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

Although wuch has been written on the subject of wind power, especially
during the last few years, 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 domeatic
scale. .

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

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 H.P. there is a prospect of their being o
used in the future for large farms, or for rural communities, and there is
1ittle doubt that they would be of gxeat benefit if they are proved to be
satisfactory in service and economical in cos%. 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 ¥wo to three decades to justify
recommendation of them.

The Bulletin further points out that wind power utilization, if it is
to be economicaly, 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 the text
is illustrated with photographs and diagrams which assist in clarifying the
points made ia the text. It is hoped this Bulletin will assist all those
associated withy 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 lLiaison Gfficer of the
Electrical Research Association of the United Kingdom.

lxr. 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 UXN and its specialized agencies to
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advise govermments 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. Golding is the author of a number of technical books, including
"The Generation of Electricity by Wind Power®.

A comprehensive list of selected referencas are cited to enable those
readers who desire further informatiom 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 a2lso 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
FAO'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 tos

A,D. Faunce

Chief, Agricultural Engineering Branch
Land and Water Development Division
PAO

Rome, Italy.
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INTRODUCTION

Long ago man becane conscious of his own very limited capacity as a power
unit - as an "engine" - and soughi some assistance to enable him to increase
his productivity and so ic improve his siandard of living. Pirst he used
eriuals, and found, for example, that a horse could exert 7 to 10 times as
rmach power as he could himself. But domestic working animals need food ands
altbhough the, uzve given good service to agriculture for centuries, it is
undeniablic that their Tood coasunption can be a serious drain on the resources
of small farmers.

The next ctep in power develcpment was the exploitation of natural sources
of energy® and ihose having motive form were the most obvious. They were *he
wind and flowing vater, both of which possess energy (or capacity Tox doing
worl ' because of their mass and their velocity. Unfortunately, wiand, which
Toz power pusposes ig to b2 considered as a column of alr in motion, possesses
much less eusrgy than that of 2 similar column of water moving at the same
speed: this is bocause ivs mass, per unit of volume, is some 800 times less
than that of water.

Wiandmills end water mills. at first very simply built and later being
developed into more compliczted, and more efficient, machines, were installed
wherever lhe wirnd was sufficiently sirong or flowing water was available.
Obviocusly the choice of sites for windmills was not so restricted as for
those for water mills which hady, of course, to be built on the banks of
streans. This comparative T1reedom in clicosing the locations of windmills
vas an advantage - and, indeed, remains an advantage - over water mills and
counterbalances, 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 agos were very similar until the latter half or the nineteenth
ceatury. 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 zre water turbines having individual capacities of
gseveral hundred thousand h.p. The main .reason for this diffeience in progress
during tae last few decades is the unpredictability of the winde even in
very wirdy places there is no absolute certainty that the wind will blow.
sufficicatly strongly for power production, at any particular time. Wind~
driven machines, therefore, arc not well suited to the supply of power for

# It is very important to understand clearly the reolationship between the terms

"energy" and "power'. fnergy is defined scientifically as 'the capacity Tor
doing work" where "work" i1s understood to be the result of applying a force
through a distance, the direction of the force being the same as that of the
movenent. Power is "the rate of doing work or of expending energy".

Znergy, or vork, is measured in units which take into account both the
force exerted and the distance moved. Common units are the "fcot-pound"”, or
the "ilogram~metre". The corresponding units of power are the fooi-pound per
second or the Irfilogrem-metre per second. These power units are, however, rather
small for practical purposes and one horse power (equal to 550 foot-pounds ner
second) or, in the :ietric system, one cheval-vapeur (75 kilogram-metres per
second) zre used more ccrmonly. There is very little difference in magnitude
between ilese two unitse: 1 C.V. = 0.986 H.P.
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'k 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~—

dency towards concentrating power production in large, efficient, power

« stations instead ol using a large numbcr of small, scattered units such as
the windmills representeéd..

The Power in the Wind

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 nrarnessing it. To gain
an irpression of the problem involved,; we can consider the wind as a hori-
zontal stream of air moving at a speed whic¢h 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 path. This pressure is proportional to the
square of the wind speed while the power in the wind stream is proportignal
to the cube of this speed. The formula for this power P, is P = k. A.V
where A is the cross-sectional area of the wind strecam and V is the win
speed. The factor k is a constant the value of winich 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 power, 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 Ref. 14).

Table 1
Values of ccefficient k for different systems of units

Unit of power Unit of area Unit of velocity Value of k
P A v

Kilowatts Square feet Miles per hour 0.0000053
Kilowatts Square feet Knots 0.0000081
Horse-power Square feet Miles per hour 0.0000071
Vatis Square feet Feet per second 0.00168
Kilowatts Square metres Metres per second | 0.00064
Kilowatts Square metres Kilometres per hour| O.0000137
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As an example of the power contained in a wind siream, consider a hori-
zontal stream %0 metres (33 feet) square, moving with a speed of 10 metres
per second (2.4 miles an hour). The power is

0.00064 x 102 x 102 or 0.0000053 x 332 x 22.4° = 64 kilowatts or 48 h.p. ./(7 5

But this power has to be extracted from the wind to put it to practical /5r;
use. T : '

Historical Notes

Probatly the earliest application of wind for practical »urposes was to
propel snius wiitl sails. The wiand presses on the sails and does useful work
23 ti.- ship moves in & straight line btut, even so, only a fraction of the
vower in the wind is extractied in this way. Tor the production of power in =z
stationary power plant the movement produced canrot be along a strmight line
but must be rotational. The essential part of a "windmill" is thus a "rotor”
which 1s draver round by the wand, the useful power being transmitted Trom the
gshaft of the rotor to some other machine driven by the windmill. This machins
might be a oru-giinding mill., a water pump, an electric generator or perhaps
some otker typce 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 <hey fall into iwo categories ~ those with a vertical-axis
rotor and those with 2 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 admit
the winds from uiiierent 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. 7 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 positior
only turning flat as they begin to move in the same direction as the wiad.

The type of windmill with a horizontal axis, of which the well~known
Dutch wiadmills are an example. was introduced much later - probably in
Burope in the twelfth century. I+ is this type which was developed,
through the centuries, until 1t became a very effective power unit and,
although there may be exceptional circumstances wiaich 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 wiandmills have the advantage that they can accept
wind from any direction, while those with a horizontal axis have to be
turned into the wind, they have the disadvanta_e of low rotational speed e .-

‘and low efficiency. The word "effiCiency”™ is here used to express the
fraction, of the available power in the wind, that is extracted by the windmii:

-

a—————
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}! It can be shown theoretically that no windmill can extract more than 59.3
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and detailed design. oo

per cent of the power in the wind. In practice, 40 per cent extraction
would be considered very good and may be approached in the best horizontal
axis machines. Vertical-axis machines, on the other hand, cannot be
expected to extract more than about 20 per cent and probably their efficiency
would be lower than that.

To express this conception in another way, referring to the calculation

f\made above, for the power in a wind stream, a windmill whose rotor swept the

stream 10 metres square, moving at 10 metres per second, would extract not
48 h.p. but something between 9.6 h.p. and 19.2 4. P -accordlng to its type

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
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 (1n the "post-type" mllls) (Flg.Z)
or by using a rotatable head at the top of a stationary tower (1n the "tower-
type"® mi11§ (Fig. 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 dlatted sails and the rotor drives,
through°bavel 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
wiadmill. Anotner 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 purposes.

Wind Power for Agriculture

La Cour was not only concerned with wind power per se but was anxious, by
this mesns, to introduce electric power for use on Danish farms. In thic 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 (Ref. 18) where other natural resources of energy are
gcarce. Kany Lykkegaard machines, of up to 30 kilowattfs in capacity, were
installed in the first three decades of this century and proved very useful,
during Vorld 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. Smidth of Copenhagen. Their machines (see Fig. 5) had propeller-
type rotors with either 2 or 3 wooden blades driviang direci—-current generators,
through gearing, at the top of the tower. They varied in capacity from 50
to 70 kilowatts aund had rotors of 18 or 24 metres diameter. Some of these

—
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Danish wind power plants. both by Lykkegaard and SmidthL. are still running
successfully in connection with local electrical networks.

To complete the story of Danish wind power developments, in recent
years a national wind 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 %eon done under the direction of Mr. J. Juul (Refs. 25, 26,

27 and 28) (of the South Bast Zealand Electricity Company) who was, in fact,
a pupil of La Cour at Askov.

Other cou::tries. 28 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 ssils. bhas laregely disappeared - except in
the Netherlands where their attrachion for tourists has been an important
factor in maintaining them in opsration ~ two more modern types of machines
bhave been developed and widely used in many parts of the world.

Both are for use on farms and, in remote areas, for dwelling houses,
One is a non-electric wachine, with a multi-bladed rotor:. used for the sole
purpose of water pumping, while the other is a2 small wind-electric plant,
with a propellor~type rotor. running at high speed and driving an eleciric
generator. This generator usually produces direct current and charges an
electric batterywhich stores enough energy to provide a supply during calm
weather. These machines will be discussed more fully later.

Large and Medium-Scale _Vind Power

Encouraged by the building of a 1,250 kW aero-generator in the United
States of America duving World War IT, much research and development work on
relatively large wind-drivep machines has been done in several European
countries since the war, The major part of this work has been devoted to
investigating the possitilities of usiung wind-driven electric generators in
conjunetion with, and in electrical connection to, main electric power net-
works. Nevertheless, it has a definite bearing on the gquestion of wind power
plant for Tarm uee becauss. 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 zreas.

For clarity, it stould be explained that a rough classification of wind
power machines., on abasis of their capacity. has been made- Thus, machines
with a power capacity of up te .0 h.p. are called "small", those with a capa-
city between 10 h.p. and about {00 h.p. ave of "medium" size and those with
greater capacities are called “large®. 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 networks.

The work done in different countries (other than Denmark) can be summarized
briefly as followss-
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- Qreat Britain: The Ilectrical Research Association, advised by a wind

. power committee, and with additional financial support from the Ministries

A of Power and of Agriculture, Fisheries and Food; has done research on both

" theoretical and practical aspects of the problem during the last 12 years

. (see Refs. 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 régimes have been developed and methods of testing the performance of
wind=-driven machines have been evolved. A number of prototypes, of different
designe made by British manufacturers, have been tested. These include
mzechi..es of 10 and 25 kW capacity and three of 100 k' capacity. A sneregaful
erperimental study of the operation of an 8 K\ machine, supplying power for

an isolated house, has also been made.

Frances 3lectricité de Francey, aftcr maling an extensive survey of
potentially favourable sites in France; using anovel form of anemometer
(Ref. 1), have continued to work on the wind power problem with large—scale
plant especially in mind,. Mach experimental work has been done and detailed
studiesg of all possible forms of wind-driven machines have been made. Experi-
mental plants of 130 kW and 640 kW are under test. Two French manufacturing:
firms have also been responsible for the development of different types of
windmills in the small~power range.

L. Vadot (Refs. 47, 48 and 49) has made very comprehensive studies of the
various possible designs of windmills and of their applications.

Germany: Therchas 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 GBttingen, made a valuable contribution to
knowledge of the subject.

Since the war Dr. U. Hiitter, 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 Studiengesellschaflt Windkraft e.V.,
Stuttgart, supported by a number of large German clecirvicity supply under~
takings, has developed a 100 kW 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 Duteh windmills (De Hollandsche
Molen) was formed in 1923 and has since worked to improve the performance of
these mills as well as to ensure their more eflective use.




In "936 another organization, the Prinsenmolen Commissie, was set
up to study methods of improving the performance of Dutch windmills and
this has done valuable work (see Ref. 31) which has included experiments
or the use of the mills for electricity generation when they are not needed
for water »umping.

Sniop, ¢f the Soviet Socialist Republicg: A central wind pcwWer institute
was estzbiished 1ia Jussia after '9:8 and this has been responsible for the
developrant cof 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). T4z work €till continues quite actively and at the experimental station Vﬂ
at Iz'vo. near lioscow. 6 or 7 different types of machines are being tested
with Jle Speciai purpose of deciding which type is likely to be best suited
foir water pumping in the dry areas of the USSR where a main electricity
supply for nower »urposes ic ot availeble The possibility of installing,
iu remote oreay [rouse on viad-driven generators for electricity supplies

ig ziso Leiiy oiudied.

Spains A governnent-sponsored wind power study group. with headquarters
in liadrid, bhas been iuvestiguting the economy of wind power both for the
Spanish mainland and Tor the Canary Iglands. Wind data for a considerable
number of abparently favourable sites has been collected and a testing station,
at a well-exposed site near Ladrid, has been set up to test different types
of wind-drivesn electric generators.

India: The government of Indie established a wind power research commit-
tee in 1952 and this hss made wind surveys to determine the most favourable
areas for wind power. In some cf themost windy coastal arcas medium or large
capacity machiies might be used to supplement electricity networks and, in
many 4dry arcas, windmills for wzter pumping would be very useful. These
questions are being studied at the Indian National Aeronautical Laboratory at
Bangalore (Ref 10).

Algeriat There are strong winds on the coast of Algeria and the national
eiectrici., 2uthority. Llectricité et Gaz d'Algérie. has been interested in

wind power possibilities for some years (ief. 2u). One aspect studied has
been the conbination of wind power with water power vwith the object of sun-
plementing the latter in dry periods. Some four years ago one of the

British made 1C0 kW experimental aerogenerators (of the Andreau type) was

sent to Algiers for the use of the electricity authority and this has been
installed on a nill a few miles from Algiers. A full testing program has
given some valuable data on the perforiance of the machine.

Israeil: 4 wirnd power committee was established in 1957 and instituted
a wind survey to discover favourabie wind power sites. Studies of wind
behaviour have beei ade and these are still continuing at the Israel
Institute of Technoliogy at Haifa. Small windmills of different types have
been instalied *o test theli perivriuucet one of the testing stations was
at Bilat on the Culf of Aqaba (Ref. 9)
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> ¥, GEOGRAPHICAL DISTRIBUTION OF WINDS AND CHARACTERISTICS OF WIND FLOW

-

Natural winds are movements of air -~ air streams - caused by differences

1 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 & 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 speecd
charges from about 1,000 miles per hour at the equatsr tc zerc at the poles
nd, naerefore, ite influence on the resultant wind velocity varies greatly
wain latitude.

Althorgq hoth the speed and direction of the wind at any given place
vary groalily Uthroughout any lengthy period of time, e.g. one year, the
directicn, ¢t 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 therc is a low pressure
belt in the equatorial zone between them. These high pressure beli? produce
persistent winds from the north, in the northern hemispherc, and Trom the
gouth in the southern hemispheres The effect of the carth'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 eguator. Associated with this system of winds are persistent
westerly winds, in the belts 40° to 60° latitude in both hemispheres.

v In spite of the disturbance caused by storms which, for =z time, obscure
the prevailing wind dircction, there are thus certain well-defined tendencies
in wind direction for the belts mentioned. Cyclonic depressinonsg gie super—
roged on the general system of atmospheric prossure. Thesc  depressions may
mwove in any direction but, nevertheless, they have certain cstiublished tenden-
ciee 1n direction which assist in making predictions of wind direction in the
arcas affected,

The meteorological services all over the world make continuous measurz-
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 poinis 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 1o pressure differcnce, cun be calculated but, due to
frioctionzl and leocel lemperature cofrecctis at low altitudes, this calculated
speed is not. in general, actially attained below an altitude of about 14500
feet (500 metres).

WUhen considering power production by the wind we are, of course, interested
not in the winds at high altitude, but ir those up to one or two hundred feet
(30 to 60 metres) above ground level. These surface winds, in which windmills

! operate, are greatly affected by the topography of the area in wvhich the wind-
mill is to be located and also by very local obstructions in the form of rocks,

trees, buildings and, in fact, anything which will disturb the wind flowo
i ’..\'.:- /
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The speed of the wind is »rzsponsible for its power content and factors
affecting this speed will be dealt with later in some detail. Wind :
dircction is not so important except in so far as it may influence the |
choice of a site for @ windmill: if, viewed from a proposed site, there .
ars serious obstructions ia the general direcction of the prevailing wind :

whose will. ve especially detrimental and may lead to the choice of another
s1te.
Wind Sveed

Betore discussing the geographical distribution of winds it is impor-
vant to dcfine what we are to understand by "wind” from the point of view of
its ver potentiaglities.

By Tar the most important characteristic of the wind is its variability
i speed. At any specified point on the earth’s surface the wind, at a
given instant ¢l time, can have a speed ranging from zero to 28 muech as 25
miles per acur (56 nysec) or more. Even the windiest pleccs hcove their
clam spells while the least windy are occasionally subjected to storms which
bring higa wiands. One canxnot, therzfore, rely absolutely on power from the
wind at a given moment however windy the chosen site may ve and, on the other
hand, onc camiot safely reduce the mechenical strength of a windmill, destined
Jor a relatively calm area, to any great degree. Wevertheless, 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 important, and
generally applicable, facts:-

4

ie The nature of wind in the open (See also Ref. 14)

In a nafurcl wind the speed is never sirictly constants even on a scale
of seconds it varies continuously, though the variations may not be large
8.1ough to be troublesone for a wind power plant. The conception of a "steady
wind speed is irue only within certain limits. luch depends upon the instru-
ment uscd to lmeagsure the wind speed: 4if it is slow in response its indic.tion
may appear ouite steady although, had a quick-response instirument been used
instead, this would have shown rapid variations in speed. The magnitude of
these variations, as well as their fiequency, would depend on the "gustiness"
of the wind at the time of measurcment. Under stable weather conditions; and
at a site free from any obstructions near encugh to interfere with the wind
flow, tkc speed fluctuations are usually of low frequency and small in magni-
tude. but, during a storm, they are often violent.

L

2o Rapid variations

The rapid variations 1. wind speed referred to in (') are more likely
to be important from the point of view of the mechanical design of a wind~
mill than 11 thelr influence upon the power output. The mean, or average,
wind epeed - on which these rapid Tluctuations are super-imposed - does not
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tsually change quickly. Although it is certainly possible for this mean
speed to rise or full 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. fpiurnal variations

Considering now the scale of hours, inmany 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
régime with some degree of certainty. Thus, for exampley, in a coastal area
the wind speed may be almost zero throughout the night, beginning to rise as
dayli-at comes gnd 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
régimes are of much value.

In certain special geographical conditions the diurnal variations in
wind speed are very small. Thus, for example, at Longwood, St. Helena,
which is subjected to what is wvirtually an ocean wind régime, without any
land masses of sufficient size near enough to cause daily temperature
Yariatio§s, the wind speeds throughout the day are as shown in Table 2

Ref. 14).

Table 2

Diurnal Variagtions in Wind Speed at Longwood, St. Helena -

Hour of ' | T
day o 1] 2] 3| 4] 516 7] 8| 9/ 10|11(12{13[{14]15{16[17(18]19]20(21[22] 23

Jamuary
mean 20 |21(21|22122(22 |22 (2223 23| 22]21(|20(19119 191919119 |19 [19] 20| 21| 21

July
mean 17417116 (17 116{18 {18 (1819119 20{18 |18 1T |17 |17 1T 1T 17 |47 {1717 17} 17

Yearly ‘
mean 18(18| 1819|1920 |20 ({20{20 |20| 21{19{18{18|18 18|18 |18/ 18 18|18{ 18] 18| 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 considereds sometimes a second, subsidiary, peak occurs during the
year. As an example of the changes in these monthly values, in Great Britain
the months lMay, June, July and August are always relatively calm while



December, January and February are usually the windiest months. In soms
years, however, the autwan or spring months are as windy as the winter and,
indeed, throughout tiie perlod September to April, high monthly mean speeds can
be ezpected. Some monthly mean wind speeds, measured at meteoroclogical
stations in diffexrent parts of the world, are s.own in Table 3 as an indica-
w1on of the variability pattern to be expected (see also Ref. 35).

Table 3

Lionthly iiean Wind Speeds at Meteorological Stations

lMean wind speed (miles per hour)

Station J F Jive A i J J 4 S 0 N D | Year

England and
Wales (average . .
of 20 stations) [4.4]3.8]-2.5]2.3]0.8]:0.7]:0,6 | 9.9 |0 8['2.813.1{13.5] 12

U.S.4. (average
of 20 stations R
in New Bagland) [*.0|:..2]%1.4[1%.0] 9.8 9.0 8.6 8.4 8.8] 9.6 [10.5]10.6] :C O

Liadras (Iwde) 19,0 9.5| 9.6(11.7(11.8(11.9 [10.8 [10.7 |[10.0 | 8.7 [12.3|12.5] C °
Ramallah \ ,

(Jordan) 16.21{73.2(15.312.6[11.3]11.9 [12,6 [10.7 |10.0 | 9.5 {10.0 {11.3 | 12.
Perth

(7. Australia) [3.8]:3.5):2.8]:0.7}:0.6{20.6 i1.2 1.8 11,8 |'2.6 [13.4]13.9] 12.¢

Beaufort Vlest
(U. of S.Africa 9,91 88| 8.3! 8.4 9.8 [i0.6 10,3 [10.4 [10.2 |t1.1 10,6 [10.2 9.9

St. Helena i17.0 [25.8(15.5(15.1|%4.2 {15.3 [15.7 [i8.2 1.2 [19.1 [19.7 {18.8 ] 7.~
H
Victoria Poiat ‘

(Burma) 5.6 | 505] 5:3) 4.9| 4.7) 5.4 6,564 (5041 4.6] 55 5.3

4n examination of the figures in Pable 3 shows that, altihough the months
with the highest winds vary from place to place, thero is o uaniform irend with
a Tairly gradual building up to the highest monthly speed and a gradual falliag
away again. for the stations with yearly mean speecds in the range 9.9 to
2.2 m.p-n., the monthly variation from the yearly mean is usually within ¥
2 m.p-h., tne exception heing lamallah wherc the variation is +4.! to ~2.6.
At the very windy St. Helena station the monthly means va ry from the yearly
mean over the range +4 to -3 n.p.h., while at Victoria Point, Burma, the
fluctuatzon is little more than * 1 m.p.h.
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"5 Long-term variations

At most places where long-term records of wind speod 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) (Ref. 24) to 27 m.p.h., or even more, at specially selected windy sites
in coastal arcas of Great Britain and other countries in the high latitudes,
but 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 3tates 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 o0:'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-year 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 control gear.

A 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
followings -~

(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 characteristicss

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

(¢) 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 ia windiness and the time
relationship between th: 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 irrigations

(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.



- 13 -

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 wers made. ’

Assessment of Wind Power Economy

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

Ta the preceeding paragraphs the importance of a knowledge of the wind
speed, hour by hour, throughout the year has been mentioned while, earlier.
the dependence of wind power on the cube of the wind speed was illusirated.
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 wind power plant; (ii) the percentage o 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

c

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, . As an
example, suppose the capital cost C is &80 per horse-power oi e machine's
capacity and the annual charges are at the rate of 12 per cent. If the
annual output is 3,000 h.p.~hours per h.p. of capacity, the cost per h.p.-
hour is £ 12 x 80 = &0.0032 or 0.768 pence. The calculation is, of

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

FNTRY

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

The values of C and p are devendent on the manufacturer of the wind
power plant and on the persony or organization, responsible for financing
the installetion. The initial cost C is entirely ir the hands of the
manufacturer while the "life" of the machine (i.e. the number of years over
which its cost can ve depreciated) is also greatly influenced by the quality

4
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!L 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 also affected by the details of con-
struction though this component is likely tosbe small,; e.g. between 1 and
2 per cent of C. The perceniaze 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-
durztion curve") is plotted as in Fig. 9. This gives the number of hours,
in the year, for which the wind specd is egqual 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. 9.

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
emphasizedy; at this point, that no windmill can be made to operate eecono-
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 régime 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
"eut-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, thercfore, the
annua: sutput ¢ enevgy by the wind power plant witl: the assumed operating
charactcristics, while the rcctangular area representis the cnergy which would
be produced if it were possible to obtain full power from it throughout the
entire year.
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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 omnpg x 8,760
rectangular area omrs

If, for exarmie, the shaded area happens to be one third of the rectangular
area, T = 1 x 3760 = 2920. This figure T is, in fact, the equivalent

3
number of hours in the year vhich, if the machkine were running at full power.
would produce the same energy as it actually produces in the varying wind
régime.

1t will be shown later that it may not always be necessary to follow the
whole of the graphical process outlined above in order to obtazin the value 7,
but a proper understanding of the operation of a wind power plant in a given

régime 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 vower 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 aad it may be more economical to install a fuel-

driven stand-by plant. Then 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 shculd be avoided if possible.

It should be noted carefully that the need for storage or stand-bdy
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 g number of important agricultural
loads which can be met in this way and water pumping is one of taem:
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 punmping
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 storoge waich is inherent in the pumping
process: it does not call for the vrovision of any device, such as an
electric battery, for the sole purpose of storing energy.
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We can summarize this discussion on the econony of wind power as followsi-—

Bsing piven, by the prospective user of the plant, data on the wind

svéime av iz 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 ex:en’iture for the completed installa-
tion is also a matter which must be decided by the uscr. Knowledge of the
wind régime 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
would apply to power generation by any feasible alternative means but, at
tiis pointy; 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 stora_e.

Although, thercfore, the designer and manufacturer of the 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. WIND DATA AND THE SELECTION OF SITES

It has already been stated that the power in a moving stream of air is
givea by the formula P = KAV where V is the speed of its movementy i.e. the
wind speed. Vhen we are considering a windmill located so that it is acted
upon by this stream, the cross-sectional arca of the stream is approzimately
that of th«¢ area swept out by the windmill rotor as it rotates in a plane at
right onazles to the dircction of the wind. In fact, some of the alr which
passes round the extremities of the rotor also has an efTect upon the machine's
perforiance but, for the moment at least; we can neglect this.

I7 it were possible to create, in a very large wind tunnel, or to find
in nature; a column of gir every part of which was moving at the same, con-
atant, 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 wind-tunnel test would 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 which malke 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. We have already discussed the
nature of the variations which take place in a natural wind.

What, then, must we measure to obtain useful wind 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 be dealt with under separate headings
below.

Wiid kMeasurements to Deu. i .i.e Site Characteristics

lleasurenents placed undeir this heading are not made with any intention
of discovering the detailed, moment-to-moment, behaviour of the wind at a
cnoseil Site but are Tor the purpose of obtaining information on the wind
régine, i.e. the long-term behaviour of the wind over a period of moaths

or even of years They are often coacarired with the windiness of one site
relative to that of another and Tori, i.erefore, an cscential part of wind
surveys. Iv i3 clearly desirable thav shey suculd ve ade according to

some siandard poisorr oo thot the results coan be accepted, perhaps, on an
international basis, not only as a guide to the degrees of windiness of
different ar-as, but as a basis for windmill designs which ensure suitable
constructions for the sites concerned.

The methods alircady estnblished for wind measurements deserve mention
before discussing the question iu further detail.

The meteorological scrvices 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
World 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 meires. 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, foxr the increase in wind speed with height above
ground, which has a statistical basis but which may not be strictly appli-
cable under 211 conditions so that there may be errors in wind data
areselted from such iieasurements.

Asgain, the sites of meteorological stations are seldom chosen with
regard o any especiclly 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 specd
values from meteorological observation stations arises from the different
methods of measurement used. The most complete informztion on wind specds

nd directions is gained from recording anemometers -~ an exXample 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 are; 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 but 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 betvween any two readings gives the miles (or kilometres) of wind
wnich 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
»eriod between successive readings is numerically the same as the hourly
average wind speed. This fact leads maturally 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, &
device which makes a contact; in an electiric 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 contacty it is possible to take a record of the run of wind
per hour, the chart running at a constant speed and receiving alsoc a mark at
the end of each hour (Fig. 11).

Another type of recorder is shown in Ffig. 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. Trke distance between
successive dots represents the run-of-wind. This type of instrument is
designed particularly for economy and for simpliecity in operation and in the
subsequent chart analysis.

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

4t some less important stations local observers riay keep records of wind
speeds obtained by "judicious guesses" talling into .ccount visual signs such
as the bending of tree;, moveizent of leaves, etc.

It should be clearly understood that none of the foregoing remarke ig
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
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stations and the methods used are doubtless suitable for general climatic
studies, or for special purposes such as aerial navigation, but, unfortunately,
they are not very useful for the assessment of wind power possibilities.

They do, however, give reliable guidance on the generzl question of the
relative windiness in different arcas and, particularly whea nicasuiements are
made by recording anemoreters located at well-exposed places in level country,
they may give all the information needed.

Let us now consider the methods to be followed in site selkction and the
determination of the wind régimes at selected places. Ir 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 ia the annual energy 1o
be obtained from a windmill so thot it is vitally important that the most
favourgble sites should be found.

Suppose, then, that wind power possibilities for an arca of considerable
size — perhaps several hundred squarc miles - are to be studied. The first
step is to obtain information on wind speeds, and prevailing wind dircctions,
from such meteorological stations as already exist. Long-term records will
give reliable guidance o:1 which are the windiest districts and on the choice
of site from the point of view of exposure to provailing winds: one should
not chosse a site which is shielded, by high ground, trees or other obstruc-
tions, particularly these 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 all.
When the wind flows over a hill its speed, in the lower layer, undergoes a
considerable change and, if it is of a favourable shape, with fairly steep but
smooth slopes, the wind specd over its swunit is accelerated due to compres-
sion of the sireamlines by the upper layers of zir: therc is a Venturi
effect. To illustrate this phenomenon, the rcsulis 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 zre situated ond the heights oi the
hills.

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

Figures 13 and 19 show photographs of two of the hills (sites i and 3)
for which data are giver in Table 4. They ace both almost ideally shaped
for wind acceleration. If one were to attempt to specify the ideal it would
probably be & hill of approximately conical shape, though with a smoothly
rounded top, &0 that winds from all directions would be similarly accelerasea
It would be an isolated hill lyingin a coastal plain with no other high ground
within perhaps 2 or 3 .:iles. (ind specds ave aigher near the coast than
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-Aanland because of the ground friction which retards the passage of the wind).
'It has been suggested that a ridge lying athwart the prevailing wind will
g1ve the best results but, although this may be true if the wind direction

~ rerains constant for a large part of the year, it is found that, for
variable 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 gpeed
r— T ) g DA T T
Site No. Altitude of Annual average Annual average |Percentage
hill summit wind speed wind speed for |gain in wind
(feet) {m,poho) the surrounding| speed at
area hill summit
(m.p.hm)
1 500 25 15 67
2 657 22 16 38
3 1 9203 27 17° 5 54‘
4 1,358 25 14 80
> 1,894 25 12,5 100

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 the 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 callsg
Tor 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 wind 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
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Fig. 21 - Air flow over pointed hill.

Fig. 22 - Air flow over hill with flattenad top.
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need. The anemometer itself should, preferably, be mounted on a pole, or
light tower, 10 metres high (Fig. 205° 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, hovever, san 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 shave, with a fairly sharply pointed summit: the wind siream

follows the gjrouviil curface and the accelerated wind speed will be measured

by the anemomc..r ocin 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 heirat 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 accelerazed wind.
This shows that the height of the anemometer above srou.:d might have to be
related to the contours of the millvon site. KRemeaio:oliiy that the equipment
will be subjected to high wiad _.osulcs ead generally diificult climatic
conditions, prccautions shculd be taieinr 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, pertability 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 foundationsy; or anchoring guy ropes, which do not call for the
carriage of heavy loads or involve complicated procedures.

As a power supply for elecirically-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 exhgusted. If the re-
charging of accumulators introduces a difficulty, it may be found cheaper
to use dry cells or even, perhaps, wet Leclanché 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 therec is a plentiful supply of flat stones at the site or if <ne
ground is solt so that a turf hut can be built.

In analyging 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 régime at the different sites. This is
important because sometimes it is found that an apparently good site has an
unexpectedly low winld speed: 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
Yight 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 o wind survey, it is usually necessary to undertake such
work at the miniiwum cost. For this rcason the use of the simvler cup-
counter anemonetery, alrcady mciivivied 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 suszesting this low height it is assumed that there are no local
obtstructions 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 cbserver
shall be able to read the dials and write down the readings.

4 cup-counter instrument when read at lengthy intervals, e.g. weekly,
does not give hourly wind specds; 1t integrates only run-of-wind fron
which an annual average wind speed can eventually be obtained. Neverthe-
less, if the weekly readings are plotted on a graph as in FPig. 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 ocutput 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 sveed" for windmills which might be installed at the sites.

This means that o fairly good approximation to the value of T for a
site can be obtained from measurenents 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 régime, on periods of
_calm weather, and on maximum hourly wind specds but, out of (say) six in-
stallations in the area being studied, only one such installation is
essential, the rest being the cheaper and sinpler cup-counter instruments.
The result of the survey would then be that ot 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 prevailling winds, 1t is, to say the
least, very unlikely that the wind régimes 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 Electricité de France
in the French preliminary wind surveys iu which a large number of sites were
clacsified in order of windiness (Ref. 1). The rotor of this instrument
has four long cylindrical cups, with quarter-sphere ends and sufficient
power is generated by 1t to drive a small alternator the permanent-magnet
rotor of which 18 mounted at the boitom of the anemometer spindle. Both
the voltage and frequency of thisamall alternator are prevocoional to wind
speed and its output is fed into a modified form of kilowait=hour meter.

The electrical constants of the circuit are so adjusted that the speed of
revolution of the meter disc is proporsional to *the cube of the wind speed
and the meter registers the integration of the cubes as the wind speed

chev s, By using a multiplying constant which takes into account the air
deus: ty and the theoretical maximum efficiency of a windmill (59n} per cent)
the dlals of the meter are marked in kilowatt-hours per square metre (of
area swept by the rotor of a theoretical windmill)o

This equipment begins to operate in a wind speed of about 3 metres per
second (6.7 miles ner hour) and its registrations follow thc cube law
closely up to a wind speed of about 13 metres per second (29 m.p.h) after
which the error increases until, at 25 w/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, hecause 1t can be lefr
ruaning for a long neriod vithout its registrations beiung destroyeds it
thus needs only infrequent attention and; in fact, readings spaced at
exactly one year apart would show the theoretical annual total of energy
(per square netre of swept area) which would be produced at the site by a
windmill. It should be emphasized; however, that these readings caanot be
taken as true iundications of the possible energy obtainable: 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 spells; and of particularly
windy periods, cannot be distinguished. The equipment, which is made by the
Compagnie vour la Fabrication des Compteurs, of liontrouge,, is inevitably
somewhat expensive in initial cost but is, of course, cheap to opefate owing
to the infrequency with which it needs to be read. )

The Increase of Wind Speed with Height

FPor many years meteorologists have taken a considerable interest in this
question and much experimental work has been done to establish the law
governing wind sweed and height above ground. The underlying Tacts are
that, while the wind at great heights (say several thousand feet) takes up 2
speed dependent mainly on atmospheric pressure differences, wind near the
ground is impeded by frictional drag caused by the ground surface. We have .
therefore, fast-moving upper air "sliding" over slover-moving lower alr and
if we think of the silr stream ac consistingoi layers, the influence of one
layer on the specd of another depends on e degree to which there is inter-
mixing of the air in the layers. Yhis intermixing is caused by the eddies
which are discusses nore fully under the next heading and ic, of course,
increased by temperature differences at different heights.
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: Weather conditions vary so much, from place to place and from time 1o

y\*time9 that it is impossible to state any law, for the vertical wind gradient,
whkich can be accepted as precire under any specified conditions. Neverthe-

. less, a statistical law for ihe avewi_c wind speed over level ground has
been formulated as the result of the work of many investigators (see Ref. 14).
This is that the average wind speed V,, at height h, is proportional to the
height raised to some power X which is of the order of 0.17 but which, un-
fortunately, itself varies according to the time of day, the climatic
conditions, the actual value of the wind specd 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 feat (15 metres), is 150°°17 = 1.2. = The speed increases by 20 per ocent

0.17

as we ascend from 50 feetsgo 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 régime 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 requirsment for any such calculations.

It should be noted ..t atv coastal sites the effect of altitude is
rcduced 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 effect 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 V150
50
will probably be about 1.1 instead of 1.2 as calculated for level ground.

Wind 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 1s of
interest. By the term "structure" we mean the detailed behaviour of the
wind, including its rapid chanses in speed and direction both horizontally
and with height above ground.




Fluid flow, which includes air flow, may bhe "laminar" or "furbnrlent”.
In laminar flow the air may be coxnsidered as Tlowing along stre mlines
without any whirling motion and without any nmixing of its layers whereas,
in turbulent flow, mixing of the air in the layers teckes place due to a
whirling motion - or eddies superimposed on the main flow. In general,
natural winds, i the open, are turbulent although when the wind Tlows
over a hill with a good aerofoil shane something spvroaching lasinzr flow
may be assumed in calculations on its acceleiation.

The "eddies" arc thought of as more or less circular disturbances
which travel with the wind and, according to their dircciion velative to
that of the main stream, they create "gusts™ and '"lulls'. The axes of
thesc eddies are orientated in all dircctions zc¢ thot, in a gusty wind.
ropid changes of both speed and direction of the wind at any given point
may occur.

The importance of wind gusts, froiz the point of view of wind pover,
lies mainly in their effects upon the stresces set up in the blades of &
windmill. There is-insufficicnt information on gusts for any general
statement to e male nn the diameter of the eddies which cause ther tut
there is some evidence(lefs. 74 and 52) %hat this diameter may be less than
that of the circle swept by the blades of the windmill rotor and, thercfore.
that a blade may be suddenly affected by a coansiderable incresase in wind speed
with consequent heavy stresses. Xeasurerents on gusts have been made showing
that it is possible to have, during a time of no more than 0.8 sccond, 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 spead of up to 15 ft/secu, or even more
can occur in as shoxrt a time as 0.04 second. Although the causes of
gusts are undoubtedly complex they can be caused by local obstiructions in th-
path of the wind and this is a good reason for choosing, as a windmill size,
a place which 1s free from any such obstructions or sudden breaks i1n the
ground contours which may set up turbulence.

Vhile 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 outpur «f
the machine because they are of such short duration that a large rotating
mass such as the windmill rotor camnnot 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 guste are coriciderable (Fig. 26)
Thus, for example, records taken in a storm when the hourly average wind svnced
was 90 m.p.h. showed rises and falls of 30 per cent., i.e. up to 125 m.p.h.
and down to 60 m.p.h- Gust speeds of the order of 30mypp *i. are found to
occur, perhaps every year, or once in two years, during ctorms in th. very
windy areazs of Scotland and, no doubt, in other countries.

Soniewhat slower changes of wind speed, occupying secends rather than
fractions of seconds, may have some effect on output while, if the direction

Ralad

of the wind changes in the same short time, difficulty will be experienced
in the orientation of +the windmill roto1l to facc intd*winds the head of &
large machine cannot resvond guickly to & change in dircction and, if the
angle of the change is larvge tie direction of the wind rtressure on the blades
might suddenly be reverced.
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The total output of energy by a wind-driven machine during any period of
% 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 cubg of the wind speed V' the element of
energy Jn a shogt time t (during which the wind speed “'is assumed to be
constant) is V'3t 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 4, their cubes are 8, 27 and 64 and the average value of these oubes
is 8 + 27 + 64 = 33 whereas their average is 2 + 3 + 4 = 3 and its ocube

3
is only 27.

T'F L]

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 earller, to base such estimates upon hourly
average wind speeds.

Wind Data for Water Pumping and for Elecﬂ?icity Generation

Basically, the same kinds of wind data arc needed for both of these pur-
poses., A complete record of hourly average wind speocds will afford all the
information but its use; i.e. the analysis following its collection, will
diffexr-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 - whiley, 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 electricity 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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One z3pect from which the information needed for elecctriecity generation
is more demanding thas for water pumping is that of diurnal variations 1in
wind speed. VWhen the wind power is to be mainly used directly, without
gstorage, it is of some importance to know at what hours of the day there
w11l be enough wind for purposes which could be fulfilled during those hours.
Fer ezanmple 1if, during the season of the year when powzi could be used for

ihe throsking of grain, the wind were to blow mainly at night this would be
s disadvantog: as it would be, also, if cooking. or the aflVlPQ OL(VDJ{iIGT’
ing Tans, by wind-produced power were in prospect. On the other Tr.d, powol
at ason could be uvsertul for lighting or for heating.

In =ater pumving there is little or no distinction to be drawn between
powe: 11 daylight hours and that during the night. These questions will be
dizcussed in more detail in the succeeding section.

Perhaps Dbefore concluding this discussion on wind data. it might be
uselful to point out 2 neithod of presenting annual wind speed data which is
altevnative to that of the velocity-duration curve. This is the velocity-
freqlencv dragram for which exactly the same basic informztion i1s needed zs
for 1lie velocity-duratico curve. namely a record of hourly average vwaind ~:niid,
but wiich provides & clearer conception of the annual duration oif vueeds of
difrerent values.

In this disgram. 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 k.lometre per hour intervals. Whatever
the distribution of the wind specds in the year. the total area of these
blocks must be the same in every case because it rust represent the number of
hours 1u the year. 1.e€. 8.760. Sometimes it is found convenient to draw a
curve througn the peaks of the blocks but this can be misleading because nro
atterpi 1s Deing nade to iudicate a continuous variation of durction for all
wind sve=ds. he diagrom ig a histogram and should. strictly, always be
presented in block form. In Fig. 28 three velocity-frequency curves, for
gites with different annual average wind speeds, are shown. It will be seen
that the duration of the most frequent wind specd diminishes as the annual
average wind ¢peen ircreases.

ITI. WIND POWER FOR DIRSCT WATER PULPING

The direct pumping of water by a windmill is done through an installntion
which is a combination of windmill and water pump so that the characteristics
of each of these two component parts are combined in the waole. The appro-
sriate matching o7 the characteristics to produce a satisfactory output is
done of course, by the manufaecturer. Unlike a wind-electric plant. the wina
pump gives the user no opportunity to vary the loading conditions =3 -ificantlys
he must accept 1t as 11V is and make the best use of 1t. Further (when using
the commcnest form of installation - the piston pump). there iz 1itile choice
ot s1te with a wind pump because it must be installed _verticalliy above the
vater to be punmped even though the site is not espeCJullj wipdy. There are.
also. other limitetions to the water output of such an I'gthllutnon The
first is the obvious one of availability of water .ot : ¢ el -:nllod coouh

{0 be rcached by the puip, and a second is the rcsoivolr cupa01tyo, i
IR

s
-
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The planning of a windmill water pumping installation is, therefors,
% somewhat more complicated than that for a wind-driven electric generator.
It is not a simple engineering operation but 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
W pumping -~ a8 distinct from an 1nd1v1dual pumping project at known wells -
{ is undertaken.

~—

Thie bulletin is not the place for a dissertatiom on ground water but

" there are a few salient facts which should be borme in mind by anyone
interested in the provision of pumped water by means of wind power. The
first s that water often lies under apparently very dry ground but varies

_in depth below the surface according,wpartly, to the surface contours, i.e.
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 it, depends on many
factors, topographical andgeological, 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 northein Jgypt. there is underground watery 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. Thig is an important question in
considering the use of a wind pump because, clearly, it is useless to install
a muchine 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 areas; 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 : iw

consumption or for irrigation. This question ol salinity is a complex one
and it forms the field of study of specializing laboratories in different
parts of the world.

lien ond animals can usually tolerate more salt, in their drinking water
thau is pernissible for the irrigation of crops. It is not easy to give de-~
v 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.



Por ixrigation, the degree of salinity w
%0 & considerable extent, upon the rainfall in Xhe area.
in the top few inches of the soil, especially if
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ch can be tolerated depends,
S8alt accumulates
e drainage is poor and

this can bs 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 (Refs. 42, 43,

44, 45 and 46).
Pable 5.
Ho. 217, Maxrch 1960)

Table §

Salt tolerance of various crops

One such classification, for field orops; is shown in
(U.8. Deparitment of Agriculture, Agriculture Information Bulletin,

Polerant (1)

Moderately (2)

Sensitive (37

tolerant
Barley (grain) Bye (grain) Pield beans
Suger beet Wheat (grain)
Rape Oats (grain)
Gotton (upland) Sorghum (grain)

Sorge (sugar)
Soybeans
Sesbania
Broadbean
Corn

Rioe

Flax
Sunflower

Castorbean

(1)g1ectrical conductivity of soil 8 to 12 millimhos per cm. at 25°C.
(One millimho is usually equivalent to 640 parts per million of
salts in solution)

(2)4 millimhos to 8 millimhos.

(3)2 m111mhos.
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. - A UNESCO publication (Bef. 39), on the utilisation of saline water,
t &ives muoch valuable information on this subject and includes g “standard
scals adopted by the Casablanca Laboratoire Officiel de Chimie Agricole

[}

- et Industrielle, Moroeco®.

This is given in Table 6.

Table &

Uses of waters of different salt contents

Proportion of
chlorideas,

ey’ resssd as
VaCly in grammes
pexr litre in the
irrigation water

Suitabilidy for irrigation

less than 0.5
0.5 %o 1.0
1.0 %0 1.5
1.5 %0 2.0
2,0 %0 2.5

l 2.5 to 3.0

3 % 4

above 4

suitable for all irrigation
suitable for most irrigation

8lightly high oholoride content; usable for most |
irrigation but precautions needed for use on '
sowings of delicate varieties.

definite chloride bias but ussble for irrigation
except for sowings of delicate varietics

high chloride content dbut usable with suitable
precautions

high chloride content but still usable for
certain crops

very high ohloride oontent, practically unusable
for irrigation

salt water entirely unsuitable for irrigation

4 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 certaln period of pumping, the output becomes too brackish for use and
the pump mus? be stopped uniil the well can refill with usable water. Por
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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Studiee of underground water problems and surveys to provide informa- [
tion on the question are now being made in many parts of the world. The
Axrid Zone Research Advisory Committee of UNESCO has been mmch concerned .
with the matter and a number of useful papers (see Refs. 37, 38 and 39) )
have been given at recent UNESCO conferences. It is strongly recommended /
that such papexrs should be consulted, or that the advice of ground-water ,
experts should be sought, before any significant expenditure on water {
pumping ig underteksen.

From what has just heen said it will be appreciated that nn 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
avail-ble; some trials with different sizez of pump may be necessary. This
is not, in fact. so serious s matter as may appear at first sight because,
in eny extensive scheme, different sizes of pump will certainly be needed
and the changing of a plant is not a major operations it can usuelly be
done by local labour without any high degree of skill being called for.

By far the commonest type of wind pump is the slow-running wind wheel
driving a piston pump. 4 description will be given later dbut, for the
moment, we are concerned with the water output which can be expected from
machines of this kind.

The wind wheels range in diameter from about 6 feet to about 18 or 20
feet (2 metres to 5 or 6 metres). Piston pumps demand a constant torque.
Por any given installation, therefore, the torque required of the wind wheel
is cons tant whatever its rotational speed and whatever the speed of the wind.
Standaxrd 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/@ec). The rate
of pumping then rises until wind speeds reach about 15 m.p.h. (6.5 to 7 m/ sec),
after which the wheel begins to turn; automatically, out of wind, so limiting
the rate of pumping, for higher wind speeds, to little more than that ccrres-—
pornding %o 15 m.p.h.

The pumping rate depends, of course, upon the height through which th
water i8 to be raised as well as on the diameter of the wind wheel. -/ S

Pumping Rates

The rates of pumping, for different sizes of windmill, quoted by manu~-
facturers, differ so widely that it is necessary to establish figures which
can be used as reference standards. It should be clearly understood, here,
that the manufacturers’ figures are not deliberately misleading; the pump—~
ing rates quoted can doubtless be achieved by the machines mentioned, but
the major doubt is the wind speed for which they will be attained. 17
such figures include any mention of wind speed at all this is usually vague -
*In a light breeze"”, "For an average wind speed", “In wind espeeds of 12 to
16 miles an hour", etc.
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For any serious estimate of annual output, besed on a measured wind
régime, somsthing more precise is needed and the following tables have been
drawn up to meet this nesd.

Basic data for this purpose are; of course, the values ocaloulated for
the power available, in the wind, at different wind speeds. These must be
combined with an assumed value for the overall effisciency of the windmill-
pump combination. Vadot (Ref. 48) takes an efficiency of 20 per cent which
is arrived at as follows:-

Maximum theoretical efficiency
of 8 windmill .. o+ oo oo o oo e ss oo 59.3%

Actugl efficiency of a slow~
running rotor; as a fraction
of the theoretiocal efficlency .. oo oo <o oo 55% to 60%

Bfficiency of the pump and )
driving mechanism oo oo oo e oo oe oo oo 6OF

These somponent officiencies are muitiplied tocether 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 probeble maximum rgther than as an
averages much will depend upon the quality of the actual installation and on
its maintenance. Certainly it will not, in fact; remain constant over the
whole 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, maximas
if the actual efficisncy of the wind pump were known to be X per cent, the
truo pumping rates could be caloulated quite camily by mltiplying those in

the table by X »
20
The formule for the power in the wind is
kilowatts = O.0000054V3 AR

where A = area awept by the windmill rotor
(in sq. feet

¥V = wind speed in milea an hour

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

h.p. per 8q.ft. = 0,00000133V3

Vaelues 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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Table 1
b.p. per 8g.f3i. (at 29% efficiencyl for different wind speeds in m.p.h.
.mﬁgzaf;;;ggu.wg—milpo per eé;f£°“M~Wh%“ éﬁgé’ép;;a“““““r'”i.pa per sq.ft.
(m.p.h.) ! of swept area (m.p.h.) of swept area
5 ! 0.000167 14 ‘ 0.00366
6 ; 0.000288 15 0.00450 ;
7 { 0.000456 i 16 0.00546 ;
8 5 0.000684 17 0.00655 i
9 0.000972 | 18 0.00778 E
10 | 0.00133 | 19 0.00918 ?
11 I 0.00177 20 0.0106 |
12 0.00230 21 0.0123 i
13 0.00293 22 0.0142

The pumping rates in Table 8 are based on a pumping “head” of {00 feet.
This head includess— (i) the depth of the water below the ground surface
(1) the height, above ground surface, to which the water is to be pumped,
and (iii) an allowance 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 cent) 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 rateis halved.

With a 100 ft. head the pumping rate, 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 bh.p. by 2,000, c .

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

CoVo/qu metre = Q. 000162 ]}'3
where V is the wind speed in metres per second.

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

Pumping rates and h.p. for different diameters of wind pump, with 100 feet head and assuming 20%
efficiency throughout

Wind { 6 feet | 8 feet | 10 feet . 12 feet 14 feet 16 feet | 18 feet

:?:Ti,f hopo Egals/hrf b.p. Sals/hr; h.p.? gals/hr hopcfﬁgals/hr h.p.? gals/hr hop.{ gals/hr h,p,? gals/hr
5 .0047 | 10 00831 17 |.0125. 25 019 38 .025. 50 i .033i 66 042 84
7 é.0128 25 1.0228] 42 |.036 72 S .0515 102 .0695 138 .0915 182 2116 232
10 2.0372 75  [.066 | 132 |.10 200 .15 é 300 .20 | 400 .266 532 2337 674
122 .064 | 128 l.15 | 230 | .18 360 g .26 E 520 .35 ! 700 | .46 920 .59 1,180
U 50102 204 |.183 | 366 .29 580 é 41 g 820 .56 11,120 .73 1,460 .93 1,860
16 %.153 306 |.273 | 546 | .43 860 ; .61 1,220 .83 11,660 !1.09 22,180 1.39 2,780
18 3.218 436 |.389 | 7718 |.61 (1,220 é .87 51,740 1.20 2,400 | 1.56 23,120 1.99 53,980
20 30297 594 |.53 [1,060 | .83 [1,660 :1.19 ;2,380 1,60 f3,2oo ;2.12 14,240 2,70 5,400
22 %.398 796 |71 |1,420 1.11 |2,220 i1°60 13,200 12,2 54,400 52.84 é5,680 13,62 7,240
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Table 9

8.V /ag.metre (at 20% efficiency) for different wind speeds in m/sec.
Wind speed C.V. per sq. metre ? Wind sp;;d-.“; C.V. per sq. metre
n/ sec. ) of swept area 'E (n/ sec. ) i of swept area '
2 0.0013 6 0.035 ‘
2.5 0.0025 1 0.056
3 0.0044 8 0.083
3.5 0. 0070 9 0.118
4 0.0104 {10 0,162
45 0.0146 11 0.215
5 0,0202 12 0. 280 !

Wow, to obtain; for metric quantities, a table similar to Tadble 8, and
which will be numbered Table 10, let us assume & pumping head of 50 metres
and caloculate, for different wheel diameters; the rates of pumping in oubic
meires per hour. § C.V. pumping against a head of 50 metres; will raise
5.4 ocubic 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 régime, we can proceed as follows:- N

Suppose that the rate of output for the machine (of the slow-speed,
piston type), for different wind speeds, is as given by the curve of Fig. 29
(which 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)) ing starts at
a wind speed of 3 n/sec (6.7 m.p.h.) and full output of 6 m3/ hour is attained
in a wind speed of 6.75 m/sec (15 mop.h.). It is assumed that, at this wind
speed, the whegel turns out of wind so that, for higher wind speeds, the full
output of 6 m3/ hour is maintained but is not exceeded. 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. R R X

Suppose, also, that the wind régime at the windmill site is as represented
by the velooity-duration curve given in Fig. 30. This is for a site having
an annual average wind speed of 9.6 m.p.h. (4.32 m/sec.). From this curve it
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Table 10

Pumping rates and C.V. for different diameters of wind pump with 50 metres head and assuning 20

efficiency throughout

[4

%w%:7szz§edf 1.5 metzes ? 2 Tet;es 7 2.5 ?eties? 3 :et;es? 47met§es _ 5 fetzes 6 %ftzi?

; C.Vo| m /hr! C.Ve! m /hrE C.Vo. m°/hr, C.Ve. m”/hr CoVe m/hr C.V. m’/hr C.V. =a’/ar
2 .0023 | .012 {.0041] .022 |.0064) ,035| .0092 .osoi 0164 .090 - .02555 .14 L0368 .20
3 .0078 | .042 {.0138! .074 .0216? 212 | o0311] .17 ; .0554 .30 50086 f 46 125 .68
4 .0184 | .10 |.0327! .18 |.0510 .28 | .0735| .40 ? J131 W72 5.204 110 .294  1.55
5 0358 | .19 1.06341 .3 |.099 | .53 | .43 1 .77 ©.255| 1. E .396 2.14é 572 3.10
6 062 | .33 [.11 [ .59 .7 | .92 | .25 [1.35 | 238 .69 | 3.73..99  5.35
8 U7 | .79 1.26 (1.4 |41 (2.2 | .59 !3.2 {1.05 5.7 é.ss 8.8 2.35 12.7
10 287 1,55 (.51 (2.8 [.79 l4.3 L1 6.2 %2.04 11.0 5017 17,1 4.58  24.8
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is possible to determine the number of hours, in the year; for which the wind
blows at any given wind speed, i.e. g velocity-frequency ourve can be derived

from 1i%.

Actually the full frequenoy curve is not needed:

we need ouly the

duration, in hours, for each of the wind speeds from 7 m.p.h. (approx. 3 n/seo )

A8 indicated on the
figure, as an example, the duration of 7 m.p.h. = 600 hours.

up to the full rated speed of 15 m.p.h. (6.75 w sec.).

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

Wlnd speed

.
|
rm Pe h.é

Table 11

Annual output of water for a given wind rézime

Annnal duratlon

Output rate

Total output

I ol
t
|

m/sec; hours m3/hro m3

; T 3.ﬂ5 ? 600 0.3 ; 180
u 8 3.6 1 500 1.4 ] 700 i
i 9 ?4,,05 | 500 2.3 | 15150 r
10 45 400 3 1,200 §
1 495 | 500 1 1,850 {
| 12 | 540 | 450 4.2 | 1,890 i
3 sy 450 R 2,115
4 630 300 52 | 1,560

15 | 6.75 | 300 5.7 1,710 |
15 plus 1,700 6 o 10,200

Total 5,700 ‘T.Qjal. 22,555 m3

The duration of wind speeds above 15 m.p.h. (7

n/ sec.), for which

the output is assumed to be at the full rate of 6 m./hr., is 1,700 hours.

It will be geen that the total annual output, in this case, is thus calculated
as 22,555 m,
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- This proocedure can, however, be simplified considerably with a resulting
Jerror which i8 not usually large enough +0 be important when making an estimate
of . the annual output of water in given cirocumstances. Referring again to
> Fig. 32, full output of 6 m/hr. continues for 1,700 hours, Now, suppose We
Yassume (which is not far from the truth as seen by Fig. 29) that the output
from 15 m.p.h. down to the starting point of 3 n/ sec. (6.75 m.p.h.) follows
a 8traight line as shown. The total annual output is then proportional to
the area shaded and. taking the maximum ordinate (for full output) a8 6 m}/
hour, we find that ihis area is o e

6 (b2 o0) » 6 (1N 21X . 22,200 wd.
2 ) 2 |

<

This f.gure_is obviously sufficiently near to the previously calculated value
of 22,555 for purposes of estimation.

We can thus formulate a simple rule for this caloulation of annual
outputs-~ The output is given by the maximum rate of output of the wind
pump (in m3/hr.) multiplied by the average of the values of the hours for
full output and for the total operating hours. From the velocity—~duration
curve we need. therefore, only two figuress- (i) the duration of the velocity
which gives full output rate (in this case 1,700 hours) and (ii) the total
duration of pumping at any rate, i.e. above the starting point (in this case
5,700 hours).

X% is of some interest to calculate the owerall efficiency of the machine
in this cese.

The horse power at full output, when the pumping rate is 6 m3/hour to 2
head of 40 m, iz almost exactly 0.9 h.p. or 0.67 kW, whereas the power inm the
stream of wind passing through the wind wheel of 6.1 metres diameter is
5,18 ¥¥ (from the formula kW = 0.000005 AV3).

The overall efficiency, at full output, is, thereforey'gig%- x 100 = 13%
(approxz.). (This compares with the efficiency of 20 per cehl assumed, as a
probable maximum, in the calculations for Tables 7 to 10,

Provision is made, with piston pumps of a given bore, for changing the
length of stroke and so changing their capacity and, therefore, their output.
Thus, in the case discussed above, in which the bore was 125 mm and the stoke
384 mm, (giving a capacity of 4.7 litres) the stroke oould be increased to
490 mm. The result would be that a higher wind speed would be needed before
pumping could start but;, at higher wind speeds, the output would be greater
than for the case caloulated. The output curve is now shown dotted in
Fig. 29, essuming, again, that full output is that for 15 m.p.h. (6.75 n/sec.).

This output would be T7.25 m}/hro, instead of 6 m}/hour previously, but
the number of hours of pumping, per annum, would be reduced from 5,700 hours
(during which the wind speed exceeds 3 m/sec. (6.75 m.p.h.)) to 4,900 hours.

The new output would be (following the simplified method)

7.25 (1190 3449°Q) = 23,925 m3.
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This is some 2,000 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
4,900 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
operatingy, 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 & long annual operating period togsther with a large annual
ocutput of water.

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
water, 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 4o
pump which, in the wind régime at the site; 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 prodability of calm periods
of different durations. For water supplies to domestic premises a calm
pexiod of perhaps 3 or 4 days should be cztered for by the storage tank.
The quantity of water which should then be stored can then be based on the
household needs; e.g.s-

Daily use per person 000 10 to 20 gals
Each bath 000 30 gals
Daily domestic (kitchen) water coo 20 gals
Daily laundxy water ‘oo 10 gals
Toilet, and other small uses soe 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 oo 10 gala/day
Cow coo 15 gals/day
Pig coo 4 gals/day
Sheep coe 1 to 2 gals/day

Poultry (per 100) . 4 gals/ day
Irrigation (1 acre-inch) 22,700 gals.

BN P '
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. The average quantity of water lified daily from a given depth;, by &
* wind pump of given sige, depends - a8 shown earlier = upon the wind régime
and the operating characteristics of the machine. Thus, at a site with an
annual average wind spesed of 10 miles an hour; the annual output will be
squivalent to about 4,000 hours at meximum pumping rate. For wind pump
with a wheel diameter of 10 feet,; pumping against s total head of 100 feet,
the maximum hourly output might be 400 gallons so that the annual total
pumped, at this site, wou%d be 4,000 xthO w 1,600,000 gallons giving an
average daily total of 1,600,000 = 4,3 gallons.

365

4n analysis of the wind data is needed to determine how far the daily
produvciion; throughout the year, varies from this average. Some figures
gven by A.H. Scott (Befo 33)9 who made a thorough test on a water pumping
windmill near Perth, West Australia, as long ago a8 1923, are interesting as
an example of such an analysis. These are showm, in Table 912, as average
values for 6-monthly periods slthough, in his reporit,; Scoti gives the figures,
in the same form, for each month.

The site had an snnual average wind speed of 12 m.p.h. The tests showed
that a wind pump with a whesel of 10 feet diameter, pumping against a head of
108 feet, provided 564,450 gallons of water during the six summer months:
this is equivalenty; in terms of irrigation;, to 25 inches of water on one
20F@. One million gallons were pumped in 93 months and 7 days. The maximum
pumped in one day (in the summer) was 7,550 gellons and the minimum daily
output was 250 gallons. A storage tank of ocapacity 10,000 gallons was used
with the inctallation- '

The machine did not start to pump water until the wind speed was 9 m.p.h.
and, by comparison with the figures given in Table 8, it would appear to have
been & rather inefficient machine. Developmente during the last forty years
8ince it was buil{ have improved the performance of present~day machines
considerably and, under the oconditions of this test, an annual output of about
2 million gallons might be expected.

48 already mentioned, the total head against whioh a wind pump works S
inocludes the height of the tank, or reservoir; above ground surface. The ,aﬁk'
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 above o
ground ars needed for each 1 pound per square inch of pressure required. N LSRN
Incidentally, the tank should have an overflow pipe and, if it is placed in ;g\ .
a loft so that water can spill, or drain, into lower rooms, it is advisable, "
espeocially if it is a steel tank, to stand it on & drip tray to catoch 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 18 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 desoribed. If i¢{ is at all possible, an alternative use for the
water should be arranged so that such wastie is avoided.

LN
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Table 12

Hours per day of winds of different speeds

!

- = = ¥ v — ¥ ¥ v a >
. Average 6 m.p.h.i7 m.p.h.: 8 m,pohor9 DePohe! 10 mePoho’ 11 mopoho: 12 moPoho 13 mepoho:14 mupobho. 15 mopoho |
‘! for6 ' and | and ' and and end | and ' and | and ;. and , and |
~ winter : over | over  over over over | over : over | over : over . Over |
. months ; . . f ' '

| 17.5 | 154  u.0 | 1.5 | 103 | 8.2 7.3 6.1 . 5.6 4.5

Average 6 mspoho 7 mnpoho; 8 mopoh‘o! 9 mlpoho 10 mopohosll mopohallz mopoho<13 mapoho 14 mopohojls mopoha ;

}
I
{ ! i |
{
%

for 6 and | and | and | and and | and and and | and | and

summer over = over | OVvVer | over : over | over over . over | over . over
! t : H ! !

wornths

22,0 | 21,0 ; 20,3 | 19.1 | 180 | 161 . 151 | 13.3 | 11.8 10,5
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) There are two main types of wind pumps= that using a slow=running multi-
. bladed 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 fifiy years but the high-speed machines are

2 more modern development.

Other possibilities are being studied experimentally, €.g a windmill
driving & compressor, to provide compressed air for water pumping; is being
tested at the Russian wind power research station at Isira, 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 eleotrio
power from wind-driven generators and this question will be referred %o in
Section V.

9o  Slow=running windwmills driving piston pumps

The main festures of these machines (see Figs. 31 to 33), of which there
are many manufacturers having their own specialities, can be stated briefly,
in itemized form, as followss—

Uind wbeel. 7his consists of a number - usually from 8 up to perhaps
18 or 20 = of galvanized sheet=steel sails, slightly ocuxved to give a good
aerodynamic shape. They are carefully balanced, and are carried on two
rings attached $o sixX tensioned wheel arms, the whols wheel being mounted
on g shaft, which runs in either ball bearings or Babbit bearings, automatically
o0iled. The wheel diameter ranges from 6 feet to 18 or 20 feet.

Geaxbox and driving mechanism. There are duplex gear wheels, running in
an oil bathy; so that they ave self ociling. The gear ratio varies from 2.33:1
te about 431. ?gg/g%&ggg_drive the pump rod and the length of stroke can be
changsd 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, galvanigzed 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
manuelly if necess&’&9 e.g. at times of exceptionally stirong winds.

Furling. The wind shaft is offset slightly from the centre of the tower
so that, in strong winds, it turns towards the tail vane - which is fitted with
a oontrol spring -~ and thus presents a smaller surface to ths wind. This
*wind spilling" automatically controls the power output as the wind speed
incresses but, bscause of the high inexrtia of multi-bladed rotors; the diametexr
for which this method is practicable is limited to about 24 feet.
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There is also a brake to bring the machine to rest and to hold it

stationary. i{:
v

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 due 2
to the constant torque with such a pump. As already mentioned, some im- o
provement 3an be obtained by varying the stroke, using a longer stroke in
higher wind speeds.

2. High-gspeed windmills driving rotary pumps

If windmills are needed for pumping at higher powsrs than can be pro-
vided by the type just described, they drive either o centrifugal or
propseller pump, both of which must run at high spead. It is; tberefore,
convenient to use a high-~sSpeed windmill and thus to reduce the cost of the
gears, High-speed windmills, having rotors with a small number of blades,
are characterized by a low starting torgque and are, therefore, not suitable
for driving piston pumps, but the rotary pumps also demand only & 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 slow-gpeed; multi-bladed
type but it is essentially a plant for scites with a fairly high average wind
speed. Vadot (Ref. 48) discusses this type of windmill very thoroughly and
he sugzests that, for low lifts, a low cut—in wind speed and a large water
output in high winds could be achisved by using it to drive a propeller pump
with blades of automatically variable pitch, the pitch diminishing in a low
wind to reduce the power absorbed.

Becauss the starting torque of centrifugsl and propeller pumps is very
low and because of the shape of their power/speed characteristic, it is P
possible, when these are driven by z high=speed windmill, to choose operating -
conditions such that both the windmill and the pump work at, or near, their
maximum efficiency.

/

The general conclusion of Vadot {Ref. 48) is that low-Bpeed windmills,
driving piston pumps, should be used for low power outputs but that when
higher powers are necded for pumping, and the working efficiency is moxe
important, the high-speed installation should be used.

In the Netherlands, however, high-speed windmills driving small centri-
fugal pumps are used for small powers. An example of a plant of this kind,
made by the firm of Bosman at Piershil; Holland, is illustrated in Fig. 34
and more than 1,000 four-bladed wind ills of & similar type are in use in
Holland for drainage purposes. Each cue can deal with drainage of the
excess water for an area of about 5 hectares, 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 parts are often used in
building some of these small pumping plants to reduce the cost of constrac—
tion. Although their efficienecy is not high ~ usually under 30 per cent ~
these machines serve a very useful purpose in draining low-lying land.



Windmill Towers

The towers for the slow=running type of windmill, most commonly used,
are made 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
trees; or other obstructions, lying within a disiance of 200 to 300 yards.
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
£lat ground there is some advantage, in increased wind speed, to be gained
by building & high tower but this is not usually worth while at a hill=top
site becsuse there the increase of wind speed with height is not so marked.

The towersa are usually built of galvanized rolled angle steel. They
may nave three corner posts though four, which gives a stronger tower, are
more Gommonly uwsed. There are girts, connecting the corner posts horizontally
at about 5 feet intervals up the tower, and tensioned steel rods are used
a8 cross-braces %o give more strength. Anchor posts and earth plates are
fitted at the bases of the corner posts and castings and foundation bolts
are provided so that the tower can be bolted to concrete blocks in the ground
%o onsure a good foundation.

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

juipmeni for Water Pumping

The range of pumps, of auxiliary power plant, and of miscellanecous
oquipment assoclated with water pumping by wind power, is too great to be
govered here in deteil. Manufacturers? catalogues usually give full
infoxmetion on this subject and these should be studied by the would-be
user. The following notes are; 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 aie reciprocating pumps, ruaning at
slow speed; or high-speed rotary pumps.

Shallow-well pumps. The use of the siphon pump is limited to suction
1lifts of about 22 to 25 feet (vertical 1ift from the water to ground surface)
and this type of pump is intended for the lifting of large quantities of
water against e 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
endy,; 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 than, that of the windmill tower,
a force head is used. In this there is an air chamber in which sufficient
pressure is created to 1lift the water Yo the required height and & check valve,
in the delivery pipe, is usually incorporated. When & siphon pump is used
this height should not exceed 100 feet.
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For lower pressure heads the storage tank may be adjacent to, or even
built into, the windmill tower (ses Fig. 35). F g 30 shows the arrange -
ment,; Within the well, when the pump is situated in it.

Deep-well pumps. In these pumps the effective part, the cylinder, is
in the watsr close to the bottom of the well and is driven from the pumping
shaft desce:ding from the windmill head. The design of cylinder differs
gsomewhat 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 deptus, the latter having ball valves instead of spear valves.

A typical arrangement for a windmill pumping system with this type of pump
ig shown in Fig. 39.

Jther types. As already mentioned, centrifugal or propeller—type pumps
carn be used with high-speed windmills but these are much leas commonly used
than the two puwps mentioned above. For very low heads; up to about
2 metres, Archimedian screws, driven by a bevel gear at the foot of the
windmill, can ve used, especially for drainage purposes.

2. Water gystems

The arrangements made for dealing with the water when it is raised to
the surface depend, of course, upon the location and plxrpose of the installa-
tion. The simplest of all is the storage tank placed; at ground level,
immediately adjacent to the wind pump so that the water is discharged directly
into it. From this the water can be releassed into irrigation channels or
into & drinking trough for animals.

If pressure is needed; %o carry the water through a more complex 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 mgy lead to windmills being used in combination
with other sources of power for pumping. It may be essential to maintain a
windmill-produced water supply when there is a prolonged period of calm
weather ory, 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 o0il or petrol engine. This is especially likely at up-country places
where o0il fuels are inevitably expensive because of high transport costs.

Arrangements are therefore made for the upper part of the pumping rod of
the windmill {0 be disconnected from the lower part, passing down into the
well so that the pumping can be done either by hand (when the pump is of
small oapacity) or by an engine which ocan be coupled to it. Figs. 40 and
41 illustrate this.
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4o IBscellaneous eguipment

)

Fhe most imporiant 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 inspeoction is to be madse. This usually
consists of a spring-controlled lever which pulls a wire connected to the
windmill head and to the tailvane.

Amongst such equipment, also, is a regulator which can be operated,
fxom & float in the siorage tank, to stop the windmill when the tank is
full and to start it when the water level falls.

Sometimes the windmill cannot be placed vertically above the well and,
if the pumping depth is too great for a siphon type of pump, a mechanism
is 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
depends on the horizontal distance between the windmill rod and the pump
vod.

Another piece of equipment which may be supplied by the windmill manu-
facturer i8 a winch for use when erecting the windmill tower.

Ingtallation, Opsration and Maintenance

The most obvious recommendation is to follow the manufacturer's
instructions carefully when installing a windmills different designs call
for different msthods in srection. Probably the most important general
points ares= (i) that the foundations for the tower must be very well
made to onsure adequate strengtk of the tower which, throughout the life
of the machine, will have to withstand very heavy pressures in galesj (i1)
that the tower itself must be built up systematically with proper attention
given to the tightening of bolts and the temsioning of braces; (iii) that
the wind wheel must be assembled strictly according to the maker‘'s instruo-
tions, ensuring that all the sail pieces are attached 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
brokan or loosened in storms.

Installztion _and Operating Costs

It can easily be understood that costs of installation and of operation
must vary considerably according to the geographiocal position of the sitey, 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 cannot, therefore, be given. But much the same must inevitably



Fig. 34

8. Bosman, Piershil (2.h.), windmitl used for
drainage in tha Netherionds.

{By courtesy of B. Bosman, Piarshil (z.h.),
Hetherlands)
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apply to any alternative means of wower productions the best that can be
done is to make careful estimates, based on information from widespread
sources, and stating the assumptions mades 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
possibla sizes of windmill and for various operating conditions. Hence,
only three sizes of windmill have been aconsidered.

Basis of estimates

Windmill diameters 0o 6 feet
i0 feet
16 feet
Total head voo 100 feet

Wind régime similar to that shown in Fig. 25
(Annual average wind speed m 9.6 m.p.h.

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

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

The costs and operating dats can then be presented as in Table 13.

Table 13
Coste of water pumping for three sizes of windmill
T I T Y
Windmill | Cost, excluding : Annual Full Annual | Annual lCost per
diameter |freight charges 'charges | pumping operation at: output 100C ,als,
(feet) |and foundations | (£§6 rate lequivalent of (gals) (pence)
(&) | g(gal&/hr) | full output:
i : (hours) ! '
" .
6 125 ‘ 12,5 125 1[ 3,850 | 480,000 6.25
: | P
10 185 . 18.5 350 | 3,850 1,350,000 3.3
16 500 i 50 1,400 l 3,550 "499709000i 2.4
Al e

Taking into account the costs of foundations and other erection costs
and freight charges, etc.; these costs can be stated, with some degree of
confidence; ass
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‘ 6 foot diameter mill ... 7 %o T.5 pence per 1,000 gals.

For & |

Pumping 10 08 '] L] 000 4 '} 1] 1] w0
heed of

100 feet 16 we ow 3 0w Wooom

Thesze costs will vary approximately directly as the pumping heads
thus, for a head of 50 feet, instead of 100 feet, they will be only half
those guoted above whereas for a head of 200 feet they will be double.

Cosis by Alternative Methods of Pumping

The two most obvious alternative methods are (a) by electric power or
(b) by internal combustion engine. Estimates of the costs, per 7,000
gallons of water, pumped againstas head of 100 feet (as in the case worked
out above) are given below. The uncertainties are (a) the cost per kilo- A
watt-hour of electrical energy at the pumping site and the additional
olectrical 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.

Yo Bleectric drive

To make a direct comparison with the cogts for the three windmills
(6 £4. dia., 10 f£t. dia. and 16 f4. dia.) calculated above, consider elec—
trically ériven pumping ssts giving the same outputs as these windmills,
ngmely, 125 gop-hoy 350 gopoh., and $3400 g.p.h.; all against a head of i
100 fset. Suppose; also, that the electric pumps are run, at £ull load, ,1‘”;?
for the same number of hours per year as the winamill, 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 cases are
4 h.p.y, % h.p. and 2 h.p., while representative capital costs for the pumping
sete of these three sizes are £60, £73 and £200 respectively, (without
electric wiring and switchgear 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 slectrical
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 cosis of electric drive and windmill drive for water pumping
Eleotrioc pumping Iﬂindmill pu@2_§g|
Hourly output Costs (in pence) per 1,000 gals. ! !
against a head | Motor for different energy oosts in Costs per
of 100 fect | size pence per kWh ‘ 1,000 gals.
(gals/ hr) [(h.p.) * % 2 EN 4 6 {pence)
i
125 b2 50 | 7.6 ;9.0 |11.0 ]i5.0 6.25
350 L 2.7 | 401 [5.6 | 7.0 | 9.8 | 3.3
| 1,400 ia 124 | 3.8 |53 | 6.7 [ 9.6 2.4
{ i ) , i

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 snergy
does not exceed { penny per kilowatt-hour. This applies for a site with an
annual average wind speed of 9.6 m.p.h.s for windier sites the cost of
elecirical energy would have to be less than i1d/kWh %o be competitive while,
for less windy sitesy; it could, of course, cost rather more than 18/ xWh.,

2. Internal combustion engine drive

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

(i) To pump 350 gallons per hour against & head of 100 feet an engine
of 1 h.p. is recommended by the manufacturers who also state that its con-
sumption ¢f petrol is 1 pint per hour. St

FERRL

Then comparing with the 10 ft. dia. windmill giving the same outputy
we haves~

Approximate capital coat 000 £50

Annual charges for interest
depreciation and maintenance

at 20% per annum coe £10
.-._ Fuel consumption in 3,850
oczC {3 ¢ hours running per annum coo 34850 pints (= 480 gals.)
Covomemtoons >
b £/ n Annual fuel cost at four
e e shillings per gallon oo  8£96
(Il- v 3 . .
ST To%al annual costs of operation o.. £106
Cost per 1,000 gallons pumped 000 19 pence

(This is to be compared with a wind-pumping cost of only 3.3 pence)
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- (31) To pump 1,400 gallons per hour, against a head of 100 feet, for
35550 hours per annum (comparing with the 16 ft. windmill).

A 3 h.p. engine having a capital cost of about £120 so that annual
charges for interest, depreciation and maintenance (at 20%) are £24.

Petrol consumption ooe 2 pints per hour
Annual fuel cost eoo  &I77
Totel annual operating costs coo £201

Cost per 1,000 gallons pumped 0ooo 9.6 pence

(which is to be compared with a cost per 1,000 gallons of 2.4
pence for wind pumping).

The conclusion to be drawn here is that pumping by internal combustion
engine i8 3 or 4 times a8 expensive as that by windmill. Offsetting this
higher cost, to a small extent, 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 tank, or reservoir, might be possidle.

IV. THE GENERATION OF ELECTRICITY BY WIND POWER

Wind data required for an assessment of the possibilities for electrical
pover generation from the wind are basically the same as those needed when
wvater pumping is in prospect. Hourly average wind speeds, from which the
velocity—duration curve for the site - and, thence; the power duration curve -
can be drawn, are esssntial. From the power—duration curve the specifio
output T is found as already explained. In this case it is expressed in
kilowgtt=hours per annum per kilowatt instead of h.p.-=hours per annum psr
h.poy, but its value; being independent of the power units, is the same.

X% 8%i11 represents the number of hours in the year for whioh the machine
can be considered as operating at full output; i.e. it is the full-load,
time-duration; equivalent to the varying output obtained in practice.

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.h. (at a very windy site) instead of 6 or 7 mp.h. which is
sufficient to start a water-pumping windmill.
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On the other hand, the fact that the power generated can easily be
transmitted,; without excessive loss, over distances up to perhaps several
hundred :etres; means that the wind-electric machine may be located at a
windy site in the area, e.g. on a local hilltopy; whereas the water-pumping
plant must be located very close to the well, where the wind speed may not
be high. The practicable distance for such electric transmission dependsy
however, o the generating voltage and the capacity of thc wind-electric
machines for low voltages and small capacities uwere is a limitation to
only a few meties distance from ithe premises to be supplied.

Tyres of wWind=Jriven Gonerutors

T™wo classes of wind~electric plants are of interest for areas without
mail: electricity distribution networks.

They are (1) the small unit, of up to_aboutp 1 to 15 kW ih capacity;
with a dircct—current generator and a battery for storage of the full
output, and (2) the machine of larger capacity — up to about 50 kW « with
either a direci=current or alternating=-current generator with or without
a battery. In this second case the battery is of limited capacity and is
intendeld for the storage of only a fraction of the total output; to supply
essential loads, most of the energy genorated being used; as random power,
as and vhen it is generuted.

f. Small wind-electric units

There have been many examples of such machines; made in different
countries; and proved to be quite 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. Theie can be little doubt that the need for such machines
still exists, especially in the developing countries, and it is to be hoped
that this need can be expressed in sufficiently definite form to encourage
re-starting of the production of these small machines. Their characteris-—
tics are as followss=

= A 2=3 or 3~, bladed propeller, of minimum diameter of 6 feet,
and up to about 10 feet, rotating at high speed and driving,
usuwally, a direct-current generator. In the smallest machines
the drive is direct, 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=coairolling device which may be operated by the tail-
vane turning the rotor out-of-wind at higher ind speeds = e
the axis of the rotor being slightly offset from the main ‘Tk
supporting axis on the tower = or may take the Iorm of an A~/ ~ x&
sir-brake governor. -

e -
v T

— A}
= A furling device to enable the machine to be shut-down from &
the foot of the towex.
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= A supporting pole or towexr. This may consist of a wood
pole; oarxryingy at its topy a stub tower on whioch the
windmill head is mounted, or it may be & 3= or 4~legged lattice
steel itowseT.

- A batterv with an associated control panel. This panel
must include & device to prevent the current reversing and
driving the windmill from the betiery. Examples of machines
of this type are shown in Figs. 42 and 43.

Phe support for the machine (a pole or tower) should be high enough to
koep it well clear of the adjacent buildings, otherwise it will be screened
from the wind. A ususl height is 40 feet (12 or 13 meires). There should
be . ladder or some other means of ascending the tower %o attend to the
machine if this bocomes necessary and it is important to ensure that the
support is held riglid = either by guys or by using a heavy pole well set
into the ground — to avoid vibrations which have a harmful effect on the
maching,

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 reduce the

E 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
f load circuill in order to avoid excessive voltage drop. Thus, for example,
if the sizo ¢f cable appropriate to the current to be carried is used, there
will be a presgure drop of about ome tenth of volt per yard rum of cables
if the length of this cable iz 50 yards (as it may b« because the length
o noeded to reach from the generator to ground level alone may be 12 yards)
the total voliage drop will be 5 volts. If the voltage of the generator
is (s&y) 24 volts, nearly 20 per cent of the pressure, and therefore 20 per
cent of the power, will be wested in the ocable. This wvoliage drop is
approximately the same whatever the generating voltage so that a higher
value of this voltage, e.g. 110 volts, is an advantage from this point of
‘| view.  Elektro G.m.b.H., of Winterthur, make wind-electric plants in a
. oapacity range vp to 5000 watts and with voltages of 65 and 110 V in the
| larger sizes.

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 use 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~-charger® is often used. “Wincharger™ is, in fact; the trade name of
one of the manufacturers in the U.S.A. - the Wincharger Corporation of Sioux
City, Iowa).

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 voltagsy; 2 to 2.5 volts, per cell against only 1.5 to 1.75 for the
alkaline asccumulator. Although it may be rather more expensive, the alkaline
battery is wvery robust and is less liable to damagse by irxegular operating
conditions than the lead-acid battery. It is not, however, so successful
with low charging rates,
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Battery sizes are speocified iu terms of their ampere-hour oapacity
which is a measure of the product of the currenty, in amperes, and the time
of discharge; in hours, which can be obtained before the voltage falls to
the lowest permissible value of about .8 V per cell. This ocapacity may
vary from 130 to 450 AH and, of course. 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 charged. The ampere~hour capacity recomnended would be
230 AH. Charging of the battery would begin at a wind speed of 7 m.po.h.
and the set governed so that maximum output would be reached at 23 m.p-h.

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 supvlied, Probably 1,000 to 1;500 kWh per
kilowatt is a fair range of annual output to be expected. Wincharger
Corporation state that ucable energy outputs, per month, from a 200 wati
planty, average 20 kWh, 25 kWh and 30 kWh for sites with ainnual average
wind specds of 10 mep.h., 12 m.p.h. and 14 m.p.h. respectively. These
figures correspond to 1,200, *;500 and 1,800 kWh per annum per kilowatt.

Inergy costs with small unitg. The capital cost of small wind-electric
plants, conplete with battery, control gsar and stub tower but without the
supporting »oley, is of the order of £200 to £300 per kilowatt ol capacity.

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 ove 20 years
50 [}] 11} 8 " 18 oo 15 years
30 o " " u " (the battery) 0w 6 years

gives s total annual depreciation of &£28, or 9.1/3 per cent of the capital
cost. Adding to this 5 per cent for interest and 1% per cent for maintenance
we have a total of about 16 per cent per annum as the fixed charges. Tue
annual return, in output, can be taken as 1,350 kilh per kW so that the
energy costg; per kWh, is

16 x 300 x 240 = 8.5 pence
10 1,350

although, as compared with the cost of energy from an electrical network
in an urban avca, this figure is certainly high; it may not be considered
excessive for such purposes as electric lighting, the operation of rudio secta
and snall domestic uses in remote areas. Of course, if the site is very
windy so that ihe annual output is greater than 1,350 KW/ K% or if the
capital cost is less than &300 per kW, the energy cost will be less than 8.5
pence per Kh.
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. &3 for the maintenance of a plant of this kind, ooccasional attention,
for lubrication and to ensure that no parts of the machine have become loose,
is all thet is required for the windmill, but the battery needs rather more
attention. It should not be overcharged nor over-discharged and the cells
should be topped up with pure water when the level of the aocid falls below
the tops of the plates. The voltages of the cells and their speocific
gravity of the acid should be measured occasionally to check that all are

in order.

2. H¥Wind-slectric plenis of medium capacity

Several plants in this category have been produced and, although none
is yet in common use, they are available commerocially andy; in fact, await
adoption by those responsible for power supplies to communities in areas
remots from main elecirical networks. Their capacities range from 8 kilo-
watts to 100 kilowstts. They differ from the small windmills described
ebove by having (usually) an alternating-curreni generator rather than a
direct-current one and by generating at normal voltages of about 200/ 240
volts, single phase, or 380/440 volts, 3 phase.

Boosuse of the high cost of batteries for the storage of an amount of
energy ocorresponding to a power output of ten or more kilowattsy; no atiempt
is made to store enough energy to give the full output during calm weather.
A low capacity batterv, charged through a rectifier,; can be used so that
esgsential; small, loads can be catered for but the main loads, requiring
soveral kilowatts of power, are supplied only when there is sufficient wind.

Another feature is the use of a fantail -~ a mulii-bladed wind wheel
mounted at right engles to the maim rotor - insiead of a tail=vane for
orionting the windmill head so that it is brought into wind. Sometimes two
fantails, one on each side of the main shaft of the windmill rotor, are used.

The supporting structure for medium-sized windmills may be a guyed,
stesl tubo but is usually e lattice-~steel tower for the larger machines.

Some of these plants; made in different countries, are shown in Figs.
8, 44 end 45 and brief descriptions are given below.

A German, 8 kW Allggier machine (Fig. 8): Although later machines of
this make have had an alternating=-current generator, that shown had a 6 kW
alternator; generating 3 phase; 380/220 V, together with 220 volt, d.c.
exoliter of 2 kW capacity. The exciter supplies the field current for the
alternator and can also be used to charge a battery to supply light loads.
The rotor of this machine has a diameter of 10 metress it begins to generate
power in a wind speed of 3.5 to 4‘53?§3§“§3T“§353£E and gives 6 kW of output

at 11 o sec. D

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 is, however, to be regarded as a unit for
connection to a main oleoctricity supply network rather than for use as an
isolated unit,

[



m55r

4 French, 8 to 10 kW Andreau wachine fFigo 44)s The principle of this r
windmill is different from that of the others described. The blades of
its wind rotor (8 metres diametsr) are hollow and, as they are driven round
by the wind, air is thrown out centrifugally. A depression is thus oreated
and air is sucked up from just above ground level, through the supporting
tubular structure and through the hub, to the blades. Just above the air
intake an air turbine, on a vertical shaft, is mounted and this drives the
electric generator. (It could, alternatively, drive a pulley from which a
belt drive could be taken to an agricultural, or other, machine mounted
nearby). With a nachine of this type there is some loss in efficiency due
to & Qouble conversion of energy - at the top and the bottom -~ but this is |
not so important because the power input (from the wind) is free. For any i.

windmill, in fact, this appl.es: capital cost, and not efficiency, is what

e

is . .portant. -

e
The Andreau machine has the advantages that the generating »nla.t is

only just above ground level, 80 that it is easily maintained, and also
that the eoffscts of wind guste are damped out by the long colunn of air
which forms the coupling between the wind rotor and the air turbine.

A British-built, 700 kW machine of the Andreau type; having a rotor
dianeter of 24 metres, is snown in Fig. 7. This was made, as an experimental
plant; for comnection to main power networks. It is now in operation,
connected to the network of Electricité et Gaz d"Algérie on a hill at a few
kilomstres f£rom Algiers, -

Another, multi-purpose, French machine, of a more conventional type, has
beon developed recently by Neyrpic, of Grenoble (Fig. 46).

Like the Lykkegserd machines in Denmark, this plant has a wvertical
driving shaft, passing down the centre of its lattice steel tower (12 to
15 metres high) to ground level. Either an electrical generator; a water
pumpy, or other machines, can be driven.

Therc are two sizes ~ 15 h.p., and 40 h.p. - and these have, respectively,
propeller diameters of 10 metres and (6 metres when used in only moderately
windy aresag. For especially windy sites, rotors of 8§ m and 13 m diameter
can be supplied for the two sizes.

The three blades are of variable pitch giving sutomatic control of the
output which is held at the full value, to with &+ 6 per cent, for wind speeds
above the rated value. This rated wind speed is variable by the adjustment
of a spring, from 6 metres per second (i3.5 m.p.h.) to 40 mYsec. (22.5 m.p.h.).
The cut-in wind speed is 3 w/sec. (7 m.p.h.). Orientation of the windmill
head is by two fantail rotors.

The plant is built uvp on the ground and then raised by a winch.

e e

e ———
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. A British machine, made by Dowsett Holdings Ltd. (Fig. 45)s The main
features of the specification are as followss=—

3=-bladed propeller of 40 feet diametexr
Rated wind speed ~ 25 m.p.h.

Cut=in wind speed -~ 10 m.p.h.
Operating range = 10 to 60 m.p.h.

Tripod towery, of hoight 33 feet, hinged
or iwn legs to facilitate erection

Crient.tion by two fantails

Generator (a) 31 kVA (25 kW at 0.8 powser factor),

415 V, 3-phase; 50 cycles per second; for
connection to an existing a.c¢. network. The
enorator is of the induction type.

?‘b) 31 kVA (25 kW at 0.8 p.f.) at 415/ 240 volis,
3-phase-neutral, 50 cycles per second, self-
exciting and self-regulating within * 11% for
autonomous operation where no network exists.

As an alterngtive, in this case, the generator
can be direct current of capacity 25 kW.

Another British wind-driven eleciric generator, mads by R. Smith
(Horley) Ltd., and currently under test in the Isle of Man (Fig. 47) has a
capacity of 100 kW. 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 slectricity supply networks but both this and the German
100 kW machine could probably be down-rated to (say) 50 kW to make them
suitable for use connected to local networks of relatively small size in
ereas with lower average wind speeds,

Danish Lykkegaard machines. Although, after many years of production,
the Lykkegaard firm is no longer building windmills (because the§ now con~

centrate on the manufacture of pumps for irrigation and drainage) it is xright
to point out that their machines (already mentioned in Section I) were in the
category of medium-sized plantss The capacity was up to 30 kW, with rotor
di:nveters up to 18 metres and the generators were direct current. The
generator was located on the jround 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 maintenancey
for periods up to 20 years or more.



- . Fig. 45 - Experimental 25 kW Dowsert. windmili.: wnder test )
: ' (By courtesy of Dowsett Holdings Ltd., Tollington,
Stomford, Lincs., England) .
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’ 4. Neymic (Grenoble) windmill of 13 m. diomater.

A P::g';m(ph {c) shows the windmill under
I erection. (By courtesy of Neyrpic, Grenoble,
: " France)
e
3 INSTALLATION - D' ASSAIISSE -
o TMENT  AVEC UNE, EOLIENNE
. DE 13m DE DIAMETRE. . .-
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'_._.Figb.',-ﬂ» - ‘00 lrW oxp.nmen’af w:ndm,ll {by R Smith, (Hor!oy) Lvd )

under test in the Isle of Man.. (By counosy of R, Smnh
o (Horley) L'd., Surroy, Englond)
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In Russia, medium~sized plants have been made in appreciable numbers.
There are two types of plant, one with a rotor diameter of 12 metres and
having & capacity of 10 kW and another of 18 metres diameter and generating
25 k¥, 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 plants. 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 cust when they become available commercialiy. Nevertheless, suffi-
cient is known to enable a fairly realistic estimate to be made.

The capital cost is likely to be in the range £100 to &200 per kW.
A5 an example, the quotation for the Dowsett 31 kVA (25 kW) machine intended
for water pumping by an electrically driven pump, including package and freight
charges (from England to Barbados) and also including foundationg and com-
plete ersction, with electrical control gear, cebling, etc., and a centri-
fugal pump for waitcr pumping. is £6,548. The makers estimate that the
annual electrical energy output &t a site with an average wind speed of
11 m.p.h. will be 1,40C kWh per annum per kilowatt and that the water output
from a 3 inch centrifugal pump driven by it will be 70 million gailons
pexr year whein pumping agzainst a total head of 43 feet. They also state
that the plant can drive one, two, three or four 3 inch centrifugal pumps in
minimum wind speeds of 13, 15, 17 and 20 m.p.h. respectively.

1f one were to attempt an estimate of energy costs to represent a more
general case for mediur~sized wind=elsctiric plants located at a site with an
annual average wind speed of (say) 6 metres/second (13.5 m.p.h.) the calcu-
lgtion would be as followss-— :
Capital cost (say) eoo &£150 per kW
Rate of annual charges ... 12%
Anmual output in KWh/kW ... 2,100

Cost per kWH = 12 x 150 x 240 pence
100 2,100

E= 20 1 penceo

This does not include any provision for a storage battery, which, if used,
would be of small capacity and would not, therofore, increase the capital
cost by a large percentage. Allowing for some limited energy storage;
however; the overall energy cost might rise to 2.5 to 3 pence per kilowatt—
hour,

In comparing the operation of ihe Dowsett machine with the altcrnative
of a 20 kW diesel-electric plant, the manufacturers use the following basiss-
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Consumption of fuel per kWh : eoo 0.7 pint
Cost of fuel per gallon (at
an up-couniry station) eos 30 pence
.

Fuel cost per kWh 0oe 2.7 pence -

Annual charges for interest

(5/), depreciation (10 year

basis) and maintenance (15%

of cepital cost) eoo  £355

With an annual load factor of
25% the annual charges per kWh ... 1.9 pence

This gives & total figure of 4.6 pence per kWh for
the diesel~electric plant.

V. WIND POWER FOR OTHIR AGRICULTURAL USES

While it would, perhaps, be possible to adapt the slow-rumning, multi-~
bladed; water pumping windmills to the drive of machines other than the water
pump, there is little or no evidence that this has beon done. Their low
pover cepacity and oporating characteristics are such as to make their
applicatio: %o general agricultural power purposes difficult and probably
not worthwhile,

The use of wind-electric machines for these purposes is, however, much
more feasible. When the wind power plants have a vertical driving shaft
running down to ground level, as in the Danish Lykkegaard machines or the
Neyrpic machines desoribed in SectionI¥y 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; @.g. threshing, or grading, ory again, food mixing, would be
possible, A fan might be driven by this means but the ducting, leading
away the air, should be short.

When 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=
electric 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 even small cultivating machines
if the ground cultivated ies reasonably near the windmill. Soil warming
for bhorticultural purposes is another pcssibility.
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The limitation in this case is rather one of timing than of distance
(Ref. 15). Because only small loads can be supplied from the low-capacity
battery installed to cater for first-priority purposes during calm spells,
all the main loads must be met when thore is sufficient wind. For some
of these; e.g. soil warming and water heating, 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 weels, for the necessary heat to be put into the
soil or the water.

Other agricultural loads, such as throshing, cultivating or grain
grinding, must ve met during the daylight hours because labour is needed to
attc 3 to the ypirocesses, Loads which must be supplied at particular times,
8.&. machine milking, z2re less easy to drive from a wind-electric machine
because there can be no guarantee that power will be available when it is
needed,

If an oil-driven stand-by plant 15 available, coutinuous operation can
be ensured and, in these circumstances, the wind power 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.

Vhen 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 tne connected loads when there is sufficient
wind (Ref. 51), 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. CONCLUSICNS

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

(i) For the sole purpose of water pumping, satisfactory,
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 régime and where
alternative methods of producing power are not especially
cheap.

(i) The use of wind-electric machines is justifiable economicelly
under the same conditions. Small units, for single isolated
premises, have been fully proved to be satisfactory. Kedium-
sized plants, for isolated communities, are nowr becoming
commercially available and expuirience saould prove them to
be economically sound either with or without oil~driven stcnd~
by plant. This econonmy can te 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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(1ii) A study of the wind régime 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 influence of topography on the average wind speed.
Choice of site, where this is possible, is very important
beceuse of the differences in average wind speed at sites

close together but affected by local terrain or by obstruc—
tions on the grounde.
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List of some manufaotufers of electric and water-lifting
windmille witb addresses

ALGERT A

La Compagnie Africaine de Materiel Eolien

78 Avenue Marcel Cerdan

Sidi-Bel-Abbes

Algeria (Water lifting)

AUSTRALIA

John Danks and Son, Pty. Ltd.
391=-403 Bourke Street
Melbourne

Australia

Intercolonial Boring Co. Ltd.
450=-466 Ann Street

Brisbane

Austreliea

)

)

k (Water lifting)
Metters §

§

Murray House

77=79 Grenfell Street
Adelaide

Australia

Southern Cross Engine and Windmill Co.Pty.Ltd.
Grand Avenue

Cranville

Sydney,; New South Wales

Australia

CANADA

Beatty Bros.

Fergus
Canada (Water lifting)

FRANCE

ENAG

(Pierre Gane - Constructeur)

Rue de Pont-L'Abbe

Quimpexr .

Pinistére (Bleotric)
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Bts. Neyrpic
Avenue de Beauvert
Boite Postale 52
Grenoble, France

A, Guilleminot
Lusigny-sur-Barse
Aube, France

KEts. Poncelet ¢@% Cie
Place de la Victoire
Tlancy

Aube, France

SEHMANY

Allgaier-Worke G.m.b.H,
Uhingen
Wirttemberg

Gg;many
i\/\\%,%
NDIA

I

Wind Powex Division

Council of Scientific and Industrial
Research

014 Mill Road

New Delhi, Indis

Ditta Raimondo Vivarelli
Grosseto, Italy

NETHERLANDS

B. Bosman
Piershil (z.h.)
Netherlands

(Blectric and water
1ifting)

(Water 1ifting)

(Water 1lifting)

(Electric)

(Water lifting)

(Water 1lifting)

(Water lifting)
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SOUTH AFRICA

Stewarts and Lloyds of South Africa Ltd.
P,0, Box 1195
Johannesburg
South Africa

Southern Cross Windmill and Engine
Co. {Pty.) Ltd.

Nuffield Stireet

Bloemfonteing South Africs

SYWITZERLAND

Elektro G.moboHoe

St. Gallerstrasse 27
Winterthur
Switzerland

UNITED KINGDOM

Dowsett Holdings Limited
Tallington
Stamford, Lincs.

R. Smith (Horley) Ltd.
41 Balcombe Road
Horley, Surrey

H.J. Godwin, Ltd. Voluwu/, Yard

Quenington
Gloucestershire

Thomas and Son (Worcester) Ltd.

P.0. Box 36
Worcester

UNITED STATES OF AMERICA

Aermotor Company

2500 W. Roosevelt Road
Chicago 8

I1lincis, USA

(Water 1ifting)

(Water lifting)

(Blectric)

(Bleotzic)

(Eleotric)

(Water lifting)

(Water 1lifting)

(Water 1ifiting)
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Dempster Mill Mfg. Co. Lid.
Beatrice
Nebr&ﬂk&s UsA

Fairbury Windmill Co.
Fajirbury
Nebraska, USA

Hellsr Allex Co.
Napoleon
Ohio, USA

Jacobs Wind Blectrio Corp. Inc.
2724 Fowler Street

Fort Meyers

Florida, USA

-div -

(Water lifting)

(Water lifting)

(Water 1lifting)

(Blectric).
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Methods and Machinery for Harvesting,
Threshing, Cleaning and Grading of Forage
Seeds

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

listhods 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

® ¥ - English; F ~ French; 8 - Spanish

Aveilable in?

E F 8
E F
E S
Trilingusl
E P 8
E F 8
E F 8
E F 8
E F 8
E F 8
E F S
E F S
E
E
E P S
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| *;gq Fo. 16 - Possibilities for Utilization of Solar Energy in
[ Underdeveloped Rural Areas

i
|

No. 18 = Improved Methods and Equipment for Tillage of
Msdium and Heavy Soils in Temperate Regions

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

M3, 20 = The Prosessing of Coffee.



