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This Informal YJorking Bulletin issued in our Agricultural Engineering 
Series, reviews the developments that have teen taking place in the utili
zation of wind power for agricultural purposes. 

Although uiuoh has been written on the subject of wind power 9 especially 
during the last few years 3 the emphasis has mostly been on large scale 
production of electricity by wind power, rather than its possibilities for 
the purposes of water pumping and the generation of electricity on a domestic 
scale, 

'^he purpose of this Bulletin is to provide information, mainly of a 
practical nature, for the benefit of those agricultural workers responsible 
for power supplies on farms which have little immediate prospect of connection 
to main power networks, or where the difficulty in transporting fuel may render 
oil produced power expensive.. The Bulletin concentrates on wind power for 
agricultural use 0 

In the introduction the Bulletin describes research and development work 
that has been made towards several new experimental machines» Where these 
are of a small capacity of up to 20 ILPo there is a prospect of their being < 
used in the future for large farms, or for rural communities, and there is 
little doubt that they would be of great benefit if they are proved to be 
satisfactory in service and economical in cost* However, the use of wind 
power on farms does not depend upon such developments„ Already there are 
satisfactory? though somewhat small, machines on the market^ and sufficient 
experience has been gained during the last -fcwo to three decades to justify 
recommendation of them-. 

The Bulletin further points out that wind power utilization? if it is 
to be economicals is not merely a question of buying a machine and installing 
it anywhere? for subsequent operation,, The Bulletin indicates the many 
factors,, such as the climatic^ topographical, economical, and social, that 
should be taken into account if a wind power project of any significant size 
is to be carried out successfully., 

These subjects are dealt with fully in the various chapters, and th& text 
is illustrated with photographs and diagrams which assist in clarifying the 
points made in the text„ It is hoped this Bulletin will assist all those 
associated with, and interested in, the use of wind power, both for water lift
ing and the generation of electricity on the farm., 

The material in this Bulletin has been assembled and prepared by Mr<> E,,W-
Golding, who, since 1945? has been Assistant Director, Head of Rural Electri
fication and Wind Power Department and Overseas Liaison Officer of the 
Electrical Research Association of the United Kingdom., 

LiTo Golding is a well-known international authority in the field of wind 
power research and development and is a member of the Arid Zone Panel of the 
United Nations Educational, Scientific and Cultural Organization, He has 
undertaken a number of missions for the U1I and its specialized agencies to 
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advise governments on the use of wind power and the development of local 
energy resources to supply power for isolated areas. These missions have 
taken him, among other countries, to Israel, India, Somalia, Haiti, Uruguay 
and the United Arab Republic 

Mr. Qolding is the author of a number of technical hooks, including 
"The Generation of Electricity by Wind Power'8« 

A comprehensive list of selected references are cited to enable those 
readers who desire further information on the subject to obtain appropriate 
publications., In addition, a list of some manufacturers of windmills, with 
their addresses, is appended. The very nature of such a list, however, 
renders it impossible to include all windmills that are on the market in the 
various countries, and it must also be understood that those manufacturers 
mentioned are not necessarily recommended in preference to others who are not. 

This Informal Working Bulletin will be revised and later published in 
PAO"s Agricultural Development Series. Therefore suggestions for the expansion 
and improvement of the text are invited from those readers who receive copies. 
All comments and suggestions should be addressed tot 

A.I). Faunce 
Chief, Agricultural Engineering Branch 
Land and Water Development Division 
P A 0 
Home, Italy. 



CONTENTS 

Page 

INTRODUCTION 1 

The power i*: the wind - Historical notes - Wind power 
for agriculture - Large and medium scale wind power 

I. GEOGRAPHICAL DISTRIBUTION OF WIKDS AND 
CHARACTERISTICS OP WIND PLOW 8 

Wind speed - The importance of wind variations -
Assessment of wind power economy 

II. WIND DATA AIJD THE SELECTION OP SITES 16 

Wind measurements to determine site characteristics -
The increase of wind speed with height - Wind 
structure - Wind data for water pumping and for 
electricity generation 

HI* WIND POWER FOE DIRECT WATER PUMPING 2? 

Pumping rates - Annual output of water — Pumping 
periods and reservoir capacity ~ Types'of water-
pumping windmills (slow-running windmills driving 
piston pumpsp high-speed windmills driving rotary 
pumps) - Windmill towers - Pumps and auxiliary equipment 
for water pumping - Installations operation and main
tenance - Installation and operating costs - Costs by 
alternative methods of pumping.. 

IV.,THE GENERATION OP ELECTRICITY BY WIND POWER 50 

Types of wind-driven generators (small wind-electrio 
units; wind-electrio plants of medium capacity) and 
their energy costs„ 

V. WIND POWER FOR OTHER AGRICULTURAL USES 56 

71. CONCLUSIONS 57 

LIST OP iictfUsaû CES 
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INTRODUCTION 

Long ago man became conscious of his own very limited capacity as a power 
unit - as an "engine- - and sought some assistance to enable him to increase 
his productivity and so to improve his standard of living. First he used 
animals, and found, for example, that a horse could exert 7 to 10 times as 
much power as he could himself. But domestic working animals need food and, 
although the;, have given good service to agriculture for centuries, it is 
undeniable that their food consumption can be a serious drain or. the resources 
of small farmers. 

The next step in power development 'was the exploitation of natural sources 
of energy* and those having motive form were the most obvious. They were the 
wind and flowing water, both of which possess energy (or capacity for doing 
worh' because of their mass and their velocity. Unfortunately, wind, which 
for power purposes is xo be considered as a column of air in motion, possesses 
much less energy than that of a similar column of water moving at the same 
speeds this is because i^s mass, per unit of volume, is some 800 times less 
than that of water. 

Windmills and water milIs5 at first very simply built and later being 
developed into more complicated;, and more efficient, machines, were installed 
wherever Lhe wind was sufficiently strong or flowing water was available. 
Obviously the choice of sites for windmills was not so restricted as for 
those for water mills which had3 of course., to be built on the banks of 
streams. This comparative freedom in choosing the locations of windmills 
was an advantage - and, indeed, remains an advantage - over water mills and 
counterbalances5 in some small degree, the disadvantage of their relatively 
large size for a given power capacity. 

The subsequent histories of these two power sources, first introduced 
many centuries ago, were very similar until the latter half of the nineteenth 
century, Windmills, particularly the large ones used for corn grinding and 
for drainage, then declined in numbers while water mills, developed into 
turbines built in large sizes for hydro-electric purposes, went ahead rapidly? 
at the present time., there are water turbines having individual capacities of 
several hundred thousand h.p. The main ...reason for this difference in progress 
during the last few decades is the unpredictability of the wind: even in 
very windy places there is no absolute certainty that the wind will blow, 
sufficiently strongly for power production, at any particular time. Vfind-
driven machines, therefore, arc not well suited to the supply of power for 

* It is very important to understand clearly the relationship between the terms 
"energy'' and "power". ]&££££[. i-s defined scientifically as "the capacity for 
doing work" '.."here "work" is understood to be the result of applying a force 
through a distance, the direction of the force being the same as that of the 
movement. Power is "the rate of doing work or of expending energy". 

Energy, or work, is measured in units which take into account both the 
force exerted and the distance moved. Common units are the "foot-pound"., or 
the "kilogram-metre". The corresponding units of power are the foot-pound per 
second or the kilogram-metre per second. These power units are, however, rather 
small for practical purposes and one horse power (equal to 550 foot-pounds per 
second) or, in the metric system, one cheval—vapeur (7.5 kilogram-metres per 
second) are used more commonly. There is very little difference in magnitude 
between these two units?. 1 CcV. - O.986 H-P. 
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| general .purposes unless arrangements can "be made to store energy as a source 
of power during periods of calm weather. The windmills were displaced by 

<. steam- or oil-engines, or by electric motors, capable of giving power at any 
time. There was also, in the more industrialized countries, a strong ten-

u dency towards concentrating power production in large, efficient, power 
- stations instead of using a large number of small, scattered units such as 

the windmills represented.-

The Power in the V/ind 

Wind is, of course, a free and inexhaustible source of energy but its 
economy and practical potentialities depend - as indeed they do with any 
other natural energy resource - upon the cost of harnessing it. To gain 
an agression of the problem involved, we can consider the wind as a hori
zontal stream of air moving at a speed which is, in fact, continually 
varying in both magnitude and direction but which remains steady enough, 
over significant periods of time, for it to exert a usuable pressure on 
any object placed in its paths This pressure is proportional to the 
square of the wind speed while the power in the wind stream is proportional 
to the cube of this speed, The formula for this power P, is P = k.A.TP 
where A is the cross-sectional area of the wind stream and V is the wind 
speed. The factor k is a constant the value of which depends upon the 
density of the air and on the units used for the measurement'of P, A and V. 
If P is expressed in horse povrer, A in square feet and V in miles per hour, 
k has the value 0,0000071. Other values for this constant, with different 
units for P, A and V, are given in Table 1 (see also Eef. 14)» 

Table 1 

Values of ooeffioient k for different systems of units 

Unit of power 
P 

Kilowatts 

Kilowatts 

Horse-power 

Watts 

Kilowatts 

Kilowatts 

Unit of area 
A 

Square 

Square 

Square 

Square 

Square 

Square 

feet 

feet 

feet 

feet 

metres 

metres 

Unit of velocity 
V 

Miles per hour 

Knots 

Miles per hour 

Feet per second 

Metres per second 

Kilometres per hour 

Value of k 

O.O0O0O53 

0c0000081 

0.0000071 

0.00168 

0.00064 

0.0000137 
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As an example of the power contained in a wind stream, consider a hori
zontal stream SO metres (33 feet) square, moving with a speed of 10 metres 
per second (£2.4 miles an hour). The power is 

0.00064 x 1C2 x 103 or 0.0000053 x 332 x 22.43 = H kilowatts or 48 h.p. 

But this power has to he extracted from the wind to put it to practical If 
u s e . ' " " • • • • • • 

Eistorical Kotes 

Probably the earliest application of wind for practical purposes was to 
propel shii-'S wit": sails.- The wind presses on the sails and does useful work 
c,s tl.J ship moves in a straight line but., even so, only a fraction of the 
power in the wind is extracted in this way. ?or the production of power in a 
stationary power plant the movement produced cannot he along a straight line 
but must be rotational. The essential part of a "windmill" is thus a ''rotor" 
which is driven round by the wind, the useful power being transmitted from the 
shaft of the rotor to some other machine driven by the "windmill. This iaachins 
might be a oru-^iinding mill* a water pump, an electric generator or perhaps 
some other typo of machine for agricultural purposes. 

The number of different designs for wind-driven machines - conveniently 
called windmills although they may not, in fact, be "mills" - is very large. 
Some of the more important of these will be discussed later. It will suffice. 
now, to say that they fall into two categories - those with a vertical-axis 
rotor and those with a horizontal-axis rotor. 

The earliest windmills of which there is any reliable record were those 
used by the Persians for corn grinding. They had a vertical axis carrying 
several large saiis and enclosed within a circular wall with openings to adroit 
the winds from uiix'erent directions. A machine of this type obviously must 
have some arrangement whereby the wind is allowed to press on the sails on one 
side of the vertical axis while those on the other side - which move against 
the wind - must be screened from this pressure. Fig. ~> shows a simple — 
even crude ~ form of windmill of this type used in more recent times in 
China for pumping brine. In this, the sails which are moving counter to 
the wir~- are allowed to flap so that they move up in an edgewise position 
only turning flat as they begin to move in the same direction as the wind. 

The type of windmill with a horizontal axis, of which the well-known 
Dutch windmills are an example, was introduced much later - probably in 
Europe in the twelfth century. It is this type which was developed, 
through the centuries, until it became a very effective power unit and, 
although there may be exceptional circumstances which may favour the con
struction of a machine with a vertical axis, future machines, for all purposes;, 
are likely to have horizontal shafts. 

Though vertical-axis windmills have the advantage that they can accept 
wind from any dire_ctijjn. while those with a horizontal axis have to be 
turned into the wind, they have the disadvantage of low_ rotational spe_ed »•••••,••• 
and low efficiency.. The word "efficiency1" is "here used to express the 
fraction, of the available power in the wind, that is extracted by the windmill 
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{ 
I* It can be shown theoretically that no windmill can extract more than 59-3 
:y per cent of the power in the wind. In practice, 40 per cent extraction 
•L»* would be considered very good and may be approached in the best horizontal 
i \ axis machines. Vertical-axis machines, on the other hand, cannot be 

\\ \ expected to extract more than about 20 per cent and probably their efficiency 
vould be lower than that. 

To express this conception in another way, referring to the calculation 
/- made above, for the power in a wind stream, a windmill whose rotor swept the 

stream 10 metres squares moving at 10 metres per second, would extract not 
48 h.p."but something between 9-6 h.p. and 19°2 &•£.«according to its type 
and detailed design. .. i •__-

The windmills developed in European countries through the centuries 
following their introduction had horizontal shafts carrying four or more sails, 
on a wooden framework, constituting the rotor. The sails were of canvas, or 
some other strong cloth, which could be furled or spread according to the 
strength of the wind, or, later, they took the form of wooden slats hinged so 

t that, in very strong winds, the slats could open to allow the wind to pass 
through the sail. 

The sails had to be turned into the wind and this was done either by 
mounting the whole windmill on a turn-table (in the "post-type" mills) (Fig.2) 
or by using a rotatable head at the top of a stationary tower (in the "tower-
type" mill) (Fig0 3). The latest form of the latter is that developed in 
Denmark following the work of Professor P. La Cour at the State Windmill 
Station at Askov founded in 1890. An example, made by the Danish firm of 
Lykkegaard, is shown in Fig. 4. It has sLatted sails and the rotor drives, 
through"hovel gears, a shaft passing vertically down through the lattice-
steel tower at the foot of which is located the machine to be driven by the 
windmill. Another set of bevel gears converts the power from the shaft to 
driving power for a horizontal-axis machine which is usually an electric 
generator supplying power for farm purposeso 

Wind Power for Agriculture 

La Cour was not only concerned with wind power per se but was anxious, by 
this means, to introduce electric power for use on Danish farms. In thi" he 
was very successful and he can be considered as one of the pioneers of agricul
tural electrification. 

From 1890 onwards wind power development has received almost continuous 
attention in Denmark (Bef. 18) where other natural resources of energy are 
scarce. Hany Lykkegaard machines, of up to 30 kilow. + ts i n capacity, were 
installed in the first three decades of this century and proved very useful, 
during World '.Var II, in supplementing the village diesel-power plants when 
fuel was difficult to obtain. During this war, another type of wind-driven 
machine, for electricity production, was also developed in Denmark by the 
firm of F.L. Sinidth of Copenhagen. Their machines (see Fig. 5) had propeller-
type rotors with either 2 or 3 wooden blades driving direct-current generators, 
through gearing, at the top of the tower. They varied in capacity from 50 
to 70 kilowatts and had rotors of 18 or 24 metres diameter. Some of these 

t 
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Fig. I . Primitive Chinese windmill for brine pumping. 
(From "Formart of 40 Centuriet* by F.H. King -
By courteiy'of Jonothon Cop« L»d. London) 
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Fig. 2 • Old-foshioned post-typn windmill. 
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Fig. 3 - Old-fashioned towor-type windmill. 
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Fig. 4 . Lyiilcegoard 30 I. W windmill. 
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Fig. 5 - 7 0 kW windmill with color 24 -n diameter 
(F.L.Smidth). 
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Fig. 6 - 100 kW windmill (John Brown and Co. Ltd). 
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Fig. 7 • 100 kW Enfield/Androou windmill. 
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Fig. 8 - Allgaiar 8 kW windmill. 
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Danish wind power plants <; both by Lykkegaard and Smidth.,. are still running 
successfully in connection with local electrical networks* 

To complete the story of Danish wind power developments, in recent 
years a national wand power committee, working on similar lines to those 
established :..'.: Great Britain and in Germany;: has been responsible for the 
building of several, experimental machines of up to 200 kilowatts capacity. 
This work has been done under the direction of Mr, J. Juul (Refs. 25^ 26 s 
21 and 28) (of the South East Zealand Electricity Company) who was, in fact. 
a pupil of La Cour at Askov. 

Other countries? as well as Denmark, have not entirely neglected wind 
powe: during the last few decades* Although the old-fashioned type of 
windmill., with wooden or cloth sslls.. has laregely disappeared - except in 
the Netherlands where their attraction for tourists has been an important 
factor in maintaining them in operation ••= two more modern types of machines 
have been developed, and widely used in many parts of the world* 

Both are for use on farms andP in remote areas, for dwelling houses, 
One is a non-electnc uaohine^ with a, multi-bladed rotor-, used for the sole 
purpose of water pumping, while the other is a. small wind-electric plantr. 
with a propel lor-type rotoc? running at high speed, and driving an electric 
generator* This generator usually produces direct current and charges an 
electric batterywhich stores enough energy to provide a supply during calm 
weather^ These machines vail be discussed, more fully later. 

Large and Medium-Seal e_Wi_nd_Powsr 

Encouraged by the building of a V250 kW aero-generator in the United 
States of America during World. War IT-, much research and development work on 
relatively large wind-driven machines ba» been done in several European 
countries since the war. The major part of this work has been devoted to 
investigating the possibilities of using wind-driven electric generators in. 
conjunction with, and in electrical connection to, main electric power net
works o Nevertheless., it has a definite bearing on the question of wind power 
plant for farm use because,., at the lower end. of the scale of capacity of these 
machines, there are some which could be used on large farms or for farming 
communities in isolated areas. 

For clarity, it should be explained, that a rough classification of wind 
power machines, on abasia of their capacity, has been made = ThuSj machine? 
with a power capacity of up to .0 h.p, are called "small", those with a capa
city between 10 h.p., and about iOO h.p, are of "medium" size and those with 
greater capacities are called '"'largetJ<, Both small and medium size machines,, 
if of the right design, might be used on farms but the large machines are 
only for use with main power networksc 

The work, done in different countries (other than Denmark) can be summarized 
briefly as follows?-
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Great Britain; The Electrical Research Association, advised by a wind 
power committee? and with additional financial support from the Ministries 
of Power and of Agriculture, Fisheries and Food? has done researoh on both 
theoretical and practical aspects of the problem during the last 12 years 
(see Hefs. 11, 12, 13, 16, 17, 18, 19, 32, 34, 35, 36, 51 and 52). Wind 
surveys covering Great Britain and Ireland have been made and the survey 
methods used have been followed in other countries including British Somali-
land, Burma, UAR (Southern Region), Haiti, India, Israel, South Australia, 
Trinidad and Uruguay. Instruments for the detailed study of wind structure 
and wind regimes have been developed and methods of testing the performance of 
wind-driven machines have been evolved* A number of prototypes, of different 
designs made by British manufacturers, have been tested. These include 
machines of 10 and 25 k\7 capacity and three of 100 kV capacity, A si'^-A^ful 
experimental study of the operation of an 8 kV/ machine, supplying power for 
an isolated house, has also been made. 

Frances Electricity de France, after making an extensive survey of 
potentially favourable sites in France, using anovel form of anemometer 
(Ref. l), have continued to work on the wind power problem with large-scale 
plant especially in mind. Much experimental work has been done and detailed 
studies of all possible forms of wind-driven machines have been made. Experi
mental plants of 130 kW and 640 kV/ are under test. Two French manufacturing 
firms have also been responsible for the development of different types of 
windmills in the small-power range. 

Lo Vadot (Refs. 47j 48 and 49) has made very comprehensive studies of the 
various possible designs of v/indmills and of their applications. 

Germanys Therehas been continued interest in wind power in Germany 
during the past three decades. A number of ambitious projects, using novel 
designs of very large machines, were put forward before the war. These did 
not materialize but accompanying studies of the aerodynamics of wind-driven 
rotors, particularly by A. Betz of GSttingen, made a valuable contribution to 
knowledge of the subject° 

Since the war Dr. U. Htltter, working first with the manufacturing firm of 
Allgaier and later at the University of Stuttgart, has done much to develop 
modern types of wind-driven electric generators. Allgaier made an 8 kW 
machine (Fig. 8) which has given good service in several installations in 
Germany and elsewhere (Refs. 21, 22 and 23)« 

During the last few years the Studiengesellschaft Windkraft e.V. , 
Stuttgart, supported by a number of large German olectricity supply under
takings, has developed a 100 k\7 prototype machine for use in connection with 
electrical networks and Dr. HUtter has been closely associated, with its design. 

Holland? A society for the preservation of Dutch windmills (De Hoilandsehe 
Molen; was formed in 1923 and has since worked to improve the performance of 
these mills as well as to ensure their more effective use. 
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In 1936 another organization, the Prinsenmolen Commissie, was set 
h up to study methods of improving the performance of Dutch windmills and 

this has done valuable work (see Refe 31) which has included experiments 
or the use of the mills for electricity generation when they are not needed 
for water purr/ping. 

Union cf the Soviet Socialist Republics? A central wind pcwer institute 
v/as established in Russia after '9:8 and this has been responsible for the 
development of a number of wind-driven machines, of capacity up to about 20 
h.p. for both water pumping and the generation of electriciy (Refs* 2, 3 and | 
8). Tt? work still continues quite actively and at the experimental station j 
at IiiJva. near Los cow. 6 or 7 different types of machines are being tested " 
witli „iie special purpose of deciding which type is likely to be best suited 
for water pumping in the dry areas of the TJ33R where a main electricity 
supply for power purposes is not available The possibility of installing, 
iu rc:::ote cv̂ ea-̂  :;rou;;c of wind-driven generators for electricity supplies 
is also beî -o studied.. 

Spain; A government-sponsored wind power study group, with headquarters 
in Ladrid, has been investigating the economy of wind power both for the 
Spanish mainland and for the Canary Islands. Wind data for a considerable 
number of apparently favourable sites has been collected and a testing station, 
at a well-exposed, site near Lladrid, has been set up to test different types 
of wind-driven electric generators.. 

Indias The government of India established a wind power research commit
tee in 195? and this has made wind surveys to determine the most favourable 
areas for wind power. In some cf the most windy coastal areas medium or large 
capacity machir.es might be used to supplement electricity networks and, in 
many dry areas, windmills for wrter pumping would be very useful, These 
questions are being studied at the Indian National Aeronautical Laboratory at 
Bangalore (Ref X)). 

Algeria; There are strong winds on the coast of Algeria and the national 
electriciy authority. Electricity et Gaz d'Algerie. has been interested in 
wind power possibilities for some years (Ref. Vv). One aspect studied has 
been tbe combination of wind power with water power with the object of sup
plementing the latter in dry periods. Some four years ago one of the ... 
British made 1C0 ki7 experimental aero generators (of the Andreau type) was 
sent to Algiers for the use of the electricity authority and this has been 
installed on a hill a few miles from Algiers.- A full testing program has 
given some valuable data on the performance of the machine. 

Israel s A wind power committee was established in 195'! and instituted 
a wind survey to discover favourable wind power sites. Studies of wind, 
behaviour have been made and these are still continuing at the Israel 
Institute of Technology at Haifa* Small windmills of different types have 
been installed to test theix yoi'iuruaact: one of the testing stations was 
at Eilat on the Gulf of Aqaba (Ref., 9) 

http://machir.es
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I 
*- " J. GEOGRAPHICAL DISTRIBUTION OF WINDS AND CHARACTERISTICS OF WIND FLOW 

Natural winds are movements of air - air streams - caused by differences 
- m atmospheric pressure which., in turn, are the result of differences in 

temperature causing corresponding variations in air density*. The air flows 
from an area of high pressure to one of lower pressure and the wind speed 
depends upon the magnitude of this pressure difference. The actual velocity 
of the wind, in magnitude and direction, comes from a combination of the 
pressure-induced speed and that due to rotation of the earth's surface which 
carries air, adjacent to the surface, round with it. This surface speed 
changes from about 1,000 miles per hour at the equator tc zero at the poles 
and, aerefor-e, its influence on the resultant wind velocity varies greatly 
vr, :i: latitude* 

Although both the speed and direction of the wind at any given place 
vary gr.v-.vi ly throughout any lengthy period of time, e.g. one year, the 
direction, at least, is not entirely random. For average conditions, two 
belts of high pressure continuously exist, round the earth, one between 
30°N and 40°N and the other between 30°3 and 40°S and there is a low pressure 

| belt in the equatorial zone between them„ These high pressure bolt* produce 
I persistent winds from the north, in the northern hemisphere, and from the 
j south in the southern hemisphere. The effect of the earth's high surface 
velocity in the tropical zones is to convert these persistent "trade" winds 
into north easterly winds, north of the equator, and south easterly winds, 
south of the equator. Associated with this system of winds are persistent 
westerly winds, in the belts 40° to 60° latitude in both hemispheres. 

In spite of the disturbance caused by storms which, for a time, obscure 
the prevailing wind direction, there are thus certain well-defined tendencies 
in wind direction for the belts mentioned* Cyclonic depressions arc super
posed on the general system of atmospheric pressure. Thcnc depressions may 
move in any direction but, nevertheless, they have certain established tenden
cies :i..n direction which assist in making predictions of wind direction in the 
areas affected. 

The meteorological services all over the world make continuous measure
ments of atmospheric pressure and the data so collected provide the basis for 
the construction of "isobars" for any particular time. These are lines 
joining points having the same atmospheric pressure, at sea level, and corrected 
for temperature and latitude. From the isobars the "gradient wind", i.e. 
the wind speed due to pressure difference, can be calculated but, due to 
fractional and local temperature effects at low altitudes, this calculated 
speed is not, in general, acti ally attained below an altitude of about 1,500 
feet (500 metres). 

Yfhen considering power production by the wind we are, of course^, interested 
not in the winds at high altitude, but in those up to one or two hundred feet 
(}0 to 60 metres) above ground level* These surface winds, in which windmills 
operate, are greatly affected by the topography of the area in which the wind
mill is to he located and also by very local obstructions in the form of rocks, 
trees, buildings and, in fact, anything which v/ill disturb the wind flow. 

* 
f ' v a i , J; t I'I-IXA Kl P " /»'«».•'/» ,t«. • t-„s./ 

/. f.f / ,w- -if- •••' '••:. Cr,'-<';. Or • . tit i 

• • > ( i , J / I - -

. > ) i 

http://gr.v-.vi
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The speed of the wind is responsible for its power content and factors \ 
affecting this speed will he dealt with later in some detail. Wind 
direction is not so important except in so far as it may influence the 
choice of a site for a windmill: if, viewed from a proposed site, there 
ar^ serious obstructions in the general direction of the prevailing wind 
those vi':'.-. be especially detrimental and may lead to the choice of another 
site.. 

Wind Speed 

Before discussing the geographical distribution of winds it is impor
tant to define what we are to understand by "wind" from the point of view of 
its .ver potentialities, 

By far the most important characteristic of the wind is its variability 
.in speed. At any specified point on the earth's surface the wind, at a 
given instant cf time, can have a speed ranging from zero to as much as 125 
miles per hour (56 m/sec) or more.. Even the windiest places have their 
clam spells while the least windy are occasionally subjected to stormB which 
bring high winds. One cannot, therefore, rely absolutely on power from the 
wind at a given moment however windy the chosen site,may be and, on the other 
hand, one cannot safely reduce the mechanical strength of a windmill, destined 
for a relatively calm area, to any great degree. Nevertheless, the proba
bility of there being power available at a particular time is much greater 
at the windy site as is the probablity of a machine, erected there, having to 
withstand severe mechanical stresses fairly frequently. 

If, instead of taking the wind speed at any instant, we consider its 
value over various time scales, it is possible to state some important3 and 
generally applicable, factss-

!. The nature of wind in the open (See also Hef. 14) 

In a natural wind the speed is never strictly constant: even on a scale 
of seconds it varies continuously, though the variations may not be large 
•enough to be troublesome for a wind power plant0 The conception of a "steady' 
wind speed is true only within certain limits. Kuch depends upon the instru
ment usLd to measure the wind speed: if it is slow in response its indication 
may appear quite steady although, had a quick-response instrument ~been used 
instead, this would have shown rapid variations in speed. The magnitude of 
these variations;, as well as their frequency, would depend on the "gustiness" 
of the wind at the time of measurement. Under stable weather conditionss and. 
at a site free from any obstructions near enough to interfere with the wind 
flow, tb.3 speed fluctuations are usually of lov/ frequency and small in magni
tude, but, during a storm, they are often violent. 

2. Hapi d v ari a, t i o ns 

The rapid variations in wind speed referred, to in (1) are more likely 
to be important from the point of view of the mechanical design of a wind
mill than in their influence upon the power output. The mean, or average., 
wind speed - on which these rapid fluctuations are super-imposed - does not 
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J 
.*- usually change quickly. Although, it is certainly possible for this mean 
t speed to rise or fall by, say, 50 per cent within a few minutes the more 

general experience is that the time is longer than this so that hourly mean 
wind speeds can be used with some confidence in assessing power potentialities. 

3, |)iurnal variations 

Considering now the scale of hours , in many tropical and sub-tropical 
areas, diurnal variations in hourly wind speed are clearly marked! during a 
stated season of the year it is often possible to predict the daily wind 
r§gime with some degree of certainty. Thus, for example, in a coastal area 
the wind speed may be almost" zero throughout the night, beginning to rise as 
dayli ~h.t comes and increasing to a maximum value soon after mid-day with a 
subsequent fall to zero in the early evening. In the temperate zones, however, 
especially in those areas lying in the tracks of storms, diurnal variations 
are usually masked by storm disturbances and no predictions of daily wind 
regimes are of much value. 

In certain special geographical conditions the diurnal variations in 
wind speed are very small. Thus, for example, at Longwood, St. Helenas, 
which is subjected to what is virtually an ocean wind regime, without any 
land masses of sufficient size near enough to cause daily temperature 
variations, the wind speeds throughout the day are as shown in Table 2 
(Ref. 14). 

Table 2 

Diurnal Variations in Wind Speed at Longwood, St. Helena 

Hour of 
day 

January 
mean 

July 
mean 

Yearly 
mean 

0 

20 

17 

18 

1 

21 

17 

18 

2 

21 

16 

18 

3 

22 

17 

19 

4 

22 

16 

19 

5 

22 

18 

20 

6 

22 

18 

20 

.... 

7 

22 

18 

20 

8 

23 

19 

20 

9 

23 

19 

20 

10 

22 

20 

21 

11 

21 

18 

19 

12 

20 

18 

18 

13 

19 

17 

18 

14 

19 

17 

18 

15 

19 

17 

18 

16 

19 

17 

18 

17 

19 

17 

18 

18 

19 

17 

18 

19 

19 

17 

18 

20 

19 

17 

18 

21 

20 

.17 

18 

22 

21 

17 

18 

23 

21 

17 

18 

4» Seasonal variations 

Seasonal variations, i.e. on the scale of months, are often clearly 
definable. Taking monthly mean wind speeds, these rise to peak values in 
a season of the year which, of course, varies according to the part of the 
world considered* sometimes a second, subsidiary, peak occurs during the 
year. As an example of the changes in these monthly values, in Great Britain 
the months Kay, June, July and August are always relatively calm while 
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December., January and February are usually the windiest Months. In some 
years, however, the autumn or spring months are as windy as the winter and. 
indeed, throughout the period September to April, high monthly mean speeds can 
be expected. Some monthly mean wind speeds, measured at meteorological 
stations ir. different parts of the world, are Saown in Table 3 as an indica
tion of the variability pattern to be expected (see also Ref. 35). 

Table 3 

Ijonthly Llean. Y/ind Speeds at Meteorological Stations 

S t a t i o n 

Sngland and 
T.7ales (average, 
of 20 s t a t i o n s ) 

U.S.A. ( average 
of 20 s t a t i o n s 
i n TTew England) 

I ladras [3'iuiU Ĵ 

Hamallah 
( J o r d a n ) 

P e r t h 
(VLAus t r a l i a ) 

Beaufor t Y/est 
(U, of S . A f r i c a 

S t . Helena 

V i c t o r i a P o i n t 
(Burma) 

Mean wind speed, (mi l e s p e r hour ) 

J 

M . 4 

' i . O 

I: o 0 

l̂ ii 

: 3 -8 

)9..9 

17-0 

5 .6 

F 

*3.8 

j ; < 2 

9*5 

3 . 2 

•3oS 

8 .8 

:.5°S 

5 .5 

K 

-•2,5 

• 1.4 

9,6 

15° 3 

: ? . 8 

8 .3 

-:5°5 

5.3 

A 

' 2 . 3 

11 .0 

• 1 1 < 
j i O • 

12.. 6 

S0.7 

8o4 

15.1 

4.9 

M 

:0„8 

9>8 

11 .8 

11.3 

0 , 6 

.9,8 

14 .2 

4»7 

J 

:0 .7 

9 . 0 

n.9 

•1 i „ 9 

>0.,6 

-•0.6 

15-3 

5»4 

J 

!0 ,6 

8 .6 

1 0 . 8 

1 2 , 6 

•< J . 2 

!0 .3 

15-7 

6 . 5 

A 

9.9 

8.4 

10.7 

10o7 

M , 8 

]0o4 

: 8 . 2 

6 .4 

n 
0 

0 8 

8 0 8 

10.0 

10.0 

n, 8 

1 0 . 2 

2 ' ! , 2 

5„0 

0 

• ' 2 . 8 

9.6 

8.7 

9*5 

' 2 , 6 

1 M 

1 9 . 1 

4 . i 

N 

1 3 . ! 

10..5 

12 .3 

10 .0 

13.4 

10,6 

19»7 

4 . 6 

D 

13.5 

10.6 

12o5 

11.3 

13 .9 

10.2 

18.8 

5-5 

Year 

' 2 . 

:C 0 

^ • • ; 

12-

1 2 . ^ 

9 ,9 

; h ? 

5 - 5< 

An examination of the figures in Table 3 shows that, although the months 
,.-ith the highest winds vary from place to place, there is a uniform trend with 
a fairly gradual building up to the highest monthly speed and a gradual falling 
away again. For the stations with yearly mean speeds in the range 9*9 to 
^<2 u.p-ii., the monthly variation from the yearly mean is usually within 3" 
2 m.poh,, the exception being Samallah where the variation is +4„] to -2.6c 
At the very windy St. Helena station the monthly means vary from the yearly 
mean over the range -A to -3 Q.p.h.s while at Victoria Point, Burma, the 
fluctuation is little more than. - 1 m.p,h. 
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-" 5° Long-term variat ions 
> 

" At most places where long-term records of wind speed are kept it is found 
- that the annual mean speed for the station changes little from year to year. 
'The actual value of this mean speed varies from about 1 m.p.h. (for Dibrugarh, 
Assam) (Kef. 24) to 27 m.p.h., or even more, at specially selected windy sites 
in coastal areas of Great Britain and other countries in the high latitudes, 
hut it appears to remain constant, within fairly narrow limits. Examples, 
for long periods of time, are those for Southport (England) and for a group 
of 50 stations in the United States of America. . The periods of the records 
were 42 years and 31 years respectively. The annual variation, in terms of 
the long—period mean, was from 84 per cent to 118 per cent for Southport: 
in or^y three of the 42 years did the variation lie outside the range ± 10 per 
cent. The annual wind speed at the American stations did not fall by more 
than 18 per cent below the 31-ysar mean value. 

The Importance of Wind Variations 

It may be useful, here, to point out the significance of the general 
facts stated above. 

First, short-period mean wind speeds, i.e. for times of the order of 
seconds or minutes, may be important for the designer of wind power plant 
because their extreme values influence the calculations on the mechanical 
strength of the machine or on the required characteristics of oontrol gear. 

For estimation of the energy to be obtained from a wind-driven machine 
at a given site, hourly wind speeds over a period of a year are most 
useful. If the hourly mean wind speed is measured continuously, through
out the year, the records will enable an investigator to determine the 
following!-

(a) The maximum and minimum values of the hourly mean speed and 
the total numbers of hours, during the year, for which the 
speed lies outside - above or below - the operating range of 
a windmill with specified design characteristics; 

(b) The diurnal variations in wind speed and the chances of 
power being available at any given hour of the day; 

(c) The maximum number of hours of continuous calm weather -
this influences the question of the provision of energy 
storage facilities or of stand-by plant; 

(d) The seasonal variations in windiness and the time 
relationship between the occurrence of wind and other 
climatic factors such as rainfall. Clearly this is 
especially important when considering the use of wind 
power for water pumping for irrigation; 

(e) The probable total energy which could be obtained, in a 
year, from u wind-driven machine of a given size and 
with known operating characteristics. 
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Some or all of the data so determined must be taken into account in 
deciding upon the economic possibilities for wind power at the site where 
the wind measurements were made. 

Assessment of V/ind Power Economy 

There is so much misconception of the question of economy in using 
wind power that the position must now be clarified. The relative costs 
of energy, from different sources, as applied to agricultural purposes will 
be discussed later but the basic facts should be clearly understood at the 
outset, 

Ti the preceeding paragraphs the importance of a knowledge of the wind 
speed, hour by hour, throughout the year has heen mentioned while, earlier^ 
the dependence of wind power on the cube of the wind speed was illustrated. 
To estimate (with fair precision) the cost per unit of energy to be produced, 
by the wind, three facts must be known - or assumed. These are (i) the 
capital cost per unit of capacity (i.e. per horse-power or per kilowatt) of 
the v/ind power plant; (ii) the percentage ID be applied in calculating the 
annual capital charges for interest, depreciation and maintenance; and. 
(iii) the annual output of energy per unit of power capacity (expressed 
in kilowatt-hours per kilowatt or in horse-power hours per horse-power and 
referred to as the "specific output"). 

Let these be denoted by 

0 = capital cost per unit of power capacity 

p ~ percentage of annual charges 

T = the "specific output". 

The calculation of energy cost is simple: the annual costs for the 
machine are pC and, for this cost, the annual output produced is T units 
of energy. ' ^ The cost per unit of energy is, therefore*, 3?£Q- . As an 
example, suppose the capital cost C is £80 per horse-power of the machine's 
capacity and the annual charges are at the rate of 12 per cento If the -
annual output is 3}000 h.p.-hours per hep, of capacity, the cost per h.p.-
hour is £ 12 x 80 = £0.0032 or O.768 pence. The calculation is, of 

100 x3000 
course, exactly the same if C is the cost per kilowatt and T is in kWh. per 

The potentialities of wind power, as a method of producing energy in 
competition with other methods, are judged by comparing the energy cost, 
calculated in this way, with that for the alternatives. 

The values of C and p are dependent on the manufacturer of the wind 
power plant and on the person, or organization, responsible for financing 
the installation. The initial cost C is entirely i.r- the hands of the 
manufacturer while the "life" of the machine (i.e. the number of years over 
which its cost can be depreciated) is also greatly influenced by the quality 
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of the plant and, particularly} on its resistance to deterioration under 
the climatic conditions to which it is subjected in use. The cost com
ponent included for maintenance is al3o affected by the details of con
struction though this component is likely to-.be small, e.g. between 1 and 
2 per cent of 0. The percentage p is governed by interest rates and by 
the method of amortization. 

The third factor, T, can be determined only from wind data and must 
be provided by the potential user of the plant - or by some organization 
working on his behalf. To understand how T is obtained, suppose that the 
hourly mean wind speeds for the site concerned are available for a complete 
year. These are first classified and a graph (called the "velocity-
dura.t:on curve") is plotted as in Fig. ?. This gives the number of hours, 
in the year, for which the wind speed is equal to, or greater than, any 
given value. To illustrate the point, on the curve shown in the figure, 
the wind speed is equal to or exceeds 20 m.p.h. for 5>500 hours in the year. 

Because the power in the wind is proportional to the cube of the speed, 
we then cube the ordinates of the velocity-duration curve and obtain a 
"power-duration curve" as shown in Fig. $. 

The next procedure is to introduce the main operating characteristics 
of the wind power plant itself, particularly its "rated wind speed", i.e. 
the wind speed at which it generates its full rated power. It must be 
emphasized, at this point, that no windmill can be made to operate econo
mically over the whole range of wind speeds that may occur at the site 
where it is to be used» Although there is, indeed, a large amount of power 
available when the wind speed is high, the length of time, during the year, 
for which the speed has such high values is usually so small that a machine 
made to utilize this high power would be badly underproductive for most of 
the year. Again, because of the power losses, in the machine - which are 
inevitable - a certain minimum wind speed is necessary before the plant 
begins to generate any power output. An operating range is thus chosen, 
by the designer, to suit the wind regime at the site and this may include 
a "shut down" value of wind speed at which the operation of the machine is 
stopped to avoid damage. We thus have an annual operating schedule which 
may be shown by the broken lines in Fig. 10 which indicate that the machine 
being considered generates its full power capacity at a wind speed of 30 
m.p.h. after beginning to give effective output at 17 mp.h. (called the 
"cut-in" point)? it is shut down when the wind speed reaches a value of 
(say) 60 m.p<.h.« Note that, for allwind speeds above 30 m.p.h.., the 
machine generates full power output but no more than that. An important 
feature of its construction must be a controlling mechanism which prevents 
its power output from rising with the power in the wind itself. 

Referring again to Fig. 10, the shaded area represents, therefore, the 
annua- jutput c" energy by the wind power plant with the assumed operating 
characteristics, while the rectangular area represents the energy which would 
be produced if it were possible to obtain full power from it throughout the 
entire year. 

http://to-.be
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The specific output T is then given by multiplying by 8,760 (the total 
number of hours in the year) the ratio of the two areas just mentioned, i.e. 

T = shaded area omnpq x 8,760 
rectangular area onirs 

If, for exannie, the shaded area happens to be one third of the rectangular 
area, T ~ 1_ x G76G s 2920. This figure T is, in fact, the equivalent 

3 
number of ho.rs in the year which, if the machine were running at full pô ver;.. 
would produce the same energy as it actually produces in the varying wind 
regime. 

it will be shown later that it may not always be necessary to follow the 
whole of the graphical process outlined above in order to obtain the value T, 
but a proper understanding of the operation of a wind power plant in a given 
regime can be gained only by this method-

The cost of the wind-produced energy, determined as just indicated, is 
an important factor when considering the economy of wind power but it cannot 
be taken as the sole criterion- The fact that power from the wind is 
random, and cannot be relied upon at any particular time,, introduces a 
further consideration, namely, the degree to which random energy can be 
accepted by the user and its actual value» Thus, if there are times when 
the user must have power for essential purposes some provision must be made 
for the storage of some of the energy to cover periods of calm weather or, 
alternatively, a stand-by plant must be installed. Devices for storing 
energy are always costly and it may be more economical to install a fuel-
driven stand-by plant. YJhen such a plant is used the wind power plant acts as 
a "fuel saver", each unit of energy produced by the wind saving an equivalent 
amount of fuel which would otherwise have been used by the engine. Never
theless, although the wind-produced energy may be cheap, as random energy, 
it must be recognized that the provision of either a storage device or a 
stand-by plant adds to this cost and should be avoided if possible. 

It should be noted carefully that the need for storage orstand-b\ 
plant arises only when essential power loads are to be met at particular 
times. If the load can be met satisfactorily by random power, no 
specified times being involved, we revert to the cheap rate of wind power 
production. Fortunately, there are a number of important agricultural 
loads which can be met in this way and water pumping is one of them: 
within fairly broad limits the time when the water is pumped is not critical 
provided, of course, that the time intervals between the spells of pumping 
are not so long that the supply of water fails when it is needed. The 
assumption, here, is that pumped "water can be stored and this, in fact, re
presents stored energy but it is storage which is inhei-ent in the pumping 
process? it does not call for the provision of any device, such as an 
electric battery, for the sole purpose of storing energy. 
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I7e can summarize this discussion on the economy of v/ind power as follows*-

Being given, by the prospective user of the plant, data on the v/ind 
•. r<5gi::)e at l'.:z site where it would be used, the manufacturer can design it for 
optimum operation. He, alone, can decide on the cost of the plant itself 
although the user can influence the cost of its installation on the site. 
The rate of the annual charges on the expenditure for the coraple+̂ d installa
tion is also a matter which mu3t be decided by tho user. Knowledge of the 
wind regime at the site enables the total annual output of energy to be 
calculated as explained above and this figure is used to calculate the cost 
per unit of energy generated. 

It is then a question of comparing this cost per unit with that which 
woulu apply to power generation by any feasible alternative means but, at 
this point, it is important to consider the purposes for which the energy 
is to be used in order to plan for full utilization of the random power with 
little or no storage. 

Although, therefore, tho designer and manufacturer of tho plant have, 
of course, an important part to play on the technical side, it can be seen 
that the main responsibility for ensuring the economic success of a wind 
power project lies with the user. 

II. WIKD DATA AJTD THE SELECTION OF SITES 

It has already been stated that the power in a moving stream of air is 
given by the formula P = kAV^ where 7 is the speed of its movement, i.e. the 
wind speed. V/hen we are considering a windmill located so that it is acted 
upon by this stream, the cross-sectional aroa of the stream is approximately 
that of thf. area swept out by the windmill rotor as it rotates in a plane at 
right angles to the direction of the v/ind. In fact, some of the air. which 
passes round the extremities of the rotor also has an effect upon the machine's 
performance but, for the moment at least, we can neglect this. 

If it were possible to create, in a very large wind tunnel, or to find 
in nature, a column of air every part of which was moving at the same, con
stant, speed and to place a windmill rotor in this stream, it would be quite 
easy to determine the performance of the machine for this particular value 
of wind speed. In practice this is not feasible. Except for very small 
wind-driven machines, a v/ind-tunnel test v/ould be out of the question because 
of the large size and, therefore, very heavy cost, involved. On the other 
hand, it is virtually impossible to find a natural wind fulfilling this ideal 
condition. The filaments of air v/hich make up the air stream do not usually 
move at exactly the same speed nor is the speed of the stream precisely con
stant for any appreciable length of time. V/e have already discussed the 
nature of the variations which take place in a natural wind. 

What, then, must we measure to obtain useful v/ind data and how should 
we measure it? 
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The answers to these questions depend very largely on the purpose we have 
in mind and the use which is to be made of the data obtained* The most 

- important aspects of the question will he dealt with under separate headings 
below* 

Wind Measurements to De i.:i- :}..\j Site Characteristics 

Measurements placed under this heading are not made with any intention 
of discovering the detailed, moment-to-moment, behaviour of the wind at a 
chosen site but are for the purpose of obtaining information on the wind 
rfigirae, i.e. the long-term behaviour of the wind over a period of months 
or even of years They ara often concerned v.ltii the vindiness of one site 
relative to that of another and for::., therefore, an essential part of wind 
surveys. It ins clearly desii-able tiaa'o ;hey should be ;,:ade according to 
some standard put.;::iT :;o that the results can be accepted, perhaps, on an 
international basirj, not only as a guide to the degrees of windinesa of 
different aruac, but as a basis for windmill designs which ensure suitable 
constructions for the sites concerned. 

The methods already established for wind measurements deserve mention 
before discussing the question in further detail» 

The meteorological services of the world, as is well known, have net
works of observation stations where wind measurements are made together 
with those of rainfall, solar radiation and other climatic factors- The 
'.'Jorid Meterological Organization is much concerned with such work and 
internationally acceptable standards for measuring methods have been formu
lated.- Thus, for example, the standard height, above ground, for wind 
measurements is 10 metres. For various reasons, however, other heights 
are often used in erecting anemometers and the measured, values are then 
corrected to conform to the 10 metre standard. This correction has to be 
made by using a formula, for the increase in wind speed with height above 
ground, which has a statistical basis but which may not be strictly appli
cable under all conditions so that there may be errors in wind data 
presented from such measurements. 

Again, the sites of meteorological stations are seldom chosen with 
regard xo any especially high degree of windiness., Indeed, there may be 
good reasons against such a choice because the climatic data obtained are 
to be taken as averages for the area surrounding the station rather than as 
extreme values.. 

Another difficulty in accepting, for wind power purposes, wind speed 
values from meteorological observation stations arises from the different 
methods of measurement usedo The most complete information on wind speeds 
and directions is gained from recording anemometers - an example of which 
is the Dines anemometer - commonly used in Great Britain and some other 
countries., These give continuous records of speeds and directions and 
analyses of their charts provide data on hourly wind speeds and on the 
gustiness of the wind as well as on the directions from which the winds come. 
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Instruments of this kind ares however, expensive to purchase and to install 
and need skilled maintenance. They are not, therefore, universally used. 
This is especially so at the minor observation stations of which there are 
large numbers all over the world, including those at airports where informa
tion is needed on the wind speeds at particular moments rather than on a long 
term. 

Frequently anemometers which give "instantaneous" wind speeds are used: 
they are indicating instruments, not recorders, and their readings are noted 
at certain specified times in the day. The wind speed values thus measured 
are certainly useful as a general guide "but do not form an accurate "basis 
for a statement of hourly speeds. 

Another method of wind, measurement used at some stations is that using 
a cup-counter type of anemometer which does not record wind speed hut which 
integrates the run-of-wind, in miles, or in kilometres, during any given 
period- These anemometers have a cyclometer type of indicator and the 
difference bexween any two readings gives the miles (or kilometres) of wind 
which have passed during the time interval between them. The average wind 
speed over this time is then easily calculated by dividing this wind move
ment by the time. 

Obviously, if this time interval is one hour, the run-of-wind in the 
period betv/een successive readings is numerically the same as the hourly 
average wind speedo This fact leads "naturally to a variant of the simple 
cup-counter anemometer, namely the electric cup-contact anemometer. In 
this instrument the rotating system of cups drives, through gearing, a 
device which makes a contact, in an electric circuit, once for some selected 
value of wind run, e.g. for a run of 2 miles of wind. If the circuit in
cludes a coil-operated pen, or marker, which makes a mark on a recorder 
chart at each contact, it is possible to take a record of the run of wind 
per hour., the chart running at a constant speed and receiving also a mark at 
the end of each hour (Fig. 11). 

Another type of recorder in shown in Fig. 12. In this instrument 
narrow paper tape is moved forward by a short distance for each contact pro
duced by the anemometer. A time switch is used to operate a pen or marker 
so that a dot is made on the tape at hourly intervals. The distance between 
successive dots represents the run-of-wind. This type of instrument is 
designed particularly for economy and for simplicity in operation and in the 
subsequent chart analysis-

Several types of anemometers and recorders are illustrated in Figs. 12, 
13, 14, 15s 16 and 17. 

At some less important stations local observers may keep records of wind 
speeds obtained by "judicious guesses" taking into ..acount visual signf such 
as the bending of tr&e;, movement of leaves, etc. 

It should be clearly understood that none of the foregoing remark? is 
intended as any form of criticism of the very fine work of the world's 
meteorological services. The fact is that both the locations of observation 



19 -

stations and the methods used are doubtless suitable for general climatic 
studies, or for special purposes such as aerial navigation, hut, unfortunately, 

- they are not very useful for the assessment of wind power possibilities. 
They do, however, give reliable guidance on the general question of the 
relative windiness in different areas and, particularly when measurements are 
made by recording anemometers located at well-exposed places in level country, 
they may give all the information needed. 

Let us no*;/ consider the methods to be followed in site selection and the 
determination of the wind regimes at selected places. In the first place 
it must be clearly understood that the object of such work is the discovery 
of especially windy sites which will be suitable for wind-driven plants. 
It must be borne in mind that, because of the cube law for wind power,, an 
increase in average wind speed of even 1 mile an hour^ when this average is 
(say) 10 m.p.h*, may mean an increase of 20 per cent in the annual energy to 
be obtained from a windmill so that it is vitally important that the most 
favourable sites should be foundo 

Suppose, then, that wind power possibilities for an area of considerable 
size - perhaps several hundred square miles - are to be studied. The first 
step is to obtain information or: wind speeds, and prevailing wind directions, 
from such meteorological stations as already exist- Long-term records will 
give reliable guidance on which are the windiest- districts and on the choice 
of site from the point of view of exposure to prevailing windss one should 
not choose a site which is shielded, by high ground, trees or other obstruc
tions, particularly those in the prevailing wind direction. 

The next step in the survey is a study of the topography of these windiest 
districts. In general, wind speed increases with altitude so that high 
ground - if such exists in the area - is to be sought. But this is not alio 
7/hen the wind flows over a hill its speed3 in the lower layer} undergoes a 
considerable change and, if it is of a favourable shape, with fairly steep but 
smooth slopes, the wind speed over its summit is accelerated due to compres
sion of the streamlines by the upper layers of airs there is a Venturi 
effect. To illustrate this phenomenon, the results of some measurements on 
the summits of suitably snaped hills are given in Table 4 which includes also 
the annual average wina speeds (obtained from the nearest meteorological 
stations) for the areas in which the hills arc- situated rind the heights oi the 
hills. 

An examination of the altitudes of the hills and of the gains in average 
wind speed shows that those gains are not simply the result of altitude: the 
exposures and shapes of the hills have important influences. 

Figures 18 and 19 show photographs of two of the hills (sites 1 and 3) 
for which data are given in Table 4« They are both almost ideally shaped 
for wind acceleration. If one were to attempt to specify the ideal it would 
probably be s. hill of approximately conical shape« though with a smoothly 
rounded top, ^o that winds from all directions v/ould be similarly accel.erai.ea 
It would be an isolated hill lying in a coastal plain with no other high ground 
within perhaps 2 or 3 -ales. (Wind speeds are higher near the coast than 

http://accel.erai.ea
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^/inland "because of the ground friction which retards the passage of the wind) > 
Ithas "been suggested that a ridge lying athwart the prevailing wind will 
give the test results hut, although this may "be true if the wind direction 

* remains constant for a large part of the year, it is found that, for 
variahle wind directions, the gain when the wind "blows directly across the 
ridge is offset "by the losses when it "blows in other directions. Hence 
the above suggestion for the choice of a conical type of hill. 

Table 4 
Influence of hill shapes on average wind speed 

Site No. 

1 

2 

3 

4 

5 

Altitude of 
hill summit 

(feet) 

500 

657 

1,203 

1,358 

1,894 

-

Annual average 
wind speed 
(m0psho) 

25 

22 

27 

25 

25 

Annual average 
wind speed for 
the surrounding 

area 
(m.p.h.-) 

15 

16 

17 = 5 

14 

12,5 

Percentage 
gain in wind 
speed at 

hill summit 

67 

38 

54 

80 

100 

After selecting the sites at which measurements are to be made, the 
next consideration is the form of the measuring installation. It might 
be supposed that an elaborate equipment giving a continuous record of wind 
speed and direction should be installed, but this is not necessary. Only 
hourly average wind speeds are needed - to provide information from which 
the velocity-duration curve can be drawn - while the wind directions are 
not likely to differ greatly from those prevailing, at th9 same times, at 
the local meteorological stations. Complicated instruments are not only 
expensive but are an embarrassment when installed on a remote hilltop 
because they need skilled maintenance. Further, a continuous record calls 
for much time and effort in analysing it to provide the hourly speeds which 
are required-

The best procedure is, therefore, to install on the summits of the hills 
or, if there are no hills, at the chosen, well-exposed, sites, anemometers 
of the cup-contact type with some form of recorder giving information from 
which the hourly average v/ind speeds can be obtained easily. It is highly 
desirable that the process of changing the recorder chart at, say, weekly 
intervals, should be simple so that it can be done by unskilled people who 
can also provide any small amount of maintenance which the installation may 



Fig, 21 - Air flow over pointed hill. 

Fig. 22 - Air flow over hill with flattened top. 
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need. The anemometer itself should, preferably, be mounted on a pole, or 
light tower, 10 metres high (Pig. 20). This height of 10 metres is suggested 
because it is the standard used by the meteorological services and it is 
sometimes desirable to use the same height so that wind records can be com
pared without the introduction of corrections. There is, however, «an impor
tant point to be noted in this connection* It can most easily be appreciated 
by reference to Fig. 21, which shows the probable air flow over a hill, of 
aerofoil shape, with a fairly sharply pointed summits the wind stream 
follows the grov.::.". surface and the accelerated wind speed will be measured 
by the anemomc ••„. r on a 10 metres-high tower. In Fig. 22 the hill has a 
flattened top with steeply sloping sides and there is a likelihood, in that 
case, that the main, accelerated, wind stream will pass over the hilltop at 
a height greater than that of the anemometer so that the wind speed measured 
will be less than might be expected and much less than would be measured by 
an instrument placed on a tower high enough to "tap" the accelerated wind* 
This shows that the height of the anemometer above ground might have to be 
related to the contours of the hilltop si\:o, Iccme2.i,..ri::0' that the equipment 
will be subjected to high win:1. .--- JU.CS v.^1 generally difficult climatic 
conditions, precautions should be taken to ensure that all parts of the 
installation are robust and are protected from the weather as far as possible. 
Especially if the sites are distant from usable roads and man-handling of the 
equipment over difficult ground is involved, portability and low weight are 
important* The pole or supporting tower for the anemometer can well be 
sectionalized to ease the transport problem, and it is useful to devise methods 
of making foundations, or anchoring guy ropes, which do not call for the 
carriage of heavy loads or involve complicated procedures. 

As a power supply for electrically-operated recorders, batteries of 
accumulators, or of dry cells, are needed and thought should be given to the 
question of replacement of these when they become exhausted. If the re
charging of accumulators introduces a difficulty, it may be found cheaper 
to use dry cells or even, perhaps, wet Leclanche" cells. 

Some protection for the recording equipment - placed near the foot of 
the anemometer tower - is desirable. This can take the form of a wooden 
or metal box, properly tied down to prevent the wind from blowing it away, 
or it may be possible to use local material to build a small hut: this can 
be done if there is a plentiful supply of flat stones at the site or if tne 
ground is soft so that a turf hut can be built. 

In analysing the records obtained from an installation of this kind it is 
useful to devise a tabular system which can be used in a semi-automatic way 
by unskilled workers who can make the analyses regularly and so maintain a 
continuous check upon the wind regime at the different sites-. This is 
important because sometimes it is found that an apparently good site has an 
unexpectedly low wind speeds a continuous and regular analysis will call 
attention to this fact and will thus save waste of time in continuing obser
vations at a useless site. 

From the wind speed records for a complete year*the velocity-duration 
curve for the site can be plotted and the value of the specific output T 
can be found as explained earlier. It is this value, T, which characterizes 
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the "site - in relation, of course, to a suitably designed windmill which. 
Slight be erected on it - and which provides the necessary information from 
which the possibility of an economic wind power installation there can be 
judged. 

Although priority must certainly be given to the question of obtaining 
reliable data from a wind survey, it is usually nece3uary to undertake such 
work at the ivduiioum cost. For this reason the use of the simpler cup-
counter anemometer, already mentioned earlier, is suggested. This 
instrument can be mounted on a light pole (guyed to give it increased 
strength to withstand wind pressures) of only 3 metres height so that its 
dials can be read by an observer standing on the ground (see Fig. 23)-
In sup^esting this low height it is assumed that there are no local 
obstructions to interfere with the wind flow at that height and that the 
question of shape of the hilltop - sharply pointed and not flattened - has 
been considered* 

An installation of this kind is cheap, is easy to erect and can be used 
by a completely unskilled observers it is only necessary that the observer 
shall be able to read the dials and write down the readings* 

A cup-counter instrument when read at lengthy intervals, e.g. weekly, 
does not give hourly wind speeds; it integrates only run-of-wind from 
which an annual average wind speed can eventually be obtained. Neverthe
less, if the weekly readings are plotted on a graph as in Fig. 24 it is 
possible to distinguish the relative windiness of a number of sites very 
easily. Indeed, sites can be placed in order of windiness after an 
observation period of a few months-

Fortunately, as has been shown by analysis of wind records at sites in 
different parts of the world, there is a close relationship between the 
specific output T and the annual average wind speed at a site. This is 
shown on the curves of Fig. 25 which relate to different values of "rated 
wind speed" for windmills which might be installed at the sites. 

This means that a fairly good approximation to the value of T for a 
site can be obtained from measurements by the cup-counter anemometers - which 
give data for the calculation of annual average wind speeds. 

An anemometer measuring hourly wind speeds is still necessary, in a 
survey area, to provide information on the full wind regime," on periods of 
calm weather, and on maximum hourly wind speeds but, out of (say) six in
stallations in the area being studied, only one such installation is 
essential, the rest being the cheaper and simpler cup-counter instruments. 
The result of the survey would then be that at five sites the annual average 
wind speed will be measured while, at the sixth, full wind data will be 
obtained* Unless the survey area is very extensive and includes very 
different terrains and exposures to prevailing winds, it is, to say the 
least, very unlikely that the wind regimes at the first-mentioned five sites 
will be very different from that measured at the sixth. 
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A novel type of anemometer, specially designed for wind power purposes. 
has been used successfully "by the research department of Electricity de France 
in the French preliminary wind surveys in which a large number of sites were 
classified in order of windiness (Ref„ l). The rotor of this instrument 
has four long cylindrical cups? with quarter-sphere ends and sufficient 
power is generated by it to drive a small alternator the permanent-magnet 
rotor of which is mounted at the bottom of the anemometer spindle. Both 
the voltage and frequency of this ejna.ll alternator are proportional to wand 
speed, and its output is fed into a modified form of kilowatt-hour meters 
The electrical constants of the circuit are so adjusted, that the speed of 
revolution of the meter disc is proportional to the cube of the "rind speed 
and the meter registers the integration of the cubes as the wind speed 
ch2iv }: By using a multiplying constant which, takes into account the air 
density and the theoretical maximum efficiency of a windmill (59".3 per cent) 
the dials of the meter are marked in kilowatt-hours per square metre (of 
area swept by the rotor of a theoretical windmill).. 

This equipment begins to operate in a wind speed of about 3 metres per 
second (6-7 miles per hour) and its registrations follow the cube law 
closely up to a wind speed of about !3 metres per second (29 m..p,h) after 
which the error increases until, at 2.5 m/sec, it is some 30 per cent low.. 

In spite of the large errors at high wind speeds the instrument is 
useful; particularly for the comparison of sites,, because it can be left 
running for a long r><3ri.o"d without its registrations being destroyed? it 
thus needs only infrequent attention andc in.fact;, readings spaced at 
exactly one year apart would show the theoretical annual total of energy 
(per square metre of swept area) which would be produced at the site by a 
windmill= It should be emphasized; however* that these readings cannot be 
taken as true indications of the possible energy obtainables their value 
lies in their relationship to readings from other sites.. Again, no indi
cation of the distribution of power production in the time interval between 
readings is given so that the durations of calm spells5. and of particularly 
windy periods, cannot be distinguished* The equipment, which is made by the 
Compagnie pour la Fabrication des Compteurs9 of Montrouge,, is inevitably 
somewhat expensive in initial cost but is, of course., cheap to' operate owing 
to the mfrequency with which it needs to be read* 

The Increase of Wind Speed with Height 

For many years meteorologists have taken a considerable interest in this 
question and much experimental work has been done to establish the law 
governing wind speed and height above ground.. The underlying facts are 
that, while the wind at great heights vsay several thousand feet) takes up a. 
speed dependent mainly on atmospheric pressure differences9 wind, near the 
ground is impeded by fractional drag caused by the ground, surface * V/e have 
therefore, fast-moving upper air "sliding" over slov.er-moving lower air and , 
if we think of the air stream at consistingo± layers, the influence of one 
layer on the speed of another depends on uhe degree to which there is inter
mixing of the air in the layers, This intermixing is caused by the eddies 
which are discussed more fully under the next heading and.ir., of course, 
increased by temperature dafferences at different heights., 

http://ejna.ll
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. Yfeather conditions vary so much., from place to place and from time to 
*- time, that it is impossible to state any law, for the vertical wind gradient, 
which can be accepted as precir.e under any specified conditions. Neverthe-

\ less, a statistical law for the aveiv.̂ c wind speed over level ground has 
- been formulated as the result of the work of many investigators (see Bef. 14)-

This is that the average wind speed V^, at height h, is proportional to the 
height raised to some power0* which i3 of the order of 0.17 but which, un
fortunately, itself varies according to the time of days the climatic 
conditions, the actual value of the wind speed and other factors. If, 
however, we accept this law we find (as an example) that, over level country, 
the ratio of the average wind speed at 150 feet (45 metres), to that at 
50 feet (15 metres), is 150°°1' a 1.2. The speed increases by 20 per oent 

5P°-17 
as we ascend from 50 feet to 150 feet and this is useful information if we 
are considering the question of the height of the tower for a windmill. 
Assuming that the tower is to be at least 50 feet high, is it worthwhile to 
build it higher to obtain the benefit of increased wind speed? To answer 
this question we need to know more about the annual wind regime at the site-, 
the purpose of the windmill and, especially, about the variation in the cost 
of the tower with height, but a knowledge of the vertical wind gradient is 
certainly a basic requirement for any such calculations. 

It should be noted tU-v at coastal sites the effect of altitude is 
reduced so that when a site is almost surrounded by the sea - as it will be 
on a promontory - the ratio of wind speeds at different heights must be 
multiplied by a correction factor which is fractional (e.g. 0„7)' 

The law given above certainly does not apply to wind speeds over hill
tops. As stated in preceding paragraphs, the effeot of certain shapes of 
hills is an acceleration of the wind speed, at low heights over the summit, 
due to a compression of the lower stream of air by that above. This effect-
disappears at a height above ground which depends upon the actual relative 
dimensions of the hill* From such experience as exists on this question 
(see Refs,, 14 and 17) it appears that it will usually be quite significant 
up to a height of one or two hundred feet above the summit. By increasing 
the wind speed at the levels near the ground this acceleration effect reduces 
the vertical wind gradient: there is less advantage to be gained by building 
higher towers on a hilltop. 

To indicate the order of this reduction, on a hilltop, the ratio „150 
^50 

will probably be about 1.1 instead of 1.2 as calculated for level ground. 

Tffind Structure 

In wind surveys and in the consequent estimation of energy obtainable 
from the wind at a given site, we are interested mainly in hourly average 
wind speeds but. for some purposes, the "structure" of the wind is of 
interesto By the term "structure" we mean the detailed behaviour of the 
wind, including its rapid changes in speed and direction both horizontally 
and with height above ground. 
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Fluid flow, which, includes air flow, nay be "laminar" or "turbulent". 
In laminar flow the air may he considered as flowing along stre. mimes 
without any whirling motion and without ar.y mixing of its layers whereas> 
in turbulent flow, mixing of the air in the layers takes place due to a 
whirling motion - or eddies superimposed on the main flow. In general, 
natural winds, in the open, are turbulent although when the wind flows 
over a hill with a good aerofoil shape something approaching laminar flow 
may he assumed in calculations on its acceleration-

The "eddies" are thought of as more or less circular disturbances 
which travel with the wind and, according to their direction relative to 
that of the main stream, they create "gusts" and "lulls". The axes of 
these eddies are orientated in all directions so that, in a gusty wind, 
rapid changes of "both speed and direction of the wind at any given point 
may occur. 

The importance of wind gusts, from the point of view of wind power, 
lies mainly in their effects upon the stresses set up in the blades of a 
windmill. There is-"insufficient information on gusts for any general 
statement to be made on the diameter of the eddies which cause then out-
there is some evidenoe(ltefs. 14 and 52") that this diameter may be less than 
that of the circle swept by the blades of the windmill rotor and, therefore, 
that a blade may be suddenly affected by a considerable increase in wind speed, 
with consequent heavy stresses, Measurements on gvsts have been made showing 
that it is possible to have, during a time of no more than 0.8 second, a 
change in the horizontal component of the wind speed, from 55 ft/sec. to 
125 ft/sec. and back again to 50 ft/sec, this being accompanied by a change 
in the vertical component, during 0-4 second, of 50 ft/sec. upwards to 
50 ft/sec, downwards. Changes in speed of up to V5 ft/sec., or even more 
can occur in as short a time as 0.04 second. Although the causes of 
gusts are undoubtedly complex, they can be caused by local obstructions m th •„• 
path of the wind and this is a good reason for choosing, as a windmill site,, 
a place which is free from any such obstructions or sudden breaks in the 
ground contours which nay set up turbulence. 

While the possibility of such rapid, changes are of interest to the 
designer of a windmill, because of the blade strength which they call for. 
they are unlikely to have any distinguishable effect on the power outpux of 
the machine because they are of such short duration that, a large rotating 
mass such as the windmill rotor cannot respond to them.. It is worth noting 
that in storms, when the hourly average wind speed is high and the conditions 
are gusty, the changes of speed, in the gusts, are considerable (Fig. 26). 
Thus, for example, records taken in a storm when the hourly average wind tpeed 
was 90 Eop.hc showed rises and falls of 30 per cent, i.e. up to 125 m.p.h. 
and down to 60 r.i.p..h- Gust speeds of the order of i30m.p*'i. are found to 
occur, perhaps every year, or once in two years, during storms in th. very 
windy areas of Scotland and, no doubt, in other countries.. 

Somewhat slower changes of wind speed, occupying seconds rather than 
fractions of seconds, may have some effect, on output while, if the direction 
of the wind changes in the same short time, difficulty will be experienced 
in the orientation of the windmill rotor to face ir5+6x'wi.nd.s the head of a 
large machine cannot respond quickly to a change in direction and, if tri
angle of the change is large the direction of the wind pressure on the blade? 
might suddenly be reversed. 
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t 
The total output of energy "by a wind-driven machine during any period of 

V time is the integration of the small elements of energy contributed by 
different wind speeds each of which exists, for only a very short time. The 

" power being proportional to the cube of the wind speed "V the element of 
v energy in a short time t (during which the wind speed "Vie assumed to be 
constant) is V ^ t and the total„is the sum of all such elements. Now, it 
can be shown that the average value of a number of cubes is greater than the 
cube of their own average v-.lue. For example, considering the numbers, 
2, 3 and 4j their cubes are 8, 27 and 64 and the average value of these oubes 
i s 8 + 27 + 64 = 33 whereas their average is 2 + 3 + 4 « 3 and its cube 

3 3 
is only 27. 

Considering the energy output again, the significance of the fact just 
mentioned is that, provided that the wind speed changes slowly enough for the 
machine to follow the change, the actual total output may be rather larger 
than that calculated from an average value of wind speed measured over a 
longer time such as one hour. This 'gain' in output is not, however, very 
large and it is wise, perhaps, to neglect it in estimations of output* 
Hence the recommendations, given earlier, to base such estimates upon hourly 
average wind speeds. 

Wind Data for Water Pumping and for Electricity Generation 

Basically, the same kinds of wind data arc needed for both of these pur
poses. A complete record of hourly average wind spcods will afford all the 
information but its use, i«e. the analysis following its collection, will 
differ-slightly. This difference results mainly from the fact that, in 
water pumping, there must be provision for storage of water - which means, 

.• in effect, storage of energy because pumped water represents the expenditure 
of energy - while, in the generation of electricity, energy storage, except 
on a small scale for purposes of high priority demanding little power, is not 
essential. 

There is the same requirement for data on wind speeds during different 
seasons of the year and on the duration of continuous calm weather. The latter, 
is, however, of greater importance in water pumping since it may affect a 
major part of the installation - the reservoir - while for electricity 
generation only the size of the storage battery, representing a relatively 
small part of the total installation, will be affected. 

Wind-produced eleotricity can be used for many purposes at random times 
as and when it happens to become available and, if there is no wind for some 
days, these purposes cannot be served: the work must wait until the wind 
returns., 

When water pumping is the sole object of the windmill, provision must 
be made for a supply of water continuously, either directly from the wind-
driven pump or from the reservoir which it has filled. The windmill output 
throughout the year must, therefore, be studied closely with special reference 
to demands on the reservoir on a day-to-day basis. 
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Fig. 26 - Wind records in an Orkney storm. 
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One -x3gect from which the information needed for electricity generation 
is more demanding than for water pumping is that of diurnal variations in 
wind speed.- 7/hen the wind power is to be mainly used directly^, without 
storage, it is of some importance to know at what hours of the day there 
will he enough wind for purposes which could he fulfilled during those hours. 
Per example. if:, during the season of the year when powsr could be used for 
the thiv.-shvn.-. of grain*, the wind were to blow mainly at night this would h<r-
a disadvantage as it would be., also, if cooking, or the driving of v:.-mat
ing fans, by wind-produced power were in prospect.. On the othui '-a'd, j.;o-..-oi-
a L .hj:; ..'oi.il c! be useful for lighting or for heating.. 

In '•ater pumping there is little or no distinction to be drawn between 
powe- UJ daylight hours and. that during the night. These questions vail bo 
discussed in more detail in the succeeding section* 

Perhaps before concluding this discussion on wind data, it might be 
useful to poin1 out a method of presenting annual wind speed data which is 
alternative to that of the velocity-duration curve, This is the velocity-
frequencv diagram for which exactly the same basic information is needed a3 
for i.he velocity-duration curve, namely a record of hourly average wind ~,-":_:'•-
but. tvh] ch provides a clearer conception of the annual duration 01 speeds of 
different values* 

In this diagram, the form of which is illustrated, in Fig. 27, the vertical 
lengths of the blocks represent the annual duration-, in hours, of each wind 
speed - in one mile per hour or one kilometre per hour intervals* whatever 
the distribution of the wind speeds in the year, the total, area of these 
blocks must be the same in every case because it must represent the number of 
hours in the year, i.e. 8.760* Sometimes it is found convenient to draw a 
curve through the peaks of the blocks but this can be misleading because no 
attemp! is being made to indicate a continuous variation of duration for ali 
wind speeds .'lie diagram is a histogram and should, strictly, always be 
presented in block form.- In Pig,. 28 three velocity-frequency curves, for 
sites with different annual average wind, speeds,, are shown,, It will be seen 
that the duration of the most frequent wind speed diminishes as the annual 
average wind rpeen increases* 

i n . TOro_povEgjFoa mas or, WATSH PUIIPIHG 

The direct pumping of water by a windmill is done through an installation 
which is a combination of windmill and water pump so that the characteristics 
of each of these two component parts are combined in the whole. The appro
priate matching of the characteristics to produce a satisfactory output is 
done of course^ t>y the manufacturer. Unlike a wind-electric plant the "rind 
pump gives the user no opportunity to vary the loading conditions ?•* "••-'ificantly; 
he must accept it as it is and make the best use of it... Further (when using 
the commonest form of installation - the piston, pump)* there is little choice 
of site with a wind pump because it must be installed vertically above the 
w^ter to be pumped, even though the site is not especially windy., There are^ 
also, other limitations to the water output of such an installation-, The 
firsi is the obvious one of availability of water-at a .-c.th .̂ aallo.; eaou ;h 
to be reached by the pump* and a second is the reservoir capacity. , , 

http://'oi.il
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The planning of a windmill water pumping installation is, therefore, 
somewhat more complicated than that for a wind-driven electric generator. 
It is not a simple engineering operation hut demands knowledge of the 
geological and geomorphological conditions in the area concerned. 
Scientists skilled in these subjects, and in the associated one of ground
water hydrology, should be consulted "before any major scheme for water 
pumping - as distinct from an individual pumping project at known wells -
is undertaken. 

This bulletin is not the place for a dissertation on ground water but 
there are a few salient facts which should be borne in mind by anyone 
interested in the provision of pumped water by means of wind power. The 
first is that water often lies under apparently very dry ground but varies 
in depth below the surface acoordingp-apartly, to the surface contours, i.ee 
there is a water table, in any given area, which can be considered as a 
surface which can be reached more easily in the valleys than on the hilltops 
in the area. The actual depth of this table, the contours of which do not 
always correspond with those of the ground surface above its depends on many 
factors, topographical and geological, and on the distance of the area from 
any main source of water such as lakes and rivers of major size. Thus, for 
example, in northern J^-pt, there is underground waters in the coastal strip, 
which has flowed down, underground;, very slowly from the upper reaches of the 
Nile until it falls into the Mediterranean. 

A well, driven down into the underground layer of water, may be found 
to have limited capacity because of the rate at which new water flows in to 
take the place of that which is withdrawn by the pump. This rate obviously 
depends upon the nature of the sub-soil adjacent to the well. Sometimes 
horizontal tunnels are driven, underground, to lead water into the well 
shaft and so increase the rate of inflow. This is an important question in 
considering the use of a wind pump because, clearly, it is useless to install 
a machine whose potential rate of pumping is appreciably greater than that of 
the inflow to the well. 

Another problem is that of salinity in the underground water. 
Especially in coastal areass. but not exclusively there, underground streams, 
or layers, of brackish water often lie at no great distance from those of 
sweet water. Clearly it is first necessary to make sure that the water to 
be pumped has a sufficiently low salt content for it to be used for animal • -., 
consumption or for irrigation. This question oi salinity is a complex one 
and it forms the field of study of specializing laboratories in different 
parts of the world. 

I."en and animals can usually tolerate more salt, in their drinking vater5, 
than is permissible for the irrigation of crops,, It is not easy to give de
finite figures for drinking water because people and animals in dry areas, 
who become accustomed to drinking saline water., sometimes use water with a 
salt content of 2,000 or more parts per million up to 5,000 or even 6,000., 
although 1.000 parts might be considered as the desirable limit. 
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For issigatioaj the degree of salinity whî ch oan be tolerated depends9 
•&© a ©onsi&erable extents upon the rainfall in %he area. Salt accumulates 
in $h® top few inohes of the soil, especially ifMhe drainage is poor and 
this oan be leached out only if there is sufficient rainfall (or other 
alternative supplies of sweet water) with adequate drainage. 

Plants vary greatly in their tolerance, and classifications are given 
in the publications of the U.S» Department of Agriculture (Sefs. 42, 43$ 
44$ 45 and- 46)° One such classification, for field or ops s is shown in 
Table 5° OJ.S. department of Agriculture;, Agriculture Information Bulletin, 
So. 2179 March 1960) 

Table ^ 
Salt tolerance of various crops 

tolerant ™ ' 

Barley (grain) 

Sugar beet 

Bap© 

©©•fe-feoa (upland) 

Moderately ^2' 
tolerant 

Bye (grain) 

Wheat (grain) 

Oats (grain) 

Sorghum (grain) 

Sorgo (sugar) 

Soybeans 

Sesbania 

Broadbean 

Corn 

Eioe 

Flax 

Sunflower 

Castorbean 

Sensitive ^ 

Field beans 

("^Electrical conductivity of soil 8 to 12 millimhos per cm» at 25°Co 
(One millimho is usually equivalent to 640 parts per million of 
salts in solution) 

(2)4 millimhos to 8 millimhos. 

(3)2 H&lliaahos. 
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i 
A UH^CO publication (fief. 39), on the utilization of saline water, 

^ gives much valuable information on this subject and includes a "standard 
seals adopted by the Casablanca Laboratoire Offioiel d© Chimie Agriool© 

- et Industrielles Morocco
88. This is given in Table 6. 

Table 6 

Uses of waters of different salt contents 

Proportion of 
chloridess 
e?: ressed as 
NaClj in grammes 
per litre in th© 
irrigation water 

less t&an 0.5 

0c5 to "SoO 

1.0 to 1.5 

1o 5 to 2.0 

2.0 to 2.5 

2.5 to 3.0 

3 to 4 

above 4 

suitable for all irrigation 

suitable for most irrigation 

slightly high oholoride content; usable for most 
irrigation but precautions needed for use on 
sowings of delicate varieties. 

definite chloride bias but usable for irrigation 
except for sowings of delicate varieties 

high chloride content but usable with suitable 
precautions 

high chloride content but still usable for 
certain crops 

very high chloride oontent, praotioally unusable 
for irrigation 

salt water entirely unsuitable for irrigation 

A difficulty arises from the fact that, in areas with mixed underground 
waters, sweet water may over-lie brackish water in the well so that? after 
a certain period of pumping^ the output becomes too brackish for use and 
the pump must be stopped until the well can refill with usable water. For 
this reason it is often advisable to install several wind pumps, each of 
relatively small capacity and perhaps no more than a hundred yards apart, 
rather than to attempt to produce the same quantity of water from one large 
pump. 
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Studies of underground water problems and surveys to provide informa- / 
tion on the question are now being made in many parts of the worldo The 
Arid 2k>ne Research Advisory Committee of UNESCO has been much concerned ' , 
with the matter and a number of useful papers (see Eefs» 37» 38 and 39) i 
have been given at recent UNESCO conferences« It is strongly recommended / 
that such papsrs should be consulted;, or that the advice of ground-water 
experts should be sought9 before any significant expenditure on water ' 
pumping is undertaken.. 

From what has just been said it will be appreciated that no general 
rule on the capacity of a wind pump for installation at any given site can 
be given* Unless adequate information on the underground water supplies is 
available, some trials with different sizes of pump may be necessaryo This 
is not; in fact, so serious a matter as may appear at first sight because9 
in any extensive scheme,, different sizes of pump will certainly be needed 
and the changing of a plant is not a major operations it can usually be 
dome by local labour without any high degree of skill being called for« 

By far th© commonest type of wind pump is the slow-running wind wheel 
driving a piston pumpo A description will be given later but9 for the 
moment9 77© are concerned with the water output which can be expected from 
machines of this kin&o 

The wind wheels range in diameter from about 6 feet to about 18 or 20 
feet (2 metres to 5 or 6 metres)o Piston pumps demand a constant torque.. 
For any given installations, therefore*, the torque required of the wind wheel 
is constant whatever its rotational speed and whatever the speed of the windo 
Standard types of low speed windmill provide the necessary torque to start 
pumping in a wind speed of 5 or 6 miles an hour (2 to 2° 5 m/sec)o The rate 
of pumping then rises until wind speeds reach about 15 m0poho (605 to 7 n/seo) 
after which the wheel begins to turn9 automatically^ out of wind9 so limiting 
the rate of pumping^ for higher wind speeds^ to little more than that corres
ponding to 15 mo p.ho 

The pumping rate depends9 of course9 upon the height through which the 
water is to be raised as well as on the diameter of the wind wheel» >'•> 

Pumping Bates 

The rates of pumping^ for different sizes of windmills, quoted by manu-
facturersj differ so widely that it is necessary to establish figureB which 
can be used as reference standards* It should be clearly understood, here, 
that the manufacturers0 figures are not deliberately misleading; the pump
ing rates quoted can doubtless be achieved by the machines mentioned9 but 
the major doubt is the wind speed for which they will be attained* If 
such figures include any mention of wind speed at all this is usually vague -
08In a light breeze"9 "For an average wind speed'

0.) '"In wind speeds of 12 to 
16 miles an hour"., etc 
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For any serious estimate of annual output9 based on a measured wind 
rSgimsp something mors precis© is needed and the following tables have been 
drawn up to meet this need. 

Basile data for this purpose are9 of course3 the values oaloulated for 
the power available? in the wind, at different wind speeds. These must be 
combined with an assumed value for the overall efficiency of the windmill-
pump combination. Vadot (fief. 48) takes an efficiency of 20 per cent which 
is arrived at as foil owes-

Maximum theoretical efficiency 
of a windmill «. »• .. 00 .. .o 00 . e .o 59°3^ 

Actual efficiency of a slow-
running rotor} as a fraction 
of the theoretical efficiency .. <><. .» ». .» 55$ *o 60$ 

Efficiency of the pump and 
driving mechanism o. o. .. .o .. <>. 00 .. 60% 

These component efficiencies are multiplied together to obtain the overall 
efficiency which is .593 x -6 x .6 » .2 or 20 per cent. This efficiency of 
20 per cent should be regarded as a probable maximum rather than as an 
averages much will depend upon the quality of the actual installation and on 
its maintenance. Certainly it will not9 in facts remain constant over the 
whol© operating range of the wind pump from the start of pumping to the point 
of full output. The pumping rates given in Table 8 are, therefore, maximal 
if -fehe actual efficiency of the wind pump were known to b© x per cents the 
true pussping rates could b@ calculated quite easily by multiplying those in 
the table by x . 

20 

The formula for the power in the wind is 

kilowatts & 0.000005AV3 

where A •» area swept by the windmill rotor 
(in sq. feet) 

7 s wind speed in miles an hour 

Converting this to horse-power and introducing the 20 per cent efficiency, we 
have for the h.p. per 1 square foot of swept area, the expression 

h»p. per sq.ft. « 0.00000133V^ 

Values of this expression, for wind speeds from 5 m.p.h. to 22 m.p.h., 
are given in Table 7« 
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h.p. per sq.ft. (at 20# efficiency) for different wind speeds in m.p.h. 

Wind speed 
(m.p.h,) 

h.p. per sq.ft. 
of swept area 

5 

6 

7 

8 

9 

10 

11 

12 

13 

0.000167 

0.000288 

Oo000456 

Oo000684 

0o000972 

Oo00133 

0.00177 

Oo00230 

0.00293 

Wind speed h.p. per sq.ft. 
of swept area 

14 

15 

16 

17 

18 

19 

20 

21 

22 

0.00366 

0o00450 

0c00546 

Oo00655 

Oo00778 

Oo00918 

0.0106 

0.0123 

0.0142 

Th© pumping rates in Table 8 are based on a pumping "head" of 100 feet. 
This head includesj- (i) the depth of the water below the ground surfaces 
(ii) the height, above ground surface, to which the water is to be pumped, 
and (iii) an allowanoe for pressure loss in the water pipes. The pressure 
loss, due to pipe friction, depends on the length and diameter of the pipes: 
it is not a large proportion (perhaps 1 or 2 per oent) of the total head 
when the reservoir into which the water is pumped is very close to the well 
head but, if the water is to be pumped to a distant point, the loss due to 
pipe friction may be quite a large percentage of the total head. 

As a fair approximation it may be assumed that, for other pumping heads, 
the pumping rate is inversely proportional to the head so that, if the head 
is 200 feet, instead of 100 feet, the rate is halved. 

With a 100 ft. head the pumping rate3 for a power of 1 h.p., is almost 
exactly 2,000 gallons per hour so that this rate is easily obtained by multi
plying the h.p. by 2,000. 

If we work in metrio values, instead of in British units, we have, still 
assuming 20 per cent overall efficiency9 

CoV./sq. metre = 0.000162 tr̂  

where "V~is the wind speed in metres per second* 

Table 7 then beoomes as shown in Table 9. 
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Table 8 

Pumping ra tes and h.p. for different diameters of wind pumi 
efficiencx_tkroughout 
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Fig. 29 - Output wind speed eurves fee wind pumps. 
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Fig. 30 - Velocity-cbroiion curva. 
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Table 9 

g.V./sq. inetre ( a t 20$ ef f ic iency) 

Wind speed 
(m/seo.) 

2 

2 .5 

3 

3.5 

4 

4*5 

5 

CoYo per sq. metre 
of swept area 

- 1 — ' • ' ' " • " ' • - • ' • 

0.0013 

0.0025 

0.0044 

0o0070 

0.0104 

Q00146 

0.0202 

for d i f f e r e n t wind 

\ . . . 
Wind speed 

(jx/seCo) 

6 

7 

8 

9 

10 

11 

12 

speeds i n m/sec. 

C.V. per sq . metre 
of swept a rea 

0.035 

O0O56 

0.083 

0.118 

0.162 

0.215 

0.280 

to obtain, for metric quantities^ a table similar to Table 8S 
which will be numbered Sable 10, let us assume a pumping head of 50 metres 
and oalculat©s for different wheel diameters^ the rates of pumping in cubic 
metres per hour. 1 G»V. pumping against a head of 50 metres, will raise 
5.4 cubic metres of water per hour. 

Annual Output of Water 

To determine the quantity of water which will be pumped against a known 
head, by a wind pump of known characteristics, when operating in a known 
wind regime^ we can proceed as follows:-

Suppose that the rate of output for the machine (of the slow-speed9 
piston type), for different wind speeds9 is as given by the curve of Pig. 29 
(whioh happens to apply to a machine with a wind wheel of diameter 6.1 
metres with a pumping head of 40 metres (see Ref. 48))° Pumping starts at 
a wind speed of 3 m/sec (6.7 m.p.h.) and full output of 6 m^/hour is attained 
in a wind speed of 6»75 m/sec (15 m.p.h.). It is assumed that, at this wind 
speed,, the wheel turns out of wind so that, for higher wind speeds, the full 
output of 6 m^/hour is maintained but is not exoeeded. Actually the output 
will probably rise slightly for higher wind speeds, i.e. the control of out
put will not be quite so sharp as that shown in the figure. Estimates based 
on this curve are thus a little pessimistic. <.; •-••••- >. v*. •, .,.-<< 

Suppose, also, that the wind regime at the windmill site is as represented 
by the velocity-duration curve given in Fig. 30. This is for a site having 
an annual average wind speed of 9°6 m.p.ho (4.32 m/seo.). Prom this curve it 
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Pumping r a t e 6 and C.V. f o r d i 

Wind speed 
( m / s e c ) 

2 

3 

4 

5 

6 

8 

10 

1.5 m e t r e s 

C.V. 

.0023 

.0078 

.0184 

.0358 

.062 

.147 

.287 
: 

' 3 / m / h r 

. 012 

.042 

. 1 0 

.19 

. 3 3 

.79 

1.55 

2 m e t r e s 

C.V. j m / h r 

.0041 

.0138 

.0327 

.0634 

. 1 1 

.26 

. 5 1 

.022 

.074 

. 1 8 

.34 

•59 

1.4 

•2 .8 

f f e r e n t diame 

Table 10 

t e r s of wind pump w i t h 50 
e f f i c i e n c y t h r o u g h o u t 

2 . 5 m e t r e s 

C.V.: n?/hx 

.0064J O035 

.0216 

.0510 

.099 

.17 

. 4 1 

.79 

o l2 

.28 

• 53 

.92 

2 . 2 

4 c 3 

3 me t r e s ! 4 me t r e s 

m e t r e s 

• 
5 

C.V. ; mVnr C.V.: m^/hr C.V. 

.0092 

. 0311 

.0735 

. 1 4 3 

. 2 5 

.050 

.17 

. 40 

.0164; o090 

.0554' .30 

. 1 3 1 

.77 ! .255 

1.35 

.59 !3 .2 
I 

.44 

1.05 

1.14 16.2 '2 .04 

. 7 1 

1.4 

2 .38 

5o7 

11 .0 

; .0255 

I .086 

| .204 

i .396 
1 
1.69 

=1.63 

•3.17 

head and assuming 20> 

met res 6 

m 3 / h r C.V. 

.14 .0368 

.46 : .125 
• 

1.10 ; .294 

2 .14 i .572 
i 

3 .73 : .99 

80S :2.35 

1 7 . 1 4 . 5 8 

0 

i e t r e s 
- 3 , 

a - ' / h r 

. 20 

.68 

1.59. 

3 .10 

5 .35 , 

12.7 

2 4 . 8 
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is possible to determine the number of hours, in the year, for which the wind 
blow® at any given wind speeds i.e. $ velocity-frequency ourve can be derived 
from it. Actually the full frequenoy curve is not needed? we need only the 
duration, in hours, for each of the wind speeds from 7 m.p.h. (approx. 3 m/seo.) 
up to the full rated speed of 15 m.p.h. (6.75 m/seo.). As indicated on the 
figure, as an example, the duration of 7 m.p.h. E 600 hours. 

We now place these durations in a table as in Table 11o 

Table 11 

Annual output of water for a given wind r6,?ime 

Wind speed 

m.p.h. ! so/see. 

Annual duration 

hours 

7 

8 

9 

10 

11 

12 

13 

14 

15 

15 plus 

3.15 

3.6 

4o05 

4.5 

4.95 

5.40 

5.85 

6.30 

6.75 

~i-

600 

500 

500 

400 

500 

450 

450 

300 

300 

1,700. 

£ o i a l 5j>700 

Output rate 

m^/hr. 

Total output 

0.3 

1.4 

2.3 

3 

3oT 

4.2 

4.7 

5.2 

5«7 

6 

nr 

180 

700 

1,150 

1,200 

1,850 

1,890 

2,115 

1,560 

1,710 

_10r200 
Annual 
Total 22,555 m3 

J -; 

The duration of wind speeds above 15 m.p.h. (7.2 ro/sec), for which 
the output is assumed to be at the full rate of 6 m3/hr., is 1,700 hours. * 
It will be seen that the total annual output, in this case, is thus calculated 
as 22,555 nH« 
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Shis procedure can, however^ be simplified considerably with a resulting 
terror which is not usually large enough to be important when making an estimate 
of. the annual output of water in given circumstances <> Referring again to 

-^"Figo 329' full output of 6 KH/hr. continues for 1,700 hours. Now, suppose we 
J assume (which is not far from the truth as seen by Pig- 29) that the output 

Tsom 15 niupoho down to the starting point of 3 m/sec<> (6»75 m°P° ho) follows 
a straight line as showno The total annual output is then proportional to 
the area shaded and. taking the maximum ordinate (for full output) as 6 nH/ 
hour, we find that this area is ,. '•-•'.., 

» 6 (HP£^J2P£) « 22,200 m3o C Jv 

Thie figure is obviously sufficiently near to the previously calculated value 
of ?29555 ̂  for purposes of estimation 

We can thus formulate a simple rule for this calculation of annual 
outputs™ The output is given by the maximum rate of output of the wind 
pump (in joô /hr.) multiplied by the average of the values of the hours for 
full output and for the total operating hourso Prom the velocity-duration 
curve we need;, therefore.* only two figures*- (i) the duration of the velocity 
which give© full output rate (in this case 19700 hours) and (ii) the total 
duration of pumping at any rate9 i»e» above the starting point (in this case 
5jJ0Q hour®)* 

It is of some interest to calculate the overall efficiency of the machine 
in this ease« 

horse power at full output, when the pumping rate is 6 m3/hou2' to a 
head of 40 as2 is almost exactly 0»9 hop*, or O067 kW9 whereas the power in the 
stream of wind passing through the wind wheel of 6o1 metres diameter is 
5O18 kW (from the formula kW n 0o000005 AV3)0 

The overall efficiency at full output9 is 9 therefore^ • ° p ^ * 100 ss 13$ 
(approx«)o (This compares with the efficiency of 20 per cent assumed^ as a 
probable maximum, in the calculations for Tables 7 to 10. 

Provision is made, with piston pumps of a given bore 9 for changing the 
length of stroke and so changing their capacity and9 therefore, their output. 
Thus, in the case discussed aboves in which the bore was 125 8"* and- "the stoke 
384 mm, (giving a oapaoity of 4°7 litres) the stroke could be increased to 
490 mm- The result would be that a higher wind speed would be needed before 
pumping could start but 9 at higher wind speeds^ the output would be greater 
than for the case calculated,. The output curve is now shown dotted in 
Pig. 29<* assuming, again, that full output is that for 15 m0poho (6<>75 m/seoo). 

This output would be 7°25 m-7b.r0, instead of 6 m^/hour previously 9 but 
the number of hours of pumping9 per annum? would be reduced from 59 700 hours 
(during which the wind speed exceeds 3 m/sec. (6.75 m»p 0ho)) to 4»900 hours. 

The new output would be (following the simplified method) 

7o?5 (UPO^sog) s 2 3 9 9 2 5 m3o 

http://m-7b.r0
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This is some 2S000 m3 higher than the output for the shorter stroke but, in 
some circumstances, it might be advantageous to accept the rather smaller 
annual output because of the longer operating time (5*700 hours against 
4j900 hours). It is usually a simple matter to change the length of stroke 
of the machine so that, if some attention could be given to the plant while > 
operating, it would be possible to use a short stroke for low wind speeds 
and a longer stroke for higher wind speeds, thus obtaining the double 
advantage of a long annual operating period together with a large annual 
output of watero 

Pumping Periods and Reservoir Capacity 

' he next point to be considered is the relationship between the distri
bution of the pumping periods, during the year, and the utilization of the 
water8 via a reservoir.. It has already been mentioned that the pumping rate 
and therefore the size of the wind pump, must be related to the quantity of 
water flowing into the wells clearly it would be pointless to install a •/•• 
pump which, in the wind regime at the site9 would pump faster than the water 
flowed into the well to replace that pumped out. 

There can be no hard-and-fast rules for reservoir capacity because 
this capacity must depend upon the maximum rate of pumping by the wind 
pump, the rate at which the water is used and the probability of calm periods 
of different durations,, For water supplies to domestic premises a calm 
period of perhaps 3 or 4 days should be catered for by the storage tank. 
The quantity of water which should then be stored can then be based on the 
household needs, e.goS-

Daily us® per person »». 10 to 20 gals 

Each bath ,00 30 gals 

Daily domestic (kitchen) water 000 20 gals 

Daily laundry water ... 10 gals 

Toilet, and other small uses .0. 20 gals 

This makes a total, for a household of four persons<, of about 200 gallons 
per day so that a storage capacity of some 600 to 800 gallons might be needed. 

For agricultural purposes the following figures may be used as a basis:-

Horse ... 10 gals/day 

Cow .00 15 gals/ day 

Pig 0.0 4 gals/day 

Sheep o.. 1 to 2 gals/ day 

Poultry (per 100) „.. 4 gals/ day 

Irrigation (1 acre-inch) 22,700 gals. 

•JS:'.h 
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'A The average quantity of water lifted daily from a given depth, by a 
wind pump of given sis©s depends = as shown earlier - upon the wind regime 
and the operating characteristics of the machineo Thus, at a site with an 

t annual average wind speed of 10 miles an hour9 the annual output will be 
equivalent to about 4s>000 hours at maximum pumping ratee For wind pump 
•with a wheel diameter of 10 feet, pumping against a total head of 100 feet, 
the maximum hourly output might be 400 gallons so that the annual total 
pumped, at this site, would be 49OO0 x 400 s 1,600,000 gallons giving an 
average daily total of 1,600,,000 « 4?380 gallons. 

3&5 

An analysis of the wind data is needed to determine how far the daily 
prodtjciion, throughout the year, varies from this average.. Some figures 
given by A„H<. Soott (Bef„ 33)9 who made a thorough test on a water pumping 
Windmill near Perth9 V/est Australia, as long ago as 1923? are interesting as 
an example of suoh an analysis,, These are shotm, in Table 12, as average 
values for 6-monthly periods although, in his report, Soott gives the figures, 
in the same form, for each month„ 

The site had an annual average wind speed of 12 m=poh<> The tests showed 
that a wind pump with a wheel of 10 feet diameter, pumping against a head of 
108 feet, provided 364,450 gallons of water during the six summer monthst 
this is equivalent, in terms of irrigation, to 25 inches of water on one 
acre* One million gallons were pumped in 13 months and 7 days. The maximum 
pumped in on© day (in th© summer) was 7»550 gallons and the minimum daily 
output was 250 gallons., A storage tank of oapaoity 10,000 gallons was used 
with the installation-

The machine did not start to pump water until the wind speed was 9 m«poh<> 
and, by comparison with the figures given in Table 8, it would appear to have 
been a, rather ineffioient maohineo Developments during the last forty years 
ainoe it was built have improved the performance of present-day machines 
considerably and, under the conditions of this test2 an annual output of about 
2 million gallone might be expeotedo 

As already mentioned, the total head against whioh a wind pump works , 
includes the height of the tank, or reservoir, above ground surface» The , iHI-
higher the tank the greater the pressure of the water supplied for use in .(,-'\ 
the house or for other purposes,. Approximately two feet of height a1>ove 
ground are needed for each H pound per square inch of pressure requiredo l ^ i 0 " ^ 
Incidentally, the tank should have an overflow pipe and, if it is placed in | 
a loft so that water oan spill, or drain, into lower rooms, it is advisable, ~ ">''N' 
especially if it is a steel tank, to stand it on a drip tray to catoh water 
which may condense on the sides» 

It is possible to fit a float control which will shut down the wind pump 
when the tank is full although, of course, shutting down the machine when 
there is sufficient wind for pumping is wasteful of energy and will result in 
an annual output smaller than that estimated according to the methods pre
viously described* If it is at all possible, an alternative use for the 
water should be arranged so that such waste is avoided*, 

>. . e-i.ii.-:- • , 
/. 
I 
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Tablg_12 

Hours per day of winds of d i f f e r e n t speeds 

=7"~ = * -
Average 6 m.p.h.i 7 nupoh.; 8 m,p0h.« 
for 6 and j and i and 
winter over j over over 
months • -•:•• - • • j - ° 

~r~-
9 nup.h.! 10 m«poh0!ll nupoho 12 m<>poh.

 : 13 m0p<»ho : 14 m.p»h0: 15 m0poho 
and I and j and and I and and , and 
over } over | over 

17.5 15.4 

Average 6 m.poh.j 7 m»P»he; 8 m.p.h'.j 9 m.p.h 
for 6 and i and and | and 

summer over ; over j over i over 
months 

10 m . p . h o i l l m0pelu J 12 moPolu!l3 mep„h0 14 moPoh<,;15 m.p.h. 
and ! and j and ; and i and and 

over I over I over over 
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Ttfym of ^.^e^l^ping^Windmills 

Shere are two main type© of wind pump?™ that using a slow-running multi-
biaded wheel driving a piston pump and the high-speed windmill driving a pro
peller pump or a centrifugal pump* Wind pumps of the first type have "been 
in very common use for the past fifty years hut the high-speed machines are 
a more modern development., 

Other possibilities are being studied experimentally, eogo a windmill 
driving a compressors to provide compressed air for water pumping, is being 
tested at the Russian wind power research station at Istra9 near Moscow, 
where there is also a windmill driving a continuous^ perforated belt running 
down the (shallow) well and dipping into the water a small quantity of which 
it brings up in the holes in the belt. 

Electrically-driven, submersible pumps can be supplied with electric 
power from wind-driven generators and this question will be referred to in 
Section V. 

Do Slow-running, windmills, _ driv^^pi^t^n^gumps 

T&Q main features of these machines (see FigSo 31 to 33)» of which there 
&r® many manufacturers having their own specialities, can be stated briefly, 
in itemized formy as followss™ 

filnd ghe©lo Shis consists of a number - usually from 8 up to perhaps 
18 or 20 - of galvanised sheet-steel sails, slightly curved to give a good 
aerodynasni© snap©. They are carefully balanoed9 and ©re carried on two 
rings attached to sis t©nsion©d wheel arms, the whole wheel being mounted 
on a shaft9 which runs in either ball bearings or Babbit bearings, automatically 
oiledo Th® wheel diameter ranges from 6 feet to 18 or 20 feeto 

Gearbox and driving mechanism., There are duplex gear wheels, running in 
an oil bath, so that they a3wT"seTf oilingo The gear ratio varies from 2.33*1 
to about 4s 1. Tjro pieman drive the pump rod and the length of stroke can be 
changed by altering the lengths of these pitmen. This can be done easily. 

Means of orientation.. The windmill head is mounted on a turn-table, 
usually running on ball bearings,, so that the wheel can be turned into wind 
easily by a shaped,, galvanized sheet-steel tail vane. There is a windlass 
fitted at the base of the tower so that the wheel can be turned out of wind 
manually if necessary? e.g. at times of exceptionally strong winds. 

Furling. The wind shaft is offset slightly from the centre of the tower 
so that, in strong winds9 it turns towards the tail vane - which is fitted with 
a oontrol spring - and thus presents a smaller surface to the wind. This 
"wind spilling" automatically controls the power output as the wind speed 
increases but9 because of the high inertia of multi-bladed rotors, the diameter 
for which this method is practicable is limited to about 24 feete ^ 

,'-n* v 

(AK 
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Fig. 31 (a) • Harcvlo wator pumping windmill 
:.:.y-. (By courtwy ©» H.J. Godwin, Ltd.) 

Fig. 31 Wl - Ruftion water pumping windmill. 
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Fig. 32 • Cllma* windmill (Thomoi and Son (Worc««t»r) 
Ltd.) Installed In Northern Egypt. 

Fig. 33 • Auatrotian »ator pumping «rindmill inotollod 
noor Dolhl. India. 
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There is also a brake to "bring the machine to rest and to hold it 
stationary. ,/ 

The characteristics of this type of windmill are a high starting torque ~ 
necessary for a piston pump — and a low efficiency at high wind speeds duo 
to the constant torque with such a pump., As already mentioned, some im
provement can be obtained by varying the strokey using a longer 3troke in 
higher wind apoodSo 

2° Mjg^rg]g6.Mj^Q.4^nl\Biiiidgivingmro.tary pumps 

If windmills are needed for pumping at higher powara than can be pro
vider1 by the type just described*, they drive either c centrifugal or 
profiler pumps both of which must run at high speed*. It is9 therefore^ 
convenient to use a high-speed windmill and thus to reduce the cost of the 
gears. High-speed windmills^ having rotors with a small number of blades, 
are characterised by a low starting torque and are9 therefore., not suitable 
for driving piston pumpff,, but the rotary pumps also demand only a small 
torque at starting so that this is not a great disadvantage. The efficiency 
of this type of windmill is higher than that of the alow-speedy multi-bladed 
type but it is essentially a plant for sates with a fairly high average wind 
speed- V&dot (fief>. 48) discusses this type of windmill very thoroughly and 
he suggests that3 for low lifts9 a low cut-=in wind speed and a large water 
output in high winds could be achieved by using it to drive a propeller pump 
with blades of automatically variable pitchy the pitch diminishing in a low 
wind to reduce the power absorbed.. 

Because the starting torque of centrifugal and propeller pumps is very 
low and because of the shape of their power/speed characteristic, it is / 
possible*, when these are driven by a highspeed vandmillg to choose operating 1 
conditions such that both the windmill and the pump work at3 or near? their 
maximum efficiency. 

The general conclusion of Vadot (Ref. 48) is that low-speed windmills,, 
driving piston pumps9 should be used for low power outputs but that when 
higher powers are needed for pumping,, and the working efficiency is more 
importants the high-speed installation should be used. 

In the Netherlands^ however^ high-3peed windmills driving small centri
fugal pumps are used for small powers0 An example of a plant of this kind? 
made by the firm of Bosman at Piershil3 Holland^ is illustrated in Pig. 34 
and more than 19000 four^bladed %ind dlls of a similar type are in use in 
Holland for drainage purposes. Each one can deal with drainage of the 
excess water for an area of about 5 hectares9 the water being raised against 
a very low head of a few decimetres*, up to perhaps 6 dm or 2 feet. The 
transmission between the main shaft of the windmill and the pump shaft 
consists of a single bevel gear and old automobile part3 are often used in 
building some of these small pumping plants to reduce the cost of oonstrac
tion. Although their efficiency is not high — usually under 30 per cent -
these machines serve a vexy useful purpose in draining low-lying land. 
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WindedII Togerg, 
* 

i The towers for the slow-running type of windmill, most commonly used, 
are mad© in heights of 25 feet up to about 60 feet. The general rule is 
that they should be high enough for the wind-wheel axis to be well above any 

t trees9 or other obstructionss lying within a disT,aa.oe of 200 to 300 yardso 
There should be a clearance of some 10 feet between the height of these 
obstructions and the lowest point of the periphery of the wind wheel. On 
flat ground there is some advantage*, in increased wind speed, to be gained 
by building a high tower but this is not usually worth while at a hill-top 
site because ^here the increase of wind speed with height is not so marked. 

Th© towers are usually built of galvanized rolled angle steel. They 
may have three corner posts though four9 which gives a stronger tower, are 
more eonaaonly usedo There are girtss connecting the corner posts horizontally 
at about 5 feet intervals up the tower, and tensioned steel rods are used 
as cross-braess to give more strength. Anohor posts and earth plates are 
fitted at the bases of the corner posts and castings and foundation bolts 
&r© provided so that the tower can be bolted to ooncrete blocks in the ground 
•fe© ensure a good foundation. 

There is also a steel ladder fitted to one side of the tower and an 
iaopeoMon platform, with a safety handrail, is built near the top. 

P̂ a5Ipe and Auxiliaryi j^uipment^for^Wate^^Pumping 

The range of pumpss of auxiliary power plant, and of miscellaaoous 
©quipme&t associated with water pumping by wind power, is too great to b© 
@ov©red &©re in detail. Manufacturers' catalogues usually give full 
information on this subject and these should be studied by the would-b© 
user. The following notes ares therefore, brief and are intended only as 
an indication of what is available from the makers in different countries. 

1. Pumps 

These can be classified according to whether they are to be used for 
shallow or deep wells and whether they are reciprocating pumps, running at 
slow speed, or high-speed rotary pumps. 

Shallow-well^ gumps. The use of the siphon pump is limited to suction 
lifts of about 22 to 25 feet (vertical lift from the water to ground surface) 
and this type of pump is intended for the lifting of large quantities of 
water against a low head. It has the advantage, for windmill use, that it is 
always primed. The pump is located at the foot of the windmill and connected 
to the well by a suction pipe (preferably run underground) which has, at its 
end, a foot-valve and strainer. The windmill should, of course, be near the 
well but need not be vertically above it. 

With this, and other wind-pumps installed to raise the water to some 
height above ground equal to, or greater than3 that of the windmill tower, 
a force head is used. In this there is an air chamber in which sufficient 
pressure is created to lift the water to the required height and a check valve, 
in the delivery pipe, is usually incorporated. ?Jhen a siphon pump is used 
this height should not exceed H00 feet. 
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For lower pressure heads the storage tank may be adjacent to, or even 
built intos the windmill tower (see Fig. 35) • ?'• 6° ->" shows the arrange -
mentj, within the well, when the pump is situated in it. 

Beep-well pumps. In these pumps the effective part, the cylinder, ia 
in the water close to the bottom of the well and is driven from the pumping 
shaft descending from the windmill head. The design of cylinder differs 
somewhat according to the depth of the well and Figs. 37 and 38 show two 
designs by Bosman (Netherlands) for wells up to 400 feet in depth and for 
greater dep£a~s7~"the latter having ball valves instead of spear valves. 
A typical arrangement for a windmill pumping system with this type of pump 
is shown in Fig, 39•> 

Other typeso As already mentioned9 centrifugal or propeller-type pumps 
can be used with high-speed windmills but these are much less commonly used 
than the two puiapfe uientioned above,, For very low headss up to about 
2 metres^, Arehimedian screws, driven by a bevel gear at the foot of the 
windmilly can be used$ especially for drainage purposes* 

2. Water systems 

The arrangements made for dealing with the water when it is raised to 
the surface depend;, of oourse9 upon the location and purpose of the installa
tion. The simplest of all is the storage tank placed^ at ground level9 
immediately adjacent to the wind pump so that the water is discharged directly 
into it. Fxom this the water can be released into irrigation channels or 
into a drinking trough for animals. 

If pressure is needed, to oarry the water through a more complsx system 
of supply;, the water tanks can be located on a nearby hill or on a steel-
lattice tower close to the windmill. 

3. Auxiliary power 

Several circumstances may lead to windmills being used in combination 
with other sources of power for pumpingo It may be essential to maintain a 
windmill-produced water supply when there is a prolonged period of calm 
weather or, on the other hand, it may be economical to install a windmill 
to take over, when there is ample wind, the work of pumping otherwise done 
by an oil or petrol engine. This is especially likely at up-country places 
where oil fuels are inevitably expensive because of high transport costs. 

.Arrangements are therefore made for the upper part of the pumping rod of 
the windmill to be disconnected from the lower part9 passing down into the 
well so that the pumping can be done either by hand (when the pump is of 
small capacity) or by an engine which oan be coupled to it. Figs. 40 and 
41 illustrate this. 
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4« Bfliscellaneoue) equipment 

Th® most important item under this heading is perhaps a reefing device 
which is fitted at the bottom of the tower and which can be operated quickly 
and easily to turn the windmill head out of wind - and to stop it - when 
the wind is too high or when an inspection is to be made. This usually 
consists of a springs-controlled lever which pulls a wire connected to the 
windmill head and to the tailvaneo 

ijaongst such equipment,, also, is a regulator which can be operated, 
from a float in the storage tank, to stop the windmill when the tank is 
full and to start it when the water level falls. 

Sometimes the windmill cannot be plaoed vertically above the well and, 
if the jumping depth is too great for a siphon type of pump, a maohanism 
ie required to transfer the movement of the windmill pumping rod to that 
located in the well and attached to the pump« The design of this mechanism 
depend© on the horizontal distance between the windmill rod and the pump 
rod. 

Another piece of equipment which may be supplied by the windmill manu
facturer is a winch for use when erecting the windmill tower. 

Installation^ Operation and Maintenance 

The moet obvious recommendation is to follow the manufacturer's 
instructions carefully when installing a windmills different designs call 
for differoat methods in erection. Probably the most important general 
point® ares- (i) that the foundations for the tower must b© vary well 
Esad© to ©nsur© adequate ©trengtt of tha tower whioh, throughout the life 
of the machine, will have to withstand very heavy pressures in galea; (ii) 
that th© tower itself must be built up systematically with proper attention 
given to the tightening of bolts and the tensioning of braces; (iii) that 
the wind wheel must be assembled strictly acoording to the maker's instruc
tions, ensuring that all the sail pieces are attaohed in such a way that 
there is no distortion and that the wheel is well balanced. 

The operation of the machine is automatic and calls for very little 
attention except starting up and shutting down according to the demands on 
the pump. 

Maintenance consists in regularly oiling the moving parts and periodi
cally inspecting the whole installation to check that no parts have been 
broken or loosened in storms0 

Installation and Operating Costs 

It can easily be understood that costs of installation and of operation 
must vary considerably according to the geographical position of the site, to 
the facilities available for transport, erection and maintenance? to the 
climate and other factors. Precise figures for the cost of pumping water 
by windmills cannots therefore*, be given. But much the same must inevitably 



Fig. 34 - B. Bojmon, Piershil ( i .h . ) , windmill u*ed (or 
drainage in the Netherlands. 
(By courfe»y.of B. Boimon, Piershil ( i .h . ) , 
Netherlands) 

- , J - * • 

Fig. 35 - Electric and water pumping wlndmillf ettunted 
on the tame tower in Uruguay. 
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apply to any alternative means of power productions the best that can he 
done is to make careful estimates, based on information from widespread 
sourcess and stating the assumptions made« This method has been followed 
in obtaining the costs given below. 

Because of the recognized limitations in the accuracy of estimates of 
this kind there is little point in making a comprehensive series for all 
possiblo sizes of windmill and for various operating conditions. Hence, 
only three sizes of windmill have been considered. 

Basis of estimates 

Windmill diameters 6 feet 
10 feet 
16 feet 

Total head 100 feet 

Wind regime similar to that shown in Fig. 
(Annual average wind speed » $°6 m.p.hoj 

25 

Wind speed for full output has been taken as 14 m°p.h» 
for the 6 ft and 10 ft mills and 16 m.p.h. for the 
16 ft mill. 

Annual charges for interest, depreciation and 
maintenance o.. 10 per cent. 

The costs and operating data can then be presented as in Table 13« 

Table 13 

Costa of water pumping for three sizes of windmill 

Windmill 
diameter 
(feet) 

6 

10 

16 

Cost, excluding ; Annual 
freight charges \ charges 
and foundations i (£} 

Pull 
pumping 
rate 

(gals/hr) j full output 

Annual . Annual 
operation at output 

Cost perj 
100C ;.,ala; 

equivalent of (gals) (penoe) 

125 

185 

500 

12.5 

18.5 

50 

125 

350 

1,400 

(hours) 

3,850 

3,850 

3,550 
— . 

i 

I 480,000 

1,350,000: 

j499709OOOJ 
. .i L 

i 

6 .25 

3o3 

2.4 

Taking into account the costs of foundations and other erection oosts 
and freight charges, etc., these costs can be stated*, with some degree of 
confidence, ass 
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| 6 foot diameter mill .<.. 7 to 7°5 pence per 1,000 gale. 
f"or a | 

•? pumping 10 M " n „ 0 „ 4 " " " w 

heed of 
: 100 feet 16 •' ww n oo6 3; w « H M 

Those costs will vary approximately directly as the pumping head? 
thus, for a head of 5° feet., instead of 100 feet, they will he only half 
those quoted above whereas for a head of 200 feet they will he double. 

Boats by Alternative Methods of Pumping 

The two most obvious alternative methods are (a) by electrlo power or 
(b) by internal combustion engine*. Estimates of the costs, per 1,000 
gallons of water, pumped against a head of 100 feet (as in the case worked 
out above) are given below. The uncertainties are (a) the cost per kilo
watt-hour of electrical energy at the pumping site and the additional 
©lectrioal distribution costs involved in carrying the supply to the pump, 
and (b) the cost of petrol or oil fuel delivered to the site and the annual 
costs for maintenance and depreciation of the internal combustion engine. 

"3. Electric .drive 

To make a direct comparison with the costs for the three windmills 
(6 ft. dia.9 10 fto dia= and 16 fto dia°) calculated above, consider elec
trically driven pumping sets giving the same outputs as these windmills, 
namelys 125 g°p°ho, 350 g.p.hojp and 1,400 g.p.h., all against a head of ''''"' 
100 feeiio Supposes also, that the ©lectrio pumps are run, at full load, ^ 
for the same number of hours per year as the windmill, i.e. 3,850 hours, 
3,850 hours and 3*550 hours, so that their annual outputs of water will be 
the same as those in Table 13° The sizes of motor for these three oases are 
i h.p«, j$ h.po and 2 hop0, while representative capital oosts for the pumping 
sets of these three sizes are £60, £73 and £200 respectively, (without 
electric wiring and switohgear and without freight charges). 

Annual charges for interest, depreciation and maintenance can be taken 
'as 10 per cent per annum, which will add £6, £7.3 and £20 to the annual costs 

^ for energy. It may be assumed that the motors take an electric power input 
of 1 kilowatt per h.p. The pumping costs, for different prices of electrical 
energy, are thus as shown in Table 14 in which the last column shows the 
windmill pumping costs derived in the preceding Table 13. 
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Table 14 

Relative costs of electric drive and windmill drive for water pumping 

Hourly output 
against a head 
of 100 feet 

Motor 
size 

Electric pumping 
Costs (in pence) per 1s000 gals, 
for different energy costs in 

penoe per kfflh 

Windmill pumping 

Costs per 
1S000 gals. 

(pence) 

The conclusion to be drawn from the figures in Table 14 is that electric 
pumping can compete with wind pumping only if the cost of electrical energy 
does not exceed 1 penny per kilowatt-houro This applies for a site with an 
annual average wind speed of 9»6 m»p»hoS for windier sites the cost of 
electrical energy would have to be less than 1d/kWh to be competitive while, 
for less windy sites, it coulds of course9 cost rather more than 1d/kWh« 

2o Internal combustion engine drive 

instances will suffice in the comparison between internal combustion 
engine drive and windmill drive.. 

(i) To pump 350 gallons per hour against a head of 100 feet an engine 
of 1 h<,p<> is recommended by the manufacturers who also state that its con
sumption of petrol is 1 pint per hour.. .< /,..•,. 

Then comparing with the 10 ft. dia» windmill giving the same outputs 
we havea-

t" 

•} - . f . r : 

Approximate capital cost 

Annual charges for interest 
depreciation and maintenance 
at 20J& per annum 

Fuel consumption in 3S850 
hours running per annum 

/ ,̂  „•" Annual fuel cost at four 
_.̂ , shillings per gallon 

Total annual costs of operation 

Cost per 1 s>000 gallons pumped 

£50 

£10 

3,850 pints (s 480 gals.) 

£96 

£106 

19 pence 

(This is to be compared with a \vind~pumping cost of only 3°3 pence) 

file:///vind~pumping
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(ii) To pump 19400 gallons per hour9 against a head of 100 feet, for 
3s550 hours per annum (comparing with the 16 ft« windmill). 

A 3 h.p. engine having a capital oost of about £120 so that annual 
.charges for ia^erest^ depreciation and maintenance (at 20$) are £24» 

Petrol consumption <>». 2 pints per hour 

Annual fuel oost »°. £177 

Total annual operating costs •>». £201 

Cost per 19000 gallons pumped oo.o 9° 6 pence 

oh is to be compared with a cost per 1g000 gallons of 2.4 
pence for wind pumping)» 

The conclusion to b© drawn here is that pumping by internal combustion 
engine is 3 or 4 times as expensive as that by windmillo Offsetting this 
higher cost, to a small extents is the fact that, with a source of power 
which is continuously available =• such as power from an internal combustion 
engine - there is less need for water storage so that some saving on the 
cost of the storage tankj, or reservoir^ might be possible. 

IV. THE GENERATION OF ELECTRICITY BY WIND POKER 

Wind data required for an assessment of the possibilities for eleotrioal 
power generation from the wind are basically the same as those needed when 
water pumping is in prospect. Hourly average wind speeds, from which the 
velooity-duration curve for the site - and, thence, the power duration curve -
can be drawn, are essential.. Prom the power-duration curve the specifio 
output T is found as already explained. In this case it is expressed in 
kilowatt-hours per annum per kilowatt instead of h.p.-hours per annum per 
h.p«5 but its value, being independent of the power units, is the same. 
It still represents the number of hours in the year for whioh the machine 
can be considered as operating at full output9 i.e. it is the full-load, 
time-duration, equivalent to the varying output obtained in practioe. 

The only major difference, in this respect^ between water pumping and 
electricity generation lies in the fact that wind-electric machines are 
fast running - to minimize the cost of gearing for an electrical generator, 
which must run at a high speed if its cost of construction is to be economic. 
The rotors for these machines are therefore of the propeller type with a 
small number of blades •» usually 2 or 3 - so that the starting torque is low 
and a relatively high wind speed, as compared with that for a multi-bladed 
rotor, is needed before the machine begins to provide power. Thus, the 
cut-in wind speed for a wind-electric plant may be as high as 10 m.p.h. up 
to even 20 m.p.ho (at a very windy site) instead of 6 or 7 inp.h. which is 
sufficient to start a water-pumping windmill. 
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On the other hand9 the fact that the power generated can easily be 
transmitted, without excessive loss, over distances up to perhaps several 
hundred metres, moans that the wind-electric machine may he located at a 
windy site in the area, e.g. on a local hilltops whereas the water-pumping 
plant must be located very close to the well, where the wind speed may not 
be high. The :;rr-o ticablo distance for such electric transmission depends,, 
however, on the generating voltage and the capacity of the wind-electric 
machines for low voltages and small capacities -mere is a limitation to 
only a few metres diatance from the premises to bo supplied. 

Ty^es^qf ,Vand̂ I?ri¥̂ n..Qojiê ato_rs_ 

Two classes of wind-electric plants are of interest for areas without 
mui:- electricity distribution networks,. 

They are (l) the small unit,, of up tq__about 1 to tg k'.V in capacity, 
with a direct-current generator and a battery fox. storage of the full 
output, and (2) the machine of larger capacity ~ up to about $0 kW - with 
either a direct-current or alternating-current generator with or without 
a battery. In this second case the battery is of limited capacity and is 
intendec. for the storage of only a fraction of tho total output, to supply 
essential loads9 most of the energy generated being used, as random power, 
a3 and when it is generated. 

1. Small wind-ffleqtric ,unitB_ 

There have been many examples of such machines, made in different 
countries, and proved to be quit© satisfactory in operation. Unfortunately, 
several manufacturers have ceased production because of diminishing demand 
as the main networks, in their own countries,, have spread even to the re
moter areas. There can be little doubt that the need for such machines 
still exists^ especially in the developing countries9 and it is to be hoped 
that this need can be expressed in sufficiently definite form to enoourage 
re-starting of the production of these small machines« Their characteris
tics are as followst-

- A 2-, or 3-~i» bladed propeller, of minimum diameter of 6 feet9 
and up to about 10 feet^ rotating at high speed and driving^ 
usually, a direct-current generator.' In the smallest machines 
the drive is directy i.e. without gearing, but a gear-box is 
used as the size increases. 

- A tail-vane which holds the wind rotor into the wind^ 

- A speed-controlling device which may be operated by the tail-
vane turning the rotor out-of-wind at higher wind speeds - \ : .̂:.<*«v 
the axis of the rotor being slightly offset from she main "" ~-L 
supporting axis on the tower - or may take tho form of an 'w>^- )£ja 
air-brake governor. ._ ^ -*-^\ 

- A furling device to enable the machine to be shut-down from h 
the foot of the tower. 
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\ 

A supporting pole or tower. This may consist of a wood 
poles oarryings at its tops a stub tower on whioh the 
windmill head is mounted;, or it may be a 3- or 4-l®gg®d lattio® 
steel tower. 

A battery with an associated control panel. This panel 
must includ© a device to prevent the current reversing and 
driving th® windmill from the battery,. Examples of machines 
of this type are shown in PigSo 42 and 43. 

support for the machine (a pole or tower) should be high enough to 
keep it well clear of the adjacent buildings, otherwise it will b® screened 
from th© wind. A usual height is 40 feet (12 or 13 metres), There should 
be u ladder or some other means of ascending the tower to attend to the 
machine if -fchis becomes necessary and it is important to ensure that the 
support is held rigid - either by guys or by using a heavy pole well set 
into the ground - to avoid vibrations whioh have a harmful effect on the . 
m&chin®. 

The voltage of the generators of these small wind-electric plants is 
usually low, 6, 12, 24 or 32 volts being common: the higher voltages are 
more generally used in the larger machines (above 500 watts). This low 
voltage is partly because of their small size and partly to reduoe the 
number of 2 volt accumulators needed in the storage battery. A low voltage 
calls for only a short run of cable from the generator to the battery and 
load circut? \.n order to avoid excessive voltage drop. Thus, for example, 
if the sizQ.j^ cable appropriate to the current to be carried is used, there 
will b® a pres'surê  drop of about on*, tenth of volt per yard run of cable* 
if the length of this cable is 50 yards (as it may b< beoaus® th© length 
no©d©d to reach fsom th© generator to ground level ©lone may be %2 yards) 
th® total voltage drop will be 5 wits. If the voltage of the generator 
is (say) 24 volts, nearly 20 per cent of the pressure, and therefore 20 per 
cent of th© power, will b® wasted in the cable. This voltage drop is 
approximately the same whatever the generating voltage so that a higher 
valu© of this voltage? e.g. 110 volts^ is an advantage from this point of 
view. Slektro G.m.b.H^ of Winterthur, make wind-electric plants in a 
capacity range up to 5000 watts and with voltages of 65 and 110 7 in the 
larger aizes. 

The storage battery is an essential part of a small wind-electrio plant. 
At times of high wind the battery is charged and it stores electrioal energy 
for us® when the wind speed is too low for power generation. A plant of 
this kind can thus be considered as being a "battery charger" and the name 
"wind-charger6' is often used* "Wincharger" ies in fact, the trade name of 
one of the manufacturers in the UoS.A° - the »7incharger Corporation of Sioux 
City, Iowa)o 

Two types of battery can be used - the alkaline, or nickel-iron type 
or the lead-acid type. The latter is more common and has the advantage of 
a high voltage, 2 to 2.5 volts, per cell against only 1.5 to 1.75 ^o** the 
alkaline accumulator. Although it may be rather more expensive, the alkaline 
battery is very robust and is less liable to damag® by irregular operating 
conditions than the lead-acid battery. It is not9 however, so successful 
with low oharging rateso 
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• F ig. 43 - Lueot Freelite windmill Initatled in 
. the Shetland l»lond». 

. ^ 

tft. 

F i 8 . 44 - Experimental 8 kW windmill of the 
Andreau type. 
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Battery sizes are speoified in terms of their ampere-hour oapacity 
which is a measure of the produot of the current,, in amperes, and tha time 
of discharges, in hours., which can be obtained before the voltage falls to 
the lowest permissible value of about -8 V per cell* This capacity may 
vary from 130 to 450 AH and, of oourse* the greater the capacity the longer 
the period of calm weather whioh can be catered for. 

As an example, for a 200 watt unit the maximum generating voltage may be 
15 volts and six (lead-acid) cells would be used., these having a voltage of 
2.5 V when fully chargedo The ampere-hour capacity recommended would be 
230 AH* Charging of the battery would begin at a wind speed of 7 m.,p«h. 
and the s©t governed so that maximum output would be reached at 23 m.poh» 

The annual output of small wind-electric machines is not generally very 
high because of the limitations placed on site selection due to the need to 
be near the premises to be supplied. Probably 19000 to 1S500 kWh per 
kilowatt is a fair range of annual output to be expected.. Wincharger 
Corporation state that usable energy outputs9 per month., from a 200 watt 
plant, average 20 kWh., 25 k'.Vh and 30 kVfli for sites with annual average 
wind speeds of 10 m.p.h..,, 1? niop.h. and 14 m^poho respectively.. These 
figures correspond to 1.,200., "8500 and 19800 kV/h per annum per kilowatt* 

Energy costs,^.th__smalli units. The capital cost of small wind-electric 
plantsj complete with battery, control gear and stub tower but without the 
supporting pole, is of the order of £200 to £300 per kilowatt of oapacity. 

Taking the upper figure and assessing the life of the different com
ponents of the plant, in years., as follows:-

20 per cent of the total cost . *. 20 years 

50 •• " M H « 000 15 years 

30 " " " '• « (the battery) ... 6 years 

gives a total annual depreciation of £28, or 9»l/3 per cent of the capital 
cost. Adding to this 5 Pe^ cent for interest and 1-g- por cent for maintenance 
we have a total of about 16 per cent per annum as the fixed charges. Tue 
annual return, in output9 can be taken as 1y350 k»Vh per kV? so that the 
energy costj, per kWh, is 

_A6 x i00_x_2£0 = 8 j5 pence 
100 19350 

Although, as compared with the coat of energy from an electrical network 
in an urban ai'oa, this figure is certainly highs it may not be considered 
excessive for auch purposes as electric lighting9 the operation of rcdio sets 
and small domestic use3 in remote areas. Of course, if the site is very 
windy so that the annual output is greater than 13350 kWh/kYs or if the 
capital cost is less than £300 per kV/? the energy cost will be less than 8.? 
pence per kVJh. 
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As for the maintenance of a plant of this kindg oocasional att©ntion9 
Y for lubrication and to ensure that no parts of the machine have become loose, 

ie all that is required for the windmills but the battery needs rather more 
-attentioa. It should not be overcharged nor over-discharged and the cells 
should be topped up with pure water when the level of the acid falls below 
the tops of the plates. The voltages of the cells and their speoifio 
gravity of the acid should be measured occasionally to check that all are 
in ordero 

2. SLnd-elQctgio, plants of medium capacity 

Several plants in this category have been produced and, although none 
is yet in common us©* they are available commercially and, in faot, await 
adoption by thos® responsible for power supplies to communities in areas 
remot® from main eleotrioal networks,, Their capacities range from 8 kilo
watts to 100 kilowatts. They differ from the small windmills described 
above by having (usually) an alternating-current generator rather than a 
direct-current one and "by generating at normal voltages of about 200/240 
voltss single phase9 or 380/440 volts,, 3 phase. 

Baosus© of the high cost of batteries for the storage of an amount of 
energy corresponding to a power output of ten or more kilowatts, no attempt 
is mad© to store enough energy to give the full output during calm weather.. 
A low capacity battery, charged through a rectifier, can be used so that 
essential? small, loads can be catered for but the main loads, requiring 
soveral kilowatts of power9 are supplied only when there is sufficient wind-

Another feature is the use of a fantail - a multi-bladed wind wheel 
mounted at right angles to the maia rotor - instead of a tail-vane for 
orionting the windmill head so that it is brought into wind- Sometimes two 
f&ntails, one on each side of the main shaft of the windmill rotor, are used. 

The supporting structure for medium-sized windmills may be a guyed9 
steel tube but is usually a lattioe-steel tower for the larger machines. 

Some of these plants9 made in different oountriee9 are shown in Figs. 
89 44 and 45 and brief descriptions are given below. 

,1 A Oerman0 8 kW Allgaierjnaghingi (Fig. 8)J Although later machines of 
/! this make have had an alternating-current generator, that shown had a 6 kW 

alternator, generating 3 phase9 380/220 V9 together with 220 volt, d<>o. 
exciter of 2 kW capaoity. The exciter supplies the field current for the 

j alternator and can also be used to oharge a battery to supply light loads. 
The rotor of this machine has a diameter of 10 metres? it begins to generate 
power in a wind speed of 3»5 "to 4 lie^tr^s^eTr^eoond and gives 6 kW of output 
at 11 m/sec. ~ — " 

' The latest German development in wind-driven electrical plant is the 
100 kW machine already mentioned in Section I. It has a propeller diameter 
of 34 metres (112 feet) and is supported on a guyed tubular mast 22 metres 
(72 feet) high* This machine is9 however^ to be regarded as a unit for 
connection to a main oleotricity supply network rather than for use as an 
isolated unit. 
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windmill is different from that of the others described. The "blades of h 
its wind rotor (8 metres diameter) are hollow and, as they are driven round ! 
"by the wind? air is thrown out centrifugally. A depression is thus oreated J.' 
and air is sucked up from just above ground level, through the supporting if 
tubular structure and through the hub? to the blades. Just above the air If 
intake an air turbine, on a vertioal shaft,, is mounted and this drives the I ! 
electric generator. (it could, alternatively, drive a pulley from which a j 
belt drive could be taken to an agricultural, or other, machine mounted J 
nearby). With a machine of this type there is some loss in efficiency due I 
to a double conversion of energy - at the top and the bottom - but this is j 
not so important because the power input (from the wind) is freec For any ' 
windmill, in fact;, this appl.ess capital cost9 and not efficiency? is what | ; 
is . .portanto —• • • — * \ 

Th© Andreau machine ha-? the advantages that th© generating pla it is 
only just above ground level., so that it is easily maintained9 and also 
that the effects of wind gusts &re damped out by th© long column of air 
which forms the coupling between the wind rotor and the air turbin©0 

t 

A British-built.,, 100 kYJ machine of the Andreau types having a rotor / 
diameter of 24 metres., is shown in Pig. 7° This was made., as an experimental / 
plants for connection to main power networks. It is now in operation, Ij 
connected to the network of iSlectricite" et Gaz d'Algerie on a hill at a few / 
kilometres from Algiers<> - \l 

Another^ multi-purpose3 French machine,, of a more conventional typ©9 ha® 
boon developed recently by Neyrpics of Grenoble (P±g° 46)0 

Like the Xykkega&rd machines in Denmark, this plant has a vertical 
driving shaft9 passing down the centre of its lattioe steel tower (12 to 
15 metres high) to ground level. Either an electrical generator, a water 
pump, or other machines, can be driven, 

Thero are two sizes - 115 hop. and 40 h*pu - and these have, respectively? 
propeller diameters of 10 metres and 16 metres when used in only moderately 
windy areaSo For especially windy siteSg rotors of 8 m and 13 m diameter 
can be supplied for the two sizes0 

The three blades are of variable pitch giving automatic control of the 
output which is held at the full value,, to with ± 6 per cent, for wind speeds 
above the rated valueo This rated wind speed is variable by the adjustment 
of a spring, from 6 metres per second ('53»5 n.p.L) to 10 m/sec. (22.5 m.poh. )<. 
The out-in wind speed is 3 m/sec. (7 mop.ho)© Orientation of the windmill 
head is by two fantail rotorsu 

The plant is built up on the ground and then raised by a winch. 
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A British machine^, mads by Dowaett Holdings Ltd. (Pig. 45)* The main 
features of the specification ar© as followst-

3-bl&dsd propeller of 40 feet diameter 

Rated wind speed - 25 n.p.L 

Cut-in wind speed - 10 ra.poho 

Operating rang© - 10 to 60 m.p.L 

Tripod tower., of hoight 33 foet9 hinged 
or two logs to facilitate erection 

Orientation "by two fantails 

Generator (a) 31 kVA (25 kYtf at 008 power factor), 
415 V, 3-phas9s 50 cycles per second^ for 
connection to an existing a»c. network. The 
generator is of the induction type. 
(b) 31 kVA (25 k\V at O08 p.f.) at 415/240 volts, 
3-phas©-neutrals 50 cycles per second, self-
exciting and self-regulating within ± 1 ^ for 
autonomous operation where no network exists. 
As an alternative^, in this case, the generator 
can be direct current of capacity 25 kW. 

Another British wind-driven electric generator? made by Ho Smith 
(Horley) Ltd. s and currently under test in the Isle of Man (Fig, 47) lias a 
capacity of 100 kV.% It has a propeller diameter of 15 metres (50 feet) 
and has a tripod tower 10 metres (33 feet) high. This machine has 
operated successfully in tests over a period of a year and, although some 
small modifications may prove to be necessary before it can be put into 
series production, it appears to be a very promising unit which may be pro
duced at a cost in the range of £50 to £100 per kilowatt. It is for use 
in connection with electricity supply networks but both this and the German 
100 kW machine could probably be down-rated to (say) 5° kW to make them 
suitable for use connected to local networks of relatively email size in 
areas with lower average wind speeds, 

Danish Lykkegaard machines<• Although^, after many years of production, 
the Lykkegaard firm is no longer building windmills (because they now con
centrate on the manufacture of pumps for irrigation and drainage)-it is right 
to point out that their machines (already mentioned in Section i) were in the 
category of medium-siaed plantso The capacity was up to 30 kW, with rotor 
di;u;etcrs up to 18 metres and the generators were direct current. The 
generator was located on the ground the drive was through a vertical shaft? 
passing down the centre of the tower, with bevel gearing at the top and bottom. 
Many of these machines worked quite successfully, with very little maintenance., 
for periods up to 20 years or more. 
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Fig. 45 - Experimental 25 VH Dowsett. windmill indor test 
(By courtesy of Dowsett Holdings Ltd., Tallington,-
Stamford, Lines., Fngland) 



• * • N«yrpie (Grenoble) windmill of 13 m. diameter. 
' Photograph (c) «howj the windmill under 

erection. (By courtesy of Neyrpic, Grenoble, 
Franco) 

EOLIENNE 

I.L.: 

INSTALLATION D'ASSAtSjISSE-

MENT AVEC UNE. EOLIENNE 

D£ 13m DE DIAMETRE.' -



Fig. 47 - 100 leW experimental windmill (by R Smith (Horley) Ltd;) 
under test in the I t ie of Man. (By courtesy of R. Smith 
(Horley) Ltd.; Surrey, England) 

I B i • 
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In Russia,) medium-sized plantu have "been made in appreciable numbers. 
Thare are two types of plant, one with a rotor diameter of 12 metres and 
having a capacity of 10 kW and another of 18 metres diameter and generating 
25 kW. The smaller machine has been mass produced. Some 150 have been 
built and about 50 are still operating,. There has, however, been damage 
in storms due to an inadequate system of speed control« 

Energy costs with medium-sized wind-electric plantso It is impossible 
at the present stage of development to give a precise figure for the cost of 
the energy produced by such plants because of the uncertainty about their 
capital cost when they become available commercially.. Nevertheless? suffi
cient is known to enable a fairly realistic estimate to be mads.. 

The capital cost is likely to be in the range £100 to £200 per kW<, 
As an example, the quotation for the Dowsett 31 kVA (25 kW) machine intended 
for water pumping by an electrically driven pump, including paokage and freight 
charges (from England to Barbados) and also including foundations and com
plete erection, with electrical control gear, cabling^ etc, and a centri
fugal pump for water pumping* is £6;,548> The makers estimate that the 
annual electrical energy output at a site with an average wind speed of 
11 m.p*,ho will be 1,400 kWh per annum per kilowatt and that the water output 
from a 3 inch centrifugal pump driven by it will be 70 million gallons 
per year when pumping against a total head of 43 feet„ They also state 
that the plant can drive one9 two, three or four 3 inch centrifugal pumps in 
minimum wind speeds of 139 15y ^7 and 20 m.poho respectively .> 

If one were to attempt an estimate of energy costs to represent a mors 
general case for medium-sized wind-electric plants located at a site with an 
annual average wind speed of (say) 6 metres/second (13°5 m0p«h<.) the calcu«= 
lation would be as followss-

Capital cost (say) .,» £150 per kW 

Bate of annual charges .00 12$ 

Annual output in kWh/kW . „. 29100 

Cost per k^H - _JJL, x 150 x 24O pence 
100 2,100 

ss 2o 1 pence. 

This does not include any provision for a storage battery, which, if usedv 
would be of small capacity and would not, therefore*, increase the capital 
cost by a large percentage,. Allowing for some limited energy storages 

however, the overall energy cost might rise to 2«5 to 3 pence per kilowatt-
houro 

In comparing the operation of the Dowsett machine with the alternative 
of a 20 kW diesel-electric plant, the manufacturers use the following basis?-
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Consumption of fuel per kfflh. . .• 0.7 pint 

Cost of fuel per gallon (at 
an up-oountry station) •<>. 30 pence 

Fuel cost per kWh ..» 2.7 pence •'/ 

Annual charges for interest 
(5/»)» depreciation (10 year 
basis) and maintenance (15$ 
of capital cost) .». £355 

Y/ith an annual load factor of 
25/» tho annual charges per kWh ... 1.9 pence 

This gives a total figure of 4»6 pence per kWh for 
the diesel-slectrio plant. 

7. WIND POWEH FOR 0TH3H AGRICULTUIUL USES 

While it would., perhaps, be possible to adapt the slow-running, multi-
bladed, water pumping windmills to the drive of machines other than the water 
pump, there is little or no evidence that this has been done. Their low 
pox7or capacity and operating characteristics are such as to make their 
applioatio; %o general agricultural power purposes difficult and probably 
not worthwhileo 

Th© use of wind-electric machines for these purposes is, however, much 
more feasible. When the wind power plants have a vertioal driving shaft 
running down to ground level, as in the Danish I^ykkegaard machines or the 
Neyrpio machines desoribed in Sectionl?, it is merely a question of driving 
by (say) a belt drive, another machine instead of the electric generator or 
pump. The purpose then served must be one which allows the driven machine 
to be located close to the base of the windmill„ Wood sawing and the treat
ment of crops, e„g. threshing, or grading, or, again, food mixing, would be 
possible* A fan might be driven by this means but the ducting, leading 
away the air, should be short. 

TShen an electric generator is driven by the windmill this limitation 
of close proximity of the load to the windmill is much less rigid since 
the power can be transmitted over an appreciable distance. With wind-
eloctric machines in the medium-capacity range, say 5 kW and over, this 
opens up the possibility of other agricultural uses such as water heating 
or steam raising, the grinding of grain and ev«n small cultivating machines 
if th© ground cultivated is reasonably near the windmill. Soil warming 
for horticultural purposes is another possibility. 



The limitation in this case is rather one of timing than of distance 
(Ref. 15) • Because only small lo'ads can be supplied from the low-capacity 
battery installed to cater for first-priority purposes during calm spells, 
all the main loads must he met when thore is sufficient windo For some 
of these, e.g. soil warming and water heatings there are no precise require
ments in times they can be met at any time during the day or night. The 
only important need is that they shall be met for a sufficiently long period, 
during a span of days or weeks, for the necessary heat to be put into the 
soil or the water,. 

Other agricultural loads, such as threshing, cultivating or grain 
grinding, must be met during the daylight hours because labour is needed to 
attc i to the yiocesses* Loads which must be supplied at particular times9 
e.g. machine milking, are less easy to drive from a vvind-electrie machine 
because there can be no guarantee that power will be available when it is 
needed. 

If an oil-driven stand-by plant io available, continuous operation can 
be ensured andj, in these circumstances, the wind powor plant, when it is 
available, can act as a fuel saver. The usefulness of this arrangement 
depends largely upon the cost of the oil fuel?, if this cost is high it is 
economic to save fuel consumption by using the power from the wind whenever 
possible. 

TThen a wind-electric plant is installed to supply a wide range of loads 
with only very limited battery storage*, an automatic load-distributing device, 
which passes the power to one of the connected loads when thore is sufficient 
wind (Ref. 50$ is essential for economy,. Otherwise the random power is 
not fully used and the annual output of energy actually put to use is less 
than that calculated from the wind data for the site<> 

VI. CONCLUSIONS. 

The broad conclusions to be drawn from the foregoing discussions are 
as follows1-

(i) For the sole purpose of water pumping, satisfactory9 
well-proved, wind-driven pumps are available in many 
countries. The use of these is economic at any site 
where there is a reasonably good wind rSgime and where 
alternative methods of producing power are not especially 
cheap. 

(ii) The use of wind-electric machines is justifiable economically 
under the same conditions. Small units,, for single isolated 
premises, have been fully proved to be satisfactory. iledium-
sized plants, for isolated communities, are now becoming 
commercially available and experience should prove them to 
be economically sound either with or without oil-driven stc.nd~ 
by plant. This economy can be assessed accurately if the 
capital charges on the plant, the wind data for the site and 
the cost of alternative means of power production are known. 
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(iii) A study of the wind regime at' the proposed site for any type 
of windmill is an important factor in assessing the economy 
of wind power* This study must be based on measured wind 
speeds at the site and full consideration should be given to 
the influenoe of topography on the average wind speed. 
Choice of site,, where this is possible., is very important 
beoause of the differences in average wind speed at sites 
olose together but affected by looal terrain or by obstruc
tions on the grounde 
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List of some manufacturers of electric and water-lifting 
windmills with addresses 

La Compagnie Africaine d© Materiel Eolien 
78 Avenue Marcel Cardan 
Sidi-Bel-Abbes 
Algeria (Water l i f t i ng ) 

AUSTRALIA 

John Danks and Son9 P ty . Ltd. 
391-403 Bourke S t r e e t 
Melbourne 
Australia 

Intercolonial Boring Co. Ltd* 
450-466 Ann Street 
Brisbane 
Australia 

(Water l i f t i ng ) 
Metters 
Murray House 
77-79 Grenfell Street 
Adelaide 
Australia 

Southern Cross Engine and Windmill Co.Pty.Ltd. 
Grand Avenue 
Granville 
Sydney) New South Wales 
Australia 

CANADA 

Beatty Bros. 
Fergus 
Canada (Water lifting) 

FRANCE 

ENAG 
(Pierre Gan© - Constructeur) 
Rue de Pont-L'Abbe 
Quimper 
Finistdre (Electric) 
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t ' 
Its. Neyrpie 
Avenue de Beauvert 
Boite Postale 52 
Grenoble9 France 

A* Guilleminot 
Lus i gny-sur-Bars e 
Aube, France 

StSo Poncelet @t Cie 
Place de la Victoir© 
Flancy 
Aub©9 Franc® 

(Electric and water 
lifting) 

(Water lifting) 

(Water lifting) 

GERMANY 

Allgaier-Werke CnioboHo 
Uhi ngen 
TOrttemberg 
Germany 

INDIA 

( E l e c t r i c ) 

Wind Power Divis ion 
Council of S c i e n t i f i c and I n d u s t r i a l 

Research. 
Old Mill Road 
New Delhi a I n d i a (Water l i f t i n g ) 

ITALY 

D i t t a Raimondo Y i v a r e l l i 
Groaseto9 I t a l y (Water l i f t i n g ) 

NETHERLANDS 

Bo Bosnian 
Piershi l (z»h») 
Netherlands (Water l i f t i ng ) 
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SOOTH AFRICA 

Stewarts and Lloyds of South Africa Ltd. 
P.O. Box 1195 
Johannesburg 
South Afrioa 

Southern Grose Windmill and Engine 
Coo (Ptyo) Ltd. 

Nuffield Street 
Bloemfontein, South Africa 

er lifting) 

(Water lifting) 

SWITZERLAND 

Elektro Go mob.Ho 
St» Gallerstrasse 2? 
Winterthur 
Switzerland (Electric) 

UNITED KINGDOM 

Dowsett Holdings Limited 
Tallington 
Stamford^ Lines. 

R. Smith (Horley) Ltdo 
41 Balcomhe Road 
Horley, Surrey 

HoJo Godwin, Ltdo 
Quenington 
Gloucestershire 

{A.<JLU.\ W * , V " ^ 

Thomas and Son (Worcester) Ltd. 
P0O0 Box 36 
Worcester 

(Electric) 

(Eleotrio) 

(Water lifting) 

(Water lifting) 

UNITED STATES OP AMERICA 

Aermotor Company 
2500 Wo Roosevelt Road 
Chicago 8 
Illinois,, USA (Water lifting) 
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Dempster Mill Mfg„ Go<, Ltd. 
Beatrie© 
Nebraska, USA (Water lifting) 

Fairbury Windmill Co, 
Fairbury 
Nebraska, USA (Water lifting) 

Heller Aller Co» 
Napoleon 
Ohio, USA (Water lifting) 

Jacobs Wind Electric Corp. Inc. 
2724 Fowler Street 
Fort Meyers 
Florida, USA (Electric). 
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Other Informal Working Bulletins 

issued in this 

AGRICULTURAL ENGINEERING SERIES 

" Factors to be Considered when Selecting 
Agricultural Tractors and Power Units 

- Equipment for Rice Production under Wet 
Paduy Conditions 

- Engine SHiele and Lubricants 

- Legislation affecting Farm Buildings 
Design and Improvement, 

"» The Processing of Coooa 

- Methods and Machines for Tile and other 
Tube Drainage 

6er Control9 Tillage and Seeding Practioes 
and Machines for Crop Production under 
Irrigation 

Tillage and Seeding Practices and Machines 
for Crop Production in Semi-Arid Areas 

Methods and Machinery for Establishment and 
Management of Pastures 

Methods and Machinery for Harvesting and 
Handling Forage Crops 

Methods and Machinery for Harvestinĝ , 
Threshing, Cleaning and Grading of Forage 
Seeds 

The Improvement of Hand and Animal Powered 
Tools and Implements in Agriculture 

Methods and Machinery for Cutting and 
Cleaning Irrigation and Drainage Channels 

Safety Measures for the Use of Machinery 
in Agriculture 

Methods and Equipment for Rice Testing 

Available in* 

E F S 

E F 

E S 

Trilingual 

E F S 

E F S 

E F S 

E 

E 

E 

E 

F 

F 

F 

F 

S 

S 

S 

S 

E 

E 

E F 

* E - English; F - Frenchj 8 - Spanish 
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* Ho. 16 •= Possibilities for Utilization of Solar Energy in 
Underdeveloped Rural Areas 

Moo 18 - Improved Methods and Equipment for Tillage of 
Medium and Heavy Soils in Tempsrate Regions 

No. 19 - Interpretation of Tractor Test Reports by the 
User 

rrj. 20 - The Processing of Coffee. 


