
WIND POWER 
PLANTS 

Theory and Design 

by 

Désiré LE GOURIÉRÈS 

Mechanical Engineer, 
Doctor of Science, 

Professor of Fluid Mechanics, 
University of Dakar 

Member of the British Wind Energy Association 

PERGAMON PRESS 

OXFORD NEW YORK · TORONTO · SYDNEY · PARIS · FRANKFURT 



U.K. Pergamon Press Ltd., Headington Hill Hall, 
Oxford 0X3 OBW, England 

U.S.A. Pergamon Press Inc., Maxwell House, Fairview Park, 
Elmsford, New York 10523, U.S.A. 

CANADA Pergamon Press Canada Ltd., Suite 104, 
150 Consumers Rd., Willowdale, Ontario M2J 1P9, Canada 

AUSTRALIA Pergamon Press (Aust.) Pty. Ltd., P.O. Box 544, 
Potts Point, N.S.W. 2011, Australia 

FRANCE Pergamon Press SARL, 24 rue des Ecoles, 
75240 Paris, Cedex 05, France 

FEDERAL REPUBLIC Pergamon Press GmbH, 6242 Kronberg-Taunus, 
OF GERMANY Hammerweg 6, Federal Republic of Germany 

Copyright © 1982 D. Le Gouriérès 
All Rights Reserved. No part of this publication may be 
reproduced, stored in a retrieval system or transmitted in 
any form or by any means: electronic, electrostatic, 
magnetic tape, mechanical, photocopying, recording or 
otherwise, without permission in writing from the 
publishers. 

First edition 1982 

ISBN 0-08-029966-0 (hard cover) 
ISBN 0-08-029967-9 (flexicover) 



ACKNOWLEDGMENTS 

The author is very grateful to Mr. Lucien Romani, Head of the Eiffel 
Laboratory in Paris and Inventor of the Nogent Le Roi wind driven genera-
tor and to Mr. Louis Vadot, Engineer at the Neyrpic Company in Grenoble, 
Inventor of the S1 Remy des Landes wind turbines, for the documentation 
and the advice, they heve been kind enough to give him. 

The author also expresses his thanks to : 
— The National Research Council of Canada, 
— The U.S. Department of Energy, Wind system branch, 
— The American research centres of Amherst, Massachusetts Institute 

of Technology, and Fort Collins, Colorado (USA), 
— The Dutch research centres of Petten and Amersfoort, 
— Mr Helge Petersen and the engineers of the Riso National Labora-

tory in Roskilde, Copenhagen (Denmark), 
— The National Swedish Board for Energy source development, 
— The Electrical Research Association, the Taylor Woodrow Com-

pany and the University of Reading (Great Britain), 
— The Growian Company of Hamburg and the research centre of Pell-

worm (W. Germany), 
— Électricité de France and the Neyrpic Company of Grenoble 

(France), for the photographs and documents that these Companies and 
Laboratories have sent him. 

The present English version has been translated from the French book : 
« Énergie éolienne, Théorie, Conception et calcul pratique des installations » 
published by Eyrolles. 

The author is particularly grateful to his American, English and Cana-
dian friends for their cooperation in the English translation : 

— Dr. Andrew Garrad, Engineer at the Taylor Woodrow Company, 
Expert in wind energy, who agreed to translate chapter V. 

— Professor G.I.Fekete of Mc Gill University in Montreal, for his 
translation of chapter VI. 



X WIND POWER PLANTS 

— Mr Paul Wenger, Project Development Officer of US AID in Dakar, 
for having kindly agreed to read the book and offer much constructive advice 
to the author. 

— The members of the American Peace Corps in Dakar. 
Without the international assistance of all wind energy researchers, this 

book could not have been so complete. 
The figures and graphs have been drawn by Chérif Coly and the text 

typed by Fatou Guèye. 
The author acknowledges all those who have helped him in his work. 
The author wishes to express his special thanks to Dr David Lindley, 

Manager of Alternative Energy Systems Department at the Taylor Woo-
drow Construction Limited for writing the Foreword of this book. David 
Lindley as manager of the U.K. Wind Energy Group is responsible for the 
two wind turbines to be erected on Burgar Hill, Orkney. 



FOREWORD 

The development of Wind Energy Technology has moved at a rapid 
pace during the last 5 years. There are numerous megawatt rated wind tur-
bines either operating or under construction or in the design phase in several 
countries including the United States, Denmark, Sweden, Canada, the 
Netherlands, Germany and the United Kingdom. 

Wind Energy, as a renewable energy resource, has been recognised as 
that nearest to commercial realisation as a major power contributor. Seve-
ral utilities around the world are either operating or plan to operate wind tur-
bines connected to their power systems. In the United Kingdom, the 
Department of Energy has recently made it clear that it considers Wind 
Energy as the number one renewable resource. 

The first edition of this book, in French, has been very well received and 
has now gone into a second edition. The author in preparing this English 
edition has updated the French text and illustrations considerably to cover 
recent developments in the technology. 

In a technology where few recently written texts exist, this book offers a 
great deal. The author has stressed the fundamentals, and covered histori-
cal and recent developments in the technology around the world quite 
exhaustively. It must therefore be considered as compulsory reading for all 
students, designers and users of this technology. 

At the present time of acute energy and pollution problems, this book is 
particularly welcome. 

David LINDLEY 
Chairman, 
British Wind Energy Association 



INTRODUCTION 

This book is intended for researchers, engineers and technicians who 
wish to extend their knowledge in the wind energy field. 

It contains the main theories which are indispensable for accurately 
fixing measurements and characteristics of a wind rotor for producing elec-
tricity or pumping water, whatever the type of machine may be : horizontal 
or vertical-axis. The book, whose main characteristic is simplicity, is laid 
out according to the following scheme : 

After a short introduction and two general chapters, the first relating to 
the wind, the second to notions of fluid mechanics necessary to the under-
standing of wind energy problems, the author describes the horizontal-axis 
installations and, in particular, the various systems of orientation and regu-
lation effectively used. 

After having displayed the blade calculations of horizontal-axis systems 
in chapter IV, the author examines the vertical-axis wind installations in 
chapter V. 

The succeeding chapters deal with pumping water and the production of 
electricity by wind energy. They contain, among other things, descriptions 
of small and high power wind plants constructed throughout the world. 
The problem of adapting the wind rotor to electrical generators or to pumps 
is studied in its entirety. 

Then comes a chapter dealing with applying the above methods of cal-
culation to four projects of various types. 

The appendix contains nomograms, aerodynamic characteristics of 
profiles commonly used, and computer programs for determining rapidly 
any wind power plant. 

To facilitate the understanding of the text, many graphs and photo-
graphs (about 200) have been included. 

In conclusion, "Wind Power Plants, Theory and Design" tackles all the 
problems concerning wind energy. 

Its is a modern book, new by its contents, well informed, indispensable 
to all researchers, engineers and manufacturers who are interested in wind 
energy. Its up-to-date pratical features will be invaluable to those responsi-
ble for projects. 



THE HISTORY OF WINDMILLS 

The conquest of wind energy did not begin yesterday. History 
teaches us that windmills have existed since the earliest antiquity in Persia, 
in Iraq, in Egypt and in China. In the seventeenth century B.C. it is said 
that Hammurabi, king of Babylonia, conceived a plan to irrigate the rich 
plain of Mesopotamia with the aid of wind energy. The windmills used 
at that time, in that country, probably included vertical-axis machines 
similar to those whose ruins remain on the Iranian plateau. 

In the third century B.C., in a study dealing with pneumatics, an Egyp-
tian, Hero of Alexandria, designed a four-bladed horizontal axis windmill 
which provided compressed air to an organ. May we deduce that this kind 
of windmill was common in Egypt? It is difficult to affirm it. However we 
can say, without fear of being refuted, that the birth-place of Windmotors 
is to be found in the eastern part of the Mediterranean basin and in China 
where only vertical axis machines were known. 

It was only during the Middle Ages that windmills appeared in Italy, 
France, Spain, and Portugal. We find them, a little later, in Great Britain, 
Holland, and Germany. Some authors suggest that their arrival in Europe 
was due to the Crusaders returning from the Middle East, which is not 
impossible. The machines used in Europe were horizontal axis windmills 
with four crossed blades. Their main use was to grind cereals, especially 
wheat. Holland used them from 1350 A.D. to drain polders. They were 
then coupled to norias or archimedean screws which could raise water 
up to five meters. They were also used to extract oil from nuts and grains, 
to saw wood, to convert old rags into paper, to prepare coloured powders 
for use as dyes and to make snuff tobacco which was formerly a substitute 
for cigarettes. 

The slow multibladed wind turbine appeared later during the nine-
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teenth century. However, in Leupold Jacob's book "Schauplatz der 
Wasser Künste" (Journal of Hydraulic Arts), edited in Leipzig in 1724, 
we already find the design of an eight-bladed self-regulating wind turbine 
which drives a single acting piston pump by means of a crank shaft and 
tie rod. Each blade, which is able to pivot round its own axis, is main-
tained by a spring system so as to be progressively effaced in a high wind 
and thus the rotor revolves no more quickly in a gale than in a medium 
wind. 

Nevertheless, the multibladed wind turbine did not expand on the old 
continent but in the United States of America. From 1870, it rapidly 
conquered the whole country and came back to Europe where it received 
the name of the "American Windmill". 

At the dawn of the 20th century, the first modern fast wind turbines 
driving electric generators, appeared in France, then spread all over the 
world. Their invention was due to the French Academician Darrieus. 

It is beyond all doubt that, in the past, windmills had known a great 
success. To mankind, they had furnished the mechanical energy up to 
then lacking for the achievement of his plans. But with the invention 
of the steam engine, the internal combustion engine, and the development 
of electricity, their use was often neglected and abandoned. At the 
same time, owing to the presence on the market of new means of producing 
energy, the electric wind generators were not readily accepted. Therefore, 
the use of wind energy seemed to be more and more forsaken and its very 
future compromised. 

However, history, sometimes, reserves surprises. With the decrease 
of the world stock of hydrocarbons, the continually increasing demand for 
energy, and the fear of expanding pollution, wind energy has again come 
to the fore. It can be used very profitably in windy countries. Machines 
of 2 000 kW capacity and more have been made and tested, and there are 
still many other projects in view. 

In the present book, we are going to examine the different kinds of 
machines used in practice and the problems which occur in the wind energy 
field. 



CHAPTER I 

THE WIND 

Under the influence of the continual atmospheric pressure variations 
which exist on our planet, air can never be still but, is constantly moving. 
The resulting air current is the wind. The wind is defined by its direction 
and its speed. 

1. THE WIND DIRECTION 

Theoretically, the wind blows from high-pressure zones to low-pres-
sure ones. However at medium and high latitudes, its direction is modi-
fied by the earth's rotation. The wind becomes parallel to isobaric lines 
instead of being perpendicular to them. In the northern hemisphere, the 
wind revolves counter-clockwise round cyclonic areas and clockwise round 
anticyclonic areas. In the southern hemisphere, the directions of rotation 
are reversed. 

The wind direction is determined by the direction from which it blows. 

A 
Fig. 1 - Wind direction 

and speed indicators. 
Fig. 2 - Airport wind sock. 
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It is a westerly wind if the air current blows from the west. This direction 
is given us by the weathercock or the wind vane, a sheet of metal which 
pivots round a vertical spindle. The direction may be simply observed 
from the vane position, in relation to fixed arms pointing to the main 
points of the compass. 

In practice, every reasonably important meteorological station posses-
ses elaborate vanes which constantly record wind speed and direction 
simultaneously. 

The observed data show that the wind direction permanently oscillates 
around a mean axis. Using the daily readings taken in each place, a polar 
diagram can be established showing the percentage of time during which 
the wind has blown from each direction (numbers written along the radial 
lines). The lengths of the radial vectors are chosen so that they are pro-
portional to the mean wind speeds in the reckoned directions. 

w 

S co le 
1m/s 

Fig. 3 - Wind rose 

This kind of diagram which is called a wind rose, can be established 
for every hour of the day or for every month. By examining the series 
of graphs, it is possible to follow the variation of the wind direction during 
a day or during a year. 

2. MEASUREMENT OF THE WIND VELOCITY 

The wind speed is measured by anemometers of which there are many 
varieties. They can be divided into three main classes : Rotational anemo-
meters, pressure anemometers and others. 

a) ROTATIONAL ANEMOMETERS 
The most famous models are the cup anemometer of Robinson-Pa-
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pillon, the Ailleret anemometer made by Cie des compteurs de Montrouge 
(France) and the Jules Richard anemometer which is a small multibladed 
windmill. 

The first one, the cup anemometer of Robinson-Papillon, is found 
in most of the world's meteorological stations. It is a four-cupped rotor 
mounted on a short spindle running on ball bearings. At its lower part, 
the spindle carries a multipole permanent magnet system surrounded by a 
stator. The indicator measures the voltage which depends on the wind 
speed. The response time when the windspeed suddenly increases from 
10 to 20 m/s, is about 1.3 seconds for the instrument to register a speed 
of 19 m/s. The cup anemometer starts for 1 to 2 m/s wind speeds. 

The second, the Ailleret anemometer, has been designed essentially 
for determining the wind energy. It is possible to link it to a counter or a 
recorder and thus calculate the récupérable energy. At its base, the ane-
mometer is joined to an alternator whose voltage and frequency are pro-
portional to the wind speed within narrow limits, and influence the coils 
of a meter. The electrical components of the circuit are adjusted so that 
the meter integrates the cube of the wind speed. The instrument starts to 
operate in a wind speed of about 3 m/s. 

The Jules Richard anemometer is, above all, a laboratory apparatus 
and is more sensitive than the cup instrument. 

b) PRESSURE ANEMOMETERS 

The best known devices are the ancient ball and dial anemometer, 
the Pitot and Dines instruments, the Era gust anemometers for horizontal 
and vertical components and the Best Romani anemometer. 

The ball and dial anemometer is no longer in use. It consists of a ball 
hung on a thread which moves in front of dial. The angle between the 
vertical line and the thread depends on the wind velocity. 

Another device which is derived from the preceding one, is the incli-
nable plate anemometer. 

The Pitot and Dines anemometers are sensitive to the dynamic pres-
sure of the wind. The Dines instrument usually has a wind recorder 
combined with it so that both the speed and the direction of the wind can 
be recorded on the same chart. 

The ERA gust anemometers consist of a ball exposed to wind strength 
and placed on a vertical or horizontal arm according to whether the horizon-
tal or vertical component is to be measured. 

For the Best Romani anemometer, the aerodynamic force acts on a 
vertical cylinder. The direction and the velocity of the wind are deter-
mined from recorders using galvanometers. These receive electric currents 
through resistance gauges placed on metallic blades disposed at the base 
of the vertical cylinder on the sides of the instrument. The Best Romani 



Fig. 4 — Robinson hand anemometer. 

Cross section b - b 

Fig. 5 - Ailler et - CdC anemometer. 

Fig. 6 - Jules Richard anemometer. Fig. 7 - Dines anemometer. 



Arrangement 

Fig. 8a - Best-Romani anemometer. Fig. 8b - Principle. 
1. Galvanometer 
2. Flexible sheet 
3. Gauge 

Fig. 9 - ERA gust anemometer 
for vertical component. 

Arrangement 

Fig. 10 - ERA gust anemometer 
for horizontal component. 

disc 

„ wind 

"i HH^ 
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Fig. 11 - Rotameter. Fig. 1 2 - /.M.F.L. Anemometer. 
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gust anemometer has a response time of less than one-tenth oi^ a second 
and allows almost instantaneous recording of wind speeds. 

In addition to the preceding apparatus, the 1MFL anemoclinometer, 
the rotameter and the hot wire anemometer can be used. 

The wind rotameter consists of a conical tube whose lower section is 
smaller than the upper one. Inside the tube, a plastic disc with a hole 
bored in its centre, turns on a spindle. At the bottom of the tube is a hole. 
Air enters this hole when it is oriented to the wind. Then, it blows through 
the apparatus, raises the disc and goes out through an upper orifice situa-
ted on the opposite side to the first one. The higher the velocity, the 
higher the disc rises. The velocity is read from a graduation on the side 
of the instrument. 

IMFL Anemometer 

This instrument has been designed by the Institute of Fluid Engineering 
of Lille (France). It is a spherical gauge with holes bored in the centre and 
at 45° to its axis. These holes are linked to manometers. These readings 
give both the direction and speed of the wind. The speed is obtained 
from the reading on the centre gauge manometer, and the direction from 
that relative to the 45° holes diametrically opposite. The instrument can 
be used with up to 40° of inclination. 

c) HOT WIRE ANEMOMETERS AND OTHER METHODS 

The wire is heated by an electric current and placed in the wind. The 
cooling of the wire by convection makes its electric resistance vary. The 
higher the wind velocity, the more rapidly the wire cools. In these condi-
tions, it is enough to measure the electric resistance of the wire gauge with 
a Wheatstone bridge, to get the wind speed after reading the temperature. 

One possible method of measuring wind speed at altitudes between 
30 m and 200 m, is the smoky rocket. The rocket is fired vertically and 
photographs of the smoky ribbon are taken sideways at regular intervals 
(every second, for example). The analysis of the successive positions 
indicates the direction and speed of the wind at the different points. 

Wind speed can also be measured with meteorological sounding 
balloons. 

wind 

ÖT x 

Fig. 13 - Smoky rocket. 
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There are, therefore, many types of anemometers. The most 
commonly used in the world, is the Robinson anemometer. In practice, 
the ordinary anemometers associated with summing counters which have 
the advantage of being economical, are only used for rough studies. To 
get the necessary fundamental information to erect a complete installation, 
the preceding instruments are associated with recorders which give the 
variations of the wind velocity as a function of time. 

A V in m/s 

10 

^ A , W ¥ A J % ^ 
7h 8h 

Fig. 14 - Anemometer record. 

3. WIND VELOCITY 

An international scale has been established by Admiral Sir Francis 
Beaufort which divides wind speeds into 17 strengths or forces. Table 1 
gives it, in its latest, revised form. 

The last columm gives the average pressure in daN/m2 on a flat plate 
perpendicular to the wind for different wind speeds. The relation 
p = 0.13 V2 has been used for the evaluation, V being expressed in m/s. 

The highest maximal velocities have been measured in tropical hurri-
canes (speeds of up to 200 km/h are not exceptional), and in the neigh-
bourhood of 45° south latitude known as the roaring forties. 

The highest speed ever recorded was at Mount Washington (New 
Hampshire, USA) April 12th, 1934. During 5 minutes, the mean speed 
rose to 338 km/h. 

4. GENERAL ATMOSPHERIC CIRCULATION 

The general atmospheric circulation has its origin in two main phe-
nomena : 

Solar radiation, 
The earth's rotation. 

a) SOLAR RADIATION 
Because of the sun's position, the earth is hotter near the equator than 

near the poles. This causes cold surface winds to blow from the poles 
to the equator to replace the hot air that rises in the tropics and moves 
through the upper atmosphere towards the poles. 
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TABLE 1 : Beaufort wind scale. 

Beaufort 
number 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

knots 

1 

1/3 

4/5 

7/10 

11/16 

17/21 

22/27 

28/33 

34/40 

41/47 

48/55 

56/63 

64/71 

72/80 

81/89 

90/99 

100/108 

109/118 

Tind speed 

m/s 

0/0.4 

0.5/1.5 

2/3 

3.5/5 

5.5/8 

8.1/10.9 

11.4/13.9 

14.1/16.9 

17.4/20.4 

20.5/23.9 

24.4/28 

28.4/32.5 

32.6/35.9 

36.9/40.4 

40.1/45.4 

45.1/50 

50.1/54 

54.1/60 

in 

km/h 

<1 

1/6 

7/11 

12/19 

20/28 

29/38 

39/49 

50/61 

62/74 

75/88 

89/102 

103/117 

118/133 

134/149 

150/166 

167/183 

184/201 

202/220 

Descriptive 
terms 

Calm 

Light air 

Light breeze 

Gentle breeze 

Moderate breeze 

Fresh breeze 

Strong breeze 

Near gale 

Gale 

Strong gale 

Storm 

Violent storm 

Hurricane 

Wave height 
in m 

— 

— 

0.15/0.30 

0.60/1.0 

1.0/1.50 

1.80/2.50 

3.0/4.0 

4.0/6.0 

5.50/7.50 

7.0/9.75 

9.0/12.50 

11.30/16.0 

13.70 

Pressure on L 
flat plate 
in daN/m2 

— 

0.13 (1 m/s) 

0.8 (2.5 m/s 

3.2 (5 m/s) 

6.4 (7 m/s) 

13 (10 m/s) 

22 (13 m/s) 

33 (16 m/s) 

52 (20 m/s) 

69 (23 m/s) 

95 (27 m/s) 

117 (30 m/s) 

160 (35 m/s) 

208 (40 m/s) 

265 (45 m/s) 

325 (50 m/s) 

365 (54 m/s 

470 (60 m/s) 

TABLE 2 : Gives a description of phenomenas which can be seen 
on sea and land according to the strength of the wind. 

Beaufort 
number 

0 

1 

2 

Sea Criterion 

Sea is like a mirror. 

Ripples with the appearance of scales are formed 
but without forming crests. 

Small wavelets, still short but more pronoun ced. 
Crests have a glassy appearance and do not break. 

Land Criterion 

Smoke rises vertically. 

The wind inclines the 
smoke. But weather-
cocks do not rotate. 

The leaves quiver. One 
can feel the wind blow-
ing on one's face. 
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Beaufort 
number 

Sea Criterion Land Criterion 

10 

11 

12 

Large wavelets. Crests begin to break. Foam| 
of glassy appearance. Perhaps scattered with 
white horses. 
Small waves, becoming longer: fairly frequent 
white horses. 

Moderate waves, taking a more pronounced long 
form; many white horses are formed. (Chance 
of some spray.) 

Large waves begin to form ; the white foam crests 
are more extensive everywhere. (Probably some 
spray.) 

Sea leaps up and white foam from breaking waves 
begins to be blown in streaks along the direction 
of the wind. 

Moderately high waves of greater length ; edges of | 
crests begin to break into spindrift. The foam 
is blown in well-marked streaks along the direc-
tion of the wind. 

High waves. Dense streaks of foam along the 
direction of the wind. Crests of waves begin to 
topple, tumble and roll over. Spray may affect 
visibility. 

Very high waves with long overhanging crests. 
The resulting foam in great patches is blown in 
dense white streaks along the direction of the 
wind. The whole surface of the sea takes on a 
white appearance. The tumbling of the s< 
becomes heavy and shocklike. Visibility 
affected. 

Exceptionally high waves. (Small and medium 
sized ships might be lost to view, for a time, behind 
the waves.) The sea is completely covered with 
long white patches of foam lying along the direc-
tion of the wind. Everywhere the edges of the 
wave crests are blown into froth. Visibility 
affected. 

The air is filled with foam and spray. Sea com-
pletely white with driving spray; visibility very 
seriously affected. 

Leaves and little branches 
move gently. 

The wind blows dust and 
leaves on to the roads. 
Branches move. 
Little trees begin to sway. 

Big branches move. Elec-
trical wires vibrate. It 
becomes difficult to use 
an umbrella. 

Trees sway. Walking 
against the wind becomes 
unpleasant. 

Little branches break. It 
is difficult to walk outside. 

Branches of trees break. 

[Trees are uprooted and 
roofs are damaged. 

Extensive destruction. 
Roofs are torn off. Hou-
ses are destroyed and so 
Ion. 

3 

4 

5 

6 

7 

8 

9 

9 
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b) THE EARTH'S ROTATION 

The rotation of the earth also affects the atmospheric circulation. 
Inertia tends to deflect the cold air near the surface of the earth to the 
west, while the warm air in the upper atmosphere is deflected to the east. 
This causes large counter-clockwise circulation of air around low pressure 
areas in the northern hemisphere and clockwise circulation in the southern 
hemisphere. 

In fact, the actuality is more complicated. In practice, atmospheric 
circulation may be represented as it is shown in fig. 15. 

North Pole 

Polar circle 

Subtropical /501 

high pressure belt 

Equator 
(low pressure) 

Subtropical 
high pressure belt 

18000m 

Meridian cross 
section of the 
atmosphere 
showing the 
meridian 
circulation 

Polar circle 

South Pole 

7500 m 

Fig. 15 - General world wind circulation. 

In each hemisphere, we can discern three more or less individualized 
cells : a tropical cell, a temperate cell, a polar cell which turn one against 
the other like cogs in a gear box. The north and south tropical cells are 
separated from one another by the equatorial calm which is a low pressure 
area, and from the temperate cells by the subtropical high pressure belts. 

Actually, the sketch is not perfect. The unequal heating of oceans 
and continents, relief, and seasonal variations deform and divide the high 
and low pressure belts. There are also atmospheric disturbances created 
by masses of cold air which move, from time to time, from the poles towards 
the equator. Thus, the state of the atmosphere is continually evolving. 

5. GEOGRAPHICAL DISTRIBUTION OF THE WIND ON THE 
EARTHS SURFACE 

The maps (fig. 16a, 16b, 17a, 17b) give the mean direction and the 
mean speed of the wind on the earth's surface in January and July. They 
show that the wind is generally stronger over oceans than over continents. 
These disparities can be explained by the effects of relief and vegetation 
which impede the windstream. As a result, the most favourable areas for 
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120° E 180° 

Fig. 16 a Wind direction in January 
slight wind > mean + violent 

Fig. 16a- Wind direction in January. 

E 180° W 

Fig. 16b- Wind direction in July. 



12 WIND POWER PLANTS 

E 18P 

bo·! 

E 180° 

Fig. 17a - Isovent map for January. Wind speed in m/s. 
(According to Lauscher) 

Fig. 17b - Isovent map for July. Wind speed in m/s. 
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METEOROLOGICAL MAP OF WEST EUROPE 
ON JANUARY 19th 1978 AT G. M. T. 12h. 

Gotey 

LEGEND 

cold front -

A:high pressure 

NW 10 Kts: 

5 0 

warm front: w D.depression 

direction of the movement ·. 

NW 20 Kts: ^ 4 W 50 Kts: Ä 

Fig. 18 - The weather map shows that the wind direction is almost parallel to the iso-
baric lines at high and medium latitudes. 

wind energy production are situated on the continents near the seashores. 
The best areas are the following : 

In Europe : Ireland, Great Britain, France, Netherlands, Scandinavia, 
U.S.S.R., Portugal, Greece. 

In Africa : Morocco, Mauritania, North West Senegalese coast, 
South Africa, Somalia and Madagascar. 

In America : South East Coast of Brazil, Argentina, Chile, Canada, 
Coastal areas of USA. 

In Asia : India, Japan, Coastal areas of China and Vietnam, Siberia. 

6. PERIODICAL VARIATIONS OF WIND SPEED 

a) SEASONAL VARIATION 
As a result of the movement on the earth's surface of the high and low 

pressure areas, the speed and direction of the wind generally vary during 
the year. The isovent maps for January and July are different as shown 
in figures 17a and 17b. 
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As the positions of cyclonic and anticyclonic areas are repeated every 
year in relation to the sun's position, we observe periodical and almost 
similar variations in wind characteristics. 

In France, for the Eiffel Tower, mean wind speed varies month by 
month as table 3 shows. 

TABLE 3 : Monthly coefficients of wind speeds for the Eiffel Tower. 

J 

1.16 

F 

1.09 

M 

1.06 

A 

1.08 

M 

0.90 

J 

0.85 

J 

0.84 

A 

0.89 

S 

0.88 

O 

0.98 

N 

1.12 

D 

1.15 

The wind speed is higher in winter than in summer. This is a favou-
rable factor because energy needs are also greater during the winter. This 
situation is all the more favourable as the energy production is propor-
tional to the cube of wind speed. The variation of the monthly coefficients 
relative to energy is more accentuated than that of the monthly coefficients 
of speed : 

(1.15)3 = 1.52 and (0.85)3 = 0.61 

Thus, the energy produced monthly in winter is at least two or three 
times greater than in summer. 

b) DIURNAL VARIATIONS 

The wind is subject to diurnal variations due to convective effects. 
Because the specific heat of soil is less than that of water, air tempera-

ture rises more rapidly during the day over the continents than over the 
sea. The hotter air over the land expands, becomes lighter and rises and 
the cooler, heavier air from over the sea blows in to replace it. The cor-
responding inflow is called the sea breeze. 

During the night, the direction of the wind is reversed because the 
land cools more quickly than the water, affecting the air above it. The 
continental, cool air blows seawards to replace the warm air that rises from 
the sea surface. This outflow from land to sea constitutes the land breeze. 
These breezes may extend up to 50 kilometers from the shore line in medium 
latitudes and as far as 200 kilometers inland in the tropics. They may also 
be observed near lakes. 

Similar local breezes occur in mountainous countries. In the morning, 
as the summits heat before the valleys, the air over them becomes lighter 
and rises. The cooler, heavier air of the valleys moves in to replace it. Thus 
during daytime, the wind blows from the valleys towards the mountain 
tops. At night time, the air near the summits cools more quickly than the 
air in the valleys, and the wind direction is reversed. The relatively cool. 
heavy air of the summits flows down the slopes into the valleys. 
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In some countries, the presence of prevailing winds may modify the 
above mentioned conclusions concerning the direction of the wind. In 
such cases, the predominant current combines with the breeze to give the 
actual wind. 

As breezes find their origin in thermic phenomena, daily variations 
in wind direction and velocity are more or less uniform. 

7. SUDDEN VARIATIONS OF THE WIND DIRECTION AND VELO-
CITY 

The wind characteristics records show that wind direction and speed 
are constantly varying. In a very short interval of time, such as one second, 
the velocity may change from one to two, and the direction may be consi-
derably modified. 

Fig. 19a shows a record obtained from an ERA gust anemometer 
placed at the top of a 10 m tower, at the summit of Costa Hill, Orkney, 
Great Britain. It refers to measurements of the horizontal component, 
during a period following the passage of a fast moving cold front. The 
record shows a change in the wind velocity, from 23 m/s to 37 m/s, in a 
quarter of a second. 

Fig. 19b represents a Best Romani gust anemometer record. This 
typical record has been extracted from a paper presented by André Argand 
to the International Conference on New Sources of Energy, in Rome, 
in 1961. The record gives the variation of both wind direction and velocity. 

AV in m/s 

19a- Gust record from Orkney (U.K.). 

T 5 · 6 
Time in sec 

Fig. 19b 
Best Romani anemometer record One 
measure every 0.8 s. Total duration : 32 s. 
Variation of the direction and the speed of 
the wind during a gust. 
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It shows that the wind stream can be considered as the superimposing 
of a uniform stream on a whirlwind. 

A single whirlwind, whose tangential speed isAV carried by a uniform 
stream at the speed Vm, gives birth to a direction and speed oscillation 
according to the following rule : 

V = Vm + AV 

When the directions of Vm and AV are the same, the speed is maximal. 
When the directions of Vm and AV are opposite, the speed is minimal. 
The quotient AV/Vm is usually between 0.3 and 0.4. Assuming that AV 
has a fixed value, we can write : 

Vmax = Vm + AV 
Vmin = Vm - AV 

whence we can extract : 

Vm = (Vmax "T" Vminj/^ 

AV = (Vmax - Vmin)/2 
Fig. 20 

Let ß be the maximal angle between Vm and the instantaneous wind 
speed V. The amplitude of the direction oscillation is given by the follow-
ing relation : 

• o AV sin j8 = Ύ 

L. Vadot has applied the preceding concept to measurements made at 
the French meteorological station « La Banne d'Ordanche ». Table 4 
gives the results he has obtained : 

TABLE 4 : 

Knax 

53 m/s 
36.5 m/s 
20.5 m/s 

rmin 

39 m/s 
19.7 m/s 
11 m/s 

Variations observed 

± 8° 
±22°5 
± 17°8 

Variations calculated 

± 9° 
±240 
± 19° 

Wind direction and vertical speed variations 

Observations show that vertical wind direction variations are only 
one-tenth to one-fifth as large as those observed in the horizontal plane. 
Thus the more inconvenient fluctuations are the latter. 
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8. THE EFFECT OF ALTITUDE 

The increase of wind speed with altitude is a well known fact. Thus 
in Paris, at the Eiffel Tower, the wind speed varies from 2 m/s at 20 m height 
to 7-8 m/s at 300 m above ground level. The reduction of windspeed near 
the ground is due to friction generated by vegetation, buildings and all sorts 
of obstacles. 

Meteorological data shows that the relative increase of windspeed 
with altitude may vary from one point to another. Several authors have 
proposed to represent the law of variation of wind speed by the following 
equation : 

^ = ( ϊ Γ ο ) η 

where V0 is the observed speed at H0 meters above the ground topography 
and V the wind speed at altitude H. 

Note that this law is a statistical law which holds good in long series 
of observations but not necessarily in individual instances. 

It is usual to give H0 the value of 10 m, n being a coefficient varying 
from 0.10 to 0.40. 

The mean velocity profile can also be represented by a log law based 
on the surface roughness length z0 of the approach terrain : 

V Ln(H/zo) 
Vo~ Ln(Ho/z0) 

The log law provides the closest fit in the 30-50 m height range but 
throughout the boundary layer height, the power law is more accurate. 
Generally because of its simplicity, the power law is more often used. 

D. F. Warne and P. C. Calnan have established the following rela-
tionship between the surface roughness z0 and the power-law exponent n : 

n = 0.04 Ln z0 + 0.003 (Ln z0)2 + 0.24 

Table 5 gives values of z0 and n for different surface roughnesses. 

TABLE 5 : Values of n and z0 for different roughnesses 
at ground surface. 

Terrain type 

Smooth (sea, sand, snow) 

Moderately rough (short grass, grass crops, rural 
areas) 

Rough (woods, suburbs) 

Very rough (urban areas, tall buildings) 

z0 in m 

0.001-0.02 

0.02-0.3 

0.3-2 

2-10 

n 

0.10-0.13 

0.13-0.20 

0.20-0.27 

0.27-0.40 
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The heights H and H0 should not be thought of as height above 
ground surface but above the level of zero wind. This coincides with 
the average corn height in a dense corn field or with the average wheat 
height in a wheat field. In a forest, the level of zero wind corresponds to 
the height where branches of adjacent trees touch. 

The energy capable of being intercepted is proportional to V3. Thus 
the quotient of energy, at H meters above level ground and at H0 meters, 
is given by : 

# - = (—-Y" with 0.30 < 3 n < 1.20 
Eo \ H o / 

Therefore, to develop maximal power, the wind generator must be 
mounted as high as possible, for example, for a small wind power plant, 
on the top of a tower and at least 8 to 10 m higher than the surrounding 
vegetation or obstacles, in order to avoid high turbulence. 

Note that changes in the roughness of the ground affects the wind 
profile. There is a transition height beyond which the local roughness 
does not affect the velocity profile. Mr. Duchène-Marullaz (CSTB, 
Nantes, France) gives, for the transition height H = 0.08 x, x being the 
distance of the point considered to the change in the ground roughness. 

For x > 5 km the transition zone is quite insignificant. For x < 5 km 
and under the transition height, the characteristics of the wind profiles 
are related to the roughness of the downwind ground surface and over, 
to the roughness of the upwind area. 

9. THE EFFECTS OF RELIEF: AIRFLOW OVER RIDGES, HILLS 
AND CLIFFS. CHOICE OF SITE 

Orography plays an important role in screening, accelerating and 
deflecting the wind. Obstacles such as ridges, hills and cliffs affect greatly 
the wind velocity profile. Some patterns are very favourable for producing 
wind energy. Others must be avoided because they create considerable 
turbulence or screening. 

Ridges can be defined as elongated hills rising from 100 m or less 
to 600 m above surrounding terrain and having little or no flat area on their 
summits. Ridges of hills parallel to seashore with progressive and mode-
rate slopes are very favourable to wind power production, especially, when 
they are perpendicular to the prevailing wind direction, and when they are 
bare. Over the summit and in the neighbourhood, the wind is accelerated 
at very little height and is very regular as shown in fig. 21. The relative 
increase in speed at the summit can reach 40 %, 60 % or even 80 % for long 
ridges with progressive slopes. The most suitable slopes range from 10° 
to 22°. 
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Note that shoulders (ends) of ridges and the upper half of the windward 
face are often good sites. But the leeward side must be avoided because 
of possible turbulence. Ridge sites meriting special consideration are 
those with features such as pass, gap or saddle. 

Similar phenomena occur over circular hills but the increase of the 
wind speed is lower, and reaches only 20 %, 30 % or 40 % according to 
the slope of the hill. However, circular hills of moderate slopes can be 
better sites for wind machines than ridges, if the prevailing wind direction 
changes very much with the season. 

It must be noted that the wind is very accelerated on the sides of the 
circular hills, tangent to the wind direction. Such places may be considered 
as good wind power sites, if the prevailing wind direction keeps a nearly 
constant orientation during the year. But, if this is not the case, the summit 
is the more suitable place for erecting a wind power installation. 

Cliffs with moderate slopes are also very favourable for wind energy 
production, especially, when they are perpendicular to the wind direction. 
According to H. Wegley, M. Orgell and R.Drake of the Battelle Institute 
(USA), the best sites are situated between 0.25 and 2.5 times the cliff 
height downwind from the cliff. A conservative strategy is to site as 
close to the cliff edge as possible in order to be sure that the entire rotor 
rotates well above the zone of turbulence. 

a) With moderate slope b) With steep slope and flat surface 

Fig. 21 - Wind flow over ridges and hills. 

Special care must be taken when choosing a site on a ridge, a hill or 
a cliff with slopes higher than 3O0 because on such obstacles, high turbulence 
may occur. If a hill is very steep, the wind breaks away from the upper 
surface and considerable turbulence occurs in the wake. Turbulent flows 
may cause dangerous stresses in the blades of a windmill so that a hill 
of this kind does not constitute an ideal wind power site. This is also the 
case for cliffs with steep slopes. Note that whatever the site chosen, it is 
advisable to make measurements at the positions susceptible to be selected 
in order to avoid disappointment. 

Experimental works 

In France, the Electricité de France Company and the CSTB labo-
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ratory, in Nantes, have made measurements in wind tunnels concerning 
the wind flow over ridges and cliffs. 

Table 6 gives, for ridges and cliffs of different slopes, the relative 
increase of the speed with respect to the upstream speed at the same height 
over the ground surface. 

It relates to measurements carried out by C. Sacré, h and z repre-
sent respectively the height of the obstacle and the height above ground 
level. For z > 2.5 h, the speed-up is insignificant. 

TABLE 6 

Height over 

Ground surface 
Zone 1 

h/h < 1/3 h/lj > 1/3 

Zone 2 

h/l2 < 0.05 h/l2 > 0.05 

z < 2.5 h 2.5 h - z 2.5 h - z 
3h 

2.5 h - z 
2 1, 

zonel zone 2 

a) Experimental works 

*J 
4 

03U 
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E^ 
1 ( 

\**\ 

ie1, 

Ê? 

4,1 

Cliff 

, zone 2 j 

4 , 1 ■ i 

-*—J Rldge 

b) Theoretical works 

Fig. 22 - Wind over ridges, hills and cliffs. 

Theoretical works 

Lamb and Rosenbrock have shown that the streamlines can be defined 

a) over long ridges, by the expression : 

xj, = \](v-?Ç\ sinö 

b) over circular hills, by the relationship : 

^ = u / " r 2 - Ç j s i n 2 o 
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The distribution of velocity vertically above the summits, is given 
by the following expressions : 

— for the case a, by 

— for the case b, by 

v = u ( i + p ) 

In these expressions, U represents the wind velocity up-stream of the 
obstacle : 

a, the radius of the generating cylinder or sphere, 
ψ, the constant characterizing a streamline, 
y, the height above the point O, 
V, the velocity at y metres high, 
r, and Θ the polar co-ordinates of a point. 
But exact hemispheric or hemicylindric hills are in reality very scarce. 

Fortunately, any streamline can be replaced by a solid surface of the same 
shape without influencing the stream flow above it. So that, if the ridge 
(or the circular hill) has a shape which coincides with a streamline, the 
preceding relationships can be used to calculate the velocity of the wind 
flow over it. 

In fact, the foregoing mathematical expressions do not take into account 
viscosity forces, so there is some divergence with reality. Simulation in 
wind tunnels with suitably rough elements or computational techniques 
give better results. 

10. STATISTICAL STUDY OF WIND 

From anemometer records and observations, speed duration curves 
and mean frequency curves may be projected. The drawing of these 
curves is necessary for any important design. 

Annual speed duration curve 
On the horizontal axis, the annual time during which the wind velo-

Frequency 
curve 

Velocity duration 
curve 

Duration in days 

Fig. 23 
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city exceeds a fixed value, is recorded ; that value, itself being given by the 
other coordinate. We proceed thus year by year. It is then possible 
to obtain an interannual speed duration curve which will be very useful 
for energy determination. 

Annual frequency curve 
This curve can be determined from the preceding one. It gives the 

annual time during which wind velocity falls within certain limits for ins-
tance 3-4 m/s. 

This time is equal to the difference of horizontal co-ordinates corres-
ponding to 3 and 4 m/s vertical ordinate of the speed duration curve. 
The vertical ordinate of the corresponding point of the frequency curve 
is equal to 3.5 m/s. 

Generally, annual frequency curves have only one or two maxima. 

Duration of calm spells 
The annual duration of calm spells without a break is important 

because it indicates the period which must be covered by storage when 
wind-driven plants are used autonomously. Low wind turbines do not 
operate for pumping water at a speed less than 3 m/s and fast wind turbines 
at a speed lower than 5 m/s. 

Figure 24 indicates the number of periods of a given duration during 
which the wind velocity was lower than 2, 3 and 5 m/s. 

A Average number of periods 
of unproductive winds 

Velocity 
in m/s 

Seasonal variations of winds 
It may be useful for some applications to know exactly how the wind 

velocity varies during the whole year. For this purpose, monthly mean 
speeds are calculated for every year. Then the monthly frequency curves 
are drawn as shown in fig. 25. 



THE WIND 23 

11. THEORETICAL AVAILABLE WIND ENERGY 

a) POWER DURATION CURVE 

The speed-duration curve enables a curve to be drawn giving the 
power available as a function of the number of days. This curve may be 
obtained by cubing the ordinates of the velocity duration curve and keeping 
the abscissas unaltered. In chapter II, we shall see that the power deli-
vered by an aerogenerator is proportional to the cube of the wind velocity. 

So the area situated under the power-duration curve is proportionnai 
to the available energy in the year : 

t t 

E = J Pdt = K Î V3dt 
o o 

The annual energy will be expressed in kWh/m2. 
We shall see in chapter II (Betz' formula) that K is equal to 0.37. 

20 30 40 50 60 70 80 90 
Fig. 26 
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b) ENERGY DISTRIBUTION CURVE 
We can divide the whole scale of the velocity values into different 

intervals of 1 m/s. For every interval of speed, it is possible to evaluate the 
available energy from the velocity frequency curve. 

The energy distribution curve is obtained by cubing the mean speed 
relative to the interval of velocity and multiplying the result by the corres-
ponding ordinate of the speed frequency curve (number of hours in the 
year during which the considered velocities occur). 

c) WIND ENERGY DISTRIBUTION AS A FUNCTION OF THE 
WIND DIRECTION : THE ENERGY ROSE 

This diagram gives the available energy for each direction of the 
compass. The energy rose can be constructed from the wind rose graph 
by first cubing the average wind speed for each direction then multiplying 
the cubed speed by the corresponding percentage of time. The derived 
numbers are roughly proportional to the energy contained in winds blowing 
from each direction. The lengths of the radial vectors of the energy rose 
are chosen so that they are proportional to these numbers. 

12. ACTUAL AVAILABLE WIND ENERGY 

In fact, the wind machine cannot intercept all the energy theoretically 
available in the wind because limitations are imposed by other factors. 

When the wind speed increases, the machine begins to supply power 
only at a certain speed Vm called "the cut-in speed". At this speed, the 
power available on the shaft of the machine is equal to the power absorbed 
by the no-load losses of the whole set. 

Then, as the wind increases, it attains a certain value VN called the 
"rated wind speed" which is the speed at which the machine supplies its 
rated power or nominal power. Above this value, the power will be 
kept constant by the regulating system. 

If the wind velocity continues to increase, it reaches a value VM called 
the "furling speed" or cut-out speed beyond which the machine is stopped 
for reasons of safety, and gives no more power. 

Finally, the effective energy, which is available, is proportional to the 
hatched area as shown in fig. 28 b. 

In practice, the actual available energy will be obtained by multi-
plying the value of this hatched area expressed in kWh/m2 by a coefficient 
taking into account the efficiency of the wind machine. 

Determination of the actual available energy from the average annual 
wind speed 

For easier calculations of the actual different sites, the ratio K„ between 



THE WIND 25 

the actual available energy produced by a given machine and the energy 
obtained by considering wind speed as a constant equal to the average 
annual value may be used. 

This coefficient which is known as the "usable energy pattern factor ", 
is given by the expression : 

T3 

VÄ(T 2 -Ti ) + | 
KM = 1 2 

Ti) + I V3dt 

V3T 

where V is the instantaneous wind speed ; 

V, the mean annual wind speed ( V = γ ] V dt j 

VN, the rated speed ; 
Ti, the annual time during which the value of the speed is above the 

furling speed VM; 
T2, the annual time during which the speed is greater than the rated 

speed VN ; 
T3, the annual time during which the speed is greater than the cut-in 

speed Vm. 
The variation of the coefficient K« as a function of mean annual 

windspeed has been studied by E. W. Golding for different meteorological 
stations of West Europe and for different values of rated speeds. The 
results are shown in fig. 29. 

The knowledge of the coefficient K„ enables the calculation of the availa-
ble energy in sites where only summing counters of wind speed are used. 
However, the application of the method needs the preliminary determi-
nation of the ratio K„ from anemometer records in areas subjected to winds 
of same origin and comparable velocities. 
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Figures 30a, 30b, 31a, 31b, give respectively : 
— the mean wind speeds at 10 m height, above ground level in Western 

Europe ; 
— the annual available wind energy at 10 m height, above exposed 

areas of France, Great Britain and Ireland. (At 40 m elevation, the energy 
is about 2 or 3 times higher than at 10 m). In fact, no more than 50 % 
approximately, can be intercepted ; 

— the annual available wind energy at 50 m height above ground level 
in the USA and Canada ; 

— the annual available energy available in different parts of the world 
in kWh/year per rated kilowatt output for wind machines designed for rated 
wind speeds of 11.1 m/s. 



Fig. 30a - Mean annual wind speeds in western Europe 
(in m/s at 10 m height above ground surface). 



Great Britain and Ireland France 

Fig. 30 b - Wind energy at 10 m height above exposed areas for France, Great Britain and Ireland in kWh/m2/year. In fact, only a 
percentage of 50 % at maximum can be intercepted (100 W/m2 = 876 k Wh/m2/year ^ 900) (According to Duchêne 
Marullaz). 



Fig. 31 a - Wind energy at 50 m above exposed areas for Canada and the United States 
in W/m2 (100 W/m* = 876 kWh/m2/year). 
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Fig. 3 1 b - Annual availability of wind energy in the world in kWh/year per rated kilo-

watt output for wind machines designed for rated wind speeds of 11 m/s 
(According to Frank Eldridge). 



CHAPTER II 

GENERAL THEORIES OF WIND MACHINES 
BASIC LAWS 

AND CONCEPTS OF AERODYNAMICS 

The machines used to produce power from the wind, can be classified 
mainly in two different groups : horizontal-axis machines and vertical-axis 
machines. 

Betz' theory expounded here, basically concerns horizontal-axis wind 
machines. However, the efficiency of vertical-axis machines is evaluated 
in comparison with the maximal power calculated by Betz' formula. 

The following concepts of aerodynamic forces acting on a moving 
aerofoil and similar geometrical wind machines operating in mechanical 
similitude, are valid for horizontal as well as for vertical-axis wind machines. 

1. BETZ' THEORY 

The first global theory of the wind turbine has been established by 
A. Betz of the Institute of Göttingen. 

Betz assumes that the wind rotor is ideal, that is to say, it has no hub 
and has an infinite number of blades which offer no resistance drag to the 
passage of air through it. Thus it is a pure energy converter. Moreover, 
the conditions over the whole area swept by the rotor are supposed to be 
uniform and the speed of the air through and beyond the rotor is assumed 
to be axial. 

Thus let us consider an " ideal " wind rotor at rest, placed in a moving 
atmosphere. 
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C 

D 
Fig. 32 

Let Vj be the wind speed at a considerable distance upwind, 
V, the wind speed actually passing through the rotor and assumed 

to be uniform over the whole area S swept by the blades, 
V2, the wind speed downwind, far from the rotor. 

The section of the air flow which passes through the rotor is Si upwind 
of the rotor and S2 downwind. 

The production of mechanical energy by the rotor is possible only by 
reducing the kinetic energy of the air. Thus V2 is necessarily lower than Yv 

Consequently, the section of the air flow which passes through the rotor 
increases from upstream to downstream. S2 is greater than Sv 

If we suppose that the air is incompressible, the continuity condition 
(constant mass flow) can be written as : 

S iVi = SV = S2V2 

The force exerted on the wind rotor by the wind is given by Euler's 
theorem and is equal to : 

F = p S V ( V i - V 2 ) 

The power absorbed is therefore: 

P = FV = p S V 2 ( V i - V 2 ) 

As we have said, this power has been taken from the kinetic energy. 
The variation of the kinetic energy from upstream to downstream 

amounts to : 

AT = ± p S V ( V î - V 3 ) 

Equating the two expressions P and ΔΤ, we obtain : 

w1±v1 
v ~ 2 
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The force exerted on the rotor and the power provided are then given 
by the following expressions : 

F = | p S ( V î - V î ) 

p = i p S ( V i - V 3 ) (Vi + V2) 

For a given upstream speed Vi, we can study the variation of the 
power P as a function of V2. 

By differentiation, we get : 

^ = i ^ S ( V ? - 2 V 1 V 2 - 3 V ? ) 

dP The equation -τψ- = 0 has two solutions : 

— the first one : V2 = — Vi which has no physical meaning, 
Vi 

— the second one : V2 = " y which corresponds to the maximum 
power. 

On substituting the particular value V2 = Vi/3 in the expression of P, 
we obtain the maximum power which can be produced : 

P m a x = ^ p S V ? =0.37 SV? 

taking for p, specific mass of air: 1.25 kg/m3. 
This expression constitutes Betz' formula. 
It supposes the direction of wind velocity through the rotor is axial, 

and that the velocity is uniform over the area S. 

2. WING AND AEROFOIL: GEOMETRY AND AERODYNAMIC 
CHARACTERISTICS 

The main element of the wind machine, whatever the type may be 
(horizontal or vertical-axis machine) is the blade. This may be considered 
as a rotating wing. To have a good understanding of its action and espe-
cially to choose its optimal shape and dimensions, it is necessary to have 
some basic knowledge of the aerodynamics of aerofoils. The Betz' formula 
does not give us the method to construct blades. 

Therefore consider a motionless aerofoil subject to a wind of velocity V. 
Let us give some definitions concerning its geometry and its position relative 
to the speed vector V assumed to be parallel to the section of the aerofoil. 
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Fig. 33 

a) DEFINITIONS 
The sharp end of the profile (point B) is called the "trailing edge". 

The "leading edge" is the locus of the point A of the nose of the profile 
which is the farthest from the trailing edge. 

AB = 1 is the chord of the profile, 
AMB, the upper surface, 
ANB, the lower surface. 
At any distance along the chord from the nose, a point may be marked 

mid-way between the upper and lower surfaces. The locus of all such 
points, usually curved, is the camber line or median line of the section. 

The incidence angle is the angle i between the chord and the air speed 
vector V at infinite upstream. 

The zero lift angle is the angle 0O between the chord and the zero lift 
line. 

The lift angle is the angle 0 between the zero lift line and the air speed 
vector V at infinite upstream. 

i = 0 + 0O 
0 = i - 0 o 

Here, 0O is negative, Θ and i are positive. 
Another parameter is the maximum thickness h. This, when expressed 

as a fraction of the chord, is called the thickness/chord ratio or relative 
thickness. Current values in use range from 3 % to 20% (10% to 15% 
for the usual wind rotors). The position along the chord at which the 
maximum thickness occurs may vary between 20 % and 60 % of the chord 
from the leading edge (usually around 30 % for the aerofoils of wind rotors). 

b) AERODYNAMIC FORCE EXERTED ON A MOVING WING 
IN A STILL ATMOSPHERE 

If we suppose the wing to be at rest and the air to be moving at the same 
speed, but in the opposite direction, the aerodynamic force exerted on the 
wing does not change in value. The effort exerted only depends on the 



34 WIND POWER PLANTS 

relative speed, and the angle of attack. Thus to facilitate the explanation, 
let us consider the wing to be at rest in moving air at an infinite upstream 
speed V. 

The pressure of the air on the external surface of the wing is not uni-
form : On the upper surface, there is a reduction and on the lower surface, 
an increase of the pressure. To represent graphically the pressure varia-
tions, let us draw, on the perpendicular line to the profile surface, a segment 
whose length is equal to Kp : 

K _ P - P o 
JV/7 — "3 

where p is the static pressure at the base of the perpendicular line on the 
surface, and p, po, V the conditions at infinite upstream, that is the condi-
tions in the undisturbed flow far from the profiled section. 

Joining the tips of the various segments Kp, we obtain the curved 
line represented fig. 34. Kp is negative for the points of the upper surface 
and positive for the lower surface. 

high pressure Fig. 34 

The resultant of the different elementary forces acting on the wing 
is a force "F, generally inclined with respect to the relative speed direction, 
and given by the expression : 

F = i pC,SV2 

where : p is the specific mass of the air 
S the area equal to the product chord x length of the wing 
Cr the total aerodynamic coefficient. 

This force can be divided into two components : 
— a component parallel to vector V : the drag F<* 
— a component perpendicular to vector V : the lift Fi 
Fd and Fi are given by the expressions : 

¥d = \ pCdSV2 Fi = i pCiSV2 
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Fig. 35 

where Cd and G are respectively the drag and the lift coefficients. These 
components being perpendicular, we can write : 

and therefore : 

Fd2 + Fi2 = F 2 

Cd2 + Ci2 = G 2 

Let M be the aerodynamic moment of F relative to the leading edge. 
We can define a pitching moment coefficient Qn by the relation : 

M = ^pÇnSl V2 

where 1 is the chord. 
Hence the aerodynamic forces on the aerofoil section may be repre-

sented by a lift, a drag and a pitching moment. Now, at each value of 
incidence angle, there will be one particular point C about which the mo-
ment of the aerodynamic force F is zero. This special point is termed the 
centre of pressure. The aerodynamic effects on the aerofoil section may 
be represented by the lift and the drag alone acting at that point. The 
position of the centre of pressure relative to the leading edge is determined 
by the ratio : 

Usually CP = 25 % - 30 %. 

c) VARIATION OF THE LIFT AND DRAG AERODYNAMIC 
COEFFICIENT 

1°) Variation of Ci and Cd versus incidence 
The variation is illustrated in fig. 36. 
Considering first the variation of the lift coefficient, the representative 

curve is seen to consist of a straight line curving over at the higher value 
of Cx max, at an incidence IM known as the stalling point. 
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After the stalling point, the lift coefficient decreases. The represen-
tative line is also curved for a negative incidence. Q passes through a 
minimum value Q min. 

The variation curve of the drag coefficient is different : Q is minimum 
for a certain value of the incidence angle. 

C| max. 

, incidence i 

in degrees 

Fig. 36 

2°) Lift coefficient versus drag coefficient (Eiffel Polar) 
The variation of the lift coefficient versus the drag coefficient is shown 

in figure 37. 
The slope of the straight line OM is : tan Θ = G/Cd. 
When OM is tangent to the Ci/Cd curve, tan Θ is maximum and Cd/Ci 

minimum. 

100 C, 

Fig. 3 7 - ne Eiffel polar. 

The curve of variation is usually graduated in values of incidence 
angle. 

Remark 1 : According to the Bernouilli theorem, the velocity of the 
stream above the wing is higher, and that below the wing, is lower than 
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the velocity of the undisturbed flow, far from the profile. Thus, the flow 
around the aerofoil can be regarded as the combination of two different 
types of flow. The first one is the normal flow around the aerofoil at zero 
lift when the aerofoil is placed in a uniform stream. The other one is 
a flow in which the air circulates around the aerofoil forwards over the 
lower surface, and backwards, over the upper surface. The lift of the 
aerofoil is associated with the latter. 

Fig. 38a 

Remark 2 : The above result applies only to wings having an infinite 
length. For a wing whose length is limited, the results must be corrected. 
The pressure on the lower surface of a lifting wing is greater than that of 
the surrounding atmosphere while the pressure on the upper surface is 
lower. Thus, at the tips, air tends to flow from the lower surface towards 
the upper surface. The result is the creation of vortices at the tips of the 
wing. In fact, many small vortices appear all along the wing because 
of the influence of the tips. These small vortices roll up in two large 
vortices just inboard of the wing tips. 

Fig. 38 b - The horseshoe vortex. 

The consequence of the creation of these vortices is an increase of the 
drag. An induced drag Fd, occurs, which adds to the preceding one. 

Fdi=±pCdiSV2 

Thus the drag coefficient becomes : 

Cd = CdO -f Cdi 

where Cdo is the drag coefficient for a wing of infinite length. 
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Furthermore, to get the same lift, the angle of incidence must be in-
creased by a quantity φ. Thus the new incidence angle to obtain the same 
lift is : 

i = io + φ 

In fluid mechanics, when the repartition of the circulation is elliptic, 
it may be shown that Cdi and φ are given by the following relationships : 

s .c? = c? 
\? π πa Cdi = γτ Φ 

S G 
V π 

G 
πa 

S being the area of the wing, 
L its length and a, the aspect ratio (a = L2/S). 

3°) Aerodynamic coefficients relative to the chord and the per-
pendicular (Lilienthal polar) 

If we project F on the chord and on the perpendicular to the chord 
(fig. 39a), we arrive at the following components : 

on the chord : 

Ft = \ pSY2 (Cd cos i - Ci sin i). 

on the perpendicular 

Fn = 2 pS V2 (G cos i + Cd sin i) 

expressions which can be written as : 

F, = | p C , S V 2 and F„ = ^ G , S V 2 

where : C = Ci cos i + Cd sin i 
Ci = Cd cos i — Ci sin i 

The C» versus Ci curve has the aspect shown in fig. 39b. It is called 
the "Lilienthal polar". 

Fig. 39a Fig. 39b 
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In practice, this curve is used to determine the thickness of the aerofoil 
in order to resist the aerodynamic efforts. 

3, AERODYNAMICS OF THE ROTOR 

a) GEOMETRICAL DEFINITIONS 

Ancient windmills or modern wind turbines have many blades which 
are fastened on a hub and constitute the rotor. Before undertaking 
their study, let us give some definitions. It is usual to call : 

— rotor axis : the axis of rotation of the rotor, 
— plane of rotation : the plane perpendicular to the rotor axis in which 

the blades revolve, 
— rotor diameter : the diameter of the area swept by the rotor, 
— blade axis : the longitudinal axis around which it is possible to 

make the inclination of the blade vary relative to the plane of rotation, 

Fig. 40 Fig. 41 

— blade section at radius r : the intersection of the blade by a cylinder 
of radius r and whose axis is the rotor axis, 

— setting angle or pitch angle : the angle a between the chord of the 
aerofoil section at radius r and the plane of rotation, 

— geometric pitch of the blade section at radius r : the pitch of the 
geometric helix of radius r having for axis, the rotor axis, and which is 
tangent to the chord at radius r. Let a be the setting angle at radius r, 
the geometric pitch of the section is : 

H = 2πτ tana 

For an airscrew having a constant geometric pitch, the quantity 
r tan a remains constant along the chord. 

b) PERFORMANCES OF A BLADE ELEMENT (ELEMENTARY 
THEORY) 

Consider an element of length dr, chord 1 and pitching angle a at 
radius r of a rotor blade. 

This element has a speed in the plane of rotation equal to U = 27irN. 



40 WIND POWER PLANTS 

If we call V the axial speed of the wind through the rotor, then the velocity 
of the air flow relative to the blade is W as shown in fig. 42. 

- ► — ► — ► —* _ k _ k 

v = u + w 

Fig. 42 Fig. 43 

The incidence angle is i = I — a. 
I is the angle between W and the plane of rotation of the rotor. I is 

called the angle of inclination. 
Thus the blade element is subjected to the action of the air flowing 

at a relative speed W. This blade element will therefore experience an 
aerodynamic force dR. This force dR may be separated into a lift force 
and a drag force : dR/ and dRd, respectively, perpendicular and parallel to 
the relative velocity W appropriate to the incidence i. The values of G 
and Cd to take into account will be those which relate to the incidence 
angle i for the profile used in the blade element construction. 

Estimate the contribution of the aerodynamic force dR into the axial 
thrust exerted by the wind on the rotor and into the torque which acts on the 
rotor axis. 

Let these contributions be dF and dM. 
dF is the projection of dR on the rotor axis and dM, the moment 

relative to the rotor axis of the projection of dR on the plane of rotation. 

dF = dR/ cos I + dRd sin I 
dM = r (dR/ sin I - dR<* cos I) 

If we take into account the relationships : 

dR/ = ^ p C / W 2 d S and dRd = ^ p C d W 2 d S 

W2 = V2 + U2 = V2 + ω2Γ2 ωτ = cotg I 
dP = codM 

we get for dF, dM and dP the following expressions : 

dF = jp V2 dS (1 + cot2 I) (G cos I + Cd sin I) 
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dM = ± p V2 rdS (1 + cot2 I) (G sin I - Cd cos I) 

dP = i p V3 dS cot I (1 + cot2 I) (G sin I - Cd cos I) 

c) GENERAL EXPRESSIONS FOR THRUST, TORQUE AND 
POWER 

The total thrust F exerted by the wind on the rotor and the torque M 
which acts on the rotor shaft are obtained by adding, respectively, all the 
elementary forces dF and the elementary moments dM which act on the 
blades. Therefore, the power P transmitted by the wind to the rotor and 
the useful power P« provided by the wind turbine may be calculated without 
difficulty, for different conditions, by the expressions : 

P = Σ dF · V = F V 
PM = Μω 

The efficiency is given by : 

_ P« _ Μω 
η ~ P " F T 

4. PERFORMANCES OF SIMILAR GEOMETRIC WIND MACHINES 

In the preceding paragraph, we have briefly analysed the aerodynamic 
forces acting on the rotor, but we have neglected some factors such as the 
interaction between blades. To get a more accurate idea of the influence 
of such parameters, it is necessary to do experiments on physical models 
in a wind tunnel. 

The geometry of the model is similar to that of the prototype we intend 
to build. The model is wind tested in conditions of kinematic similarity, 
that is to say : the incidence angles of the air on each corresponding blade 
element of the model and the prototype are the same. 

These conditions mean that the following ratios must be equal : 

Vn V21 Vi Wi_o = U10 
V12 V22 V2 W20 U20 

The number 1 is relative to the prototype and the number 2 to the 
model. 

Vn and V12 are the corresponding speeds upstream of the prototype 
and the model, 

V21 and V22, the downstream speeds, 
Vi and V2 , the wind speed through the wind rotors, 
U10 and U2othe circumferential tip speeds in the plane of rotation, 
Ui and U2 ,the circumferential speed of corresponding elements of 

the prototype and the model. 
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The relationships : 

Vi Uio Vii u ττ- = π — = xj— can be written as : 
V2 U20 V12 

U10 _ U20 j U i o _ U20 

ΤΓ " ΤΓ a n d V77 - VTI 
The first expression leads us to conclude that the angles of inclination Io 

are equal at the blade tips of the prototype and the model; the second 
one, that the tip-speed ratio λο (quotient of the circumferential speed at 
the blade tip by the upstream wind speed) must be the same for the pro-
totype and the model. 

It should be noted that, if the inclination angles I are equal at the blade 
tips of the prototype and the model, they are also equal at corresponding 
radii. 

In fact, if we call h and I2 the angles of inclination in the sections, 
we can write: 

_ Ui ωιΓι 
cot u = VT = TT 

A T U2 ω2 r2 cot h = Yl = ~ΎΓ 
Taking into account the relations : 

Vi _ Uio _ CO1R1 _ ωιΓι 
V2 "" U20 — (02 R2 — ωι ii 

and dividing the preceding equations, we get : 

cot I2 _ ωιχι Vi ___ 
cot Ii ~ ωιΓι Vi "" 

Hence we conclude that the angles of inclination I are equal for the 
corresponding elements of the prototype and the model. 

The setting angles being also equal, the incidence angles which are 
equal to the diflerence (i = I — a) are accordingly the same. Thus Ci and 
Cd have the same values. 

Referring to the expressions of the thrust, torque and power produced 
by the blade element : 

dF = i p V2 dS (1 + cot2 I) (Ci cos I 4- Cd sin I) 

dM = i p V2 rdS (1 + cot21) (Ci sin I - Cd cos I) 

dP = i p V3 dS cot I (1 + cot2I) (Ci sin I - Cd cos I) 
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and dividing dF by pV2dS, dM by pV2rdS, dP by pV3dS, we obtain 
expressions which contain only in their second member cot I, Cj and Q. 
We have shown that the values of I, i, G, Q are the same for the corres-
ponding elements of the prototype and the model when conditions of 
similarity are fulfilled. Therefore, for the corresponding blade elements 
of the prototype and the model, the following ratios are equal : 

dFt dF2 piVfdSt _ piVfDj 
piVïdSi * P2VUS2 ' d l ~ 2 pTvTdSi ~at2 P2VÏOI 

dMi dM2 J W . w piVîndSi . . . piViD? 
p1V1r1dS1

 = p2Vir2dS2' d M l = d M z p2v2r2dS2
 = d M z pTvIüf 

dPi dPa _ . p PiVfD! 
TTvîdS! - TiïïïSi ' dP l - dPz -plvm 

As we have said, the total thrust, the torque and the power are obtained 
by adding the elementary efforts,the elementary torques and the elementary 
powers. 

piV?D? v ^ _piV?D? 

This can be writteti as : 

Fi = zdFi = ^ \ ^ _ ; z d F 2 = r
 v ; ^ ; F 2 

Fi _ F 2 
piVÎDÏ " ρ2ΥίΌί 

In the same manner: 

and 

Mi = I d M i = —777-^3 2 d M 2 = — T T T F Z M 2 P2V2D2 P2V2D2 

Mi _ M2 
PiVîDî ~ piVlOl 

p . . ! » , . « ! ! « « H P , _ « ! « « , , 
PiVîDl piVWi 2 

Pi P2 
piV?Di p2V!D5 

The preceding equations suppose that the conditions of similitude are 
fulfilled. 

The last one shows that the efficiency of the prototype and that of the 
model are equal for the same tip-speed ratios. The denominators of the 
last fractions are effectively proportional to the kinetic energy of the air 
flow which passes through the prototype and the model rotors. One can 
see the great advantage of this result, which enables us to determine the 
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efficiency of a big machine from the tests done on a similar geometric small 
one, tested in a wind tunnel. 

The preceding expressions establish relationships between the wind 
speed through the rotor, the thrust, the torque and the power of the pro-
totype and the model. These expressions are still true, if we substitute 
the wind speed Vu and V12 upstream of the wind machine for the wind 
speeds Vi and V2 through the rotor as the denomitor. As a matter of fact, 
these speeds are connected by the relationship : 

Vi _ Vu 
V 2 " V21 

Thus the performances of wind machines will be evaluated relative 
to the upstream wind speed because, there, the wind is undisturbed. 

In practice, one represents the variation curve of the quantities : 

r 2 F
 r 2M r 2P 

^ " ^ S V 2 " ^ " ^ S V ^ R ^P~^SV* 

versus the tip-speed ratio λο = — 
V 

V, being the speed of the wind upstream of the wind machine at five or 
six diameters in front of the turbine, Uo, the circumferential speed at the 
blade tip and S, the swept area. 

CF, Qn and Cp are called respectively axial thrust coefficient, moment 
coefficient and power coefficient. 

The advantages of such a graphical representation are obvious : the 
characteristic variation curves drawn for the model are valid for the pro-
totype and for each geometrically similar machine. 

In the pages which follow, we shall use such adimensional coefficients 
and such curves to give the test results. 

The variations of the torque and the power versus the rotational speed 
for different wind speeds can be deduced without difficulty from the preced-
ing characteristics. From the previous relationships derive the following 
expressions : 

F = ^ p C F S V 2 P = ^ p C P S V 3 

M = | p Q 1 R S V 2 N = ^ -

For a given machine, a given wind speed, and for every tip speed 
ratio λο, a value of C F, Qn, Cp and therefore, a value of F, M and P can 
be found. Thus it is possible to draw the mechanical characteristics of the 
wind machine (thrust, torque and power) for different values of V versus 
the rotational speed N. These curves are essential to study the driving 
of pumps or electric generators by wind motors. 
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Remark concerning wind tunnel tests 

The laws of similitude can be obtained by other methods, for example 
by expressing the geometrical similarity of the profiles, the kinematic 
similitude (same shape for the speed triangles) and dynamic similitude 
(the forces acting on the prototype and the model must be in the same ratio 
whatever may be their nature : inertia, viscosity, pressure, etc.). 

Theoretically, it is necessary to take into account the viscosity forces. 
It amounts to the same thing, to express the equality of the Reynolds number 
on the prototype and the model. 

ViDi V2D2 - U1D1 U2D2 
= and = 

Vi V2 Vi V2 

One realizes that it is generally impossible to look into this condition 
for the big wind turbines. In fact, the model tests are generally made in 
wind tunnels at the atmospheric pressure and at the ambiant temperature. 
It results from this fact that vi = V2, and therefore, the preceding equalities 
may be written as : 

Vi Di = V2 D 2 and Ui Di = U2 D2 

As: Ui = π Ν ι ϋ ι , and U2 = πΝ2ϋ2, the last expression may still 
be written as: N i D î = N2D5. 

The first equation shows that the wind model must be tested in a wind 

having a speed V2 = Vi γτ- therefore higher than Vi. The second one 

points out that the rotational speed N2 must be equal to : N2 = Ni =rr 

therefore higher than Ni. 
To realize the consequences of these assertions, take an example: 

Suppose we have made a model at the scale of 1/10 of a wind turbine 
having a diameter of 10 m. If the tip-speed ratio is λο = 6, the rotational 
speed of the prototype is 100 r.p.m. in a wind having a speed of 8.70 m/s 
(Ui = 2 π Ν ι Κ ι = yloVi). 

Thus to respect the Reynolds conditions, it would be necessary to test 
the model in a wind speed V2 = 87 m/s (Vi Di = V2D2). 

The rotational speed of the wind model would then be : 

N2 = Ni(10)2 = 100 x 100 = 10 000 r.p.m. 

At such a speed, compressibility phenomena would occur. The 
dynamic similitude would disappear because the phenomena produced 
on the model would be different from those which would appear in reality, 
on the full scale unit. 

In practice, the model will be tested in a wind tunnel at wind speeds 
of the same level or slightly higher than those which the prototype would 
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experience in reality. Thus, the Reynolds numbers relative to the model 
(W2I2/V) will be lower than those observed on the prototype (Wih/v). 
However, if the values of R remain higher than a certain value Rc called 
Reynolds critical number, full similitude is attained. As a matter of fact, 
above the value Rc, the drag coefficient Cd does not vary much with the 
Reynolds number, so that the values of Cd for the model and for the pro-
totype are practically equal for the same incidence angle. Consequently, 
in this case, the above relationships are confirmed. 

On the other hand, if the model tests are realized in such conditions 
that R is lower than Rc, the drag coefficient Cd will be higher, at the same 
incidence, on the model than on the prototype because of the greater in-
fluence of viscosity. The similitude will be less perfect. 

It should be noted that the aerodynamic profiles of the modern wind 
turbines are always chosen, for better efficiency (lowest values of the ratio 
Cd/G), in such a manner that, when the wind turbine is running normally, 
the Reynolds number in every section, is higher than the Reynolds critical 
number Rc. This is about 104 for the curved thin profiles and varies 
from 105 to 106 for the NACA profiles. 



CHAPTER III 

DESCRIPTION AND PERFORMANCES 
OF THE HORIZONTAL-AXIS 

WIND MACHINES 

Most powerful windmill stations which have been built are based on the 
horizontal-axis system. 

In this type of machine, one can differentiate among : 
— the classic windmills, 
— the slow wind turbines, 
— the fast wind turbines. 
In this chapter, we shall study the different machines sequentially, 

then we shall describe the direction and speed devices used in practice. 

1. THE CLASSIC HORIZONTAL-AXIS WINDMILL 

Many have disappeared but several still remain and are religiously 
maintained in good condition by local or private people to the great delight 
of visitors, both young and old. 

They can be seen in Europe, mainly along the Atlantic coast, the 
North Sea and the Baltic Sea but also around the Mediterranean. 

The classic windmills can be divided into two main types : 
— rotating-roofed, 
— rotating-caged. 
Rotating-roofed windmills : 
The roof, in the shape of a truncated cone, which supports the revolv-

ing shaft, can turn above the building, which is generally made of stone. 
The roof is extended downwards by a long beam which, when moved, 



(a) Rotating-roofed windmill (b) Rotating-caged windmill 

(c) Cretan wind turbine (d) Portuguese windmill 

Fig. 44 
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allows the sails of the mill to be oriented to the wind. The newest ones 
are directed by an auxiliary wind wheel. 

Rotating-caged windmills : 
The shaft of the wheel is linked to the cage which contains the mill 

stones. The whole mill is placed on a spindle. As in the previous type, 
the orientation of the wheel towards the wind is brought about by a direc-
tion arm or an auxiliary wind wheel. 

When the mills were still working, the sails, usually made of wood, 
were covered with linen which was rapidly furled if a sudden gale arose. 
In some others, the rotational speed was adjusted by opening, to a greater 
or lesser degree, mobile shutters set in the sails. 

In some Portuguese mills, the sails were made of triangular jib-shaped 
canvas, stretched between 8 or 10 poles arranged radially and supported 
by cross-pieces fixed on the shaft. 

Generally, the windmill could be stopped from outside by a rope 
working on the brake which tightened against a cylinder inside the mill. 

Characteristics 

The sails were usually between 5 and 15 m long. Their width was 
about one-fifth of their length. Their rotational speed ranged between 
10 and 40 r.p.m., the lowest speeds corresponding to the longest sails. 

Tests done at the Eiffel Laboratory, in Paris, on a scale model demon-
strated that the efficiency of the horizontal axis windmill was optimal 
with tip-speed ratio λ0 = U0/V varying from 2 to 3. 

With the tested machine (see graph 45b), the efficiency reaches a 
maximum when : 

This corresponds to a rotational speed: N = 51.5 V/D and to a 
coefficient Cp equal to 0.3, i.e. to an effective amount of energy equal 
to 50 % of Betz' limit (CP Betz = 16/27 = 0.595). 

Under these conditions, the maximum power produced is given, as a 
function of the diameter and the wind speed, by the relation : 

P = 0.15D2V3 

P being expressed in watts, D and V in meters and meter/s, p being equal 
to about 1.27 kg/m3. 

The application of the previous laws to windmills which have sails 
from 5 to 15 m long, leads to the figures collected in table 7, assuming 
a 7 m/s wind. 
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TABLE 7 

Diameter 
in m 

10 m 
15 
20 
30 

Wind speed 
in m/s 

7 
7 
7 
7 

Max power 
inkW 

5.1 
11.6 
20.4 
47 

Rotational speed 
in r.p.m 

36 
24 
18 
12 

Note that only the descending part of the variation curve of the coef-
ficient Qn corresponds to a stable operation of the machine. 

2. SLOW WIND TURBINES 

Since 1870, the multi-bladed low-speed wind turbine has appeared, 
first in America and then in Europe. 

The blades, which vary in number from 12 to 24, cover the whole 
surface of the wheel, or almost. The tail vane, behind the windmill, keeps 
the wheel facing the wind. Figure 46 represents this type of windmill. 

Features : 
The diameters of the biggest windmills of this type usually built 

range from 5 to 8 m. A multi-bladed 15 m diameter windmill was even 
built in the United States. These multi-bladed windmills are particularly 
well adapted to low wind velocities. They start freely with winds ranging 
from 2 to 3 m/s. The starting torque is relatively high. 

The variation graphs 47a and 47b represent the results of tests car-
ried out at the Eiffel Laboratory in Paris. 

In the case of the model studied, the production of energy is maximal 
when λο = 1. These conditions correspond to an optimal rotational speed 
in revolutions per minute equal to : 

N = —— ~ 19 — and a CP equal to 0.3, i.e. an effective amount of 
TIL) D 

energy equal to 50 % of the Betz limit. 
When taking p = 1.27 kg/m3 as the value of the air's specific mass, it 

follows that the maximum power likely to be produced by this type of 
machine can be calculated in relation to the diameter by an expression 
similar to that which gives the power of windmills : 

P = 0.15D2V3 

the power being expressed in watts, the diameter in m, and the wind speed 
in m/s. 

By applying the above relation to machines of different diameters and 
by considering 5 to 7 m/s winds, we obtain the speed and the power values 
indicated in table 8. 
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Various methods of blade fixation 

Fig. 46 - Multibladed slow wind turbine. 

Fig. 47 - Torque and power coefficients of a slow wind machine as a function ofÀ0. 
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TABLE 8 

Diameter of the 
wind wheel in m 

1 m 
2 m 
3 m 
4 m 
5m 
6 m 
7m 
8 m 
9 m 

10 m 

Rotational speed in r.p.m 
V = 5 m/s 

95 
47.5 
31.9 
23.8 
19 
16 
13.6 
11.9 
10.5 
9.5 

V = 7 m/s 

133 
66.5 
44.5 
33.2 
26..6 
22.2 
19 
16.6 
14.8 
13.3 

Power in kW 
V = 5 m/s 

0.018 
0.073 
0.165 
0.295 
0.46 
0.67 
0.92 
1.20 
1.52 
1.87 

V = 7 m/s 

0.05 
0.40 
0.45 
0.81 
1.26 
1.8 
2.5 
3.3 
4.2 
5.15 

For tip-speed ratios λ0 with a value other than one, the indicated 
rotational speeds must be multiplied by the value λ0 corresponding to 
the machine. 

Power generated by slow wind turbines is relatively poor for two 
reasons : 

— These machines mainly use winds whose velocity is moderate and 
varies from 3 to 7 m/s. 

— In addition, it is not very easy to erect machines of 9 to 10 m dia-
meter because of the weight of the wheel. 

Nevertheless, this type of machine is very useful in areas where the 
mean velocity of the wind varies from 4 to 5 m/s, especially for pumping 
water. For this purpose, they are generally coupled to piston pumps. 

3. FAST WIND TURBINES 

In this type of wind machine, the number of blades is much more limi-
ted, varying from 2 to 4. At equal power, these windmills are much 
lighter than the slower ones and, therefore, more interesting for that reason. 

However, they have the disadvantage of starting with difficulty. 
Indeed, in the absence of special systems, a wind speed of at least 5 m/s is 
necessary to make them rotate. 

Figure 48 represents two fast wind turbines, one with two blades, 
the other with three, equipped with two different orientation systems : 
The first one uses a tail vane and the second one is self-orienting. 

Fast wind turbines are very well suited for generating electricity. 
Most wind generators are driven by high speed rotors. 

Characteristics 

The rotational speeds are much faster than those of slow wind machines 
of the same diameter, and swifter as the number of blades is reduced. 
The tip-speed ratio λ0 can reach 10. 
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wind 

Three-bladed wind rotor 
with a tail vane. 

Self-orienting two-
bladed wind rotor. 

Fig. 48 

At equal wind speed and equal diameter, the torque developed by a 
high-speed wind rotor is less than that provided by a slow wind machine. 

Figures 49a and 49b exhibit the variation curves and power coeffi-
cients in relation to the tip-speed ratio λ0 of a two-bladed wind rotor tested 
at the Eiffel laboratory in Paris. 

The wind turbine has an optimal output when : 

λο = 6ÖV = 6 

This corresponds to a rotational speed N = 115 ̂  and to Cp equal 
to 0.4. 

Fig. 49 - Fast wind turbines. 
Torque and Power coefficients. 
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According to the tests, the maximal power of this wind turbine and 
of similar ones can be obtained by applying the relation : 

P = 0.2D2V3 

with P expressed in watts, 
D expressed in m, 
V expressed in m/s. 

In practice, this expression is the one used initially to determine the 
maximal power likely to be produced by fast wind turbines irrespective 
of whether they have 2, 3 or 4 blades. 

If we apply the previous relation to machines, with a diameter varying 
from 2 to 50 m, we get the figures shown in table 9, for 7 and 10 m/s wind 
speeds. 

TABLE 9 

Diameter in m 

1 
2 
3 
4 
5 
6 
8 

10 
15 
20 
30 
40 
50 

Rotational sÀ 

V = 7 m/s 

935 
470 
310 
235 
190 
155 
120 

95 
62 
47 
31 
23 
19 

peed in r.p.m 
V = 10 m/s 

1 340 
670 
450 
335 
270 
220 
168 

134 
90 
67 
45 
33 
27 

Max. Pow 
V = 7 m/s 

0.07 
0.27 
0.60 
1.07 
1.7 
2.4 
4.4 

6.7 
15 
26.8 
60 

107 
168 

w in k W 
V = 10 m/s 

0.2 
0.8 
1.8 
3.2 
5 
7.2 

12.8 

20 
45 
80 

180 
320 
500 

Note that a 12.6 m/s wind speed would produce a quantity of energy 
equal to twice the calculated values for V = 10 m/s. 

Advantages of fast wind rotors 
Because of their fast rotational speed, they have only a small number 

of blades : 2, 3 or at most 4. The price and the weight of a fast wind turbine 
is therefore much lower than those of a slow one of equal diameter. 

In addition, stress variations resulting from gusts are less important 
since they are built to resist much higher centrifugal forces than are the 
slow wind rotors. The furling devices using the rotation of the blades 
on their axes, for use in storms, also require less energy. 
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Another advantage : 
When the machine is kept motionless, the axial thrust (even if the 

blades are in working position) is lower than when it is running. This 
is not the case for slow windmills. 

Readings taken in Denmark on the Gedser three-bladed windmill have 
proved that the axial force, when the machine is stationary, reaches 40 % 
of the force exerted on the turning windmill. 

daN/m*4 

35-

30 

25 

204 

Axial thrust per square 
metre of swept area 

(Gedser windmill) 

in m/s 

Fig. 50 

Drawbacks 
These advantages are counterbalanced by a drawback; the starting 

torque is low. A rapid wind rotor must start without too much effort. 
This drawback can be limited by giving the blades near the axis a sufficient 
chord and the best pitch angle possible. Variable pitched blades with 
a regulator such as the Aerowatt model for instance, can also be used. The 
pitch angle is maximum when the machine starts and declines as speed 
increases. 

4. PROFILES USED 
These change according to the type of machine : 
The sails of the first windmills were made of timber-work covered 

with linen. The sails were supported by wooden bars on both sides of 
the stock. Later, the bars were moved to the trailing edge of the wings to 
improve the aerodynamic efficiency. More modern designs substituted 
sheet metal for the cloth sails and used shutters and flaps to control the 
speed of the rotor in high winds. 

Slow windmills use thin and slightly concave profiles. Because of 
their low rigidity, these profiles are fixed to a metallic circular frame forming 
the skeleton of the mobile wheel. 

Fast-running wind turbines always have streamlined blades. Their pro-
files are usually chosen from the NACA or Göttingen series (NACA 4412, 
4415, 4418, 23012, 23015, 23018, Göttingen 623, 624). These aerofoils 
are characterized by reduced drag and also by a high aerodynamic efficiency 
provided that the Reynolds number is high enough. 
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In some recent high-speed wind power plants, laminar flow profiles 
of the Wortmann and NACA series are also used (FX 60.126, 61.140, 77..., 
NACA 632615, 632618, 642612, 642618). The drag/lift ratios of these 
aerofoils are very low. Therefore, the use of such profiles can lead to 
very good performances. 

Very ancient Recent 

Fig. 51 - Classic windmills. Fig. 52 - Slow wind rotor 

Fig. 53 - Fast wind turbine. 

5. VARIATION OF THE RELATIVE SURFACE OF THE BLADES 
IN CONNECTION WITH THE TIP-SPEED RATIO : λ0 

The ratio of the total surface of the blades to the area swept by the 
rotor decreases as the tip-speed ratio rises, as shown in graph 54. This 
graph is copied from a research paper presented by Ulrich Hütter at the 
New Delhi Congress in October 1954. 

6. ORIENTATION SYSTEMS 

The most frequently used are : 
— the tail vane, 
— the auxiliary wind wheel, 
— the wind turbine downwind of the support, 
— servo-motor systems, 
— manual systems. 

a) THE TAIL VANE 
This device is mainly used to orient slow wind turbines of up to 6 m 

diameter. 
To get a satisfactory result, certain conditions have to be met. 
Let E equal the distance between the orientation axis (pivot) and 

the propeller rotation plane. If a value equal to 4E is given to L, the 
distance between the orientation axis and the centre of tail vane, the sur-
face A of the tail vane must have the following values in relation to the area S 
swept by the rotor : 

For a multi-bladed windmill, A = 0.10 S. 
For a two or three bladed windmill, A = 0.04 S. 
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Fig. 55 

When L differs from 4E, the area of the rudder needed to ensure 
stability can be calculated from the following equations : 

S = 0.40 S j - for a multi-bladed wind rotor, 

S = 0.16 S γ- for a fast one. 
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In practice, a value approximately equal to 0.6 D is often given to L. 

b) AUXILIARY WIND WHEELS 

This system of orientation is based on the following principle : One 
or two small wind rotors are placed on the side of the body of the main 
wind turbine. Their axis is perpendicular to that of the main wind rotor. 

wind 

step up 
gear ing 

auxiliary wind wheel 

Fig. 56 - Auxiliary wind wheel. 

If the main wind rotor does not face the wind, the auxiliary one starts, 
driving an endless screw which operates on a cogged wheel, concentric 
to the yawing axis and welded to the support. The auxiliary wind rotor 
stops running when the wind blows perpendicular to its shaft. Of course, 
the secondary windmill blades must show an inclination which allows 
the rotation around the pivot of the wind machine in the right direction. 

It should be noted that the auxiliary wind rotor can be used with the 
main one placed upwind or downwind of the support. 

Compared to the directing system using a tail vane, this device offers 
the advantage of being smoother and more gradual. 

c) SELF-DIRECTING WIND ROTOR 

The main windmill is situated downwind of the support and auto-
matically finds its own orientation into the wind, acting as a weathercock. 

Professor Cambilargiu of Buenos Aires and Montevideo Universities 
has studied this type of installation. His experiments have proved that, 
taking a support with a diameter d = 0.022 D (D being the diameter of 
the windmill), vibrations are noticed when the propeller plane is situated 
at a distance x lower than 0.25-0.30 D from the pivot axis. For a stream-
lined support with a relative span equal to 3, and for a two-bladed rotor, 
this distance is reduced to 0.13 D. In Professor Cambilargiu's opinion, 
the vibrations would be even further reduced with a three-bladed rotor. 
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d) ORIENTATION BY SERVO-MOTOR 
The control arrangements of such a system, which uses a servo-motor, 

can be made as shown in fig. 57. 

relay 2 

Fig. 57 - Device using an electrical servomotor. 

VÏ7777, 

The yawing motor, which can turn both ways, is controlled by a 
weathercock and by a tachometrical dynamo driven by the windmill. The 
weathercock, fixed on the frame of the windmill above the wind rotor, 
carries a conducting arm which moves around a spindle on a horizontal 
circular rheostat forming one piece with the windmill frame. The tension 
between the middle point of this rheostat and the conducting arm is applied 
via a resistance R on an amplifier. 

The tachometrical dynamo DT, which produces a tension propor-
tional to the rotational speed, feeds a circuit which includes the previous 
resistance R, a rectifier and a battery E2 placed in opposition. 

As long as the rotor speed is lower than the nominal speed, the tension 
between the tachometrical dynamo poles is weaker than the voltage be-
tween the battery E2 poles. The dynamo delivers no current. The tension 
introduced into the amplifier entrance is then the one which exists between M 
and P. The yawing motor MO starts and operates until the windmill takes 
up its position right into the wind. 

If the rotational speed is too high, the dynamo delivers a current 
which causes a dropping of the tension inside R. The yawing motor 
starts at that moment. The wind rotor moves aside from the wind direc-
tion until the sum of the voltages at the poles of R and MP reaches zero. 
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The rotational speed is then limited proportionally to the reduction of the 
surface facing the wind. 

This device prevents the wind rotor from racing when a suppression 
or a reduction of the load on the rotor axis occurs. 

To avoid the yawing motor working continuously, the weathercock 
is not rigidly bound to the conducting arm but can rotate a few degrees 
to either side between two stops, without the direction of the wind turbine 
shaft changing. The weathercock only drags the rotating arm when the 
distance between the direction of the rotor shaft and that of the wind 
goes beyond an approximate 10° angle. 

7. REGULATING DEVICES 

In many cases, it is desirable that the rotational speed of the wind 
machine keep a constant value whatever the wind speed variations may be. 

To this end, rotational speed regulators are used. 
These systems are also used for power limitation and to reduce the 

forces acting on the blades when the wind velocity is high. 
They can be classified in two categories : 
— regulating systems for fixed-bladed wind machines, 
— regulating systems for variable-pitched wind machines 

a) REGULATING SYSTEMS FOR FIXED-BLADE WIND 
MACHINES 

Several models have been constructed. We shall describe the main 
ones : 

— Devices using an articulated tail vane and rotating the turbine out 
of the wind around the vertical axis. 

— Devices using a rigid tail vane and rotating the turbine out of the 
wind around a horizontal axis. 

— Devices using a rigid tail vane and an aerodynamic brake. 
1°) Devices using an articulated tail vane and turning the turbine 

shaft out of the wind direction by rotation around the vertical axis 
To avoid the racing of the rotor as the wind velocity increases, the air 

flow intercepted by the rotor is reduced by rotating the turbine shaft out 
of the wind direction. If S is the swept area and Θ the angle between the 
wind direction and the axis of the machine, then the intercepted area in the 
airflow is S cos 0. 

If the wind velocity becomes excessive, the wind machine shaft rotates 
by 90° about the vertical axis and the wind rotor stops. 

Two types of mechanisms are used to obtain the desired effect. They 
are shown in fig. 58 and 59. 

First device 
The tail vane is articulated and joined to the body of the machine by 

a spring. The aerodynamic force acting on a lateral plane fastened rigidly 
to the rotor body moves the wind turbine axis away from the wind direc-
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tion. The machine takes a position such that the sum of the moments 
of the forces acting on the lateral plane, on the tail vane and on the wind 
rotor equals zero. 

To reduce oscillations, a shock absorber is sometimes set on the tail 
vane joint. 

This system is generally used in the regulation of water pumping wind 
machines. 

Second device 
In this system, there is no lateral plane. The rotor is mounted eccen-

trically to the orientation axis (yawing axis). The spilling moment is due 
to the aerodynamic forces acting on the rotor. As a consequence of the 
rotor shifting, the moment of aerodynamic forces about the yawing axis 
is different from zero. 

The inclination of the rotor axis relative to the wind direction dimi-
nishes the intercepted wind flow. Thus the output is reduced. 

It must be noted that this second device is the only one used in practice 
on slow wind machines of large diameter. 

wind 

Device with lateral plane 

Fig. 58 

Eccentric system 

Fig. 59 

Regulating systems using an articulated rudder. 
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2°) Device using a rigid tail vane and turning the turbine out of 
the wind by rotation around a horizontal axis 

This system is shown in fig. 60. The turbine can turn by 90° around 
a horizontal axis perpendicular to the turbine shaft. 

If the wind velocity is moderate, the machine shaft remains horizontal, 
but, if the wind speed is high, the rotor shaft comes out of the wind direction 
by rotating around the horizontal axis. The wind machine takes a posi-
tion such that the sum of the moments due to the aerodynamic forces, to 
the spring tension and to the rotor weight is equal to zero. To avoid oscilla-
tions, it is desirable to add a damper. 

This device is only used on aerogenerators up to 4 m in diameter. 

r""| In a strong wind 

Fig. 60 - System using inclination around an horizontal axis. 

3°) Devices using a rigid tail vane and an aerodynamic brake 

We shall describe the more commonly used ones : 

Wind-charger system 

It consists of two curved plates hinged on two separate arms, welded 
on the hub perpendicularly to the main blades. When the rotational speed 
is lower than the rated speed of rotation, the plates are held in a concentric 
position around the rotor axis by means of springs. If the rotational 
speed goes beyond the rated limit, the centrifugal forces acting on the 
curved plates become higher than the spring tensions. The flaps fly out-
wards giving a braking effect. If the wind speed drops, the flaps again 
take up their normal position. 

Paris-Rhône regulator 

This mechanism consists of two auxiliary variable-pitched blades 
fastened on the hub and perpendicular to the main ones. These auxiliary 
blades provide a high starting torque because of their high pitch angle 
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Moderate wind Strong wind 

n 

Λ ^ 
U 

Fig. 61 - The Windcharger regulator. 

at rest. As the rotor accelerates, they are subjected to centrifugal forces 
and they turn around their own axis because each of them has a helical 
socket and a spring at its root. 

In normal running, they do not supply an important contribution to 
the output power. But in case of overspeeding, under the increasing 
centrifugal forces which act on them, their pitch angles decrease to zero and 
become negative. They turn into an aerodynamic brake and then reduce 
the rotational speed. 

mam ^airscrew 

■A 
r emulating 

blade 

regulating blades 

socket -FJFk 
-ψΕ3ΪΕΞΗ>-

Details 

Fig. 62 - The Paris Rhône regulator. 
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Aerodynamo-ventimotor regulating system (fig. 63) 
It is made up of two plates hinged at the blade tips and held by springs. 

When the wind machine is running normally, the plates remain in a concen-
tric position around the rotor shaft. In case of overspeeding, the moment 
of the centrifugal forces, relative to their rotation axis, is higher than the 
moment of the spring tensions so that the plates rotate around their hinges 
and turn into spoilers. 

At standstill in braking position 

blade tip 

Fig. 63 - Ventimotor aerodynamic brake. 

Danish regulating system (fig. 64) 
The end of the blade, whose area is about one-tenth of the whole blade 

surface, can turn around a radial axis. In normal running, each blade tip 
is in alignment with the other part of the blade and provides an important 
contribution to the output torque. In case of overspeeding, or to stop 
the machine, the end of the blade can rotate up to 60° or 90° around the 

blade tip 

at standstil l 

Fig. 64 - Danish aerodynamic brake. 

at standstill 

in^ braking 
^ position 

M 

in braking position 

Fig. 65 — Regulating system using flettners. 
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control axis, and then produces a braking effect. The rotation of the 
blade tips is achieved by means of a servomotor or by a helical socket 
and a spring. 

Another system based on the same principle uses flettners. 

Hollow-bladed device 

The blades are hollow and the inner channels are connected to the 
hub as shown in fig. 66. In normal running the channels are shut by 
a valve placed on the rotor hub or by several valves placed at the blade 
tips. The air cannot pass inside the blades. 

In case of overspeeding, the valves open under the action of cen-
trifugal forces acting on the device and the air subjected to centrifugal 
force flows in the channel from the hub towards the blade tips. 

Fig. 66 - Regulating system using hollow blades. 

b) REGULATING SYSTEMS FOR VARIABLE-PITCHED WIND 
MACHINES 

The machines with variable-pitched blades allow a greater flexibility 
of operation. 

A wide range of pitch-control mechanisms is currently in use. Some 
of them use springs, weights, flettners and servomotors. The variations 
in the blade pitch are controlled either by variations of aerodynamic 
pressure or by centrifugal forces acting on weights whirling with the rotor. 
Centrifugal regulators are more usual. Among the firms using them, we 
can mention Quirk, Enag, Aerowatt, Elektro and Jacobs. 

1°) Pitch-control device based on the variation of the aerodynamic 
thrust on the blades (fig. 67) 

The regulator which uses a spring system balancing the aerodynamic 



66 WIND POWER PLANTS 

thrust arising on the blades has the advantage of behaving very well in 
gusts. With this system, the position of the pitch-change axis is chosen 
so that the aerodynamic forces acting on the blade, create a torque which 
is always in the same direction. This torque is balanced by the action of a 
spring so that the rotational speed is kept approximately constant. 

( ^ \ ^blade axis 

► \ λ A 

► A Fig. 67 

However, the centrifugal devices whose description follows, are often 
preferred to the previous ones because they keep the rotational speed more 
constant. 

2°) Elektro regulating system 
The principle of the Elektro regulator is shown in fig. 68. If the 

rotational speed increases, the centrifugal force acting on the rotating 
weight compresses a spring and makes the pitch blade vary. The balance 
position is obtained when the centrifugal force is equal to the spring tension. 

Fig. 68 - Principle. Fig. 69 - Overall view 

The Elektro regulator. 

The Elektro regulator shown in fig. 69 is based on this system. Between 
the cut-in-speed and the rated rotational speed, the pitch angle remains 
constant. If the rotational speed exceeds a certain limit, the pitch angle 
increases to maintain the rotational speed at a constant value. 

3°) Enag and Quirk regulator 
In case of overspeeding, under the action of centrifugal forces, the 
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regulation weights fastened on each blade move away from the rotation 
axis, making the blades turn around the pitch-change axis. The pitch 
angles increase and the rotational speed decreases, coming back approxi-
mately to its previous value. The balance is obtained when the centrifugal 
moment is equal to the opposite moment of the spring force. 

This device, which uses a single spring, is particularly reliable and 
sturdy. 

Fig. 70 - Enag and Quirk regulators Principle of operation 
(Journal « Écologie ») 

4°) Stalling regulating system : Soviet regulator and Aerowatt 
system (fig. 71 and 72). 

The devices used by the Soviets as well as by the Aerowatt French 
Company are based on the same principles. All of them include regulation 
weights and two springs : the first fairly supple and the second much 
more rigid. 

Under the action of the centrifugal forces exerted on the weights, 
the springs are compressed and the pitch decreases as indicated in figure 71. 

At rest, pitch is high. Thus the machine starts without difficulty at 
wind speeds over 3 m/s. 

As the rotational speed increases, the more supple spring is compres-
sed, while the length of the second one remains unaltered, and the pitch 
angle decreases. It stays at a constant value when the first spring is 
completely compressed provided that the number of revolutions per minute 
does not exceed the rated rotational speed. 

In case of rotor overspeeding, the second spring is also compressed. 
The pitch angle at the blade tips reaches zero and can take negative values. 
The incidence angles increases behind the stalling point on the Eiffel polar 
which corresponds to a dropping of the lift force. The output torque is 
reduced and the rotational speed drops. The blade tips act as an aero-
dynamic brake. 
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Braking 

Cross section 
C - C 

Fig. 71 The Soviet regulator 
(Stalling regulation) 

Fig. 71 - The Soviet regulator 
(Stalling regulation). 

spring of low stiffness 

inertia rod subjected 
to centrifugal force spring of h igh 

stiffness 

Fig. 72 - The Aerowatt regulator (Stalling regulation). 

5°) Fly-ball regulator (fig. 73) 
The pitch may be changed by means of a fly-ball governor. This 

centrifugal spring-controlled device is used on the German Allgaier wind 
machines and on the Soviet Sokol wind machine. 

The variation of the pitch angle is controlled through the shaft of the 
machine which is hollow. 

The pitch remains unaltered until the machine has reached its rated 
rotational speed. 
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Fig. 73 - Head of the Allgaier wind machine. 

Beyond the speed limit, the fly-ball governor enlarges the pitch, and 
the rotational speed remains approximately constant. 

6°) Jacobs regulator 

In this regulator, the pitch variation is controlled by centrifugal forces 
acting on masses, through pinions which gear in a cogged wheel, in the 
hub. 

Fig. 74 - The Jacobs regulator. 

When the rotational speed increases, the centrifugal forces, which 
are counterbalanced by spring tensions, tend towards an increase in the 
pitch. Therefore the rotational speed remains moderate. This system, 
which is used for regulation of three-bladed wind machines, is effective 
up to 40 m/s wind speed. 

7°) Bent-bladed wind machines with variable pitch 

This arrangement was described by A. Lacroix in the journal : "La 
Technique Moderne" of August 1949. The blade axis is bent so that the 
centre of inertia is not placed on the pitch-change axis. 

As the rotational speed increases, the centrifugal forces which act on 
the blades make the pitch vary. The aerodynamic force arising on the 
blades also acts in the same way but with lesser effect. The regulation 
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of the rotational speed is obtained by opposing a spring to the action of the 
foregoing forces. 

Aerodynamic 

Fig. 75 - Device using blades as a governor. 

This device was tested in Japan by Moriya and Tomasawo. The 
action of the spring was transmitted to the pitch control axis by a cam. 
The tests, which were performed, gave good results. 

8°) Bearingless rotor (fig. 75) 
The device is nothing more than a flexible rotor with a pendulum atta-

ched to each blade which gives it the desired pitch. 
The inboard section of the blade (between the hub and the blade 

proper) is made of highly flexible carbon epoxy. At equilibrium, the 
centrifugal forces acting on the pendulums are counterbalanced by the 
elastic forces which appear in the carbon-epoxy cylinder. 

blade root 
in flexible 
carbone epoxy 

^ Γ 
Front view Side view 

Fig. 76 - Bearingless rotor. 
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9°) Soviet stabilizer regulation system 
This system, conceived by Sabinin and Krabowsky, was tested on 

wind machines of 24 and 30 m diameter. 
The aerodynamic force acting on a streamlined element called the sta-

bilizer is used to rotate the blade tip or the whole blade around its pitch 
change axis. The stabilizer plays the role of an aerodynamic servo-motor. 
The angle of rotation of the blade is determined by the stabilizer whose 
position is controlled by a centrifugal regulator. 

At rest, the blades are feathered. When the spring of the regulator 
is released, the stabilizer takes an inclined position relative to the wind 
direction which forces the blade tip to rotate around the pitch-change axis. 
If the wind speed is high enough, the rotor starts and the pitch diminishes. 

If the rotational speed increases too much, the stabilizer acts in the 
opposite sense by increasing the pitch and thus reducing the rotational 
speed. Weights fastened on the blades diminish the effort required for 
regulation. 

The system has a high sensitivity and provides a fairly constant rota-
tional speed. 

In normal running 

Fig. 77 - Soviet regulator using a stabilizer. 

10°) Electronic devices 
Figures 78a, b, c represent some theoretical diagrams of modern 

electronic regulating systems indicated by I. K. Buehring and L. L. Freris, 
from the University of Exeter and Imperial College (U.K.) respectively. 

They are based on the control of different parameters. The first 
device has been conceived to hold the rotational speed at a constant value. 
The second controls the output power, and the third keeps the tip speed 
ratio λ0 constant. The regulation is made by varying the firing angle of a 
thyristor rectifier. 

The previous devices may be used for regulating wind power plants 
running autonomously. They must be completed with a system limiting 



72 WIND POWER PLANTS 

power output, for example, with a system producing a change in pitch or 
a braking action for a wind rotor with fixed blades. 

Note that nowadays, the tendency is to control wind-driven generators 
by means of microprocessors. 
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integrator limiter 

'p^téffl 
♦12V 

(a) Constant speed controller 

rectifier 

function 
generator 

power 

(b) Power feedback controller. 
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ÏÏ 
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Fig. 78 - Electronic devices. 
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8. OTHER MODELS OF HORIZONTAL-AXIS WIND MACHINES 

The above wind machines are the most commonly used. However, 
others models working with a horizontal axis have been built, but some 
of them are only prototypes. There is the single-bladed machine, the 
horizontal-axis wind turbine with other wind rotors fastened to its blades 
the diffuser augmenter, the dynamic inducer and the tornado system. 

Single-bladed wind machine 

This model has the advantages of permitting simple regulation and 
being cheap, but its shape is unaesthetic. In addition, the bending moment 
at the blade root is considerable and the vibrations are more severe. 

Horizontal-axis wind turbine having other rotors on its blades 

This arrangement has the advantage of suppressing the gearing be-
tween the usual wind rotor and the generator, but the proposed design has 
not been very successful so far. 

Diffuser augmenter 

Experiments have been undertaken on shrouded wind machines. They 
showed that the most effective design was constituted by the diffuser, 
which is placed just behind the wind rotor as shown in fig. 80. The diffuser 
is narrow at the point where it faces into the wind and expands as it goes 
back. 

This configuration creates an important pressure drop behind the 
rotor blades causing increased airflow through the propeller. Tests have 
shown that the wind speed through the rotor was multiplied by 1.5 and the 
power by 3.5. 

In fact, if we consider the output power produced by a windmill 
having a diameter equal to the output diameter of the diffuser, we observe 
that the power provided by this is approximately equal to the power sup-
plied by the diffuser augmenter system. 

Dynamic inducer 

The dynamic inducer consists of a small T-shaped device appended 
to the tips of the rotor blades of a conventional horizontal axis machine. 
This configuration pushes the air out away from the propeller, thereby 
causing more air to be drawn into the propeller and yielding higher effi-
ciency. To date, the concept has not known great success. 

Tornado system 

Dr. Yen's system consists of a tower with openable vertical vents. 
The vents on the side towards the wind are open while those opposite to 
the flow are closed. 

As the wind blows into the tower, it rotates towards the top creating 
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Fig. 82 - The tornado system. 

a small tornado. In the centre of the vortex, the pressure is low, so outside 
air is sucked through the openings around the base of the tower and drives 
a wind rotor placed inside a shroud. 

Dr. Yen thinks that the power provided by the wind rotor will be equal 
to a hundred times the power delivered by the same rotor placed in an 
isolated position. 
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9. BLADE CONSTRUCTION 

The material used for blade construction must be strong and light 
and must not be subject to deterioration in bad climatic conditions. The 
strength to weight ratio must have the highest possible value. 

In practice, blades can be made of wood, aluminium, fibreglass-
reinforced plastic or steel. 

Wood is used to construct the blades of small wind generators. The 
blades are carved and fastened onto the hub with steel bolts. For the 
blades of medium-size machines, wood may be used in the form of plywood 
skins in the form of sheets of laminated wood coated with resorcinol adhe-
sive. Wooden blades must be absolutely waterproof because moisture 
makes imbalance possible and deteriorates wood quality. To protect 
against moisture, wood can be coated with fibreglass and resin or covered 
with varnish. 

Aluminium alloy in the form of extruded bars is also commonly used 
in the construction of small wind machines. 

To make blades of medium and large wind rotors, fibreglass is generally 
favoured by manufacturers. It is weather-resistant and can be easily 
shaped. 

Composite blades made of steel and fibreglass-reinforced plastic are 
also manufactured. 

Aluminium alloy and stainless steel are the most likely alternatives for 
very large wind rotors, because the blades made of these materials are 
more rigid than those consisting of fibreglass-reinforced plastic. 

For the blades of slow-wind machines, galvanized iron sheet is gene-
rally employed. 



CHAPTER IV 

HORIZONTAL-AXIS WIND TURBINES 
DESIGN OF THE BLADES AND 

DETERMINATION OF THE FORCES 
ACTING ON THE WIND POWER PLANT 

The main element of a wind machine is the rotor. Before undertaking 
its construction, two problems have to be solved : 

— first the definition of the aerodynamic configuration of the blades, 
choice of profile, chord measurements, setting angles, number of blades, etc. 

— next, the design of the blades with regard to material strength to 
permit the rotor to withstand the most severe operating conditions with 
an appropriate margin of safety. 

A. Aerodynamic Configuration of the Rotor 

NUMBER OF BLADES AND ROTOR DIAMETER 

The principal layout of a machine is dictated by its purpose and the 
local wind velocity. 

Thus if we intend to construct a wind-driven generator, to be erected 
on a windy site, it is better to choose a fast-running wind rotor having 
a high tip-speed ratio A0, say 5 to 8, in order to limit the gearing ratio. 
The wind machine will therefore be two or three-bladed. 

If it is necessary to pump water in a country where the wind velocity 
is low or moderate, a multibladed wind turbine, with a tip-speed ratio 
varying from 1 to 2, is well suited. 
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In practice, the number of blades depends on the ratio λ0 between 
the blade tip-speed and wind velocity upstream of the machine. 

Λ> = ι 
10 = 2 
A0 = 3 
A0 = 4 
1 0 > 5 

we shall adopt 8 to 24 blades 
6 to 12 
3 to 6 
2 to 4 
2 to 3 

The diameter of the rotor will then be determined by one of the rela-
tions that we have seen in the preceding chapter : 

P = 0.15 D2V3 for a slow-running wind rotor 
P = 0.20 D2V3 for a fast-running wind turbine. 

But finding the answer to these questions is not enough to enable 
us to build the wind rotor. For the construction, it is necessary also to 
know the blade chord and the setting angle at variable distance from the 
rotation axis. 

In order to solve this problem, several theories have been established. 
We shall refer to the theories developped by Sabinin, Stefaniak, .Hütter 
and Glauert. All of them introduce a system of vortices. 

For our part, we shall limit ourselves to a simple theory and to the 
vortex theory of Glauert improved by the researchers of the University 
of Amherst, Massachusetts, USA. 

In conclusion, we shall carry out a comparison between the results 
obtained by applying the different theories mentioned above. We shall 
see that all of them lead to very similar values. 

I - THE SIMPLIFIED WINDMILL THEORY 

1. DETERMINATION OF A BASIC RELATIONSHIP FOR CAL-
CULATING THE BLADE CHORD 

To determine the blade chord, we shall evaluate, the axial thrust 
on the section situated within the interval r, r + dr from the rotation axis, 
in two ways. This calculation will be carried out assuming the windmill 
is running in optimal conditions according to the Betz formula. 

a) FIRST EVALUATION 

According to the Betz theory, the axial thrust on the whole rotor is 
given by : 

F = e* (vï - v2) 

For 
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and the wind speed through the rotor by : 

V ~ 2 

where Vi and V2, are the wind velocities at a certain distance in front of 
and behind the wind machine. 

Vi 
The power output reaches its maximum when V2 = -^-. 

The axial thrust F and the wind velocity V through the swept area, 
are then: 

F = ^ pSV? = pSV2 and V = | Vi 

Assume that each element of the swept area affects the total axial 
thrust proportionally to its proper area. The contribution of the elements 
situated within the interval r, r + dr is : 

dF = pV2dS = 2πρΥ2^Γ. 

Fig. 83 Fig. 84 

b) SECOND EVALUATION 

The rotational speed being ω, the circumferential speed of the blade 
element at distance r, is : U = ωτ. The relationship between the absolute 
wind velocity V through the rotor, the circumferential speed U of the ele-
ment at radius r and the air velocity W relative to the blade section : 
V = W + Ü can be written as : W = V - Ü. 

Estimate the aerodynamic forces which act on the element whose 
length is dr. We get for the lift and the drag forces : 

dR/ = - pCiW2 ldr 
2 

dRd = j pCdW2 ldr 
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and for the resultant : dR = -
cos ε 

ε being the angle between dR and , the chord of the blade at distance r 
from the rotor axis. 

As W = - X . it follows that : sin Γ 

HP ! nr w * wr l «r v* l d r 
d R = Ô PCl ^ 7 T l d r = Ö f>Cl ^Jl 2 cos ε 2 sin2 I cos ε 

Let us project dR upon the rotor axis and calculate the contribution dF 
of the parts of the blades inside the interval r, r + dr in the total axial thrust. 

b, being the number of blades, we get : 

dF - 1 pGb -JL <™V^A ldr 
2 sin2 I cos ε 

On identifying this equation with the expression obtained for dF in the 
previous paragraph, it follows that : 

^ , , λ sin2 I cos ε 
Gbl = 4πΓ 7y ?-cos (I — ε) 

2. TRANSFORMATION OF THE PREVIOUS RELATIONSHIP. 
SIMPLIFICATION 

On developing cos (I — ε), the preceding relationship can also be 
written as : 

r^ ui A tan2 I cos I 
C | b l = 4 π Γ 1 + t a n s tan 1 

In the optimal running conditions, the wind velocity through 
2 

the rotor is V = ^ Vi. 
Thus, the inclination angle is given by the equation : 

T _ cor _ 3 ωτ _ 3 3 cot I - γ- - 2 v7 - 2 À' 

By carrying back this result in the equation giving the quantity Gbl, 
we obtain : 

Gbl = 1 6 π 

• ^ ' 
9 · ' · 1 ' 4 ' 1 + π · Μ ' 
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In normal running, the value of tan ε = -ρ^ = ττ is generally very 
low. For incidence angles near the optimal value and for ordinary aerofoils, 
tan ε is about 0.02. It follows that the preceding relation can be written as : 

The speed ratio at the blade tip and at the distance r from the rotor 

axis are respectively λο = %- and λ = ^ . By eliminating ω and Vi bet-

ween this relation, we obtain λ = λο i . 
By carrying back the value of λ in the equation giving the quantity C/bl, 

we get : 

Gbl = 1 6 π R 

9 , / . V J 4 

3. APPLICATION TO THE BLADE CONFIGURATION. PRINCI-
PLES OF THE METHODOLOGY AND REMARKS 

The tip-speed ratio λ0 and the diameter of the windmill being known, 
the inclination angle I can be calculated for each value r from the relation : 

3 ; - 3 ; r 

2 ^ - 2 / o R cot I = 7=f λ = ^ λο 

If the setting angle a is defined, the incidence angle is also determined 
(i = I — a). Then, from the aerofoil aerodynamic characteristics, the value 
of Ci may be obtained. 

Thus for a given number of blades, the expression of C/bl enables us to 
determine without any difficulty, the chord of each blade as a function of the 
distance r to the rotation axis. 

The expression giving C/bl shows that the chord of the blade at a given 
distance r from the rotor axis, decreases when the tip-speed ratio λο in-
creases. The rotors will then be lighter as they rotate more quickly. 

For a given tip-speed ratio λο, the relationship shows also that the 
blade chord increases from the blade tip towards the hub. However this 
rule can be subjected to distortions. In some wind power plants, G does 
not keep a constant value along the blade, so the chord does not necessarily 
diminish from the tip towards the hub. 



HORIZONTAL-AXIS WIND TURBINES 81 

4. THEORTICAL AERODYNAMIC EFFICIENCY OF THE BLADE 
ELEMENT : OPTIMAL ANGLE OF INCIDENCE 

The aerodynamic efficiency of the blade element situated within r and 
r + dr can be defined by the ratio : 

_ dP„ _ ctxiMi _ UdFu 
η ~ ap; " "V3F7 " varv 

dF« and d¥v being respectively the projections of the aerodynamic 
force dR on the plane of rotation and on the rotor axis. 

dP« being the contribution of the blade element dr in the power provided 
by the rotor and dPf the power supplied by the wind to the element dr. 

c» f As dFM = dRi sin I - dR<* cos I 
d¥v = dRi cos I + dRd sin I 

and cot I = -Ü-, it follows that : 

_ dRz sin I — dRd cos I 
η ~ dR/ cos I + dRd sin I COt l 

Fig. 85 

By putting tan ε = -τ£ = - ^ , we can write the previous expression 
QRÎ C/ 

under the form : 

— 1 — tan g. cot I t τ _ 1 - tan ε . cot I 
η ~ cot I + tan ε 1 + tan ε. tan I 

The efficiency is as much higher as tan ε is lower. At the limit, if tan ε 
was equal to zero, the aerodynamic efficiency would be equal to the unity. 

Actually the value of tan ε depends on the incidence angle. Tan ε 
is minimum for the angle of incidence corresponding to the point where 
the straight line OM becomes tangent to the Eiffel polar. For this parti-
cular value of incidence, the aerodynamic efficiency reaches a maximum. 

II - THE VORTEX THEORY OF GLAUERT 

The vortex theory has the merit of taking into account the induced 
rotation of the air flow which goes through the rotor. 
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1. THE VORTEX SYSTEM OF A WIND ROTOR 

With blades whose length is limited, downstream of a wind rotor, 
there is for each blade a sheet of trailing vortices constituted for the major 
part by two vortices : one near the hub and the other at the blade tip. 

Since each blade tip traces out a helix in the air flow as the turbine 
rotates, each trailing vortex will itself be of helical form. 

It is the same thing with the vortex located near the hub which adds 
its action to the hub vortices of the other blades. 

Moreover for determining the speed field, it is possible to substitute 
a bound vortex for the action of each blade. Thus, the vortex system 
of a wind rotor can be represented as seen in Figs. 86a and 86b. 

At a given point in space, the wind velocity can be considered as the 
resultant of the undisturbed wind speed and the velocity induced by the 
vortex system. 

The velocity induced by the vortex may be seen itself as resulting 
from the superimposition of the three following systems of vortices : 

— the central vortex centered on the rotor axis with a circulation 
intensity b r = Γο (Γ : circulation of the vortex bound to each blade, 
b : number of blades), 

— the vortices bound to each blade, 
— and the helical vortices shed from the tip of each blade. 

2. THE CORRESPONDING ELECTRICAL CIRCUIT AND THE 
DETERMINATION OF THE INDUCED VELOCITIES 

Fluid Mechanics teaches us that the velocity induced by vortex can 
be obtained by Biot's and Savart's laws or by Ampere's theorem in the 
same way as the magnetic fields created by direct current having the same 
shape as the considered vortices. 

Thus, let us substitute in the preceding vortices system, the electrical 
circuit shown in fig. 86c consisting of: 

— a central wire carrying a direct current bl = I0, 
— a set of b wires of length R arranged in the same manner as the 

blades of the windmill, each carrying a current I providing, in total, at 
their common point the current bl = I0 to the former central wire, 

— a set of helical wires, each supplying a current I to the previous 
wires. 

For determining the magnetic field, the last set can be replaced by 
two other sets : 

— The first one constituted by circular wires concentric to the rotor 
axis ; 

— The second one, by meridian wires : each of them corresponding 
to a blade and leading a current I. 
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Let us calculate the magnetic fields created by these sets of wires 
on the assumption that the number of blades is infinite. In that hypo-
thesis, for the set of b wires corresponding to the blades, can be substituted 
a conducting disc receiving, in its centre, the current I0 and delivering the 
same current to the helical set at its perimeter. 

Determine, at first, the magnetic field created by the central wire, 
the disc and the meridian wires in two planes perpendicular to the rotation 
axis and as near as possible to the disc, one being situated upstream and 
the second downstream of the disc representing the rotor. 

The streamlines of the magnetic fields consist of circles concentric to 
the rotor axis and because of symmetry they occur upstream as well as 
downstream of the disc. 

Downstream of the disc, the fields due to the various wires are addi-
tive. In front of the disc, it is not the same case. 

It must be pointed out that the magnetic fields He and H M created 
by the central wire and the meridian wires (theoretically an infinite number) 
keep a constant value at an equal distance from the axis, whatever position 
is considered : 

Wind rotors vortex systems 

(a) (b) 
Slow wind turbine Fast wind turbine 

meridian wire 

wire 

-circular wire 

Corresponding electric model 

Fig. 86 
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either in a plane in front of or behind the disc or in the plane of the disc 
itself, because of the close proximity of all these planes. 

If we apply Ampere's theorem upstream of the disc along a circum-
ference concentric to the rotation axis, we obtain zero for the intensity 
of the magnetic field because no current passes through the circular area. 
This means that the magnetic field H D due to currents flowing in the disc 
is of an equal intensity but of an opposite direction to the magnetic fields 
created by the central wire and the meridian wires. 

H D = He + HM 

Downstream, these fields are additive. The resultant field at an equal 
distance r from the rotor axis, is then : 

H = H D + H C + HM = 2 H D 

The magnetic fields created by the disc, the central and the meridian 
wires keep the same intensity owing to the close proximity of these planes. 

Inside the surface of the disc itself, the field due to the electric current 
flowing in the disc is zero : At each point of the disc, as a matter of fact, 
it may be adjoined to the magnetic field due to an elementary angular 
sector, the opposite magnetic field created by the elementary angular 
sector placed in a symmetric position with respect to the straight line which 
joins the point considered to the disc centre. These fields are equal but of 
opposite direction. 

It follows that the resultant field inside the disc area at a radius r, is : 

H = He + HM = HD 

H D being the circumferential magnetic field created by the disc in its 
very close surroundings, at a distance r from the rotation axis. 

Now let us examine the magnetic field due to the circular wires. One 
knows that the magnetic field is axial in the middle of a solenoid and has 
an intensity equal to Hs = n2I, nj being the number of wires per unit of 
length. At the end of the solenoid, the field, also axial, is equal to : 

Hs/2 = niI/2. 
Consider again the wind turbine. Downstream of the disc, to the 

circumferential magnetic field 2 H D , corresponds the induced circum-
ferential speed ve. The wind flow rotates with a rotational speed around 
its own axis in the opposite direction from the blades' rotation. In the 
rotor plane, to the circumferential field HD, corresponds the induced cir-
cumferential speed ve/2 and then a rotational speed Ω/2. Upstream of the 
disc, the resultant magnetic field being equal to zero, the rotational speed 
of the wind flow is zero. 

Let v be the downwind induced axial speed of the rotor by the vortex 
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system. This speed, which corresponds to the above axial field ml , is 
oriented in a direction opposite to the wind velocity Vi. 

In the plane of rotation the induced axial speed rises only to i , the 

corresponding magnetic field being -4-. 

In conclusion, the resultant axial wind velocity is : 

V = Vi — -j through the rotor 

V2 = Vi — v downstream of the rotor. 
By eliminating v between these two equations, it is found that : 

y - Vi + V* 
v " 2 

So, the value of V obtained by Betz' theory, holds. 
Downstream of the rotor, the rotational speed of the wind flow rela-

tive to the blade rises to ω + Ω. 
Let ω + Ω = ho. 
There follows : Ω = (h — 1) ω. 
Under these conditions, the angular velocity of the air flow in the 

plane of the rotor with respect to the blades can be expressed as : 
, Ω / l + h\ ω+Ί=[-ΪΓ]ω 

At a distance r from the rotor axis, this corresponds to a circumferential 
speed: 

Let V2 = k Vi ; the axial speed through the rotor can be written as : 
V l + y2 _ ! + k v - 2 2 vi 

The inclination angle and the relative speed W at radius r are then 
given in the rotor plane by the following relations : 

t T U' or 1 + h _ , 1 + h _ , cot I = Ύ = ψι j-qr^ - λ 3-qrj - ^ 

Vi(l +k)^a>r( l + h) 
2 sin I 2 cos I 
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3. AXIAL THRUST AND TORQUE CALCULATIONS 

Consider the blade elements situated inside the interval r and r + dr. 
Calculate in two ways the forces to which these elements are subject: 

— Firstly, by evaluating the aerodynamic action on the profiles, 
— and then, by applying the fundamental laws of dynamics to the 

airflow between r and r + dr. 

a) FIRST EVALUATION 

As previously, we can write 

dRj = i p G W 2 l d r 

dRd = ipCdW2ldr 

Projecting dR first upon the rotor axis and then upon the circum-
ferential speed U, we obtain : 

— for the axial component of dR : 

dFv = dR/ cos I + dRd sin I = ^ plW2dr (Ci cos I + Cd sin I) 

— and for the tangential component : 

dF„ = dR* sin I - dRd cos I = ^ plW2dr (G sin I - Cd cos I) 

Taking into account the relation : tan ε = Cd/G, these equations can 
be written as: 

dF„ = \ plW'G C - ^ ^ dr and dF„ = \ plW'G s i ^ ^ dr 

The contribution of the blade elements situated inside the interval 
(r, r + dr) in the axial thrust is: 

dF = bdF„ = 4 pbl W2G COS (I ~ ε ) dr 2 K cos ε 

and in the areodynamic torque : 

(jür ( U h ) 

Fig. 87 

dM = rbdFu = 4 pblrW2G s i n (I ~ e) dr. 2 r cos ε 
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b) SECOND EVALUATION 

Determine now these two quantities by applying the general theorems 
of dynamics to the wind flow which goes through the rotor between r and 
r + dr. 

Consider the axial momentum of the flow through the annulus. The 
thrust dF is equal to the product of the rate of mass flow m through the 
element with the change in the axial velocity i.e : 

dF = mAV = m(Vi-V2) . 

As : m = ρΐπτάτ V = p7urdr (1 + k) Vi 

it follows that : 

dF = p7rrdrVî(l-k2) 

In the same way, by considering the angular momentum, we obtain 
for the elementary torque dM : 

dM = πιΔωΓ2 = mr2Q 

where Δω = Ω is the change in angular velocity of the air on passing through 
the airscrew. Then : 

dM = p^3drVi(l +k)Q 
dM = p7rr3drcoVi(l + k) (h - 1) 

c) CONSEQUENCE 

Comparing the value of dF determined above with that obtained by 
direct aerodynamic considerations leads, after substituting for W, its value 
as a function of Vi, to : 

r M — ZftrV2. (1 — k2) cos ε _ 8πΓ (1 — k) cos ε sin2 I 
^lüi " Wz cos (I - ε) " (1 + k) cos (I - ε) 

In a similar manner, from equalling the expressions of dM, it is found 
that: 

r hi - 2πωΓ Vi (1 + k) (h - 1) cos ε _ 4πτ (h - 1) sin 21 cos β 
^/D1 " Wz sin (1 - e) " (h + 1) sin (I - ε) 

From these equations, it is possible, after some manipulation, to get 
the following ones: 

G = 1 ~ | c = Gbl cos (I - ε) 
1 + k 8πΓ cos ε sinz I 

E = h - 1 = Gbl sin(I-e) 
h + 1 4πΓ sin 21.cos ε 
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By dividing each member of the first equation above, by the second, 
we obtain : 

G = ( l - k ) ( h + l) 
Ë - (h - 1) (1 + k) - c o t (1 ε} c o t l 

4. LOCAL POWER COEFFICIENT 

The maximum power capable of being extracted from the wind flow 
passing inside the annulus (r, r + dr) is given by the equation : 

dPtt = ωάΜ = ρπτ3άτω2 (1 + k) (h - 1). 

This value corresponds to a local power coefficient : 

c' = ^ v ? = ̂ f(1 + k)(h-1) = A2(1 + k ) ( h - 1 ) · 
λ being equal to ωτ/Υι. 

Maximum value of the local power coefficient for an ideal windmill 
Determine the maximum value that can be reached by the local power 

coefficient. 
For this purpose, consider an ideal windmill having an infinite num-

ber of blades without drag. As Cd = 0 for each profile, tan ε = Q/G = 0. 
Under these circumstances, the equation giving G/E can be written as : 

Setting this value of h in the equation of the power coefficient Cp 
leads to: 

cP = x2a + k)i /ι + 1 ^ ! _ Λ 

For a given value of λ, the power coefficient has a maximum when : 

d C P _ 0 
" o T " 0 

After simplification, there follows : 

from which, it is found that : 
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The calculation shows that the maximum is obtained for a value of k 
which satisfies the equation : 

,2 _ l - 3 k + 4k3 
λ - 3 F ^ T 

This equation can be written as : 

4k3 - 3k (λ2 + 1) + λ2 + 1 = 0 
Let k = ^ / Λ2~+ 1 cos 0 

Substituting for k its value, in the previous equation gives, after divid-
ing by (λ2 + 1)3/2 : 

4 cos3 0 - 3 cos 0 + * = 0 

As : 4 cos3 0 — 3 cos 0 = cos 3 0 we can write : 

cos 3Θ - - 7FTT ie"cos {3Θ - π) - 7FTT 
from which there follows: 

•-5~-'(73Γπ)+Η--,'+Ϊ 
For each value of A, it is possible to determine 0 then k, and therefore 

the maximum value of Cp. 

5. OPTIMAL VALUES OF THE INCLINATION ANGLE AND THE 
QUANTITY Cibl 

We have obtained for the inclination angle I and the quantity Gbl 
the equations : 

cot I = Xe = λ * * 

nu\ _ 8π r (1 — k) cos ε sin2 I 
U b l - (1 + k) cos (I - ε) 

According to the results obtained in the former paragraph, the know-
ledge of the angle 0 leads to the determination of k then h and consequently 
to those of ke and I. 

To calculate the values of the quantity G b l , we shall again consider 
an ideal windmill without blade drag (ε = 0). 
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Under these circumstances, the expression C/bl/r may be written as : 

Cibl = 8 7 c ( l - k ) 1 
r (1 + k) Xe v/Al + 1 

The above relationships enable us to determine the inclination angle 
and the quantity C/bl/r in order to be in the optimized operating conditions. 
The knowledge of these quantities is indispensable for fixing the blade 
chord and the setting angle at any radius r. 

To facilitate the application of the above results to wind rotor designs, 
the quantities Ae, k, h, Cp, C/bl/r and I have been computed (OPTI program) 
for different values of λ between 0.1 and 10. The values obtained are 
shown in table 10. 

We have also established a diagram showing the variation of the quan-
tities C/bl/r and I as a function of λ. This diagram enables us to determine 
quickly the geometrical characteristics to be given to the blades in order 
to permit the performances of the wind turbine to reach a maximum 
for a given tip-speed ratio. 

Using the diagram does not present any difficulty. Once the speed 
ratios λο for which the performances must be optimized, has been chosen, 
it suffices to follow the arrows drawn on the graph from the point corres-
ponding to the ratio r/R characterizing the position of the considered sec-
tion in the lower axes system, to obtain the quantities I and C/bl/r at radius r. 
The value of I and C/bl are respectively read on the left and right vertical 
axes. The oblique straight lines in the lower coordinate system are repre-
sented analytically by the expression: λ = λοτ/R. 

Each straight line corresponds to a value of λο. 
For λο = 7, the monogram gives 1 = 9° and C/bl/r = 0.3 at a radius 

r = 0.6 R. 

In the same way, taking into account that the speed ratio is : 

χ = λοτ/R = 7 x 0.6 = 4.2 

in the considered section, we obtain from table 10 for λο = 4.2, I = 8°928 
and C/bl/r = 0.305 values which are in close agreement with the results 
given by the graph. 

If the incidence angle i is known, the lift coefficient C/ and the setting 
angle a = I — i can be determined. The number of blades b being given, 
the chord of the blade at radius r can be calculated. 

So, the problem is reduced to the choice of the incidence angle. 
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TABLE 10 

Optimum values of the running parameters as a function of ë 

ë I Xe k h CP C l b l / r I l I ë ëå k | h CP C l b I / r l 

I 5.000 7.555 0.335 1.018 0.587 0.217 7.540 
0.100 0.670 0.473 8.866 0.116 11.149 56.193 I 5.100 7.704 0.335 1.017 0.588 0.029 7.396 
0.200 0.768 I 0.451 4.574 0.207 9.819 52.460 I 5.200 7.853 0.335 1.016 0.588 0.201 7.257 
0.300 0.873 \ 0.432 3.168 0.279 8.600 48.867 I 5.300 8.002 0.335 1.016 0.588 0.194 7.123 
0.400 0.984 0.416 2.483 0.336 7.506 45.466 I 5.400 8.151 0.335 1.015 0.588 0.187 6.994 
0.500 1.099 0.403 2.086 0.381 6.541 42.290 I 5.500 8.300 0.335 1.015 0,588 0.180 6.870 
0.600 1.219 0.393 1.830 0.416 5.700 39.358 I 5.600 8.449 0.335 1.014 0.588 0.174 6.750 
0.700 1.343 0.384 1.655 0.444 4.975 36'672 I 5.700 8.598 0.335 1.014 0.589 0.168 6.634 
0.800 1.470 0.377 1.530 0.467 4.353 34.227 I 5.800 8.747 0.335 1.013 0.589 0.163 6.522 
0.900 1.600 0.371 1.437 0.485 3.821 32.009 I 5.900 8.897 0.335 1.013 0.589 0.157 6.413 
1.000 1.732 0.366 1.366 0.500 3.367 30.000 I 6.000 9.046 0.335 1.012 0.589 0.152 6.308 
1.100 1.866 0.362 1.311 0.512 2:980 28.183 I 6.100 9.195 0.335 1.012 0.589 0.147 6.207 
1.200 2.002 0.359 1.267 0.522 2.648 26.537 I 6.200 9.344 0.335 1.011 0.589 0.143 6.108 
1.300 2.140 0.356 1.232 0.531 2.363 25.046 I 6.300 9.494 0.335 1.011 0.589 0.138 6.013 
1.400 2.279 0.353 1.203 0.538 2.118 23.692 I 6.400 9.643 0.355 1.011 0.589 0.134 5.920 
1.500 2.419 0.351 1.179 0.544 1.906 22.460 I 6.500 9.792 0.334 1.010 0.589 I 0.130 5.831 
1.600 2.560 0.349 1.159 0.549 1.723 21.337 I 6.600 9.942 0.334 1.010 0.590 I 0.126 5.744 
1.700 2.702 0.348 1.142 0.553 1.563 20.310 I 6.700 10.091 0.334 1.010 0.590 0.122 5.659 
1.800 2.844 0.346 1.128 0.557 1.423 19.370 I 6.800 10.241 0.334 1.010 0.590 0.119 5.577 
1.900 | 2.988 0.345 1.115 0.560 1.300 18.506 I 6.900 10.390 0.334 1.009 0.590 0.116 5.498 
2.000 3.132 0.344 1.105 0.563 1.191 17.710 I 7.000 10.539 0.334 1.009 0.590 0.112 5.420 
2.100 3.276 0.343 1.095 0.565 1.095 16.976 I 7.100 10.689 0.334 1.009 0.590 0.109 5.345 
2.200 3.421 0.343 1.087 0.568 1.010 16.296 I 7.200 10.838 0.334 1.009 0.590 0.106 5.271 
2.300 3.566 0.342 1.080 0.570 0.934 15.666 I 7.300 10.988 0.334 1.008 0.590 0.103 5.200 
2.400 3.711 0.341 1.704 0.571 0.865 15.080 I 7.400 11.137 0.334 1.008 0.590 0.101 5.131 
2.500 3.857 0.341 1.068 0.573 0.804 14.534 I 7.500 11.287 0.334 1.008 0.590 0.098 5.063 
2.600 4.003 0.340 1.063 0.574 0.749 14.025 I 7.600 11.436 0.334 1.008 0.590 0.096 4.997 
2.700 4.150 0.340 1.059 0.576 0.699 13.549 I 7.700 11.586 0.334 1.007 0.590 0.093 4.933 
2.800 4.296 0.339 1.055 0.577 0.654 13.103 I 7.800 11.735 0.334 1.007 0.590 0.091 4.871 
2.900 4.443 0.339 1.051 0.578 0.613 12.684 I 7.900 11.885 0.334 1.007 0.590 0.088 4.810 
3.000 4.590 0.339 1.048 0.579 0.586 12.290 I 8.000 12.034 0.334 1.007 0.591 0.086 4.750 
3.100 4.737 0.338 1.045 0.580 0.542 11.919 I 8.100 12.184 0.334 1.007 0.591 0.084 4.692 
3.200 4.884 0.338 1.042 0.580 0.511 11.569 I 8.200 12.334 0.334 1.007 0.591 0.082 4.635 
3.300 5.032 0.338 1.040 0.581 0.482 11.239 I 8.300 12.483 0.334 1.006 0.591 0.080 4.580 
3.400 5.180 0.337 1.038 0.582 0.456 10.926 I 8.400 12.633 0.334 1.006 0.591 0.078 4.526 
3.500 5.328 0.337 1.036 0.582 0.431 10.630 I 8.500 12.782 0.334 1.006 0.591 0.077 4.473 
3.600 5.476 0.337 1.034 0.583 0.409 10.349 I 8.600 12.932 0.334 1.006 0.591 0.075 4.422 
3.700 5.624 0.337 1.032 0.583 0.388 10.083 I 8.700 13.082 0.334 1.006 0.591 0.073 4.371 
3.800 5.772 0.337 1.030 0.584 0.369 9.829 I 8.800 13.231 0.334 1.006 0.591 0.071 4.322 
3.900 5.920 0.336 1.029 0.584 0.351 9.588 I 8.900 13.381 0.334 1.006 0.591 0.070 4.274 
4.000 6.068 0.336 1.027 0.585 0.334 9.358 I 9.000 13.531 0.334 1.005 0.591 0.068 4.227 
4.100 6.217 0.336 1.026 0.585 ! 0.319 9.138 I 9.100 13.680 0.334 1.005 0.591 0.067 4.181 
4.200 6.365 0,336 1.025 0.585 I 0.305 8.928 I 9.200 13.830 0.334 1.005 0.^91 0.065 4.136 
4.300 6.514 0.336 1.024 0.586 0.291 8.728 I 9.300 13.980 0.334 1.005 0.591 0.064 4.092 
4.400 6.662 0.336 1.023 0.586 0.278 8.536 I 9.400 14.129 0.334 1.005 0.591 0.063 4.048 
4.500 6.811 0.336 1.022 0.586 0.267 8.353 I 9.500 14.279 0.334 1.005 0.591 0.061 4.006 
4.600 6.960 0 336 1.021 0.586 0.255 8.177 I 9.600 14.429 0.334 1.005 0.591 0.060 3.965 
4.700 7.108 0.336 1.020 0.587 0.245 8.008 I 9.700 14.578 0.334 1.005 0.591 0.059 3.924 
4.800 7.257 0.335 1.019 0.587 0.235 6.846 I 9.800 14.728 0.334 1.005 0.591 0.058 3.884 
4.900 7.406 0.335 1.018 0.587 0.226 7.690 I 9.900 14.878 0.334 1.005 0.591 0.057 3.845 

I I | I I I I 10.000 I 15.028 I O.334 I I.OO4 I O.59I I Ï.Ï55 I 3:807 
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6. LOCAL POWER COEFFICIENT CAPABLE OF BEING REACHED 
BY USE OF IMPERFECT BLADES HAVING A NON NEGLIGIBLE 
DRAG. OPTIMAL INCIDENCE ANGLE 

Consider the blade elements situated between r and r + dr. 
As previously, the local power coefficient is defined by the relation : 

c cod M VdF ωάΜ = VdF · UdF„ 
p pnrdrYl pnrdrVi VdF p;urdrV? VdF, 

Substituting for dF, dF«, dFy, V their values and taking into account 
the relations : 

cot I = λ j i and tan ε = ~r 

we obtain : 

(λ±Άί1^^1.1 - tan β. cot I 
(1 + h) 1 + tan ε. tan I 

When tan ε = 0 the first fraction of the second member represents 
the power coefficient of an ideal windmill at radius r. We have seen that 
this coefficient reaches its maximum value when the conditions of table 10 
are fulfilled. 

In the hypothesis where tan ε is different from zero (blades having 
drag, usual case), figure 87 b shows, as a function of A, the maximum power 
coefficient capable of being reached for various values of the ratio Cd/Ci. 

The graph demonstrates that obtaining good performances for high 
blade tip-speed ratio λο requires blades having a very low roughness 
component. 

For a given blade tip-speed ratio λο, the power coefficient is as much 
higher as tan ε is lower. It reaches its maximum at the point of the Eiffel 
polar which corresponds to the minimum value of tan ε i.e. to the minimum 
value of the ratio Cd/Ci. 

7. INFLUENCE OF THE NUMBER OF BLADES 

The previous theory assumes that the number of blades is infinite. 
Actually, of course, it is limited. 

There will follow losses of energy due to a greater concentration of 
vortices. These losses of energy have been studied by Rohrbach, Worobel, 
Goldstein and Prandtl. 

According to Prandtl, the reduction of efficiency which results, is 
given for a wind machine having b blades, by the relation : 

/ 139 
r\b = ( 1 ^ - sin Io 
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10 12 12 λ 
Fig. 87b - Maximal local power coefficients (b = .\~ ). 

Io being the inclination angle at the blade tip. 
In the hypothesis where the wind rotor is running in the neighbourhood 

of optimal conditions : 

sin Io 1 
y/l +cot2Io 3y/kl 4-4/9 

Assuming that the Prandtl relation may be extended to these condi-
tions, it follows that: 

n* = i -
0.93 

b ^λΐ + 0.445 
Let us point out that the original Prandtl relation was established 

strictly for low loaded airscrews. 
In fact, the use of the above expression in the computational programs 

placed in the appendix leads, for wind rotors tested in a wind tunnel and 
normally loaded, to power coefficients in close agreement with the experi-
mental results. 

8. PRACTICAL DETERMINATION OF THE BLADE CHORD AND 
THE SETTING ANGLE 

There is not just one method of choosing the angle of incidence and 
therefore of defining the geometry of the blades. 
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We can take of course, in each section, an angle of incidence equal to 
the optimal value io which lowers the drag/lift ratio GI/CI in order to obtain 
higher efficiency. The angle of inclination being obtained from the graph 
or from table 7, the setting angle is determined by the relation : 

a = I — io 

The lift coefficient Q being also known, the chord of the profile at 
radius r can be readily deduced from the values of the quantity Gbl/r. 

In fact, this method is seldom completely applied. Effectively, if it 
is justified to take, near the blade tip, for the incidence angle, the optimal 
value because of the importance of the swept area per length unit of blade, 
the method leads, very often, to considerable values of chord in the neigh-
bourhood of the rotor hub. 

The lift coefficient corresponding to i0 is generally not very high 
(about 0.9). By taking an incidence angle becoming higher towards the 
hub, holding, however the running representative point in the increasing 
part of the Eiffel polar which corresponds to value of tan ε lower than 0.1, 
we reduce the blade chord without decreasing significantly the efficiency 
because near the hub, the swept area per length unit of blade is small. For 
example, we shall choose a linear variation of the incidence angle which 
will vary from i0 for r > 0.8 R to a higher value near the hub. 

In practice, for usual aerofoils (Gottingen 623, NACA 4412, 4415, 
4418, 23012, 23015, 23018) the maximum angle of incidence will be chosen 
to equal 10° or 12° in normal running at a distance 0.2 R from the rotor 
shaft. For such a value of the incidence, the lift coefficient is about 1.2,1.3. 

Another possibility consists in adopting a rotor of such shape that the 
quantity H maintains a constant value along the blade. 

H = 2πτ tan a = 2πR tan a0 

The setting angle a0 at the blade tip is chosen equal to I0 — i0,10 being 
the inclination angle at the blade tip. 

The knowledge of a which follows enables one to determine i, then Cx 

and therefore, the chord 1 at any distance r from the rotor axis. It will 
be convenient, however, to verify that the incidence angle does not reach 
prohibited values at radius 0.2 or 0.3 R capable of compromising the wind 
turbine efficiency. 

If the variation of the angle of incidence along the blade has been well 
chosen, the reduction of efficiency is slight because the swept area per length 
unit of blade decreases from the blade tip towards the hub (This reduction 
may be palliated easily by a slight increase of the rotor diameter in order 
to keep the power at a constant value.) On the other hand, the decrease 
of starting torque which follows the reduction both of the chord and the 
setting angle is more inconvenient. Nevertheless, this solution is often 
adopted because it leads to lighter wind rotor. 
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Another factor, which must be taken into consideration by the engi-
neer, is that of manufacturing. 

The blade shapes determined by applying the preceding methods are 
twisted. The difficulty of fabrication is reduced if fibreglass construction 
is used. The leading or the trailing edges can be made straight or not. 
But if steel or aluminium is used, it is very desirable that both the leading 
and the trailing edges should be straight. 

In the appendix will be found several computational programs for 
blade calculation. One of them (EOLE program) relates to rotors having 
straight leading and trailing edges. 

In the latter case, the wind rotor is firstly determined according to the 
classical method. Then two or three profiles are kept unaltered. The 
others are arranged so that their leading and trailing edges are in alignment 
with the leading and trailing edges of the profiles taken as reference. The 
calculation of wind turbine performances shows that rectifications of the 
leading and trailing edges lead to a reduction of the efficiency, but a reduction 
that is insignificant, if the reference profiles are judiciously chosen. 

For testing the preceding vortex method, we have applied it to the 
blades of the aerogenerator of Nogent-Le Roi of 30.2 m diameter. The 
method has lead to the same values of chord calculated by the constructor 
L. Romani. 

In chapter VIII will be found examples of designs of wind power 
plants calculated according to the above vortex method. 

Ill - CALCULATIONS OF WIND 
TURBINE CHARACTERISTICS 

The determination of the mechanical characteristics (torque and 
power coefficient as a function of λ0) is particularly interesting. The 
knowledge of these characteristics before construction allows one, even-
tually, to make some modification in the initial design, in order to increase 
efficiency in the most economical manner. 

But we must first recall the results previously reached. 
In the preceding pages, we have shown that the axial thrust dF and 

the elementary torque dM of the aerodynamic forces acting on the blade 
elements situated between r and r 4- dr were equal to : 

dF = ρπτ V\ (1 - k2)dr 
dM = ρπτ3ωΥι (1 + k) (h - l)dr. 

Taking into account the expressions relating I and W to V and k to h : 

w _ Vi (1 + k) _ o>r(l + h) d j _ χ 1 + h _ . r 1 + h 
W - 2 sin I - 2 cos I a n d c o t l ' λ TTl· ~ λο R Γ Τ Ε 
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We then established the following relations : 

G = 

E = 

= Qbl cos (I - a) a n d 1 - k _ 
1 4- k SUT COS a.sin2 I 

h - 1 _ Gblsin(I-e) 
h + 1 — 4πΓ sin 21.cose 

On integrating the preceding expressions of dF and dM, we obtain 
for the axial thrust and the moment : 

F = J pnVliX -k2)rdr 
o 

M = j ρπΥιω(1 + k) (h - l)r3dr 
o 

and then for the axial thrust and moment coefficients : 

CF = ̂  = 2 | ( 1 - k 2 ) i d ( i 
r 2M 

pSV 

Taking into account the relations 

k = 2oh(l+k)(h-l)£d(x2) 

the 

we 

previous 

Let 

can write : 

λ = 

one can 

fr 

On 

= (1 

■fa«*" 
be written as : 

= 2 } (1+ k)2 

0 

and E 

r2 

. E cot I. =j 
K. 

- k2) i and m, = (1 + k)2 ; 

C F = 2 

Qn = 2 

M 
1 
fm r d 
0 d) 

h - 1 

•d(i) 
r2 

E . ^ . c o t l 

In optimal running, the values of k and h are known for each profile, 
so the calculation of axial thrust and torque is easy. 

But, if the wind rotor rotates at a rotational speed which corresponds 
to a tip-speed ratio different from Λ,ο, the angles of incidence are not the 
same. The values of k and h, the axial thrust, the torque and then the 
coefficients CF and Qn vary. 
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In practice to determine C F and Cm, we shall consider several values 
of the ratio r/R (0.2, 0.4, 0.6, 0.8, 1 for instance). 

To the corresponding radius, we shall make the angle of incidence 
vary arbitrarily, for instance, from degree to degree and we shall calculate 
for each value of the ratio r/R : 

— the inclination angle I by adding to the considered incidence, the 
setting angle a (I = i + a), 

— the values of G, ε, 
— the quantities G, E, k and h, , 
— the tip-speed ratio λο by using the relation : λο = — i , u c o t I 

— the quantity f, and mr. 

TABLE 11 

r 
R 

a 

1 

i 

G 

tan £ 

I = a + i 

1 - k Gbl cos (I - ε) 

1 4- k 8πΓ cos ε sin2 I 

k = ! ^ 
1 + G 

h - 1 Gbl sin ( I - ε ) 
~" h + 1 ~~ 4πΓ sin 21 cos ε 

1—E 

i R 1 + k + T A o = 7rTh c o t I 

f, = ( l - k 2 ) i 

mr = (l - f-k2)EcotI. i2 

ri 

R7 

a i 

h 

i i 12 Î3 14 15 

Γ2 

Ri 

0L2 

h 



HORIZONTAL-AXIS WIND TURBINES 99 

The calculations having been done, it is possible to draw : 
— the variation curves of fr and n v a s a function of λο, each curve 

corresponding to a given value of r/R, 
— and then the variations of fr and nv as a function of λ0, taken from 

the two previous graphs. 

Determining the variation of the thrust, torque and power coefficients 
Cf, Cm and Cp as a function of λ0. 

Fig. 88 
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The different values of the coefficients C F and Qn as a function of λο 
are obtained by measuring the areas situated between the various curves 
graduated in λο values and the horizontal axes and then by multiplying 
the areas by two, according to the expressions of C F and Qn. 

In this chapter we have shown that the power coefficient Cp was rela-
ted to Qn by the relation: Cp = C„ x Ao. Thus, determining the CP(À0) 
curve from the Qn(Ao) curve is easy. 

In practice as the calculations are long, it is better to use a computer. 
A computer program created for this purpose will be found in the appendix. 

IV - COM PA RISON OF THE RESULTS OBTAINED 
BY THE VARIOUS THEORIES 

As pointed out at the beginning of this chapter, there are several 
theories of the wind rotor. 

To show the differences in the results obtained by applying one or the 
other, we have calculated the values of the angle of inclination I and the 
quantity Gbl/r under the most favourable running conditions, for each 
of the best known. 

TABLE 12 : Quantities Cibl/r 

/ 

Simplified 
method 

Hütter 

Stefaniak 

Sabinin 

dauer t 

1 

4.65 

3.5 

3.37 

3.71 

3.37 

2 

1.32 

1.20 

1.19 

1.31 

1.19 

3 

0.608 

0.58 

0.572 

0.63 

0.576 

4 

0.345 

0.32 

0.33 

0.363 

0.334 

5 

0.222 

0.215 

0.216 

0.237 

0.217 

6 

0.155 

0.155 

0.152 

0.167 

0.152 

7 

0.114 

0.12 

0.114 

0.125 

0.112 

8 

0.087 

0.08 

0.088 

0.097 

0.086 

9 

0.069 

0.07 

0.069 

0.076 

0.068 

10 

0.056 

0.055 

0.056 

0.062 

0.056 

TABLE 13 : Angles of inclination 1 

λ 

Simplified 
method 

Hütter 

Stefaniak 

Sabinin 

dauer t 

1 

3397 

30° 

30° 

30° 

30° 

2 

18° 

18° 

17°.7 

1795 

1797 

3 

12° 

12° 

1293 

12° 

12929 

4 

995 

992 

9936 

995 

9936 

5 

796 

796 

7954 

796 

7954 

6 

693 

693 

693 

693 

693 

7 

595 

595 

595 

595 

5942 

8 

498 

495 

495 

495 

4975 

9 

492 

492 

492 

492 

4923 

10 

398 

398 

398 

398 

398 
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The values of the angle of inclination I and the quantity Obl/r have 
been determined : 

— for the simplified method, according to the relationships given at 
the beginning of this chapter, 

— for the Stefaniak method from the table contained in the study 
"Windrad grösster Leistungabgabe" published in Forschung 19, Heft 1, 

— for the Hütter theory, from the graph published in a paper presen-
ted by Hutter at the Meeting in Rome on New Sources of Energy, 

— for the Sabinin theory from formulas taken from the book by 1. 
Shefter "Wind-Powered Machines" translated from Russian into English 
and published by NASA. 

The tables show that the divergence of the values of the quantity 
Qbl/r as of the angles of inclination, is small. 

The values obtained by the Sabinin theory are however about 10 % 
greater than the values calculated by the other methods. 

The simplified theory leads, for low values of λ, to values of Q bl/r 
and I slightly higher than those obtained by the other theories, but for 
λ > 3, the differences are quite insignificant. 

B. Determination of the Blade Structure 

In normal running, the blades must withstand the centrifugal forces, 
the bending moments caused by gusts and the gyroscopic effects which 
appear during the orientation changes which can accompany gusts. When 
the wind turbine is stopped facing the wind, the blades must also resist the 
most violent storms without breaking. 

1. DETERMINATION OF THE BENDING STRESSES DUE TO 
GUSTS IN NORMAL RUNNING 

The gusts produce an increment of the bending stresses in the blades 
consequent to the increase of wind velocity and to the direction variations. 

As shown in ch. I, § 7, during gusts, wind velocity may change by 15 
to 20 m/s within a second and wind direction may vary by several dozen 
degrees in the same time. So, it may occur that the blade is attacked 
under an unfavourable incidence. This effect has, as a consequence, 
an increase in the bending moment. The variation in the angle of inci-
dence can cause a higher increment of stress than the relative increase of 
the wind speed. 

It must be noted that the changes of wind direction which take place 
are essentially horizontal and very rapid. 

On account of the machine inertia and the rapidity of the direction 
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change, the wind turbine axis cannot immediately reorientate to the wind 
direction variations. Thus, it may occur that the angle between the wind 
turbine axis and the wind direction reaches up to 30° or 40° or even more. 
Simultaneously, the wind velocity may be temporarily high. 

Taking into account the shortness of the gust and its direction the 
actual wind can very often reach the blades without slackening. 

The more loaded blades are then those which are found in vertical 
position and are moving against the actual wind. Consider such a blade : 
Let ß be the angle between the wind turbine axis and the actual wind direc-
tion (see fig. 89). 

Fig. 89 

The blade section at a distance r from the rotation axis, moving at 
the circumferential speed U = Uor/R is subjected to the relative wind 
velocity : 

Wi \ / U 2 + Vî + 2UVi sin ß 

The direction of this wind is inclined to the plane of notation by an 
angle Θ such as : 

tan Θ = 
Vi cos ß 

U + Vi sin ß 

The component of the aerodynamic force by length unit which acts 
perpendicularly to the chord of the section is : 

f„ = \ pClW 2 

1 being the chord and C« the aerodynamic coefficient of Lilienthal which 
corresponds to an incidence angle : i = Θ — a. 

For given velocities Uo and Vi, it is possible to calculate, by considering 
several values of /?, the maximum value which can be reached by the quan-
tity C W2 and consequently the maximum value of f„ in any section situated 
at a distance r from the rotor axis. 
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The blades of the big aerogenerators usually have a small twist. This 
can be considered as negligible for the determination of the bending stresses. 
The values so obtained are slightly higher than the actual stresses but the 
difference is slight. 

In the above hypothesis, the maximum bending moment due to the 
aerodynamic forces which act between the blade tip and the section situated 
at a distance x from the rotation axis rises to 

R 

Mx = J (x - r)f„Mdr 

f„M being the maximum value of f„. 

Fig. 90 - x x' Longitudinal, neutral axis. 

Thus the bending stress in the section at the distance x from the blade 
root reaches the value: 

where lx represents the geometrical moment of inertia of the section relative 
to the longitudinal neutral axis of the section and v the distance from this 
axis to the more loaded fibre. 

Due to the peculiar shape of the aerofoils usually used in the wind 
turbines and the usual disposal of the section, this fibre is generally an 
extrados fibre which is compressed. 

The structure will be calculated in order to limit %s at a given value 
which depends on the material used. 

It must be specified that the obtained stresses are much higher than 
the normal running stresses which appear in the rated wind flow assumed 
to be uniform and parallel to the rotor axis. 

If the blades have been aerodynamically determined according to the 
preceding methods, effective calculation shows that the maximum stresses 
take place not at the blade root but at a distance of approximately 0.6 R 
from the rotation axis. 

2. STRESSES DUE TO CENTRIFUGAL FORCES IN NORMAL 
RUNNING 

When the blades are perpendicular to the rotor shaft, the centrifugal 
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force arising on the blade element, situated between the distance r and 
r + dr from the rotation axis, is given by the relation : 

dFc = pSca2rdr 

S being the section of the material which constitutes the blade at the dis-
tance x. 

Therefore the stress in this section due to the centrifugal force rises to : 

31c = ^ = ^- J" pSco2rdr 

This stress which corresponds to a tensile effort, comes in superpo-
sition to the bending stresses. 

As a consequence of the existence of the centrifugal forces, the fibres 
which were extended by the bending moment are more extended and those 
ones which were compressed, have their compression reduced. 

Let us specify that, in normal running, the stresses due to gravity 
forces are low compared to those created by centrifugal forces, these being 
themselves much less important than the bending stresses. 

3. COMPENSATION OF BENDING BY CENTRIFUGAL FORCES 
IN THE NORMAL RUNNING 

The stresses are reduced significantly in normal running when the 
blades are fastened on the hub so that the blades axes make with the rota-
tion axis an angle lower than 90°, determined according to the relation 
which follows. The surface swept by the blades is then a conical one. 
This arrangement is generally called "raking" or "coning". 

The moment of the aerodynamic force is counterbalanced by the 

Fig. 91 
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moment of the centrifugal forces. If the angle 7 is well chosen, the resul-
tant bending moment can be equal to zero, so that the blades are only 
subjected to tensile stresses. 

Let Ffl be the axial thrust, b the number of blades, Fc the centrifugal 
force which acts on each blade. The ideal conditions are fulfilled when 
the angle γ seen in fig. 91 is such as : 

Ffl 
tany = B F-

In normal running, in the absence of gust, the blade stresses are scar-
cely higher than those created by the centrifugal forces acting alone. 

For a constant value of the angle ?, it must be noted that exact compen-
sation cannot be observed except for a unique value of the rotational 
speed. 

To solve the problem, in some wind power plants, the blades are hinged 
on the hub. The angle 7 varies in such a manner that it counterbalances 
the bending moment. The " coning" is variable and the blades can " cone" 
independently of one another. 

But whatever arrangement is adopted, it must be emphasized that, 
in normal running, the blades are not completely insulated from the bending 
due to gusts. Moreover, the blades must be able to withstand the bending 
moment generated when the wind turbine is stopped facing the wind. 

Consequent to the reduction of stress, it is possible according to 
Louis Vadot, to build raked wind machines having specific rotors up to 10 
or 11. 

With blades perpendicular to the axis, the limit is 9. 
The raking improves the safety of the fast wind turbines especially 

when they have fixed blades. 

4. GYROSCOPIC EFFECTS 

The changes in the orientation of the rotor shaft create gyroscopic 
efforts. 

Let ω be the rotational speed of the rotor shaft assumed to be constant 
and Ω its orientation speed around the vertical axis. 

Consider a blade whose moment of inertia relative to the rotation axis 
is h and two mobile trihedrons : 

— The first one Oxyz(R) turning with the rotor shaft around the vertical 
axis, so that the vectors ~ω and Ω are brought by Ox and Oz axes, Oz being 
vertical. 

— The second one Oxy'z' (R') carried away by the rotor, Oy', being 
directed along a blade axis. 
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Fig. 92a 

Assuming the moment of inertia of the blade relative to Oy' is negli-
gible (and this is true within a reasonable approximation), the matrix of 
inertia and the moment of momentum of the blade with respect to the 
coordinate system Oxy'z' are given by the expressions which follow : 

□ (3 + ω) = 

a = 
Γΐι 0 0 ] 
0 0 0 
0 0 IiJ 

[i 1 0 0" 
p o o 
|o 0 ii 

ω 
Qsin Θ 
Ω cos Θ 

= 

Ii ω 
0 
Ii Ω cos 

The principle of moment of momentum applied to the blade whose 
longitudinal axis coincides with Oy' with respect to Oxy'z', allows us to 
write : 

^ [ D(Q + ω)] R, + (3 + ω) Λ □ (Ω + ω) = St 

M being the resultant moment applied to the blade with respect to the 
point 0, i.e. the resultant of the moment Ma of the aerodynamic forces 
and the embedding moment Mc due to the hub whose radius is assumed 
to have a negligible value. 

All calculations done, we obtain : 

^-Ω 2 sin 20 

M = 0 

άΩ 
Ii -ΤΓ- cos θ — 2Ιι Ωω sin θ 

When the direction of the rotation axis remains fixed (Ω = 0), the 
moment M is equal to zero. 

106 
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We have then : M = Me + Mfl = 0 i.e. Me = - Ma 

The embedding moment counterbalances the aerodynamic moment. 

When the orientation of the rotation axis changes, the moment M which 
appears, creates supplementary stresses which increase the stresses in the 
material constituting the blades. The preceding equation which can be 
written as : 

M, + Me + M« = 0 shows that Me = - (Mfl + Mj), the moment Mi being 
equal to — M. 

On the assumption that the orientation of the rotor axis is oscillating 
according to the following angular variation : 

a = ao sin 2 π 7p = ao sin coit, we can write : 

da 
Ω = -TT = αοωι cos coit = Ωο cos ant 

dQ ~ 9 . 
-TjT = — £2οωι sin coit = — αοωί sin coit 

ωι being smaller than ω, the most dangerous component for the blade 
of the moment M is the component along Oz' because it has the highest 
magnitude and acts perpendicularly to the rotation plane. 

It includes two terms of unequal importance which are in quadrature : 

Ii -TT- cos Θ = — Ιιαοωΐ sin out cos Θ and 

— 2 h Ωω sin Θ = — 2Ιι αοωιω cos ωιί sin Θ 

As coi is small compared to ω, this last term which represents the mo-

ment of the Coriolis force, is the higher one. Its amplitude is at its maxi-

mum when Θ = ± 2« 

The stress due to the gyroscopic effect is then at its maximum when the 
blade is vertical. 

The quantity 2 h αο ωιω = 2ΙιΩοω represents the supplementary 
maximum bending moment due to the gyroscopic effect. It must be 
added to the bending moment due to the aerodynamic forces. 

Let ii be the moment of inertia of the part of the blade situated bet-
ween the blade tip and the distance x from the rotor axis, with respect to the 
longitudinal neutral axis of the section x. The maximum stress due to 



108 WIND POWER PLANTS 

the gyroscopic effect at the distance x from the blade foot is given by the 
relation : 

%o = 
2ii Ωοων 

Resultant moment acting on the whole rotor 

Let us calculate the resultant moment acting on the whole rotor when 
the orientation of the rotation axis is changing : 

On resolving the moment M in its three components in the trihedron 
Oxyz, we obtain all calculations done : 

^ Ω2 sin 20 

M = | 2ΙιωΩ sin2 0 - ^ ^ sin 20 
2 at 

- ΙωΩ sin 20 + h -=- cos2 0 at 

First let us consider a two-bladed wind machine. Let œt be the angle 
of the first blade with Oy. The angle of the second blade with Oy is (œt + π). 
The moment of inertia I of the whole rotor with respect to Ox is I = 211. 
By superposing the moments we obtain : 

2 Ω2 sin œt 

Σ M = | 2ΙωΩ sin2 œt — -= -ττ- sin2 œt 

— ΙΩω sin 2 ω ί + -ττ- cos2 œt 

Consider now a three-bladed machine. If œt is the angle between 
the first blade and Oy, the angles of the other blades will be respectively : 

œt + 2π 

τ 
and œt + 4π 

By superposing the different moments and taking into account the 
equality I = 3Ii, we obtain for the three-bladed machines : 

ΣΝΪ = 
0 
I ω Ω 

^t 
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The three -bladed rotor appears then better balanced in its whole set 
than the two-bladed one. We should obtain a similar result for a wind 
turbine having a higher number of blades. It must be pointed out however 
that each blade is submitted separately to the gyroscopic effects in their 
entirety even if this blade is a part of a three-bladed machine. 

Relative influence of the gyroscopic effects upon the blade stresses 

The gyroscopic effects increase the stresses in the blades. The relative 
increment is all the more important as the tip-speed ratio is low. 

M. Louis Vadot who designed the French aerogenerators erected in 
S' Remy des Landes, points out that, at equal orientation speed, the gyros-
copic stress varies in a 12 m/s wind, from 0.4 times the normal stress for 
λ0 = 5 to 0.066 for λο = 10, and 0.017 for λο = 15. 

5. VIBRATIONS 

Among the causes of fatigue, vibrations are the main ones. They 
have various origins. They are caused especially by : 

— The fact that the rotor shaft cannot be exactly oriented towards 
the wind direction. If the rotor axis is inclined with respect to this direc-
tion, the speed vectors triangles are not the same for each blade, due to the 
axial dissymmetry. 

— The unequal distribution of the wind speeds on the area swept 
by the rotor (difference between the wind speeds at the higher and the 
lower part). 

— The instantaneous variations of the wind speed. 
— The gravity forces acting on each blade and whose direction is 

continuously varying with respect to the blade axis when the rotor is 
revolving. 

— The variations in the wind direction which create changes of 
orientation of the rotor shaft and then make gyroscopic stresses appear 
inside the blades. 

For all these reasons, and because blades are elastic structures, vibra-
tions are always present. Their level must remain low enough not to 
compromise the safety of the wind plant. 

The drawback of vibrations is that they create fatigue. By fatigue 
is meant the reduction of the material strength when subjected to alter-
native loads. 

Figure 92b represents the Wöhler curve for a steel sample subjected 
to rotating bending. It gives the number of cycles which cause failure 
for a given maximal vibratory stress. 

To limit the amplitude of the vibrations, effects of resonance between 
the rotor and the tower structures must be absolutely avoided. 
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A Maximal vibratory stresses in d a N / m m 2 

Number 
|of cycles 
to failure 

Fig. 92b - Wohler curve for a steel sample 
(material fatigue characterization). 

Blades 

The blades are subjected to a forcing vibration with a frequency 
of once per revolution, especially if the rotor revolves downwind of the 
support. After their first passage behind the support, they vibrate at 
their natural period until, once again, the tower shadow intervenes and 
the cycle is repeated. To avoid damage, the natural frequency of blade 
oscillations must be different from the number of revolutions per second 
and not be an exact multiple of this number. 

The amplitude of blade vibrations is greater when the rotor rotates 
downwind of the support than when it is placed upwind. 

The ratio of the amplitude downwind/upwind can reach two for a 
support constituted by a lattice tower and four, for a concrete tower (Mor-
rison : Testing of a Wind Power Plant). 

Hence, placing the rotor upwind of the tower reduces fatigue inside 
the blades. 

Support 
For a two-bladed rotor, the tower is stimulated twice per revolution 

because of the difference in the mean wind speed in the upper and lower 
part of the swept area. If the number of revolutions per second is n, 
the frequency of the stimulating force on the tower (which is here the axial 
thrust) is 2n. The support's first-mode natural frequency must be selec-
ted to be sufficiently displaced from the primary forcing frequency 2n so 
as not to resonate. Care must also be taken to avoid higher-mode reso-
nance. 

If the natural frequency of the support is greater than 2n, it is referred 
to as "stiff". Between In and 2n, the tower is characterized as "soft" 
and below In as "very soft". The suffer the tower, the heavier and more 
costly it will be. Recent designs around the world use "soft" and "very 
soft" supports. 
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The effects of vibrations in the tower are also reduced when the fixa-
tion of the blades on the hub is not rigid, especially when the blades are 
hinged on the hub (variable coning) or when the rotor can teeter by a small 
angle of up to 5 degrees in and out of the plane of rotation. Such arran-
gements reduce the fatigue caused by gusts and wind shear in the rotor 
shaft and the support, but they have the disadvantage of being more 
complicated. 

6. DETERMINATION OF THE BENDING STRESSES DURING A 
STORM, WHEN THE ROTOR IS STOPPED FACING THE WIND 

Let Cd be the drag coefficient of the blade when placed perpendicular 
to the wind. The force exerted on the blade element situated between r 
and r + dr is : 

d F = i p Q l V 2 d r = f„dr 

The bending moment at the distance x from the rotor axis is : 

M / = J(r-x)f„dr 
X 

In practice, the blade surface being almost perpendicular to the wind, 
the drag coefficient is approximately equal to 2. 

When the setting angle a is relatively important, we can take for Cd 
the value : 

Cd = 2 cos a. 

The knowledge of the bending moment at distance x from the axis, 
allows us to determine the corresponding stress. 

M/ being the above bending moment I* and v having the same meaning 
as in the former first paragraph. 

For information, note that the blades of the French aerogenerators 
of Nogent Le Roi and S' Remy des Landes described in chapter VII, were 
calculated to withstand 63 m/s wind speeds at standstill with the rotor facing 
the wind. 

In practice, the stresses at rest with the rotor facing the wind, prevail 
for the structure calculations of the wind turbines having a specific ratio λ0 

less than 4 and for the raked fast wind turbines, whatever their specific 
ratio may be. 

For the high speed wind turbines having their blades perpendicular 
to the rotor shaft, the stresses, when stopped, in very strong winds,are lower 
than the stresses in normal running with gusts. 

I l l 
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7. STRESSES DEVELOPED IN GEOMETRICALLY SIMILAR WIND 
ROTORS RUNNING IN A GIVEN WIND VELOCITY 

Consider two geometrically similar rotors running in a given wind 
speed and revolving at the same tip-speed ratio λο. Assume them to be 
made of the same materials. 

Give the index 1 to the rotor 1 parameters and the index 2 to the 
rotor 2 parameters. 

Then, determine the stresses in corresponding sections of the rotors 1 
and 2 due to the centrifugal forces and to the bending moment. 

a) CENTRIFUGAL FORCE 

The intensity of this force is given by the following expressions. 

Rotor 1. 

Ri 
Fi = J pcoînSidri 

X l 

ωι being connected to λο by the relation : 

3 coiRi . Λ-oV 
λο = - y — i.e. ωι = - ^ 

whence for Fi, the value : 

F i = J P ^ V 2 n S i d n = p ^ V2 i n S i d n 
Xl 

Rotor 2 

In the same way, we find : 

F 2 = p ^ V 2 J r2S2dr2 RÎ X2 

Thus we obtain for the stresses due to centrifugal forces in corres-
ponding sections : 

Rotor 1 
Fi λΐ V2 Rt 

fti = c — = P Ï Ï T c - ί r iSidri 
•3x1 K ï àjcl X l 

Rotor 2 

φ F2 Xl V2 Rf2 312 = ç— = p ^ r J r2S2dr2 
ûx2 K2 Ox2 X2 
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Taking into account the similarity of the two rotors, we can write : 

Rib 1 riSldri = Rik Ï r2S2dr2 

and therefore : Jli = %2. 
♦ 

Hence in corresponding sections, the stresses due to centrifugal forces 
are equal. 

b) BENDING MOMENT 

In the former chapter, we have shown that the incidence angles at 
corresponding sections were equal for rotors running in similar conditions. 

It results that, at equal wind speeds, the lift and the drag forces acting 
on corresponding elements are proportional to the square of measurement. 

Fi = k R î Fi = k R l 

The bending moments at corresponding profiles are therefore pro-
portional to the cube of measurements. It follows from this fact that : 

:fti = 

%Ί = 

M i v 

Ii 

M2V2 

I2 

k'Rî k"Ri k'k" 
k"' ~ R T ~ k" 

thus 31 i 
k'R2 k"R2 k'k" 
k'" Rt ~ k" 

= %2 

In corresponding profiles of geometrically similar wind turbines 
running in aerodynamic similitude in a given wind speed, the stresses due 
both to centrifugal forces and to the bending moment, are equal. It is 
likewise for the stresses resulting from the superposition of the two effects. 

8. COMPARISON OF THE STRESSES PRODUCED IN TWO-
BLADED, THREE-BLADED AND FOUR-BLADED GEOMETRI-
CALLY SIMILAR WIND TURBINES HAVING THE SAME DIAME-
TER AND DESIGNED FOR A SAME TIP-SPEED RATIO 

The shapes of the blades of the different turbines are assumed to be 
identical. 

We have shown previously that the net section of the material consti-
tuting the blades is determined by the bending moment arising in normal 
running or at stoppage when the machine is facing a strong wind. 

The relationships established at the beginning of this chapter have 
shown that the quantity Cibl depends only on the distancer to the rotation 
axis. The incidence angles and therefore the values of G being the same 
at an equal distance r from the rotor axis, the quantities bl are identical 
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whatever the number of blades may be. So, the width of each blade varies 
inversely to the number of blades. 

Hence, at equal radius r, the chords of the blades of the two-bladed, 
three-bladed and four-bladed rotors are such as : 

212 = 313 = 4U 

The thicknesses of the blades are of course, in the same ratio. 
The relative speeds being equal for corresponding sections, the bending 

moments arising on each blade are proportional to the chord then to the 
inverse of the number of blades. 

2M2 = 3M3 = 4M4. 

Let us determine the stresses in the considered wind machines on the 
assumption that the blades are at first solid then hollow and made of the 
same materials. 

a) SOLID SECTIONS 

The maximum bending stresses at the distance r from the rotor axis 
rise to : 

M2V2 
%i = —j— for the two-bladed wind rotor 

3 

T3 

4' 

M3V2 
ÎR3 = —T— for the three-bladed rotor 

3U = —?— for the four-bladed rotor. 

As 2v2 = 3v3 = 4v4 and I2 = ( \ V h = I ? Y U 
χ2) " " 1 1 

all calculations effected : 

%2 = 0.45 ft3 = 0.25 R4. 

Moreover, geometrical calculations show that the mass of the two-
bladed wind turbine is respectively equal to 1.5 times and 2 times the masses 
or the three and four-bladed wind turbines. 

b) HOLLOW BLADES 

We shall examine three cases : 
1) The blades are hollow and the thicknesses of the material are in the 

same ratio as the width of the blades. 
We find again the same result. 
2) The blades are hollow and the thicknesses β2, e3, e4 of the resistant 

structure are equal. 
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We find then : 
2 1 

J\2 = ~2 ^ 3 = ~* JV4 

3) The blades are hollow and the stresses are equal. 
%2 = ft3 = 3U 

2 1 
We obtain then : Q2 = ^ e3 = -~ ^4. 
A geometrical calculation shows that the weights P of the wind ma-

chines are proportional to the number of blades : 

P2 = \ Pa = \ P4 

This proposition is general. At equal bending stress in the above 
conditions, the weight of the rotors are proportional to the number of 
blades. 

Therefore, if we consider only the bending stress, it follows that a 
two-bladed rotor is more advantageous than a three-bladed one. However, 
some manufacturers find fault with it ; especially as it has a lower aerody-
namic efficiency because of its greater tip losses and its vulnerability to 
vibration. It is not as well balanced as a three-bladed wind rotor for 
gyroscopic effects. When it is rotating, a two bladed propeller presents 
a cyclic variation of its moment of inertia about the pintle axis which 
passes successively through a maximum and through zero, twice per revo-
lution. This may give rise to vibration. 

Moreover, as a consequence of the number of blades and the differ-
ence between the wind velocity at the lower part and the higher part of 
the swept area, there is a cyclic variation of the reaction of the rotor on its 
foot-step bearings. For a downwind two-bladed wind rotor, this effect 
is much more accentuated as one of the blades crosses the tower shadow, 
while, at the same time, the other blade is subjected to the highest wind 
velocity at the upper part of the swept area. Thus the pitching moment 
is higher and the rotor shaft is subjected to greater bending stresses if the 
blades are rigidly fastened onto the hub. 

In addition, the unequal distribution of wind speed between the lower 
and the upper part of the swept area creates a torque which has a tendancy 
to make the machine oscillate around its orientation axis. This torque 
has two maxima and two minima for a two-bladed propeller and three 
maxima and three minima per revolution for a three-bladed one. For a 
given wind gradient and for a given diameter of rotor and speed, according 
to Louis Vadot, the amplitude of the variation of this torque, about the 
pintle axis, is ten times greater with the two-bladed rotor than with the 
three-bladed one. 
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Nevertheless, two-bladed wind rotors are preferred by the manu-
facturers in the USA, in Sweden and in Great Britain. On the other hand, 
in France and in Denmark, all the important wind installations use three-
bladed wind rotors. However, in France, in low power plants, the two-
bladed rotors are very common. 

9. VARIATION OF STRESSES IN NORMAL RUNNING DUE TO 
CENTRIFUGAL FORCES AND TO THE BENDING MOMENT IN 
WIND MACHINES HAVING THE SAME DIAMETER AND THE 
SAME NUMBER OF BLADES BUT DESIGNED FOR DIFFERENT 
SPECIFIC RATIOS λ0 

At the beginning of this chapter, the single theory which is in good 
agreement with the vortex theory for tip-speed ratios higher than 3 has 
enabled us to establish the relationship : 

Gbl = 1 6 π R 

λ0 I λΐ ^ + -

Assume that in normal running in a wind velocity V, the incidence 
angles are equal at an equal distance from the rotor axis. If the blades 
are well designed, their widths at the distance r from the rotation axis are 
proportional to 1/Λ8 . This approximation is all the better as the term 4/9 
is low compared to the term A§r2/R2. 

The thickness of the blades is proportional to the chord at equal 
radius r. Therefore the section of the blade is approximately propor-
tional to 1/λ%. 

Admitting this result, let us examine the variations of the stresses due 
to centrifugal forces and to the bending moments. 

a) STRESS DUE TO CENTRIFUGAL FORCES 

The expression: 

%c ^- J pco2rSdr = p F n - J rSdr 

which gives the stress due to centrifugal forces in a section at the distance r 
from the rotor axis, shows that Re is proportional to λ% for a given wind 
velocity Vi. 

b) STRESS DUE TO THE BENDING MOMENT 

This stress is given by the relation : 

<R - M v 
Jif = T — 
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If the incidence angles have the same values in the corresponding 
sections, the elementary aerodynamic forces are proportional to 1W2 i.e. 
to IVi(l + λ2) = IV? (1 + A§r2/R2)· 

If λο r/R is high enough, compared to one, the term A§r2/R2 is predo-
minant. Hence, in the first approximation, the bending moment is pro-
portionial to \λί V i As 1 is proportional to 1/A8, the value of M remains 
approximately constant. 

The distance v from the neutral fibre to the more loaded fibre in the 
considered section, is proportional to 1/λί. 

The moment of inertia lx is proportional to 1/A8-
Therefore the stresses due to the bending moment must be propor-

tional to Λ,δ. Indeed, the exponent is slightly lower. 

Mr. Louis Vadot has determined the stresses in normal running for 
wind turbines operating in a 12 m/s wind. 

In the absence of gusts, he obtained (see « La Houille Blanche », n° 5, 
1958) the following values : 

for Λο = 5 ft max = 49 daN/cm2 

for λο = 10 ft max = 2 130 daN/cm2 

for Ao = 15 ft max = 19 000 daN/cm2 

These maxima were observed at the distance r = 0.6 R. 
These values correspond to a variation proportional to Xb with 5 <n <6. 

c) VARIATION OF THE STRESSES AT STOPPAGE AS A FUNC-
TION OF THE RATED TIP-SPEED RATIO 

At standstill, the stresses are only due to the bending moment. The 
quantity 1W2 becomes IV2, V being the velocity of the strongest wind the 
rotor must withstand. 

The chord 1 is proportional to 1/A8 and therefore, the bending moment 
also. As v and 1 vary proportionally to Ι/λί and 1/A8, the bending stress 
is proportional to λ&. 

For information, let us give some values of bending stresses at distance 
r = 0.6 R as determined by Louis Vadot, for a three-bladed wind rotor 
having its blades perpendicular to the rotating axis and operating in a 
63 m/s wind. 

for λο = 5 R = 60 daN/cm2 

for λο = 10 R = 800 daN/cm2 

for λο = 15 R = 4 000 daN/cm2 

Indeed, the variation is proportional to A8, n being a figure within 
the interval 3 to 4. 



118 WIND POWER PLANTS 

For wind rotors having the blades perpendicular to their axis, the 
stresses in normal running prevail. But for wind turbines whose blades 
sweep a conical surface when rotating, the stresses are the highest when 
the rotor is at rest, facing a strong wind. 

Moreover, it must be noted that the ratio of the stresses at standstill 
to the stresses in normal running varies, for wind rotors having blades 
perpendicular to their axes, as 1/A§. This shows that the stresses of the 
blades under the action of the strongest wind have a more relative impor-
tance for slow wind turbines that for fast wind turbines characterized by 
high values of λ0. 

C. Determination of the Forces Acting 
on the Whole Plant 

1. THE AXIAL THRUST 

The knowledge of the chord and the setting angles enables us to eva-
luate the axial thrust. 

What values can the axial thrust reach? 
The measurements carried out on the Gedser windmill in Denmark 

have shown that the axial thrust by square meter of swept area, in normal 
running, was approximately given by the relation : 

p = 0.4 V2 

V being the wind velocity at 5 or 6 diameters before the rotor p : 
the axial pressure on the swept area S. (p = Ffl/S). 

If we write the former expression in the form : 

P = ^ P C F V 2 

the value 0.4 corresponds to a thrust coefficient : 

C F = 0.64. 

The rotor being stopped, facing the wind, the axial thrust was equal 
to 40 % of its value in normal running at equal wind velocity. 

The tests performed in the Eiffel Laboratory in Paris on the model of 
the aerogenerator of Nogent-Le Roi have shown that the coefficient C F in 
normal running (λο = 7) reached, at 20 m/s wind velocity, the value 
C F = 0.418 and at racing (λο = 14), the value C F = 1.318. These numbers 
correspond respectively to values of dynamic pressure given by : 

p = 0.26 V2 and p = 0.83 V2 
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The experiments which were carried out, have shown, in these two 
cases, a decrease of the coefficient C F against the wind velocity. 

Note that the application of Euler's theorem with a downwind velo-
city equal to zero gives, for the dynamic pressure versus V, the value : 

p = 0.63 V2 taking for p = 1.26 kg/m3 

For the slow wind machines, the axial thrust is more important because 
of the numerous blades and the existence of a supporting structure. It 
would be advisable to take : 

P = V2 

(The dynamic air pressure acting on a plate perpendicular to the wind 
velocity is given as a function of the wind speed by the expression : 
p = 1.25 V2). 

In those relations, p is expressed in N/m2 and V in m/s. 
It should be specified that the calculation of C F against λο determines 

the axial thrust for any type of running. 

2. THE PITCHING MOMENT 

Consequent to the unequal distribution of the wind velocity on the 
swept area which is characterized by higher speeds in the upper part 
which can reach two or three times the wind speed in the lower part during 
gusts, the rotor shaft is subjected to a pitching moment. 

This moment may be considerable. For example the pitching mo-
ments arising on the French aerogenerator of Nogent-Le Roi at wind 
speeds upstream of the machine equal to 20 m/s, 40 m/s and 70 m/s, rose 
respectively : 

— in normal running (circumferential speed Uo = 75 m/s) to 8 800, 
16 000 and 38 400 daN.m. 

/ 2MP \ 
Corresponding coefficients CPM I CPM = o p y 2 J : 0.032, 0.0149 

and 0.0116 V P / 
— at racing (Uo = 270 m/s) to 29 000, 56 000 and 113 000 daN.m. 
Corresponding coefficients CP = 0.108, 0.0514 and 0.0343. 
The values of these moments were determined from the measures 

carried out in the Eiffel Laboratory in Paris. 

3. YAWING MOMENTS 

The yaw motor must be capable of driving the turbine around the 
orientation axis. To determine its power, it is necessary to know the 
minimum torque necessary to turn the rotor out of the wind direction. 
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Since each plant constitutes a particular case, we recommend, for powerful 
installations, to do trial measurements on a model in a wind tunnel. 

For the aerogenerator of Nogent-Le Roi, the maximum yawing mo-
ments determined from tests done in a wind tunnel at the Eiffel Laboratory 
in 20 m/s, 40 m/s and 60 m/s winds, reached respectively : 

— in normal running : (Uo = 75 m/s) : 3 500, 4 750 and 10 250 daN.m. 
Corresponding coefficients COM (COM = g^y 2 ) : 0.013, 0.0044 and 

0.003. \ P J 
— at racing (Uo = 270 m/s) : 4 300, 21 800, 45 900 daN.m. 
Corresponding coefficients COM: 0.015, 0.020 and 0.019. 
Note that the distance between the yawing axis and the roots of the 

blades rose for this wind turbine, to 2.25 m. 



CHAPTER V 

DESCRIPTION AND PERFORMANCES OF 
VERTICAL AXIS WINDMILLS 

Vertical-axis windmills can claim the distinction of being the fore-
runners to all wind machines. The successors to the Persian machines 
of centuries ago have taken many forms. In this chapter the principles 
of operation and experimental results are described for the most efficient 
types. 

Vertical-axis wind machines can be classified as follows : 
— differential drag machines, 
— screened machines, 
— machines with flapping blades, 
— machines with turning blades, 
— machines with fixed, moveable or cyclic-pitch blades. 

1. DIFFERENTIAL DRAG MACHINES 

Because of their symmetry, these machines need no orientation mecha-
nism and their construction is very simple. 

The simplest type of differential drag machine is the cup anemometer. 

a) PRINCIPLE OF OPERATION 

The rotational movement of machines of this type is due to the fact 
that moving air exerts forces of very different intensity on hollow or unsym-
metrical bodies according to their orientation relative to the direction of 
the wind. If the wind blows on the hollow (concave) side of a hemisphere, 
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the aerodynamic coefficient C which appears in the expression for the 
driving force : 

F = ± p S V 2 C 

is equal to 1.33. It is larger than when the air stream is incident on the 
convex part of the hemisphere where its value reaches only 0.34. For a 
half cylinder, these coefficients are 2.3 and 1.2 respectively. 

Because of the asymmetry of the constituent parts and the associated 
differences in air resistance, the action of the wind on the machine as a 
whole results in a driving couple about its axis so that the rotor is set in 
motion. 

wind 

wind 

— c 
Fig. 93 - Cupped rotor. 

b) APPROXIMATE THEORY 
It is possible to outline an approximate theory for a vertical-axis diffe-

rential drag windmill. 
Let us suppose that the centres of the blades turn with a linear velocity v 

in a speed V. The aerodynamic forces exerted on the blades are approxima-
tely proportional to (V — v)2 when travelling downwind and to (V + v)2 

when travelling upwind. 
The power developed by the windmill can be expressed as : 

P = i pS [Ci (V - v)2v - C2(V + v)2v] 

where Ci and C2 are two coefficients presumed to be constant. 
This power is optimal when: 

, 2 SV - V X / 4 S 2 - 3 D 2 
v = v opt = ^ 

S and D being equal to (Ci + Ci) and (Ci — C2) respectively. 
In the particular case when Ci = 3C2, we obtain v opt = V/6. When 

C2 = 0, v opt = V/3. 

M 
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For the panemone (fig. 94) v = coR/2. 
In practice, it is established that the output of simple differential-drag 

machines is optimal for values of the parameter λο = ^ τ between 0.3 and 
0.9, Uo being the blade tip-speed coR. 

c) PANEMONE 

The panemone is one of the oldest differential-impulse machines. 
The blades are more or less cylindrical. 

Conical blades are also used. In his work « L'Homme et le Vent », 
Auber de la Rue described a vertical-axis windmill he had seen in Canada : 
It had twelve conical blades and was installed on a reservoir of a farm, 
where it was used for pumping water. It was a very peculiar type, an 
elongated version of the sort described above, and operating on the same 
principle. 

Fig. 94 - Panemone driving Fig. 95 - Panemone with conical 
a chaplet pump. blades (According to Au-

bert de la Rue). 

d) LAFOND TURBINE 
The Lafond turbine is named after its inventor, who came from Mont-

pellier in France. It is a differential-impulse, cross-flow machine, remi-
niscent of centrifugal fans and the Banki turbine used in hydraulics. 

The aerodynamic force is larger on the blades whose concave face 
points into the wind than on those who present their convex face. 

Moreover, in this machine, the fluid is first deflected by blades moving 
with the wind and then by the blades moving against it. This results in an 
additional driving torque. 
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Fig. 96 - Lafond turbine. 

The Lafond turbine achieves maximum output for values of λ0 of bet-
ween 0.4 and 0.4. It starts to turn in a wind of 2.5 m/s. 

Table 14, an extract from « Moteurs à vent » by Champly, shows 
characteristics and performances of this type of machine. 

TABLE 14 

Intercep-
ted area 

(m2) 

4 
6 

16 

Diameter 

(m) 

2 
2 
4 

Height 

(m) 

2 
3 
4 

Number & 
dimensions 
of blades 

24 of 0.5 x 1 m 
36 of 0.5 x 1 m 
24 of 1 x 2 m 

Power for various 
wind speeds 

(watts) 

4 m/s 

47 
70 

190 

7 m/s 

140 
210 
560 

10 m/s 

400 
600 

1 500 

Turbine 
mass 
(kg) 

400 
600 

2 000 

The output energy of a Lafond turbine is about half that of a horizon-
tal-axis turbine of the same swept area. 

e) SAVONIUS ROTOR 

This machine was invented by the Finnish engineer Sigurd Savonius 
in 1924, and was patented in 1929. Essentially, it consists of two half 
cylinders whose axes are offset relative to one another. 

The original model (see figure 97) was constructed with a ratio of 
e/d = 1/3, e representing the offset of the inside edges and d the diameter 
of the two half cylinders that make up the rotor. 

In addition to the fact that the force exerted on the blades by the wind 
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is different on the convex and concave parts, the rotor is subject to an 
aerodynamic couple caused by the deflection of the air stream through 180° 
by the blades (see figure 97). 

Experimental work 

The Savonius rotor has been the subject of numerous studies notably 
by the Canadian researchers Newmann and Lek Ah Chai of McGill Uni-
versity in Montreal, who studied the performance of the Savonius rotor 
for different values of the offset e. The rotors used consisted of half-
cylinders 15 inches tall and 6 inches in diameter. Five cases were inves-
tigated, each corresponding to a different value of e. (Rotor I, e = 0 ; 
II, e = 1 ; III, e = 1.5 ; IV, e = 2 and V, e = 2.5 inches). 

The experiments measured the starting couple as a function of the 
position of the rotor with respect to the wind and the delivered power. 
Figures 98 and 99 reproduce the results and, in particular, specify the 
starting-torque coefficient as a function of rotor position and the power 
coefficient as a function of tip-speed ratio. 

It will be noted that, for certain rotor positions, the starting torque 
can be negative. The extent of this zone and the value of the negative 
couple depends on the size of e. The maximum absolute value of negative 
torque occurs for e = 0 (rotor I). The corresponding value of Cd is 
Cd = 0.40, and the extent of the zone is 58°. The maximum negative 
couple is smallest in absolute value for e = 1 inch (rotor II) when O = 0.08 
and the extent of the zone is 18°. 

The best results for torque and power are obtained for rotors cons-
tructed with a parameter e/d = 1.6. (rotor II). The maximum power coef-
ficient reaches 0.3. For the original Savonius rotor (rotor III e/d = 1.3) 
the maximum power coefficient is 0.25. The experiments carried out 
show that the optimal conditions are obtained when the tip-speed ratio 
Ao = ^ is between 0.9 and 1. 

Fig. 97 — Savonius rotor. 
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Performance of a Savonius rotor for various values of the ratio eld 
(According to Canadian experiments). 

Each circle corresponds to a value of C^ 

Starting couple coefficients in polar 
coordinates for rotors I, II, IV 

Fig. 98 

Fig. 99 
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Other blade shapes have been tested but up to the present, the per-
formance obtained has always been inferior to that of the rotors described 
above. 

In order to avoid the drawbacks of the negative driving couple for 
various orientations, some workers had the idea of placing the two rotors 
one above the other offset by 90°. As far as the power is concerned the 
performance remains unchanged, but the areas of negative torque disappear. 

Available power 

The power coefficient Cp is related to power and wind speed by the 

expression P = -* pCpSV3. By replacing Cp in this equation by the maxi-
mum values obtained in the preceding experiments, 0.30 for rotor II and 0.25 
for rotor IV, and by putting p = 1.25 kg/m3, the maximum power that can 
be produced is : 

Pmax = 0.18 SV3 for rotor IV 
Pmax= 0.15 SV3 for rotor IV 

S denotes the swept area of the rotor, 

S = h ( 2 d - e ) = hD. 

Due to the increased power coefficient and the enlarged swept area, 
the maximum power available from rotor II is between 25 and 30 % larger 
than that obtained from a classical Savonius rotor of the same dimensions. 
The power is maximised when the tip-speed ratio lies between 0.9 and 1. 
In general, the power developed by rotor II can be calculated by use of the 
relation : 

P =±pCPSVl 

where CP = 0.53 (λ0 - 0.2) (1.7 - λο) for 0.9 < λ0 < 1.6 
and Cp = 0.5 λο - 0.2 λί for 0 < λ0 < 0.9 

Developed torque 

The power and torque coefficients are related by the equation 
Cp = Qn/lo. If Cp is known, Q» and hence the driving torque M are also 
known : 

M = i p Q n R S V 2 . 

In the graph presenting the results of the experiments carried out in 
Montreal, we have included the curve of Qn for rotor II (e/d = 1/6) which 
is the most efficient of all the models. 
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Operating machines 

We shall limit ourselves to description of some recent installations. 

a) CANADIAN MACHINES 

The Canadians have explored the possibilities of the Savonius rotor 
as a means of pumping water for developing countries. The Brace In-
stitute of McGill University in Montreal, has studied a Savonius rotor made 
up of two 230 litre commercial oil drums of 58 cm diameter (height 1.76 m ; 
swept diameter 0.95 m; e = 19 cm). The rotor studied drove a diaphragm 
pump. Plans of construction details are given in the publication " How 
to construct a cheap wind machine for pumping water" published by the 
research centre. 

b) MACHINES OF THE INSTITUT UNIVERSITAIRE DE TECH-
NOLOGIE DE DAKAR 

The first machine that was made, consisted of a stack of four cylinders 
that had been cut out of a 230 litre commercial oil drum, the upper section 
was offset by 90° relative to the lower one. 

The swept area was 1.8 m2. The rotor drove a piston pump of 300 cm2 

capacity via a chain-reducing gear that lowered the rotational speed by a 
factor of 7. Table 15 summarises the results obtained by the manufac-
turers, Bremont and Marie. 

TABLE 15 

Wind speed m/s 

Power developed by the rotor (W) 
Hydraulic power produced (W) 

2 

4.5 
3 

3 

14.5 
9.3 

4 

30.5 
17.3 

5 

42.5 
24.9 

6 

52 
18 

It will be noted that the machine starts at low wind speeds. One of 
the advantages of the Savonius rotor is its relatively large starting torque. 

Following up on this work, the Institute of Technology of Dakar 
has undertaken the construction of a series of Savonius rotors of maximum 
diameter of 2.1 m and height 4 m. These consist of four stacked levels 
each twisted by 45° with respect to their neighbour. Several systems are 
under construction. 

2. SCREENED MACHINES 

In order to eliminate the force of the wind on the blades that are 
moving upstream, some researchers had the idea of putting a movable 
screen in front of them. These screens are usually oriented into the cor-



1. Rotating-roofed windmi l l . 2. Rotating-caged windmi l l . 

4. Oasis slow wind machine. 

3. Neyrpic slow w ind turbine coupled to 
a piston pump. 



5. The Sept Iles w ind generator. 

6. MOD.O wind turbine, 100kW(USA). 

7. Balaklava w ind machine, 100 kW (USSR). 8. Andreau-Enfield w ind turbine 
100kW(G.B. ) . 



10. Vadot Neyrpic wind generator 
1 000 kW (France). 

9. Vadot Neyrpic wind genera-
tor 132 kW(France). 

11. Best-Romani wind genera-
tor, 800 kW (France;. 



13. Dar r ieus rotor cons t ruc ted by 
J.B. Morel. 

12. Darrieus rotor erected on the iles de la 
Madeleine, 200 kW (Canada). 

14. Arnbak windmi l l (Denmark). 
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rect position by a downstream vane free to move about the axis of the 
machine. Orientation is automatic, see figure 100. 

Windmills of this type produce maximal output at values of λ0 bet-
ween 0.2 and 0.6. 

Ancient Persian windmills 

The ancient Persian windmills are related to screened machines but in 
their case the screen was stationary. Some were equiped with sails, others 
with curtains of reed. Figure 101 shows one of the latter type. Its di-
mensions were supplied by the National Geographic Society researcher 
Hals Wulff. 

Fig. 100 - Screened machine. Fig. 101 - Ancient persian windmill. 

3. FLAPPING-BLADE MACHINES 

Figures 102 a and b show two types of machines with flapping blades. 
The first has a central ring and the second vertical stops. 

Maximum output is obtained for 0.2 < λ0 < 0.6. 
There is no need for orientation : 
Disadvantages are fragility and noise caused by the impact of the 

blades on the stops once per revolution and wear caused by the blade 
movement. 

Note that the ancient Chinese windmill shown in figure 103 had sails 
which operated like the swinging blades. 
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axis of rotation of the blades 

/ * * \ S " ^ \ St°P 

a ) Model with central ring b) Model with stops 

Fig. 102 - Machines with flapping blades. 

Fig. 103 - Chinese windmill. 

4. TURNING-BLADE MACHINES 

Figure 104 shows this type of device. The rotational speed of the 
blades is half that of the wheel ; their motion is produced by pulleys and 
belts or by an epicyclic gear. The system is oriented by a vane so that the 
blade travelling upwind is moved into the eye of the wind. The mechanical 
losses are large because the complexity of the mechanism requires a large 
number of pulleys or of cog-wheels and rods. 

5. MACHINES WITH FIXED BLADES WITH CYCLIC INCIDENCE 
(fig. 105) 

Conceived by the French Academician Darrieus, they were patented 
in 1931. They consist of rigidly connected blades, usually with biconvex 
profiles that turn about a vertical axis. They have many shapes. The 
surface described by the blades may be cylindrical, conical, spherical or 
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/ || \ Fig. 104 - Panemone with rotating blades. 

parabolic. Whatever their appearance, they share a common principle 
of operation. 

a) THEORY 

Consider the rotor moving under the action of the wind. Let us 
examine the aerodynamic forces to which the blades are subject in the 
various positions that they can occupy (Fig. 105 b). 

The air speed W relative to the blades is related to the wind speed V 
and the peripheral speed U by the equation : V = U + W which can be 
rewritten : W = V— U. If the vectors V and U are known, it is possible 
to determine the vector W and hence the aerodynamic forces to which 
the blades are subjected. If a constant wind speed and direction accross 
the rotor is assumed, this calculation does not present much difficulty. 

Study of the velocity triangle for different positions of the blades 
shows that the forces create a driving torque in all positions, except when 
the plane of symmetry of the profile of a blade element is parallel or nearly 
parallel to the wing direction. 

The variable angle of attack of the relative wind on the profiles never 
exceeds the limiting value w = s in - 1 (V/U). These angles are relatively 
acute if the peripheral speed U of the rotor is large compared to the wind 
speed (V). This fact makes an acceptable aerodynamic output feasible. 

On the other hand, if the windmill is stationary, the relative speed W 
is the same as the wind speed V, The angles of incidence in the system 
are therefore much larger, and for certain positions, stall occurs. The 
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starting couple is very small and in practice Darrieus windmills have to be 
started externally. 

b) STUDIES OF THE DARRIEUS ROTOR 

The theoretical study of the Darrieus rotor with parabolic blades 
was undertaken by R. J. Templin, Head of the Canadian National Aero-
nautical Research Council laboratory. 

In the following, this theory as applied to Darrieus rotors with vertical, 
straight sloping, spherical and parabolic blades is discussed. 

We should immediately recall an important aerodynamic result : 
For a blade positioned obliquely with respect to the leading edge, 

the lift is the same as if the blade were subject to the component Vo cos Φ 
perpendicular to the leading edge. The angle of incidence is defined in 
terms of the component directions : one lying along the profile chord and 
the other following the direction mutually perpendicular to the chord and 
the leading edge. The component Vo sin Φ parallel to the leading edge 
has no effect, (see figure 105 d). 

Let us now imagine a fixed set of axes Oxyz and a Darrieus rotor 
rotating about a vertical axis which is coincident with Oz. The absolute 
speed of the wind across the rotor is V and its direction is parallel to Ox 
(Fig. 105c). 

Consider a blade element centred at M of chord 1 and length ds. 
Let r be the distance of this element from the axis of rotation and Θ be the 
angle between the plane Oyz and the vertical plane containing the axis 
of rotation and the perpendicular at M to the chord of the blade element 
considered. (We shall assume that this plane is unique for all the elements 
of the same blade). Let δ be the angle between the normal to the blade 
element and the horizontal plane. 

For a parabolic rotor of height 2H centred at 0 : 

r - i z2 

δ = tan"1 (2zR/H2) 

For a cylindrical rotor with rectangular vertical blades : 

r = R and Ô = 0. 

For a truncated conical rotor : 

r = R o - ( R o - R i ) z / H 
δ = t a n - ^ R o - R O / H ) 

Let us calculate the components of the relative speed W in the direction 
of the chord of the blade element and mutually perpendicular to this chord 
and the leading edge. For this calculation, let us adopt the following 
auxiliary axes : (see figs. 105 c to 105 e) : 
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Mz' vertical, positive upwards, Mt chord wise direction, positive mov-
ing from leading to trailing edge, Mr horizontal, perpendicular to the chord. 

The relative velocity W is related to the tangential speed U = ωτ and 
to the absolute wind velocity V by the equation : 

W = V - Ü. 

The vector W is the sum of two horizontal vectors and so is itself 
horizontal. The components of W in the directions defined above are : 

Wr = V sin 0, Wr = U + V cos 0, Wz, = 0. 

Cylindrical Darrieus rotor 

(c) 

Parabolic D. rotor 
VI 

I i 1 

leading edge 

V0cos(j> 

Truncated conical D. rotor 

Fig. 105 - Various Darrieus rotors. 
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The directional cosines of the normal to the blade element are, in the 
same system, cos 0,0 and sin 0. _̂  

It follows from this, that the component of W perpendicular to the 
blade element, is V sin 0 cos δ. In other words : 

Wr = U + V cos 0 = τω + V cos 0, 

The speed W used to determine the forces to which the blade is sub-
jected, is such that : 

W2 = (τω + V cos 0)2 + V2 sin2 0 cos2 δ, 

The angle of incidence is defined by the relation : 

. . V sin 0 cos δ 
tan l = — ~ 

τω + V cos 0 
Let us evaluate the components of force that act on a blade element. 

Let the dynamic pressure be q = ^ pW2 and 1, be the length of the chord 
of the profile considered. G, and G are the Lilienthal aerodynamic coef-
ficients (parallel and perpendicular to the chord respectively), 

G = G sin i — Cd cos i 
G, = Ci cos i + Cd sin i 

ds is the length of blade element projected on to the leading edge. 
The components of the aerodynamic force in the chordwise direction 

and normal to the blade element are : 

dN = C„ql - ^ M cos o 
dT = Gql ~ n cos o 

ds and dz are related by the equation 

dz = ds cos δ 

Let us resolve the components calculated above into the general 
direction of the wind speed V and let us calculate the resultant of the force 
exerted by the wind on the rotor in that direction : 

dF = dN cos δ sin 0 - dT cos 0 

= q l ( c w s i n 0 - G c - ^ - f V z \ cos à I 

For each blade, the elemental force varies as the blade rotates. It is 
necessary therefore to calculate the mean value. 

Given these conditions and the hypothesis that the chord length of 
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The sequence of calculations does not follow that of R. J. Templin, 
but the technique applied, is based on the same principle and the results are 
identical. 

The expression above, taken alone does not allow the determination 
of the performance of a rotor in a wind speed V^ To obtain this, it is 
necessary to use the Betz theory. 

We have seen that the force exerted on a horizontal axis wind turbine 
is given by the relation : 

F = pSV(Vi-V2) 
On taking V2 = kVi, the relation giving the speed through the rotor 

can be written as: 

v = 1 (Vi - v2) = Vi Ü-^JL) 

Thus the expression of F becomes : 

F = i pS (V? - V2.) = \ pSVÏ (1 - k2) = 2pSV2 j - ^ | 

Let us assume that the Betz theory is valid for vertical-axis wind rotors. 
By equating the previous expression to the value F obtained for the vertical 
axis wind turbine, it follows that : 

2'SV2 (ΤΤΈ) = ΓπΙ 1 l(C"sin θ - C' CSÎ) άθάζ 

the windmill blade is constant, the force in the direction of the wind exerted 
on the rotor as a whole is given by the equation: 

Derivation of expressions for torque and power 

The moment of the aerodynamic forces exerted on the blade element 
about the axis of rotation is equal to : 

For the complete rotor, the moment is: 

Hence the power becomes : 
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Replacing q by its value - pWi, we obtain : 

^ 1 - k bl ? W2 (π . n r, cos θ\ ΑΩΑ 
G = TTk = mlw[Cn sin θ - c< ^δ)άθάζ 

where : 

-=2 = I — + cos Θ I 4- sin2 Θ cos2 δ 

c . ωΓ r coR 
Since IT = R" ~^V- ' w e c a n w r l t e : 

W2 /coR r Λ 2 . 2 . 2 . 
-yx I — jj cos 0 I 4- sin2 Θ cos2 d 

Likewise : 

sin Θ cos (5 tan l = 
coR r , n 

"V R + c o s ö 

It is therefore possible given the ratio coR/V to calculate G and hence k : 

k~TT~G 

Knowing k allows calculation of the speed ratio λο : 

, = coR = coR (\ + k \ coR 
Vi " V { 2 J- V(l + G) 

Power and torque coefficients 

The power coefficient is defined as : 

_ 2P b l + " 2? W2 cor 
pSVf 2nS_H o Vi cos (5 

We can write : 
W2 W„2 û ) R r , _ 
W "* = 8V* ΊΓ R (1 + k> 

3 

By using this equation, CP may be calculated for various values of 
ctfR/V. To each value of coR/V, corresponds a value of λο. Therefore 
plotting the Cp curve as a function of the speed ratio λο does not present any 
difficulty. 

The moment coefficient is related to the power coefficient by the 
equation : 

Cp = Qn λο 
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Thus, knowledge of the power coefficient automatically includes the 
moment coefficient. This will be defined for the vertical axis rotor by the 
expression : 

= CP = 2P Vi 2M 
^ ~ λο ~ pSV? ωΚ ~ pSRVi 

Remarks 

1. Note that in the quoted expressions, the shape of the rotor is defined 
by the limits of the integrals and the value of r as a function of z and cos <5. 
Consequently, a general calculation scheme could be devised such that 
it was applicable to various shapes of windmill: cylindrical, truncated 
conical, spherical and parabolic without much modification, except perhaps 
for the z and cos δ variations. It would only be necessary to alter the geo-
metric dimensions of the windmill and the data describing the chosen pro-
file which would, of course, be inserted into the calculation scheme. 

2. Furthermore, it should be noted that in the theory described, 
it is assumed that the lift and drag coefficients are the same in steady 
and unsteady flow for a given incidence. This is a substantial assumption 
and requires verification. Templin states that results thus obtained agree 
well with experimental data. 

3. Consideration of symmetry often allows considerable reduction in 
the volume of calculation. For this reason, for rectangular, spherical 
or parabolic windmills, the calculations need only be performed for the 
part of the windmill above the equatorial plane. This alters neither the 
value of k nor the power coefficient on condition that the value of S used 
correspond to the swept area of that part of the windmill. 

In the same way, if it is assumed that wind speed V is the same for 
the upwind and downwind blade and that the profiles used are symmetrical, 
the resulting symmetry in the velocity triangles allows the calculation to be 
limited to the interval : 

0 < Θ < 180° 

Under these conditions, it is necessary to double the integrals used 
to calculate k and C . 

4. Tests and mathematical models carried out by J. Templin, in Ottawa, 
on parabolic Darrieus rotors with two and three blades show that their 
maximal power is approximately given by the following relationship : 

P = 0.25 SV3 

This power corresponds to a speed ratio λ0 related to the chord 1 of 
the blades by the relation : 

ti-5R 
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c) PRACTICAL SYSTEMS 

The most notable installations of Darrieus windmills have been car-
ried out in France, the USA and Canada. 

In France, the research was done jointly by Electricité de France and 
J. B. Morel of Grenoble. In the USA, the Darrieus rotors were studied 
by NASA and in Canada, the installations were the work of the National 
Canadian Research Council. 

1°) French installations : J. B. Morel windmills 

J. B. Morel has constructed three windmills on behalf of Electricité de 
France : 

— an experimental windmill of 1.75 m span with three blades which 
developed 300 W with an efficiency of 23 % at a wind speed of 10 m/s in 
a wind tunnel in St Cyr, 

— one windmill of 5 kW and one of 7 kW. 

The blades of these last two windmills were slightly inclined to the 
vertical and so formed a truncated cone rotating about a vertical axis. This 
shape allows the use of bracing. The results obtained with these two 
machines are presented in table 16. 

TABLE 16 

Rated power kW 

Diameter of rotor (m) 
at Top 
at Bottom 
Height of rotor (m) 
Rotational speed (r.p.m.) 
Wind speed (m/s) 
Efficiency 

5 

2 
8.5 
5.7 

50 
10 

7 

4.2 
8.5 
5.7 

0.23 

Tests made on the 5 kW windmill showed that the efficiency wind 
speed curve had a broader plateau of maximum efficiency than the 7 kW 
machine whose shape is closer to that of a cylinder. Several windmill 
projects of this type were studied by Electricité de France and J. B. Morel. 

Table 17 shows the main characteristics of a proposed system taken 
from an article by R. Bonnefille which appeared in « La Houille Blanche » 
in January 1975. 
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TABLE 17 

Rated power kW 

Diameter of the rotor (m) 
Top 
Bottom 
Height of rotor (m) 
Rotational speed (r.p.m.) 
Wind speed (m/s) 

90 

3.9 
20 
14 
50 
15 

500 

12 
40 
36 
14.3 
15 

1200 

18 
60 
54 
14.3 
15 

These plans, based on an efficiency of 25 %> were never to be carried 
out. 

2°) American studies 

NASA studied a Darrieus rotor consisting of three thin, curved 
plates with plastic aerofoil sections whose ends were fixed to the axis of 
rotation. The rotor produced 1 kW in a 6.66 m/s wind. It was self-
starting in a 5.2 m/s wind, but only rotated at a speed of 13 r.p.m. If the 
rotor is spun up to 65 r.p.m., the speed increases until it stabilises 
at 213 r.p.m. 

3°) Canadian studies and installations 

The most important installation and research in the field of vertical 
axis turbines has been done by the Canadians, notably by the researchers 
of the National Research Council of Canada, Peter South and Raj Rangi. 

The studies were carried out on Darrieus rotors with two or three 
blades made from thin curved plates. Two two-bladed models are cur-
rently commercially available through Dominion Aluminium Fabricating 
(fig. 106). One model 4.6 m in diameter can produce a maximum of 4 kW 
at 115 Volts; another model, 6.1 kW at 115 Volts. 

The dimensions are shown in table 18. 

TABLE 18 

Rotor diameter 

4.6 m 
6.0 m 

A 

4.6 
600 

B 

5.5 
9.1 

C 

2.4 
2.4 

D 

11.7 
13.7 

The machines are built to withstand winds of 45 m/s with gusts to 
60 m/s. They start to produce energy when the wind speed exceeds 
3.6 m/s. When the wind is not blowing sufficiently hard, the windmill 
does not rotate. 
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The rotor is started automatically by a battery-powered motor. When 
the speed is high enough an alternator takes over from the motor and 
charges the batteries. In order to provide protection against winds which 
are too strong, brake flaps are deployed when the rotational speed exceeds 
a given value. 

Darrieus rotor of the Dominion 
(Aluminium fabricating). 

batteries 

control 
panel 

Fig. 106 a 
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The mean monthly output in kWh is given in table 19 as a function of 
wind speed. 

TABLE 19 

Rotor 
diameter 

(m) 

4.6 
4.6 
6.1 

Voltage 
Volts 

24 
110 
110 

4 

110 
110 
210 

Wind speed m/s 

5 

200 
200 
420 

6 

310 
390 
745 

7 

500 
640 

1040 

8 

670 
990 

1 860 

The overall efficiency of the machines relative to the Betz limit is 68 %, 
which is excellent for this type of machine, bearing in mind the simplicity 
of construction and the capital cost. The Canadian installations do not 
stop there. 

The National Research Council has constructed a two-bladed vertical 
axis windmill at Iles de la Madeleine in the Golfe du St Laurent. The 
blades form a ring of 37 m diameter and 24 m in height. The machine 
supplies 200 kW to the local grid energy which would otherwise come 
from imported oil. Two flat plates are fixed to each windmill blade in 
the equatorial plane and fastened along the two axes of the profile. Their 
function is to provide aerodynamic braking as soon as the rotational speed 
of the machine exceeds a certain value. These plates are called spoilers 
and under normal conditions are held flush with the blades by springs. 
Their centres of mass do not lie on the pivot axis and so they move away 
from their normal position under the action of centrifugal force when the 
limiting speed is reached. The machine is also equipped with a mechanical 
brake. 

6. COMPOSITE SAVON1US-DARRIEUS SYSTEMS 

An inconvenient characteristic of the Darrieus rotor is that it requires 
an external starting torque in order to reach its operating conditions. The 
Canadians have overcome this problem by equipping the rotor with a motor 
that can also serve as a generator. 

It is equally possible to start the Darrieus rotor with the aid of a 
Savonius rotor. Figs. 107 (a) and (b) show two systems which were expe-
rimented with in the USA and USSR. 

Due to the large starting torque produced by the Savonius rotor, the 
starting of the whole system is enhanced but the power produced under 
normal operating conditions is essentially due to the Darrieus rotor. 
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Fig. 107a Fig. 107b 
Combined rotors (Savonius-Darrieus). 

7. LOW SPECIFIC SPEED ROTOR DESIGNED BY PROFESSOR 
NGUYEN VINH 

A rotor consisting of three blades made up of a half-cylinder combined 
with a flat plate (see fig. 108) was studied at the École Polytechnique de 
Thiès (Senegal) by Professor Nguyen Vinh and his collaborator Mr. Hou-
maire. For a rotor, in which the diameter d of the semi-circles and the 
length 1 of the plane part placed behind the semi-circles are approximately 
equal to one third of the diameter D, the coefficient C passes through 
a maximum of about 0.3 for a tip-speed ratio of λ0 = 0.7. Furthermore, 
the starting torque is large because of the peculiar shape of the blades. 

0.3-

0.2 

0.1 

C D = ♦ LP 
2P 

K 

Horizontal cross section ~Q] ö!ü (fc~ 

Fig. 108a- Rotor due to Professor Nguyen Vinh. 

K 
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The performance of the rotor studied was comparable to that of the 
Savonius rotor, but its construction requires considerably less material 
for the same power and hence the rotor is lighter. 

8. ANOTHER FIXED-BLADE MACHINE WITH CYCLIC INCI-
DENCE : THE ARNBAK WINDMILL 

This windmill designed by the Danish engineer Lars Arnbak is remi-
niscent in shape, of the Savonius. In fact its mode of operation is based 
on the same principles as the Darrieus rotor. It consists of two indentical 
cylindrical parts; each has an elliptical section and is offset by 90° with 
respect to the other in order to make the torque more uniform and to faci-
litate starting. 

Fig. 108 - Arnbak windmill. 

9. WINDMILLS WITH MOVING BLADES 

a) CYCLOGYRO 
The cyclogyro or gyromill is not just another Darrieus rotor with 

moving blades. The variation of blade inclination is achieved by guide 
rods or cams. The principle of the system is illustrated in figure 109. 
Trials have shown that the cyclogyro has better efficiency than the classical 
Darrieus rotor at low speeds. The machine has the advantage of being 
self-starting. 

The model sold by the Pinson Energy Corporation of Marston Mills, 
Massachussetts, consists of three eight-foot blades. The diameter of the 
rotor that develops 2 kW in 10 m/s wind is 3.65 m. 
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wind 

generator 

Axial section 

pitch control rod 

Plan view 

Fig. 109 - Giromill or cyclogiro. 

b) DARRIEUS ROTOR DESIGNED BY DE LAGARDE (UNI-
VERSITY OF MONTPELLIER) AND EVANS (UNIVERSITY 
OF ST ANDREWS) 

These are Darrieus rotors with moving blades. The centres of gra-
vity of the blades are eccentric relative to the axis of rotation. The resul-
tant of the centrifugal forces on the centres of gravity makes the blades 
turn through a certain angle. This results in the machine being self-
regulating. 

In the de Lagarde machine, this angle is limited by two stops and an 
elastic tie attached to the trailing edge. In the Evans machine this is done 
by a runner and a spring which applies a force to the leading edge (figs. 110 
and 111). In comparison with the classical Darrieus rotors, the two 
machines have the advantage of being self-starting. 
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Darrieus rotors with oscillating blades 

stops 

Fig. WO- De Lagarde design. Fig. 111 - Evans design. 

c) VARIABLE-GEOMETRY DARRIEUS ROTOR 

In trying to limit the speed of rotation, P. J. Musgrove and I. D. Mays 
of Reading University in the UK have studied Darrieus rotors with rectan-
gular blades and variable geometry (fig. 112). Under the action of centri-
fugal force, which is exerted unequally on the parts of the blades on either 
side of the secondary axes of rotation, the truncated cone described by the 
blades changes shape and causes a reduction in the intercepting area and 
the speed of rotation. The machines of this type are self-regulating. 

Fig. 112 - Darrieus rotors with variable geometry. 

a) experimental model 
(University of READING) 

b) high power prototype 
diameter 0 = 75 m, P = 2 500 kW 

145 
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10. OTHER TYPES OF MACHINES 

In addition to the classical horizontal and vertical-axis windmills 
there are other types : translatory and oscillatory machines. 

1°) Translatory or rolling-band machines (see fig. 113) 
These consist of an array of blades like Venetian blinds mounted on a 

system of bands passing over two pulleys. The array is placed perpen-
dicular to the wind which flows through it twice. A blade-reversing 
mechanism allows a driving force to be developed on both the upwind 
and downwind blades. The maximum efficiency of the device, which needs 
to be oriented into the wind, is obtained for speed ratios of between 2 
and 3. 

2°) Oscillatory machines 

a) OSCILLATING AEROFOIL MACHINES TRANSFORMING 
RECIPROCATING MOTION INTO ROTATIONAL MO-
TION (fig. 114) 

The essential element is an aerofoil section mounted on a system of 
articulated rods attached to pulley wheels. The mechanical linkage is 
such that the angle of incidence changes continuously. When the leading 
edge of the aerofoil is in the upper position, the trailing edge is at its lowest 
and vice-versa. In order to avoid dead points at the top and bottom 

Wind machines using Wind machine using 
moving shutters known an oscillating blade 

Fig. 113 Fig. 114 
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positions, the top dead centres of the points of attachment of the rods to 
the pulleys are separated by angles of between 45° and 60°. 

The links transform the reciprocating motion into rotational motion. 

b) MACHINE WITH SWINGING BLADES THAT TRANSFORM 
OSCILLATORY MOTION INTO TRANSLATORY MOVE-
MENT (fig. 115) 

This machine was conceived by Peter Bade. It principally consists 
of a blade free to rotate about an axis fixed on an oscillating arm. The 
oscillating movement of the blade, whose amplitude is limited by solid 
stops on a cable, is used to drive a piston pump directly. 

Pump using a swinging blade 

counterwei igt / 

Fig. 115 The action of the wind is 
fallen to zero 

\ 

Plan view 
The wind forces the blade 
to move up 

(Source : Revue « Écologie ») 



CHAPTER VI 

USE OF WIND ENERGY 
FOR WATER PUMPING 

Wind energy is used very frequently for the pumping of water. When 
he works on a practical installation, an engineer has to answer several 
questions. He has to determine the type of wind turbine and the pump 
to be used, their dimensions and characteristics, and the volume of the 
storage reservoir. 

The choice of equipment and its characteristics depends not only on 
the wind velocity at the site considered, but also on the hydrogeological 
conditions. 

In practice, in order to check the potential of the water resource, a 
pumping test with measurement of the water discharge will be carried 
out. Then, before choosing the wind turbine diameter, the energy neces-
sary for the pumping of the water volume required will be evaluated. 

A. Preliminary Studies 

1. WATER SUPPLY STUDY 

This study is indispensable for a well or a borehole. It can be conduc-
ted following classical methods : Porchet's method or a method based on 
well equilibrium. 

The results obtained are depicted in figure 116. The water quantity 
removed from the well Q is plotted on the abscissa, and the drawdown of 
the water level in the well y is plotted on the ordinate. 
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initial water 
level 0 

^water 

Fig. 116 

WATER DEMAND STUDY. 
FOR PUMPING 

ASSESSING THE ENERGY NEEDED 

The water demand is not necessarily constant during the whole year 
but may vary. The variation depends on whether the water is used for 
drinking or irrigation (fig. 117). 

It has to be remembered that the demand can be satisfied only if it 
does not exceed the available water supply. We shall assume that the well 
is capable of supplying all the water needed. 

Q A Required discharge in l /s 

1 * 

0 5 

Drawdown 

^ ^ - ^ y _ — - -

-+- ■+-

t i 

J F M A M J J A S O N D 

Fig. 117 

As the results of the water pumping tests are now available, the water 
level in the well corresponding to any demand can be obtained. The 
variation of water level can be plotted on the same graph as the variation 
of water demand. 

If the elevation of the storage reservoir, which has to be filled with 
water, is known, it is simple to calculate the pumping losses when the 
diameter of the pipe between the pump and reservoir is known. The 
calculation may be based, for example, on an average speed in the pipe 
from 0.8 to 1 m/s (approximate economic water speeds). 

If h is the difference in elevation between the initial level of the water 
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table in the well, y the drawdown and ΔΗ the pumping losses, the power 
expended by the pump to supply the demand Q is given by: Pu = ööQY 
where Y = h + y + ΔΗ is the manometric head. 

As Q and y are known, Y and consequently P« can be calculated at 
any time. A curve showing the variation of P« as a function of time can be 
drawn without difficulty on the same graph as that showing y and Y. The 
area, between the curve of P« and the time axis, gives the energy supplied 
by the pump for raising the water into the reservoir. 

The energy E« required for the pumping of water will be calculated 
for each month. 

Actually, the amounts of energy that will have to be supplied by the 
wind turbine are larger than the values determined so far because of the 
irregularity of the wind and the fact that the pump is not perfectly efficient. 
The amount of water pumped at any instant is not equal to that of the 
consumption. At times, it is zero ; at other times, it is very large. During 
periods of high wind, the pumping rate increases and the water level drops 
at a greater than normal rate. Consequently, the pumping losses and the 
monthly energy expenditures increase above those calculated for average 
conditions. 

In practice, the monthly energy requirement E«, calculated above, 
will be multiplied by a coefficient of 2 to 3 (at least 2) to account for the 
pump efficiency and the pumping losses. Then Ep = 2 or 3 Eu is the 
effective monthly energy that has to be supplied for pumping during suces-
sive months. 

3. DETERMINATION OF THE DIAMETER 

The available wind energy will be evaluated according to the method 
given in chapter I. 

— Winds, whose speed is less than the cut-in wind speed, Vm of the 
wind turbine, are not considered as they are not productive. The value 
of Vm depends on the type of wind turbine. For starting, a wind turbine 
of low rotational speed needs winds of at least 3 m/s, say 4 m/s, if it drives 
a piston pump. High-speed wind turbines require winds of 5 m/s to 5.5 m/s. 

— Strong winds exceeding VM, which endanger the installation, and 
during which the wind turbine is stopped, are also discarded. 

— In winds which exceed the rated wind speed VN, and for which 
regulating devices come into play, the wind turbine does not produce more 
energy than in winds of speed VN. These higher wind speeds have to be 
counted, therefore, as having value of VN. 

It should be noted on this subject, that the values of VM and VN are, 
in general, much lower for low-speed wind turbines than for high-speed 
wind turbines. 

Then, from the available wind speed data, the energy ec, which can 
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be captured per m2 of rotor area, for the pumping of water, will be evaluated 
for each month. 

When the type of machine will be chosen, the diameter D of the wind 
turbine will be calculated, to assure that the desired quantities of water 
can be supplied for each of the successive months. 

The maximum diameter obtained will be selected as the effective 
diameter to give to the wind rotor. Should a smaller diameter machine 
be chosen, it has to be understood that the water supply is likely to be 
insufficient from time to time. 

In practice, two types of installation are available: low-speed wind 
turbines operating piston pumps and high speed machines driving helical 
or turbine pumps. Other devices can also be envisaged, but the above 
types are the most common ones. 

B. Water Pumping by Low-Speed Windmills 
and Piston Pumps 

1. INTRODUCTION 

Among the different types of pump that can be used with multibladed 
windmills, the piston pump is the most suitable because it runs well at low 
speeds. It accommodates perfectly the slow-speed rotation of the multi-
bladed windmill. A single-acting pump is used most of the time. Such 
an installation is shown in figure 118. Note the foot valve and the valve 
in the piston which opens during the downward stroke of the piston. It 
should also be noted that, with such a pump, the piston rod always operates 
in tension, during the up-stroke as well as during the down-stroke. The-
refore, it does not need to be guided to avoid buckling. 

2. TRANSMISSION OF MOTION FROM WINDMILL TO PUMP 

Various mechanisms are used to transform the rotational motion of 
the windmill into a reciprocating motion that can be utilized by the pump. 

One of these mechanisms is shown in figure 118. A pinion fastened 
to the windmill axis drives a large gear which is attached to the piston rod 
by means of a connecting link, the end of the piston rod is constrained by a 
secondary link to move on a circular arc. As the depth of the arc is small, 
the motion of the piston rod can be considered to be linear. 

A similar mechanism is shown in figure 119 a and a mechanism based 
on an eccentric is shown in figure 119 b. 

In the latter mechanism, a cam is fixed to the windmill axis. There 
is an up-and a down-stroke during each revolution of the windmill. Friction 
is reduced by means of rollers. 
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Fig. 118 - Slow wind turbine driving 
a piston pump, 

connecting 
rod 

bearing 

B—(a) 

tie rod 

Fig. 119 
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3. INFLUENCE OF THE MECHANISM ON THE STARTING SPEED 

Let us evaluate the force which acts on the piston rod during the up-
stroke of the piston. 

If P is the weight of the moving parts, 
H, the total static head, 
S, the cross sectional area of the piston, 
ω, the specific weight of the water, 

then the vertical force F which has to be overcome for raising the 
water is : 

F = P + œSH 

If the radius of the circle described by the end of the connecting rod 
is "a", the moment C to be overcome is : 

C = aF = a(P + ω SH) 

Under these circumstances, if n2 represents the number of teeth of the 
connecting rod driving gear, nx the number of teeth of the pinion, and k 
the ratio n ^ ^ , the maximum torque Cx transmitted to the rotor axis is 
given by : 

Cx = ka(P+öäSH) 

The lower the maximum torque to be overcome, the easier will the 
windmill start. If the necessary torque is high, a faster wind speed is 
required to start the windmill. The operating time of the machine is 
consequently reduced. 

It is therefore desirable to reduce the torque Cv To reduce it, and 
hence to make the starting easier, various actions are possible : 

— changing the radius "a", 
— changing the speed-up ratio k = n1/n2, 
— smoothing the driving torque. 

a) CHANGING THE RADIUS "a" 

The expression for Cx shows that a reduction of the operating torque 
can be obtained by reducing "a". But if "a" is reduced, the piston 
stroke diminishes and consequently, the volume of water q delivered with 
each stroke of the piston decreases. This is, in effect linked to "a" through 
the relation : 

q = 2aS. 
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If we want to maintain the delivery at its initial value, it is necessary 
to change the piston area according to the relation : 

S = γ- with q being kept constant. 

Replacing S, by the above value, in the expression for the torque Ci 
which is transmitted to the windmill axis, it follows that : 

Ci = k(aP + ω 

This equation shows that, at constant delivery of water, the operating 
torque decreases with decreasing a. Thus for reducing the starting torque 
of a windmill, " a" should be reduced and the piston area should be increa-
sed. For wells of small depth (30 to 40 m), this can be done without 
difficulty. For deep wells, this change becomes uneconomical as the cost 
of sinking the well increases rapidly with an increase in diameter. 

In general, the manufacturers supply each windmill with two strokes. 
They suggest a small stroke with large piston diameter for shallower wells, 
and a long stroke with small piston diameter for deep wells. 

b) CHANGING THE SPEED-UP RATIO : k = n ^ 

The expression for the moment : 

Ci = k / a P + ω9*ί 

shows that a reduction of k leads to a reduction of Cx. But if we reduce 
the value of k, the number of pump strokes per second N decreases. Con-
sequently, less water will be supplied because Q and q are related by the 
expression : 

Q = kNq 

In order to maintain a constant output volume Q, the value of q has 
to be increased. For a given value of a, we can increase S. Under these 
conditions, we obtain : 

Ci = kaP + ω ^ . ί * 

This relation shows that a reduction of the ratio k has the same effect 
on the starting velocity as a reduction in radius a. The weight of the moving 
parts is thus reduced. 

In practice, the ratio 1/k is never greater than five. 



WATER PUMPING 155 

4. SMOOTHING THE PUMPING TORQUE 

In spite of the improvements which can be obtained through changing 
the radius a and the gear ratio, the torque applied by the pump on the 
windmill axis is a fluctuating torque. The energy furnished by the wind-
mill is absorbed mainly in raising the water and the piston when this latter 
moves up. The piston goes down under its own weight. 

This has a direct adverse effect on the starting speed. In fact, a much 
larger torque than the average torque, and consequently a much higher 
wind speed is required to start the machine. In order to reduce the neces-
sary starting wind speed, and thereby increase the yearly operating time of 
the machine, this fluctuation should be smoothed out as much as possible. 

A double-effect pump might be used which would halve the value of q 
but, in that case, the piston rod is subject to alternate tension and com-
pression. 

In fact, this solution is rarely employed. It is better to use single 
acting pumps and smooth the torque by other means : counterweights or 
springs. A system which utilizes a spring, is particularly simple. The 
slow-running windmill shown in figure 118 is equipped with such a device. 

The spring acts on the piston rod, imparting an upward force during 
the rise of the piston. The intensity of the vertical force F, which is trans-
mitted to the arm during this phase of the motion, is : 

F = P + ôôSH - F! 

The maximum torque applied to the windmill axis during the same 
period becomes : 

Cx = ka(P + ööSH - Fj) 

The force F{ continues to act during the downstroke of the piston. 
But is has a resisting effect. This may be higher than the effect of the 
weight of the moving parts. In that case, the torque applied to the wind-
mill axis during the downstroke of the piston is also an opposing torque. 
Its maximum value rises to : 

C2 = ka(Fi - P) 

Smoothest possible windmill rotation is obtained when the condition 
Ci = C2 is satisfied, i.e. when : 

P + ÖöSH - Fi = Fi - P 

F 1 = P + ^ 

The value of the maximum torque then becomes : 

or 
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To smooth the torque, it is possible to use a counterweight and a lever 
which supply a force ¥λ of constant magnitude or a spring. In that case Fx 

is equal to kx, x being the elongation (fig. 120a and b). 
It should be noted that with the latter device, one should preferably 

select a long spring so that the force F{ does not vary greatly thoughout the 
full stroke of the pump. 

Device using a Device using 
counterweight Fig. 120 a spring 

5. DETERMINATION OF THE OPERATING CONDITIONS 

The instantaneous pumping torque is periodic. In calculating the mean 
torque that needs to be furnished by the windmill from the expression which 
relates it to the power (P = Crœ), we obtain : 

r _ Z _ < â Q H 
^r ~ ω ~ 2πΝ 

and by substituting for Q, its value Q = kNq : 

Cr = gkqH 

q being the quantity of water supplied per stroke of the pump. 
The mean torque is constant. Its value is independent of the rotational 

speed and of the regulating mechanism. 
The maximum value of the torque, on the other hand, depends on the 

crankshaft-connecting rod mechanism. 
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a) DETERMINATION OF THE MINIMUM WIND SPEED 
NEEDED FOR STARTING 

It is the maximum torque which determines the starting wind speed. 
Let us show on a graph (figure 121), the driving torque as a function 

of rotational speed for different wind speeds V1? V2, V3. Their characte-
ristics are represented by parabolas with their concave sides pointing 
downwards. 

The horizontal line which represents the value of the starting torque 
Q cuts the ordinate axis at a certain point D. 

A characteristic " torque-speed " curve passes through this point which 
corresponds to a given wind speed Vo. This value is the maximum wind 
speed for which the windmill is at rest, under normal conditions. When 
the windspeed becomes higher than this value, the windmill starts. If no 
"torque-speed" characteristic passes through point D, the value of Vo 
can be obtained by considering the intersection of the OC axis with the 
torque-speed curve (V^), and by applying the following relation : 

Vo = Vi /TVQ obtained from the similitude laws. 

b) DETERMINATION OF THE SPEED OF ROTATION WHILE 
PUMPING 

In order to determine the rotational speed of the windmill, one may 
use the torque-speed diagram or the power-speed diagram. 

Torque-speed diagram 

Let us draw on this diagram, the horizontal line whose ordinate is 
equal to Cr/typ, ηΡ being the efficiency of the pump. The abscissas of the 
points of intersection of this horizontal line with torque-speed curves cor-
responding to different wind speeds give the corresponding rotational 
speeds of the windmill. 

Power-speed diagram 

We may also use the curves which represent the power developed by 
the windmill as a function of its rotational speed for different wind speeds 
(Figure 122). The abscissas of the points of intersections of these curves 
with the line of power demand P'(N) : 

P ' = 2πΝΟΛ/ρ = œkNqH/f/p 

give the rotational speeds of the windmill for the wind speeds considered. 
We may note that the starting wind speed can also be found by using the 
power-speed diagram. The magnitude of this wind speed is equal to the 
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Fig. 121 Fig. 122 

velocity corresponding to the wind speed curve tangent at 0 to the straight 
line passing through 0 and whose equation is : 

Ρ = 2 π Ν Ο 

Cd being the starting torque calculated above. 
In practice, it is preferable to use the torque-speed curves to determine 

the starting wind speed in order to obtain a more accurate result. The 
power-speed diagram is, however, useful to determine the gear ratio n1/n2. 

6. DETERMINATION OF THE OPTIMUM GEAR RATIO 

Even the speed of low running windmills is usually faster than the 
operating speed of the piston pumps which they drive. Therefore, a gear 
reducer is normally installed between the windmill shaft and the pump. 

We have assumed in the preceding sections that the reduction ratio is 
known. In fact, it has to be fixed in such a manner that the best performance 
will be obtained. 

The gear reduction ratio has to be chosen in such a manner that the 
operating points should fall in the neighbourhood of the maxima of the 
power-speed curves. In this region, the output of the windmill is at its 
maximum. 

In order to find the gear ratio, we may proceed in the following fashion : 
Let us assume first that the pump is connected directly to the windmill. 

We draw the straight line : 

PH = œN'qH 

which represents the power requirement of the pump as a function of its 
rotational speed N', q being the amount of water pumped during one ope-
rating cycle of the piston. 
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In general, this straight line cuts the power-speed caracteristic curve 
of the windmill on its rising branch. Figure 123 shows that if we connect 
the pump directly to the windmill, the pump speed will be low. As a 
result, the water quantity supplied will be very small. 

Let us assume that we have fixed the gear ratio k at a value other than 
one. The relation between the rotational speed N' of the pump and that 
of the windmill N can be written as : 

N ' = — N = kN 

Fig. 123 

Under these conditions, the ideal hydraulic power P put out by the 
pump for raising the water, and the power P' which has to be supplied to 
the pump, can be expressed by the following relations : 

P = cöN'qH = öäkNqH 

P' = öäkNq — 

Let us draw the two corresponding lines on the power-speed diagram, 
and choose the ratio k in such a manner, that the straight line, which repre-
sents the variation of P' as a function of N, cuts the power-speed curves 
of the windmill close to their summits (Fig. 123). 

The rotational speeds of the windmill are equal, on the average (the 
pumping torque not being constant), to the abscissas of the points of inter-
section of the straight line P' with the windmill's characteristic curves. 

In order to obtain the gear reduction ratio, it is sufficient to consider 
a point A on the straight line which represents PH. The perpendicular 
line dropped from A onto the axis of abscissas cuts the straight line (P) 
in point B. The ratio k = nj/iio is equal to the quotient of BC/AC. 

Knowing the rotational speeds N b N2, N3, N4 of the windmill at wind 
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speeds V1? V2, V3, V4, lets the flow rate to be calculated as a function of the 
wind speed and a corresponding output curve to be drawn. 

It is not difficult then, to calculate the amount of water being pumped 
per day, month or year. 

C. Pumping of Water by High-Speed Windmills 

1. INTRODUCTION 

Due to their low starting torques, high-speed windmills are not suitable 

Fig. 124 - Fast wind turbine driging a propeller 
pump for irrigation. 



WATER PUMPING 161 

for driving piston pumps directly. Such an arrangement would not func-
tion correctly without inserting an electric transmission between the wind-
mill and the pump, or a centrifugal clutch to allow the windmill to come up 
to speed before being connected to the load. This would result in mechani-
cal complications and in an increase in weight for the installation. 

It is better to associate a high-speed windmill with a centrifugal pump 
or with a helical pump having a fixed or variable pitch. The starting 
torque required by these pumps is quite low. Their rotational speed, 
on the other hand, is relatively high. As a result, they are well suited for 
coupling to high-speed windmills. 

2. POWER-SPEED CHARACTERISTICS OF THE HIGH-SPEED 
WINDMILL 

When the operation of high-speed windmills driving rotary pumps 
is considered, it is advantageous to use their power-speed diagrams. 

We shall distinguish between two cases : 

a) THE WIND SPEED IS HIGHER THAN THE RATED WIND 
SPEED OF THE MACHINE 

The rotational speed of the windmill is being maintained at a constant 
level by means of an automatic device. Thus the windmill behaves as a 
constant speed electric motor. 

b) THE WIND SPEED IS LOWER THAN THE RATED WIND 
SPEED OF THE MACHINE 

The pitch of the blades is generally fixed. The rotational speed and 
the maximum power that can be developed increase with the wind velocity. 

Figure 125 shows the power output of the windmill as a function 
of the speed of rotation for various values of the wind speed. The left hand 
side of the diagram corresponds to unstable operation. The summits 
of the curves correspond to maximum output. From the curve (V )̂ 
representing the characteristics at wind speed V1? another curve for wind 
speed V2 may be deduced, by multiplying the abscissas of the different 
points of the curve (V^ by the ratio V2/V1? and their ordinates by O^/V^3. 
The point at the summit of the (Vj) curve becomes the summit of the (V2) 
curve after the transformation. 

Let Nj and P1 be the rotational speed and the power at the summit 
of the (V i) curve. The corresponding values at the summit of the (V2) curve 
are respectively : 
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/ V : wind" velocity 

N in r.p.m. 

V 2 \ 3 
N2 = N i ^ P2 = P i ( ^ 

By eliminating V2 in these relations, 
we obtain : 

The summits S of the curves (V) lie 
then on a cubic parabola which has 
the equation : 

P = kN3 

Fig. 125 

3. CHARACTERISTICS OF THE PUMP AND THE PUMPING 
STATION 

A pumping test enables us to determine the drawdown y of the water 
level in the well as a function of the discharge. When the diameter of the 
pipes is chosen, it is possible to calculate the manometric head Y for 
different discharges Q. 

Y = h + y + ΔΗ 

h being the geometric height of the water lift and Δ H the losses of 
energy. 

Fig. 127 represents the curve of variation of the quantity Y as a func-
tion of the water discharge. 

On the same graph, let us plot the manometric characteristic of the 
pump H(Q) for a given rotational speed. If the rotational speed of the 
pump is equal to the given value, the coordinates of the point of intersec-
tion define the water discharge and the manometric head corresponding 
to the operating conditions. 

In fact, if the pump is driven by a windmill, the rotational speed varies 
except when the regulating system comes into action to keep it constant 
(for example, in case of a wind speed higher than the nominal value VN). 
So we have to deal not only with a single characteristic but with several. 

It is possible to obtain the other characteristics from the first by 
applying the classical relationships of similitude relative to hydraulic 
machines. 

Q2 
Qi 

N2 
"Ni Hi 

N_2 
Ni 
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Γ Μ ^ Pump 

Fig. 126 

Q 

Fig. 127 

Let us represent these characteristics for various rotational speeds: 
NO, ΝΊ, N'2, N'3, NU... 

The characteristic Y(Q) of water installation which can be plotted on 
the same graph, cuts the characteristics H(Q) in several points : Mo, Mi, M2, 
M3, M4, etc... 

The coordinates of these points give the discharges which would be 
extracted and the corresponding manometric heads for the various rota-
tional speeds : NO, ΝΊ, N'2, N'3, N'4. 

NO being the rotational speed for which the pump begins to extract 
water from the borehole. 

Thus we can draw the variation curve of the discharge Q as a function 
of the rotational speed N' of the pump (fig. 129). 

Fig. 128 Fig. 129 
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For each point, it is then possible to calculate the hydraulic power PH 
provided by the pump for the water lift : 

PH = œQiHi 

and from these values, to determine the power needed for the driving of 
the pump. 

Pi = 
(ôQiHi 

Fig. 130. 

r\i being the efficiency relative to the different points Mi. 
The variation of the power Pt as a function of the rotational speed N' 

is shown in figure 130. 

Fig. 130 NO N; Ni Ni 

4. DETERMINATION OF THE GEAR BOX RATIO AND THE OPER-
ATING CONDITIONS 

The pump shaft is connected to the windmill shaft through a gear box. 
As a consequence, the rotational speed of the pump is proportional to 
that of the wind turbine. The problem is to choose the best gearing up 
ratio for optimal conditions. 

For this purpose, let us reproduce on the same graph (fig. 131) the 
P i 

e ( P') 

Curve ( P ) , 

Rotational speed 

in r. p. m. 

Fig. 131 
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power rotational speed characteristics of the wind rotor and that of the 
pump (curve P(N9 as previously defined). 

If the wind turbine shaft drove the pump shaft directly, there would 
be no water extracted, the pump beginning to deliver water only when its 
rotational speed reaches NQ. 

Thus, it is necessary to insert a gear box between the pump and the 
wind turbine. 

Assume the gearing up ratio k is known. 
To determine on the graph the points corresponding to the operating 

conditions for the various wind speeds Vl5 V2, V3 e tc . , we can multiply 
by k the abscissas of the characteristics of the wind rotor and by energetic 
efficiency r\e of the gears, its ordinates. The points of intersection of the 
obtained characteristics with the P(N) curve give the operating conditions. 

In fact, it is simpler to keep the wind turbine characteristics unchanged 
and to reduce the abscissas of the power-rotational speed of the pump by 
multiplying them by 1/k and to multiply its ordinates by the ratio l/rçe. 

The coordinates of the points of intersection of the new characteristics P' 
so determined with the wind rotor characteristics give the power supplied 
and the speed of rotation of the wind turbine for the various wind velo-
cities Vl9 V2, V3 etc... 

It is desirable that the points of intersection be located near the apex 
of the power-rotational speed characteristics of the wind turbine. If so, 
it means that the wind power is fully used for water pumping and the wind 
rotor is working at its maximum efficiency. 

For determining the ratio k, we can choose a point A' of the P' curve 
on the cubic parabola which joins the apex of the characteristics of the 
wind turbine. If A' is the corresponding point of the curve P, the ratio 
abscissa of point A/abscissa of point A' is equal to the value of the gearing 
up ratio which has to be adopted. We can then determine each point of 
the P' curve by applying the above rule to the P curve. 

The coordinates of the points of intersection of the P' curve with the 
power-rotational speed of the windmill for the various wind velocities, 
give us the power provided and speed of rotation of the wind turbine and, 
therefore, the rotational speed of the pump. 

The water discharge depends on the speed of rotation of the pump 
which is proportional to that of the wind rotor. As this last rotational 
speed is itself a function of the wind velocity in the previous operating 
conditions, it is possible to draw the variation curve of the water delivery 
as a function of the wind speed. 

Only one value of the water discharge corresponds to each wind 
velocity. 

The intersection of the Q(V) curve with the abscissas axis OV shows 
the wind velocity for which the pump begins to supply water. 

For the wind velocities higher than the nominal wind speed VN, the 
water discharge keeps the value corresponding to VN. 
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Ok 

Fig. 132 

Fig. 132 

5. DETERMINING THE WATER VOLUME EXTRACTED 
The knowledge of wind velocities, obtained from wind anemometer 

records, enables the determination of the water volume extracted daily, 
monthly or yearly. This calculation is made easier by use of the monthly 
and yearly speed-duration curves. 

We plot (fig. 133) in the plane, divided into 4 parts : 
— in the first quadrant : the variation curve of the water discharge 

as a function of the wind velocity, 
— in the fourth quadrant : the wind speed-duration curve during the 

considered period (month or year) with the nominal and maximal wind 
velocity VN and VM whose definitions were given in chapter 1. 

Then we construct in the second quadrant, one point after the other, 
the water discharge-duration curve i.e. the curve giving the water discharge 
in m3/day as a function of the number of days during which a higher value 
of discharge can be obtained. 

The water volume extracted is proportional to the hatched area limited 
by this curve in the second quadrant. 

A Water discharge in m'/day 

Wind velocity 
5 6L 1 7 in m/s 

▼ Days 

Wind velocity 
duration curve 

Fig. 133 - Determining the volume of water delivered. 
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Note that in the event of an insufficient water volume, it would be 
necessary to come back to the measurements determining the windmill 
and to the choice of the pump. 

6. DETERMINING THE WATER-STORAGE 

We can manage in two ways : 
— by considering the duration of the periods during which the wind 

is unproductive, 
— by drawing the cumulative volume of the extracted water and the 

needed water as a function of time. 

a) ACCOUNTING FOR THE DURATION OF THE PERIODS OF 
UNPRODUCTIVE WIND 

Below a certain velocity, the wind power is not sufficient for pumping 
water from a well or a borehole. 

From the curve giving the number of the periods as a function of their 
duration during which the wind has been unproductive, it is possible to 
calculate, approximately, the volume of the water tank. 

First hypothesis : In that, the water tank provides water to the village 
continuously. The curve (fig. 134) shows that its volume has to be equal 
to the water consumption for eight days. 

▲ Annual number of periods of unproductive wind 

104 

Its volume will then be calculated by the expression : 
V = 8nv 

n being the number of inhabitants and v the daily per capita water 
consumption in m3. 

Second hypothesis : If the calculated volume seems to be excessive, we 
shall determine the size of the watertank needed for a shorter period, for 

Fig. 134 
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example : for 4 days, but it should be noted that the water supply will 
be insufficient in the village, at least : 

— once a year during 4 days, 
— twice a year during 2 days, 
— three times a year during 1 day. 

b) USING THE CUMULATIVE VOLUME CURVES OF THE 
WATER EXTRACTED AND THE WATER NEEDED 

Remember that the cumulative volume curve is the variation curve of 
the quantity : 

V = } Qdt 

o 

as a function of time 

V = Ve and Q = Qe for the extracted water 
V = Wd and Q = Qd for the needed water. 

The curve Ve(t) represents the sum of the daily volumes capable of 
being extracted from the instant to to the present t, assuming that the 
pumping begins at the instant to, and the curve Vd(t), the quantities of 
water required to satisfy the needs of the population during the same 
period. 

The curve Ve(t) is constructed from anemometer records. For each 
wind speed, there is a corresponding water discharge which can be known 
from the curve Q(V). 

The quantity V<*(t) depends on the number of inhabitants and on the 
use of water. 

If we considered that the water need is constant, then : 

Vd(t) = nv(t - to) 

n being the number of inhabitants and v, the daily capita consumption. 
Figure 135 represents the curves Ve(t) and Vd(t) and figure 136, the 

difference between the ordinates of these two curves as a function of time. 
If we want to have water without a break, the volume of water tank to be 
adopted is equal to the highest value V1? V3, V3 as shown in figure 136. 
V b V2, V3 are the differences of the ordinates in figure 136 between a 
maximum and the lower minimum which follows. 

During the strongest wind velocities, in order to avoid overspeeding 
of the wind rotor, we have to be sure that the water level in the well will 
permanently remain higher than the inlet of the aspiration water duct. 
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Fig. 135 
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7. APPROXIMATIVE PRACTICAL VALUE OF THE DISCHARGE 
ABLE TO BE EXTRACTED BY SLOW AND FAST WIND TURBI-
NES 

Assuming that the wind power plant is correctly determined. 
The maximal powers which can be provided by slow and fast wind 

turbines are given by the relations : 

PL = 0.15 D2V3 and PR = 0.2 D2V3 

For reasons we have discussed at the beginning of this chapter, the 
slow wind turbines are generally coupled to piston pumps and the fast wind 
rotors to centrifugal or helical pumps. 

Piston pumps generally have a better efficiency than centrifugal pumps. 
We can assume an efficiency of 65 % for the piston pump and the mechanical 
drive and 50 % for the centrifugal pump and its connection to the wind rotor. 
The discharges capable of being extracted by using slow and fast wind 
turbines are then, such as: 

GÖQLH = 0.65 PL and œQRH = 0.50 PR 

QL and QR being the discharges obtained by using respectively slow 
and fast wind rotors. 
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Substituting for ω, the specific weight of water, the value 9 800 N/m3 

and replacing PL and 1^ by their expressions as a function of diameter and 
wind speed, we can obtain for QL an QR the relations : 

^ D2V3
 A ^ D2V3 

Q L = _ _ a n d QR = w l i 

QL and QR being expressed in m3/s. 
In practice, the water discharge whatever the wind rotor type may be 

(slow or fast) is given in 1/s as a function of the diameter by the single rela-
tionship : 

n-J__ D2y3 

y " 100 H 
D and H being expressed in meters, V in m/s and Q in 1/s. 
This relation supposes that the wind turbines rotate in the best ope-

rating conditions and that the wind velocity is higher than the starting wind 
speed. 

OTHER SOLUTIONS 

To extract water from a well, it is possible to use other systems than 
piston or centrifugal pumps. In particular, we can use pumps of the 
screw type, diaphragm pumps or produce compressed air or electricity 
with the windmill for pumping water. 

Diaphragm pumps are used for small wind plants when the water lift 
required is not very high. This condition is not very often met and these 
pumps are not very robust. In the following pages, we shall study water 
pumping by means of screw pumps, compressed air and by generating 
electricity. 

1. UTILIZATION OF A SCREW PUMP 

This type of pump is not very widespread. However, nowadays, it 
is more often used because of its robustness. Similar equipment is used 
for pumping viscous liquids. 

The screw pump consists of a screw which rotates in a rubber stator 
or of two endless screws which gear one against the other. 

The screw pump is a volumetric pump. It opposes a constant torque 
to the windmill shaft rotation. Its discharge only depends on the rota-
tional speed and not on the water lift. The efficiency of the screw pump 
may reach 75 or 80 % for a water lift of about 30 m. The rotational speeds 
vary between 100 r.p.m. and 1 000 r.p.m. depending on the type. Screw 
pumps can be coupled with slow or fast wind turbines. 



WATER PUMPING 171 

/ turn ing space 
full of water 

steel 

rubber 

Fig. 137 

Experimentation shows that the wind turbines which have a tip-speed 
ratio less than 3 are more effective. They start in low speed winds at about 
4 m/s because of the higher starting torque of these machines. 

In practice, to facilitate the starting, a by-pass device can be used 
which empties the water lift duct before starting, or a centrifugal clutch 
which drives the pump as soon as the rotational speed is high enough. 
To equip deep boreholes, it is better to use pumps with small diameters 
and high rotational speeds. 

1$ 
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Fig. 139 

2. PUMPING BY MEANS OF HYDRAULIC DRIVE 

When the well is too deep, in order to avoid a heavy mechanical drive, 
we can use a hydraulic drive as shown in fig. 138. The pump, which is 
fastened on a high-speed windmill, feeds fluid into the hydraulic motor 
which is connected to the water lifting pump. 

With multicylinder axial piston pumps and motors, the efficiency 
can reach 50 % or 60 % and with screw pumps and motor 40 % or 50 %. 

We can also use a volumetric pump such as a Vergnet pump. An 
alternating hydraulic motor driven generally by a slow wind turbine feeds 
fluid periodically into a dilatable rubber cylinder placed in a steel cylinder 
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fitted with inlet and outlet valves. When the rubber cylinder dilates, the 
water pressure inside the steel cylinder increases and the outlet valve opens, 
allowing the water to be directed into a water tank placed outside the well, 
on the soil surface (see figure 139). When the rubber cylinder reduces 
the outlet valve shuts and the inlet valve opens, allowing the water to be 
introduced into the steel cylinder. 

3. USE OF A HYDROEJECTOR 

This device is the result of the combination of a centrifugal pump 
located outside the well and a Venturi pipe placed inside the borehole, 
below the water pumping level. A part of the water is forced back by the 
pump through the aspiration duct. The water pipes must be filled before 
starting to prime the system. 

4. PNEUMATIC DRIVE 

Water pumping is also possible by using compressed air. To produce 
this, multi-piston compressors with a crosswise arrangement may be used. 
We can also call on screw and membrane compressors. 

Windmills driving compressors of the afore mentioned types were 
constructed especially in the Soviet Union. The Soviet experiments show 
that the multi-membrane compressor fastened on the windmill shaft is the 
best solution. 

The starting qualities of the machine and its pick-up are improved 
when a centrifugal friction sleeve between the compressor and the windmill 
shaft is installed. Thus the windmill is unloaded during starting. By 
comparison with a normal machine, the output of machines equipped with 
relieving systems during starting is increased by 3-5 times. 

This aim can also be achieved by using a pressure relay : The cylin-
ders of the compressor are not connected to the receiver directly but through 
a pressure relay. During the increase in the compressor productivity, 
the air is directed into the receiver. When the rotational speed of the 
wind turbine decreases, the relay disconnects the compressor cylinders 
from the receiver and connects them to the atmosphere. 

For the pumping itself, many possibilities may be used : 
— lift of the water by means of an emulsion, 
— centrifugal pump driven by a compressed air motor fed by the 

compressed air produced by the wind plant, 
— displacement of the water by the compressed air. 

a) WATER PUMPING BY EMULSION 

Let h be the height of the water lift. 
To be in the best conditions for pumping water, the pipe containing 
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the emulsion of air and water must have a length of 2 h and be sunk into 
the water by a depth equal to h. 

The efficiency is less than 30 %. 

pump 

h 
ejector 
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Fig. 140 
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b) DISPLACEMENT WATER PUMPS 

These mainly consist of a cylinder sunk into the water which has to be 
pumped. At the base of the cylinder, an inlet valve is found. In the 
absence of compressed air, the inlet valves opens and water penetrates 
into the pump. The air admitted through an automatic device forces 
the water out of the cylinder into the lift pipe through an outlet valve. 

In some models, the compressed air, after being released, passes into 
the water lift pipe. In other ones, the compressed air, after release, goes 
to the atmosphere or returns towards the inlet valve of the compressor. 

The deficiency in using a diaphragm and piston compressor is that 
the power required for constant pressure is proportional to the rotational 
speed. They oppose a constant mean torque to the rotation of the rotor 
shaft. Therefore, it is impossible to utilize fully the power of the wind 
rotor. 

5. ELECTRICAL WATER PUMPING 

The wind turbine, generally a fast running one, drives an electric gene-
rator which feeds an electric motor connected to a pump. This solution 
is valuable when aquifers are deep under the soil surface, and when the 
mean wind speed is higher than 5 or 6 m/s. 
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The erection of the wind-driven generator away from the water source, 
at an elevated place, where the wind rate is higher, can increase the power 
output by 30 % or more. 

To have good results in water delivery, it is preferable to have a battery 
for storage of electricity. The battery stores energy when the wind speed 
is higher and gives it back when the wind is unproductive. In that case, 
if the generator is an alternator, the current must be rectified. 

Of course, a direct connecting generator-motor, without battery 
storage, can also be used. 

The problem of stable starting of the electric motor can be solved in 
two ways : 

— by connecting the motor to the stimulated generator rotating at 
idle, 

— by previously connecting the motor to the terminals of the gene-
rator which begins to work when the excitation circuit is closed. 

In order to avoid destruction of the generator and the motor, the wind 
turbine should be provided with a speed regulating system. 

In practice, the pumps used are chosen in such a manner that their 
manometric heads, are equal to 1.5 or 2 times the height of elevation. 



CHAPTER VII 

THE GENERATION OF ELECTRICITY 
BY WIND POWER 

In the windy parts of the world, the production of electricity by wind 
turbines may be very economical. It is particularly useful for isolated 
and remote villages. 

In the present chapter, we deal with electrical installations and different 
problems which occur in electricity generation designs such as the gene-
rator-turbine coupling, the determination of gear-box ratio, the electrical 
connection to the grid etc... Then we describe several installations having 
a capacity from 500 W to 5 000 kW. 

A. Installation Designs 

1. THE WIND TURBINES 

The wind turbines used for generating electricity are generally high-
speed machines having two or three blades for the following reasons : 

— At equal diameter, the high-speed wind machines are lighter, 
therefore cheaper than the low-speed ones. 

— They rotate at a higher speed. Thus the necessary gear-up ratio 
is lower. Consequently, the step-up gearing is lighter. 

— The necessary torque to start an electrical generator is very low. 
Though the starting torque of the fast wind rotor is itself very low, it is 
sufficient to drive the generator into rotation. Therefore the high-speed 
wind turbines are well-suited to this use. Nevertheless, some low-speed 
machines have also been tested. 
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The machines have fixed or variable-pitch blades. In some designs, 
starting is made easier by a special regulator which increases the pitch 
when the rotor is stopped. 

In others (high-speed wind machines with fixed blades), the generator 
acts as a motor during starting and turns into a generator when the normal 
speed of rotation is reached. 

There are also wind rotors which have no special systems. For these 
wind rotors, starting is more difficult, especially when the value of the tip-
speed ratio λ0 of the machine is very high. Such machines have to be 
equipped with twisted blades. 

Generally, the wind rotor drives the electrical generator through a 
step-up gearing. The improvements made in the construction of gearing 
and the high price of electrical generators rotating at low speed tend to-
wards the elimination of the direct drive of the generator by the rotor, 
except sometimes for small units. 

As for pumping, the wind rotor may be located upwind or downwind 
of the tower. In the first case, the effect of wake is avoided. In the second 
one, as the torque required for orientation is lower, the power of the yawing 
motor is reduced. 

2. ELECTRICAL GENERATORS 

Three types of generators are commonly used : the direct-current gene-
rator (shunt type), the alternator (or synchronous generator), the induction 
generator (or asynchronous generator). 

In small power installations, direct-current generators, which were 
much used formerly, are now often replaced by synchronous or asynchro-
nous generators. These can provide alternating current which can be 
easily transformed into direct current by means of rectifiers which are very 
inexpensive. 

In medium and high power installations alternators and induction 
generators are the most wide-spread. 

The advantage of the alternator relative to the direct-current generator 
lies in its efficiency, which is higher, and in the fact that the alternating-
current generator can provide electricity at a lower speed of rotation than 
a direct-current generator. It can also supply electricity at higher speeds. 
The ratio between the maximum speed of rotation and the minimum speed 
necessary for the production of electricity is higher for an alternating-
current generator. Thus a wind turbine driving an alternator will be able to 
use a wider range of wind speeds. 

With respect to the induction generator, the alternator has the advan-
tage of supplying its own magnetizing current but it is more expensive. 
The connecting control system is more sophisticated. It consists of a 
tachometer, a voltmeter, a phasemeter, an automatic device to make the 



15. Aéroturbine wind generator 16. Savonius rotor (I.U.T., Dakar, 
(France). Sénégal). 

17. M0D.1 wind turbine (USA). 18. MOD.2 wind turbine (USA). 



19. Windmatic windmill (Denmark). 20. Kuriant windmill (Denmark). 

21. Nibe wind turbine, model A (Den- 22. Tvind aerogenerator (Denmark). 
mark). 



23. Dansk Vinkraft gyromill (Denmark). 24. Poulsen windmill (Denmark). 

25. Gotland wind generator (Sweden). 26. Maglarp wind generator (Sweden). 



2 7 . A e r o m a n wind generator 2 8 . Brummer w ind generator 
(W Germany). (W Germany). 

29. Orkney wind turbine (Great Britain). 30. Growian I (W Germany). 
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connection to the grid and a reverse power relay ensuring disconnection 
if the wind drops or if the voltage of the grid falls to zero. Connecting the 
synchronous generator to the network requires precise adjustment and 
raises a serious problem as this operation has to be performed frequently. 
The machine has to be switched in exactly at the synchronous speed, the 
voltage of the alternator being in phase and equal to the voltage of the grid. 
It is possible to overcome the difficulties by the use of large dampers. 
These dampers, special coils in the shape of a squirrel cage, allow the syn-
chronous generator to start like an asynchronous motor, and suppress 
or reduce the oscillations which may occur when the connection to the 
grid is made. Another solution which has been suggested consists of 
interposing, between the wind turbine and the alternator, a free-running 
coupling leaving the generator connected permanently to the grid. But 
this solution is not economical. 

The asynchronous generator seems to be the cheapest and most reliable 
solution. It has several advantages : 

— Its construction is inexpensive, 
— No rotating contacts, so starting is easy, 
— Ease of connection to the network, 
— Absence of oscillations when it is coupled to the grid. 
The induction generator may be connected to the grid with a speed 

different by several per cent from the synchronous speed without inconve-
nience, the resulting overload being of very short duration. The connecting 
control system consists only of a tachometer contact controlling the swit-
ching-in to the network and a reverse current relay ensuring disconnection 
if the wind drops. 

A small disadvantage of the asynchronous generator is that it takes its 
magnetizing current from the grid and absorbs reactive power. But this 
small inconvenience may be overcome by connecting well-fitted capacitors 
to its terminals. The use of such elements reduces or suppresses the sup-
plying by the grid of reactive power and therefore improves the power 
factor. 

In Denmark, the induction asynchronous generator is favoured by 
manufacturers because it can be used as a motor for starting the machine. 
If the wind velocity is higher than the cut-in speed, it becomes a generator 
of electric power when it reaches its normal speed of rotation. If the 
wind speed is lower than Vm, an automatic device disconnects it from the 
grid. This system is very worthwhile for high speed fixed-blade machines 
whose starting torque is low. 

In the latest high power installations and designs, the use of induction 
asynchronous generators is the solution generally chosen. 

Determination of the operating conditions 
In the following paragraphs, the operating conditions are examined. 
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Two possibilities have to be considered : 
— The generator driven by the turbine feeds into a direct-current 

network or into an alternating-current network where it constitutes the 
only power unit. Its rotational speed is variable. 

— The generator feeds into an alternating-current network at fixed 
frequency. Its rotational speed is constant or nearly constant. 

3. THE GENERATOR SUPPLIES POWER TO A D.C NETWORK 
OR TO AN A.C. NETWORK WHERE IT CONSTITUTES THE 
ONLY AVAILABLE POWER UNIT 

In this case, the problem of generating electricity is not very different 
from that of pumping water. Instead of driving a pump which provides 
a certain discharge under a given manometric lift, the wind turbine drives 
an alternator which supplies current under a determined voltage. 

To solve the problem, the windmill, generator and network cha-
racteristics must be plotted. 

a) WINDMILL CHARACTERISTICS 

In a previous chapter, the characteristics have been presented, so 
we shall not repeat them. 

b) OUTPUT CHARACTERISTICS OF THE GENERATOR 

We mean the characteristics V(I) voltage/intensity for different speeds 
of rotation N1? N2, N3, N4 (fig. 143). 

c) LOAD CHARACTERISTIC 

The load characteristic V = f(I) depends on the network structure. 
Generator output Network 
characteristics characteristics 

Fig. 143- Generator and network characteristics. 

This curve cuts the output characteristics of the generator in several 
points whose ordinates enable us to determine the current intensity, 
the voltage and the power delivered for the different values N of the rota-
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tional speed. It is possible to draw the variation curve of the power P(N) 
supplied by the generator versus the speed of rotation. 

?4 

Fig. 144 

The mechanical power P'(N) provided by the wind turbine to drive 
the generator may be obtained from the former curve by adding to its ordi-
nates, the corresponding losses of the generator (losses by Joule's effect, 
mechanical and magnetic losses) and also the mechanical losses in the step-
up gearing. 

d) CHOICE OF THE GEAR-UP RATIO. DETERMINATION 
OF THE OPERATING CONDITIONS 

The gear-up ratio may be determined exactly as in the case of a centri-
fugal pump driven by a wind machine. 

On the same graph (fig. 145) the power-rotational speed curve and the 
previous characteristic P'(N) is drawn. 

Fig. 145 

If the wind turbine and the generator were directly coupled, the for-
mer would rotate like a rotational anemometer and the power delivered 
by the generator would be zero because the rotational speed of the latter 
is too low. To produce power, the rotational speed of the shaft driving 
the generator has to be increased through a step-up gearing. 
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Let the gear-up ratio be k. Take it as a known factor. 

k = 
rotational speed of the generator 

rotational speed of the wind turbine 

To determine the operating conditions, multiply the abscissas of the 
different points of the curve P'(N)> by 1/k keeping the ordinates unaltered. 
This operation produces a curve C , which represents the mechanical 
power provided by the windmill to the generator as a function of the rota-
tional speed of the windmill. 

In practice, the gear-up ratio k is chosen so that the curve C is as near 
as possible to the maximal power curve. If the gear-up ratio is chosen 
in such a way that the foregoing conditions are fulfilled, the efficiency 
of the wind energy conversion system will be maximal. 

The intersections of the curve C with the power rotational speed 
characteristics of the wind turbine enable us to get the power P' supplied 
by the wind turbine, and its rotational speed for the various wind speeds. 
Thus, it is possible to draw a curve P'(V) and to deduce from it a curve P(V) 
giving the electrical power delivered by the aerogenerator for the different 
wind velocities. 

Fig. 46 

Particular case of direct-current installations 

Generally, direct-current installations include an aerogenerator, 
a battery of accumulators and a load circuit. 

The aerogenerator provides current to the battery and to the load 
circuit through an automatic cut-out as shown in fig. 147. 

generator 
4-11 

battery 

Fig. 147 
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a) BATTERY CHARACTERISTIC 
When the wind speed is sufficient, the generator voltage exceeds that 

of the battery. The cut-out contacts close and the battery charges. The 
battery voltage varies according to the following expression : 

V = E + Γΐχ 

If the generator voltage is lower than the battery voltage, the cut-out 
contacts remain open. The battery discharges and the voltage to its ter-
minals varies with the current lx according to the law : 

V = E - rlj 

This expression may be written as : 

V = E + rlx 

provided one considers that I is positive if the battery charges and negative 
in the other case. 

4v 
V= E ♦ ! · ! . 

Fig. 148 Fig. 149 

b) LOAD CHARACTERISTIC 
If the load consists only of a resistance, the load characteristic will 

be a straight line : 
V = RI2 

If the load consists of a direct current motor, the above expression is 
replaced by the following one : 

V = E + RI2 

c) NETWORK CHARACTERISTIC 
The network to which the generator supplies power includes the 

battery and the load. When the cut-out contacts are closed, the gene-
rator voltage is equal to the battery and load voltages. Moreover, bet-
ween the different currents, the following relationship may be expressed as : 

I = k + l2 
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As a result, the network characteristic V = f(I) is obtained by adding, 
at equal ordinates, the abscissas of the different points of the load and 
battery characteristics (fig. 150). 

Fig. 150 

Thus we are brought back to the general case studied in an earlier 
paragraph. From the intersections of the curve V = f (1) with the output 
characteristics of the generator, the power/rotational speed curves of the 
wind turbine and the generator, P'(N) and P(N), may be derived. 

d) DETERMINATION OF THE BATTERY STORAGE 

The capacity of the accumulators is determined as follows : 
Call Pm the average power absorbed by the utilization in Watts, 
n, the maximum number of consecutive days of unproductive wind, 
C, the capacity of the battery in Ah, 
E, the battery storage in volts. 
To avoid an interruption in the electric current supply and a complete 

discharge of the battery, we must have : 

0.8 CE > 2 4 n P m thus: 

24nPm 30nPm 
^ 0.8 E o r ^ E 

Example : E = 30 V Pm = 20 W n = 10 

C > 30 1 0
3 Q 2 0 = 200 Ah. 

Besides the above condition, in order to avoid the battery being 
damaged, the maximum current IM during the charge by the generator must 
not exceed C/10. Thus the capacity of storage C will also have to meet 
the condition : C > 10 IM. 
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4. THE GENERATOR FEEDS INTO AN ALTERNATING NETWORK 
INCLUDING OTHER POWER UNITS AT A CONSTANT FRE-
QUENCY 

a),THE GENERATOR IS AN ALTERNATOR 
Its rotational speed remains constant. It is the same as that of the 

wind rotor if the gear-up ratio itself remains unaltered. 
Fig. 151 illustrates the power/rotational speed characteristics of the 

wind turbine and of the alternator (full curves). 
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Fig. 151 

The characteristic P(N) of the alternator is a vertical straight line (D) 
perpendicular to the horizontal axis at a point whose abcissa is Ns, Ns being 
the synchronous speed. 

If k represents the gear-up ratio, the rotational speed of the wind tur-
bine is Ns/k. Let (D') be the vertical line whose abscissa is Ns/k. 

The ordinates of the intersections of (D') with the power rotational 
speed curves of the wind turbine enable us to get the values of the power 
supplied by the windmill to the generator for different wind speeds. 

In practice, the gear-up ratio will be chosen in such a manner that the 
above points of intersection will be near the summits of thç power charac-
teristics of the wind turbine, especially for the most productive wind 
velocities. 

If the mechanical, magnetic and electrical losses of the step-up gearing 
and the alternator are known, it is possible to calculate the power P pro-
vided by the alternator to the grid at the various wind speeds. 

Note that the whole set is unproductive under a certain wind speed 
equal to V2. 

b) THE GENERATOR IS AN INDUCTION GENERATOR 

Its rotational speed increases slightly with the load. There is a slip 
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relative to the synchronous speed without however exceeding 5 to 6 %. 
In this case, the characteristic P(N) of the generator is a nearly vertical 
dotted curve (C), as shown in fig. 151. 

The gear-up ratio and the efficiencies of the step-up gearing and 
generator being known, it is possible to obtain from the curve (C) the 
characteristic P'(N) (dotted curve (C)) giving the power supplied by the 
wind turbine to the generator as a function of the rotational speed N of 
the wind rotor. 

The intersection of this curve with the power/rotational speed cha-
racteristics of the wind turbine allows the determination of the power P' 
provided by the wind turbine to the generator as a function of the wind 
speed V. Therefore, the power P supplied to the grid by the induction 
generator at the different wind speeds can be obtained. 

5. DETERMINATION OF THE ELECTRICAL OUTPUT 

Determining the energy produced from the curve P(V) does not pre-
sent any difficulty. Fig. 152 illustrates : 

— in area 1 : 

the curve P(V) of the power delivered by the generator as a function 
of the windspeed, taking into account the speed limitations imposed by the 
regulating system, 

— in area 4 : 

the speed duration curve, 

— in area 2 : 
the power-duration curve derived from the above curves. 
The area situated between the axis in area 2 and the power curve is 

proportional to the annual energy output. 

Y Days Fig. 152 
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6. REMARKS ABOUT REGULATING SYSTEMS 

Whatever electrical solution is adopted, mechanical regulation of the 
power delivered is necessary. This regulation can be done either by adjus-
ting the blades or by an aerodynamic brake. 

Wind machines driving a direct-current generator or an alternator 
feeding into an autonomous grid, whose frequency is imposed by the 
generator itself, can be regulated by tachometers. 

For aerogenerators with variable-pitched blades feeding into a grid 
of constant frequency, power regulation is much better. Often the mecha-
nical speed regulator will also serve to limit power output. It will also 
provide speed limitation when the generator is disconnected from the grid. 

For the fixed blade machines feeding into a constant frequency grid, 
speed regulation is not necessary because the grid imposes the speed of 
rotation on the wind rotor. In this case, power regulation is obtained 
almost simultaneously : when the wind speed increases, the tip-speed ratio 
decreases because of the constant value of the rotational speed. Thus the 
efficiency diminishes and the power is not as high as it would be if the tip-
speed ratio kept a constant value. The power limitation is due to the 
fact that blade tip sections are working near their stalling point. 

Thus a machine designed for a rated speed VN and for a tip-speed 
ratio Ao = 6 will operate with a tip-speed ratio λ ο = 3 if the wind speed 
becomes 2 VN because of the constant value of the rotational speed, but 
with a reduced efficiency. 

However, to avoid racing if the generator is disconnected from the 
grid, a fixed-blade machine will have to be provided with a braking system : 
a mechanical brake on the shaft and an aerodynamic braking system at the 
tip of the blades. 

For autonomous fixed-blade machines, the regulating effect can be 
obtained by using hypercompound generators which can provide power 
increasing proportionally to the cube of the speed of rotation, or asynchro-
nous generators shunted by static capacitors supplying a load shunted by 
variable electrical resistors, electronically controlled. 

7. ENERGY STORAGE 

Wind power is a very irregular energy source, hence energy storage 
is necessary. Several possibilities exist, but none of them is perfect. 

Thermal storage : 
Thermal storage may take several forms : Heating of water, heating 

of gravel and stones in an insulated tank or melting of substances which 
give up latent heat when they return to their former state. The stored 
heat is then generally used for space heating. 
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Water pumping: 

This system, which may be found in some hydraulic power designs 
has never been used for wind energy conversion. Water is pumped into 
an elevated tank or reservoir and then used to turn a turbine as energy is 
needed (efficiency : 60 % to 80 %). 

Inertia storage : 
Storing energy by means of a fast-running fly-wheel is not a new idea. 

As early as 1950, the Swiss had Oerlikon buses propelled by energy stored 
in fly-wheels (gyrobus). 

Recently, an American university proposed to make fly-wheels of 
composite material (metal + polyester resin). However, the possibilities 
of energy storage remain limited because, beyond a certain rotational speed, 
the wheel may explode. With a fly-wheel running at 15,000 r.p.m. on 
magnetic bearings, it is theoretically possible to store 400 Wh/kg for 
24 hours. The efficiency of the system (restored energy/consumed energy) 
is excellent (about 80 %). 

Storage by compressed air : 
Compressed air is forced into a manufactured tank or into an under-

ground anticlinal chamber. Later, it may be used in two manners : 
either by direct expansion through a compressed air motor, or by injection 
into an internal-combustion turbine in which the oxygen it contains is 
burnt with fuel in a combustion chamber to supply mechanical energy. 

Respective efficiencies : 60 % and 80 %. 

Hydrogen storage : 
Hydrogen is generated by electrolysis of water by the direct current 

provided by the aerogenerator. This may then be highly compressed and 
stored in cylinders, or stored at low pressure in a gas holder. It can be 
used for heating or cooking or to run an engine. 

Another possibility, after compression, is to inject hydrogen into a 
fuel cell which directly converts chemical energy into electrical energy when 
it is needed. 

Efficiency: 60 to 70 %. 

Accumulators : 
Electrical accumulators are commonly used for storing energy. 
The best batteries are lead-acid accumulators. They are well-suited 

for trickle charging. In quantity of electrical output, their efficiency 
is about 80 % to 90%. In energy, it is about 70 % to 80 %. For large 
installations, batteries with thick plates are used. For small installations, 
accumulators such as those used in trucks are sufficient. The main causes 
of rapid deterioration are overcharging, overdischarging, and being left 
in a discharged state. 
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Nickel-cadmium batteries are not recommended because their effi-
ciency is very low at small intensities and lower then those of lead-
acid accumulators at any intensity, However, they are not damaged by 
overcharging nor by occasional overdischarging, have no self-discharge 
and are less liable to damage by frost than the lead-acid type. 

8. LIGHTNING PROTECTION 

Aerogenerators are often mounted on towers or pylons erected on 
hilltops. With their supports they constitute ready paths for transfering 
static electricity from the clouds towards the earth. 

To prevent damage by lightning, the pylon, which sustains the gene-
rator, has to be connected to the earth by good conducting wires. 

For composite blades, special lightning protection is needed. The 
recommended provisions for large composite blades consist of a full chord 
metal tip cap having an 8 or 10 cm skirt extending inboard from the tip. 
A trailing edge earth strap must be firmly attached to the tip cap and to 
the steel hub adapter to carry the lightning current to the ground. Metal 
screening, conductive paint, or other conductors must be disposed along the 
blade to ground lightnings which strike neither the blade-tip cap nor the 
trailing edge. Similar materials have to be added especially in the areas 
which correspond to internal metal parts to preclude lightning stroke 
penetration through the composite spar. 

The above recommendations are those proposed by H. G. Gewehr of 
the Kaman Aerospace Corporation who has studied lightning protection 
for the blades of the big American wind turbine MOD. 2. 

B. Small Wind Power Plants 

In this section, we shall examine the wind power plants whose diame-
ters are inferior to 20 m. Some of the wind machines described here are 
experimental units. Others are mass-produced by industry. 

1. FRENCH WIND TURBINES 

Paris-Rhône wind turbines (fig. 153) 
The wind rotor is composed of two main fixed blades made of wood 

and two auxiliary blades of variable pitch. The latter provide high torque 
for starting, but if the rotational speed becomes too great, the centrifugal 
force acting on them reverses their pitch angles, causing them to act as a 
brake. The machine is oriented by a tail vane. 

The wind power plants constructed by the Paris-Rhône Company, 
include a 500 W mode 1. This wind turbine drives a direct-current gene-
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Small French wind generators 

Fig. 153 -Paris Rhône. Fig. 154- Aérowatt. 

rator. The diameter of the area swept by the main blades varies between 
2.40 m and 3.50 m according to the local wind speed. The unit begins to 
produce energy when the rotational speed exceeds 325 r.p.m. 

Aerowatt wind turbines (fig. 154) 
The Aerowatt Company makes wind turbines from 24 watt to 4100 watt 

capacity. 
The rotor consists of two varible-pitch blades whose regulating device 

is controlled by centrifugal force acting on weights fastened to their axes. 
The blades are not twisted, and their chords are constant from the hub to 
the tip. They are made of aluminium alloy (AG3) and calculated to 
withstand windspeeds ranging from 56 m/s to 90 m/s. 

The generators are generally permanent magnet models. The most 
powerful units drive the generators through step-up gearings but the smaller 
wind turbines are directly coupled. 

These wind plants are designed for rated wind speeds of 5 m/s or 7 m/s. 
The cut-in speed is about 3 m/s. All of them are oriented by means of tail 
vanes. 

In France, many lighthouses use Aerowatt wind turbines as a source of 
energy. One example is the Seven Islands' lighthouse near Perros-Guirec 
in Brittany whose generator provides 5 kW power at a rotational speed 
of 300 r.p.m. In that location, the wind turbine can be subjected to wind 
speeds of 60 m/s. With a rotor diameter of 9.20 m, it supplies about 
20 000 kWh/year. 

Table 20 gives the main data relative to the aerogenerators manu-
factured by the Aerowatt Company. 
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TABLE 20 

Model 

Diameter, m 

Power, W 

VN, m/s 

N, r.p.m. 

24 FP 

1 

24 

7 

1 200 

150 FP 

2 

140 

7 

525 

200 FP 

3.2 

200 

5 

380 

300 FP 

3.2 

350 

7 

420 

1100 FP 

5 

1 125 

7 

178 

4100 F 

9.2 

4 100 

7 

142 

Enag aerogenerators (fig. 155) 
The ENAG firm produces sturdy aerogenerators with variable-

pitched blades made of aluminium alloy. They are oriented by tail vanes. 
The generators are directly driven by the wind rotors. The most commonly 
used are direct current generators. However some wind plants are equip-
ped with alternators. For example, the 5 kW aerogenerator is composed 
of a three-bladed rotor directly coupled to an alternator with 16 poles. 
The operating voltage is reached at a speed of about 120 r.p.m. The 
rated power is obtained when the rotational speed reaches 280 r.p.m. 
Table 21 gives the main specifications for the different models. 

TABLE 21 

Model 

Diameter, m 
Power, W 
VN, m/s 
Cut-in-speed 

Two Blades 

2.35 
650 
9 

4 m/s 

2.55 
1000 

9 
4 m/s 

Three Blades 

4.4 
3 000 

9 
4 m/s 

6 
5 000 
11.5 

4.5 m/s 

The energy is stored, as for Aerowatt plants, in lead acid batteries with 
thick plates and a capacity of at least 250-350 Ah. 

Aerogenerator of the French firm Aéroturbine (fig. 156) 
It consists of a variable pitch three-bladed wind rotor which rotates 

downwind of a support. The blades made of extruded aluminium alloy 
are not twisted and their chord is constant from the hub to the tip. The 
blade section is a NACA 644225 aerofoil. The generator (a brushless 
Alsthom alternator of 10 kW capacity) is driven by the wind rotor through 
a step-up gearing (gear-up ratio k = 14.3). 

The regulating system enables the rotor to start very easily (high pitch 
angle for starting) like the Aerowatt regulator, and to feather when the 
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Fig. 155 - Enag 

IL 
Fig. 156- Aéroturbine. 

wind velocity is too high, in the same way as the ENAG regulator. It 
includes an electronic servomotor. 

The machine is self-orienting. Its main characteristics are as follows : 
Diameter : 8 m 
Rated Power : 10 kW at 10 m/s windspeed 
Rotational speed of the wind rotor : 105 r.p.m. 
Rotational speed of the alternator : 1 500 r.p.m. 

2. AMERICAN WIND TURBINES 

Many firms in the USA are interested in wind turbine fabrication. 
Table 22 gives the main specifications of some models. 

TABLE 22 

Trade mark 

Model 

Blades 

Rotor loc. 

Diameter, m 

Power, kW 

VN, m/s 

N, r.p.m. 

Gear-up ratio 

Generator 

Orientation 
drive 

Windcharger 

20 . 110 

2, wood. 
Fixed blades 

upwind 

2.30 - 3.35 

0.25 - 1 

8.5 9 

400 

1 1 

d.c. . d.c. 

Tail vane 

Sencenbaugh 

500 .1 000 

3, wood. 
Fixed blades 

upwind 

1.80 - 3.60 

0.5 - 1 

11 10 

1 000 290 

1 . 3 

d.c. . d.c. 

Tail vane 

North Wind 

HR2 

3, wood. 
Fixed blades 

upwind 

5 

2.2 

9 

250 

1 

d.c. 

Tail vane 

W.T.G. 

MP20 

3, stainless steel 
Fixed blades 

upwind 

8.5 

20 (Max 36) 

13.5 

120 

15 

induction 

Tail vane 

Grumman 

Windstream 33 

3, alum, alloy. 
Variable Pitch 

downwind 

10 

15 (Max 20) 

10.8 

74.1 

25,1 

induction 

Hydraulic 
servomotor 
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The last four wind generators are shown in figures 157a, 157b, 158a, 
158 b. The Windcharger unit and the Jacobs unit (which is also made 
in the USA in two models of 2 500 and .3 000 watt capacity) are described 
in chapter III. 

The W.T.G. MP 20 and the Windstream 33 units are designed to 
operate coupled to the grid. The MP 20 wind generator uses the stalling 
effect of its fixed twisted blades above the rated wind velocity to limit 
power output. 

wind 

wind 

wind 

wind 

wind 

Fig. 157a - Sencenbaugh. Fig. 157b - North wind. 

wind 

C 

3 blades 

wind 

Ύ^ 

Λ 
1 

generator gear - box 

Fig. 158a - WTG MP 20. Fig. 158b - Windstream 33. 

Small American wind turbines. 
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In case of overspeeding, the spoilers located at the blade tips, are 
deployed causing the rotor to slow down. A disc-brake mounted on the 
high speed shaft is used for "parking" the rotor. 

The Windstream 33 is designed to operate unattended. 
When the power switch in the control panel is in the proper position, 

the blade pitch changes from the feathered to an intermediate position, 
causing the rotor to start turning. When the wind speed reaches 4 m/s, 
the primary actuator drives the blades to high-speed running position, the 
contactor between the W.S.33 and the grid closes and the generator begins 
to produce power up to the furling speed of 22.5 m/s. 

The rotor is designed to be increasingly efficient up to 8 m/s and de-
creases in efficiency thereafter. 

As wind speed accelerates, the generator holds the rotor to a nearly 
constant speed which reduces its efficiency. However, the power deli-
vered to the grid continues to increase because of the increasing energy of 
the wind. 

The WS 33 can generate power within the capacity of the generator 
over the full wind speed range without continually varying the blade pitch 
angle. 

When winds exceed 22,5 m/s, an anemometer signal causes the pitch 
control system to drive the blades to feather where they remain until wind 
speed drops below 12 m/s. The unit is controlled by a microprocessor. 
When any fault is detected, the control system reacts by feathering the 
blades and shutting down the machine. 

3. DANISH WINDMILLS 

Denmark has greatly developed the mass-production of small wind-
mills. Five hundred wind generators of a power ranging from 10 kW to 
55 kW were installed in 1980-1981. We shall describe some of them: 

The Kuriant windmill : Its main characteristics are as follows : 
Three fixed twisted blades made of GRP 
Rotor rotating downwind of a latticed mast. 
Diameter : 10.90 m Rotational speed : 68 r.p.m. 
Rated power : 15 kW at a wind speed of 9 m/s. 
Tip speed ratio : λ0 = 4.2 Gear-up ratio : k = 15 
Two asynchronous generators : One of 4 kW for low wind speeds and the other 

of 15 kW, 1 000 r.p.m. for higher wind speeds up to 25 m/s. The two generators are 
mechanically coupled through pulleys and driving belts. 

Height of the support : 12 m or 18 m according to the site. 

In case of overspeeding, the blade tips whose length is about one-sixth 
of the radius subjected to centrifugal forces, rotate by 90° and turn into 
spoilers. The wind plant is also protected against overloading by thermal 
sensors, power-failure on the mains and abnormal vibrations. 
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A compressor placed at the foot of the guyed support provides com-
pressed air which holds open the mechanical brake. In case of emergency, 
the pressure of the compressed air falls to zero, causing the disconnection 
of the generator from the grid and the mechanical braking of the wind 
rotor shaft which stops quickly. 

The wind machine is oriented into the wind by a yawing motor control-
led by a vane placed under the generator. 

The Blacksmiths windmill drives an asynchronous generator of 22 kW 
capacity. The rotor diameter is 10 m. The three-fixed blades are made 
of fibreglass-reinforced plastic. The blade tips, controlled by centrifugal 
force, turn 90° at about 5 % overspeed and automatically turn back again 
when speed drops to 30 % of its normal value. 

The Holger Danske windmill is similar to the previous one, except 
that its diameter is 11 m and the rotation of the blade tips is 60° at overspeed. 

The Herborg windmill, largely similar to the Blacksmiths windmill, is 
equipped with two asynchronous generators of 30 and 5 kW capacities. 

The Sonebjerg windmills are manufactured with asynchronous gene-
rators from 22 to 55 kW capacity and rotor diameters ranging from 10 
to 14 m. The 3 blades are of fixed pitch and are equipped with spoilers 
operated by centrifugal force. Each blade consists of a wooden spar 
covered by a layer of fibreglass-reinforced polyester. 

The Jydsk Vindkraft windmill drives an asynchronous generator of 
15 kW capacity. The pitch of its 8.4 m fibreglass-reinforced polyester 
rotor is electrically controlled. 

The Windmatic firm manufactures windmills having diameters of 10, 
12 and 14 m and powers ranging from 10 kW to 55 kW. 

The Windmatic wind turbines have three fixed blades connected toge-
ther with stays. Each blade consists of a main supporting beam of lami-
nated wood around which the fibreglass profiles with the boxes of the 
braking flaps are moulded. 

The main specifications of the 10 m-22 kW Windmatic machine are 
as follows: 

Three fixed blades made of GRP running upwind of the support 
Diameter :10 m Rotational speed : 68 r.p.m. 
Power delivered : 10 kW in a 8 m/s wind, 22 kW in a 12 m/s wind. 
Tip-speed ratio : λ0 = 4.4 Gear-up ratio : k : 14.83 
Cut-in-speed : 5 m/s Furling speed : 20 m/s 
Generator: 22 kW, 1 000 r.p.m. Lattice-steel mast, 18 m high. 

The rotor is oriented into the wind by two lateral auxiliary wind wheels. 
Each unit is equipped with safety devices. They protect the machine 
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against overloading, overspeeding, and vibrations. In case of overspeeding 
which can happen if the machine is disconnected from the grid, the spoiler 
flaps fan out. A mechanical brake allows the machine to be stopped. 

The Erini windmill is similar to the above, except that the blades are 
of welded construction. The blade tips turn 90° at over speed under the 
influence of centrifugal force. 

The Kuriant windmill The Blacksmith windmill 

The Jydsk vindkraft windmill The Poulsen windmill 

The Windmatic windmill The Dansk vindkraft gyro-mill 

Fig. 159 - Danish windmills 
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The Poulsen windmill is an unusual one. The shaft is inclined 30° 
to the horizontal plane. The fixed pitch, two-bladed rotor drives a 30 kW, 
4 pole asynchronous generator at 120 r.p.m. in strong winds, and a 5 kW, 
6 pole generator at 60 r.p.m. in light winds. 

The Dansk Vindkraft gyromill drives an asynchronous generator of 
15 kW capacity. The blade pitch angle is controlled by means of a vane. 

Note that the Danish manufacturers are in favour of the induction 
generator because this can be connected to the network without difficulty. 

Experimental Danish wind power plants 

Before undertaking the construction of the Gedser windmill, J. Juul 
and his collaborators built two other smaller experimental windmills at 
Bogo and Vester. 

We shall describe only the Vester wind plant. Figure 160 gives the 
main data concerning its blades and figure 161 shows its regulating 

Blades 

Fig. 160 - Danish Vester windmill. 

We shall note : (1) the blades, (2) the ailerons, or flaps at the blade tips, 
(3) the mechanical brake, (4) the gear box, (5) the generator, (17) the com-
pressed-air or oil intake. 

The windmill is controlled by means of a mobile rod operating through 
a hollow windmill shaft and welded to a piston (6) acting on two sliding 
rods connected to the flaps. 

When the circuit breaker (16) and the switch (12) are closed, the 
relay (11) of the electromagnetic valve (8) is fed. Compressed air going 



196 WIND POWER PLANTS 

Fig. 161 - Regulating device. 

through the open valve (8) causes the piston (6) to move to the right. This 
movement releases the mechanical brake and sets the ailerons parallel 
to the blades making the rotor ready to turn. Simultaneously, the switch (7) 
closes. If the wind is fast enough, the wind plate (14) closes and the 
relay (13) engages the contactor (15). The asynchronous generator starts 
as a motor. When the rotational speed is higher than the synchronous 
speed, the wind generator begins to provide energy to the grid. 

In the case of overspeeding, the fly-ball governor (10) opens the 
contact (9), thus interrupting the flow to the relay (11). The valve (8) 
shuts the air intake and opens the cylinder (6) to the atmosphere. As 
the counterpressure in the cylinder falls to zero, the flaps, subject to cen-
trifugal force, are rotated by helical devices housed within the blades. 
Simultaneously, the mechanical brake comes into action and stops the 
machine. 

If the wind velocity falls below the cut-in speed, the main breaker (15) 
opens. The reverse operation takes place as soon as the wind regains 
sufficient speed. 

Remark: The induction generator holds the rotational speed nearly 
constant. The efficiency is maximal at a wind speed of 7 m/s. When 
the wind velocity reaches 10 m/s, the efficiency falls to 45 %. At wind 
speeds over 10 m/s, the efficiency is so poor that a speed-regulator would 
be unnecessary to maintain the rotational speed. Therefore the aerody-
namical brake is useful only when the wind generator is accidentally dis-
connected from the grid. 

4. SOVIET WIND MACHINES 

Table 23 gives the main data of some Soviet aerogenerators. These 
machines are described in Wind Powered Machines, a Soviet book written 
by Y.I. Shefter and translated into English by NASA. 
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TABLE 23 

Model 

Blades 
Diameter, m 
Power, W 
VN, m/s 
N, r.p.m. 
Productive wind 
speeds, m/s 

BE 2M 

2 
2 
0.15 
6 

600 
3-25 

VIESKH 4 

2 
4 
1.6 
8 

280 
4-40 

UVEU D6 

2 
6 
3.4 
8 

186 
4-40 

SOKOL D12 

3 
12 
15.2 
8 

88 
4.5-40 

The first three of these machines are equipped with the Soviet regulator 
seen in fig. 71, Chapter III. The Sokol wind machine is provided with 
a centrifugal spring regulator. 

5. SWISS WIND MACHINES 

The Elektro firm of Winterthur built aerogenerators ranging from 50 W 
to 6 000 W capacity. The regulating system is described in Chapter III. 
The generators currently in use are direct-driven alternators. Some of 
them are equipped with rectifiers for battery charging. Table 25 gives 
the main data. An Elektro wind turbine is shown in fig. 163. 

TABLE 24 

Model 

Blades 
Diameter, m 
Power, W 
N, r.p.m. 

W50 

1 
0.45 

50 
100/450 

W250 

1.3 
0.66 

250 
70/400 

WV05 

2 
2.5 

600 
250/700 

WV 15 

2 
3 

1 200 
220/550 

WV 25 

2 
3.6 

2 200 
200/520 

WV 35 

3 
3.4 

4 000 
160/420 

WV 50 

3 
5 

6 000 
120/220 

6. AUSTRALIAN WIND TURBINES (fig. 164) 

The Dunlite firm of Adelaide has built two models of aerogenerator 
which can respectively provide 1 kW in a 10 m/s wind, and 2 kW in a 12 m/s 
wind. The three-bladed wind rotor, which are identical for the two models, 
have diameters of 4,10 m. The blades are made of steel. The current pro-
duced by both alternators is rectified. The variable blade pitch is controlled 
by a regulating system of the Quirk type. 

7. GERMAN WIND TURBINES 

We shall describe some of the models which are tested on Pellworm 
Island where the German wind energy test field is located. 
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Fig. 163 - Elektro wind rotor Fig. 164 - Dunlite wind turbine 
(Swiss) (Australia). 

The Brummer wind generator is a variable-pitch, three-bladed wind 
machine operating downwind of its guyed steel-tubed mast. The blades 
are made of aluminium and the machine is self-orienting. 

The Aeroman wind generator is a variable-pitch two-bladed wind rotor 
oriented by an auxiliary wind wheel and rotating downwind of its support. 
The blades are made of fibreglass-reinforced polyester (GRP). 

Fig. 162 - The Sokol wind generator (U.S.S.R.). 
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The Böwe wind generator is a self-orienting, one-bladed wind rotor 
with a counterweight operating downwind of its guyed cylindrical support. 
The blade is made of GRP. The speed is controlled by a slat. In case 
of overspeeding, the blade axis is oriented into the wind direction by 
means of a hydraulic jack actuated automatically. 

The Hiillman wind generator is a variable-pitch three-bladed wind 
rotor rotating downwind of its guyed cylindrical support. The blades 
are made of GRP and the machine is self-orienting. 

All these wind rotors drive synchronous generators (220/380 V, 
1 500 r.p.m.) having more than 10 kW capacity. 

The geometrical and mechanical characteristics are given in table 25. 

TABLE 25 

Model 

Diameter 
Number of blades 

Rated power 

Rated wind speed 

Rotational speed 

Tip-speed ratio A0 

Gear-up ratio k 

Height of the support 

Brummer 

12 m 
3 

10 kW 

8 m/s 

40 r.p.m. 

3.14 

37.5 

9 m 

Aeroman 

11 m 
2 

11 kW 

8 m/s 

100 r.p.m. 

7.2 

15 

10 m 

Böwe 

12 m 
1 

10 kW 

8 m/s 

115 r.p.m. 

9 

13 

11 m 

Hüllman 

9 m 
3 

10 kW 

9 m/s 

100 r.p.m. 

5.9 

15 

12 m 

Another model : Noah contra-rotating wind rotors 

In order to avoid the need for step-up gearing, W. Schoenball has 
built a 12 m diameter wind turbine with two five-bladed rotors, one rotating 
clockwise and the other counter-clockwise. One rotor turns the rotor 
of the generator, the other turns its stator. Because rotational speeds 
of the wind rotors are opposite, step-up gearing is unnecessary. The 
speed of each rotor is maintained at 71 r.p.m. by means of an electrical 
device. An auxiliary wind wheel turns the main rotor into the wind. 
The prototype built on Sylt Island in Germany has supplied a power of 
70 kW. The advantage in the layout of avoiding step-up gearing is unfor-
tunately offset by its greater complexity, which constitutes a serious han-
dicap for this machine. 

8. BRITISH WIND POWER PLANTS 

During the last decades, four experimental wind power units were 
constructed in the United Kingdom. 
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Ënfield wind turbine : This two-bladed wind rotor was coupled directly 
to a three-phase low-revolution generator operating at 415 v. 

Böwe Hüll mann 

Fig. 165 - German windmills. 
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Dowsett wind machine : This machine was a three-bladed wind turbine 
with a hydraulically-controlled variable pitch which drove a 25 kW induc-
tion generator. It was oriented by two auxiliary rotors. 

Smith wind turbine (Isle of Man) : The machine had three fixed blades 
with constant chord, made of extruded aluminium. It was coupled to 
a 100 kW induction generator and was oriented by an auxiliary wind 
wheel. 

John Brown wind turbine (Costa Hill, Orkney): This installation 
included a variable-pitch three-bladed wind rotor which drove a 100 kW 
induction generator. The blades were tapered and untwisted. 

Table 26 gives their main specifications. 

TABLE 26 

Wind machine 

Blades 
Diameter, m 
Power, kW 
VN, m/s 
N, r.p.m. 
Tower Height, m 

Enfield 

2 
10 
10 
8.3 

103 
12 

Dowsett 

3 
12.8 
25 
11 
65 
10 

Smith 

3 
15.2 

100 
18.5 
75 
10.5 

J. Brown 

3 
15 

100 
15.2 

130 
12 

C. High-Power Installations 

Most of the high-power systems constructed so far have been equipped 
with two or three-bladed turbines of fixed or variable pitch. Speed is 
regulated by aerodynamic brakes or blade adjustments, generally with 
the aid of servomotors because of the magnitude of the effort required. 

For orienting the wind rotor into the wind, a wide range of devices 
may be used : yawing motors, auxiliary wind wheels, self-orientation etc... 

Step-up gearings are generally inserted between turbines and generators. 
This permits avoiding the use of multipole generators, which are very 
heavy and necessary for a direct drive by the turbine shaft, due to the rela-
tively low rotational speed of large wind rotors. Step-up gearings mainly 
consist of multistage gear-boxes and gearing belts (efficiency 98 % or 99 % 
per stage). Hydraulic transmissions are less common, though their per-
formance has been improved in recent years. 

In the following paragraphs, detailed information is given on the main 
high-power installations. 
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1. ANDREAU — ENFIELD AEROGENERATOR (fig. 166) 

This aerogenerator was designed by the French engineer Andreau 
and manufactured by the English Enfield Company for the British Elec-
tricity Authority. 

Initially, the machine was erected at St Albans (U. K.). Unfortunately, 
this was a wooded site where the wind was irregular, so the experiment 
was inconclusive. In 1957, the machine was bought by " Electricité et Gaz 
d'Algérie", dismantled, and then reerected at Grand Vent (Algeria). 

Overall view Cross section 

Ai 
Fig. 166 - Andreau-Enfield wind machine. 

Description 

The design was unique. The blades were hollow. When they 
rotated, centrifugal force caused the air inside the blades to move from 
the hub towards the tips. The low pressure within the hub was used to 
drive an air turbine and an alternator, both placed inside the tower. 

Main characteristics 

Two articulated, hollow blades. Self-orienting wind turbine, assisted by a 
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sensitive power control system. Automatic pitch control by a hydraulic servomotor. 
Variable coning. 

Rated power : 100 kW Rated wind speed : 13,5 m/s 
Power output is held constant from 13,5 m/s to 29 m/s windspeed. 
Rotational speed of the turbine: variable (maximum: 95.4 r.p.m.) 
Air-sucked discharge : 1 655 m3/min. 
Alternator: 100 kW, 415 V. 
Tower height : 30 m. 

Results 

Low efficiency (22 %) due to air intake at the rotating joints near the 
hub, and also due to the fact that the efficiencies of the four elements placed 
in succession (wind turbine, fan, air turbine, alternator) must be multiplied 
together to obtain the overall efficiency. Though the blades were of 
necessity not perfectly streamlined, their efficiency reached 73 % relative 
to the Betz limit. 

The main conclusion was that it would be advisable to avoid articulated 
blades. 

2. AMERICAN WIND MACHINE (MOD-O) 

In 1975, the U.S. Department of Energy erected a 100 kW wind tur-
bine in Sanduski, Ohio. Its characteristics are as follows : 

Wind rotor operating downwind of its support. 
Two variable-pitched blades made of aluminium. 
Diameter : 37.5 m. 
Rated power : 100 kW Rated wind speed : 8 m/s 
Rotational speed : 40 r.p.m. in wind > 3 m/s by changing the system load and 
the pitch of the blades. 
Safety device : the blades are fully feathered in wind speeds greater than 30 m/s 
and the system is designed to withstand wind velocity as high as 70 m/s. 
Alternator: 125 kVA at 1 800 r.p.m. for MOD-0. 
Gear-box ratio : k = 45 Tower height : 30 m. 

Four other installations called MOD-OA with the same geometrical 
characteristics as MOD-O, but using 200 kW alternators, have been erected. 
One of them was installed at Dayton, New Mexico, in December 1977 
(Rated wind speed 11 m/s). 

3. BALAKLAVA RUSSIAN WIND MACHINE (USSR) 

This wind machine was erected in 1931 and operated until 1949. Its 
annual output was about 200 000 kWh. 

Main characteristics 

Three-bladed wind rotor placed upwind of the latticed tower. 
Variable pitch controlled by flaps. 
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Diameter : 30 m. 
Rated power : 100 kW at 10.5 m/s wind speed. 
Maximum power : 130 kW at 11 m/s wind speed. 
Rotational speed : 30 r.p.m. Tip-speed ratio : λ0 = 4.5. 
Induction generator : 220 V Tower height : 25 m. 

Orientation by means of an inclined strut, whose base rested on a 
circular track and was moved by a 1 kW electric motor. 

The main gears were of wood and the blade skins of roofing metal. 
The Zwei D-30 aerogenerator was a similar wind machine; the only 

difference concerned the yawing system. For orienting this machine, 
auxiliary wind wheels were used, the wind rotor being placed downwind of 
the tower. 

Soviet aerogenerators 

Fig. 167 - The Balaklava machine. Hg. 168 - The ZWEI D30 aero-
generator. 

4. THE 132 kW NEYRPIC AEROGENERATOR, ST-REMY DES 
LANDES (FRANCE) 

This wind machine (shown in fig. 169) was designed by Louis Vadot. 
It supplied 700.000 kWh between November 1962 and March 1966. 

At first it was oriented by auxiliary wind wheels but tests showed that 
self-orientation was quite satisfactory, the wind rotor being placed in both 
cases downwind of the tower. 
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Main data 

Three variable-pitched blades of fibreglass reinforced plastic. 
Diameter :21.1m Rated power : 132 kW. 
Rated wind speed : 12.5 m/s Rotational speed : 56 r.p.m. 
Maximum power : 150 kW for 13.5 m/s wind speed. 
Induction generator rotating at 1 530 r.p.m. 
Double step-up gearing. 
The power and efficiency curves are seen in fig. 169. 

A Power o-itput in kW 

Fig. 169- The 132 kW Neyrpic aerogenerator at St-Rémy-des-Landes 
(Manche, FRANCE) 

5. GEDSER DANISH WINDMILL (fig 170) 

This aerogeneratoi, designed by J. Juul, operated from 1957 to 1966. 
On the average, it provided about 450 000 kWh/year, which corresponds 
to 900 kWh/year/m2 of swept area. 

Main specifications : 

Wind rotor rotating upwind of the tower. 
Three fixed twisted blades. Profile : NACA 4312. 
Useful blade length : 9 m Blade chord : 1.54 m. 
Setting angle near the hub : 16°, at the tip : 3°. 
Diameter : 24 m Rotational speed : 30 r.p.m. 
Power : 60 kW at 7.5 m/s, 200 kW at 17 m/s wind speed. 
Cut-in speed : 5 m/s Cut-out : 20 m/s. 
Design tip-speed ratio : λ0 = 5. 
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Induction generator : 200 kW, 8 poles, slip : 1 % at full load. 
Gear-up ration k = 25 (double chain). 
Concrete tower, 24 m high. 

In order to reduce the bending stresses at the hub, the blades were 
connected together by stays. The blade construction was derived from the 
techniques used classic windmills. The blades consisted of wooden 
frames fixed on steel beams. The wooden frames were covered with alu-
minium-alloy sheeting. 

The rotational speed was held almost constant by the asynchronous 
generator. In case of disconnecting from the grid and racing, the ailerons 

Fig. UO-GEDSER windmill (Denmark). 



GENERATION OF ELECTRICITY 207 

placed at the blade tips rotated 60° by the action of a servomotor controlled 
by a flywheel regulator. The aileron area was equal to 12 % of the blade 
surface. The wind machine was stopped by a mechanical brake. 

6. HUNGARIAN WIND TURBINE (fig. 171) 

In 1960, Ledacs Kiss and a team of technicians designed an expe-
rimental wind machine. The installation shown in fig. 171 had the follow-
ing specifications : 

Wind rotor placed upwind of a concrete tower. 
Four braced fixed twisted blades, 2 800 kg each, made of a welded steel structure 

with an external aluminium covering. 
Diameter : 36.6 m Rated power : 280 kW 
Rated wind speed : 10.4 m/s Cut-in-speed : 3 m/s 
Maximum power : 280 kW at 12 m/s wind-speed 
Rotational speed : 17.85 r.p.m. Tip-speed ratio : λ0 = 5 
Induction generator : 1 000 r.p.m. Tower height : 36 m 

Step-up gearing: The shaft rotated on roller bearings. At the rear 
end of the shaft was a sprocketed wheel with a chain drive ratio of 4 : 1. 
The rotation, having been multiplied by four by the chain-drive, was car-
ried by a transmission shaft to a speed-increaser gear which had a ratio 
of 14: 1, so that its output shaft rotated at 1 000 r.p.m. 

Yawing and safety devices : 
During periods of non-productive winds, the generator was discon-

nected from the grid by an automatic device. In normal running, the 
nacelle was only turned away from its direction by a yaw motor when the 
wind direction had already changed by at least 15°. The return rotation 
of the nacelle had the same amount of dead space, so that the wind wheel 
and nacelle did not turn back and forth at every slight change in wind 
direction. 

Limitation of power output during strong winds was performed by 
an automatic device which turned the wind rotor a little out of the wind. 
If the wind velocity later decreased, the same automatic device turned the 
rotor back into the wind. The wind turbine was not equipped with an 
aerodynamic brake, only with a mechanical one. If need arose of com-
plete shutdown, the plane of the wind wheel could set completely parallel 
to the wind direction. Then the rotor was stopped by the mechanical 
brake. 

7. AEROGENERATOR AT PETTEN, NETHERLANDS (fig 172) 

In 1980, the Dutch Department of Energy installed an aerogenerator 
near Petten under the leadership of G. Piepers. 
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Fig. 171 - Hungarian wind turbine. Fig. 172 - Dutch aerogenerator of 
Petten. 

Its main specifications are the following: 

Two-bladed wind rotor running upwind of the tower. 
Fibreglass construction, beam section reinforced by carbon fibre. 
Variable pitch controlled by a hydraulic actuator. 
Aerofoil : NACA 2300 Twist-angle : 16° 
Cone angle : 5° Tilt angle : 5° 
Diameter : 25 m Blade weight : 550 kg each 
Power : 400 kW Rated wind speed : 13 m/s 
Cut-in speed : 6 m/s Cut-out speed : 17 m/s 
Design rotational speed 80 r.p.m. Design tip-speed ratio : λ0 = 8 
Rotational speed range: 40-80 r.p.m. 
Planetary gear-box : k = 20 Yaw rate : 1.1 deg/s 
d.c. Shunt generator: 400 kW, 900-1 600 r.p.m. 
6-phase bridge converter with line commutation, 600 kW. 
Step-up transformer : 380 V to 10 kV. 
Concrete tower with a conical base 

The speed of rotation N is variable and selected by computer in order 
to extract the maximal power for a given wind velocity. 
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The d.c. current provided by the shunt generator is transformed into 
a.c. current (180 V, 50 Hz) by means of a converter. This system is well-
suited for transferring power from a large wind rotor to a "weak" grid. 
It suppresses the problems of stability caused by gusts by allowing the rotor 
to accelerate. 

Note that the Dutch engineer L. Lievense has studied the possibilities 
of storing wind energy by linking 1 000 wind turbines of 3 MW each to a 
massive water basin of 165 km2. The wind would provide power to pump 
water into the basin at a level higher than that of the surrounding Ijsselmeer. 
This water would then be allowed to flow out, driving water turbines to 
supply power when needed during periods of non-productive winds. 

8. BEST ROMANI AEROGENERATOR AT NOGENT-LE ROI, 
FRANCE (fig. 173) 

This aerogenerator was designed by Louis Vadot. Between April 1958 
and April 1962, it supplied 221 000 kWh to the grid. 

Its main characteristics were as follows : 
Self-orienting wind rotor rotating downwind of its support. 
Three fixed twisted blades made of aluminium alloy. 
Profiles used : NACA 23012, 23015, 23018 
Diameter : 30.1 m Rated power : 800 kW 
Rated wind speed : 16.7 m/s Rotational speed : 47.3 r.p.m. 
Tip-speed ratio : λ0 = 7 Gear-up ratio : k = 21.5 
Generator : Alternator with 6 poles running at 1 000 r.p.m. 
Cut-in-speed : 7 m/s Height of pylon : 32 m. 
Total weight without infrastructure: 160 t. 
The wind rotor was designed to rotate satisfactorily in winds of 25 m/s with gusts 

up to 35 m/s and to withstand 65 m/s wind speeds when stopped. 

Power was transmitted from the wind rotor to the generator by two 
planetary gear-boxes with ratios of 7.5: 1 and 3 : 1 respectively. 

The effect of the support wake was reduced to a minimum by means 
of slots sucking air between the circular section of the mast and a moving 
hollow beam in the shape of an aerofoil tail, welded to the body of the wind 
machine. This also carried a ladder for climbing into the nacelle. 

For starting, a clutch allowed the wind rotor to run freely. The 
alternator started like an asynchronous motor. 

in case of disconnection from the grid and racing, an automatic device 
established an electrical connection between the alternator and an auxi-
liary network consisting of a resistive line 60 m long. This electrical brake, 
and a disc brake 1.80 m in diameter, stopped the machine within two 
revolutions of the wind rotor shaft. 

The aerogenerator was used for five years as an experimental platform. 
During a storm, it provided 1 000 kWh for about twelve hours. Its effi-
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Fig. 173 - The 800 k W Best Romani aerogenerator (France). 

ciency reached 80 % of the Betz limit at optimal speed. During tests, 
on August 30, 1960, the output power passed from 300 kW to 900 kW 
within an interval of 2.85 seconds. 

For reducing the step-up gearing ratio, a second wind rotor rotating 
at 71 r.p.m. with a corresponding tip-speed of 112 m/s was tested in 1963, 
but one of its blades broke. L. Romani, Head of the Eiffel Laboratory 
and Chief manager and inventor of the aerogenerator, estimates 100 m/s 
as the safe tip-speed limit. 

After the blade broke, the machine was dismantled and left unrepaired 
because of low petroleum prices at the time. 
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9. NEYRPIC AEROGENERATOR OF 1 000 kW POWER, ST-REMY 
DES LANDES, MANCHE, FRANCE (Fig. 174) 

This aerogenerator was designed by Louis Vadot and operated 
from 1963-1964. 

Its operation, which was quite satisfactory, was stopped after 
2 000 hours because of damage to the step-up gearing. In spite of the 
size of the investment and the short duration of the run, the wind machine 
was not repaired because of the then low petroleum prices. The aero-
generator was dismantled in June 1966. 

Main characteristics 
Variable-pitch three-bladed machine controlled by a hydraulic servomotor 

Blades made of fibreglass-reinforced plastic (G.R.P.). 

Self-orienting wind rotor, downwind of the pylon. 
Diameter : 35 m 
Rated power : 1 000 kW at 17 m/s wind speed. 
Efficiency : 60 % to 70 % relative to Betz limit. 
Height of the pylon : 61 m. 
Fixed pitch up to 650 kW and variable pitch thereafter. 
Stoppage by feathering for V < 6 m/s. 
Asynchronous generator : 1 015 πρ.ιη., 3 000 V. 
Total weight (excluding infrastructures) : 96 t. 
The power and efficiency variation curves are given in fig. 174. 

♦Electric output in kW 

Fig. 174- The 1 000 kW Neyrpic aerogenerator at St-Rémy-des-Landes 
(Manche, FRANCE). 



212 WIND POWER PLANTS 

10. GRANDPA'S KNOB WIND MACHINE (VERMONT, USA) 
(fig. 175) 

This machine was built by the S. Morgan Smith Company under the 
leadership of P. C. Putnam and J. B. Wilbur. It ran from October 1941 
to March 1945. 

On March 26, 1945, a blade failed. The machine was not repaired 
because of the low petroleum price at the time. The company abandoned 
the project and placed its patents in the public domain. Until 1975, 
the Grandpa's Knob was the greatest wind machine ever erected. 

&* 

Fig. 175 - The Grand Pa's Knob wind turbine. 
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Us main characteristics were as follows : 
Variable-pitch two-bladed wind rotor operating downwind of the tower, oriented 

by a hydraulic yaw motor. 
Rectangular and untwisted blades made of stainless steel. 
Profile used : NACA 4418 Constant chord : 3.70 m 
Useful blade length : 20 m Weight of each blade : 6.91 
Diameter : 53 m Rated power : 1 250 kW 
Rated wind speed : 13.5 n Rotational speed : 29 r.p.m. 
Tilt angle 12°5, Cone angle : variable from (P to 20° 
Alternator : 1 250 kVA, 2 400 V, 600 r.p.m. Gear-up ratio k = 20.6 
Height of the lattice tower : 33 m Total weight : 75 t 

The regulation of the machine was carried out through a hydraulic 
servomotor acting on the blade pitch. 

In order to reduce the bending stresses in the root sections of the blades, 
the angle between the rotor shaft and the blade axes varied with the wind 
velocity and the rotational speed. Coning variation was possible. 

The wind rotor was able to withstand 62 m/s wind speeds. 
To avoid the alternator being forced out of phase and to hold the 

connection to the grid, the wind rotor drove the generator through a 
hydraulic coupling capable of slipping. Power peaks from gusts were 
absorbed by allowing the rotor to accelerate. 

11. DANISH WIND GENERATORS 

Denmark has greatly developed the use of wind energy by constructing 
several wind generators of medium and large size. The largest ones have 
been constructed in the localities of Tvind and Nibe. 

a) AEROGENERATOR at TVIND 

This wind turbine seen in fig. 176 was erected in 1977 by the inhabitants 
of Tvind, a village of 700 people situated on the west coast of Denmark, 
to supply their own energy needs. 

Its main characteristics are the following: 

Variable-pitch wind rotor rotating downwind of a tower. 
Three-blades made of fibreglass-reinforced polyester (GRP). 
Profiles used : NACA 23035, 23024, 23012 Weight : 3.5 tons each 
Cone angle : 9° Tilt angle : 4° 
Diameter : 54 m Rated power : 2 000 kW 
Rated wind speed : 15 m/s Maximum wind speed : 20 m/s 
Rotational speed : 40 r.p.m. Tip-speed ratio : λ0 = 7,5 
Alternator : 2 000 kW, 3 kV, 750 r.p.m. 
Gear-up ratio : k = 19 Gear-box weight : 18 tons 
Concrete tower 53 m high. 



214 WIND POWER PLANTS 

NACA 
23012 
, 0.702 m 

step up gearing 

generator 

wind 

NACA NACA 
23024 23035 

12.13 m 12.13 m / 

^ = I.AOr, 

setting angle 

36ö9 

Fig. 176 - The TVIND wind turbine (Denmark). 

The shaft from the rotor hub to the gear-box is a solid steel cylinder 
of 800 mm diameter. It originally served as a ship propeller shaft. 

The electricity is fed down from the top of the tower by loose cables 
which are slack enough to require untwisting only about once a year. 
Before the electricity leaves the machinery pod, it goes through a solid-
state rectifier. This thyristor device converts the varying-frequency 
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a.c. current from the generator into d.c. and then back into a.c. at the 
desired frequency. According to time of day, this frequency varies from 
48 Hz to 50 Hz. 

b) NIBE WIND TURBINES (fig. 177) 

The Nibe site was equipped with two models of wind turbine in 1978 
and 1979. They are placed 150 m from the water's edge at a distance of 
only 220 m from each other. The design of the wind rotors and the 
regulating systems are different for the two machines. The aim of the 
experiment is to form the basis for future decisions concerning wind energy 
conversion systems for electricity production. 

Main characteristics. 

Turbine A : 3 blades, upwind rotor. 
4 discrete pitch angles stall regulated. 
Rotor blades supported by stays. 
Turbine B : 3 blades, upwind rotor. 
Full pitch control for power regulation. 
Rotor blades self-supporting. 

Characteristics common to both wind turbines : 

Rotor diameter : 40 m Height of the rotor hub : 45 m 
Cone angle : 6° Tilt angle : 6° 
Blade construction : Steel/fibreglass spar, fibreglass shell 
Profile NACA 4412-4434, Standard roughness, Twist angle: 11° 
Rated power : 630 kW Rated wind speed : about 13 
Rotational speed : 34 r.p.m. Tip-speed ratio : A0 = 5.5 
Cut-in-speed : 6 m/s Cut-out speed : 25 m/s 
Induction generator, 4 poles, 6 kW, 1 500 r.p.m. 
Gear-box : Three stage gear, ratio 45: 1 
Automatic control via computer 
Hydraulic yaw motor, yaw rate : about 0.4 deg/s 
Electricity lead down : 3 single-phased turnable cables. 
Estimated production : 3 GWh per year 
Maximum power produced : 500 W/m2 swept area 
Low-tuned concrete tower, 41 m high. 
Weight of the outer 12 m blade section : 900 kg 
Weight of a rotor blade (turbine B) : 3 500 kg 
Weight of a nacelle and rotor blades : 80 tons. 

These wind turbines (seen in fig. 177) have been studied by Helge 
Petersen and the engineers of the Riso National Laboratory. 
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c) THE 265 kW VOLUND WIND TURBINE (fig. 178) 

This machine designed by Helge Petersen includes two induction 
generators : a 58 kW for low wind speeds and a 265 kW for maximum 
production in higher wind speeds. Its efficiency is high over a large range 
of wind velocities. 

The blades are mounted in such a way that the bending stresses in the 
blade roots are eliminated by employing a system of struts. The hinges 
mounted outside of the blade structure and the inner bearings at the hub 
enable the blades to pitch approximately 100°. The blades can turn under 
the action of the centrifugal and aerodynamic forces acting on them, 
thereby eliminating the need for active safety control devices. 

The rotor is provided with a tail in the shape of a small multi-bladed 
windmill. This assures the orientation of the machine into the wind. 
Thus there is no need for a yaw motor. 

Its main characteristics are the following: 

Three-bladed rotor operating downwind of its support with a rigid hub. Electro-
mechanically-controlled variable pitch. 

Blades made of GRP, Profile NACA 4412-4420, Twist: 7.8°. 
Root chord: 1.80 m 
Cone angle : 4° 
Diameter : 28.3 m 
Rated wind speed : 13 m/s 
Cut-out speed : 22 m/s Maximum design speed : 70 ms 
Rotational speed : 28 r.p.m. at low wind speeds 

42 r.p.m. at high wind speeds 
Transmission : Three-stage, ratio k = 36 
Two induction generators directly coupled 
Rating : 6 poles, 1 008 r.p.m., 58 kW, 380 V 

4 poles, 1 512 r.p.m., 265 kW, 380 V 
Estimated annual output : 
For V = 5.40 m/s at 10 m above the ground : 450,000 kWh 

6.30 m/s 630,000 kWh 
7.20 m/s 800,000 kWh 

Nacelle made of wound fibreglass, length : 6 m, diameter : 2.4 m 
Tower made of tubular steel with four guys 
Diameter at the base : 1 400 mm, at the hub : 800 mm 
Weight of the rotor including blades : 4 tons, above tower : 14 tons 
Tower : 6 tons Total weight : 20 tons 

12. NEW AMERICAN WIND GENERATORS 

Since 1975, the United States have been developing an ambitious 
program in the wind energy field. 

This program began with the construction of the wind turbine MOD.O 

Tip chord 
Tilt angle 
Rated power 
Cut-in speed 

0.60 m 
6° 
265 kW 
4.5 m/s 
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Fig. 178 - The Volund wind turbine (Denmark). 
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of 100 kW power, described in a previous paragraph. Then four other 
installations called MOD.0A, having identical wind rotors and shapes 
but equipped with generators of 200 kW power, were erected at different 
sites in the U.S.A. 

In 1978 and 1980, the U.S. Department of Energy, under the leader-
ship of L. V. Divone, Director of the Wind Energy Systems Division, 
constructed two large wind generators MOD.l and MOD.2. 

a) THE MOD.l WIND TURBINE (fig. 179) 

The MOD.l American wind turbine (2 000 kW) has been operating 
at Boone, North Carolina, at the summit of Howard's Knob since the 
summer of 1979. It was manufactured by NASA, General Electric and 
Boeing. 

Its main characteristics are the following: 
Variable pitch, two - bladed wind rotor rotating downwind of a truss tower 

with a rigid hub. 

Blades made of stainless steel Profil NACA 44XX 
Linear chord (at root : 3.65 m, at tip : 0.85 m), twist angle : 11° 
Cone angle : 9° Tilt angle : 0° 
Diameter : 61 m Rated power : 2 000 kW 
Rated wind speed : 11.2 m/s Cut-in speed : 5 m/s 
Cut-out speed : 15.8 m/s Maximum design speed : 56 m/s 
Rotational speed : 35 r.p.m. Tip-speed ratio : λ0 = 7.8 
Synchronous generator : 2 225 kVA, 1 800 r.p.m., 4.16 kV. 
Transmission ratio : k = 51 
Tower height : 40 m Hub height : 42.5 m 
Orientation : Ring gear, Hydraulic drive, yaw rate : 0.25 deg 
Control by computer and hydraulic pitch actuator 
Rotor weight including blades : 46 t 
Nacelle with the rotor : 148 t 
Tower in truss pipe : 144 t 

Total : 292 t 
Estimated production : 6 MWh at an average wind speed of 8 m/s. 

The blades are constructed of a monocoque welded steel leading edge 
spar and an aerodynamically contoured polyurethane foam afterbody 
with bonded 301 stainless steel skins. The hollow one-piece steel spar 
which is the prime load carrier of the blade, was fabricated by welding 
formed ASME SA 533 steel plate. The blades are attached to the hub 
through a three-row roller bearing that permits the pitch angle of each 
blade to be varied 105° from feather to full power. 

The gear-box and generator are similar in design to the MOD.0A, 
but are obviously much larger. 
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No significant technical or performance problems have been encoun-
tered since the starting of the wind plant. 

b) THE MOD.2 WIND TURBINE (fig. 179) 

The MOD.2 wind turbine is one of the largest wind turbines in the 
world. It operates near Goldendale, Washington, over Goodnoe Hills 
just north of the Columbia River Gorge. 

The MOD.2 is designed to be completely computer-operated and 
unattended. Sensors, anemometers and other equipment on the blades, 
tower, and the nacelle, detect windspeed at different heights above the 
ground and other important details such as ice loading and potential metal 
fatigue. 

The information from the sensor is fed into a small computer called 
a microprocessor located in the nacelle of the turbine. The micropro-
cessor, using these data, automatically keeps the blades turned into the 
wind, starts and stops the turbine generator and changes the pitch of con-
trollable tips of the blades to maximize power output under varying wind 
conditions. Should any part of the wind turbine suffer damage or mal-
function, the microprocessor will immediately shut the machine down. 
When that happens, technicians call up information on a remote terminal, 
pinpointing the problem which caused the wind turbine to shut down. 
If the problem does not require attention from maintenance people, the 
microprocessor is instructed to restart the machine. 

The main characteristics of the MOD.2 wind turbine are the following: 

Two-bladed wind rotor upwind of the tower. 
The blades are straight and made of steel. Only a part of the blade near the 

tip (outer 30 % of the span) can rotate or pitch to control rotational speed and power. 

Diameter : 91.50 m Power : 2 500 kW 
Rated wind speed : 12.5 m/s Cut-in speed : 4 m/s 
Cut-out speed : 15.8 m/s Maximum designed speed : 56 m/s 
Rotational speed : 17.5 r.p.m. Design tip-speed ratio : λ0 = 6.7 
Synchronous generator : 2 500 kW. 1 800 r.p.m. 
Transmission ratio : k = 103 
Tower made of steel, cylindrical shape with flared base 
Height :61m Diameter at base : 6.4 m 
Diameter from 15 to 61 m : 3.05 m 
Nacelle : Length :11m Height : 2.75 m 
Rotor weight : 48 t 
Nacelle without the rotor : 94 t 
Tower : 177.5 t 
Total : 309.5 tons 

The MOD.2 machine was designed using a new technology. It 
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incorporates a teetering rotor. This is a rigid rotor system attached to 
the drive shaft via a hinge axis perpendicular to the blade span. The 
teetering rotor reduces vibratory loads on the blades and those transmitted 
to the tower. 

The MOD.2 tower is designed to be " soft ". The softness of the tower 
refers to the first mode natural frequency of the tower in bending relative 
to the operating frequency of the system. For a two-bladed rotor, the 
tower is "excited" twice per rotor revolution. 

For the MOD.2 the resonant frequency of the tower is between n and 
2n, n being the number of rotor revolutions per second. The natural 
frequency of the tower is sufficiently displaced from the primary forcing 
frequency 2n so as not to resonate. Care has also been taken to avoid 
higher-mode resonance. Towers which are "soft" are less expensive than 
" stiff" towers but they require more accurate dynamic analysis. 

The use of a new technology and design has caused a sizable decrease 
in the cost price of wind energy. In chapter IX, we shall see that the 
kWh cost price has been halved from MOD.l to MOD.2. 

13. SWEDISH WIND TURBINES (fig. 180) 

The Swedish Government has decided to build two large wind tur-
bines under the leadership of Staffan Engström, Program manager : 

— the first one operates at Maglarp on Sweden's south coast near 
Malmö, 

— the second one is located at Nässudden on the island of Gotland 
in the Baltic Sea. 

Each of them uses a two-bladed rotor made of steel and fibre-glass 
reinforced plastic with variable pitch. 

Their basic characteristics are given in table 27. 

TABLE 27 

Site 

Rotors 
Position 
Hub type 
Diameter 
Power 
Rated wind speed 
Cut-in speed 
Cut-out 
Rotor speed 
Generator 

Maglarp 

Two-bladed with variable pitch 
downwind of the tower 

articulated 
78 m 

3 000kW 
13 m/s 
6 m/s 

21 m/s 
25 r.p.m. 

alternator 3 300 kVA 
1 500 r.p.m.-6.6 kV 

Gotland 

upwind of the tower 
rigid 
75 m 

2 500kW 
13 m/s 
6 m/s 

21 m/s 

induction generator 
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TABLE 27 (continuation) 

Site 

Gear box 
Diameter of the low 

speed shaft 
Yaw system 
Tower material 
Height 
Weight of the 

nacelle 
Contractor 

Maglarp 

Planetary gear 
outer : 530 mm inner : 250 

free, self-orienting 
cylindrical steel shell 

80 m 

66 tons 
Karlskronavarvet 

Gotland 

box in two stages k = 60 
mm 

Yaw motor 
Concrete 

80 m 

Karlstads Mekaniska 
Verkstad 

The two systems differ because of : 
— the rotors' positions relative to the towers (downwind or upwind) 

and therefore by the system of orientation, 
— the design of the rotors : teetering and rigid hub, 
— the generators : synchronous and asynchronous, 
— the materials used for the tower. 
The purposes of the experiments are : 
a) to develop and improve the data base for performance and stress 

calculations, 
b) to compare the two wind power plants and the advantages of using 

one component or system rather than another, 
c) to ascertain if the functional requirements and operational availa-

bility of each unit are satisfied on a long term basis, 
d) to enable the National Swedish Board of Energy to present to the 

Parliament improved data for future decisions concerning eventual large-
scale implementation of wind energy into the Swedish power system. 

The evaluation of the prototype units to the extent required by the 
above objectives should be completed before the end of 1984. 

14. GERMAN WIND POWER PLANTS (fig. 181) 

West Germany is developing large wind power plants. The West 
German Government hopes that this energy source will provide as much 
as 8 % of Germany's electricity. 

For the time being, two important wind power plants are being ins-
talled. They constitute the biggest wind installations ever built in the 
world. 

First project : Growian I 
The wind turbine is being erected at the Kaiser Wilhelm Koog at 

the mouth of the River Elbe. Construction began in 1981. 
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The main characteristics of the machine, which is called "Growian I " 
are tge following : 

Two-bladed downxind rotor with variable pitch and teetering hub. The blades 
are of steel spar design with fibreglass aerofoil. 

Diameter : 100.40 m Power : 3 000 kW 
Rated wind speed : 11.8 m/s Cut-in speed : 6.3 m/s 
Cut-out speed : 24 m/s Tip speed ratio : λ0 = 8.3 
Rotational speed : 18.5 r.p.m. + 15 % Gear-up ratio : k = 81 
Induction generator, 3 000 kW, 6.3 kV, 1 500 r.p.m. 
Single guyed tubular steel tower 100 m high and 3.5 m outer diameter. 
Annual energy output : 12 GWh. 
The plant will operate at rated capacity 27 % of the time. 
Weight of the nacelle with the rotor : 310 t. 
The wind turbine is computer-operated and controlled. 
Downstream of the wind power plant, in the direction of the prevailing winds at 

a distance of 500 m from the wind plants, stand two meteorological towers for measure-
ments of wind speed and direction, temperature and hygrometry. 

Second project 
Since 1978 another more advanced machine : "Growian II" has been 

studied in Germany. 
It is a horizontal-axis one-bladed wind turbine operating downwind 

of its support. Its blade describes a circle of 145 m diameter. The 
nacelle is mounted at the summit of a guyed steel mast, 120 m high. The 
wind machine is designed to provide 5 000 kW in an 11 m/s wind. 

Thus the sizes of the above wind turbines are very unusual. More-
over Growian II is a very original design. From this point of view, 
the German experiments deserve to be closely watched because of the 
boldness and originality of their designs. 

15. BRITISH PROJECTS 

Two important wind power plant projects have been studied in the 
United Kingdom. The first one was delayed and then abandoned for 
economic reasons. However, we shall describe it because of its features. 
Only the second one has received the go-ahead of the British Government. 

First project (fig. 182 a) : 
In 1950, a wind generator was studied by Folland Aircraft Ltd for 

the Ministry of Energy with the cooperation of E.W. Golding. This wind 
turbine was designed to be erected on Costa Hill, Orkney (Orkney is one 
of the windiest sites in Great Britain). 

Its main characteristics were the following: 
Wind rotor rotating upwind of a tripod. 

Two variable-pitched blades controlled by ailerons 
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Diameter : 68.5 m 
Rated power : 3 670 kW 
Rated wind speed : 15.5 m/s 
Rotational speed : 42.5 r.p.m. 
Generator : a.c. ; induction type 
Tower : Rotatable tripod : two legs carried on bogeys running on a circular rail 

track, the base of the third leg being at the centre of the track circle. 
Hub Height : 40 m 
Transmission : spur gears, direct drive. 
Start and stop by pilot windmill, yaw by fantail coupled to bogey wheels through 

centrifugal clutch. 

Second project (fig. 182 b) : 
The studies began in 1976. They were undertaken by a group com-

prising Taylor Woodrow Construction Limited, British Aerospace, GEC 
and ERA. The decision to erect the 3 MW wind generator on Burgar 
Hill, Orkney Island, was taken by the British Ministry of Energy in Ja-
nuary 1981. 

The annual mean wind speed on Burgar Hill at the hub height of the 
3 MW wind turbine has been estimated to be more than 12 m/s. 

The main characteristics of the wind turbine are the following : 
Two-bladed wind rotor made of steel operating upwind of a circular tower. 
Fixed-pitch blades except for the outer 20 % of the span. 

Diameter : 60 m Cut-in speed 7 m/s 
Power : 3 000 kW Cut-out 27 m/s 
Rated wind speed : 17 m/s Synchronous generator : 
Rotational speed : 30 r.p.m. Annual energy output : 10.5 GWh 

The rotor, transmission and generator will be mounted at the top of 
a steel cylinder, 3.5 m in diameter and one inch thick with a natural fre-
quency 1.4 times the rotational frequency constituting therefore a "soft" 
tower. The teetered rotor rotating at a height of 45 m above ground level 
will drive a synchronous generator via a gearbox. This generator will 
be placed vertically thus minimising the volume of the nacelle and elimi-
nating the need for power slip rings. 

Regulation of power output will be made through the springs and 
dampers supporting the gearbox and the partial span variable pitch blades 
hydraulically controlled. 

In case of very strong winds, braking of the machine will be obtained 
by variation of the tip-blade pitch and feathering. At 10 % full rotational 
speed, the mechanical brake will be applied to stop the machine. 

Performance measurements and monitoring of the system will be 
accomplished through a microprocessor. 
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43.5 m 

Fig. 182a- First British design (1950) 
(According to Golding, Spon LTD publishers) 

Fig. 182b - Second British project (liable to be modified). 
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The machine is designed for survival gust speeds of 70 m/s when 
stationary and 40 m/s when operating. 

Initially, the wind power plant was designed with an induction gene-
rator. But as the electrical grid of Orkney is " weak ", some changes had 
to be made in the design, and a synchronous generator was chosen. 

Machine of 20 m diameter 

The 3 MW machine will share the same site as a smaller 20 m 
diameter version which will have a rated output of 250 kW. This is expec-
ted to be put into operation in winter 1981/1982 serving as a development 
prototype for the larger machine. It will be linked to a microprocessor 
for control. The 20 m diameter machine is similar to the larger machine 
except for the tower which is "stiff "(high frequency). 

The power train drives a synchronous generator which, for the pur-
pose of research and development, can be operated in two alternative ways : 

— Directly connected to the grid with the rotor running at constant 
synchronous speed. Power regulation is achieved by soft drive and by 
operation of the moving blade tips which take up 20 % of the length of 
each blade. 

— Connected to the grid through a power conditioning unit so that 
the rotor can run at varying speed whilst feeding power into the grid at 
constant frequency. Power peaks from gusts are absorbed by allowing 
the rotor to accelerate. 

The 20 m diameter machine is designed with a teetered hab that may 
be lockes, so that experience of both teetered and rigid hab machines may 
be gaines. 

16. CANADIAN PROJECT 

The Hydro-Quebec Company and the National Research council of 
Canada intend to build a very powerful two-bladed Darrieus rotor in 
the shape of an egg-beater like the wind generator on the Madeleine Islands. 
This wind generator will have a total height of 110 m, a useful height of 
96 m, a maximal diameter of 64 m and a capacity of 3,8 megawatts. If 
all goes well, the wind turbine will be on line by the end of 1983. 

17. ANOTHER DESIGN 

In 1933, the German Honneff suggested the construction of a metallic 
lattice tower, 300 m high. He designed it to support five wind turbines 
of 75 m diameter, able to provide together 50,000 kW of power. Honneff 
had been impressed by the increase of wind velocity above the level ground. 
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18. TECHNICAL CONSIDERATIONS AND CONCLUSIONS 

The present chapter shows that wind power installation technology 
has greatly improved in the last few years. 

What conclusions can be drawn from the various experiments which 
have been carried out around the world? 

For the wind power plant whose" diameter is less than 30 m or 40 m, 
a rigid hub can be adopted, especially if the rotor is three-bladed, because 
this type of rotor is better balanced than the two-bladed one. The pitching 
moment for the former is smaller. Consequently, the bending stresses 
inside the rotor shaft are reduced. 

If the diameter is greater than 40 m, it seems that it is better to choose 
a teetering hub with a two-bladed rotor. Thus the problem of the pitch-
ing moment is eliminated. The stresses inside the blades and the load 
on the tower are reduced considerably. 

Should the rotor be placed upwind or downwind of the support? 
Both possibilities may be argued. 
If the tower is cylindrical with a large diameter, the rotor should be 

located upwind of the support because of the extent of the tower shadow 
in the downwind position. With a lattice tower or a cylinder of small 
diameter, it is possible to place the rotor downwind. 

Concerning the rotor, the regulation and the safety of the installation, 
which is the best system? Is it preferable to choose fixed blades with spoilers, 
or variable-pitch blades feathering in strong winds? 

The first system has the advantage of strength. The second is more 
fragile but control is total. 

The Danish and American experiments show that the best solution 
consists of a rotor with blades partially controlled in pitch. According to 
Helge Petersen, the inner part of the blades must be fixed and made of steel 
and GRP, the outer part (30 % to 50 % of the full span) being movable 
and controlled in pitch and made of fibreglass-reinforced plastic (GRP) 
in order to reduce the weight. 

Why choose steel for constructing the inner part of the blades? Steel 
is a more reliable material than GRP. Moreover as steel is more rigid 
than GRP, in normal running, the displacement of the blade tip backwards 
under aerodynamic forces is reduced by about half if steel is used. Con-
necting steel blades to the hub and together is also easier. 

The regulation will be a feathering regulation. In case of overspeeding, 
this means that the chords of the outer part of the blades will take a position 
parallel to the wind velocity. 

According to Helge Petersen, stalling regulation gives rise to vibrations 
because of oscillating and eddying wakes created on the extrados of the 
blades. 

Of course, every wind power plant must be provided with a mechanical 
brake for stopping the rotor. 
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The orienting system : If the rotor is located upwind of the tower, 
a yawing motor is necessary. If the rotor is placed downwind of the 
support, the machine can be self-orienting. In this case, to avoid oscilla-
tions about the vertical axis, it is advisable to install a damping system. 
However, a yawing motor can also be used. This arrangement is better 
if the distance from the pivot to the rotation plane is very short. 

The support : The most economical model is the low-frequency type. 
It may consist either of a steel tubular tower or a concrete tower. It is 
lighter but not so strong as the high-frequency model. This explains the 
fact that high-frequency models are always constructed. But whatever 
the type chosen, it should be noted that the support must withstand the loss 
of a blade. Thus it has to be designed for this eventuality. This is an 
important point for the safety of the wind power plant. As a matter of 
fact, statistics concerning wind energy systems show that many wind power 
installations have been stopped by the breaking of a blade. Thus, if the 
preceding precautions have been observed, the installation will not be 
completely destroyed if a blade breaks. In Sweden, all high power wind 
installations are designed to withstand the centrifugal force which would 
result at the head of the mast if a blade broke at its root. 



CHAPTER VIII 

WIND POWER PLANT PROJECTS 

In this section, we apply the theories presented in the former chapters 
to the designs of four different wind power installations : 

— a water pumping station using a Savonius rotor, 
— a low-speed wind turbine coupled to a piston pump, 
— a horizontal-axis aerogenerator, 
— a Darrieus rotor driving an electrical generator. 
We have limited each design to the aerodynamic calculations of 

the blades, to the determination of the gear-box ratio and to the evaluation 
of the performance. To avoid lengthy developments, the strength of 
materials and the regulation problems have been deliberately left out. 

In addition, we have assumed that the statistical study of the local 
winds has been performed, making it possible to state accurately the wind 
turbine model to be used and the rated wind velocity to be considered 
for determining the geometrical characteristics of the wind rotor. The 
maximal efficiency of a well-matched rotor must occur at about the same 
wind speed as the peak in the wind energy distribution. 

When no statistical study is available, the rated wind speed will be 
fixed at about 1.5 times the average annual wind velocity. 

1. DESIGN OF A WATER PUMPING STATION USING A SAVONIUS 
ROTOR 

We intend to build a water pumping station using a Savonius rotor. 
Two drums of 230 1 capacity each, commonly found in gas stations have 
been used to manufacture the Savonius rotor. Each drum has been cut 
diametrically into two parts and the parts then welded together. 

The measurements of the original drums were as follows : 
Height : h = 0.90 m. Diameter : d = 0.58 m. 
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Required conditions 

The rotor must start at a wind velocity equal to 2.50 m/s. It drives 
a piston pump which lifts the water to a height of 10 m. The power effi-
ciency of the whole set is about 70 %. The water discharge for 3, 4, 5 
and 6 m/s wind velocities will be stated. 

Solution 

Design of the rotor 

We shall adopt (see fig. 99) the value : e = 7· = 10 cm. 
6 

For this value, the performance of the Savonius rotor is optimal. 
Thus for the four half-drums, the maximum area which is intercepted 

on the windstream, is equal to : 
S = 2hD = 2h(2d—e) = 1.9 m2 

To facilitate starting, the rotor will be constructed in two stages welded 
at right angle. 

To determine the performance, we shall use the results obtained for 
the rotor II (fig. 9) by the Canadians and especially the curve of variation 
of the torque coefficient C^ as a function of the speed ratio λ0. 

Given : 

p : the specific mass of the air p = 1.25 kg/m3, 
V : the wind speed in m/s, 
N : the rotational speed of the rotor in revolutions per second, 
k : the gear-up ratio (k = m/n2, see chapter VI), 
One revolution of the rotor corresponds to k piston strokes. 
ω : the specific weight of the water (ω = 9 800 N/m3), 
q : the volume of water extracted at every piston stroke, 
η : the power efficiency. 

The power absorbed by water pumping is equal to : 
Ό _ œkNqH 
îr a — n 

Thus the corresponding torque is : 

r _ œkNqH _ ω . „ 

When the rotor is running normally, the aerodynamic torque M is 
equal to the pumping torque CR : 

M = \ pQnRSV2 = CR 

If η is constant and k fixed, CR keeps a constant value. 
To obtain the values of the discharge as a function of the wind speed, 

we can apply the method indicated in Chapter VI. The curves of variation 
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of the torque M as a function of the rotational speed for different wind velo-
cities may be drawn from the characteristic Qn(Ao) shown in fig. 99. The 
intersections of these curves with the horizontal line whose ordinate is CR, 
determine the rotational speed N for the different wind velocities. As Q 
and N are related by the equation Q = kNq, it is possible to obtain the dis-
charge Q for each value of V and therefore, the law of variation Q(V). 

In practice, the calculations may be shortened. 
Instead of plotting the former curves, we can express the equality 

between M and CR as follows : 

j ^ k q H - i p Q R S V » 

The preceeding relationship may be written as : 

Let Y be the quantity : 

Γ — ω ^qH 
W " 2πη RSV1 

Y = _®_ kqH 
2πη RSV2 

Replacing ω, η, ρ by their values, we obtain : 

Y = 3 500 ^ 

Thus the problem is reduced to the determination of the points of 
intersection of the curve Qn(Ao) with horizontals whose ordinates are 
proportional to 1/V2. Solving this problem is not difficult (see fig. 184) 
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Fig. 183 - Operating graph. 

It must be pointed out that the quantity kqH is determined by the 
starting conditions. The rotor will run when the aerodynamic starting 
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torque is slightly higher than the pumping torque. We shall assume 
that the value of the latter is equal to its average value. 

The coefficient Qn for the starting torque is equal to 0.35 (λο = 0). 
Therefore, the quantity kqH will have to meet the equation : 

0.35 = 3 500 ffi 

for a wind velocity of 2.5 m/s which is required at starting point. 
The former expression may be reduced to : 

kqH = 0.62 10~3 

As H = 10 m, we get for the quantity kq : 

kq = 0.62 10"4 m3 

Now the rotor is running. If the wind velocity keeps a constant 
value of 2.5 m/s, the rotational speed of the rotor will stabilize at a value 
such that λο will be equal to 0.85. (This value corresponds to the inter-
section of the curve Cm(Ao) with the horizontal line whose ordinate Y 
relates to the starting wind velocity V = 2.50 m/s. 

The rotational speed N and the discharge Q obtained will respectively 
be equal to : 

M ÀoV 0.84 x 2.50 <mTt>a iQr„™ 
N = 2nR = 6.28 x 0.53 = °'63 Γ·ρ'δ· = 3 8 r p m 

Q = kNq = 0.62. 10-4 x 0.63 = 0.39 10~4 m/s = 0.039 1/s 
= 140 1/h. 

Now suppose the wind speed increases and becomes 3 m/s. Y takes 
the value : 

Y ^ 3 500 x 0.62.10-3
 = Q 2 1 

The speed ratio relative to the intersection of the corresponding horizon-
tal line with the curve Qn(Ao) reaches the value λο = 1.16. This corres-
ponds to a rotational speed N such that : 

N - 6.286xV53 = 1 0 5 Γ·Ρ·8· - 6 3 r-P-m-
and to a discharge : 

Q = 0.62.10-4 x 1.05 = 0.65.10~4 m3/s = 0.065 1/s = 214 1/h 

The results obtained at different wind velocities and the corresponding 
power coefficients are given in table 28. 
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TABLE 28 

Vm/s 

2.50 
3 
4 
5 
6 

Qn = Y 

0.35 
0.24 
0.135 
0.087 
0.060 

λο 

0.84 
1.16 
1.42 
1.54 
1.60 

r.p.m. 

38 
63 

105 
140 
174 

Ql/h 

140 
234 
382 
518 
650 

Cp 

0.294 
0.278 
0.192 
0.134 
0.096 

When the wind velocity increases, the power coefficient diminishes. 
Moreover table 28 shows that the rotational speed of the rotor can 

reach 174 r.p.m. at a wind velocity equal to 6 m/s. But good maintenance 
of the water piston pump requires that the number of strokes never exceed 
40 or 50 per minute. Therefore, we shall adopt for the gear-box ratio: 
k = 1/4. This will limit the piston speed to 43.5 strokes per minute at a 
wind velocity of 6 m/s. 

From the relationship : kq = 0.62.10~~4 m3, we obtain : q = 4 x 62 
= 248 cm3 for the cylinder capacity of the pump. 

Assuming the internal diameter of the pump is 5 cm (corresponding 
section: 19.6 cm2), the stroke of the piston will be equal to : 

248/19.6 = 12.7 cm. 

Therefore, the length of the crank arm will be chosen equal to : 

12.7: 2 = 6.35 cm. 

Remarks 
1° For values of lift H other than 10 m, it is not necessary to repeat 

all the calculations. The new discharges and the new values for the cylin-
der capacity are obtained by multiplying the discharges and the cylinder 
capacities q of the pump given in table 26 by the ratio 10/H. The rota-
tional speeds remain unaltered. 

2° If the rotor is coupled to a membrane pump, the calculation is done 
in a similar manner. The only difference is that a membrane pump may 
be subjected to higher speeds than a piston pump (up to 200 strokes per 
minute) so reduction gearing will not be necessary. 

3° In the above section, we have not dealt with the regularization of the 
pumping torque. For the rotor to start easily it is indispensable that this 
regularization be assured. A spring or a counterweight will be used to get 
the balancing effect. 

2. MULTIBLADED WIND TURBINE DRIVING A PISTON PUMP 

Let us determine the main geometrical characteristics of a multibladed 
wind machine driving a piston pump according to the following conditions : 
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cardan 

7777 

Fig. 184- Small water pumping plant using a Savonius rotor. 

Hydraulic power to be delivered at 5 m/s wind speed : 330 W 
Mechanical efficiency : t\ = 65 % 
Optimal tip-speed ratio : A0 = 1.5 

Determination of the diameter and the rotational speed 
As the hydraulic power and the mechanical efficiency are respectively 

330 W and 65 %, the mechanical power of the wind turbine is equal to : 

330 
ÏÏ65 = 508 W 

Calculate the diameter by applying the relationship: P = 0.15 D2V3. 
Replacing P by its value for V = 5 m/s, we get : D = 5.2 m. 
Assuming the wind rotor is operating with a tip-speed ratio λο = 1.5 at 

V = 5 m/s, we obtain for the value of the rotational speed : 

N = 1.5 x 5 
5.2 π x 

0.46 r.p.s. = 27.5 r.p.m. 

It is advisable that a piston pump not exceed 40 or 50 strokes per 
minute. Taking this into account as well as the former rotational speed 
and the fact that the wind turbine will be equipped with a regulating system 
coming into operation at about 6.5 m/s, it is not necessary to fit the wind 
rotor shaft with a reduction gear to drive the pump. The latter may be 
driven directly by the wind turbine. 
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Blade calculations 
We shall adopt 12 blades, each 1.8 m long, which will be fastened 

between r = 0.80 m and R = 2.60 m, leaving an empty space in the middle 
of the wind turbine. In the present case, this empty area does not exceed 
10 % of the swept area. 

We shall choose a thin curved aerofoil characterized by f/1 = 0.1. For 
this type of profile, the lift coefficient C/ is given as a function of the inci-
dence angle i, by the relationship : 

G = 0.074 i + 0.62 

where i is expressed in degrees. 
The optimal incidence being 3°, let us take this value as the incidence 

angle at blade tip, and choose a linear variation for the incidence between 
the blade tip and the hub. If the representative point remains in the increas-
ing part of the Eiffel polar curve (which represents the lift coefficient versus 
the drag coefficient), we are sure to have an acceptable efficiency. The 
tip-speed ratio being λο = 1.5, on the axes situated at the base of the diagram 
contained in chapter IV let us draw, the straight line whose equation is : 

λ=λ0τ/Κ= 1.5 r/R 

Following the arrows drawn on the diagram, we obtain for each 
section the angle I and the quantity Qbl/r, then the setting angle, by sub-
stracting the incidence angle i from the angle I. 

The values obtained for the different parameters are collected in 

TABLE 29 

r 
R 

0.3 
0.4 
0.6 
0.8 
1.0 

λ 

0.45 
0.6 
0.9 
1.2 
1.5 

1° 

44 
39.4 
32 
26.5 
22.4 

i° 

6.5 
6 
5 
4 
3 

a° = I - i 

37.5 
33.4 
27 
22.5 
19.4 

Q 

1.12 
1.08 
1.02 
0.94 
0.97 

Qbl 
r 

7.1 
5.7 
3.82 
2.65 
1.72 

1 in m 

0.42 
0.46 
0.485 
0.485 
0.43 

In practice, the blades will be fastened on curved iron supports at 
distances from the hub axis equal to r = 0.4 R and r = 0.8 R. The curved 
iron supports in those places will be fixed in such a manner that the setting 
angles are respectively 33.4° and 22.5°, the chords of the blade in those 
sections being 0.46 m and 0.49 m and the depths of curvature 4.6 cm and 
4.9 cm. 
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Calculation and design of the tail vane 
For the distance L between the support and the middle of the tail 

vane, we shall adopt a value approximately equal to 60 % of the diameter 
L = 3.20 m, and for the distance E between the support and the plane of 
rotation of the rotor : E = L/4 = 0.75 m. 

The area A of the tail vane will be chosen equal to 10 % of the swept 
area: A = 2.15 m2. 

The regulation will be assured by means of a joint of the connecting 
rod to the tail vane, a spring regulator coupled to a damper, and by shifting 
laterally the axis of rotation of the wind machine relative to its pivot by 
10 cm. 

Design of the pump for lifting water to a height of 10 m 
For a wind speed of 5 m/s, the hydraulic power is 330 W and the rota-

tional speed of the windmill, 27.5 r.p.m. 
Let q be the cylinder capacity of the pump. The discharge of water 

Q extracted per second is given by the equation : 

Q = -6CTq 

and the hydraulic power delivered by : 

PH = Ö5QH = 330 W 

From the previous equations, we get : 

1 - 27.56x%X80oOxlô » 0 0 0 7 3 m 3 = 7 · 3 d m 3 

We shall adopt a single-acting pump. The smoothing of the torque 
will be assured by a strong spring. 

Taking a value of 30 cm for the pump stroke, we obtain for the piston 
section S = 7.3/3 = 2.44 dm2 which corresponds to a bore equal to 17.6 cm. 

For a lift other than 10 m, the cylinder capacity will be taken as 73/H. 
The discharge for equal wind velocities will be then reduced proportionally 
to 10/H. 

If a reduction gear having a gear down ratio equal to two was inserted 
between the wind machine and the pump, it would be necessary to double 
either the stroke or the piston section. In such a case, the average dis-
charge would be kept the same. 

At a wind velocity of 7 m/s, the windmill can develop a maximal power 
of 1 400 Watts. 
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3. CALCULATION AND DESIGN OF A HORIZONTAL-AXIS WIND 
TURBINE DRIVING AN ALTERNATOR 

Determine the main measurements of a three-bladed aerogenerator 
required to provide an electric power of 8 kW at a wind velocity of 8 m/s 
(rated wind speed) and having a maximum efficiency for a tip-speed ratio 
λ0 = Ί. 

Rated speed of rotation of the alternator : 1 500 r.p.m. 

Solution 

Diameter 
Assuming that the efficiency of the alternator and the step-up gearing 

is 80 %, the mechanical power provided on the rotor shaft at 10 m/s is 
equal to : 

p = 8:0.8= 10 kW 

By applying the relationship : P = 0.2 D2V3 which holds for a high-
speed wind machine, we obtain for the diameter D : 

ΤΪ P 1 0 0 ° Û 8 8 m 

We shall adopt : D = 10 m. 

Rotational speed of the wind rotor 
The aerodynamical efficiency of the wind rotor must be optimal 

for λ0 = 7. For a wind speed of 8 m/s, this corresponds to a rotational 
speed of the wind rotor equal to : 

N - τσ = inrro =178 Γ·Ρ·8· = 1 0 7 '*■»■ 
Gear-up ratio 
The rated speed of rotation of the alternator is 1 500 r.p.m., So it is 

necessary to insert a step-up gearing between the wind rotor and the alter-
nator. The gear-up ratio k will be chosen equal to : 

k - L?oo _ 14 
K " 107 ~ 14 

Calculation and design of the blades 
Profile: We shall adopt for the profiles of the section the NACA 23015 

aerofoil. The variations of the lift and drag coefficients as a function of 
the incidence angle are given by the following relationships : 

G(i) = 0.1 +0.11 ifori < 10° 
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G(i) = 1.5 - 0.0188 (i - 14)2 for 10° < i < 15° 
Cd(i) = 0.007 + 0.0055 (G(i) - 0.2)2 for i < 10° 
Cd(i) = 0.0125 + 0.16 (G(i) - l.l)2 for i > 10° 

The most favourable angle of incidence (maximum efficiency) is 
about 6°. 

For the law of variation of the incidence angle as a function of the 
radius, we shall choose the expression : 

i = 12.5 - 7.5 ^ . 

The value of the angle of incidence varies from 5.25° at the blade tip 
to 12° at 0.1 R distance from the rotation axis. These values of incidence 
angles are related to the increasing part of the curve G/G*. We can thus 
be confident that the wind machine will have a high aerodynamic efficiency. 

The determination of the inclination angles and the quantities Gbl/r 
has been carried out with table 7 according to the method laid out in 
chapter IV. 

The inclination and incidence angles being known along the blade, 
the setting angles may very easily be obtained (a = I - i) as well as the 
chords of the blades for the different sections. The results are set out in 
table 30. 

TABLE 30 

r 
R 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

λ 

0.7 
1.4 
2.1 
2.8 
3.5 
4.2 
4.9 
5.6 
6.3 
7 

Γ 

36.67 
23.69 
16.98 
13.10 
10.63 
8.93 
7.69 
6.75 
6.01 
5.42 

i° 

12 
11.25 
10.5 
9.75 
9.00 
8.25 
7.50 
6.75 
6.00 
5.25 

<x° 

24.67 
12.44 
6.48 
3.35 
1.63 
0.68 
0.19 
0 
0.013 
0.17 

G 

1.425 
1.358 
1.270 
1.172 
1.090 
1.007 
0.925 
0.842 
0.760 
0.677 

Gbl 
r 

4.975 
2.12 
1.095 
0.654 
0.431 
0.305 
0.226 
0.174 
0.138 
0.112 

1 in m 

0.582 
0.52 
0.431 
0.372 
0.330 
0.302 
0.285 
0.276 
0.273 
0.276 

Table 30 shows that the chord diminishes progressively from the 
axis towards the blade tip. It may also be noted that the pitch angle a 
reaches a minimum value for r = 0.8 R and then increases. To avoid this 
"anomaly" and make it easier to build the blades, we shall take a = 0 
between r = 0.8 R and the blade tip. This compels us to replace the two 
last lines of the foregoing table by the following ones : 
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r 
R 

0.9 
1 

λ 

6.3 
7 

Γ 

6.01 
5.42 

i° 

6.01 
5.42 

a° 

0 
0 

Ci 

0.761 
0.696 

Cibl 
r 

0.138 
0.112 

1 in m 

0.272 
0.268 

The corrections are very slight. 

Performance of the wind machine 

The geometrical characteristics and the performance of the wind 
rotor have been determined with a computer according to the AERO 
program given in the appendix. 

The program has enabled us to get the characteristics Qn(/lo) and 
Cp(Ao). The maximum value of Cp (Cpmax = 0.485) has been obtained 
for λο = 7. This value allows us to predict good results. 

Design of blades having straight leading and trailing edges 
The making of the above blades does not pose any difficulty if the 

blades are made of plastic, because this material is easily shaped. But 
it is not so easy if steel or aluminium are used. In such cases, it is conve-
nient to choose blades with a straight leading edge and a straight trailing 
edge. To find the new shape of the blades, we have started from the pre-
vious results and have assumed that the sections situated at distances 
0.2 R, 0.5 R and 0.9 R from the rotation axis remain unaltered as to posi-
tion and measurements. 

Thus the tip and intermediate profiles have been obtained by align-
ment of their leading edge and trailing edge on the unaltered sections. 

This operation and the new characteristics Q^/lo) and CP(^o) have 
been computed by the EOLE program given in the appendix. 

In that program, Ii, I2, h represent the numbers characterizing the 
position of the basic sections. Here ll9 I2, I3 are respectively equal to 2, 
5, and 9. 

The results are collected in Table 31. 

TABLE 31 

r 
R 

0.1 
0.2 
0.3 

λ 

0.7 
1.4 
2.1 

Γ 

36.67 
23.69 
16.98 

i° 

12 
11.25 
10.5 

a0 

24.67 
12.44 
6.48 

h in m 

0.586 
0.52 
0.455 
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0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

2.8 
3.5 
4.2 
4.9 
5.6 
6.3 
7 

13.10 
10.63 
8.93 
7.69 
6.75 
6.01 
5.42 

9.75 
9.00 
7.64 
6.79 
6.29 
6.00 
5.92 

3.35 
1.63 
1.28 
0.90 
0.48 
0.013 

-0.50 

0.391 
0.330 
0.316 
0.301 
0.287 
0.273 
0.259 

The power coefficient is maximal for λ0 = 7. 
Its value has been slightly altered by the alignment : 

CP max = 0.483 

It must be pointed out that the EOLE program enables us to choose 
only two basic sections instead of three. 

Layout 
We shall choose : 
— a variable-pitch wind generator if the wind installation is planned 

to run autonomously. The rotational speed will be controlled by a regu-
lator like the Aerowatt model. This type of regulator enables the wind 
machine to start easily, 

— a fixed-blade aerogenerator driving an induction generator if the 
wind plant is connected to the grid. Spoilers will be placed at the blade 
tips to protect the set against overspeeding. The induction generator 
will be used as a motor for starting when the wind speed is not high enough. 

In both cases, the rotors will be equipped with automatically-actuated 
mechanical brakes and placed either downwind or upwind of the support. 
To reduce the bending stresses, the blades will be fixed on the hub, slightly 
inclined with respect to the plane perpendicular to the rotor shaft. 

Continuation of the design 
The wind-tunnel tests have given the result shown in fig. 185. Assu-

Fig. 185 



244 WIND POWER PLANTS 

ming that the generator is connected to the grid, calculate the power 
provided by the wind plant at wind velocities of 4, 6, 8, 10, 12,14,16, 20 m/s. 

If the generator is an alternator, the wind rotor is rotating at 107 r.p.m. 
and slightly more if it is an induction generator. In practice, for the 
latter case, we can considérer that the rotational speed of the wind rotor 
is 107. r.p.m. Thus the speed of the blade-tips is : 

U0 = πΝΟ = π x 10 x 107/60 = 56 m/s 

We can evaluate the tip-speed ratios A0 = U0/V at the different wind 
velocities, and determine the corresponding power coefficients from 
fig. 185, then the mechanical and electrical powers supplied by the wind 
generator by the relationships : 

P = -j pCpSV3 and Pe = 0.8 P. 

The results appear in table 32. 

TABLE 32 

V, m/s 

Ό 

Cp 

P, kW 

Pe, kW 

4 

14 

0 

0 

0 

6 

9.33 

0.39 

4.13 

3.30 

8 

7 

0.46 

11.5 

9.20 

10 

5.6 

0.32 

15.7 

12.6 

12 

4.66 

0.20 

17.0 

13.6 

14 

4 

0.13 

17.5 

14.0 

16 

3.5 

0.09 

19.1 

14.5 

20 

2.8 

0.05 

19.6 

15.7 

Therefore we shall choose an induction generator of 15 kW capacity, 
1 500 r.p.m. It will be automatically disconnected from the grid at 16 m/s 
wind speed and immediately stopped either by a mechanical brake, or by 
feathering its blades for a variable-pitch wind rotor. 

Remark: The characteristics Qn(/lo) and Cp(Ao) show that the tip-
speed ratio at racing (Qn = 0, Cp = 0) is about twice the rated tip-speed 
ratio for the fixed-blade machines (slow or fast). The result is that the 
starting wind speed is rarely lower than one half of the rated wind speed 
for these machines. 

4. CALCULATION AND DESIGN OF A DARR1EUS ROTOR 

The construction of a Darrieus rotor with three blades curved in the 
shape of a skipping rope and able to develop 5 kW power in a 7.5 m/s wind 
speed is planned. For this wind velocity, the efficiency will have to be 
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optimal and the rotational speed of the vertical-axis wind turbine equal 
to 85 r.p.m. The profile of the blades consists of a NACA 0012 aerofoil 
and the maximum radius of the turbine is equal to half the rotor height. 

Determine the measurements of the wind rotor (height, diameter of 
the rotor and chord of the blade). 

Consider also the case of a rotor having only two blades. 

Solution 
The maximal power which may be supplied by a Darrieus rotor, is 

given approximately by the following expression: 

P = 0.25 SV3 

P, S and V being respectively expressed in W, m2 and m/s. 
Thus the intercepted area will be: 

ς - p _ 5000 _ A1- m 2 Ä ~ Ö25T3 - 0.25 x 420 ~ 4 ° m * 

The intercepted area S is given as a function of the geometrical charac-
teristics by the expression : S = 8 RH/3, 

R and H being the maximum radius and the half of the rotor height. 

If R = H then S = | R2 and R = | x 47.5 = 4.20 m 
The total height of the rotor therefore will be 8.4 m. 
The operating conditions correspond to a speed ratio : 

. 2πΝΚ 2 π . 8 5 . 4 . 2 . 
λο = ~^Γ~ - 60 x 7.5 - 5 

The results obtained by Jack Templin, Ottawa, Canada, have shown 
that the speed ratio λο is approximately related to the ratio R/bl by the 
expression : 

λο = 

This relation gives : 

, 5R 5 x 4.2 n ~fi m 1 = r"vT = ^ ^F = 0.28 m blô 3 x 25 

1 being the chord of the blade and b, the number of blades. 
As the relative thickness of the NACA aerofoil is equal to 12 %, we 

obtain for the maximum thickness of the blade : 

2 8 x TÜÖ = 3*36 c m 
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For a two-bladed rotor, the chord and the thickness of the blades 
would be respectively 1 = 42 cm and 5.05 cm. 

To give more information about the operating conditions, it is neces-
sary to know the generator characteristics. 

The variations of the power coefficient as a function of the speed ratio 
may be determined by the FANN program given in the appendix or taken 
from the studies of Jack Templin concerning the parabolic rotor having 
a solidity ratio equal to : 

bl _ 3 x 0.2 _ n -
R - 4.2 " υ ζ 

To use the program, it is necessary to know the drag coefficient CDO 
of the rotor rotating in a still atmosphere. 

The FANN program has been established with a value : CDO = 0.012. 

Layout 
If the wind plant must be connected to the grid, we shall choose a 

three-phased induction generator whose capacity will be calculated in the 
same way as in the former project. In the present case, a capacity of 10 to 
12 kW is enough. If the rated rotational speed of the generator is about 
750 r.p.m., we shall adopt a gear-box having a ratio approaching 8.8 or 8.9. 
At starting, the generator will run as a motor. 

If the wind plant is used autonomously, it is yet possible to use an 
induction generator shunted by capacitors. The starting will be facilitated 
by connecting it temporarily to the grid through resistors or by using an 
auxiliary source of energy. The voltage will be regulated through variable 
resistors electronically controlled. 

In both cases, safety devices are indispensable. 



CHAPTER IX 

WIND POWER PLANTS: 
ECONOMIC AND 

DEVELOPMENT PROSPECTS 

The aim of the present chapter is to examine the position of wind 
power plants in the world energy market in comparison with other energy 
sources. Therefore, we shall here consider the cost of energy provided 
by different means. 

1. WIND ENERGY 

Wind is free but, unfortunately, wind machines are not. Moreover 
from time to time, wind machines break down. Thus they have to be 
repaired, which may cost a considerable amount of money. Likewise, 
they incur costs of operation and routine maintenance. 

Table 33 gives the cost of electricity (COE) produced by wind turbines 
of various diameters manufactured by different firms. 

The calculations have been made assuming that the installation cost 
will be spread over 20 years with an annual interest rate of 15 %. They 
correspond to an annual fixed charge of 20 % (16 % on capital + 4 % for 
annual operation and maintenance costs) with a 20 year lifetime. 

Note that taking as a basis an annual interest rate of 15.8 %, a lifetime 
of 30 years and 4 % for operating and maintenance costs, we obtain the 
same annual charges. 

The kWh costs have been computed by the relationship : 

COE (cents/kWh) = 20 x ^ of the wind pjmt, $) 
v ' ' (Annual energy,TcWh) 

For the American high-power wind installations, second-unit costs 
are quoted so as not to include the non-recurring costs associated with 
the first prototype unit. 
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TABLE 33 : Small wind machines : Assumed lifetime : 20 years 

Company 

Aerowatt 

Enag 

Dunlite 

Winco 

Sencenbaugh 

Northwind 

Pinson (v-a) 

Kuriant 

Windmatic 

Sonebjerg 

U. Poulsen 

Nordtank 

Vesta 

Diameter 
in m 

5 
9.20 

2.65 
5 
6 

4.10 

1.8 

3.6 

5 

5 

10.9 

12 

12 

13 

11 

15 

Power 
inkW 

1.1 
4.1 

1 
4 
6 

2 

0.2 

1 

2 

5 

15 

30 

45 

5.5/30 

7.5/22 

5/45 

Annual out-
put for 6 m/s 

mean wind 
speed in kWh 

5 000 
20 000 

2 000 
7 000 

10 000 

3 000 

300 

2 500 

5 000 

5 000 

28 000 

45 000 

45 000 

40 000 

30 000 

60 000 

Price in $ 

20 000 
38 000 

4 550 
14 545 
20 000 

5 100 

645 

2 950 

7 200 

7 000 

16 500 

29 000 

24 000 

19 000 

25 100 

38 000 

Investment 
$/kW 

18 182 
9 270 

4 550 
3 636 
3 484 

2 550 

3 225 

2 950 

3 600 

1 400 

1 060 

970 

550 

633 

1 140 

844 

kWh price 
cents/kWh 

80 
38 

45.5 
41.5 
40 

34 

43 

23.6 

29 

28 

11.8 

13 

10.6 

9.5 

16.8 

12.6 

High-power wind machines : Assumed lifetime : 20 years 

Volund 

Nibe 

MOD.0A 

MOD.l 

MOD.2 

Marglap 

Gotland 

Orkney 

Growian 

Diameter 
in m 

29 

41 

38 

61 

91.5 

78 

75 

60 

100,4 

Power 
inkW 

260 

630 

200 

2 000 

2 500 

3 000 

2 000 

3 000 

3 000 

Annual out-
put in MWh 

500 

1 500 

1 200 

5 000 

10 000 

8000 

6 000 

10 500 

12 000 

Price in 
$ millions 

0.36 

1.1 

1.61 (1977) 

5.40 (1977) 

4.3 (1980) 

10.5 (1978) 

8.7 

11.3 

18 

Investment 
in $/kW 

1 380 

1 750 

8 000 

2 700 

1 350 

3 500 

4 250 

3 750 

6 000 

kWh price 
cents/kWh 

14.4 

14.6 

26.8 

21.6 

8.6 

26.2 

27.4 

21.6 

30 
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For small wind machines, table 33 shows that the cost price of the kWh 
varies much with the firm. This is due to the unequal level of wind machine 
industrialization in the different countries. In Denmark, where the Ku-
riant, Windmatic, Sonebjerg, Poulsen, Nordtank and Vesta Companies 
are found, the industrial construction of wind machines is very developed. 
During the last two years more than six hundred windmills of 10-30 kW 
capacity have been erected in the country. Thus the manufacturers can 
sell the machines at cheaper prices because they are made in series. In the 
U.S.A. and in France, the small machines are only made one by one. 
Therefore, they are too expensive and very few people buy them. 

In the range of high-power wind machines, the cost price is minimal 
for the MOD.2 American wind turbine. This is due to the important 
program launched by the US Department of Energy in the wind energy 
field. 

Note that the decrease in the kWh cost price was due to scale effect 
from MOD.0A to MOD.l and to technological improvements from 
MOD.l to MOD.2. 

2. MINIMUM GENERATING COSTS AS A FUNCTION OF THE 
WIND MACHINE DIAMETER AND OF THE MEAN AND RATED 
WIND SPEED 

Research concerning the variability of the cost price per kWh has 
been carried out in several countries, especially in the U.S.A., Denmark, 
the Netherlands and Great Britain. 

The latest investigations show that the kWh cost price diminishes 
when the machine diameter increases. 

At equal rated wind speed, the generating cost also decreases when 
the mean wind speed increases. This is quite understandable since the 
same wind plant can furnish a higher amount of electricity at higher wind 
velocities without supplementary equipment. 

At equal mean wind velocities, the calculations show that the kWh 
cost price reaches its minimum at a certain rated wind speed. Above and 
below this wind velocity, the price is higher. 

This optimal rated wind speed varies from about : 
VR = 2 V mean for V mean = 5 m/s 

to VR = 1.5 V mean for V mean = 10 m/s. 

The exact value must be determined from the meteorological data for 
every important wind plant. 

Fig. 186 gives the variation of the kWh cost price as a function of the 
mean wind speed at 10 m above the ground surface for the most recent 
wind installations erected in the U.S.A. 
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Cents/kWh 
A 

(— Second unit cost ) 

(Nasa estimation 1980) 

Economy of scale 

Improved technology 

(According to N A S A ) 

kmaturejiroduct) 
Site mean ̂  wind speed 
in m/s at 10m height 

Fig. 186 - Cost of electricity 

3. GENERATING COST FOR OTHER ENERGY SYSTEMS 

Tables 34 and 35 give the prices of energy produced by petrol and 
Diesel motor-generators and the prices of electric energy sold by the French 
national company EDF to its private affiliates. The energy rates are 
different for domestic, agricultural, professional uses and industry. 

Table 36 concerns the cost prices of electricity in France. It shows 
that the nuclear kWh is the cheapest. Water power and thermal energy 
(coal and fuel) are more expensive. The kWh obtained in fuel power 
stations costs about three times the nuclear kWh. The fact that all econo-
mical water power sites are already equipped explains the extensive pro-
gram of construction of nuclear power stations scheduled by the French 
Government. 

Table 37 gives the solar kWh cost price for the French solar power 
unit of Targasonne (Pyrénées) in which flat reflectors focus solar energy 
on a boiler placed at the summit of a tower. The solar kWh cost price is 
very high. It will be hard to reduce it enough to make solar energy compe-
titive for producing mechanical power. Solar energy is more suitable for 
heating buidings and greenhouses through solar heaters rather than for 
producing mechanical power through solar thermal power units which 
are very expensive, except in the case of solar cells. In windy places, 
large wind rotors connected to electrical grids can supply mecha-
nical power at cheaper prices. The expenditure incurred for the construc-
tion of the soJar plant of Targasonne is equivalent to the price of five large 
wind turbines such as the MOD.2 American wind rotor, each of them being 
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able to produce, per year, three times the energy provided by the solar 
plant ! 

TABLE 34 

Petrol motor-generator (Amortization on one year) 

Trade mark 

Briggs-
Stratton 
Leroy-
Somer 

Power 
inkW 

0.8 
1.3 
2 
4 

Cost 
in $ 

480 
545 
780 

1200 

Consump-
tion 

inl/h 

0.7 
1 
1.3 
2.4 

Lifetime 
in 

hours 

2000 
2000 
3000 
3000 

Fuel cost 
cents/kWh 

64 
56 
47 
44 

Capital 
cost. 

cents/kWh 

35 
25 
15 
12 

Total 
cents 

/kWW 

99 
81 
62 
56 

Diesel-generator {Amortization on two years) 

Lister STi + 
Alt. Leroy-
Somer 

Lister ST2 

Lister ST3 

Lister HR2 

Lister HR3 

Lister HR4 

Fiat 6 cyl 
-1- Alt. Leroy-
Somer 

3.5 kW 

8 

12.5 

16.25 

25 

34.4 

50 

2 200 

3600 

7 650 

7 650 

8 750 

9 500 

12 000 

1.4 

2.9 

4.5 

5.9 

9 

12.5 

18 

5 000 

8000 

10 000 

10 000 

12 000 

15 000 

15 000 

22 

20 

20 

20 

20 

20 

20 

15.6 

7.0 

7.6 

5.8 

2.9 

2.3 

2 

37.6 

27 

27.6 

25.8 

22.9 

22.3 

22 

TABLE 35 : Cost of electricity provided to its affiliates by E.D.F. 
A. Low voltage : 220-330 V. (In cents/kWh). 

(Rate : August 16, 1980) 

1°) Domestic and agricultural uses 

Single rate 

6 c 

Rate with dead hours 

full hours 

6 c 

dead hours 

3.6 c 

This price must be increased about 30 % for various taxes + $ 10 to $ 20 per kW 
installed and per year according to the contract 

(single rate and rate with dead hours). 
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2°) Professional uses 

first part 

10 c 

Supplement 

6c 

dead hours 

3.6 c 

The first part of the consumption expressed in kWh is equal to 2.5 times 
the maximal power installed expressed in kW. 

B. Medium voltage : from 380 to 3 000 V. (In cents/kWh). 
(General rate) 

Winter Summer 

peak hours 

9.6 c 

full hours dead hours high hours 

6 c 3 c 3.5 c 

dead hours 

2c 

+ 20 % of taxes 
+ 3 % per kW installed and per year 

TABLE 36 : Cost price of electricity in France 

Nuclear kWh 

3.4 c 

Coal kWh 

6c 

Fuel kWh 

10.5 c 

Hydraulic kWh 

without reservoir 4 c 
with one reservoir 5 to 6 c 
Lake power station 7 to 9 c 

TABLE 37: Solar energy: French solar power station Themis 
at Targasonne (Pyrénées-orientales) in process of implementation 

Power : 2 300 kW Cost : $ 25.6 M Annual production : 3 GWh 
Solar kWh cost price with a lifetime estimated at 20 years : $ 1/kWh according to 

the French Company E.D.F. 

4. ANALYSIS OF THE SITUATION AND CONCLUSIONS 

The preceding tables show that windmills can be competitive with 
the other means of producing energy in many cases. 

In comparaison with previous years, their position in the world energy 
market has improved. This is because petroleum prices have considerably 
increased over the last three years, but also because the technology of wind 
power systems has greatly improved during this time. 

The numerous large wind turbines which have been operating in 
Denmark and in the United States for four or five years without serious 
problems, as well as the improvements contributed by the Americans with 
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the construction of MOD. 2 (which has led to an important decrease in the 
kWh cost price) augur well for the development of wind energy exploitation. 

It is beyond doubt that an increase in traditional energy prices would 
cause further development of the wind machine industry. Construction 
on a production basis would allow great reductions in the cost of wind 
machines. To envisage a 50 % reduction in their generating costs is not 
unrealistic. 

However for the time being, in the range of high-power units nuclear 
energy seems to be the most economic source of energy. But it must be 
noted that nuclear power stations are only constructed for consumption 
superior to 100 000 kW. When needs are less, wind energy can be a 
valuable source of power if the wind is strong enough. This is the case 
for large islands where wind power stations ranging from 500 kW to 
2 000 kW can supply energy competitively. However, as large wind tur-
bines are not sources of regular power, they have to be used in conjunction 
with a complementary system like Diesel motor-generators or water tur-
bines having a total capacity of at least five or six times the installed wind 
power. For full utilization of the available wind power, the grid must 
also be capable of absorbing it at any moment. 

In the range of low-power units, the wind generators made by the 
Danish firms can provide energy at a cheaper price than the petrol or 
Diesel motor-generators. This is due to the policy of the Danish Govern-
ment which has favoured the development of wind energy systems. The 
wind machines made in series can be connected to the grid without any 
problems. During windy periods, the excess power delivered by the 
wind generators is given to the grid. 

On the other hand, during periods of non-productive winds, the grid 
supplies energy to the owners of a wind plant. Thus the network acts 
as a storage reservoir. 

The wind plants can also be used autonomously. In places where 
traditional energy sources are missing or where fuel is not easily supplied 
(lighthouses for example, small islands and remote countries like the 
Antarctic continent) but where the wind velocity is high, wind machines 
even of small or medium sizes constitute an irreplaceable means of pro-
ducing energy. They are also well suited for providing energy to rural 
communities in developing countries where the wind velocity is high. 
In these countries, grids are limited to big towns because of the scattering 
and low density of the rural population. In this connexion, it must be 
pointed out that in windy areas, wind motors are much more economical 
than solar motors. The irregularity of wind power, noted above, is far 
more acceptable in the rural areas of a developing country, where even 
interrupted power is a big improvement over no power at all, than in a 
developed country where people are sensitive to even the shortest power cut. 
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Therefore, in some parts of the world, the use of wind energy remains 
a very economic means of supplying power. 

Moreover, wind machines must be credited with the following ad-
vantages : 

— They are silent and non-polluting; 
— They are reliable and need only minimal maintenance; 
— The energy they use does not pose any supply problem : Wind is 

free and indefinitely renewable. 



APPENDIX 

COMPUTER PROGRAMS 

The following pages contain six computer programs. 
The OPTI programs enable us to calculate the inclination angle and 

the quantity Cibl/r relative to the optimal running conditions as a function 
of the tip-speed ratio. The OPTI 1 program refers to Glauerf s theory 
and the OPTI 2 program to Hut ter s theory. 

The AERO program allows us to determine the blade chord, the torque 
and power coefficient of the horizontal-axis wind turbines as a function of 
the tip-speed ratio. 

The EOLE program is planned for calculating the horizontal-axis wind 
rotor with straight leading and trailing edges. Two or three sections of the 
blades determined according to the classical methods are chosen, then the 
leading and trailing edges of the other profiles are aligned with the previous 
ones. The program allows the torque and power coefficients to be deter-
mined as a function of the tip-speed ratio. 

The AVEL program enables the torque and power coefficients of an 
already existing windmill to be calculated from the geometry and the aero-
dynamic characteristics of the sections of its blades. 

The FANN program relates to vertical-axis wind rotors like the Dar-
rieus type with parabolic blades. It may be applied to windmills whose 
swept area has a cylindrical, conical, conical-truncated, or spherical shape 
with some adaptations (by introducing the equation giving the shape of the 
blades in the variables RR and D.). 

The ROLL program is especially well adapted to the calculation of slow 
horizontal axis wind turbines. 

The various programs must be used with aerodynamic polars corres-
ponding to wings having an infinite span. However, we have made an 
exception for the ROLL program for which we have used a polar relative 
to a wing aspect ratio a = 5. The metallic structure which supports blades 
of the slow-wind machine actually produces supplementary drags difficult 
to evaluate. Therefore, the use of a polar corresponding to a wing aspect 
ratio a = oo would not lead to better results. 

In the different programs, the geometrical and aerodynamic characte-
ristics of the rotors are designated in FORTRAN by the following expres-
sions : 
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FORTRAN 

D 
GR 
PR(I) 
RR(D 
ALFA(I) 
GI(I) 
PI(I) 
EL(I) 
ELI (I) 
X(I) 
Y(I) 
TGEPS 
CT 
AK 
ALO 
ALI 
AL(I, J) 
CM 
CP 
BLA 
T(D 
TALFA(I) 
PIP(J) 
AM(I,J) 

AMI (I, J) 

C(N) 

CL(I)orCL(J) 
CD(I) or CD(J) 

Designation 

D : Diameter 
R : Radius 
r : Distance to the axis. 
r/R 
a : Setting angle or pitch angle 
I : Inclination angle 
i : Incidence angle 
1 : Chord of the section I 
lj : Effective chord 

t Coordinates of the leading edge relative to the trailing edge 

tan ε = Cd/O 
cot I 
k 
λο : Nominal tip-speed ratio 
λ : Speed ratio at radius r. 
λ : Speed ratio at radius r at variable incidences 
On : Torque coefficient 
Cp : Power coefficient 
b : Number of blades 
tan I 
tan a 
i : Variable incidence 
Number proportional to the axial moment due to the element dr 
for a given incidence 
Number proportional to the axial moment due to the different 
elements dr situated at radius r for an integer value λο 
Number proportional to the torque due to the whole rotor for an 
integer value λο 
G : Lift coefficient 
Cd : Drag coefficient 

Particular notations relative to the F ANN program 

H 
R 
RR 
S 
S 
D 
Z 
τ 
PI 
TGPI 
CT 
CN 
Wu 
CDO 
X 

Half-height of the rotor 
Maximal radius 
r/R 
Half of the intercepted area 
S = 4/3 HR for a parabolic rotor 
Angle δ 
z : Altitude of the element 
Θ : Polar angle 
i : Incidence angle in degrees 
tan i 
Cr : Aerodynamic tangential coefficient > 0 towards the leading edge 
G, : Aerodynamic normal coefficient 
Wu 
Cdo : Drag coefficient in a still atmosphere 
Û)R/V : Speed ratio 
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Remarks 
Each program has been established with a determined aerofoil. If 

another profile is used, the law of variation of the lift and drag coefficient 
as a function of the incidence angle corresponding to the new aerofoil must 
be substituted for the previous one. 

Vérification of the proposed programs 
To prove their validity, we have applied the programs to wind gene-

rators already tested in wind tunnels. 
The AVEL program and two other programs called AVEL 1 and AVEL 

2 derived from this one and from the AERO program, were respectively 
applied to : 

1°) a Soviet four-bladed wind generator having a diameter of 3.60 m 
designed for λο = 3 with a Zhukovsky aerofoil. The results of the expe-
riments are seen on pages 151-153 of "Wind powered machines", a book 
written by Ivan Shefter. 

2°) a two-bladed wind rotor of 1.68 m diameter, designed for λ0 = 7 
with a NACA 4414 aerofoil and described by G. Klein in the report 
LTR.LA 183 of the National Research Council of Canada. 

3°) a model reproducing the Nogent-Le-Roi wind generator on a 
scale 1/20, having a diameter of 1.555 m, tested by L. Romani at the Eiffel 
Laboratory in Paris. 

The FANN program was applied to the three-bladed Darrieus rotor 
studied by R. J. Templin and P. South in Toronto and whose test results 
are included in the conference proceedings of Albuquerque, New Mexico, 
in May 1976. 

Figure 182 shows that the coincidence between the experimental 
points and the computed points is excellent for the first wind generator 
having a slow tip-speed ratio (λ0 = 3) and for the three-bladed Darrieus 
rotor. 

For the model of the Nogent-Le-Roi wind generator, the coincidence 
is not so good. At low-speed ratios, the results differ. The actual torque 
is less than the computed torque. This divergence can be explained by 
the separation of air flow at blade which is accompanied by the creation 
of oscillating wakes and therefore by increasing power losses when tip-
speed ratio is low. 

It must be noted that when applying the AVEL program to rotors 
running at high tip-speed ratio, negative values of the parameter k may be 
obtained over the nominal tip-speed ratio λ0. The blade element concer-
ned works as a fan. When this state extends over a large portion of the 
blade radius, it will then result in a 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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Although not intended to replace the wind tunnel tests, the appended 
computer programs make it possible to determine wind rotor performances 
with reasonable accuracy. 

Ί 4 6 

Experimental curves o Computed points 

Fig. 187 - Application of A VEL and FANN program to experimental studies. 
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OPTI 1 PROGRAM 
( GLAUERT ) 

DO 1 1=1i100 
AI = I 
AL= A! » 0.1 
P P U 3 . K 1 5 9 
ALI = ALO * PR ( I ) 
TETA = PPI / 3 .♦(ATAN ( AU )) / 3. 
AK = (COS(TETA))ftSQRT ( 1. ♦ A L I * * 2 ) 
AHrSQRT (1 . * (1 . -AK#»2) / (AL#»2) ) 
CP = (1 ♦AK)* (AH-1 . )#ALf t»2 
ALUSQRT((1. -AKftft2)/(AHft#2-1.)) 
ALE*ALft(1.*AH)/(1.*AK) 
GIO = 180.»ATAN (1-/ALE)/PPI 
CLBRse.ftPPlfta.-AKWd+AKjftALEft.SQRTiALEi^ + l.)) 

1 WRITE ( 6 . 2 ) AL.ALE.AK, AH.CP.CLBR »GIO 
2 FORMAT (2X» 13F7.3 ) 

STOP 
END 

OPTI 2 PROGRAM 
( HÜTTER ) 

DIMENSION AK (100). AH (100).CP (100) 
CP(1)=0. 
PPI * 3 · Κ 1 5 9 
DO 1 L = 1,100 
A U 0-1 ft L 
DO 2 I = 2 . 30 
AU I 
A K ( l ) = 0 . 2 0 * 0 . 0 1 * A I 
AH (!)=SQRT ( 1 . * 2 . » A K ( I ) » ( 1 . - A K ( I ) ) / ( A L * * 2 ) ) 
ALEsAL« (1**AH(I)) / ( 1 . * A K ( 1 ) ) 
CP( i ) = (AL*«2 * ( ( 1 . * A K ( I ) ) f t » 2 ) f t ( A H ( I ) - 1 . ) / ( 2 . f t A K ( I ) ) 
IF (CP( I ) -CP( I - 1 ) ) 3 . 2 . 2 

3 AKO = AK(I -1) 
AHO=AH(I-1) 
CPM = C P ( I - 1 ) 
ALE = AL«(1.*AHO)/(1.*AKO) 
CLBR = 8.ftPPIft (1. -AKO ) / ( (1. *AKO)»ALE ftSQRT (ALE#ft2-* 10) 
GlO= 180.ftATAN(1./ALE)/PPI 
WRITE (3· 4 )AL, ALE. AKO.AHO, CPM , CLBR . GIO 

i. FORMAT (2X· 10 F 7 . 3 ) 
GO TO 1 

2 CONTINUE 
1 CONTINUE 

STOP 
END 

259 
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AERO PROGRAM 

C FAST WIND TURBINE (H· A·) NACA 23015 AEROFOIL 
DIMENSION CL(40), CD(40). PR(10), RR (10), EL(10) . T ( 10), 

1PI (10). GI (40) , ALFA (10). PIP (40).C (20 ) . AL(10 . 4 0 ) . 
1AFÜ0»40).AF1 (10» 40), AM(10. 40) » AMI (10/ 40) 

PPI s 3- 141593 
CO = 180·/ PPI 
GR = 5· 
BLA = 3-
ALO = 7· 
CTE = 8. * PPI / BLA 
DO 2 I = 1 . 10 
AI = I 
RR (I)= 0-1 »AI 
PR ( I )=RR( I ) *GR 
ALI = ALO » RR ( I ) 
TETA r PPI /3 . * (ATAN(ALI) ) /3 . 
AK =(COS(TETA)) « SORT (1 ♦ A L I * * 2 ) 
AH sSQRT(1.*(1· - A K * * 2 ) / ( A L I * * 2 
ALER = A L U (1. ♦ A H ) / ( L * A K ) 
T (I) = 1./ALER 
GIR = ATAN (T ( I ) ) 
GI ( I ) = GIR » CO 
PI ( I ) = - 0 . 7 5 * A I 4 1 2 . 7 5 
ALFA (I) = GI (I) - P I ( I ) 
CL ( Ι ) = 0·1 * 0 . 1 1 » PI (I) 
IF (PI ( I ) -10 · ) 16 . 16.17 

17 CL (I)= 1.5-0-0188* (PI ( I ) - 1 4 . ) * * 2 
16 EL ( I )=CTE*PR(l)*(1.-AK)/((1.*AK)*ALER*SQRT(ALER**2*1.)*CL(l) ) 
2 WRITE ( 3 0 ) I t ALFA (I ) . PR (\)t RR (I).GI ( I ) . PI ( I ) . CL ( I ) . EL ( I ) 
3 FORMAT (2X · 12 . 10F7· 3 ) 

C AERODYNAMIC CHARACTERISTICS 
DO 6 I * 1 » 10 
DO 6 J = 1 · 40 
L = 4 0 - J * 1 
BL = L 
CT = BL*RR (I) 
GIR = ATAN (1./CT ) 
GI (J) = GIR «CO 
PIP (J)=GI (J)-ALFA ( I ) 
IF (PIP ( J ) - 1 0 O 4 . 4 . 2 

4 CL (J) = 0.1 ♦0·11*ΡΙΡ (J) 
CD (J) = 0 . 0 0 7 * 0 . 0 0 5 5 * ( C L ( J ) - 0 - 2 ) * * 2 
GO TO 9 

5 IF (PIP (J) -19· ) 20»20>21 
20 CL (J) = L5 -0.0188 * ( P I P ( J ) - 1 4 0 * * 2 

CD (J)r0.0125 * 0 . 1 6 * ( C L ( J ) - 1 . 2 ) * * 2 
GO TO 9 

21 CL (J ) *1 · 
CD (J) = 0-012540.16* (CL(J) - L 2 ) * * 2 

9 TGEPS = CD (J) /CL (J) 
G = CL(J)*BLA*EL(I)*(CT*TGEPS)*SQRTi1*CT**2)/(8.*PP1*PR(I)) 
AK = (1.-G)/(1.*G) 
E = CL(J)*BLA*EL(I)*(1./CT-TGEPS)*SORT (1.*CT**2) / (8 .*PPI * PR ( I ) ) 
AH « < 1 . * E ) / ( 1 - E ) 
AL ( I tJ)= (1 .4AK)*CT/ (RR( I ) * (1 . *AH) ) 
AF (I>J) = ( 1 . - A K * * 2 ) * R R ( I ) 
AM ( M ) = RR( l ) *RR( I ) * ((1·*ΑΚ ) * * 2 ) * E *CT 
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AERO CONTINUATION 

I F ( ( A L ( I / J ) ) * ( A L ( I . J ) - 3 0 . ) ) 19« 6» 6 
19 WRITE(3/7)Ii J * P 1 P ( J ) I G I (J)f AKr AL( If J)»AM(W).G# E , AH,AF (!,J)# 

1CZ(J)/TGEPSi CTt P R ( I ) f E L ( I ) 
6 CONTINUE 
7 FORMAT (2Xf I2 f2Xr I2r2X,8F10-5 . / t2X t 8F9-4 ) 

DO 15 U1f10 
DO 15 N = 1 t 20 
AF1( l ,N)=0. 

15 AM1(WN) = 0. 
DO 8 l=1»K) 
DO 8 J=1f 39 
I F ( ( A L ( I » J ) ) * ( A L ( I » J ) - 2 1 . ) ) 1 8 , 8 , 8 

18 N = A U I r J ) 
N 1 * A L ( I » J * 1 ) 
IF ( N - N 1 ) 8 f 8 ; 1 0 

10 AM1( I ,N)=AM(l ,J)* (AM(I»J*1) -AM(I /J)>* 
1 (N -AL( I t J) ) / (AL ( 11 J*1 ) -AL ( I f J )) 
AF1(I»N)= AF( l rJ ) * (AF( l rJ *1 ) -AF( I f J ) ) * 

1(N-AL(If J ) ) / ( A L ( I f J * 1 ) - A L ( l / J)) 
WRITE(3»14)IfNrAM1(IfN)fAF1(l fN) 

W FORMAT ( 2 U i 2F10-5) 
N = N-1 
IF (N-N1)8»8 /10 

8 CONTINUE 
DO 12 N = 1 , 20 
CF=AF1(1rN)#(RR(2)-RR(0) *AF1 (10/N)#(1. -RR(9) ) 
C(N)=AM1(1fN)*(RR (2)-RR(1)) *AM1 (10 /N ) * (1 . -RR(9)) 
DO 13 1 = 2 , 9 
CF=CF*AF1(I ,N)#(RR(I*1)-RR(I-1)) 
C(N) = C(N)*AM1( l ,N)* (RR( l*1) -RR( I -1) ) 

13 CONTINUE 
ALO = N 
ETAP = (1.-0.93/(BLA*SQRT(ALO**2«O.U5)))#*2 
CM = C(N)#ETAP 
CP = ALO*CM 

12 WRITE (3 ,11) ALO'CFrCMtCP 
11 FORMAT ( 2X/ 4 F 1 0 - 5 ) 

STOP 
END 
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EOLE PROGRAM 

(FAST WIND TURBINE WITH STRAIGHT LEADING AND TRAILING EDGES) 
C GEOMETRICAL DETERMINATION ( N A C A 23015 AEROFOIL) 

DIMENSION T(10).CL(A0) «CD(AO) «PR(10) ·Χ(10) ·Υ(10) .AF(10 .40 )# 
1RR(10)'PI (10)#GI(A0)'EL(10).EL1 (10)f TALFA (10) tAFI (10 t40) . 
1ΡΙΡ(40)·ΑΜ(10·40).ΑΜ1(10.40)·Αί (10t*0)t ALFA( 10) .C (20) 

GR=5. 
ALO = 7. 
BLA = 3· 
PPI = 3.U1593 
CO=180-/PPI 
CTE=8.»PPI/BLA 
11 = 2 
12=5 
13 = 9 
DO 2 1 = 1110 
Al = l 
RR(I ) = 0-1»Al 
PR(I)=0.1#AI#GR 
ALl=ALO*RR(l) 
TETA = PPI/3. *(ATAN(ALI )) / 3 . 
AK = (COS(TETA))*SQRT(1.*ALI#*2) 
AH=SCRT(1-*(1.-AK**2)/(ALl#*2)) 
ALER = ALI* (1 . *AH) / (1 . *AK) 
T(I)=1-/ALER 
GIR=ATAN(T(I)) 
GI (l)=GIR#CO 
PI ( Ι )=-0·75#ΑΙ*12·75 
ALFA ( I ) = GI (1 )-PI ( I ) 
ALFAR = ALFA (IJ/CO 
IF ( P I ( l ) - 1 0 - ) 6 . 6 . 7 

6 C L ( l ) = 0 . W 0 . 1 1 # P l ( l ) 
GO TO 8 

7 CL ( Ι )=1.5-0·0188#(Ρ! ( 1 ) - U . ) # * 2 
8 EL(I)sCTE*PR(I)*(1.-AK)/((1-*AK)*ALER»SQRT(ALER##2*1.)*CL(i)) 

X ( l ) = EL(I)*COS(ALFAR) 
Y(I)=EL(I)*SIN(ALFAR) 

2 WRrTE(3»5)I»GI(I)tALFA ( I ) tP I ( I ) tEL ( I ) tPR(I) tX ( l ) f Y ( I ) 
5 FORMAT (2X«I2»2Xt9F7-3) 

DO 9 1=1»10 
I F ( Ι - Ι 2 ) 1 0 Ί 0 Ί 1 

10 X ( I ) = X ( I 1 ) * ( X ( I 2 ) - X ( I 1 ) ) # ( P R ( I ) - P R ( I 1 ) ) / ( P R ( I 2 ) - P R ( I 1 ) ) 
Y ( I ) « Y ( 1 1 ) « ( Y ( 1 2 ) - Y ( I 1 ) ) « ( P R ( I ) - P R ( I 1 ) ) / ( P R ( I 2 ) - P R ( I 1 )) 
GO TO 12 

11 X ( I ) = X ( I 2 W X ( I 3 ) - X ( I 2 ) ) * ( P R ( I ) - P R ( I 2 ) ) / ( P R ( 1 3 ) - P R ( 1 2 ) ) 
Y ( I ) = Y ( I 2 W Y ( I 3 ) - Y ( I 2 ) ) « ( P R ( I ) - P R ( I 2 ) ) / ( P R ( I 3 ) - P R ( 1 2 ) ) 
TALFA( [ )=Y( I ) /X ( I ) 
ALFAR = ATAN(TALFA ( I ) ) 
ALFA(I)=ALFAR*CO 
PI ( I )=Gl( I ) -ALFA(1) 

12 EL1 ( I ) = SQRT(X(I)*«2«-Y(I)*#2) 
9 W R l T E ( 3 / 5 ) l f G I ( I ) f A L F A ( I ) t P U l ) f C L ( I ) » P R ( I ) f E L ( I ) f X ( I ) t Y ( I ) f E L 1 ( I ) 

C AERODYNAMIC CHARACTERISTICS 
DO 13 I = 1 · 10 
DO 13 J = 1 *40 
L = 40 -J ♦ 1 
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EOLE CONTINUATION 

BL = L 
CT=BL*RR(I) 
GIR=ATAN(1./CT) 
GI(J) = GIR *CO 
PIP(J)=GI(J)-ALFA(I) 
IF ( P l P ( J ) - 1 0 . ) H f U f 1 5 

U CL(J )=0 .U0 .11*P IP (J ) 
CD( J) = 0.007*0.0055*(CL( J) - 0 . 2 ) * * 2 
GO TO 16 

15 I F ( P I P ( J ) - 1 9 . ) 26,27,27 
26 C L ( J ) = 1 . 5 - 0 . 0 1 8 8 * ( P l P ( J ) - t t . ) * * 2 

CD(J) = 0 .0125*0 .16* (CL(J ) -1 .2 ) * *2 
GO TO 16 

27 CL(J)=1. 
CD(J) = 0.0125*0.16*(CL(J)- 1 .2)**2 

16 TGEPS=CD(J)/CL(J) 
G=CL(J)*BLA» EÜ(I)*(CT*TGEPS)* SQRT(HCT**2)/ (8.*PPI*PR(I)) 
AK=(1-G)/(1*G) 
E=CL(J)*BLA*EU(I)*(1-/CT-TGEPS)*SORT(1. ♦ C T * * 2 ) / ( a . * P P I * P R ( I ) ) 
AH=(1 . *E ) / ( 1 . -E ) 
AL ( I *J )= (1 . *AK) *CT / (RR( I ) * ( 1 -AH) ) 
AF( I»J)=(1 . -AK**2)*RR( I ) 
AM(I*J) = RR(I)*RR(I) * ( 0 *AK)**2)*E * CT 
IF ( (AL ( I >J) )*(AL ( I> J) -30. ) ) 29t 13* 13 

29 WRITE (3 ·24) I» J »PIP( J )»GI (J ) lAKtAL(IiJ ) / AM(I# J)iGfErAH,AF(l, J)f 
1 CL(J),CD(J)>TGEPS»CTiPR(I),EL1(I) 

13 CONTINUE 
24 FORMAT(2X»!2i2X»12t2Xt9F10.5,/!2X>6F10.5) 

DO 28 1 = 1» 10 
DO 28 N = 1»20 
AF1 ( I , N ) = 0 . 

28 AM1( l ,N )=0 . 
DO 17 1=1 F10 
DO 18 J= 1,39 
IF ( (AL ( l #J ) ) * (AL ( I t J ) - 21 · ) ) 30,18t18 

30 N=AL(I>J) 
N1 = AL( I ,J *1 ) 
IF (N-N1) 18,18i19 

19 A F 1 ( I f N ) = A F ( I i J ) * ( A F ( I t J * 1 ) - A F ( l i J ) ) * 
1 ( N - A L ( I i J ) ) / ( A L ( I t J * 1 ) - A L ( I t J ) ) 

AM1( I#N) s AM( I fJ ) * (AM( I t .M) -AM( I f J ) ) * 
1 ( N - A L ( I , J ) ) / ( A L ( I , J * 1 ) - A L ( l , J)J 
WRITE(3,20)I,N.AM1(I,N),AF1 (1,N) 

20 FORMAT(2U, 2F12 .6 ) 
N = N-1 
IF (N) 17» 17i 25 

25 IF(N-N1) 18*18,19 
18 CONTINUE 
17 CONTINUE 

DO 21 N = 1 ,20 
CF=AF1(1 N)*(RR(2)-RR(1))*AF1(10 N ) * ( 1 -RR(9)) 
C(N) = AM1(1,N)*(RR(2)-RR(1))*AM1(10,N)*(1.-RR (9) ) 
DO 22 1 = 2 , 9 
CF = CF*AF1(I N ) * ( R R ( N 1 ) - R R ( I - 1 ) ) 
C(N)=C(N)*AM1( I ,N)* (RR( I *1) -RR( I -1) ) 

22 CONTINUE 
AÜ0 = N 
ETAP=(1.-0^3/(BLA*SQRT (A lO**2 *0*4*5) ) ) *s2 
CM = C(N) *ETAP 
CP =ALO * C M 

21 WRITE ( 3 , 23) AID t CF, CM,CP 
23 FORMAT ( 4 F 1 0 . A ) 

STOP 
END 
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AVEL PROGRAM 

C GEOMTRICAL DESCRIPTION JOUKOVSKY AEROFOIL 
DIMENSION CL(40),PR(10) »RR(10),GI (40) tEU ( 1 0 ) , 

1PIP(20),AM(10/20),AM1(10/40)/AL(10,20),ALFA(10)/C(20) 
READ(2,1) (ELI ( I ) # 1 = 2#10»2MALFA( I)# U 2 t 10# 2) 

1 FORMAT(2X/10F5-2) 
GR=L8 
PPU3.H1593 
CO=180./PPI 
BLA=4. 
DO 2 1= 2 , 1 0 / 2 
A U I 
R R ( I ) = 0 . 1 * AI 
PR(1)=0.1* A l * GR 

2 WRITE (3»3)I /RR(I)*PR(I)»EL1 (1)/ALFA ( I) /GR 
3 FORMAT (2XM2/5F5 .2 ) 

C AERODYNAMIC CHARACTERISTICS 
DO 6 1 = 2/10/2 
DO 6 J = 1,20 
L=20-J*1 
BL=L 
CT = B L * R R ( I ) 
GIR=ATAN(1./CT) 
Gl (J) = GIR * CO 
PIP (J) = GI(J)-ALFA ( I ) 
IF(PIP(J) - t t . ) 18/ 19*19 

18 C L ( J ) = 0 - 6 U 0 - 0 9 * P 1 P ( J ) 
I F ( C L ( J ) - 1 . ) 5 # 5 » 4 

i* CL ( J ) = L 13-0-006* ( P I P ( J ) - 9 0 * * 2 
GO TO 5 

19 C L ( J ) = 1 · 
5 TGEPS = 0 -016*0 -00113* (P IP(J ) -1 .8 ) * *2 

G = CL(J)*BLA*EL1( I ) *CT*TGEPS)*SQRT(UCT**2) / (8 . *PPI*PR( I ) ) 
! F ( G * 1 . ) b / 6 / 16 

16 AK=(1-G)/ (1*G) 
E = CL ( J )*BLA*EL1 ( I ) * (W CT-TGEPS)* SQRT(1.*CT**2)/(8.*PPI « PR ( I ) ) 
AH=(1 . *E) / (1 - -E ) 
AL(I»J)=(1.*AK)* CT / (RR( I ) * (1 . *AH)) 
AM( I /J )=RR( I ) *RR( I ) * ( (1 . *AK)##2)*E *CT 
IF(AL ( I / J ) - 2 f · ) 17 » 6 /6 

17 WRITE(3/7) I ,J#PIP(J) /GI (J)»AK/AL( IzJ) ,AM(r ,J) ,G/AHf 
1CL(J),TGEPS/CTrPR(I)fEL1 ( I ) 

6 CONTINUE 
7 FORMAT(2X/I2*2XfI2t2X*7F10.5»//2Xf6F10.5 ) 

DO 15 1=1/10 
DO 15 N=1/20 

15 AM1(I»N)=0. 
DO 8 I=2r10r2 
DO 8 J = 1/19 
IF (AL( I iJ ) * (AL ( I r J ) - 2 1 · ) ) 9 /8>8 

9 NrAL( I iJ ) 
N1 = AL( I ,J*1) 
IF (N-N1)8 /8 f10 

10 AM1(I»N)sAM(l»J)*(AM(If J*1)-AM(lt J ) ) * 
1 ( N - A L ( I » J ) ) / ( A L ( I f J * 1 ) - A L ( I r J ) ) 

WRITE (3 r t t ) I fN tAM1( I fN ) 
W F0RMAT(2X/I2*2X/12/2X»F10.A) 
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AVEL CONTINUATION 

N=N-1 
I F ( N - N 1 ) 8 ' 8 H 0 

8 CONTINUE 
DO 12 N=1H0 
C(N)=0.5*(AM1(2'N)*AM1(10'N))*0-4 
DO 13 1=4*8*2 
C(N) = C(N)*AM1(I .N)#0.4 

13 CONTINUE 
AlOr N 
ETAP = (1 - - 0 · 9 3 / ( *SQRT(ALO**2*0-445)))*#2 
CM=C(N)*ETAP 
CP = CM*ALO 

12 WRITE (3 H l ) ALO#CM#CP 
11 FORMAT(2Xi3F10-5) 

STOP 
END 

LOAD 

0.40 0.40 0 .37 0.33 0.3 33.9 23.9 1Ö.3 14.1 11.2 
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ROLL PROGRAM 

C SLOW WINO TURBINE (CURVED THIN PLATE f / l = 0.1 ) 
DIMENSION T (10).CL(20) ,CD(20).PR(10) .X(10) ,Y (10) , 

1RR(10)»PI (10)»GI(20)*EL(10)*EL1 (10) .TALFA (10)f 
1 PIP(20)»AM(10'20)*AM1(10^0).AL(10»20)»ALFA(10)*C(20) 

GR = 2-6 
AID = 1.5 
BLA = 12. 
PPI = 3-141593 
CO = 180-/PPI 
CTE= 8 ·#ΡΡ I / BLA 
11 = 2 
12 = 4 
13 = 8 
DO 2 1=1*10 
AU I 
RR(l) = 0.1#AI 
PR(I)=0-1*AI*GR 
AU=ALO*RR(l) 
TETA = PPI /3 . *(ATAN (ALI ) ) / 3 . 
AK=(COS(TETA))*SQRT(1.+AL1#*2) 
AK=SQRT(1-*(1—AK**2)/(ALl*»2)) 
Al£R=ALI*(1-*AH)/(1-*AK) 
T ( I ) = 1-/ALER 
GIR=ATAN(T(I)) 
GI (1)=GIR*C0 
PI ( l ) = - 0 - 5 * A ! * 8 . 
ALFA(I)=GI ( I ) - P I ( I ) 
ALFAR=ALFA(I)/CO 
IF(PI ( ΐ ) - 1 0 · ) 6 » 6 · 7 

6 CL(I) = 0 - 0 7 4 # P I ( l ) * 0 - 6 2 
GO TO 8 

7 CL(I) = 1-36 
8 EL(I)=CTE*PR(I)»(1.-AK)/((1.*AK)»Al£R#SQRT(ALER##2*1.)itCL(1)) 

X ( I ) = EL(I)*COS(ALFAR) 
Y(I)=EL(I)*$IN(ALFAR) 

2 WR!TE(6»5)1*GI (l)tALFA ( l ) ' P I ( I ) ' E L ( I ) ' P R ( I ) » X ( 1 ) tV ( | ) 
5 FORMAT(2XM2»2X»9F7-3) 

DO 9 Ι=1·10 
IF (1-12)10»10»11 

10 X ( I ) = X ( I 1 ) * ( X ( I 2 ) - X ( I 1 ) ) » ( P R ( I ) - P R ( ! 1 ) ) / ( P R ( I 2 ) - P R ( I 1 ) ) 
Y ( I ) = Y ( I 1 ) * ( Y ( I 2 ) - Y ( I 1 ) ) # ( P R ( I ) - P R ( I 1 ) ) / ( P R ( I 2 ) - P R ( I 1 ) ) 
GO TO 12 

11 X ( I ) = X (12 ) * (X ( I3 ) -X (12 ) ) * (PR(1 ) -PR( I2 ) ) / (PR(13 ) -PR( I2 ) ) 
Y(1) = Y ( I 2 M Y ( I 3 ) - Y ( I 2 ) ) * ( P R ( I ) - P R ( I 2 ) ) / ( P R ( I 3 ) - P R ( I 2 ) ) 
TALFA ( I ) = Y ( I ) / X ( I ) 
ALFAR=ATAN (TALFA ( I )) 
ALFA(I)=ALFAR*CO 
PI ( D r G I ( I ) - A L F A ( l ) 

12 EL1 ( I )pSQRT(X( I )»#2*Y( I )##r ) 
ELI ( D . O . 
EL1(2)=0-
EL1(3)=0. 

9 WRITE (6 .5 ) I .G l (l)'ALFA ( I ) . P I (!)»CL (I)# PR(I)»EL(l )»X ( I ) * Y ( I ) .EL I (1) 
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ROLL CONTINUATION 

C AERODYNAMIC CHARACTERISTICS 
0051 DO 13 1 = 1,10 
0052 DO 13 J = 1,20 
0053 AJ = J 
0054 PIP(J)=3.*AJ-10. 
0055 IF (P IP(J ) - IO · )14.14,15 
0056 14 CL (J)=0.074*PIP(J)+0.62 
0057 CD (J)=0-0006*(P1P(J) +2 ·5)**2+0·062 
0058 GO TO 16 
0059 15 CL(J)=1.36 
0060 CD(J) = 0.0006*(PlP(J)+2.5)**2+0.062 
0061 16 TGEPS=CD(J)/CL(J) 
0062 GI (J)=ALFA(1)+P1P(J) 
0063 G1R = GI(J) /C0 
0064 CT=COS(G!R)/ SIN(GIR) 
0065 G=CL(J)*BLA*EL1 (I )*(CT+TGEPS)*SOTT(1^T**?)/(8.*PPl*PR(I) ) 
0066 AK = (1-G)/(1+G) 
0067 F=CL(J)*BLA^EL1(I)*(1./CT-TGEPS)*SQRT(1.+CT**2)/(8-*PPl*PR(l)) 
0068 AH = ( 1 . + F ) / ( 1 . - F ) 
0069 AL(I » J)=(1.*AK)*CT/(RR(1)*(1 -+AH)) 
0070 AM(I »J ) = RR(I)*RR(1)*( (1 .+AK)**2)*F*CT 
0071 WRITE (6.24) I , J t PIP (J ) , GI (J)>AK,AL( I» J),AM(I p J ) , G.Ff AH, 

1CL(J),CO(J),TGEPSrCT,PR(l) rEL1(l) 
0072 13 CONTINUE 
0073 24 FORMAT(2X,12,2X.I2>2X,8F10.5./>2X>6F10.5) 
0074 DO 17 1 = 1,10 
0075 DO 17 N=1,20 
0076 17 AM1(1,N) = 0. 
0077 DO 26 I =1 »10 
0078 DO 2 6 J = 1,20 
0079 26 AL(1»J)s5-*AL(1»J) 
0080 DO 18 1=4,10 
0081 DO 18 J=1»19 
0082 N=1NT(AL(1,J)) 
0083 N1=lNT(AL(I ,J+t)) 
0084 IF (N-N1)18,1B,19 
0085 19 AMI ( I ,N)=AM(! fJ)+(AM(l ,J+1) -AM(l ,J ) ) * 

1 (N-AL( l»J ) ) / (AL( !»J+1) -AL( l iJ ) ) 
00θ6 WRITE (6,20) I ,Ν,ΑΜΙ(ΝΝ) 
0087 20 FORMAT(2X.I2r2X,12,2X,F10.4) 
0088 N=N-1 
0089 IF (N-N1 ) 18 ,18 ,19 
0090 18 CONTINUE 
0091 DO 21 N=1,20 
0092 C(N)=AM1(4,N)*(RR(5)-RR(4))+AM1(10,N)*(1 .-RR(9)) 
0093 DO 22 1=5,9 
0094 C(N)=C(N)+AM1 (1 , N)*(RR(1+1 ) - RR(1- 1 ) ) 
0095 22 CONTINUE 
0096 AU0 = 0 . 2 * N 
0097 CPsALOX C (N) 
0098 21 WRITE (6r 23 )ALO,C(N),CP 
0099 23 FORMAT(2X»F4.2t2X,F10.4r2X,F10.4 ) 
0100 STOP 
0101 END 
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FANN PROGRAM 

VERTICAL AXIS WIND TURBINE N A C A 0012 AEROFOIL 
READ(2,1) HiRiBLAiStEL 
WRITE(3,1) H,R,BLA,S,EL 

1 FORMAT (2X»5F6.3) 
CDO = 0.012 
DZ=H/5 . 
DT= 0.1*3.14159 
DTZ=DT*DZ 
PLS=BLA*EL/(8.*3.14159*S) 
DO 2 L= 1,14 
F1=0. 
F3 = 0. 
X = L 
DO 3 1 = 1,5 
AI = I 
Z = (AI-0.5)*DZ 
R R = 1 . - ( Z / H ) * * 2 
D = A T A N ( 2 * Z * R / H * * 2 ) 
DO 4 J=1,10 
AJ=J 
T = ( A J - 0 . 5 ) * D T 
TGPI = (SIN(T)*COS ( D ) ) / ( X * R R * C O S ( T ) ) 
PIR = ATAN ( TGPI ) 
PI = PIR*180· / 3. 14159 
PI = ABS (PI) 
IF ( P I - 9 . ) 9 , 9,10 

9 CN = 0.1 * PI 
CT= 0.00164* PI * *2 -CDO 
GO TO 8 

10 IF ( P I - 1 2 . 5 ) 11,11,12 
11 CN= 1.02 

CT= 0.0145* PI-CDO 
GO TO 8 

12 IF ( P I - 2 0 . ) 13,13,14 
13 CNrO.8 

CT= - 0 . 0 2 * P U 0-35- CDO 
GO TO 8 

14 l F ( P I - 8 0 . ) 16,16.15 
16 CN= 2.1-0-000364* ( 8 0 . - P I ) * * 2 

CT=0.05«· 0 .1* SIN(( PI -85. ) *0 .035)-CDO 
GO TO 8 

15 CN = 2.1-0-000167* (PI -80. ) **2 
CT = 0.05*0.1* SIN ( ( P I - 8 5 . ) * 0.039)-CDO 

8 W U = ( X * R R * C O S ( T ) ) * * 2 * ( S I N ( T ) * COS ( D ) ) * * 2 
FK=WU*(CN*S1N(T) -CT*COS(T ) / COS(D)) 
F 1 = F 1 * F K 
FP=CT*WU * RR / COS ( D ) 
F3= F 3 * F P 
DD = COS (D) 
TT = COS(T) 
WRITE (3 «6) I.J>T>TT,D.DDfCNrCT»WU*FK.FP. F1*F3,Pl 

6 FORMAT(2X»2I2.8F7.3»/,5F10.2 ) 
4 CONTINUE 
3 CONTINUE 

c 
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FANN CONTINUATION 

F2 = FI * DTZ * PLS 
F4 = F3* DTZ * X 
WRITE (3>5)Lr I»Z ,D .DD. F2tF4 

5 FORMAT (_2Xf2I2i 5F7-3 ) 
G = 2 · * F2 
AK = (1. - G ) / ( 1 . * G ) 
ALO = X * ( 1 . * A K ) / 2 
CR=PLS* F4 * ( 1 · * Α Κ ) * * 3 
CM = CP / ALO 
WRITE(3>7)X,ALOrAKiCM,CP 

7 FORMAT (2X r10F7-3) 
2 CONTINUE 

STOP 
END 
LOAD 
2.750 2.300 3.000 8.430 0.152 
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Eiffel polar of flat and curved aerofoils 

0.2 0,4 0,6 0,8 1 U C d * C m 

Flat rectangle a = 5 

0,2 0,4 0,6 0,8 1 U cd^m 
Flat square 
Flat circle 

— — · <H(cm) 

Curved plate f /I = 0.1 a = 5 Curved plate f / l r 0.15 a = 5 



AEROFOIL GEOMETRY 

? 8 s 

*S ? * 5 3 - S § " ^ 
« ,· 2· ;· 5 « 

c,' 

10 C, 

1,5 

0,5 

~- / 

kc,/cd 

150 

100 

1 
/ 

/ 

7, 
/— 
0 

/ 

/ 
t i 

/ ' 

Q 

ia, 
7 
' 7 

/ 
/ 

N A C A 23015 AEROFOIL 

R e « 6-10* 

/ 
/ 

* —i 

c 

" 'N. 

y 

/ 

S 

^ 

c 

10 

• 

/ 

d ^ ^ 

> 

2. ĵ V 
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NACA 0012 AEROFOIL 
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