously fixed relationship to 
the wind speed. 

When a shunt generator is used, connected to a 
battery, a large increase in output current will 

370 
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occur for a small increase in rotational speed. This 
can be seen from the shunt generator characteristics 
shown in figure 2 on which the battery characteristics 
for the fully charged and half charged conditions 
are also shown. It will be noted that at the half 
~harged battery condition, a 25 per cent increase 
~ngenerator speed from 0.8 N toN, increases the charg
mg current from 3 to 18 amperes. Since the battery 
terminal voltage rises only slightly with charging 
current, the increase in generator output current 
from 3 to 18 amperes is due, almost entirely, to a 
proportionally small rise in rotational speed. The 
sixfold increase in power naturally assumes that 
power is available at the blade. This fact tends to 
show that a plain shunt generator does not lend itself 
to. efficient matching with the blade system. For 
this reason, a generator with a more steeply drooping 
characteristic is preferable and can be either a three
brush or negatively compounded machine. 

With small-scale wind power installations working 
in conjunction with battery storage, current can only 
be supplied to the battery when the voltage of the 
generator exceeds that of the battery. A certain 
minimum wind speed, the magnitude of which 
depends upon the design of the plant, is thus essential 
before the generator can "cut in" to supply power 
to the battery and load circuits. Further, it would 
be uneconomical to design wind power plants to take 
advantage of very high wind velocities that may 
only occur for a few hours each year. Thus, operating 
limits of wind speed are set for the "cut in" and 
"rated output" values, depending on the probable 
wind regimes likely to be encountered. The lower 
limit of wind speed is governed by the value at which 
the generator voltage exceeds that of the battery, 

the upper limit being controlled by some form of 
governor mechanism. 

The function of the governor is to reduce the efficien
cy of the blade system in such a way as to try and 
maintain the rated output power at a constant level. 
This g~)Verning action does not normally come into 
operation, suddenly, as the rated output wind speed 
is r~ached, but acts gradually on the blade system, 
takmg over full control at or about rated output. 
The governor thus influences, to a certain extent 
the efficiency of the blade system within the normai 
operating range. 

When considering small sets up to, say, 750 watts 
capacity, it is worth noting here that the increased 
efficiency brought about by well designed blades, 
under compounded generators, etc., can only be 
obtained with an increase in capital costs. The 
source of energy being free, a small increase in 
propeller diameter can easily be made to offset 
reduced efficiency. It will be realised, from the fore
going paragraphs, that the over-all efficiency of the 
wind power plant involves not only the individual 
characteristics of the blade system, generator and 
battery, but also their relationship to one another 
under different operating conditions. With wind 
power installations having a capacity of I 000 watts 
or more, considerations of efficiency and utilization 
become more important. 

As the capacity of the wind power generator 
increases, so also must the diameter of the blade 
system. In order to keep the tip speed at a safe value, 
the rotational speed of the blades must be reduced. 
If, at this lower rotational speed, direct coupling 
were used between the wind rotor and the generator, 
the plant could become extremely costly, due to 
the increased physical size of the generator. A design 
point will be reached where the cost of the gear box 
- high speed generator combination, is much less 
than that of the slow speed generator alone. Again, 
with increased capacity and therefore, capital cost, 
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the . amount of ene:gy usefully employed will have 
an important bearmg on the cost per kWh. With 
larger machines full utilization of the energy, as 
'.3-nd when it becomes available, is of the utmost 
importance economically. A fully automatic device 
- for use with medium-sized wind power plants -
ensuring the best utilization of the energy available, 
h~s been described above (paper W/18). Although, 
with small wind power sets, the need for a completely 
automatic load connector and selector unit is not 
justified economically, some method should be 
considered whereby the energy available in the wind 
below the "cut in" point, can be made use of. 

Directly connected loading 

When the wind-driven generator is connected 
to a battery, via a cutout, no power is supplied to 
the battery until the generated voltage is sufficient 
to close this cutout. If, however, a directly-connected 
resistor element is connected to the machine in place 
of the battery-cutout arrangement, power is dissi
pated in this resistor as soon as the machine commences 
to generate. If the value of the resistor is carefully 
selected, good matching between the propeller and 
load should be possible. This is especially true at 
low wind speeds. To obtain this efficient matching, 
the output characteristic of the generator and load 
combined should lie just below the maximum power 
line of the propeller output characteristic. The 
minimum value of load resistance must not, however, 
approach the critical value of external resistance 
which will allow the generator to excite and supply 
the load. Ideally, a knowledge of the output character
istics of the propeller is required, but as these are not 
generally available, experiments will be necessary 
with trial values of resistance. 

To estimate a suitable value for the resistor 
element, the output power of the generator when 
connected to a battery should be noted for different 
values of wind speed. These readings can be obtained 
from indicating instruments, the values obtained 
serving only as a guide. The value for the equivalent 
resistor to dissipate the same power under the same 
wind conditions can thus be calculated and connected 
in place of the battery. By gradually reducing the 
value of resistance, a point will be found at low 
wind speeds when stalling of the blades will occur. 
Increasing the value, until stability is re-established, 
will give a fairly accurate figure for the final resistance 
value. This value may be of the order of 1 or 2 ohms 
depending upon the type and size of shunt generator 
used for the tests. A necessary precaution with the 
above arrangement is the need to wire the resistor 
element with several paths in parallel. This is to 
protect the blade system from severe over-speeding, 
should part of the element fail electrically. 

During tests carried out with a resistor element, 
the value of which was obtained by the method 
described above, water in a small tank of 25 litres 
capacity was heated to a temperature of 50°C to 80°C, 
whereas under normal operation no power would 
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have been fed to the battery. Although such a 
heater could serve as an additional load to the 
normal battery installation, the most simple and 
efficient arrangement results when it is the only 
connected load. Figure 3 shows the resistor load 
and battery load characteristics, super-imposed on 
typical output characteristics for a . fixed pitch 
propeller. The system could be divided into a small
capacity, fast heating unit in, say, the kitchen and 
a larger capacity unit elsewhere. Thermostatic 
control on the smaller unit could be arranged to 
switch the wind power plant to the large unit, when 
the preset temperature has been reached. A manually 
operated switch would be used to connect either 
the battery or the water heating unit to the windmill. 
A load, such as the water heater, has the added 
advantage of being able to replace the battery as 
the generator main load. It can thus used to prevent 
overcharging of the battery and, therefore, help 
to prolong the battery life. 

Planning an installation 

When deciding the size of generator and battery 
that would be required for a particular installation, 
the two most important factors are: 

(a) The average value of connected load; 
(b) The average duration of calm spells, likely to 

occur at the site. 
It would be preferable to obtain accurate wind 

records for the site, taken over a considerable period 
of time, in order to ascertain the duration of the 
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calm spells. However, if this procedure is impracti
cable, Meteorological Office records will give a fair 
indication of the wind speeds and calms to be expected 
in the region. In this context, a calm refers to periods 
during which the wind speed is too low to allow the 
battery to be charged. An assessment should be made 
of the loads likely to be connected at any one time, 
together with their probable duration. 

If, for example, a site situated in, say, northern 
Europe is considered, the following figures might 
apply. To allow for the maximum duration of 
loading, requirements during the winter months 
are examined. Naturally, in summer time and more 
southerly latitudes, the times for which the .loads 
are required will be considerably shortened. 

Main room, lighting .. . 
Radio. . . . . . . .. . 
Secondary room, lighting . 

Watts 

100 
40 
60 

200 

Assuming "time on" for the main room to be 7½ hours 
per 24 and the secondary room 3½ hours per 24, 
then the total load is 1 260 watt hours. During the 
winter months, in northern latitudes, the average 
period of calm would be of the order of 2 days. 
Thus, full storage for this period would be 2 520 watt 
hours. The battery capacity for various voltages 
is therefore 

Ampere/ 
hou.rs 

At 12 rnlt . . . . 210 
24 volt . . . . 105 
32 volt . . . . 79 
50 volt. 50 

110 rnlt . . . . 23 

Assuming a battery ampere-hour efficiency of 80 per 
cent and, if the battery is fully discharged and 
the wind speed is such that charging can only take 
place for 8 hours out of a period of 48, then, the 
actual battery capacities and charging currents are 
as follows: 

Volts Am/)t:rt/ Amperes hours 

12 260 32.5 
24 130 16.25 
32 100 12.25 
50 62.5 8.0 

ll0 29 3.6 

The capacity of the wind-driven generator is thus 
400 watts. If the overall efficiency for the generator 
and blade system is taken as 18 per cent, rated output 
of 400 watts would be obtained with a machine 
having a 1.8 metre diameter blade, at a wind speed 
of 12.5 to 13.5 metres per second. 

It should be realised that the figures quoted in 
the preceding paragraph, although remarkably accu
rate, are intended only as an example. It may be, 
with a particular installation, that the lighting 
requirement differs from that quoted, thus altering 
the capacity of the battery. Calm spells, having 
a duration greater than 2 days, would, again, need 
a battery in increased capacity. Also, no provision 
has been made for the change in battery voltage 
between the limits of charge and discharge. Should 
the rated wind speed of 12.5-13.5 metres per second 
to be too high for the particular site, the same 
output of 400 watts could be obtained from a similar 
machine having a 2.75 metre diameter blade system, 
at a wind speed of 10.3 metres per second. Again, 
a 3.6 metre diameter blade, operating in a wind 
speed of 8.5 metres per second would give the same 
output, assuming the same over-all efficiency. 

Comparative costs 

The cost of the various capacity batteries referred 
to in paragraph 18 are shown in table 1, together 
with the approximate prices for plain shunt, direct 
current, generators. The three design speeds of 600, 
400 and 200 rpm refer to wind power units having 
blade diameters of 1.8, 2. 75 and 3.6 metres, respec
tively. It will be noted, from the table, that it is 
essential to have a high generator speed in order 
to keep the cost of the unit as low as possible. 
Low voltages have become standard for isolated 
electric lighting systems which makes a more eco
nomical battery size possible. However, since the low 
voltage requires an increased current to provide 
any specified amount of power, due attention must 
be paid to the size and cost of the cables required, to 
prevent excessive volt drop. The current of a 24 volt 
system is 4.5 times as large as that of a 110 volt system 
and, therefore, the voltage drop is also 4.5 times 
as great. The heating effect, which is proportional 
to the square of the current, is thus increased twenty
fold. Table 1 also shows the comparative costs of 
the 600 rpm generator coupled to the blade system 

Table 1. Battery and generator costs 

Direct-coupled generator 600 rpm generator Battery 
(rpm) gearbox ratio 

JVominal 
volts 

GOO 400 200 1.-5:1 3:1 Capacity Cost 
£ £ £ £ £ Ah £ 

12. 46 57.5 74.5 56 60 260 06 
24 44 57.5 74.5 54 58 130 112 
32 43 57.5 74.5 53 57 100 117 
50 42 57.5 74.5 52 56 62.5 135 

ll0 40 57.5 74.5 50 54 30 175 

13 
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via a gearbox, as against the cost of a direct coupled, 
slow speed generator. The use of a gearbox reduces 
the overall cost of the original slower speed unit 
by 19.5 per cent to 27.5 per cent, depending upon 
the voltage of the generator. The extra weight of 
t~e gearbox would be offset by the reduced frame 
size used for the generator. Battery costs limit 
the voltage of the generator to 12, 24 or 32 volts. 
However, the increased cost of cabling precludes 
the 12 volt unit and, if a costing study were under
taken for an average installation, a 32 volt system 
would, most probably, prove to be the least costly. 

Although the average battery installation is 
normally of low voltage, high voltage units are 

often necessary when required for more specialized 
applications. In 1926 a wind power station was 
erected on the island of Neuwerk, in the Elbe estuary, 
to supply electricity to a tower with navigation 
lights, for ships sailing up the Elbe {l) . The plant 
was fitted with an 8 kW generator feeding into 
a 220 volt, 440 Ah battery. 

In the foregoing paragraphs, an attempt has been 
made to show the problems involved in matching 
the various units of a small-scale wind power instal
lation. It is worth-while considering whether or not 
the small advantages gained by the use of more 
efficient individual units for the plant, are offset 
by the increased cost. 

Reference 

l. Baumeister, J., A \Vind Power Station for the Operation of Navigation Lights., E.T.Z. (B) 
Vo/, 7, No. 12, December, 1955. 

Summary 

Low voltage, direct current wind power plants 
of small power capacity are used fairly extensively 
to supply the domestic needs of isolated premises. 
The type of load that can be supplied by these 
wind-driven generators consists of lighting, radio, 
refrigeration, fans, etc., and, in the larger capacity 
plants, ironing and small motor loads. 

Knowledge of both the wind regime of the selected 
site and the estimated average maximum loading 
for the household is required in order to fix the 
battery capacity. 

For ideal efficiency, all the various components 
of the plant require perfect matching. Although 
this can be partly achieved by a high efficiency 
blade system and an under-compounded generator 
unit, the extra cost involved, when compared with 
the standard shunt generator unit, may easily 

outweigh the advantages gained. To enable battery 
and cabling costs to be kept to a minimum, the choice 
of voltage for a proposed system would appear 
to be 24 or 32 volts. Higher voltage battery installa
tions have been used, where the special application 
demands this. 

Voltage regulation is not normally employed on 
low volt installations. The use of end cells or counter 
emf cells is advised on high voltage batteries, to 
counter the effects of the wide battery voltage 
fluctuations between the fully charged and discharged 
conditions. 

Better utilization can be obtained by harnessing 
the energy available below the "cut in" point with 
a directly connected load. This load could take the 
form of a water heater or some other form of thermal 
storage device. 

UTILISATION DE L'ENERGIE FOURNIE PAR LE HASARD ET OFFRANT UN INTER:ltT 
PARTICULIER POUR LES CENTRALES EOLIENNES A PETITE ECHELLE 

Resume 

On fait un usage assez etendu des centrales 
eoliennes a basse tension a courant continu de petite 
capacite pour faire face aux besoins menagers des 
lieux isoles. Le genre de charge auquel ces genera
trices eoliennes peuvent avoir a etre soumises est 
constitue par l'eclairage, la radio, la refrigeration, 
les ventilateurs, etc. et pour les centrales de plus 
grande capacite, le repassage et certains petits 
moteurs. 

Une connaissance du regime des vents au lieu 
choisi et de la charge maximum evaluee pour la maison 
a fournir s'impose pour le calcul de la capacite de 
la batterie. 

Pour que le rendement soit voisin du nivea_u ideal, 
tousles elements de l'usine doivent etre parfa1tement 
appareilles. Bien que ceci puisse se faire partiellement 
avec un systeme de pales a grand rendement et 
une generatrice dont la tension baisse quand la 
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charge augmente, le supplement de frais a subir, 
par rapport a la situation qui existe avec une gene
ratrice a excitation mixte standard, peut facilement 
contrebalancer les avantages. Pour permettre de 
reduire au minimum les frais dus a la batterie et 
au cablage, le choix de la tension, pour le systeme 
envisage, semblerait s'arreter sur 24 ou 32 volts. 
Des installations avec batteries a plus haute tension 
ont ete utilisees lorsque certaines applications spe
ciales l' exigeaien t. 

La regulation de la tension n'est pas normalement 
employee clans les installations a basse tension. 

L'emploi d'elements terminaux OU d'elements pro
ducteurs d'une force c.e.m. est recommande, avec 
les batteries d'accumulateurs a haute tension, pour 
amortir les effets des grandes fluctuations de la 
tension des batteries d'accumulateurs entre les etats 
pleinement charges et decharges. 

On peut realiser une meilleure utilisation de l'ener
gie disponible en exploitant celle qui est fournie 
au-dessous du point normal ou commence le debit, 
avec charge directe. Cette charge pourrait etre 
constituee par un chauffe-eau ou tout autre dispositif 
de mise en reserve de I' energie thermique. 

13* 
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DEVELOPMENTS AND POTENTIAL IMPROVEMENTS IN WIND POWER UTILIZATION 

J. T. Arnf red * 

Poul la Cour's laboratory tests 

In 1891, Professor Poul la Cour started a series 
of experiments for a rational utilization of wind 
power for the generation of electrical energy.1 

In 1892, a small scale experimental mill was built 
and in 1897, a larger one. The latter contained a well 
equipped aerodynamic laboratory. 

Two Danish engineers, H. C. Vogt and I. Irminger, 
had previously been experimenting with wind power 
and found that the effect of the wind on a plate 
is not solely dependent on the thrust of the air 
particles against it , but also on the suction created 
on the other side. 

Poul la Cour was the first to make experiments 
with an artificially created air flow and measure 
the wind effect on metal plates of different shapes 
and the air pressure at different angles between wind 
and plate. Through these experiments, he arrived 
at the elementary laws of aerodynamics : that the 
centre of pressure does not fall on the centre line, 
but a little in front of it, that the resultant pressure 
forms an angle with the normal of the plate, and 
that the greatest pressure is not achieved when 
the wind is at right angles to the plate, but when 
it falls on the plate at angles between 45° and 84°. 

However, not only the pressure is of interest, 
but also the energy that can be obtained from the 
wind when the plate or the wing moves at right 
angles to the wind. Poul la Cour found that a plane 
surface moving at a speed twice that of the wind 
can obtain 45 gr m/sec at a wind velocity of 1 m/sec. 

However, the experiments proved that the capacity 
was considerably greater when the plane surface 
was replaced by a cylindrically shaped or ridged 
surface where the ratio of the blade width is 1:4 
and forms an angle of 165°. The capacity then reached 
108 gr m/sec. As all the energy in a wind with a 
cross section of 1 sq m at a velocity of 1 m/sec is 
66 gr m/sec a mill arm can also utilize some of 
the energy in the winds that flow past without 
hitting the arm direct. 

In order more directly to test the results arrived 
at, Poul la Cour then constructed a series of mill 
models, placed them in a constant air flow and mea
sured their energy-producing capacity. It turned out 
that the traditional 4-arm mill won itself a handsome 

* Director of the Experimental Mill, Askov, Denmark. 
1 Pout la Cour (1846-1908), Danish physicist and meteorologist 

who in 1878 was attached to the extended high school of Askov 
as a t eacher of natural science. 

position. It is impossible to obtain the same amount 
of energy from each sq m of vane surface. The outer
most areas give the highest amount of energy, 
the innermost travelling at the lowest speed, the 
lowest amount of energy. Poul la Cour found, however 
that the average capacity was 60 gr m/sec per sq m 
of vane surface at a wing tip speed of 2.4 times 
that of the wind. 

Poul la Cour presumed that, all other · things 
being equal, the capacity was directly proportional 
to the vane surface. Later experiments proved that 
this was not the case. G. Eifel thus states that the 
vane area is to be multiplied by 1.1 when the labor
atory tests are carried out with 1/10 scale models.2 

It was obvious from Poul la Cour's experiments 
that propeller-shaped wings give a considerably 
greater capacity, but as windpower is "free" it is 
not decisive that the effect per sq m of the wing 
surface is the greatest possible. It is more important 
to achieve a simple , robust and dependable mill 
which gives the greatest possible kW-hr a year in 
proportion to initial and running costs. In addition, 
none of the windmill builders of those days would 
be able to construct a well-shaped propeller-type 
wing, just as regulation of the large expanse of 
wing surface in relation to the wind velocity was 
difficult in those days. 

Therefore Poul la Cour recommended, as the most 
practical solution, the use of a 4-wing multi-bladed 
mill with adjustable blades where the length of the 
maximum wing surface is ¾ and the width ¼ of the 
total length of the wing arm. A multi-bladed mill 
is a mill in which the wing surface is made up of 
transverse wind blades forming an unbroken surface 
and in which the individual blades are kept in position 
by a counter-weight. The counter-weight is balanced 
so that the vane surface swings open when the wind 
velocity reaches the highest value which it is desirable 
to utilize. This regulation prevents the mill from 
running wild in a hurricane. 

Utilization of the wind power 

It was obvious that the wind power should be 
transformed into electrical energy, but the problem 
was how to store and spend the electrical energy. 

At first Pou! la Cour used the electric current for 
electrolysis of an aqueous solution of sodium hy
droxide (NaOH). The developed oxygen and hydrogen 

2 Eifel, G., La resistance de l'air, page ll8, Paris, 1911. 
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were stored in gasometers and led through lead pipes 
to the place of consumption. For many years before 
the turn of the century, a great number of rooms 
at Askov High School were illuminated by Drum
mond light, i.e., an oxyhydrogen flame directed 
~n a zirconium cylinder emitting a dazzlingly white 
light. (?n the other hand, a satisfactory way of 
employmg oxyhydrogen as a motive power in 
the internal combustion engine was not found, and 
Poul la Cour therefore chose to use lead accumulators 
and ordinary incandescent lamps. 

Dansk Vind Elektricitets-Selskab 
(Danish Wind Power Association) 

At the turn of the century there were only power 
stations in very few of the larger towns in Denmark, 
but as early as 1902 the experimental mill supplied 
Askov High School and most of the village with 
electric current. The windmill and the accumulator 
managed fine with an auxiliary kerosene engine 
for calm periods. 

As many villages and large estates wished to be 
supplied with electric light and power they applied 
to the experimental mill for advice - to the man 
about whom popular humour said that he could 
turn rain and wind into light and power. In 1903 
this led to the establishing by a number of well 
known men of "Dansk Vind Elektricitets-Selskab", 
D.V.E.S., which for a number of years up to 1915 
published "Tidsskrift for Vindelektricitet" (period
ical for wind electricity), employed an engineer and 
acted to a wide extent as an advisory body in matters 
of engineering. As early as 1907 D.V.E.S. had 
projected 27 wind power stations of which some, 
however, only catered for a single large estate. 

Furthermore, D.V.E.S. held courses where young 
men with interest and skill qualified for "rural 
electricians" and attendants of small power stations. 

The years before World War I saw the erection 
of many d.c. generators for 220 volt with a supply 
range of 1.5 km. The older stations used the suction 
gas engine as a source of power. Later on the Diesel 
engine made its appearance. 

When the war broke out in 1914, the country 
ran out of fuel oil for the Diesel engines, and the 
interest for wind power increased. 

In the beginning of the war, the experimental 
mill sent out a report to the rural power stations 
containing information about acquired experience 
with windmills. 

In 1918, the number of rural power stations 
was 418, of which 120 or about one fourth had 
installed a windmill. After the war the number 
decreased again. In 1()20 only 75 were left. 

It may be added that the windmills of those years 
were used not only at the power stations, but in 
many parts of the country there was a windmill 
of wind-rose on the roof of every farm as tractive 
force for threshing machine, grinding mill, water 

pump, etc. There were many thousands of them. 
In 1916 alone, 1,300 new ones were built. 

New mill experiments 

11,f ethods of measurement 

Experience in times of war had stressed Denmark's 
dependence on supply of energy from outside and 
increased the interest for the domestic sources of 
energy. It was therefore decided that Poul la Cour's 
wind power experiments were to be continued. 
This time, however, it was decided not to work 
with models, but with real full-scale windmills to 
be exposed to natural wind power. 

The experiments were carried out over the years 
1921-24 in co-operation with "Statens Redskabsud
valg" (Government Committee on Machinery and 
Implements) on the one side and the experimental 
mill at Askov on the other. 

In order to find the best-suited measuring methods, 
two new experimental mills were erected. One was 
a 4-wing adjustable multi-blade experimental mill 
according to la Cour's design with a wing diameter 
of 16 m, which was mounted on a 20 m high tower. 
The other was a wind-rose with a diameter of 7.6 m 
on a 16 m high tower. 

The mills were erected at Askov at the highest 
point in that region with a free horizon on all sides. 

Measurement of wind power proved to be done 
best by a cup-anemometer mounted on a pole at 
the same level as the mill axle and at a suitable 
distance from the mill. The anemometer was con
nected with an apparatus drawing a line on a revolving 
drum and putting a mark on the line every time 
100 m of wind had passed. The drum made one 
revolution per hour, and it was then easy to read 
the wind force from minute to minute all around 
the clock. 

In the same way and on the same record sheet 
it was possible to register the actual energy yielded 
by means of a kW-hr meter. From this diagram 
it is possible directly to read the output of the mill 
at different wind velocities. 

If the values are marked off on a graph (figure 1) 
we have the characteristic of the mill. Losses in 
the dynamo and the transmissions must be added 
to the figures of measurement. These losses were 
measured and the overall .output marked on the 
graph. The reason why the curve is broken at a wind 
velocity of about 9 m/sec is that the wind blades 
began to swing open at this velocity. 

Of course the results were average values both 
as far as wind velocity and output were concerned, 
and wind velocity can vary much in one minute, but 
the interdependent immediate values were difficult to 
measure both because the anemometer must be 
placed at some distance from the mill and because 
the starting torque of the wing span delays the mill 
in accelerating to a speed similar to that of a gust 
of wind. 
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Figure 1 

If the wind velocities through all the hours of 
the year are known, the annual production can now 
be calculated by means of the characteristic. 

(?n the basis of previous wind measuring in this 
reg10n, the Meteorological Office in Copenhagen 
stated that the following wind velocities can be 
expected : 

5 rn/scc for I 796 hours at 1.2 kW 
6 rn/sec for I 080 hours at 4 kW 
7 rn/sec for 899 hours at 7 kW 
8 m/sec for 720 hours at 11 kW 
9 rn/sec or more for I 225 hours at 16 kW 

This should give an annual production of about 
40 000 k\V-hr which was also calculated by the 
manufacturer. The mill was started on 28 June, 
1921, and operated for 105 days during which it 
produced 9,030 kW-hr. Proportionally the annual 
production would be 

9030 X 365 
105 

- 31 500 kW-hr 

i.e., considerably below the calculations. Since, how
ever, the average wind velocity in the months of 
July, August, and September according to the 
mentioned measurements is 5.1 m/sec, while it is 
6.3 m/sec for all the year, there is reason to presume 
that the final result would have been satisfactory. 

Now it is reasonable to ask how la Cour's formula 
for the capacity of a 4-wing mill corresponds to 
the characteristic of the mill. If the average output 
of 60 gr m/sec for a wind velocity of 1 m/sec found 
by Poul la Cour is used as a basis, la Cour's formula is: 

E vane area X wind velocity3 = kW 
nergy = 1 700 

At a wind velocity of 9 m/sec the said mill would give: 

E - 48 X 93 - 90 6 J,\XT 
- 1 700 - ~ 0 

'- ' V 

From the characteristic it appears that the output 
of the dynamo is 16 kW, but the total output of 
the mill is 19 kW. 

In la Cour's formula air resistance is not taken 
in~o ~ccount, and as_far as the multi-blade adjustable 
m1ll 1s concerned this is by no means inconsiderable. 
~hen considering the losses through air resistance, 
1t almost seems as if the mill has produced more 
than presupposed by the formula. As the air resistance 
increased with the speed of the wing, it proved that 
the most favourable wing tip speed was not 2.4 times 
that of the wind but only 2.0 times. From 
28 June and for 114 days the wind-rose produced 
1 500 kW-hr. The calculated annual production was 
then 

1 500 X 365 
114 

= 4 800 k\V-hr 

Here, too, it should be borne in mind that the wind
rose operated during the months notorious for low 
winds. 

From. the characteristic it will appear that the 
output ~s 3.1 kW at 9 m/sec. The starting torque 
of the wmd-rose was also measured, and it is consider
ably greater than that of the multi-blade adjustable 
mill. This is of no importance for power production 
but significant, e.g., for pumping purposes. 

The ambulant experiments 

After the experience gained, a study was made 
of eight wind power stations and their characteristics 
constructed. The stations were spread all over the 
country. Five of the stations were driven by multi
blade adjustable windmills; two were propeller-type 
mills and one was a specially constructed wind 
turbine. 

None of the adjustable multi-blade windmills 
could reach the standard of the Askov mill. The 
performance of an old Dutch mill was indeed only 
one fourth of the capacity to be expected according 
to la Cour's formula. This was due partly to the fact 
that the arm is idle when passing the body and partly 
that the transmissions in the old mills were heavy 
consumers of power. 

The greatest interest centred on a propeller-type 
mill constructed by P. Vinding, engineer. The wing 
span had a diameter of 11 m; there were five wings, 
and the vane area was 28 sq m. The tower was 22 m 
high. As it was hard to regulate, it was difficult 
to construct a correct characteristic. During a period 
of 240 days, the mill had produced 11 000 kW-hr 
giving an annual production of 16 700 k\V-hr. 
In proportion to the vane area the annual production 
was not better than that of the adjustable multi-blade 
mill, but measured by the characteristic it could 
produce 12 kW at 9 m/sec, a particularly satis-
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fa_ctor:y result. The experiments also comprised three 
wmdm11ls for water pumping. These experiments 
proved that here the wind-rose maintained a better 
position, because it could make better use of the 
many hours of comparatively light winds. 

Efficiency comparison 

!hough the efficiency of windmills is far from 
bemg of the same interest as steam turbines and diesel 
e~gines, comparisons between the various types of 
mills may, however, be of some interest. 

If the wing span diameter is 16 m, the wing span 
area is 200 sq m, and the wind power represents 
ab~mt 95 kW at a wind velocity of 9 m/sec. As the 
adJustable multiblade mill produced 19 kW at 9 m/sec 
its efficiency was 20 per cent or 80 per cent measured 
in proportion to its wing span area of 48 sq m. 
The wing span area of the wind-rose was 44 sq m 
and the energy of the air flow 20.8 kW. As the 
capacity at 9 m/sec was 3.1 kW the efficiency was 
here 15 per cent, or measured by the wing area 
30 per cent, because here the wings covered half of 
the wing span circle. Finally the wing span circle 
of the propeller mill was 95 sq m and the energy 
of the air flow 45 kW. As the capacity at 9 m/sec 
could be fixed at 15 kW the efficiency was 33 per cent, 
and 112 per cent in proportion to the wing area 
which was 28 sq m . 

Experiments during World War II 

The publication of these experiments 3 had no 
immediate effect, but the situation changed after 
the occupation of Denmark in 1940 by the German 
Wehrmacht. On 1 January 1940, only 25 windmills 
were in operation at the power stations, but in 1943 
the number rose to 87 after which year the number 
of mills again began to fall. 

Most of the new mills were 4-wing adjustable 
multi-blade mills according to la Cour's design, 
but a number of propeller mills were also built 
where both the initial cost and the annual production 
were higher than in the case of mills with adjustable 
blades. The annual production by wind power was 
about four million k\V-hr during the war years. 
The peak annual production of an 18 m mill was 
69 080 kW-hr, and in 1943 the peak output for a 
24 m propeller mill was 135 670 kW-hr. In 1960 
the output of a similar mill was 370 000 kW-hr. 

Regulation and maintenance of the mills 

As mentioned above the mills are self-regulating. 
In the case of adjustable multi-blade mills regulation 
is accomplished by the wind blades swinging open 
when the wind pressure becomes dangerous. Propeller 
mills are also self-regulating. 

3 Statens Redskabspraver ( Government Implement Tests), 36th 
report, Copenhagen, 1925. 

Originally Poul la Cour regulated the transmission 
to the dynamo through a sliding belt which could be 
set through varying loads for transmitting a certain 
quantity of energy; but nowadays the power is 
transmitted from the slow-running windmill to the 
fast-running dynamo through a gearbox where 
milled gearwheels submerged in oil make transmission 
losses inconsiderable. In addition the use of differen
tially wound dynamoes makes it possible for the mill 
to increase its speed without a similar rise in voltage 
of the dynamo. If all bearings are fitted with ball 
bearings the mill can operate for long periods without 
any inspection or maintenance whatever. 

For many years the R0dding Wind Power Station 
in S0nderjylland had an 18 m adjustable multi-blade 
mill at a distance of 1.6 km from the station. Starting 
and stopping was electrically controlled from the 
station, and for a 20-year period the annual average 
output was 43 000 kW-hr. No daily attendance or 
inspection of the mill was necessary, and it also 
served as a positive booster of the electric mains. · 

Production cost of the electrical energy 

It is difficult to answer the essential question: 
What is the cost of the electrical energy generated 
by wind power? It is difficult because a great number 
of windmills were built under extraordinary condi
tions and had a relatively short period of life so 
that their production often became comparatively 
expensive. But during times of war and crisis other 
sources of energy were costly too, so wind power 
has nevertheless been of great importance to power 
stations in rural areas - both early in the century 
and during two world wars. 

The widest experience has been gained by the 
experimental mill at Askov (figure 2), which from 
1902 to 1960 supplied the village of Askov with 
electricity, mainly produced by wind power. The 
original experimental mill was destroyed by fire 
in 1929 and the present mill dates from that year. 
It has been in operation for more than 30 years 
and might well continue for some time yet, but 
in 1960 the village was supplied with electricity 
from S0nderjyllands H0jspa:ndingsva:rk (S0nderjyl
land High-Voltage Power Station). 

After 20 years of operation the wing span was 
subjected to a major overhaul and some cast iron 
gear wheels were replaced by steel wheels. There 
have also been minor repairs, painting, etc. The total 
cost of maintenance was 15 089 D kr - i.e., 500 D kr 
per year. 

The experimental mill is an adjustable multi-blade 
mill with an 18 m wing span. The highest annual 
production was 53 641 k\V-hr, but the average annual 
production was only 40 000 kW-hr. (The reason why 
the actual production has been\ lower than the 
theoretically possible production is generally due to 
the fact that the small wind power stations cannot 
utilize the entire output during a windy period and 
must consequently stop the mill.) 



380 11.B.3 Developments and improvements in wind power utilization 

Figure 2. Experimental windmill at Askov 

If r = 0.05 and the period of amortization is fixed 
at 30 years, the annual expenses of the experimental 
mill which cost 16 000 D kr inclusive of dynamo, 
were: 

Interest on 16 000 D kr at the rate of 5 per cent p er 
annum .. . .... . 

Amortization 1.5 per cent 
Repairs . .. . ... . . 

D kr 

800 
240 
500 

. T OTAL 1 540 

As the annual production was 40 000 kW-hr the 
average price is : 

I 540.00 _ 

40 000 
= 0.0380 D kr 

Normally a 30-year life period cannot be expected, 
but a 20-year period is more probable . 

Before the Second World \Var the over-all cost of 
construction of an 18 m windmill with dynamo and 
a 20 m tower was 14 000 D kr. The annual expenses 
were then : 

Interest on 14 000 D kr at the rate of 5 per cent per D kr 

annum . . . . . . . . . . . . . . 700 
Amortization 3 per cent of 14 000 D kr . . . 420 
Ri,pairs 3 per cent of 14 000 D kr . . . . ·. 420 

TOTAL 11 per cent of 14 000 D kr 1 540 

Based on experience during th·e Second World \Var, 
the average output per year of the 10 best of such 
mills was 48 000 kW-hr. The price of each k\V-hr 
produced was thus : 

1 540.00 = 0 032 D kr 
48 000 . 

All wind power stations which had installed their 
windmills before the war could thus rejoice in cheap 
production, but it is obvious that if the initial cost 
of a mill is three times as high, the cost of production 
per kW-hr will also be three times as high . 

Forms of organization of wind power stations 
in rural areas 

Nearly all wind power stations in rural areas and now 
also the big high-voltage power stations are organized 
as co-operative societies. This means that the under
taking is governed on democratic lines. Each member 
of the society has one and only one vote at the 
general meeting - no matter whether he is a large 
scale or small scale power-consumer. The capital 
necessary for the establishing of wind power stations 
was borrowed from the banks - and as is customary 
in Denmark - on joint and several surety. 

Summary 

The report is an account of Poul la Cour' s experiments 
for a rational utilization of wind power made at the 
experimental mill at Askov at the end of the 19th 
century. Through model tests in a wind tunnel with 
an artificially created air flow, Poul la Cour found 
some of the elementary laws of aerodynamics. He 
ascertained that a cylindrically shaped or ridged 
plate of 1 sq. m moving at right angles to the wind 
at a speed of 2.4 times that of the wind could obtain 
108 gr m/sec at a wind velocity of 1 m/sec. 

On the basis of the tests Poul la Cour set up a formula 
for the capacity of a right-formed 4-wing mill : 

Eff = V.a x V3 kW 
ect 1 700 

where V.a is the vane area and V the wind 
velocity. 

Furthermore it is an account of the establishing of 
the Danish Wind Power Association - a private 
organization which supervised the erection of the firts 
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rural power stations in which the dynamo was driven 
by wind power and thus paved the way for the 
electrification of Danish agriculture. 

An account is given of the use of wind power 
during the First \Vorld War and the mill experiments 
which were started immediately afterwards. These 
experiments were made with full scale mills in 
natural winds. Suitable methods were found for 
the measuring of wind force and rn.ill capacity in 
order to be able to construct the characteristic of 
the individual mills. The characteristic is a graph 
showing the efficiency of the mill at varying wind 
forces. 

As a result of a comparison between the various mill 
types, it can be said that out of the wind energy hit
ting the wing area the 4-wing adjustable multi-blade 

mill utilized 80 per cent, the wind-rose 30 per cent 
and a more modern propeller mill 112 per cent. 

However, it was shown that the efficiency was of 
far less importance in the case of windmills as 
opposed to the steam turbine and the diesel engine. 
The decisive thing is that the mill gives a maximum 
annual production of kW-hr on a minimum of initial 
and running costs. 

Wind power stations are self-regulating and 
demand little attendance. 

Running expenses and payment of interest can be 
estimated at II per cent of initial costs, and the 
mills which were built before the Second World 
War could supply one kW-hr at 0.03-0.04 D kr. 
Nearly all Danish power stations in rural areas are 
co-operative undertakings. 

REALISATION ET PR OGRES POSSIBLES DANS LE DO MAINE DE L'EXPLOITATION 
DE L'ENERGIE EOLIENNE 

Resume 

On donne, dans le present memoire une description 
des experiences de Poul la Cour en vue de }'utilisation 
rationnelle de l'energie eolienne, executee avec l'aero
moteur experimental d' Askov, a la fin du XIXe siecle. 
Poul la Cour, en soumettant des maquettes a des 
essais en tunnel dans un courant d'air force, etablit 
quelques-unes des lois elementaires de l'aerodyna
mique. II determina d'une plaque de forme cylin
drique OU striee d'un metre carre se deplac;ant a 
angle droit par rapport au vent a 2,4 fois sa vitesse 
pouvait donner une poussee de 108 grammes m/s, 
pour une vitesse de vent de 1 m/s. 

Sur la base de ses essais, Poul la Cour formula la 
capacite d'un aeromoteur droit a quatre ailes par 
I' expression suivante : 

V.a X V 3 

Effet = ------- kW 
I 700 

formule dans laquelle V.a est la surface des pales 
et V la vitesse du vent. 

On decrit egalement, dans le memoire, l'etablisse
ment de l' Association danoise de l' energie eolienne, 
organisme prive qui a dirige la construction des pre
mieres centrales rurales dans lesquelles la dynamo 
etait entra'inee par l'energie eolienne, frayant ainsi 
le chemin a !'electrification de !'agriculture danoise. 

On donne une description de !'utilisation de l'ener
gie eolienne pendant la premiere grande guerre et les 
experiences, commencees immediatement apres ce 
conflit, avec des aeromoteurs. Ces experiences ont ete 

faites dans le vent nature! avec des eoliennes en gran
deur naturelle. On a mis au point des methodes 
appropriees pour mesurer la force du vent et la 
capacite de chaque aeromoteur, de maniere a pou
voir en etablir la caracteristique. Celle-ci est une 
courbe qui donne le rendement de l'aeromoteur en 
fonction des variations de la force du vent. 

On peut dire, a la suite d'une comparaison entre 
plusieurs types . d'eoliennes, que l'a.eromoteur a 
quatre pales reglables utilise 80 p. 100 de l'energie 
fournie a l'aire de l'aile, le type rose des vents 30 
p. 100 et l'eolienne moderne a helice 112 p. 100. 

On a dernontre, toutefois, que la question du ren
dement etait beaucoup moins irnportante pour les 
aerornoteurs que pour les turbines a vapeur et les 
moteurs diesel. Ce qui compte, c'est de s'assurer que 
l'aeromoteur debite un maximum annuel de kilo
watts avec des frais de premier etablissement et 
d'entretien aussi reduits que possible. 

Les centrales eoliennes OU aero-generatrices sont 
a auto-regulation et n'exigent que fort peu de sur
veillance. 

Les frais d'exploitation et l'amortissement des 
interets peuvent etre evalues a 11 p. 100 des frais de 
premier etablissement, si bien que les aeromoteurs 
construits avant la seconde guerre mondiale pour
raient fournir du courant au prix de 0,03 a 0,04 
couronne danoise par k\i\Th. 

Presque toutes les centrales danoises situees dans 
des regions rurales sont des entreprises cooperatives. 
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WINDMILL TYPES CONSIDERED SUITABLE FOR LARGE-SCALE USE IN INDIA 

P. Nilakantan, K. P. Ramakrishnan and S. P. Venkiteshwaran * 

_The large-scale use of wind power in any country 
will largely depend on the economic condition, 
climatic factors and special energy needs. A pro
~ramme for ~tiliz~tion of wind power will naturally 
mvolve cons1derat10n of the following aspects: 

(~) The current position as regards availability of 
vanous sources of energy, particularly electrical 
energy and the geographical distribution of energy 
sources; 

(b) The economical and technical aspects of utiliza
tion of available energy in various localities; 

(c) Human factors involved in the use of available 
energy; 

(d) The seasonal requirements of water and power 
in rural areas in relation to the practical availability 
of energy during the various seasons of the year in 
different localities; 

(e) The amount of wind energy available during 
various months of the year and its geographical 
distribution; 

(f) The advantages of using wind energy in rural 
areas as compared to alternative methods for lifting 
water and other uses currently employing animal 
power or human muscle power; 

(g) Special climatological factors, such as the mon
soon in India. 

It is perhaps a truism to say that what is good for 
one country will not be good for another since no two 
countries in the world are identical. Most developing 
countries have their own problems and distinguishing 
characteristics. The habits of the people, the distribu
tion of population, the type of food they eat, their 
social behaviour, topography of the land, agricultural 
and farm requirements, availability of water resources 
and climatic factors may all vary considerably. 
Hence, in planning for large scale utilization of wind 
power in India, it is of importance to consider our 
specific needs against the social, agronomic, geo
graphical and climatological background and also 
the alternative energy resources available to the 
rural population. It must be borne in mind that 
India's millions mostly live in more than 500 000 vil
lages spread all over the country and use of wind
mills should specifically refer to meeting the needs 
of this rural population. The great problem for India, 
as for other developing countries, is that of meeting 
the minimum requirements of energy to maintain 
tolerable living standards during the next few 
decades in the light of the rapid population growth. 

* National Aeronautical Laboratory, Bangalore, India. 

As is well known, there are several basic sources of 
energy such as fuel, wood, coal, oil, farm wastes, 
water power, solar energy, wind power and so forth. 
We have also the newer source of nuclear energy. 
A practical programme of wind power utilization 
would therefore have to fit in with the general pattern 
of development of all other sources of energy in the 
various regions. There is no doubt that, say after 
15 or 20 years, this pattern of energy development, 
distribution and consumption in India will change 
and it is not easy to predict exactly to what extent 
the proposed targets will be achieved. 

However, as pointed out by Professor Thacker, the 
per capita consumption of energy in a developing 
country like India is extraordinarily low at present 
and quite inadequate to meet her needs. During the 
next 20 years, despite our greatest efforts, we shall 
continue to be short of energy due to our limited 
resources of oil, coal, hydroelectric power and nuclear 
fuels. There is a likelihood that even the cost of 
energy production by conventional methods will go 
up. The last census in India has shown that on the 
average there has been an increase in population over 
the last 10 years of nearly 21 per cent. Even if the 
birth rate and the death rate were to continue at the 
same level as at present, the population of India 
by A.D. 2 000 could be of the order of 900 million. 
The problem of maintaining minimum living stand
ards for this large population would be of enormous 
dimensions. It is very difficult to foresee how this 
problem will be solved unless there is some revo
lutionary technological advance in the method of 
tapping available sources of energy. We have no 
doubt an unlimited quantity of solar energy which 
now goes to waste. Nuclear power would definitely 
have great potentialities and even water power 
would satisfy a great part of the future requirements. 
But it will be admitted that despite all this we should 
still be lagging far behind advanced countries. In a 
country of vast extent and a low level of industrial 
development, the problem of distribution of available 
power will also present many difficulties. Hence every 
ounce of additional energy that can be obtained 
locally from wind, solar power or waste products for 
the benefit of rural areas would obviously be very 
much worth while and should be exploited to the 
fullest extent. 

The monsoon : nature's provision of water 

The problem of food production in India with an 
enormous and growing population is of vital import-

382 
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ance; not only agriculture but even the day-to-day 
existence of the villager depends on a plentiful 
supply of water. Hence, prosperous communities are 
found mostly on the banks of rivers and large popu
lations have grown up in the fertile plains where the 
great rivers of India flow and are replenished by 
the seasonal rain-bearing wind known as the mon
soon. The Indian farmer through times immemorial 
has ever prayed to the "rain Gods" to shower timely 
and plentiful rains on his land. 

An examination of the past records based on 
reliable information, particularly of the last 75 years, 
would clearly reveal that parts of the country have 
been subject to famine owing to failure of the rains 
over many years, and that occasionally the entire 
country has had to suffer from this calamity. In 
recent history, the years 1877, 1899 and 1918 will 

'5" 75• 10 

long be remembered as disastrous famine years due 
to the failure of the monsoon rains. 

Figure 1 shows the distribution of the normal 
annual rainfall of India and table I gives the normal 
rainfall in different seasons of the year and during 
the year as a whole in various subdivisions of India. 
The four seasons are: (I) winter, December to 
February; (2) summer or pre-monsoon, l\Iarch to 
May; (3) monsoon, June to September; (4) post
monsoon, October and November. The figures within 
brackets are the seasonal amounts, expressed as 
percentage of the annual rainfall. 

A study of these figures reveals at once that India 
is truly the land of the monsoons. With the exception 
of Kashmir in the north, south-east Madras in 
the south, a very large percentage of the annual rain
fall over the country occurs during the south-west 
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Table 1. Normal seasonal rainfall in the rainfall subdivisions of India in inches 

Winter, Summef', Monsoon, Post-monsoon, 
Subdivision December to or pre-monsoon June to October to Year 

(1} February March lo May September 1Vovember (6) 
(2) (J} ( 4) (5 ) 

1. Assa m 2.38 (2.4) 25.06 (25. 7) 64.26 (65.8) 5.96 (6.1) 97.66 
per cent per cent per cent per cent 

2. Bengal 1.53 (2.0) 12.42 (16.5) 56.01 (74.5) 5.17 (6.9) 75.13 
3. Orissa 1.82 (3 .2) 5.62 (9.9) 44.49 (78.2) 4.98 (8.8) 56.91 
4. Chota Nagpur 2.57 (5.0) 3.64 (7. 1) 42. 71 (83.4) 2.26 (4.4) 51.18 
5. Bihar 1.41 (2.9) 3.30 (6.8) 40.96 (85.0) 2.54 (5.3) 48.21 
6. U .P . East. 1.53 (3.9) 1.12 (2.9) 34.44 (88.0) 2.04 (5.2) 39.13 
7. U.P. West 2.27 (6.0) 1.36 (3.6) 32.98 (87 .8) 0.97 (2.6) 37.58 
8. Punjab, E and N 2.76 (11.9) 1.89 (8.l) 18.23 (78.4) 0.37 (l.6) 23.25 
9. Kashmir 9.12 (22.l) 9.09 (22.0) 22.19 (53.7) 0.94 (2.3) 41.34 

10. Rajasthan, W . 0.62 (4.8) 0.56 (4.3) II. 74 (90.0) 0.12 (0.9) 13.04 
11. Rajasthan, E . 0.96 (3.8) 0.78 (3. l) 22.91 {90.9) 0.55 (2.2) 25.20 
12. Gujarat 0.22 (0.7) 0.24 (0. 7) 31.46 (96.2) 0.77 (2.4) 32.69 
13. Madhya Bharat, \V 0.85 {2.5) 0.47 (1.4) 31.56 (93.8) 0.75 (2.2) 33.63 
14. Madhya Bharat, E. 1.44 (3.7) 0.79 (2.0) 35.05 (90.9) 1.30 (3.4) 38.58 
15. Madhya Pradesh, W . 1.47 (3.2) 1.14 (2.5) 41.04 (90.4) 1.76 (3.9) 45.41 
16. Madhya Pradesh, E 1.58 {3.0) 2.10 (4.0) 46.37 (89. l) 1.99 (3.8) 52.04 
17. Konkan. 0.28 {0.3) 1.85 (1. 7) 102.45 (93. 7) 4.75 (4.3) 109.33 
18. Bombay, Deccan . 0.51 {I. 7) 2.13 (6.9) 24.41 (79.1) 3.82 (12.4) 30.87 
19. Hyderabad, N 0.67 (1.9) 1.53 (4.4) 

0

29.51 (84.5) 3.20 (9.2) 34.91 
20. Hyderabad, S . 0.57 (1.9) 2.10 (7 .0) 23.38 (78.1) 3.88 (13.0) 29.93 
21. Mysore . 0.73 (2.0) 5.47 (15.2) 22.27 (61.8) 7.54 (20.9) 36.01 
22. Malabar 2.73 (2.6) 12.61 (12.2) 71.47 (68 .9) 16.93 (16.3) 103.74 
23. Madras, SE . 4.76 (13.6) 4.53 (12 .9) 12.01 (34.2) 13.80 (39.3) 35.10 
24. Madras, Deccan . 0.74 (3.0) 2.42 (9.9) 15.27 (62.3) 0.09 (24 .8) 24.52 
25. Madras, Coast N 1.69 (4.2) 3.44 (8.9) 25.03 (62.3) 10.00 (24.9) 40.16 

monsoon (June to September). In the extreme north, 
a good portion of the annual rainfall is contributed 
by winter precipitation, whilst in south-east Madras 
nearly half the annual rainfall occurs during the 
retreating monsoon period (i.e., after September). 

Also, while the rainfall during the monsoon period 
may be normal over a region, unless the day-to-day 
distribution of the rainfall is satisfactory, it may not 
be beneficial to the agriculturist. There are critical 
periods in the life history of the crops, from the date 
of sowing to the date of harvesting, when there 
should be either rain or dry weather. Sowing time is 
one of no small anxiety to the farmer for if it is 
followed by prolonged drought the tender seedlings 
will wither away and the entire crop may need 
resowing. While the farmer cannot control the effects 
of untimely rains, except by arranging to drain away 
the untimely rainfall, periods of drought are a great 
anxiety, and any help he can get during these spells 
can save the crops to a great extent. 

While these schemes have increased both the water 
resources for agriculture and power over a great part 
of the country, there are still vast tracts of India 
where they cannot be provided and other sources 
have to be examined and tapped. There are regions 
where wind and solar energy are available; it is just 
a question of devising suitable means to make 
economical use of them. 

From all the above considerations, India has in 
recent years launched large irrigation projects. Wher
ever the precipitation falling over a wide catchment 
is drained into large river systems, it is obvious that 
irrigation projects will be successful. Large reservoirs 
are being built to collect the rain water and the water 
so collected is being made available for agricultural 
purposes as required. This programme has already 
made great headway in the economy of India. Thus 
the agriculturist gets water in the irrigated areas not 
only during the monsoon, but throughout the year. 

While the Indian monsoon is nature's large scale 
example of a judicious combination of solar and 
wind energy, the possibility of combining these 
artificially through human ingenuity is worth examin
ing. There are large tracts in India where considerable 
wind energy is available almost throughout the year 
and there are also regions where solar energy is 
available in plenty. During the monsoon, the sun is 
obscured, but the wind is strongest. At other periods, 
the winds are feeble but the sun is hot. Therefore if 
solar heat and wind power could be converted into a 
common form of energy, e.g., electricity, one could 
get an assured supply of energy throughout the year 
over the whole country. The wind and sunshine 
regimes over India have beE;n presented separately 
by Ramakrishnan and Venkiteshwaran (I) and Venki
teshwaran (2) . 

Windmills for water supply 

The importance of the monsoon for India would 
only serve to emphasize the necessity for water in 
plenty for irrigation. It is of still greater importance 
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that the water obtained in the rainy season should be 
collected in tanks, ponds, lakes, or artificial reservoirs 
and stored up so that as and when the crops need 
water it is available. While the monsoons feed vast 
tracts of India, there are many other regions not so 
blessed and very large areas of arid and semi-arid 
land are available in the country which only need 
water to make them fertile. Some of this acreage is 
brought under cultivation by canals, but there are 
limitations to the use of open canal systems. While 
the rivers are harnessed by dams and the stored 
water distributed by canals, there is a larger reservoir 
of water in the sub-soil. This water has to be recovered 
by digging hundreds of thousands of wells and tanks. 
For many years to come a prosperous rural ec?nomy 
of India would very much depend on the existence 
of hundreds of thousands of these wells and tanks 
spread all over the country, each ~mit serving sever~l 
acres of agricultural land. Obv10usly the sub-soil 
water will have to be lifted over heights which may 
range from 10 to about 50 ft in most cases and in 
some cases as much as 100 ft. In many parts of 
India the water for lift irrigation is obtained with the 
help of animal power. The Persian wheel turned b_y 
bullocks, camels, or buffaloes, as the case may be, is 
not uncommon, but for the most part we have 
primitive devices such as the " Kapila Etha " or 
"Kalatheku" (the bullock lift). The "Etham" or 
" lift " working on the lever principle worked by 
human labour is also common in some parts. These 
are laborious and time consuming devices. A conven
tional multibladed windmill capable of doing useful 
work at wind speeds of 5 to 6 miles per hour would 
be a very useful replacement for these primitive 
devices in most parts of India since wind spe~ds of 
this magnitude are not uncommon. The maJority of 
even the moderately windy areas in India have 
annual mean speeds of the order of 6 to 8 mph only. 
There are few places where wind~ills designed t_o 
cut in at 10 mph can operate economically. Fr?m t11:is 
it may be inferred that the standard type of wmdm1ll 
that will be of use over a large part of the year should 

· have a fairly large swept area and at the ~ame time 
its capital cost should be as low ~s. possible to be 
within the means of rural commumties. 

Windmill types suitable for Indian conditions 

We have now to consider the types of windmills 
that will suit India best. For supply of water for 
domestic purposes and lift irrigation one may ~mpl~y 
water pumps either directly opera~ed by a ~mdmill 
or by electricity generated by a wi~d electric pla~t. 
There is no doubt that wind electric generators will 
be more adaptable, since the electric energy can be 
used for both pumping wat~r and for othe~ purp?ses. 
But from economic and mamtenance cons1derat10ns, 
storing of electricity may not be easy at the pr~s~nt 
stage. Experiments have been und~rtaken f?r ga11;mg 
experience in the operation of d1rect ~ctmg ~md
mills manufactured of indigenous materials designed 
to suit Indian conditions and also in the operation of 

an Allgaier 6 kW Wind Electric Generator (3) kindly 
presented by the West German Government. 

While the design and construction of suitable and 
cheap types of wind electric generators and the 
organisation to maintain them in India may take 
some time to materialize, the immediate need for 
water in most of the villages could be satisfactorily 
met by the low cost conventional t)'.'pe of ,vi~d~ill 
installed in as large numbers as possible. Our m1tial 
effort has been directed to this end. 

The Wind Power Division of the National Aero
nautical Laboratory has so far been engaged in 
developing the use of low cost conv:ention~l type 
windmills made of indigenous materials, with the 
technical resources now available in India; they are 
intended .to operate in moderate to low wind veloc
ities. A few foreign made mutibladed windmills and 
two types of indigenous windmills, the first prototype 
of which incorporates four aerofoil type blades and a 
geared head mechanism while the second_ type ha~ a 
conventional multibladed rotor and a direct actmg 
head mechanism have been tested under Indian 
conditions. The experience gained so far would 
indicate that for the moderate to low wind velocities 
prevailing over most parts of India, the type desig
nated as the WP-2 windmill is very satisfactory 
(figure 2). 

The major characteristics of the type WP-2 wind
mill are as described below: 

I. The rotor is 18 ft in diameter and has 12 blades 
which can be easily replaced. 

2. The head mechanism is direct acting with a 
stroke of 5". The shaft rotates on two ball bearings. 

3. The windmill head mechanism is seated on a 
ball bearing tum-table. 

4. For furling, the axis of the shaft is offset from 
the centre of the tower so that the wind wheel does 
not present its full area when the wind exceeds 
30 mph. A pull-out winch is also p~ovided to . enable 
the windmill to be braked by pullmg the tail vane 
away from the wind. 

5. The tower is a 4-post design and the height 
may vary from 30 to 50 ft according to the topo-
~~ cl~ l~. . 

6. The pump is of the conventional reciprocating 
type. 

The estimated optimum pumping capacity_ of _this 
type of windmill for a wind speed of 10 mph 1s given 
below: 

Diameter Estimated 
Total houri}' 
lift of output 
in pump in 
feet cylinder gallons 

10. 10 3 000 
25. 8 l 500 
50. 6 750 

100. 3 400 

An average daily output_~£ up t? 30 000 ~<l:llons _is 
possible under the preva1lmg wmd cond1t10ns m 
the windy regions of Saurashtra, l\faharashtra and 
Mysore. 
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Figure 2. WP-2 windmill 

The over-all economics of the windmill has been 
worked as under : 

1. Capital cost of windmill and pump Rs 2 500/-

2. Annual cost of depreciation at 10 % 
an_d maintenance at Rs 50/- . . . Rs 300/-

3. Annual quantity of water that could 
be lifted under optimum conditions 
and at full capacity . . . . . . 10 million gallons 

4. Cost of 1 000 gallons of water lifted . 3 naye paise 

The WP-2 type windmill was specially developed 
to suit the prevailing wind conditions in India in 
regions where low to moderate wind velocities of the 
order of 5 to 8 mph are met with. Imported wind
mills of the conventional multibladed type designed 
to give optimum performance at wind velocities of 
about 10 mph and above have certain disadvantages. 
The wind speed required to start these windmills 
from rest is high and hence their performance is 
unsatisfactory under low wind conditions. T~e WP-2 
type windmill has a larger rotor and a proport~onately 
higher starting torque and at the same time the 

capital cost is kept as low as possible by using 
commercial quality indigenous materials which are 
read~ly available and by adopting well proven eco
nomic methods of design and fabrication. 

Performance of the WP-2 type windmill 

In order to determine the actual performance of 
this windmill in regions where the wind velocities 
are only low to moderate, observations were made 
on a prototype windmill at New Delhi . The proto
type windmill was fitted with a 17 ft rotor only 
instead of the standard 18 ft rotor. It had a 6" dia
meter reciprocating pump having a stroke of 5 inches 
and was erected on a tower 50 ft high. Water was 
pumped from a tank at ground level up a vertical 
pipe of 3" diameter and 45' high. Two outlets to the 
vertical pipe were located at 25 ft and 40 ft respective
ly above the water level in the reservoir. By means of 
isolating cocks, either a 25 ft or 40 ft head could be 
used. The water at the outlet was discharged through 
a 2" water meter. For measuring the wind velocity, 
a cup counter anemometer of the integrating type 
was erected in a 30-foot tower near the windmill and 
an automatic recording anemometer was also installed 
on the tower for purposes of checking. For the 
measurement of the rotor rpm, an ordinary counter 
was used, the mechanism being operated by means of 
a lever device attached to the reciprocating pump 
rod. Each revolution of the rotor was registered as 
a unit on the counter. 

In evaluating these observations, due allowance 
had to be made for fluctuations in the wind. There 
was also a lag in the starting and stopping of the 
rotor in relation to the wind speed. For instance, the . 
wind velocity had to be above 4 mph for the rotor 
to start from rest. However, once the rotor had start
ed, it continued to rotate for some time even when 
the velocity had dropped below 4 mph. Readings of 
the run of wind every 15 minutes were recorded and 
average values of the wind speed obtained. Mean 
values of the output, rpm and the corresponding . 
wind speed were determined for a total lift of 25 ft 
for a period of 8 days. The results are shown in figure 3. 
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It will be seen from this that the performance of the 
WP-2 type windmill is satisfactory and the achieved 
output of 1 300 gallons per hour at a wind speed of 
9 mph would indicate that the windmill-pump can 
be an economically sound proposition. 

Future developments in windmill design to suit 
Indian conditions 

While the conventional type windmill has proved 
itself to be of general usefulness all over the world, 
and may be safely used in many parts of India during 
the years to come, it would be certainly worth while 
investigating the possibility of developing newer 
types particularly adapted for the wind regimes in 
various localities where the rural communities are 
not highly advanced and the people are not mechani
cally minded. Even the conventional steel windmill 
may be too much of an advance and one may consider 
cruder devices such as the windmills made of bamboo 
and reed mats used in China. Golding (4) had suggest
ed that it might be worth while developing a vertical 
axis type windmill for the desert or semi desert areas 
using bamboo or reed mats as sails. This type should 
be capable of being easily dismantled and moved in 
order that bullocks could be used alternatively for 
pumping if necessary when there is no wind. The 
suggested design has not been worked out yet but 
the idea is very promising and it is proposed to 
investigate a few preliminary designs of the vertical 
axis type windmill using locally available material 
for sails, mostly made of reed or bamboo but for the 
bearings. 

Again recent advances in the aerodynamic design 
of windmills would highlight the advantages of using 
more advanced types in very windy areas where the 
annual average wind speed is more than 10 mph. 
In such windy areas it would also be of advantage 
to have wind electric generators rather than conven
tional type windmills since the electricity generated 
could be used for either pumping water or for other 
purposes. In general, India is not a place of very high 
winds such as Northern Europe or the North of 
England and it would not be worth while at this sta&"e 
to experiment with medium and high wind electnc 
plants with capacities of the order of 100 kW or 
l 000 kW. A rational approach would be to 
experiment with small wind electric generators of 
about 1-5 kW capacity and develop their use in rural 
areas to serve small communities. As stated earlier, 
the primary need would be for pumping wat~r. in 
most places and even the demand for electnc1ty 
would be secondary. Hence, the wind electric plant 
should be mostly used for driving electric motor 
pumps, the water being used directly for lift irrigation. 
The excess may be stored in reservoirs, so that even 
when there is a lull in the wind a constant supply of 
water is assured. Storage batteries are very expe~s~ve 
to maintain and while a small part of the electnc1ty 
generated may be stored in srr:all ~tor:1ge units to 
serve limited requirements for hghtmg 1t would not 
be economical to use large storage units for storing 
all the electricity generated. 

It has been suggested by Dr. Hutter that it would 
be more economical to employ a propeller type wind
mill for directly driving a reciprocating pump, the 
stroke being made variable according to the wind 
speed in order that even at low and moderate wind 
speeds the windmill could work. The stroke is adjusted 
to be small when the windmill is at rest so that it 
can start easily, but as the wind speed increases 
and the rotor speed picks up the stroke automatically 
increases to a value corresponding to the wind speed. 
Such a device would make the windmill adaptable 
and particularly suitable for Indian conditions. This 
type of windmill is not yet available. It would indeed 
be very much worth while developing a 2-3 hp wind
mill plant working on the above principle and test 
it in India. 

Some special problems of windmill design 

There is a serious problem which is peculiar to the 
tropics and which has an important bearing on wi~d 
power utilization, namely, the occurrence of cyclomc 
storms and heavy gusts during certain seasons. Even 
in places in India where the annua~ average win~ is 
fairly low, the monthly average wmd speed dunng 
the monsoon becomes quite high and gusts of 60-
70 mph are not infrequent. During cyclonic ~eat_her 
the wind speed may even reach 100 mph. This raises 
the problem of providing adequate strength to t_he 
windmill structure. It has been found that despite 
the usual furling devices, if the tower and the head 
mechanism are made strong enough the rotor gets 
damaged. But if the rotor system is made too ?trong 
there will be a tendency for the head mechan_1s~ to 
be dislodged from the tower. While small vanat10ns 
in wind speeds, say, up to 30 mph can be _taken care 
of by the furling mechanism, it is found madequate 
for strong gusts and storms when the wind direction 
and speed undergo rapid variations. The high "shock" 
loads acting on the windmill can cause severe _darna~e. 
It has been found that in most parts of India which 
have high annual average wind velocitie~, t~e sto~ms 
are also correspondingly more severe m mtens1ty. 
Some development work is therefore called for to 
get over the effects of storms. One direct way would 
be to remove a few blades from the conventional type 
windmill rotor during the monsoon. Another would 
be to introduce some dy namic device for automati
cally feathering the blades when they are hit by gusts. 

Future programmes of research 
and development 

Progress in the use of the direct ac_ting . w~nd~ill 
for supplying drinking water and fo~ mmor 1rngatwn 
purposes in India has been _descnbed _above: ~he 
scheme for the utilization of wmd power m India 1s a 
very recent one. Since it has now becom_e a _branch 
of the National Aeronautical Laboratory 1t will have 
greater facilities for development of growth. 

The scope of research in the Wind_ ~ow_er Divis~on 
will be mainly concerned with the ut1hzatwn of wmd 
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power and would involve on the one hand the 
adaptation of standard designs of windmills to suit 
the __ pre~ailing wind regimes in the country and 
f<;1-c1htat10n of their indigenous production using 
simple techniques and locally available materials 
and, on the other, the undertaking of extensive wind 
velocity surveys and studies for selecting suitable 
areas and sites for economic extraction of wind energy. 

distribution and utilization of wind electric power; 
adaptation of special devices for use with windmills 
in rural areas, such as corn grinding, threshing, oil 
extraction, etc.; design studies for development of 
small and medium capacity wind electric generators 
specially intended for wind turbines and auxiliary 
equipment; research and development relating to 
indigenous materials for construction of windmills 
and design of low cost towers using locally available 
materials; indigenous development of windmill pumps 
and research on improving their efficiency; conduct 
of extensive wind velocity surveys for economic 
utilization of wind energy; research on the character
istics of winds affecting the economic operation of 
windmills and development of simple methods of 
estimation of availability of power from the wind; 
study and analysis of statistical data on wind velo
cities obtained from wind velocity surveys and meteo
rological observations and establishment of correla
tions between geographical, topographical and other 
features with the characteristics of wind regimes in 
different areas. 

This programme of the National Aeronautical 
Laboratory will include the following broad fields of 
investigation : 

Research on the aerodynamics of wind turbines 
and methods of conversion of wind energy into 
electrical and mechanical energy; design of small and 
medium capacity windmills intended for specific 
purposes; experimental testing of prototype wind
mills and pumps and evaluation of their perform
ance; economic studies of wind power based on 
velocity surveys carried out in different areas; pilot 
experiments on medium and large capacity wind 
electric plants at selected sites; problem of storage, 
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Summary 

The paper states briefly the economic, climatic and human factors peculiar 
to India on which the use of wind power depends. It is shown that the urgent 
need of power in the widely distributed villages of India is for water, for 
drinking and minor irrigation purposes. Considering the various sources of 
energy and the rapid technical developments now taking place, any pro
gramme in the employment of wind as a source of power may also undergo 
rapid changes, and a vast country like India, with its technological develop
ment, can afford only simple and cheap equipment. The conventional multi
bladed windmill is therefore considered most suitable at present and it has 
been designed to operate at low wind speeds of 5-6 miles per hour; it is also 
capable of being constructed indigenously. The paper discusses briefly the 
future developments in windmill design to suit Indian conditions. Since India 
is not a place of very high winds, such as Northern Europe or the North_ of 
England, it is felt that a rational approach would be to experiment with 
small wind electric generators of about 1-5 kW capacity and develop their 
use in rural areas, the primary need being pumping water. The paper also states 
some of the special problems of windmill design in connection with the occur
rences of cyclonic storms and squalls associated with thunderstorms. The 
programmes of research and development proposed to be undertaken m 
connection with wind power are stated. 



Windmill types for large-scale use in India W/23 Nilakantan et al. 

MODELES D'AEROMOTEURS JUGES APPROPRIES 
POUR tTRE EMPLOYES EN INDE SUR UNE GRANDE ECHELLE 

Resume 

On passe brievement en revue, clans le memoire, les elements econo
miques, climatologiques et humains qui sont propres a l'Inde, lesquels condi
tionnent l'emploi de l'energie eolienne. On demontre que la demande urgente 
d'energie, clans les villages tres dissemines de par tout le pays, est dictee par 
les besoins d'eau potable et des petits systemes d'irrigation. En passant en revue 
diverses sources de force motrice et les progres techniques rapides qui se 
manifestent actuellement, on notera que tout programme d'utilisation du vent 
comme source d'energie peut egalement faire l'objet de modifications impor
tantes et, clans un vaste pays tel que l'Inde, compte tenu de son degre actuel 
de developpement technologique, on ne peut envisager que du materiel simple 
et peu couteux. On estime done que l'eolienne classique a plusieurs pales 
est actuellement la plus indiquee et on l'a etudiee pour fonctionner avec des 
vitesses de vent ne depassant pas 5 ou 6 milles a l'heure (8 ou 10 km). On peut, 
en outre, la realiser sur place. On passe brievement en revue les progres 
possibles dans la construction des moulins a vent, pour les adapter aux condi
tions propres a l'Inde. Pour autant que l'Inde n'est pas un pays ou dominent des 
vents in tenses tels que ceux que l'on trouve en Europe du Nord et en Angleterre 
septentrionale, on estime qu'une maniere rationnelle de s'attaquer au probleme 
consisterait a faire des experiences avec de petits groupes electrogenes a energie 
eolienne d'une capacite allant de 1 a 5 kW, puis a en developper l'emploi 
dans les zones rurales, ou le pompage de l'eau est le premier besoin. On pose 
egalement, dans le memoire, certains des problemes speciaux ayant trait a la 
realisation des moulins a vent pour tenir compte des tempetes cycloniques et 
des rafales dont s'accompagnent les orages. On examine le programme de 
recherches et de mises au point que l'on se propose d'entreprendre dans le 
cadre de la mise en ~uvre de l' energie eolienne. 
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PROBLEMES CONCERNANT LE COUPLAGE AUTOMATIQUE 
D'UN AEROGENERATEUR SUR UN RESEAU 

F. H. Delaf ond * 

Lorsque l'aerogenerateur experimental de 100 kW 
(figure 1) Andreau-Enfield fut installe a Grand Vent 
pres d' Alger (novembre 1957), le couplage sur 1~ 
reseau s'effectuait de la maniere suivante. 

Un contact commande manuellement provoquait 
la fermeture du contacteur reliant l'alternateur au 
reseau, le rotor etant branche sur resistances de 
demarrage, avec le rotor de I' excitatrice intercale 
sur l'une des phases. 

Au bout de quelques secondes, un contact auxi
liaire temporise provoquait le court-circuitage des 
resistances de demarrage. 

Quelques secondes plus tard, un autre contact 
auxiliaire temporise provoquait le branchement du 
stator de l'excitatrice, et du servo-moteur ouvrant 
le passage de l'air a la turbine et fermant le by-pass. 

L'alternateur, accouple a la turbine, demarrait done 
en moteur asynchrone sur resistances, puis en court
circuit, puis se synchronisait, et devenait enfin gene
rateur, si la depression produite par l'helice etait 
suffisante pour que la turbine entraine l'alternateur. 

L'energie necessaire au demarrage, assez conside
rable, etait empruntee au reseau, et !'operation 
demandait environ deux minutes, l'ouverture du volet 
d'air etant, de beaucoup, la plus lohgue de ces ope
rations. 

Le demarrage de l'helice etait entierement inde
pendant de celui de l'alternateur : une electrovalve 
commandee par bouton-poussoir envoyait l'huile d'un 
accumulateur alimente par une electropompe au 
servomoteur de mise au petit pas, et l'helice demar
rait d'elle-meme (si le vent etait suffisant). 

La mise en drapeau se commandait d'une maniere 
analogue, par une autre electrovalve. 

On voit que !'ensemble de ces operations, bien que 
commande electriquement a distance, avec une cer
taine part d'automatisme, ne pouvait etre declenche 
que par une intervention manuelle. 

C'est dans ces conditions qu'ont ete effectues les 
premiers essais. 

Premiers resultats 

Lors des premiers essais, on ne parvenait pas a 
synchroniser l'alternateur sur le reseau, le fort appel 
de courant provoquant une baisse de tension, ce qui 
faisait lacher l'un des relais, et le cycle de demarrage 

* Electricite et gaz d' Algerie, Alger. 

recommern;ait indefiniment. On y remedia provisoi
rement en reduisant la force du ressort de relais. 

On put alors faire les observations suivantes. 

PAR VENT 1110YEN 

La puissance produite (figure 2) varie constamment 
dans d'importantes proportions : par exemple en une 
minute, la puissance produite descend de 60 kW a 
30, puis remonte a 70 kW apres deux ou trois pointes 
intermediaires. Les periodes stables sont rares, et ne 
depassent pas une dizaine de secondes. 

II semble que ceci soit du uniquement aux varia
tions de la vitesse du vent, et non pas a un pheno
mene d'auto-oscillation de la machine, comme cer
tains experimentateurs en ont observe 1 . 

Nous n'avons jamais observe pour notre part de 
phenomene d'auto-oscillations dangereuses, mais nous 
avons toutefois note, aux environs de 70 kW, une 
oscillation de puissance ne depassant pas ± 4 kW 
et de frequence sensiblement double de la vitesse de 
rotation de l'helice. II semble qu'elle soit due au pas
sage des pales dans le sillage de la tour, et sa lecture 
se trouve peut-etre amplifiee par une resonance du 
wattmetre a cette frequence. 

Le regulateur automatique de tension suit tres 
bien les variations de puissance, et le facteur de 
puissance se maintient sensiblement a la valeur 
choisie, soit 1. 

Enfin, le reseau de distribution de 10 k V sur lequel 
est branchee la machine ne s'est jamais trouve per
turbe par ces variations de puissance, beaucoup trop 
faibles par rapport a la puissance globale du reseau. 

PAR VENT FAIBLE 

La puissance produite (figure 3) passe des valeurs 
positives aux valeurs negatives a une cadence 
moyenne qui peut etre d'une minute environ. A vec 
le systeme de couplage decrit ci-dessus, il etait impos
sible de coupler et decoupler l'alternateur a une telle 
cadence, car, en plus de la puissance consommee pour 
chaque couplage et de la fatigue des contacteurs, on 
risquait toujours de tomber sur une puissance nega
tive en fin de couplage. On pouvait evidemment 
arreter la machine sans grosse perte d'energie. Mais 

1 Voir « Effet de la resist ance de ligne sur la stabilite des 
m achines synchrones, a vec application p articuliere a la genera
trice eolienne 100 kW Enfield Cables » par J. A. Fox dans T he 
English Electric Co. L td., decembrc 1955. 
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alors, quand devait-on la remettre en marche? Le 
ve:1t est si ca~ricieux qu'il est bien malaise de prevoir, 
meme une mmute a l'avance, s'il va augmenter, et 
pendant combien de temps. 

On ~n conclut qu'il fallait rendre plus rapide cettc 
~~erati_on de souplage, eviter qu'elle fasse appel a 
1 energ1e du reseau, et la rendre automatique. 

PAR VENT FORT 

La puissance procluite (figure 4), liee a la vitesse 
de rotation de l'helice, est limitee par variation du 
calage des pales, elle-meme commandee par un regu
lateur de regime, du meme principe que ceux employes 
sur les helices d'avions. Ce regulateur se contentc 
d'aug~enter ~e_calage si la vitesse de rotation depasse 
le regime cho1s1 - 100 t/m - et de le reduire jusqu'a 
la butee lorsque le regime est inferieur a 100 t/m. 

Ainsi qu'on pouvait !'imaginer, il en resulte un 
« porn page )), c' est-a-dire une oscillation auto-entre-

Figure 1 
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tenue autour du regime d'equilibre. La puissance 
baisse en ½ seconde de 130 a 80 kW, en moyenne, 
pour remonter en 2 secondes aux environs de sa pre
miere valeur. Ce phenomene est difficilement mesu
rable, car il depend autant des rafales que des varia
tions propres a la machine. L'amplitude et la fre
quence sont done assez variables. 

Ce pompage presente les inconvenients suivants : 
a) Il oblige a reduire le regime de reglage du regu

lateur pour ne pas depasser le regime admissible. 
L'energie produite s'en trouve reduite. 

b) Il est prejudiciable a la machine et a la bonne 
regulation du reseau. 

c) S'ajoutant parfois aux rafalcs, il risque de 
devcnir dangereux par vent de tempete. 

Ces differentes observations nous ont amenes a 
effectuer, OU a prevoir, les reglages et modifications 
qui suivent. 

Reglages et modifications effectues ou a effectuer 

COUPLAGE DE L' ALTER.N'ATEUR 

Cette modification a ete effectuee la premiere, car 
c'est !'operation qui doit se produire le plus frequem
ment. 

Pour supprimer l'appel de courant sur le reseau, 
on a separe la commande d'ouverture du volet d'air 
de la turbine, qui se fait maintenant des la mise sous 
tension de la machine. 

Le groupe turbo-alternateur est alors lance par la 
depression produite par l'helice. Lorsqu'il depasse 
legerement le synchronisme, l'alternateur est couple 
sur le reseau, rotor en court-circuit, par un relais 
tachymetrique. L'intensite est encore importante, 
mais la puissance demandee est a pen pres nulle. Au 
bout de 3 secondes environ, un contact auxiliaire 
temporise provoque !'excitation de l'excitatrice, done 
la synchronisation, comme auparavant. 
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Des que l'alternateur est couple, un contact auxi
liaire maintient ce couplage, car le relais tachyme
trique ne maintient pas son contact, le regime etant 
descendu au synchronisme. Ceci est indispensable, 
surtout pour eviter des decouplages et recouplages 
plusieurs fois par seconde. 

Le decouplage pourrait se faire par un relais a 
retour d'energie, quand la puissance est devenue 
legerement negative, pour eviter un fonctionnement 
trop frequent. Nous avons trouve plus simple 
d'employer un manocontact a depression, qui coupe 
le contact de maintien du contacteur des que la 
depression, trop faible, correspond a une puissance 
legerement negative. Si tot l'alternateur decouple, il ne 
peut done se recoupler que s'il est monte legerement 
au-dessus du synchronisme, ce qui evite les couplages 
trop frequents, d'autant plus que, meme a puissance 
nulle de l'alternateur, l 'excitatrice consomme une 
certaine energie si elle est branchee. 

Ce dispositif fonctionne depuis deux ans, et ii nous 
est arrive, demarrant l'helice par fort vent, de voir 
l'alternateur rnonter en regime en moins de 5 secondes, 
et s'accrocher au reseau sans le moindre incident. 

Le decouplage s'effectuant a intensite presque 
nulle, le contacteur ne se fatigue pas, malgre son fonc
tionnement frequent. 

i\IISE EN J\IARCHE DE L
1
HELICE 

Detection du vent 

La mise en marche de l'helice doit etre commandee 
par un dispositif anemometrique. Nous avons utili~e 
le moulinet classique a coupelles, entrainant un peht 
alternateur a aimant permanent. Mais, tout d'abord, 
ou placer ce moulinet po~r qu'~l rec;oi:7e le meme vent 
que l'helice, sans toutefo1s subir son mfluence, quelle 
que soit la direction du vent? 

Nous l'avons place au sommet de la ~our, aussi en 
amont que possible, c'est-a-dire 5 m environ en avant 

du centre de l'helice. Mais quand l'helice se met en 
marche, le vent se trouve ralenti en ce point d'envi
ron ½ de sa valeur, et, a moins de conserver une tres 
large marge entre la vitesse provoquant la mise en 
marche de l'helice et la vitesse provoquant son arret, 
on verra frequemment l'helice s'arreter des qu'elle 
commence a tourner. 

Nous avons evite ce defaut en ajoutant un contact 
auxiliaire au relais qui commande la mise en marche 
de l'helice, ce contact court-circuitant une partie de 
la resistance d'ajustage placee dans le circuit ali
mentant le relais galvanometrique. Cette resistance 
est calculee pour que, en supposant le vent constant, 
le courant traversant le relais soit le meme si I'helice 
tourne que si elle ne tournait pas, malgre le rale~tis
sement du vent local provoque par cette rotat10n. 

Phase preparatoire 

La mise en marche de l'helice suppose que les 
accumulateurs d'huile sont sous pression, et que la 
tete de la machine se trouve orientee dans le vent. 

Ouand les accumulateurs d'huile sont vides, ii faut 
a r'i pompe dix minutes pour les remplir, et ensuite 
la pompe fonctionne environ 2 minutes par heure 
pour compenser les fuites. 

D'autre part, quand la machine est completement 
arretee, elle ne s'oriente dans le vent que s'il est fort. 
Un servo-moteur commande par girouette assure 
!'orientation des que la tete de la machine est ali
mentee en courant. 

Nous aurions pu laisser ces deux dispositifs mar
cher en permanence, pour que la machine soit tou
jours prete a demarrer. Mais alors, en plus d~ la 
consommation inutile de courant, et de la fatigue 
inutile des mecanismes par longue periode de v~nt 
nul, on risquait surtout de voir la tete de la machme 
tourner indefiniment si la girouette de commande 
d'orientation se trouvait en dehors de l'axe de la t ete 
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lo~sque le vent est nul. Nous avons done juge neces
saire de prevoir : 

a) Une phase d'arret total, ou le courant de la 
tete_ est coupe, quand le vent est inferieur a 5 m/s 
environ; 

b) Une phase preparatoire, ou le courant est 
envoye dans la tete, quand le vent est superieur a 
5 m/s environ; 

c) La mise en marche de l'helice, quand le vent est 
superieur a 8 m/s environ. 

Pour commander le passage de la phase d'arret 
a la phase preparatoire, et reciproquement, un relais 
g~lv:anometrique a deux contacts (maximum et 
mm1mum) est alimente par le circuit anemometrique, 
et commande le contacteur assurant l'alimentation 
de la tete de la machine, par l'intermediaire d'un 
relais restant dans la derniere position commandee. 

En reglant le contact maximum aux environs de 
5 m/s et le contact minimum aux environs de 4 m/s, 
on conserve une marge d'inertie suffisante pour eviter 
un passage trop frequent d'une phase a l'autre. Cette 
inertie est d'ailleurs augmentee par un fort conden
sateur place entre les bornes du relais galvanome
trique pour reduire l' effet des breves rafales. 

Mise en niarche et arret de l'helice 

Un relais galvanometrique analogue au precedent, 
alimente par le meme circuit anemometrique, pro
vogue simultanement l'ouverture de l'electrovalve 
de mise au petit pas et la fermeture de l'electrovalve 
de mise en drapeau, ou inversement pour l'arret, 
toujours par l'intermediaire d'un relais restant dans 
la derniere position commandee. 

Le contact maximum etant regle pour 8 m/s envi
ron et le contact minimum pour 6 m/s environ, on 
conserve, ici encore, une marge d'indifference suffi
sante pour eviter des mises en route et arrets trop 
frequents. 

Une petite precaution supplementaire est encore 
necessaire : si le vent monte de zero a plus de 8 m/s 
en quelques minutes, on risque de provoquer la mise 
en marche de l'helice avant que les accumulateurs 
d'huile ne soient a pression suffisante. Pour eviter 
cela, un relais intermediaire est alimente par le 
manostat, seulement si la pompe est arretee. Puis, 
des que l'helice est mise en marche, il est alimente 
egalement par un contact auxiliaire de maintien, 
pour ne pas provoquer la mise en drapeau de l'helice 
quand la pompe a huile se remet a fonctionner. 

L'ensemble de ces dispositifs a fonctionne une 
trentaine d'heures au moment ou nous ecrivons ces 
lignes. Au debut, nous avons eu quelques mises en 
drapeau intempestives. Elles etaient dues a des 
baisses de tension trop importantes dans les circuits 
d'alimentation de certains relais. Il y a ete aisement 
remedie, et actuellement le dispositif donne entiere 
satisfaction. 

Nous ne reproduisons pas le schema electrique de 
notre installation, tres complique du fait de dispositifs 
de securite et de servitudes auxiliaires particuliers a 

la machine. Le schema peut d'ailleurs varier notable
ment selon les elements constitutifs dont on dispose. 
Nous avons seulement cherche a exposer les prin
cipes generaux qui permettent a une machine de 
fonctionner automatiquement et correctement mal
gre les caprices du vent. 

REGULATION DE LA PUISSANCE 

Comme nous l'avons vu, la limitation de puissance 
est assuree sur cette machine en limitant la vitesse 
de rotation de l'helice, par variation de l'angle de 
calage des pales, variation commandee par un simple 
regulateur centrifuge et un servo-moteur a huile pour 
chaque pale, les deux mouvements etant solidarises 
mecaniquement; c'est done un regulateur du type 
flottant. 

En fait, il existe aussi un relais de distribution 
d'huile entre le regulateur et les servo-moteurs, les 
sections de passage du regulateur etant insuffisantes 
pour l'alimentation des servo-moteurs. Ce relais, 
provoquant un retard dans !'action des servo
moteurs, augmente necessairement la tendance au 
pompage. 

Ceci etant, quand nous avons constate le pompage 
avec baisse de regime tres rapide, et avec rabattement 
des pales - articulees - vers l'amont, nous avons 
diaphragme les canalisations d'huile, pour reduire la 
vitesse d'action des servo-moteurs. Nous avons 
constate qu'il fallait se limiter dans cette voie, car 
si la regulation se fait trop lentement, on risque des 
pointes de vitesse exagerees lors des rafales. 

La periode de pompage est ainsi passee de 2,5 a 
6 secondes environ, la baisse de regime se faisant 
alors a peu pres a la meme vitesse que la montee. 
L'amplitude moyenne de pompage est nettement 
reduite, mais il arrive que des rafales provoquent des 
amplitudes aussi grandes qu'auparavant. 

Un systeme de regulation aperiodique est en cours 
de realisation pour remedier a ce defaut. 

Ce probleme de regulation se traite evidemment 
de differentes manieres selon le moyen envisage pour 
limiter la puissance. Mais les problemes de regulation 
sont suffisamment connus rrtaintenant pour qu'on 
puisse dans tous les cas remedier a l'instabilite. 

ARRET PAR VENT DE TEMPETE 

Sur notre machine, le constructeur avait avance 
qu'il faudrait prevoir un dispositif d'~rret auton:ia
tique si le vent depasse 29 m/s. En fa1t, la machme 
a fonctionne jusqu'a 31 m/s malgre une mauvaise 
regulation, et son fonctionnement n'a pas semble 
plus inquietant que par 15 m/s. 

Mais il semble bien difficile de determiner a partir 
de quelle vitesse de vent il faut l'arreter, car, le vent 
etant toujours variable, ce ne sont que des rafales, 
plus ou moins nombreuses, fortes et frequentes, qui 
depassent la vitesse choisie. 

La mise en drapeau doit etre assez progressive pour 
eviter que les pales, agissant en ventilat~ur, aie1:t 
tendance a se rabattre en avant, ce qm rendra1t 
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!'operation dangereuse. Et, une fois la machine 
arretee, quand doit-on la remettre en marche ? La 
mise en marche par vent fort, bien que nous l'ayons 
egalement pratiquee, presente aussi des risques. Et 
si l'on doit attendre l'arret complet du vent, on risque 
de perdre de nombreuses heures de marche a pleine 
puissance. 

Or un calcul simple montre que la poussee du vent 
sur l'helice croit avec la vitesse du vent, tant que le 
calage des pales reste fixe, puis decroit a partir du 
moment OU la regulation (( a regime constant )) agit 
en faisant varier ce calage. Si cette regulation fonc
tionne bien, il semble qu'il y ait moins a craindre du 
fonctionnement que de l'arret de l'helice par vent de 
tempete. 

A notre avis , la seule chose a prevoir est un detec
teur de vibrations, OU un accelerometre, place en 
haut de la tour, et commandant la mise en drapeau 
en cas de vibrations excessives, quelle qu'en soit la 
cause. 

Conclusions 

Nous avons vu que dans notre cas, malgre le vent 
assez turbulent qui regne dans le site ou est placee 
la machine, il n e s'est jamais pose de probleme d'ins
tabilite de l'alternateur par rapport a u reseau. 

Toutefois, sur un tres petit reseau, ii est probable 
que les variations rapides de puissance du vent pose
raient un probleme de regulation difficile a resoudre: 
surtout a cause des baisses rapides de puissance, qm 
devraient frequemment provoquer la mise en marche 
d'une machine de secours pour des durees souvent tres 
breves. 

Dans le cas d'un tres petit reseau, il est done 
conseille de prevoir au moins trois machines situees 
a des distances d'au moins 1 km, pour reduire les 
variations relatives de la puissance produite. Encore 
faut-il assurer l' ecoulement de l' excedent de puissance. 
Mais ceci semble plus facile, par exemple en debitant 
sur des resistances liquides, qui peuvent elles-memes 
servir a la distillation d'eau saumatre. 

Pour les vents faibles, les problemes d'automa
tisme de mise en marche de l'helice et de cou plage 
de l 'alternateur semblent resolus de maniere simple 
et satisfaisante. 

Pour les vents forts, la regulation doit etre etudiee 
pour eviter le pompage, ce qui est notre but actuel. 

Une fois ce resultat atteint, il ne semble pas 
souhaitable d'arreter systematiquement la machine 
au-dessus d 'une certaine vitesse de vent, car la pous
see du vent est alors fonction decroissante de la 
vitesse lorsque la regulation de puissance s' effectue 
par variation du calage des pales. 

Resume 

Les essais effectues sur l'aerogenerateur experi
mental 100 kW Andreau-Enfield, corn;u pour debiter 
sur un reseau triphase, nous ont permis de faire les 
observations suivantes. 

Par vent moyen, la puissance produite varie 
constamment dans d'importantes proportions. Le 
reseau ne s'en est jamais trouve perturbe, et le regu
lateur automatique de tension maintient un excellent 
facteur de puissance. 

Par vent faible, ces variations de puissance 
obligent a effectuer des couplages et decouplages 
tres frequents, si l'on veut eviter tout gaspillage 
d'energie. 

Par vent fort, le regulateur de puissance, par son 
« pompage », augmente la frequence des variations 
de puissance. 

D'ou les reglages et modifications effectues ou a 
effectuer : 

a) Pour le couplage, le dispositif initial, a com
mande manuelle, d 'action lente provoquant un fort 
appel de courant sur le r eseau, a ete modifie pour 
etre rendu automatique, presque instantane, et pour 
s'effectuer a puissance presque nulle. De meme pour 
le decouplage. 

b) La mise en route et l'arret de l'helice ant ete 
egalement rendus automatiques. Ces differents meca
nismes donnent entiere satisfaction. 

c) Par vent fort, !'amplitude du pompage a pu etre 

reduite en agissant sur la vitesse de changement de 
pas de l'helice. 

Pour un fonctionnement parfait, il faudrait un 
regulateur tenant compte non seulement de la vitesse 
de rotation de l'helice, mais de sa derivee. 

Ce probleme peut se presenter differemment pour 
d'autres types de machines. 

Conclusions 

11 ne s' est pas pose pour nous de probleme d 'insta
bilite de puissance par vent moyen. 

Pour les petits reseaux, les variations rapides et 
importantes de puissance produite peuvent amener 
des perturbations dans la tension et la frequence. 
Ces perturbations peuvent etre reduites par l'emploi 
de plusieurs aerogenerateurs de puissance moyenne, 
au lieu d'une seule machine de forte puissance. 

Pour les vents faibles, les couplages et decouplages 
tres frequents exigent un automatisme complet, 
rapide et sur. II a et e realise par des moyens simples 
et fonctionne correctemen t. 

Pour Jes vents forts, le regulateur automatique de 
puissance par variation de pas de l'helice nous a 
permis de fonctionner sans incident jusqu'a des vents 
depassant 30 m/s. 

Lorsque le pompage du r egulateur sera elimin~, il 
semble qu'il n'y ait plus rien a craindre du fonct10n
nement par vent de tempete. 
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PROBLEMS OF AUTOMATIC COUPLING OF A WIND-DRIVEN GENERATOR 
TO A NETWORK 

Summary 

Tests on the experimental 100 kW Andreau-Enfield 
wind-driven generator, designed to feed a three
phase network, have permitted us to make the follow
ing observations. 

In a moderate wind, the power output is always 
varying over .a great range. The network is never 
disturbed, and the automatic voltage regulator 
maintains an excellent power factor. 

On relatively calm days, these power variations 
require very frequent coupling and uncoupling if 
all waste of energy is to be avoided. 

In a high wind, the power regulator, by its " pump
ing " action, increases the frequency of the variations 
in power. 

Hence the adjustments and modifications that have 
been or will be made : 

(a) The original manual coupler was slow and 
drew a large amount of current from the network; 
it has now been made automatic, almost instantane
ous, and operates at close to zero power. The same 
has been done with the decoupling. 

(b) Propeller starting and stopping are now auto
matic. These mechanisms give complete satisfaction. 

(c) In a high wind, the amplitude of the pumping 
action could be reduced by modifying the rate of 
change of the propeller pitch. 

Perfect operation requires a regulator taking 
account not only of the propeller speed but also 
of its derivative. 

This problem may present itself otherwise for 
different types of machines. 

Conclusions 

We had no problem of power-output instability 
in a moderate wind. 

For small networks, the rapid and great variations 
in power may disturb both voltage and frequency. 
These disturbances may be reduced by using several 
medium-power wind-driven generators instead of a 
single high-power machine. 

For gentle winds, the very frequent coupling and 
uncoupling demands complete, rapid and reliable 
automatic action. It was achieved by simple means 
and shows satisfactory operation. 

For high winds, the automatic power regulator, 
which operates by changing the propeller pitch, 
permitted trouble-free operation at wind speeds up 
to over 30 m/sec. 

When the pumping of the regulator has been 
eliminated, there will apparently be no reason to 
fear trouble, even when operating at gale force. 
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RECENT DEVELOPMENTS AND POTENTIAL IMPROVEMENTS 
IN WIND POWER UTILIZATION FOR USE IN CONNECTION 
WITH ELECTRICAL NETWORKS IN DENMARK 

J. Juul* 

The information given below regarding operating 
results of electric wind mills in connection with 
electrical networks refers to the plants described 
under item II B.2. (a), i.e., theBog0 mill with a swept 
area of 132 m2 and a maximum capacity of 45 kW 
and the Gedser mill with a swept area 450 m2 and 
maximum capacity 200 kW. The Bogra mill is erected 
on the island of Bog0, situated in the waters between 
the islands of Zealand and Falster. 

The Bog0 mill was put into operation in the 
autumn of 1952 and has, virtually without inter
ruption, been connected to the grid system of Sydrasts
ja!llands Elektricitets Aktieselskab (SEAS), and 
producing electricity whenever the wind velocity 
was above 5 m/s. The same applies to the Gedser 
mill since the summer of 1958. 

The day and night production of the Gedser and 
Bog0 mills has been worked out daily at 9 am per 
(24 hour) day, per month and per year. 

In table 1 the output in the period from 1/11/1959 
to 31/10/1960 is recorded. 

The proportional of the swept areas of the two 

mills is ~~~ = 3.4, but the annual average propor-

* Former Sectional Engineer, Haslev, Denmark. 

tional of the production is 5.1. This is first and 
foremost due to the wind conditions at Gedser being 
the more favourable, the Gedser mill being situated 
near the west coast of the south point of Falster, 
whereas Bog0 is situated in a narrow sound between 
Zealand and Falster, thus having about the same 
wind conditions as any inland site. 

In table 2, the annual output of the Bog0 mill 
since 1952 is recorded. 

By multiplying the figures of table 2 by the pro
portional 5.1, a figure is found, indicating what the 
Gedser mill may be supposed to have produced under 
the same conditions, namely an average, during 
8 years, of 410 400 kWh or 12 per cent more than 
in 1960. The causes of the relatively small production 
of 1959-1960 were the meteorological conditions, the 
wind being for an abnormally great number of days 
easterly and of low velocity with dry weather which 
made itself felt through lack of rain and consequent 
drought, especially during the summer of 1959. 

Calculations show that the Gedser mill will produce 
annually about 300 kWh more per m2 swept area 
than the Bog0 mill, which shows how important it 
is to find the most favourable sites for the erection 
of electric wind mills. 

Table 1 

Gedser mill Proportional 
swept area 450 m' Bogo mill 450 

kWh swept area 132 m' 132 = 3-4 

1959 November 25 710 6 324 4.06 
December. 52 840 11000 4.80 

1960 January 31460 8 165 3.86 
February . 44 640 8 487 5.27 
March 34 180 5 431 6.30 
April 38 340 6 757 5.68 

May. 27 390 4 425 6.17 

June 23 980 3 588 6.66 

Julya 22 000 4 324 5.10 

August. 18 920 3 798 5.00 

September 20 840 4 165 5.00 

October 30 740 6195 5.00 

TOTAL 371 040 72 659 5.1 

• In July 1960, a defect arose in_ a r elay of the . Gedser Mill. H en~e, the act'!al output _in this mon~h was only 7 880 
kWh but computed in accordance with the proportional of the two mills (stated m the headmg of the thi_rd column of the 
table) the output would have been 22 000 kWh, which ~gure h ~s been entered in the table as the Gedser mill July output to 
make a comparison of the annual outputs of the two mills feasible. 
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Table 2 

Gedser mill output 
Bogo mill Per m2 comp1<ted according Per ma 

output swept area to proportiona.l S1J)ept area 
kWh kWh kWh kWh 

1953 87 170 660 445 000 985 
1953 90 967 690 464 000 1 030 
1953 68 680 520 350 000 780 
1953 91 133 690 465 000 1 030 
1953 78 191 590 399 000 890 
1953 78 502 590 400 000 890 
1953 76 363 575 389 000 865 
1960 72 659 550 371 040 825 

TOTAL 643 665 3 283 040 

Computed average annual output of Gedser mill during 8 years 

3 283 040 = 410 400 kWh 
8 

Computed output perm' swept area of Gedser mill 

410 4
00 = 910 kWh 

450 

Actual average annu al output of Bogo mill during 8 years 

643 665 = 80 457 kWh 
8 

Actual output perm' swept area of Bogo mill 

80 
457 = 610 kWh 

132 
Average proportional 

• 
3 283 040 = 5.1 

6~3 665 

Experiences - in the technical field - from the 
Bog0 mill are, however, to some extent, the basis of 
an improved efficiency of the Gedser mill, just as 
experience has been gained from the Gedser mill 
which will make it possible to build future electric 
wind mills of greater efficiency than the Gedser mill. 

Both on Bog0 and at Gedser, electric wind mills 
had existed since 1942, producing D.C. in connection 
with local D.C. power stations with Diesel engines. 
The Bog0 works was taken over by SEAS in 1952, 
the local electric \vind mill being reconstructed 
for A.C. production and provided with 3 blades with 
swept area 132 m2 instead of 2 blades with swept 
area 240 m2• 

The Gedser mill as built in 1942 had 3 blades and 
450 m2 swept area and produced D.C. in connection 
with the local works that was taken over by SEAS 

in 1955 and likewise reconstructed for A.C. pro
duction. 

Both of these D.C. mills were of modern design 
with streamlined blades, and, for the purpose of 
keeping the voltage of the D.C. system constant, 
were provided with mechanical regulation of the 
capacity. The mills during the war were exploited 
to the utmost extent there being a serious shortage 
of diesel oil. 

In table 3 the output of these mills is recorded for 
the years 1943-46 inclusive. 

The table shows the average production per m2 

swept area to have been 272 and 114 kWh annually; 
it shows also that under existing local wind condi
tions an amount of energy of from 3.4 to 5.4 times 
more per unit area can be turned to account, when 
electric wind mills are feeding extensive A.C. grid 

Table 3 

1943 
1944 
1945 
1946 

TOTAL 

Annual average . . 

kWh 
per annuni 

135 671 
125 800 
117 100 
113 640 

492 211 

123 000 

Gedser mill 

kWh 
per m' swept area 

300 
280 
260 
252 

272 

kWh 
per annum 

29 220 
28 000 
31 889 
20 882 

109 991 

27 500 

Bogo mill 

kWh 
per m' swept area 

122 
117 
132 

8:l 

114 
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systems instead of supplying local D.C. works. The 
reason for this is that the extensive A.C. systems 
are able to take delivery of a far greater part of the 
possible output of the mills without its influencing 
the tension of the local grid system. 

The Gedser mill has proved to have a yearly 
production of 400 000 kWh. By building a large 
number of this type of mill, the cost of erection for 
each plant will presumably be about 250 000 D . er. 
(about US S38 000). 

Summary 

During the years from 194 7 to 1957 the Syd0sts
jcellands Elektricitets Aktieselskab (SEAS) made 
investigations regarding the possibility of using 
wind power for supplementing the electricity pro
duced by means of coal, oil and hydraulic power, 
it being realized that extensive networks for the 
distribution of electric energy might equally be 
used for collecting energy produced by many, rela
tively small wind power plants. 

· Since 1952, the SEAS has had the " Bog0 mill " 
in continual operation. The said wind power plant, 
which can render 45 kW, is coupled to the SEAS 

grid and thus supplements the production of the 
thermal power works. 

Since the month of June 1959 the Danish \Vind 
Power Committee has had the " Gedser mill" (de
scribed in detail under item II B. 2 (a)) in continual 
operation. This plant, which can render 200 kW, is 
also coupled to the SEAS grid. 

The Gedser mill has proved to have a yearly 
production of 400 000 kWh. By building of a large 
number of this type of mill the cost of erection for 
each plant will presumably be about 250 000 D. er. 
(about US $38 000). 

PROGRES RECENTS ET AMELIORATION POSSIBLE DANS LE DOMAINE DE L'UTILI
SATION DE L'ENERGIE EOLIENNE CONCERNANT LES RESEAUX DE DISTRIBUTION 
ELECTRIQUE DANOIS 

Resume 

Au cours des annees allant de 1947 a 1957, la 
societe electrique du sud-est de la Zelande (SEAS) 
a procede a des travaux de recherches visant a juger 
de la possibilite d'utiliser l'energie eolienne comme 
appoint a la production d' electricite par le charbon, 
le petrole et la houille blanche, consciente qu'elle 
etait du fait que d'importants reseaux de distribution 
d' energie pourraient egalement etre utilises pour 
recueillir l'energie produite par nombre de centrales 
eoliennes relativement petites. 

La centrale dite « Centrale de Bog0 » est en service 
continu depuis 1952, exploitee par la SEAS. Cette 
centrale eolienne, qui peut debiter 45 kW, est 
branchee sur le reseau de la SEAS et son apport 

s'ajoute a la production des centrales thermiques. 
La centrale de Gedser, decrite en detail dans les 

memoires se rapportant au point II. B. 2 a) de 
l'ordre du jour, est en fonctionnement continu depuis 
le mois de juin 1959. Cette installation, capable de 
debiter 200 kW, est egalement branchee sur le 
reseau de la SEAS. 

La capacite annuelle de production de courant de 
la centrale de Gedser est de 400 000 kW/h. Les frais 
d'etablisseinent de chaque usine s'etabliront aux 
environs de 250 000 couronnes danoises, soit quelque 
38 000 dollars des Etats-Unis, si on construit un grand 
nombre de centrales de ce type. 
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ECONOMY AND OPERATION OF WIND POWER PLANTS 

J. Juul* 

Whether or not it will pay to build electric wind 
mills for producing in connection with large size A.C. 
power plants depends on what it costs to supply the 
energy from a large size power station or, more 
commonly, from several such power stations. In 
Denmark the big power stations may be classified 
in two groups : 

1. Modern big power stations, costing about 
D. er. I 000 (£50) per kW to build and producing 
at a fuel consumption of about 2 800 cal. per kWh. 

* Former S<cctional Engineer, Nordskov, Haslev, Denmark. 
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2. Earlier plants, having cost about D. er. 600 
(£30) per kWh to build and using about 4 000 cal. 
per kWh produced. 

The power produced by these stations generally 
has to be transformed into 120-150 kV by a main 
transformer, being then carried through a 120-
150 kV network of mains and on through intermediary 
transformers to a secondary network of 50 kV mains. 
The 50 kV tension is then transformed down to · a 
10 kV grid system into which the wind energy can 
presumably be fed. 
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Figure I. Curve 1. Load curve (indicating MW) of co-operating main power stations _on Zealand, i_n November-Dece~
ber 1959; curve 2. Daily maximum effect in kW of Gedser mill; curve 3. Daily maximum effect in kW of Bogo mill 
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produced by the most modern power stations and a 
loss of energy occurring in transformer and mains, 
and a_ fuel consumption of about 3 100 cal. per kWh 
supplied to the 10 kV grid has to be reckoned with. 
. To the price of fuel should be added expenses for 
mte~est and amortization of investments in power 
stations, transformers and networks sufficient for 
managing the supply at peak consumption. Further, 
the overhead charges have to be considered. In 
Denmark they are generally reckoned to be about 
D. er. 100 per kW supplied at maximum load which 
appears to set in during the month of December when 
the weather is cold and windy. Consumers then use 
electricity for heating, the consumption for lighting, 
use of power and other purposes being high at the 
same time also. 

In figure 1 curve 1 shows how the MW-load of the 
network of mains of the co-operating Zealand power 
works was in November-December 1959. 

Curves 2 and 3 show the coincident output in 
kWh from the mills of Gedser and Bog0 respectively. 
On December 8th there was a blizzard and about 
8°C below zero. Both mills were then rendering their 
full effect which coincided with the maximum load 
of the year. Heavy load may also occur in a calm but 
it will always be heavier when the weather is cold 
and windy. Under such conditions the electric wind 
mills will, of course, also render great effect, relieving 
power stations as well as network and assisting in 
maintaining the voltage when the load is heavy 
on account of heating. 

The influence of the 200 kW generator on the oper
ating voltage at Gedser is shown in figure 2. The 

11olfa9e rise % /5 1,0 O,S 

Generator 

left side of the diagram shows conditions as they 
are when the machine is working as a generator and 
on the right side is shown conditions as they would 
be if it worked as a motor. In the latter case _the loss 
of voltage will be about twice the amount of the 
voltage increase when it works as a generator; this 
is due to its using exciting current from the grid 
simultaneously with feeding energy into it. Thus, 
voltage conditions in the grid system near the mill 
are favourably equalized. 

In figure 3 is shown the daily output of the 3 mills 
. in kWh per m2 swept .area during 84 days at the end 
of 1958; curve 4 shows the output in kWh per m 2 

swept area of a fourth mill (if erected), as it would be 
if based on the daily wind velocity measurements of 
the Danish Meteorological Institute. 

Curve 1 refers to the Gedser mill, curve 2 refers to 
the Bog0 mill, curve 3 refers to the Vester Egesborg 
mill, curve 4 is based on Meteorological Institute mea
surements, curve 5 shows average of curves 1-4. 

It appears from figure 3 that a considerable 
equalization of the produced energy takes place 
during the daily operation when the mills are situated 
within a distance from each other of 150 km - or 
more, as in the case of the above mentioned mills. 

Wind power does not only occur seasonably with 
regard to relieving thermal power stations and net
works under peak load but is also available during 
the period of the year when it is most needed; this 
appears in figure 4. 

Figure 4 shows average monthly production over 
3 years of the Vester Egesborg and Bog0 mills, 

J< 

• c:0 volla9e drop % 
Ii 

Motor 

Loadct1rrenl and 110/la9e drop al different loads of an a.synchronous machine co("lnecled lo 
the ~rid O(:I a /0/d/ ovuhead line of /Olrm lenr;lh 
5pec//icalion /or lhe as!lnchronol.t'5 machine : 3><380 volt, 350an7p, 50cgcle.s 

,Z•85amp, 0,=?200amA 8pole 
5peCtlicalion for lhe overhead line : ltesi.slance fi': 7 ohm 

ReacfMce X= ft " 

Figure 2. Diagram showing current and voltage of the Gedser mill asynchronous generator. 200 kW - 3 x 380 V -
350 amp. - 50 periods - J 0 (idling) = 85 amp. - Jk (short circuit) = 2 200 amp. 8-polar - connected to transformer 
380/10 000 V. Network resistance r = 7 ohm. Reactance x = 4 ohm - the diagram shows voltage rise and fall when 
the machine is working as generator and motor, respectively 
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Figure 4. Average monthly output and consumption over 3 years, shown in per cent of maximum: curve 1, Gedser mill; 
curve 2, Bogo mill; curve 3, total consumption from SEAS network; curve 4, annual rate of water flow of Scandi
navian river 

expressed in per cent of the maximal monthly pro
duction which occurs in December, as does the peak 
of SEAS's curve of power sold to consumers, as men
tioned above . The three curves in the figure appear 
to have a tendency to run parallel. This does not 
apply to curve 4 representing the occurrence in 
Scandinavia of hydraulic power, which has its mini
mum in the winter months, contrary to consumption 
and wind power. The latter therefore is of great 
value when utilized in parallel operation with hydrau
lic power, especially when there is a possibility of 
damming the water for some days, so that the 
hydraulic power can take over the production 
during a calm. In Denmark, where coal and oil do not 
occur naturally and hydraulic power is available to 
an insignificant extent only, great difficulties with 
satisfying the power demand were met with during 
the two world wars . Supplies from abroad almost 
came to a stop and available fuel was very expensive. 

It therefore became necessary to have recourse to 
local lignite and peat. Another important power 
reserve available at that time was the great number 
of wind motors found on farms all over the country. 
About 3 000 big industrial mills with swept areas 
of about 20 m diameter were also at disposal and 
partly managed the grinding. 

By now, the mills have almost entirely disappeared 
and the same to a considerable extent is true of 
lignite and peat, so that a stopping of the supply 
from abroad of coal 1and oil would be a catastrophe. 

I 

A critical situation like this can partly be alleviated 
by a suitable number of electric wind mills which will 
satisfy part of the demand and eke out the scant 
amounts of fuel. 

All things considered, I should think electric 
wind mills have the greatest value where conditions 
are like those prevailing in Denmark. 

Coal and oil prices have always been strongly 
fluctuating and during the two world wars prices 
were very high. It would therefore seem natural to 
calculate with the average of prices during the last 
10 years as shown by figure 5 and table 1. 

From this it appears that prices at present (i.e., 
spring of 1961) are very low and that they have 
varied by more than 100 per cent _ during the last 
decade. 

It appears also that average prices of coal and oil 
are, by and large, equal, namely 4 281 and 4 218 0re 

Cost of fuel per kWh produced and delivered into 10 kV grid 
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Figure 5. Fuel prices for the period 1951-1961: curve 1, 
prices in Danish ore of 3 400 cal., coal; curve 2, prices 
in Danish ore 3 400 cal., oil 
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Table 1 

Danish crowns Danish "ore" 
Per JO' cal per J 100 ea/ 

Coal Oil Coal Oil 

1951 l!l.00 21.00 5.89 6.51 
1952 13.80 19.00 4.27 5.89 
1953 12.80 11.00 3.97 3.41 
1954 11.17 12.36 3.46 3.83 
1955 13.32 15. 70 4.13 4.86 
1956 14.95 17.55 4.52 5.44 
1957 17.85 13.40 5.53 4.15 
1958 12.70 9.80 3.93 3.03 
1959 10.50 8 .50 3.26 2.65 
1960 9.30 7.90 2.88 2.50 

13.35 13.61 4.184 4.227 

for a quantity rendering the 3 100 cal necessary 
for supplying 1 kWh to the 10 kV grid system. 

When - for comparison with the cost of power pro
duced in the conventional way as mentioned above -
I calculate the value of annual production of the 
Gedser mill as supplied to a 10 kV grid, I arrive 
at the following figures : 

200 kW effect at D. er. 100 a kW . 
410 000 kWh at 4.2 0re a kWh . . 

D. er. 

20 000 
17 220 

37 220 

The expenses connected with supplying power 
produced by electric wind mills depend upon various 
factors, especially payment of interest and amortiza
tion of the plants. 

Supposing that electric wind mills will normally 
be built when rate of interest is low and employment 
lacking, capital should presumably be obtainable 
at 6 per cent per annum. The life of electric wind mills 
as compared with other kinds of machinery is long. 
By way of examples, I inay mention that in Den
mark wind mills are to be found made of wood, and 
of old-fashioned design, that are more than 100 years 
old but still in operation, and that plants of more 
recent design exist, made of steel and over 30 years 
old, are also still operating. 

A period of amortization of 25 years, according to 
my judgement, should be warrantable, and a cost 
of construction of D. er. 250 000 per 200 kW unit is 
probable, in view of the experience gained during 
the erection and mounting of the Gedser mill which 
it cost D. er. 270 000 to make by craftsmanlike 
methods. 

Supposing a battery consisting of 100 units is built 
in a locality with good wind conditions and within 
an area having about 50 km maximum distance from 
its centre. It will presumably be possible for a team 
of .eight workmen - two of them in each of four tool 
wagons - and a managing technician to inspect, 

maintain ~nd repair the battery. The economic 
synopsis will then be the following : 

Cost of erection IOU x 250 000 = D. er. 26 OOU 000 
Annual expenses : 

D. er. 
25 000 000 at 6 per cent interest and 2 per cent 

repayment . . . . . . . . . . . . . . . 200 000 
Wages of team for maintenance etc. 8 x 15 000 120 000 
:Management and office expenses . . . . 50 000 

Travelling (tool wagons etc.) 100 000 km 
annually, D. er. 0.50 a km. . . . 50 000 

:Maintenance, insurance and repairs . . 200 000 

2 420 000 

As mentioned above, the value of the annual 
output of an electric wind mill - for co!11parison 
with energy and effect from ordinary mam power 
stations - will be D. er. 37 220, i.e., 

For 100 units . . . . . . . . . . . . . 
Estimated expenses deducted . . . . . . 

Annual excess of income over expenditure 

D. er. 

3 722 000 
2 420 000 

1 302 000 

The surplus obviously should be used for consolida
tion and, on the consolidation attaining suitable 
proportions, for reducing the prices of the 20 l\IW 
and the 41 000 000 kWh. 

A battery of 100 units will have a total swept 
area equalling 4.5 ha (just over 11 acres) in the 
vertical plane. From this it will appear that, in a 
country like Denmark, there is much more energy 
in the power of the wind than the country will ever 
need. 

The extent to which it is warrantable to utilize 
wind power is a question that may be left open for 
the present, but according to my own judgement, 
I should say that about 20 per cent of the annual 
consumption of this country ought to be produced 
by wind power and that the experimental work 
has shown it to be warrantable to start the erection 
of wind mills in Denmark, as it offers the following 
advantages: 

A home source of energy of almost unlimited extent 
can be utilized and ward off a state of catastrophe 
in case the fuel supply from abroad fails or prices 
rise materially. 

Payments in foreign exchange can be saved. 
The energy of the wind can be fed into the ubiqui

tous networks in an economically sound way by 
means of plants of the Gedser mill type, the experi
ments having proved the technical difficulties to 
be surmountable. 

Possibilities of improving this type of plant, 
constructionally and economically. 

The plants can be built by using local labour and 
locally available materials to the extent of about 
80 per cent of every plant. 

It appears that future plants can be built so that 
considerably greater· amounts of effect and energy 
can be obtained by mounting several sets of blades 
together on one common higher frame. 
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Figure 6. Duplex mill 2 x 200 kW at 38 m /s blade tip velocity; duplex mill 2 x 300 kW at 50 m /s blade tip velocity 
Annual output in either case 1 000 000 kWh 

The simplest form of a device of this kind is the 
one shown in figure 6 having 2 sets of blades on 
a 55 m high tower, supported by stays fixed to 
a collar inside which the tower will turn when yawing. 
This construction is cheaper than two separate 
towers and creates no technical difficulties with 
regard to construction. The topmost set of blades 
is thus elevated to a height of 55 m - at which 
height the wind energy considerably exceeds that 
of 25 m. - Figure 7 shows wind measurements from 
1959. Curve I is measured at 45 m height at the 
Gedser mill, curve 2 is measured in the same place 
at 25 m height, curve 3 is computed on the basis 
of the Meteorological Institute daily records as 
measured at 20 m height, while curve 4 is measured 
at 12 m height near the Vester Egesborg mill. 
Curve 5 shows the efficiency of the Gedser mill 
at a blade tip velocity of 38 ·m;s. If this velocity 
is increased to 50 m/s by using a generator of 
1 000 rpm instead of 750 rpm, the mill will not begin 

to render any energy till at 7 m/s wind velocity, 
but then, on the other hand, it will render more 
at the higher wind velocity, so that the annual 
amount of energy will be at least as great as if it 
operates at 38 m/s blade tip velocity only. As shown 
by curves 5 and 6, the efficiency of the mill at 38 m/s 
blade tip velocity is somewhat greater than at 
50 m/s blade tip velocity, which is due to the greater 
frictional loss of energy of the blades in the air. 
The topmost set of blades, according to the wind 
measurements taken, should render about 40 per 
cent more than the lower set. 

At 50 m/s blade tip velocity the axial pressure 
will also be increased and this necessitates the use 
of somewhat heavier material for tower and blades. 
But as the increased amount of energy is attained 
through an increase of blade tip velocity, the trans
mission parts and the generator become only slightly 
more expensive in spite of a 50 per cent increase 
of the effect. The value of the annual output of 
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Figure 7. Efficiency of Gedser mill at blade tip velocities 
38 m/s and 50 m/s and wind measurements : curve I, 
proportional of wind energy at 50 m height at Gedser; 
curve 2, proportional of wind energy at 25 m height 
at Gedser; curve 3, proportional of wind energy at 20 m 
~eight at Meteor. Inst. Copenhagen; curve 4, propor
tional of wind energy at 12 m height at V. Egesborg; 
curve 5, efficiency of Gedser mill at 38 m/s blade tip 
velocity; curve 6, efficiency of Gedser mill at 50 m/s 
blade tip velocity 

this kind of plant at Gedser can be estimated 
thus : 

The lower blade set will render 300 kW effect 
and ... ... .......... . 

The topmost blade set will render 300 k \V 
effect and . 

TOTAL YIELD 600 k\V effect and 

The value of 600 k\V effect is . . 
The value of 960 000 kWh at 4.2 0re is 

2 mills of the Geclser mill type will render 

Difference . . . . . . . . . . . . . . 

410 000 kWh 

550 000 kWh 

960 000 kWh 

D. er. 

60 000 
40 320 

100 320 
74 440 

25 880 

which means a 35 per cent increase of annual output 
value as compared with that of the Gedser mill. 

Along the west coast of Jutland and especially 
the northern part of it, there is considerably more 
wind energy and more effect to be had during 
a considerably greater number of hours annually. 

During the testing of the Gedser mill in co-operation 
with the Electrical Research Association engineers, 
pulsations, by means of an automatically recording 
wattmeter with fast travelling recording tape, were 
found to appear in the effect rendered by the mill. 
The pulsations were of an amplitude of about plus 
and minus 25 k\V and an average frequency of about 
1.35 times the rpm. The pulsations appeared when 
even a gentle breeze was blowing and were present 
as a superposition or upper layer on the effect 
surges due to variations of the wind velocity. The 
cause of the pulsations could not immediately be 
identified and as it was to be feared that they 
might be due to mechanical conditions in the con-

strnction, an expert theorist on mechanical vibrations 
i;1 building constrnctions, Hojlund Rasmussen of 
Copenhagen, was approached and requested to investi
gate the matter. He did not find the cause of the 
pulsations, but was able to ascertain that the 
variations of the mill effect, of the order of magnitude 
measured, offered no danger to the constructional 
parts of the mill. However, I started investigating 
the phenomenon at the Gedser mill at various wind 
velocities and various angles of attack of the wind 
on the swept area, supposing the pulsations to be 
due to aerodynamic causes. By means of an automati
cally recording wattmeter, with a recording tape 
travelling 25 mm/s, the pulsations could be measured, 
although with less sensitivity than that of the 
English instrument. In the same manner, conditions 
w~re investigated at the Vester Egesborg and Bog0 
mills as well as at a 4-blade Lykkegaard mill with 
a swept area of 18 m diameter. In all the mills 
investigated, pulsations could be stated to a greater 
or less extent, differing in frequency from the rpm 
of the mills, i.e., from about 0.8 in the two smaller 
experimental mills to 1.35 in the Gedser mill and 
this frequency could be altered to 1.26 and 1.57 
by yawing the mill 10° to the right and left of the 
position of the swept area when perpendicular to 
the_ wind. The Lykkegaard mill was driving a differ
entially compound wound D.C. dynamo, which has 
a very soft characteristic and consequently gives 
very slight pulsations only, but when the dynamo 
was coupled for working as an ordinary compound 
wound machine, thereby getting a hard character
istic, it gave pulsations to a marked degree. On 
another occasion, a Lykkegaard mill was found 
to give very strong pulsation on being coupled to 
an A.C. generator with a small slip. 

The Vester Egesborg and Bog0 mills have gener
ators with 5 per cent and 4 per cent slip respectively, 
whereas the Gedser mill generator has 1 per cent slip 
only. Hence it has a considerably stiffer characteristic 
than the other two generators and has a relatively 
much stronger pulsation of the effect than where 
the generator has greater slip and more flexibility 
in the mechanical transmission of effect from the 
main shaft of the blades to the generator shaft. 

Generators, coupled to electric wind mills, should 
therefore be constructed so as to have a suitably 
greater slip. The efficiency, to be true, is thereby 
reduced, almost in proportion to the increase of 
generator slip. But, as an offset, the mill will render 
its effect at greater variations of its blade tip velocity. 
At Gedser the pulsations are not perceptible in the 
network tension, but where the grid system is of 
smaller dimensions, it is conceivable that they will 
be so. Pulsations of the kind described above can be 
rendered harmless by using generators with 3-4 per 
cent slip; thereby the further advantage is gained 
of obtaining an increased selectivity between centri
fugal relay and return current relay, so that a 
damping of the latter can be avoided. 

The occurrence of the pulsations can be explained 
by the fact that the wind does not attack the swept 
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area perpendicularly. This is partly because the 
Gedser mill swept area has an inclination of 10°, 
as shown in figure 8, in order that a sufficient distance 
of the blade tips (when in bottom position) from 
the tower can be obtained and partly because the 
wind, on account of its turbulence, hardly ever 
attacks the blades perpendicularly. The wind, 
besides, has greater velocity at the top part of the 
swept area than at the bottom part. 

It appears from figure 7 that the blades, when 
moving from their bottom to their top position, 
have moved relatively 4 m down wind thus making 
a negative component to the wind velocity. When 
moving from top to bottom position they make a 
corresponding positive component, the instantaneous 
value of which is expressed by the formula 

7t . "' 4 X 2 X sm 'I' 

In horizontal position of a blade the component 
has its maximum value, sin cp then being equal to 1 
and the component is then computed to be equal to 

4 7t 
1 x 2 = 6.3 m/s 

\Vhen the blade, for instance, in a wind velocity 
of 8 m/s is passing the horizontal position on its way 
upwards, it is attacked by a wind of velocity 
(8 - 6.3) m/s = I. 7 m/s, thus rendering a negative 
effect; whereas on its downward path it is attacked 
by a wind of velocity (8 + 6.3) m/s = 14.3 m/s. 
At this relative wind velocity it will already have 
started stalling, thus rendering reduced effect. 

To the constant component deriving from the 
inclination, however, are added sub-components all 
the time, the direction of the attacking wind varying 
on account of turbulence. Consequently, amplitude 
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Figure 8. Profile of Gedser mill. Inclination of blades 10° 

and frequency of the pulsations vary as well. This, 
to a great extent, is due to another influence also; 
each blade forming a channel, a wake, of reta~ded 
and turbulent wind. The wake starts at a little 
distance in front of the blade and on its sides; 
behind the mill it is shaped spirally. 

At the Gedser mill, in wind velocities up to 
12-15 m/s, a mutual interference of the wakes is 
the rule, mostly, one blade running into the wake 
of the one ahead of it, thus having its effect reduced. 

On the face of it, the blades might be supposed 
to share the wind equally, but generally this is not so, 
apparently because a gust from either side n:ay 
displace the wake of a blade, causing the followmg 
blade either to run into it altogether or to run 
clear of it, depending on whether the gust co:nes 
from one side or the other. In the latter case, 1.e., 
when running clear, the blade will render great 
effect, forming a wide wake which, however, influences 
the other blades thus causing them to render less 
effect. This is easily ascertained by a person standing 
near the blade, the difference of the swishing sounds 
of the blades being plainly audible. It appears, also, 
that a blade, once having taken the lead, will keep 
it for a lengthy period until a gust alters the situation 
once more. 

From this it is evident that each blade acts as 
an independent source of energy, pulsating w~th 
a frequency corresponding to the rpm of the mill. 

The indication of the wattmeter is thus a summa
tion of energy from 3 sources of energy, pulsat~ng 
with varying amplitude and frequency and for:11111g 
another pulsation pattern with a different amphtude 
and frequency. 

These conditions are recorded in figure 9 which 
shows registered curves of the Gedser mill effect 
in fairly high wind of 10-14 m/s velocity. On curves 
1 and 2 are a few places where pulsations cease, 
the wind being momentarily sufficient for all of the 
three blades, which cause pulsations of the same 
extent which are levelled out in the 3-phase system 
of the blades. 

Curves 2 and 3 were registered under the same 
wind conditions as curve 1, the mill being yawed 
10° to the left and right respectively of the wind 
direction at the time. It appears from the curves 
that the pulsations materially alter in thes_e circum
stances according to whether the slantmg gusts 
attack a blade on its upward or downward path. 

Curve 4 is recorded at 6-8 m/s wind velocity and 
shows more regular pulsations, there being c~nstant 
interference of the blades, one blade contmually 
pulling more than the two others. 

This goes to show that a mill should have its blades 
mounted either very nearly vertically or else com
pletely vertically on a latti~e tower ~1:d that th~re 
should be either a mechamcally resilient coupling 
to the generator or else the latter should ~ave 
a slip fixed empirically at 3-4 per cent. The pulsat10ns 
will then be without practical significance and the 
efficiency be increased. 
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Figure 9. Recording tape diagrams, Gedser mill : curve 1, effect of Gedser mill with swept area perpendicular on wind 
direction and at 10-14 m/s wind velocity; curve 2, effect of Gedser mill when yawed 10° to the right of perpendicular; 
curve 3, effect of Gedser mill when yawed 10° to the left of perpendicular; curve 4, effect of Gedser mill perpendicular 
on wind direction at 6-8 m/s wind velocity 

Organization and financing of wind power plants 

The existence of modern society is dependent 
upon the electricity supply being in good order and 
being distributed in the cheapest possible manner. 

Research and practical experience have shown 
that wind power can be used for taking over a 
material part of the energy production in an econo
mically sound way, where wind conditions are like 
those prevailing in Denmark. 

By the erection of electric wind mills, the advantage 
is gained of being able to obtain the strictly needful 
amount of power by means of a locally available 
source of power; this may become of inestimable 
importance in such critical cases as have been experi
enced during the last 4 7 years. 

How best to solve the problems of supplying wind 
power is presumably rather a political question, 

but one of the following solutions may be used : 
1. The existing power supply companies take it 

upon themselves to have the necessary number of 
electric wind mills built under their own technical 
and administrative auspices, financing the under
taking in the usual way. 

2. A nation-wide company is formed for the sole 
purposes of having the necessary number of electric 
wind mills erected and of selling the output and the 
effect to existing power works and supply companies. 
A company of this nature should obviously be a 
limited liability company with existing power works 
and possibly the state as main shareholders and 
with possibilities of floating loans guaranteed by 
the state. 

3. The state takes the entire task in hand, decreeing 
that existing power works must take delivery of 
a suitable proportion of the wind electricity produced. 

Summary 

In the papers on Danish wind power plants, 
(agenda items II.B.2 (a) and II.B.3 (c)), it is stated 
that no technical difficulties are connected with the 
transmission of wind energy to extensive electrical 
networks and that about 1 000 kWh per m2 swept 
area can be transmitted wherever the mean annual 
wind velocity is about 6 m/s. 

Whether or not it will pay, on this basis, to build 
wind power plants on a large scale depends, first 
and foremost, upon the price at which the plants 
can be erected as well as on the price at which 
electricity can be produced by the conventional 
power works. 

It has often been alleged that the practical value 
of wind power plants corresponds only to the value 
of fuel saved and that no value, as regards effect, 

can be ascribed to wind power plants, due to the fact 
that the wind is not always blowing and also because, 
to secure a continual supply of electricity, it is 
necessary at all times to have the full effect available 
from other machinery. 

In the following paper it is explained that wind 
power plants, with regard to effect , are of value 
also, seeing that wind power is available especially 
when most needed, namely in the month of December. 
In the said month, the power works carry a heavy 
load partly because of electrical heating of dwellings 
which is used not only when the weather is cold, 
but particularly so when it is windy as well. 

Under these circumstances wind power works 
attain their maximum value which should not be 
unde::--rated. Above all, wind power plants ,vill be 
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able to function as a substitute for fuel from abroad, 
which experience has shown may run short in 
Denmark, and the price of which may vary very 
strongly. 

The building of wind power plants may, besides, 
serve as a means of adjustment of the Danish labour 
market, about 80 per cent of the building costs 
being workers' wages. 

It is of course difficult to render in plain figures 
the value of the two last-mentioned advantages 
of wind power plants and in any case it will be 
a question of judgement. 

On the basis of such operating experience as has 
been gained from the Danish experimental plants, 
I should think that wind power plants, in circum
stances such as those prevailing in Denmark, may be 

considered to have the same value as conventional 
thermal power stations, in view of the fact that the 
latter have not, at all times, full effect either, because 
defects may occur which have to be remedied and 
because of periodical inspections and repairs. 

When operating, the Gedser mill is found to render 
its effect in pulsations, in surges not in phase with 
the rpm of the mill, and the pulsations are found 
to be superimposed on such variations of the effect 
as are due to variations of the wind velocity. Some 
doubt has been felt as to whether the pulsations 
are due to vibrations of the blades of the mill or 
to aerodynamic causes or perhaps to both. In t~e 
paper I have given an explanation of the aerodynamic 
conditions which I believe to be the cause of the 
pulsations. 

ECONOMIE ET EXPLOITATION DES CENTRALES ELECTRIQUES EOLIENNES 

Resume 

On fait observer, clans les memoires portant sur 
les centrales danoises a energie eolienne, (points 
II .B.2 a) et II.B.3 c) de l'ordre du jour), qu'il n'existe 
pas de difficultes techniques ayant trait a la trans
mission d' energie eolienne a des reseaux electriques 
importants et qu'il est possible de leur fournir 
environ I 000 kW/h par metre carre de surface 
balayee partout ou la vitesse du vent est de l'ordre 
de 6 m/s. 

La question de savoir s'il sera economiquement 
indique de construire des centrales eoliennes a grande 
echelle, compte tenu de ce qui precede, est conditionnee 
au premier chef par le cout de construction des 
centrales, ainsi que par le prix auquel l'electricite 
peut etre debitee par les installations classiques. 

On a souvent allegue que la valeur pratique des 
centrales eoliennes ne correspond qu'a la valeur 
du combustible economise et que l'on ne saurait 
attribuer aucune valeur a de telles centrales quant 
a ce qu' elles debitent, car le vent ne souffie pas tou
jours et, dans la mesure ou l'on veut assurer une 
fourniture continue d'electricite , il est toujours 
necessaire de disposer du plein debit des autres 
centrales. 

On explique, dans le memoire ci-joint, pourquoi 
les centrales eoliennes ont egalement leur valeur 
dans ce domaine, car l'energie du vent est disponible 
particulierement au moment ou elle presente son 
maximum d'utilite, c'est-a-dire au mois de decembre. 
Au cours de ce mois, toutes les centrales doivent 
faire face a une lourde charge, particulierement 
en raison du chauffage des locaux que l'on met en 
reuvre chaque fois qu'il fait froid, mais plus specia
lement quand le vent vient aggraver ce froid. 

Compte tenu de ces considerations, on peut voir 
que la valeur des central;s eoliennes_ est alors a son 
maximum, avantage qu 11 faut plemement recon-

naitre. Avant toute chose, ces centrales pourront 
eviter la consommation d'une certaine quantite du 
combustible qui doit etre importe de l'etranger, 
dont une insuffisance peut se presenter au Danemark, 
ainsi qu'on le sait par experience, et dont le prix 
peut subir de tres grosses variations. 

Par ailleurs, la construction de centrales eoliennes 
pourrait servir de « volant » au marche du travail 
du Danemark, pour autant que 80 p. 100 environ 
de son cout representent la main-d'reuvre. 

II est evidemment tres difficile d' exprimer claire
ment par des chiffres la valeur des deux derniers 
avantages que nous avons signales pour les centrales 
eoliennes et, en tout etat de cause, il s'agira en fin 
de compte de faire un choix. 

En se fondant sur l' experience de l' exploitation 
acquise avec les centrales experimentales danoises, 
on peut dire que les installations eoliennes, dans 
des circonstances telles que celles qui se presentent 
au Danemark, peuvent etre considerees comme ayant 
la meme utilite que les central es thermiques classiques, 
pour autant que ces dernieres ne donnent pas toujours 
au maximum, elles non plus, si on se rappelle qu'elles 
peuvent se heurter a des difficultes de fonctionnement 
auxquelles il faut remedier et qu' elles doivent faire 
l'objet d'inspections et de reparations periodiques . 

On a observe que la centrale de Gedser, quand 
elle fonctionne, debite par impulsions, par pouss~es 
qui ne sont pas synchrones avec le regime de rotation 
des pales, et que les pulsations se superposent aux 
variations de debit qui s'expliquent par celles d~ la 
vitesse du vent. On s'est demande si les pulsat1011s 
doivent etre attribuees a des vibrations des pales 
de l'aeromoteur, a des causes aerodynamiques on, 
le cas echeant, aces deux phenomenes. Dans le text_e 
du memoire, on presente une explication des condi
tions aerodynamiques que l'on croit etre la cause 
des pulsations. 
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