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Natural power sources such as the wind' have

’\often been sugsested as one (1f not the most desirablef

N Ly

solution, to prov1ding statlonary power. This ﬁhesis '.'

i

}nvestigates the productlon of wind-electric power for. 'r/

AN

small—scale applieation in the‘agricqltural sector of less-
« . R oo - - T .

fa‘reloped\countrmes.

W1ndpower lS 1ntroduced in hlstorLcal perSpec—'

Y/r\j\\ tlve,and the lmplxcatlons of its use in a.less developed

. .
=

settlyg are. dlscus;ed in detall. ‘A prototype wingd-

electric plant was de51gned, constructed and tested.  The

two major conc1u51ons that have been reached are as fol-

lows:. :
‘ .. Lo - N . K a.
v * far *

1. A small -scale w1nd—e1ectr1c plant may be bullt

EY

‘ & entlrely W1th‘xpertlse and materlals a)ready avallable -in

-

less—developed countries.

27 Unless materials used for g}ént constructiOn are
obtalned very ch?aply, the cost of energy from the wind

»

&
will be’much higher than enerqy avallable from more con-

' yentional sources. As a result,.windpowe& could be best

used in areas where alternative poﬁer'sourées*are either
: - o - AN ) L

’ Dnol available or would be very expensive to provide.
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A . 1. INTRODUCTION

1.1 .PURPOSE, METHGDOLOGY AND OUTLINE

fhe purpose of.thié the§is is to investigate :
windpower for use on small farms aéd in rural communities
of less—developeéqg?untries. |
Windpower is consiaéred in historical perspec-
. tive so that its appropgiate’uée may be better defined.
This concept of “app:opfi§te technology" is then applied
to the designing of a.prototype. - Discpssidn of subse-
quent coggﬁruction and Eésting of the'prototype follows.
“fThe remainder of this chapter relates the his-
tory of windpower and its deyelopment as* a power séurce
in agriculture. Chépter 5 discusses windpower use in less-
deVe;oped countriés and introduces the. €oncept of "appro-
priate technology". Chapter 3 is concerned with windpower
theory. Chapter 4 introduces the wind-electric system ’
and here the detailed design of a prototype ig\carriéd
qpt. Chapter 5 includes expérimental procedure and inter-
pretation of results. Chapter 6 pregents conclusions.
lAppendix 1 includes’relevant }igures, Appendix 2 identi- .
fies symbols, Appendix 3 lists formulae aﬂh Appendix 4

4
con;ainswphotographs of the prototype.

-1 -



1.2 HISTORY OF POWER IN AGRICUiTURE

¥
1.2.1 Early ‘Man

KW : . .

Béfcre 8,000 B.C. man was a rare spég{és'(ZO).
Equipped with few naturalfdefences, he was only.ablb to
survive by his agility an¥ wit. The use of fire,?in£ro—'
duced just prior to this period, was probably the only .
advancement signi;icant enough to havé saved himiffom
exkinction.

Man of the.late Palaeolithic Period'(Ole Stone
Age) lived by hunting and food géthering andAuséd.a'num—
ber of tools to. assist in these ventures. ~Crude stone
axes, knives and scrapers were u;ed to suypplement haﬂds'
and teeth and at ieast two important machines we?e kqown:'
the bow and the spear thrower (20). As a nomad, Palaepo-

lithic Man was constantly on the move in gearch-.of food
]

and his 1life Gas far from secure.

-

1.2.2 The Beginnings of Agriculture
By the beginﬁing of the Neolithic Period (New

Stone Age), &bout 8,000 B.C., man begén to take shelter in
. E .Y

caves, as the climate had become progressively colder.

As he moved from place to place in searcﬂ ofifood,*man

.gradually became aware of the advantages of settlement«

Hunting .and food gathering in a familiar area was much more
' ’ -
efficient than it\yas in unfamiliar territorv. From ’

such "settlement” evolved the domestication of animals and

the rudimentary development of carpenfry and potterv.



i J o | ) . . . '3

o /"

A portion af man's .diet had always been the seeds’

of certain Jall grasses. 0pon permanent»ée#tlemént, man

,vnbticed'th7é these grasses traditionally grew in the;same

general aréa year after year and this knowledge provided ;.

i

for a'm6r§ stable food supply than meat, obtained at ir-
regular hntervais. It is supposed that the first step

towards égriculture occurred when some seeds brought to

N

his cavqﬂ where they could be eaten in safety, were dropped

at the entrance and grew into a crop on man's very door-
step*.

i

Man thus learned to sow and\fnom this point
fgrwaré progressed much more quic&}&; with his foed sup-
p%y frém cxops.and domestic;ted animals,relatively secure, -
man nowjhaa time to consider other métteas. The transi-

tion from food cellection to food production was the

most significant‘advance of this period.
1.2.3 Grain as Food
Wwith the adoption of ggaih as man's stéple, food
‘ . . ] ) .
Preparation became more important. Previously the oh%y
. . ) : W :
preparation-required tad been the roasting of meat aira

spit over an open fire, but grain was not so easily pre-

pared. Even fruit could be eate@ directly, but hard ker-
nels<of‘graih were not ingested so readily. At first, when
o ‘
* ‘ *0f course this accident must have occurred many times

before, the realization that the seed was the.source of the new plant
finally/dawned. i : :



only small amounts of.grain were eaten, it'was possigle‘
t?)chew it, like frult, but as graln became a more doml—‘
ngﬂ@ part of -man' s diet, some method of making 1t more
palatable became necessary. - ' . ' i ;>
At fi;st graie was crushed between two StOQSE_\
into a coarse flour and later, with the development of
pottery, was b01led in water .over an open f1re to make
gruel. The cembinatlon'of these two me thods, m1111ng and
cooking with water, led to the development.of bread'.
'Later the mortar and pestle was developed and prov1ded

a means to make better quallty.flour. By 2, 500 B.C. the

pounding of grain into flour was superceded‘by the inven-

tion of the saddle quern, whereby grain was ground by work-
¢ < ' <

ing a rubbing stone backwards and forwards.across a

u

saddle-shaped stne base (20,33)*. o e» : ;
v _?hf saddle gquern was in common use in Egyptian
" houseHolds at,this-tideeand it'remainedAthe mos£ advanced
form of.flour milling maehinery until the discovery of
rotary motion, about 600 B.C. (20)... In thg rotary quern,
grein was ground via frictien between two ciréular stones,
‘the ‘upper stone revoiving about a pivot projecting from-
the ceqser of the lower stone. .This method saved consi-
'deraSIe labor and pfoddced a much finer flour. However,
e;en’with these "newf developmenfs,‘ihe grinding of grein

, .
*The mechanism for grain milling was now grain k é1
shelar, via friction, instead of comptression failure, via imp 4

S [}

3
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for the famxly was a time- consumlng and strenuous task

which had td‘be done daily by the womenfolk of each‘house—'

hold. - na | LU
. - . . (.\“’ ' ' Lo
< 1.2.4 Domeetication of Animals .

Until about 3,000 B.C., the only power'availaole
to man was that of his own muscles. f%ltlally anlmals--
cattle, sheep, goats——were domesticated only in order to
prov1de a ready food source 1n°the form of milk and meat
(and perhaps, 1n the case of the dog, ‘Jmpanlonshlp and
help in huntlng w11d game) When manh became a farmer and
tilled the 5011, he soon saw the advantage in puttlng ‘the
larger anlmals to work. The harne581ng of anlm:ls, flrst
to the plow and later to the cart, ‘was the first instance
of men usxng power, other than that of their ‘own mnscles,

to do their work for them JZO). Later, draught anlmals

were employed to power large rotary querns and, by the

" time of Christ, commercial milling establishments were.

.common throughout the Roman Empire.

1.2.5 The First Use'of Windpower

{The flrst source of power other than that of men

- "and draught animals was ‘the wind. . Men learned that the

w1nd could help propel a boat across open stretches of
water. ‘The development of the sail, credited to the

Egyptians of about 3,500 B. C\\\opened the way to marine

navigation, and by 3,000 B.C. the_Eastern Mediterranean
was being freely navigated-by wind—powered shipe (20).

’

-



. Early Egyptian drawings show a reed boat, equipped‘withaa

square sail, used for transportiné gocds up'the Nile
with the prevailing winds. Ship propulsion via the wind

remaine the dominant method of m'rine power until super-‘

/,a{ded the development of the steamship some S5, 000 yearsA

later (20). : L ‘ . .

~

No evidence is available that cuggests-windpower

’ uwas used in agriculture during this period and it.is like-
ly its first use in agriculture did not occur until much

" later.

3

1 2. 6 Waterpower in Agriculture
‘ From the cyclie flooding of the Nile,"the earli-
‘est Egyptian farmers had realized the importance of an
adequate water'suppiy for tﬁeir crcps. During.dry“periods
in Egypt, before 1,500 B C., 1rr1gation was practlced
using man-powered water lifts based on, the prlnc1ple of J

°

, the 1ever. With the development of the wheel and the in-
: . N &
.troduction of draught power, the ox—driVen water wheel

carrying a continuous series of pots came 1nto use (about

" 200 B.C.)(10). By 100 B.C. the Greek inventor/ Pollio

VitruJius, adapted‘the quptian "wheel of potgq” to drive

itself from the force.of the water flowing past“she wheel.

This eliminated the need for animal power in ‘some cas
(when streams were availaﬁie and flowed quickly enough)
and is the first recorded use of other than muscle powerb

in agriculture (20):



'Romans before the time of Chrlﬁt (33). By

i
) AL .

The nse of waterpower to grind corn was first

" int¥oduced by the ‘Greeks, about QS B.C., in the form of

a vertical-sheft mill supported o) a fast flowlng stream.
On the lower end of the «shaft, a wooden 1mpeller fixed

to tho lhaftquas rotated by force of moving wdter and.
drove a rotary milling stone fixed to the shaft above

with such an arrangement, however, the speed ok the milkl-’

A"

stone was the name.as the speed of the 1mpeller and this

was a considerable disadvantage.' Later, with the 1ntro-

, duction of suitable right-angle gearing, %he horlzontel—
£

shaft a‘terwheel was developed and in ‘common usage by the
*550 A D. Rome
was almost totally dep‘ndent on waterpower fon flour mill-

ing (7). The watermill concept spread throughout Europe

" “and according to the Dopmsday ‘§Lk of 1086 there were

already 6,000 watermllls grinding corn in England by this

date. Thus," the watermill became man'/s first enginhe.
e : .

1.2.7 Wlndpower'im Agrlculture
7 The flrst%fecorded use of w1ndpower for agri-
cultural purposes was about 650 A.D., in the District of

Selstan located between Persia and Afghanistan~g10).

' There, all-wooden w1ndm1lls were designed to.grind corn.

: Theéﬁ were/built with the windwheel at ground level‘such

that its tical axle ascended to the second story,
where a c1rcu1ar millstone was dlrectly drlven in the same

manner as the first watermllls. Speed control of this



. 8
windmill was accomplished by‘a series of shutte;s around
the windwheel, at the base, which’could be arranged tP
expose more or less of the wheel to the wind.

In Chiné a similar ground-level, vertical-axis
windpower mill was constructed at a later date ahd was far
mpre_efficient than its Persiaq counterpart (33). The
problem of attaining cqntinuous rotary motion %rom the
pressure of the wind 6n a plane surface was solved’by
allowing the sails of thé windﬁheei to rotate such that
they would move édgewise agéinst the wind qu.then turn to
take the ?Ufi/;orce of the wind for half of each rotation.
This arrangement also had the advantage of:being able to
utilize wind equally well from any direction, without ad-

. justment. °

The windmill* was introdu, into E\VJ.‘rOpe in kthe.
12th Century A.D., by which time- the watermill was already
in common use (20). The major advanlage ;f the windmill
was that it need hot be built next to flowing water and,
indeed, was moét oftenyin;talled on hilltops where wiﬁé
speeds tended to be greatest. The adVanEage.of the water-

mill was that more power was available from streams than

from .the wind for comparable installations. Also, water-

<

.wheel powefﬂoutput tended to be more ‘constant than wind-

‘wheel power output. In addition, the energy available to

| S

. e o .

B *The term "windmill” is used in the colloquial sense ©
whereby any device powered by the wind is called a windmill, although
it may or may not power a mill. ’

[




the waterwﬁ?¢1 is in the form of potential energy which
can be ptoréd simply by erecting dams to control the water
flow rate, but the energy of the wind is in the form of
kinetic ehergy which is not easily storedj.

In England, windmills'wefe mainly used to produce
flour and gﬂgt for human consumpt}on, and grouts (husked
corn)'for animai feed. %]

In Holland, windmills were developed to pump
water from thgﬁland reclaimed from the sea, and the Dutch
windmill performed this task admirably for more than 500
years.
| In Denmark; many farmers built private windmi}ls
of their own (called housemills) which were usually mounted
on the barn and used for many tasks, including grain thrash-
ing, wood cutting and water pwyping. The first housemills
_were primitive homemade woédén structures bat by the 1890's
industry was prq&uciné iron and steel versions on a massive
scale to supply’ the agricdlfural market. These mass- »
‘produced windmills weré characteristically capabie of pro-
ducing about 3 to 5 kw and many were self—goverqing to
rotate at coﬁstant‘speed. In 1890 a State Windmill Station -
was set up at Askov by the‘Danish Government under the di-

rection of Professor P. La Cour, and much was done to

‘%1t should be emphasized that watermills and windmills
were not com$eting power sources as such: Jf there was flowing water
nearby waterpower was always the first choice, but if wind and not
water was available then windpower cogld be used. Of course, if

neither wind nor water power was available, then it became nécessary
to revert to muscle power supplied by men or draught animals.

o
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‘promote the use of windpowerjand develop windpower tech~
nology (17). S
The advent of ulvct{icity provided yet another

use for windpower. As early as 1881 the ide&(of using the

wind to produce electrlc power had been put‘:orward by

Sir William Thompson (later, Lord Kelvxn) iy 1910, se-

v

had been erected in penmark, according’ to
Each plant was provided with stora ¥ t-compen— -
sate for the 1rrequ1ar1ty of the w thus 3 .f’ 3" wind
energy for the first time. These first small-scale, wind-
electric plants were a great success and introduced to the
farmer the utrﬁity‘and versatility of electric power on

the farm (17).

During the 1800'5: windpower in America developed
parallel to that of Euroefr By»the 920‘5 meny farms in
canada and the United States were using windpower to pump
water or provide electricity. Because of the large land
holdings and t@us the greater distances between neighbours,
the large communal mills of Europe (thch had also been

ymbols of. the feudal: system in many countries) were never
popular in Amerlca. The smaller wxndmllls;’espec1a11y
the multi- bladed low- speed type, provided water for the
farm and did much to. develop the great agrlcultural po-
tential of North America.

The importance of this movement (the use

of windpower on farms), inaugurated by our

1nvent1ve farmers,. is made manifest in that
many acres of garden truck, fruit land and
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even farm land are irrigated; that stock is

supplied with water; that ranchers and sheep

herders are benetited; that dairy products - i
are increased and improved and that the Q
comfort of the village and the rugal home '
is often enhanced.

. (1-page 5)

Such' was the contribution of windpower to the development

of agriculture.
1.3 MODERN POWER SOURCES IN AGRICULTURE

-1.3.1 Heat Engines
' wit’the coming of more reliable power sources,
the use of Qindpower decliﬁed. Steam power, introduced
in.the early 1800's, soon became important not only for
grain thrsshing and water pumping, but also for culti-
vation of the soil. Gradu;lly steam power replaced wind,
and muscle power on the farm.

Steam engines differed greatly from earlier
prime movers in that they were more reliable and more pow-
erful than natural power sources and could produce
power on demapd. But steam enginés also'haé to belfué;eg,
distinguishing them from natural power which had left
the environment essentially unchangéd. Now trees had to
be cuﬁ, coal mined and oil supplied to keep tﬁe_stéam
engines running. | ‘

In ﬁhe early 1900's internal cpmbustion'engines
were~iné£odﬁéed to‘agricultﬁre. They were 1%ghter and
cheaper than the steam enginei- fhe adoptioh of the inter-
nal combustion engine quickly‘led o the industriélization

- 4 YL
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of tﬁe developed world and this engine ha"yét to be re-

placed as the major prime mover in moderq,aqucultute.

1.}.2 Electricity

Rural electrification.in the developef countries
began- about 1910 with the use of stesm engiae, inte;nal
combustion engine, and wind and water driven electrical
qeﬁeratorﬁ.' The utility and‘versatiljty of electric pewer
on the farm, led to jts universal adoption by agriculture.
-Extensive electrical dlstrxbutlon systems in America and
Europe soon eliminated the need for each farm to produce
its own oloctricity and at present alhnst all farmer: in
the developed countries are supplied with electric power
_ from such fietworks. '

1.3.3 Windpowar

At prese‘r: there are still a few small wind-
mills in North Amer1ca in operation on the farm, malnly
used to pump water for 11vestock but they ar&,no longer'
common. In Europe, only a few large size windmills are
still in working order and these serve mainly ae tourist
attractions. In some areas there are a few smaller wind-
power plants used "for the generatlon of electricity and
water pumping on Eurqpean farms, but these no longer make
" a significant contribution to total farm power reauire~

ments.




1.4 WINDPOWER!: :hESENT AND FUTURE
-\ - ' ' f -
1.4.1 Recent Windpewer Developments ‘

In rccint years, windpower develgpment in &he
developed countries has concentrated on the producéion of
electric bower. The largest windpowér plant built in
America, to date, was the Smith-Putnam wind turbine inr.
stalled in 1941 on Grampa's Knob in Vermont. The sup-
port tower of this mammoth herogenerator wastllo feet
high.,}iwso kw generator was driven by a ‘175 ‘foot
diameter windwheel. 1In 1945, after on1y a few months’
operati this machine was wtoékodyby high winds and was
never rehwid¢ (17). During World War II, a number of 50
to 70 ky‘acro§5ﬂ!§&;ors were~built in Denmark by F. L.
Smidth of Copedhaqen to feed electrical power into local.
distr!bution lindh,\and'nnny of these machines are still
in operation (17). 1In Great Britain a 100 kw experimen-
tal machine with an eighty-foot, two-blaée propellor was
operated successfully by 1955 near St. Albans, England (45).
In 1958 this machine was transported to Aléeria‘and is
still ﬁndergoing long range testing (46). Germany, ?rance
and the U.S.S.R; are at present all developing large and
small-scale aerdgenerators and most recently, the Nafibﬁai
Science Foundation in the United'States:angdnééd:plapé fo:'
the consﬁruction.of a 3,000 kw aérogehefato:'és fhéifixép-
step of*a multimiilion dollar reseagch and devélopﬁgnt_

scheme to produce alfhrnates to fossil-fuel electrical =

\ -
! ‘ 7’

.
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energy production,
In the lesa-deyeloped countriys very "'little has

been done to prohoto ;hn use of windpdwer in aqriculture.

A number of orgnnilntion- are supporting roncazch 1n India .-

o

but, to date, little has been'done td get’ windpower onto
the farms (27, 37, 38). The Brace Institute in.Canada,
associated witﬁ McGill University, has been developing

a windpower plang,forvuse in less-developed countries.
The initial results fromoteltinq windpower irrigation in
the Caribbea; indicate a technical success but the econo-

mics of this particular application are fiot encouraging*.

° o , v

) [}
1.4.2 The Future of ‘Windpower
[ ]
Within the past fewuyears there has en a
renewed interest in fhe wind as a source of energy. Ra-

pidly incr:t-inq fuel costs and concern for the envirbn-

‘rent are t , factors contributing to this interese .in de-
veloped gou;trxes. The UnxteS,States has just 1auncheg'
a 30 mlllion ‘dollar windpower proqﬁam :nd it is expected
théi othér Qeveloped countiies willl follow suit (5). -

In the less-developed countries, the tremendous .

influence that the introduction of natural power sources
o]

~ such as wind and water can have on development is recog-

L B
1

;Y i 3

v sOne interesting result has been that, under tests in °
the Caribbean, it has been shown that the telatxvely unsteady water
supply produced by the wipdpower® plant has not rgsuited in’ reduced
yields compared to yields ha\ung a steady supply of irrigation water
ptovxded by dlesel power. 4 ¢

- o S [P - <
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nized. In the rural arcas of many of these countries the
. . . .
only power available 1s still muscle power. It i1s thought

?egfhat the introduction of natural power®sources can do much
37 '

‘“ﬁ‘toward more rapid agricultural development (34).
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2. THE RATIONALE FOR WINDPOWER USE
- IN LESS-DEVELOPED COUNTRIES

#

»

2.1 AGRICULTURE IN LESS—quELOPED COUNTRIES

. .
2.1.1 The Present Situation

* The majority of those whouwork in the agricul-
turalvsector of the 1. s-developed world live at the
lowest socio-economic level of existence- . »-called
"subsistence levg%:. In économic terms t - ans that
productivity is stable at a level too low tc produce a
surplus of primary agricultural~com@oditiés sufficient to
provide for improved me thods gf production. This basic
inability to accumulate capital is oné maﬁof’qbstq;le to-
economic devel@pmént.' In social terms, those living at
tbe subsistence level have‘li;tle control over théir des-
tiniés, living at the mercy of the elements and'thé more
powerful .who control the priéeS'paid for agricultural
gobdg{ |

In the past'it Was_postulated that the injec-

tion ofjsufficient‘capitar into the agricultural sector®

N ) *Note  that the aqricultural.sector includes not only the
subsistence farmer but also corporate farmers as well as those asso-
ciated with government and other agricultural agencies. Erobably
little capital has ever filtered down to subsistencé farmers.

- 16 -
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would stimulate €conomic growth and thus lead to develop-
ﬁent, but this hasunot proven to be'sov(Bl). In order to
better jﬁdqe what may or may not be accomplished,rit,is
useful to consider the subsistence farm situation in his-
torical perspective. ‘ ’

In some of the poorer countries of Africa, for
eih@ple, agricdltural work 1is’, for the most pavt,‘carried‘
out by hand 1a#or;‘tools are often simple and inefficient;
cornvis usually\pounded (instead of quupd) into a coarse

flour, and used as the staple food. These'aqricultural'

methods were common to the Eastern Mediterranean Civili-

zations which flourished four to five thousand vears ado

. (see Section 1.2.3). In the introduction to this thesis

the extremely slow pace of the natural evolutlon of tech-

3

nology in aquculture was empha51zed But today,‘natlonal

and 1nternatlonal pressures on the poorer agr1cultura1

natlons demand hlgher product1v1ty and eff1c1encv in . the

agricultural’sector of their economies and in this con- i
: <\

e

text, subsisteﬁce farming hethods are an anachronism;
The people of these nations cannot walt for natufal evolu-
tion to gulde them towards a more developed way or llfe.
The nece551ty for agrlcultural development is
intensified~by the rates of urbanlzatlon in the less-—
developawountries. The desire of most agricultural
workers is that, with‘ldck-and perhaps a little harder
work, they or their children can somehow escape from the

Qo
countryside to the towns and c1t1es. “This movement is not



only a problem in urban centers,,w1thnshanty towns and
massive unemployment, but also presents a formldable prob-
lem to agtricultyre. The more adventuresome, and thus '
potentially proqressiqe farmers, leave aqriculﬁure for the
homfort and excitement of urban livina, leaVinq the less
'ogressive farmers to work the land. As lonqg as aqricul—
ture remains a form of bondage and the sub51stence farmer

has no opportunity to better his wav of life in rural

communities, this drain on aarlculture w111 continue (31).

o

2.1.2 The Development Goal . ‘ ;

\ In the broadest context,  for those who believe
that greater SOcio;economlc equality Qlll'brlng qreater<'
global staoility by .reducing the population.drowth-rate
and the incidence of Qar, development.of the_less—fortunate
nations must be a prlorlty. Development, asﬁviewed hy
Peter Dorner, must reduce unemployment and underemploy—
ment and result in greater equallty of resource dlstrlbutlon
as Well as increased agrlcultural productlon and produc—
t1v1ty (85. The reallzatlon that employment and productlon
must be viewed alongslde economlcs iﬁgqests that "total
_development" is more than just a matter of economlc
develOpment" -The qoaldgﬁ less- deVeloped aquculture must
'therefore be to employ more peOple more effectlvelv towards
‘a greater pro ct1v1ty. Thus, a prerequlslte for develop—
ment in the ag "cultural ‘sector of'fess—developed countries
s that farmlng must be attractlve to those w1th the energy

anad 1ngenu1ty to institute what will amount’ to an agrlcul—
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tural revolution*.
R : . . B
It must be emphasized, however, that if live-

¢

llhOOd in agriculture is not rewarded 1n both social and

economic terms, the effect of ewven the most qenerous capl-
o .
tal lnputs and the most approprlate technoloales will’ be

undermined. Educatlon orlented towards aquculture and
the participation of the elites ih'aqriéulture iﬁ,essen— »
; . ' : ¥ '

tial.. As reported by UNESCO, in America only 4 percent of
the many:students that come from overseas-for further acei
demic tralnlng are 1nte;ested in the fundamental problems
-of agrlculture in thelr homelands (37) . This 111ustrates

very well the low esteem that is. held for agrlculture by

~the. educated of the less developed world.
2.2 POWER IN AGRIQULTURE
2:2.l.iIntroductlon of . Power to Lesquertiped Aqr1-
' culture
The introductloﬂ of mechanicallppwer to less-
_aevelopeé agrlculture is an extremely controver51al sub-
ject;, There are those €hat suqqest that the lntroductlon
of. “labor-sav1ng dev1ces will. lncrease unemplovment and
is thus ant1 development, whlle others reason that withoit
the use of power ‘machinery product;v1ty cannot be inéreased

apprec1ab1y (18). Actually, a compromlse between the so- .

*The’ writot is not referring here specifically to a repetition ‘of
the agricultural revolution of the North Atlantic Region but of any
- process of change from anachronlstic to appropriate agrlcult\bral me-
thods. . ' . - :
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cial and economic effects of power mechanizatioN is re-
quired and local factors such as labor—availability and
capital-requirements, etc., should determine an appro-
priate level of mechanization for each case. |

One major effect of introducing power to the.

-

farm-is to generate new interest ihjagricultore. When it
% .

is shown that agriculture need not be synonymous with: .
back-breekrng toil, hopefully, the more prOgre551ve farmers
and their offspringhwill not be so‘'eager to abandon the
country for the town:' However, in order to bercompatﬁble
with "total development”, 1t is, essentlal that the intro-
duction of power machlnery does not displace many farm
_workers and is in some manner controlled by the farmers
themselves* )

The small size of most farms in the less-
developed countries means that if control is to be local*
then the power source must, of economlc nece551ty, be

small-scale.
. ‘.' Therefore, the purpose of 1ntroduc1ngamechan1ca1
power bo the private aqucultural sector of less—developed

nations must be ta: _ka) free the farmer and his famlly

*Thls matter of control is most important as it is control
of the power source, not the power itself, that will-give the farmer
. not only the ability to produce more but the incentive for him and
his family to remain on the Farm. This thesis is concerned with the
development of the independent farmer, in preference to the reorgani-.
‘zation of agriculture into ‘large-#cale farms, in the belief that pro—
gressive farmers will operate moresefficiently on their o;n than
. when forced to work on large corporate .farms.

o
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. )
*from the drudgery of non- productlve tasks such as water-
:carrytng and flour—m;lllnq, 1n order that more time and
energy‘may be spent on the cultlvatlon.of CcCrops; (b) gener-

ate interest in agriculture and incentive for the proqres—

sive farmer to stay on the land; (c) provide thplratlon

CT : A . :
for innovation necessary for increased agr1cultura1 produc-

tivity.

* 2.2.2 Power Alternatives \

Three sources of power other than muscle power
can be made available for use in less- developed aqucul-
" ture: heat-engine power, waterpower and w1ndpower*a

If the power source need be portable, then at:

present, the only alternative is thewheat~enginefof the

/.

internal combustionitype.'»Internal combustion eﬁgihe power

is versatile, portable and dependable, all characteristics
important for use in modern agricultgte{ hpWever, its'apf
propriateness for use in less-developed agriculture is

,; ) . . -

debatable. ‘Such power sourcés clearly require consider-

able capital resources for purchase and maintenance/, ag

. well'as resulting in severe rural unemploymeﬁt when put

to larqe—scale use. This-is clearlv anti-development.

o

Natural power, derlved from the energy of a1§

and water motlon, is limited to statlonary use. In agrﬁ-
. . - . : -y L)
culture, both7of these natural power sources have been
+

*Any of these may be used to generate electric power.

,-
N
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E'used for centuries‘andjtﬁe'choice of which of these is te
. be used depends greatly on availability. In the rurel
areas of the less -developed countrles where water is
abundant, agrlculture is already well developed It is

.

those _areas that do not have an abundant water supply that_
°c 0

are in greatest need and it is here that the use of wind-

power can have its qgreatest beneficial effect.

B 3
. .

2.3 APPROPRIATE TECHNOLOGY

2.3.1 Def;hition

0 In the 1ess;de0eloped countries, the two ex-
tremes of agricultural meehanization'have given similar
_;eSultg. The introduction of highly mechanizedkaqricul—
tural methods has often resulted in failure* and traaitipnf
al agriculture, using ﬁinimal mechanization, has proven
ségSf;“Bnly at su?sistence levels of production: Without
somevform of mechanizaﬁIBH, the traditional farmer has .
little ch;nce.to improve his productivity to the extent
required for .stable development to eccur. L

Somewhere between these two extremes, it is con-

. cluded, there exists an appropfiate level of mechanization

th would better meet the needs of a less-developed agri-

cultﬁr " country (31). A growing realization of ‘the

4

*Not only does this approach fail to meet the g
"yotal development”, but the lack of supportive infrastruct
as spare parts supply or trained personnel often causes the
failure and consequent abandonment of such highly mechanized pro

L N . -4
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propriateriess of technoloav transferred directlv “from tech-
nically more advanced nations has aiven rise to the con-

cept of ”appropriate technology"” for agricultural develop-

ment (32):

The basic'difficuity in direct transfe; of tebh—
nology deVeloped in an industrial country 15 its capltal-
1nten51ve, ‘labor-saving oremlse. In less developed coun-
tries, technology that will increase employment and reduce
capital requirements is needed; that is, a capital-saving,
1abo:—intensive teéﬁnology. For example: a number of
small, hand—oowered flour mills‘may be preferable'to one
large electric or diesel powered miil.

Thus in 1965 the Intermediate Technology Develop-
ment Group* was established in London to: (a) compile in-
ventories of existing technologies, (b) -identify gape be-
tween existing technologies, (c) develop more appropriate
technologies, (d) test and demonstrate results in the
field, (e) publish results to facllltate the transfer and

use of apprOprlate techhology. It is hoped that the ap-
plication of apoyoprlate technology to problems of produo-
tivity in the .less- developed countrles will give better o

results than has the direct . transfer of‘hlghly sophisti-

cated western teohnologY, advocated in the past as a short-

.cut to deveiopment.

*Headquarters at Parnell House, 25 Wilton Road, London,
England. .
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2.3.2 Relevance to Power
Applying the principlos-of appropriate teéchno-

. logy to the production of power in 1ess—deve10ped agricul-
ture leads to intefestinq results. For example, most
large-scale, sophisticated power production machingry needs
to be scaled down apd'simpliﬁied én order to be more ap-
propria;eu Similarly, full-scale trac£orization is clear-
ly inappropriate aS‘if is indeed labqr—savinq and capital-
inteqfive in the extreme; (32) .
| @ In a country where both trained personnel and
capital are scarce, the use of such machinery causes con-
siderable economic strain. With internal combustion en-—
gines the full economic impact is often not felt until the
ﬁachinery has been in operation for some time. The need
for fuel which must bé purchased with scarce foreign ex-
change and the tying up of'trained personnel to perform
contihgous.maintenance ére two factors tﬁét make its use
ofor stationary power production most inappropriate in

— : y

less-developed égriqulture.

2.3.3 Appropriate Windpower Use
Although windpower is generally inéppropriate for

industrial applications**, windpower can be used in agri-

*yet many less-developed countries are still advocating
large-scale tractorization (often in pursuit of prestige, not produc-
tivity). Research is ‘presently under way at the National College of
Agricultural Engineering in England to develop small-scale tractor
technology specifically for use in less~developed agriculture.

.’ .
s **One e}ception is discussed in (45).

.
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Cculture for those tasks which may be done e sfry. Prin-
cipall? this includes wéter pumpihq and poét harvest me-
chanization, both generally:carried our'by the women of
rural communities. If windpower were employed to replace
. maﬁpower in this cqfe,.its major effect on the labor eéo-
nomy would be to.fgge those women to speﬁd more time and
energy on the more productive occupation of crop culéivé—
tion. This would be of direct advantage to those wérking
the land and coulq do mﬁch to.insure the success of such
an innovation. Accoédinq to M. Mamdani,

' Only under certain social conditions--that

is, only wheft the adoption of a particular

technology was in their interest--were the
people responsive to, technological change.

- (22, p. 52)

As with all innovation, the appfOpriatenéss of
windpower will depfpd greatly on its form. ' At present
there aré a number o; large-scale, sophisticated windpower
projects underway but their capital-intensive, labon-s;vin
qharacfer is not compatible with the needs of less-
developed countries. Small-scale, simple windpower plants
would bé'more appropriate. Their use would allow each farm
or small village to have its own windpower plant which
would minimize travelling distances, employ‘local person-
nel agg"give control of this "new" po?er source -to the
people who can make the best use of it. Another’advantage
'of this type of smail—scale installation is its educative

effect upon the people that it serves. .Through continual

exposure to the advantdbes of innovation on the farm, tra-

g
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.ditionally "conservatjive" farmers may become "“progressive"

dﬁ?armers and thus the process of develobment furthered.

2.4 WINDPOWFR FOR ACRICULTURAL DEVELOPMENT

2.4.1 Advantages of Windpower

Forrstationary use, windpower has one major
advantage over internal combustion power: wind is its
fuel. Although this represents a considerable saving, the
inherent costs of windpower (amértizatioﬁ, interest and '
maintenance) may(or may not g}ve it an economic advantage
over fueled enginés.

High operating costs,. spare parts requirements
and the need for continuous maiptenance by trained person-
nel make the heat engines far from idea1~for.use in less-
developed agriculture. On thé other hand, natural power
sources such as wind and water'néed not demand ﬁigh operat-
ing expenditures and sophisticated maintenance inputs,\but
initial capital cost of natural power installations have
traditionally been higher than. that rgqgired for comparable
‘heat engine power. Still, recent increases in the cdst of

petroleum products as well as recent concern over the en-

.vironmental effects of combustion engine exhaust has done

much té reduce ﬁeat'enqine competitiveness Qith‘natural
power sources and this trend.is expected to}continue.

' Water power is in many ways'aq ideal source of
power for both developed and less-developed countries buf

-

it has one major disadvantage in the less-developed world.

.::// ’
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Often flowing water is not available neéarby and exbénsive
electrification systems have yet to be developed suffi-

ciently to provide hydroelectric #fyger to the small farms

of the less-developed countries.

2.4.2 Windpower Limitations
The greatest.limitatiOn of windpower use is the

wind itself. Winds muét PBe of sufficiént quantity and
quality to support windpower development for any given
location. Quantity in terms of wind speed and qualiiy in
terms of wind speed variation mu;t both bg known before
recommendations relative to windpower suitability can be
made. Limitations on the size and-c0mplexity_of winonwer
plants are usually governed by social and economic fac-
toré. (Using the appropriate technology approach, small-
scale, simple windpower applitration is best suited f;f use
in rural communities of less—developéd countries.) Mech-
anical windpower plants such as those designed specifically
to pump water or mill grain are also limited in their usé
“and usually can only be used to do the one task for which
each was built. By contrast, electrical windpower plants
(or aerogenerators,.as'théy are comMonly Called) are not’
as limited in their appllcatlon and may be used for many -’
tasks 1nc1ud1ng lighting, water pumping, mllllngy etc;

l

The use of an aerogenerator instead of a mechanlcal wlnd-

2

power plant also has the advantage that many tasks smay be

done -simultaneously. T

-
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2.4.3 Fconomics of Windpower

The major expensec aasocia%bd with windpower uti-
l{zation is the capital cost of cnnstrudtion and installa-
‘tion, and the corresponding, ‘interest cha;;es Op?ration
costs are limited to periodic igapection and maintenance
as, unlike the heat engines, there,is no fuel rcquirément;l

In order to measure the cost per‘unit enerqy, the
following facts mu-t~be known: C, the capital cost of th07
winqpower installatior ber unit of eﬁwer capacity; p,
the percentage applied in the caLculatioﬂ of theiannuél
costs of interest, depreciation and maintenance; ana E,
the annual output of energy per unit of pdwer capacity
(called "specific output"). * .

The calculation of energy cost is them simély:
(p-C)/(100-E) per unit energy output. For ex8nple if
capital cost is'$1,000 per kw, -annual charges are 20%,
and specific output is 2,000 kwh per kw, then: energy
cgst,‘G, is (20 i 1000) /(109 x 2000) = $0.10 pegekwh.

The potential of windpower as ﬂ?thOd of produc-
ing energy in competiﬁioh with other’methods is judged by
compariny the energyneest, calculated in this way, with
that for other alternatives, %he capitdl cost, C, and the
maintenance and éeQ?eciation components of the annual ’
percent charges, p,‘dppend largely on the design of the
wxndpower plant 1tseff By'us1ng better materlals, for
example, C may increase but p should decrease and the ' e

-

overall effect on the‘cost«of energy, .G, can be calcu-
. : , o ’ s
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lated. quthis way an economic design is»produced.

The rate of interest charged on capital is de-
termined largely by economic conditions in the country of
purchése and thé specific 0utput, E, depends on annual |
wind époed} and the efficiency of energy conversion. Un-
éer normal conditions the” cost of energy- from the wind
varies from 5 to 25 cents per kwh for typilical plantS.
presently in operation.

It must be pointed out, however, tﬂat economics,
though an importantAfactor, is not the ohly factor that
must be considered iﬁ fho application of power to less-

deQeloped agriculture.

2.4.4 'WindpowegvApplicationS
A major use of windpower on the farm is for
pumping ‘water. On farms where water has to be drawn and/
or transpbrted by hand,—it'must be used sparingly. Often

water scarcity prevents the raising of farm animals, and

lack of sufficient water for even minimal irrigation

leaves the farmer totally at the mercy of natural rain-
fall. .

In some areas of the less-develqped world, wind-

power could go much to increase the availability of water
X
for small farms in remote areas and, wiéh-the addition of
; , v
reservoirs, water could even be made avallable 4during

—

periods of calm.

The use of‘windpower for direct water pumping

i . o .
has limitatiens in that the use of mechanical drive dic- "

-

—
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tates that the plant must be located véry near (often
‘directly above) the well, and this is often inconvellient.
{n addition, the‘direct connection between the windwheel
and the éump g%vés the user little opportunity to vary
loading conditions in ofder to maximize energy utiliza—
tion. Enefqy Ehat canhot be used immediately by the pump
is thus wasted.

Other mechanical-drive plants similar to wind
pump may be used for post-harvest mechanization (thihing,
winnowing or milling), but mechanicdl energy is not easily
stored'and matching power availability to power reaquire-
?ment is often a problem. An alternate method: of windpower
utilizatdon is offered by the wind-electric system.

’ From the 1920's through the 1940's, a number of
small wind-electric plants were built in Europe and Ameri-
‘ca producing electrical energy at' 6 to 32 volts. In the
davs before rural electrification they provided an import-
anf source of energy to charge aﬁtomobile batteries and
provide electric light on the farm. Now, throughout the
-developed world( almost all of these small wind-electric
plants have been aced by more reliable power‘sources.
In the rural areas of: less-developed countries, reliable
‘power‘sources such as thoé; provided By rural electrifi-
cation will not be available to the farmer for some time
to come and there is a need to provide Soﬁe means of ener-

gy production on the‘farﬁ. (

" A major advantage of the wind-electric system



is its versatility. Electric powéf can be transmitteé,
by wire, sdme distahce from its source*--thus éliminatinq
the need for the power supply and power user to be ad]a—
cent. Electrlc energy may be stored ‘in batterleq to pro-
vide power.during périod% of'calm,.‘Electric appliances
such as lights can be powereﬁ as'weil»as machinery driven
by electric motors. The ve#satility of elect;ic power

offers many advantages over mechanLcal power and provides

a great deal more opportunity for innovation.

. - o °
- R - ’ <
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*A small amount ﬁof energy is lost to heat due to the elevctr'i-
cal resistance of the wire. . o



3. WINDPOWER THEORY

o

3.1 WIND

3.1.1 The Nature of Wind ) G

Wind 1is air'movemeﬁt resulting from atmospheric
pressure differentiéls. Four factors need be known to
completely describe the wind at a parﬁicular tiﬁé and
location: its direction,vits change in diréction: its‘
speed and its change in speed. For windpower use: wind
direction may determine‘windwheeL,orientaéion, wind spegd
‘ wili determine avaiyabie windpower, change in wind direc-
tion will determine windwheel orié'l.on response, and
change in wind speéd Wili‘ﬁetermine tﬁé variability of
windpower outpth &

« Three types of winds are recoqnized: prevail;
ing winds, energy winds and storm winds. vThe prevailing
winds are those which blow most ofteﬁ and thus determige
the usual orientation of‘the windwheel. The energy winds
are those that péssess the greatest ki?etic‘energy and are
>imp§rtant in determining 16na range energy output of a
windpower plant. Storm winds are those tha£ ha&e the
greétest wind speed and arevimportanﬁ in determining what

forces the windpower plant must be able to withstand dur-

ing storms.
- 32 -~
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A macroscopic view of the earth's prevailing

.winds suggests that the less- developed areas located near

the . equator are in the ‘doldrums, and thus have little
w1ndpoWer potentlal (see Figure 1). This 1is "most mislead-
ingAas, although "averaqe" wind speeds over large areas
are low,.local COndltlons ‘are often such as to preduée
w1nds favorable to w1ndpower utilization. 'Many areas

withinvindia, China, Afrlca and Latin Amerlca are at

- present using some form of windpower-in agriculture_al—

though they are in the doldrums.

3.1.2 Power from the wind

The amount of power available-in the wind de-

-

pends on its kinetic enquyL Ej / such that:

Al .
k
o P=f;j...a.§.....-.“\)
where: P is available power in kw,

Ek is the klnetlc energy in kwh, and

~ t is the time period of energy extrac—
“ tion in hours.

Kinetic energy is defined as the energy of motion and:

. . . . (B)

E, = hms? (2298 1077)* . ..

(74

sNote that 1 Joule = 2.78 X 10”7 kwh.
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where: m is the mass of flow in kygs. and

s is the flow spced in metres per
) ‘second.

For a circular cross-sectional area porvpondicu=
lar to the wind velocity, the mass of air, m, which flows .

' N
" through this area is given by: (sce sketch below) .

m =V - £ """"""(C,)

where: V is the flcw-volume in metres’ and

f is the air density in kg./metres3.

At ISPC,FGd%R.H. and 100 mb pressure, f = 1.20 kg./metres3

<

m
P s

. - But: YV = == ¢ ¢ e a2 s+ o & o . . . (D):

3 : ‘ -9, . .
where: - D is the cross-sectional diameter 1n
metres and

d is the travel length of the cylinder

of air in metres which passes through
the cross-sectional area in time, t.

°

From (C) and (D) . m o= - | PSP ¢ > |
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From (B) and (E)

. n D?‘d 5 Q—.-7 . -
E, =% —g f;$2§2.ja x 1077) ..o (F)

From (A3 and (F)

2.,
y 1 Bd L f.s2(2.78 x 1077

P= Y AP ()
a _ ' '
But: T = 3600 S * . . . 4 = s e e (H)
' ' ’
And: £ = 1.20 kg./metres?

: -7
Therefore: P = 19 ) p2g3

[}

x (3600) (1.20) (2.78 x
2 (4)

or: © p = 4.71 x 107 D2s? . . . . - c e (1)

From aerodynamic considerations, the maximum

extractable power,,Po is given by:
P, = 0.593P T (J)

The power coefficient, Cp, ig defined as the ra-
tio of actual power extractedsy P, to the extractable
power, P, and is thus a measure of energy conversion

efficiency:

N

~ *Note that t ‘is in hours and s is in metres per second,
hence the need for the 3600 conversign factor. ‘ '

#*In order that the air entering the plane of the windwheel
‘be allowed to leave, it must retain some of its initial speed, thus on-
ly a portion of the total kinetic energy of the wind is "extractable".
see reference (14) for detailed explanation.
®
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’ PP ! .
C = — e e e s e s e eoe e« (K)
P Pq .
~ From (I) and (J) P_ = 2.79 x 10-% p?’s? . . . . . v .« . (L)
From (K) and (L) ,
P =2.79 x 107% C_D2s3 ., . . . . . . . M)
e P .

Even with the most modern windpower plants, a
Cp value of 0.7 is seldom'eXCeeded.i Combining this with

Equation (J) gives the resuit that only about 40% (0.7 x
0,593 = 0.415) of the kinetic énergy of the wind can be
usefully eﬁployed even under the most ideal conditions.
For modern wind power plahts a 30%'energy conversion effi-
ciency is considered excellent.

It should be emphasized that a major differénce
exists‘between‘energy extraction from a«sPiftetic energy
source such as the wind; and energy‘extraction from a po-
- tential energy source such és water. Potential energy
such as that available in dams feeding hydro-power plants
can be easily stored, but the kinetic eneray of _.the wind
must be used or transformed into other forms of energy,

as it is supplied. It cannot be stored as kinetic energy

for future use.

3.1.3 Choosing a Windpower Site
Both wind quantity and wind quality need be con-
sidered in choosing a windpower site.. It is generally

accepted that average windspeeds of less than 4.5 metres

-
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per secg‘d are unsuitable for windpower, but wind quality

is alsp a conéideration. The steadier the wind, the more
usefuliy it may be employed. Areas where long periods of
high winds are followed by long periods of calm or where
wind speeds characteristically vary greatly over even
shdrter‘time periods are less than ideal.

Generally speaking, wind speeds for. most areas
are entifely random (even thouah the averaqges a;d extremes
may nbt vary gqreatly froﬁ vear to year), so that even di-
urnal variation is not predictable (15). In order to best
utilize what wind is available, the following generaliza-
tions should be noted: (a) wind speed generally increases
with"éltitude so that it is often advisable to site a wind-
power plant on a hill if possible; (b) Obstructions such as
Euildings 6r trees should not be within 400 metres of the
blant,ttQ reduce eddies and thus help gp stabilize wind
speeds; (c) in the tropics, winds are often greater at the
coast than inland. ‘

Ideally, so that. windpower plant perfOrmancé

may be predicted with some accuracy before installation,

at least one year's continuous record of wind speeds should

_be available from near the proposed site. The record can

then be converted to power units using FEquations (I), (J)
and (K) of section 3.1.2 and accurate determinations of
annual energy available, energy storage requirement and

optimum power plarnt size may be made .
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3.2 WINDWPgF.LS

3.2.1 .Description

The windwheel (qometimés referred to as the
"rotor") is the prlme mover of the windpower plant. Its
function 1is to conv'ft the kinetic enerqy of the w1nd to
‘mechanical kinetic enerqy which may then be used to do.
work. The windwheel itself usually consists of a nhmber
of radial blades, fixed to a central hub, which rotate an
axle in response to the force of the wind. Powe; generated
by the windwheel is thgn’transmitted via the axle, digect—
ly or indirectly, to a mechanical or electrical system
that can uéilize or store the energy thus .produced.

The efficiency of the windwheel is a major fac-
tor in overall windpower plant efficiency and thus its

design is important.

3.2.2 Types of Wlndwheels.' .
Windwheels are classegl accordlnq to their plane
of rotation and thus are usually termed "yertical"” or
i"horizontai" axis windwheels. The most familiar tvpe,
like the American windpump or the Dutch windmill, are in
the horizontal axis class. The earliest types, such as
L . ’
the ones first develOped-in persia and China (see Section
1.2.7), are-in the vertical axis ciass, as are a number of.
ecent models presently under test by the National Re-

search Council of Canada.

The advantage of the vertical axis windwheel is
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that it accepts wind equally well from any direction
without having to change orientation. The horizontal axis
windwheel, on the other hand, must respond to wind direc-
tion in order that its plane of rotation be kept perpendi-
culaf to the wind velocity.

There are literally hundreds of types of each
class of windwheel* but generally the horizontal axis de-
sién is more ecoﬁomical and éfficient. As well, the in-
herent low-speed of conventional vertical axis windwheels
.make them quite unsuitable for aerogenerator use unless

considerable speed reduction Qachinery is added. However,
horizontal axis windwheeié, dependinq.on desiqgn, may be
low or high speed. An example of the low-speed, high-
torque horizontal axis windwheel is that familiar.model
used as a windpump in Ndrth America, wherein .almost all
of the swebt area is filled by the windwheelybiades. An
'ex;;ple of the high-speed, low-torgue horizoﬁtai\axis wind-
wheel 1is the propeller-type aerogenerator Where;5>bﬁly

a fraction of the swept area is filled by the biades.
(This type of windwheel has the greatest efficiency of
all.)-

*\Windwheel size varies from the small, two-metre

diameter, commonly used on small farhsl to the fifty-

metre diameter wheel recently developed to produce elec-

tric power for utility companies in Europe and America.

5

*See references: (1, 3, 10, 17, 24, 25, 30, 41, 44, 46).
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3.2.3 Windwheel :Selection

In selecting a windwheel for a specific appli-
cation, torque and rotational speed must both be taken
into account for a given power re&hitement. Type of wind-
wheel to be specified is easily determined. For mechani-
cally driven machinery, such as pumps, mills, etc., wind-
wheel characteristics must be such as to provide a high
cgstarting torque and relatively low rota?ional speed at
"normal"” wind speeds. For aerogenerator use, windwheels
should be of the high-speed propeller type.

Oonce theiiype of windwﬁeel‘to be used for a spe-
cific applicafion has been determined, an approximate
value for its power coefficient, Cp, may be assumed and
thus an appropriate windwheel -diameter chosen {using Fqua-
tion (I) Section 3.1.2]. Note, from Baguation (I), that the
power output variesywith the square of the diameter, such
that a doubiing of windwheel diameter will result in a
four-fold power output increase.

Rotational speed and torque are related to power

by the following eqhation:

P=2nmt-n(l.67 x 10°°) *

A B
P=1.04 x 107%1-n
L 4
1"LNot:e that 1 newton-metre/minute = l'Joule/mihute = 1.67 x

10-5 kw.
.



where: P is the power output in kw,
i 18 the torque in newton-metres and

n is the rotational speed in r.p.m.-

blade

windwheel axis
of rotation

oWindwheel

Equation (N) illustrates that torgque varies in-
versely with rotational speed such that, for a given power
output, P, rotational speed, r, can be increased only by.
reducing torque, t. This relationship governs the match-

s

ing of windwheel characteristics to their épplication.

3.3 WINDPOWER UTILIZATIQN

3.3.1 Mechanical Power

During its earliest development and until the
1890's ksee Section 1.2.7) windpower in agriculture was
used exclusively to provide power by mechanical means.

A major problem with mechanical windpower trans-
mission is the drive traininecessary‘ connect thg wind-
wheel to the driven machinery. Drive train components,
including gears, pulie&s, driveshafts, cranks and'levers,

result in energy losses which reduce overall plant effi-

’
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‘ciency while ﬂodinq much to the plant cost. In addition,

I

~even the simplest mechanical drive train requires con-

siderable maintenance, including the use of some form of

zl

lubrication essential to réeducing wear and enerav losses.
(8]

The dxfficulty oﬁ>;ransm1tt1nq power mechanical--

1y for long distances usually means that' the power USer’ 0

“
mult be Jlocated as close to the wxhdwﬁbel as possible,

of ten )ust below the windwheel suppor&‘tower, and for many
o]

dgpplications this is most inconvenient. Mechanical drives

are seldom used to do more than one task, as a connect

and disconnect capebility would require special; expen-

; : . Vv a
sive machinery, as would arrangements designed to increase

versatility by allowi re than one task to be done at

5 }
one time.

Q

As wind spe anges c%hstaﬁily and windpower

¢

output varies as the speed cubed [ see Fquation (1) - Sec-
. 0
tion 3.1.2], it is most difficult, with mechanical whnd-

power plants, to utlllze power as it te producgd Durlnq-
the "age of windpower" in Europe, on Qindy days milldrs
worked very hard for long hours, and then relaxed during
perlods of calm. Often th;s is not’a convenient or practi-
cal solution to matching po;e: supply to demani and betterq
re.ults can be accomplished if some,form ot enerqy storaqge
is used. Unfortunately, meohanlcal klnetlc eneray cannot.

be easily or economlcally stored

3.3.2 Electrical Power

With the developmentnof electricity. in the 1890's

o0
@

42
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came the idea of generating electrical vower from the wind.
At firstf aerogenerators were most_gften d;iven via a
speed reduction system capa%%e qﬁ increasing rotatiohal
speed Fo an acceptable level, bkt sugh;machinery, as
did the mechaniC?l dfive train, ihereased maintenance
requirements and plant cost. = Not until the 1920's, with
the introduction of the efficient, high-gspeed propellef,
was direct drive of aerogenerators made possible.

Electrical power from the wina had manv advan-
tages over mecbanical power. In the wind-electric plant
the troublesome drive train of the mech&nical plant 1is
replaced by maintenance-free electrical wirinag. As well,
more than one task can be done at a time, using e¢lrortri-
cal power, by simﬁle connections. In this wav gower sup-
ply can be more easily matched to demand.  Adding storagé.
batteries to the wind—elecﬁric system alsoc results in a
more steady energy supplv than previously offered by mech-
anigalvpower plants*, but this may add considerable ;ost
to the wind-electric plant.

However, thé greatest advantage 5f electric perr
is itﬁ versatility; it can be used fot lighting, driving
electric motors or powering a nurber of eleCtricalwappli—

"ances. The simplicity, efficiency and versatility of the

2

wind-electric system make it far superiqQr to the wind-

' *Surplus energy can be stored for use during periods when
" demand is greater than supply.-

%.



mechanical system for use on small farms.

3.3.3 Energy Storage
To provide energy during calms and to better <

* ytilize wind energy as it becomes available, some form of
4 : ‘

‘”_genergy storage 'is needed. ¥or many applications; long or
| even short periods of zero energy availability are unac-
ceptable. |

Thére are two methods of energy storgqe cbmmonly
associated wigh windééwer. The first, and ﬁérhapé the
simplest method, is used when water supply is one of the
enerqgy users. In this case a water storage tank can he
cprovided above ground level such that the water level 1in
tﬁe tank will increase when supply is greater than Aemand
and deqréase when demghd is greater than supply and thus
water>availability is greatly improved. This method pro-

4

vides a buffer between supply and demand which can, if pro-
,fperly designed, provide a reliable supply of water from
the ragber unreliabhle enerqy of the wind.
The secénd method requires that the kinetic ener-
gy of tﬁe wind be converted to direct-current electrical
eneray which can £hen be stored in batteries. This method,
unlike the firét, results in a considerable energy "loss"
of about 15%, associated with battery inefficiency.
A more versatile system, which has watér supply
as one of its functions, can use both of the above methods o

simultanedusly but the cost of such a system.is’?;éenﬂnot e

justified. ' . .

K4
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4. WINDPOWER PLANT DESIGN o .

a
o

o

4.1 DESIGN CONSIDERATIONS FOR LPSS-DEVFLOPED COUNTRIES

B

4.1.1 Ecogomicoqnputs° °
In ofder that the benefjts of windpower be made

" avaklable to the dreatest number of peopLe;)yindbOWer

]
>

plants must be within'the budgets of many small farmers -
in less-developed agriculture.* Thus,, in the desion of

a windpower plant for these areas, low capital and main-
. . .

tenance:costs must be a priority. As capital and mainten--

. a . _ . . ' .
ance c?sts lncrease rapidly with windpower plant size,
) P ) .

economic restraints dictate that the plant must be small

]

if it is to be purchased and maintained by individual far-

mers or small co-operatives. Capital costs may be reduced

considerably if maximum use of less-expensive, mass-

produced, alreaéfﬂavailable‘componenté)can be made.

The ecqnomib'"trade—off" between capital and
maintenance costs is difficult to analyse at this point.

£
v A d

>
o >

(=]
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The use of more expensive equipment having lcwer mainten;
ance requirements may be more economic in the‘lonq run,
but this will require long-range prototybe testina. Thus,
in this design, the hiagh priority giVen economics was -’
lnltlally translated to mean the reductlon of capital
costs to a mlnimum The phy31ca1 testlng of the proto-

type resultlng from ‘this design w111 better determlne what

[
v

maintenance hs, i&ﬂ and at that point de51qn 1mprove-
ﬁents to redu;e‘ﬁéihbénance costs mav be more reasonably
1ntroduced »

The synthe51s of both capital and malntenance

costs will result in a cost per unit of enerqv figure (as

described in Section 2.4.3) which.will ultimately det

ermine
the economic feasibility of such small-scale windpoWer‘e
in less-developed countriecz.

4,1.2 ManpoWer Inputs

B}

_ In less- -developed countries, trained, capable
manpower: la scarce and the introduction of 1nnovat10ns
requiring considerable expertise for their 1nstallat10n

- and malntenance cannot be successful without placinq fur-
ther straln on that country s humansresources. 1f an in-
novation can be 1ntroduced using only readlly available
unskilled or semi—skilled labor, then it has a much better
chance for survival.

Ideally, a QindeWer plant designed for use in

less— developed aquculture should be easily installed by



local people and require onlY'minimal maintenance hv .
skilled personnel. If rdutine mainteﬁance can be carried
out by the people who use the plant, then it i1s euite‘, .
feasible that the plant may opcrate for long pegiods with-
out the need for any skllled labor input. Thus, the de—'.
51qp'of the prototype is such as to m1n1m17e sklllea
'manpower requirements so that local people mav be used for

both installation and routine maintenance.

-

4.1.3 Technology Inputs
Design of the prototype w1ndpower plant w111 be

3

carriedvout using the prlnclples of approprlate technoloqy
(as dlscussed in Section 2.3). Th;;, an attempt will be
Vmade to use technology Whlch has already been at least
partlally 1ntrodwced 1nto the country. In this way, it

is hoped that the technical support needed for such w1nd—

1power plants to 6perate successfu%&y for long periods,
’ : N LN

can come from within the country rather than withgpt.

4;1.4 -Outppt Requirements . "u. , \
Ultlmately, the success or fallure of a wind-
power plant depends on its ability to perform the tasks £Q;,,,
which it was designed. In this instance, affordable
ehergy in eufficient quantities to meet demand is the
primary output reauiremeht. To attain this goal.é high
overall plant eff1c1encv ‘'will &0 much to utlllze more 5%

the wind's energy. In addltlon, a wEndpower. plant de51gned

for use in 1ess-developed.countr1es should be able to pro-

.
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vide- power which can be used for more than one nurpose.
One installation shouldrhave'the potential to pump wator,
mill grain and power othef~agricultural appliances. Thus

the prototype design will attempt to maximize both plant:

efficiency and versatility to meet these needs.

4.2 WIND-ELECTRIC PLANT CONSIDERATIONS

4.2.1 The wind-Electric System
The wind-electric systemfoonsists of a head,

a support, wiring, storage'batter§(5) and a control panel.
The head is made up of a windwheel driving a direct—cUrrgnt
generator mounted on one end of a freely rotating horizon-
tal cross-member which is kept parallel to the wind by a
rugder mounted on,the opposite end. The head is mounted
atop é support structure, and electricai eneroy'generated
is ttagtmitted to the control panel by wire. In ofder‘that
electrical”energy may.be stored, a storage battery is lo—'
cated at the base of the support and connectedwelectrically
to the control panel. The control panei contains instru- v
mentotion to measure current and voltagé as well as a vbltj
age and current regulator, to protect oloctrical components
(see Figure 2 for general. layout of a simple wind—electfic
systom).‘ Note that the wind-electric piant'is being sug-
gested‘here as more suitable tﬁan the wind-mechanical blant

for reasons stated in sections 3.3.2 and 4.1.4.

"4.2.2 Utilizing Automotive-Electric Parts

When the concept of wind-electric power was
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“‘introduced to the farmers of the developed world, tﬁ
more® ingenious would often build their own wind-electric .
set from 6-volt automobile electrical parts instead of
buying the more.éxpensive factory-made typg. The maijar
difficulty with this was that the direct—current genera-
tors used in automobiles at that timehwere inefficient and
reauired considerable maintenance for continuous operation.
Now, automobile generators are far more efficient and re-
quire litfle maintenance, and ié is reasonable to aésume
that if the/idea 6f prbducing power from the wind using
'automobilé parts was introduced to the more ingenious farm-
ers of less-developed countriés, thev, too, coGld put this
idea to Qood use. Ifethere is sufficient wind, even.a
small plant has the capacity to pump water, provide elec—
tric light and pdwg; smalllagricultural appliances.
Usinélautomobile electrical parts for windpower
‘util}zation has all the advantages discussed in Section
3.3.2 but avoids ﬁhe disadvantage of requiring a highly
specialized tgchnology which may not be rea@ily'available.
The expertise required for the maintenance and repair of
automobile electrical systéms is already anilable in less-
devglopeducountries and gpare parts may be obtained from
.existing automobile spare part debots. Thigreliminates o
the need for glaborate training programs'and Special ser-

vice centers that would most definitely be needed if spe-

cialized windpower’ equi;?‘;t were to be used. . Bv building
a windpower plé‘t using p ,ts from the automobile elecpri-

©
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-
cal system, not only is the cosprbf the installation re-
duced but also its versatilit;Vis‘increased. All automo-
bile compénents compatible with the 12 Qolt electrical
éystgm become readily available fof'use in such a svstem.
Lights of various sizes, electric motors and car radios
may be obtained and put to use.

It is recognized that a sméll, low—-voltage sys-
tem will only be useful for small 1oaés, but its introduc—
tion will ailbw rural families to enioy some of the hene-—

fits of electric power and will offer numerous opportuni-

ties for innovation.
4.3 PROTOTYPE DESIGN

4.3.1 Generator Specification*
At present, almost all automobiles and trucks

are equipged with a 12 valt, direcF—current generator of
the syncﬁgonoqgvhsénd: diode-rectified tvoe, commonly
called the alternator. This relatively new design has’
several advantages over the shunt-wound, direct-current
generator that was prevalent before 1967. These include:

a) Higher efficiency. The alternator svstem requirés
only about 24 watté of energy to power its electric field
while the generator system recuires 60 watts or more.

b) Lower speed operation. The alternator svstem

produces useful energy at 800 revolutions per minute where-

&

*See Figures 3, 4 and 5 for bench test data on alternators
and generators.

.
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as the generétor svstem must be driven.at 1300 revolutions
pof minute before its enerqgy production equals its "‘consump-
tion.

c) Greater power capacity. The alternator svstem

-
can produce up to 630 watts of powef (at 4000 rpm) while
the equivalent generator can produce onlv 270 watts maxi-
mum (at 2500 rpm). .

d) Greater overspeed capabilitv. The alternator
can be run safely at 10,000 rpm but the generator is 1li-
mited to 5000 rpm operation.

d) Less weight and.volume. The alternator weighs
only. 5 Kgs. and is only 14 ém. long and about 16 cm. in
diameter. The generator weighs 10 Kgs. and is 30 cm. long
and about 15 cm. in diameter.

f) Less maintenance required. The alternator uses
slip rings in place of the split commutator' used in genera-
tors..- As the commutator causes rapid brush wear, qenéra—
tors requife frequent cleaning, inspection and maintenance.

For the above reasons it is suagested. that the
alternator, which isJ?ow readily available throughout the
world, would be a much better source of electric powé:'than
the D.C. generator, and thus the alternator was used in
~the qpnstruction of the windpowér prototypc.

4.3.2 Windwheel Design
As mentioned previously in Section 3.2.3, the

type of windwheel specified for a particular application

depends largely on what rotational speed is required. In

Q
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this case it is desirable (in order to celiminate the need
for a speed reduction system) tor the windwheeluto direct-
drive the alternator. At rotational speeds of at least
1000 rpm a propeller type windwheel is needed.

‘As the propefler should be easily constructed
and balanced, a simple two-bladed propeller (which has the
added advantage of lighter welight) was specified.* The v
major slimitation on the use of the two-bladed propeller is
that diameters of 3 metres and greater have a tendency to
vibrate excessively and for these cases a three-bladed
propeller is usually recommended. As this windwheel was
to be of much smaller size, a two-bladed vpropeller was not
‘expected to have serious vibration oroblems.

Althouéh metal propellers (usually made from
aluminum alloys) may be stronger, lighter and have a long-
er life, their high initial cost and the fact that they
cbuld most .likely not be produced economically in a devel-
oping country, make them unsuitable for this application.
It is more appropriate to make the propellef of wood which
is available in most areés and can be fashioned by local |
craftsmen. Both hard or soft woods ca‘ be used, and pro-
tection from the elements afforded by the use of common
li;seed 0oil. For this research, carefully selected eastern

-

birch was used for the prototype propeller.

14

: *See Figure 6 for efficiency data for different blade con-
figurations. -
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Propeller diametor datermines power output for
a given wind speed, and for the desian condition of 1000
rpm from a 6 metre per second wind*. At this speed, a
power output from the alternator would be about 105 watts
(from FigureS).' 1f an alternator efficiency of 70% is
assumed, the energy input to the alternator must be 105/
0.7 or 150 watts. *rom Faquation (M), Section 3.1.1, and
by assuming a Cp value of 0.7, the reauired proneller dia-

meter may be calculated:

P = 2.79 x 1074C +D+s' . . . . . . . . . (M)
e p
where: Pe = the windwheel power output
= 0.150 kw
C = the power coefficient

P - 0.7 for propellers
D = the windwheel diameter (metres)

S = the windspeed
= 6.0 metres per second.

Solving for D in Eguation (M):

D = //r Fe _ 0.150 . . (0)
- /2779 x T0-7C +sT T /2,79 x 16-% x 0.7 x 67

= 1.9 metres

*This design figure is chosen from wind speed availability
data and alternator rotational speed requirement.
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As the area of the propeller necar its center is not used‘)
for power production, a propeller of 2.00 metre diameter
was specified.
The pitch of the propeller blade, that is, the
angle between the blade surface facing the wind and the

perpendicular to the wind direction, determines propeller

- ﬂ! i‘q

characteristics. For a agiven wind speed, propeller tofque

increases and rotational speed decreases with increasing
’

. pitch and vice versa. However, in order 'that wind slip
be kept constant along the blade length, pitch must de-

crease from blade root to tip. At a point 50 cm. from the

-
>

propeller axis, the blade moves 2n X 50 em. or 3.14 metres
each revolution. If the propeller rotates at 1000 rpm,
then this point must move 3140 metr%F per minute or 52.3
metres per second. As the propeller is to rotate at 1000
rpm in a 6 metre per second wind, assuming a 3% slip of
the blade with respect to the wind, the pitch ratio, P_*,

r
will*be 52.3/(6 x 0.7) or 12.5 and as the pitch angle, ¢,

equals the cotangent inverse of the pitch ratio, ¢gg = 4.5°.
Similarly, at the blade tip, Prlﬁo = 25 and ¢, = 2.3°.
At the blade root, Prlo = 2.5 and ¢,,5 = 22°.

According to Juul (27), the shape of the blade
tip cé% greatly affect propeller‘efficienéy (see Figure

7). The most efficient design is semicircular tips with

*The pitch ratio, Pr’ is defined as the cotangent of the
pitch angle. )
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the downwind blade surface bevelled to a sharp point. In
‘addition, extensive experimen;ation by J. Juul indicates
that the most efficient propeller blade.shape (profile)
is as illustrated in Figure 8. Another ;I&antage of this
profile is that it can be approximated by four straight
lines (as illustrated in Figure 9) greatly simplifying pro-
_peller construction. Thes@ design improyements were used
in the construction of the prototype pfopeller.

In order that the propeller be fixed directly“to

the alternator, it was drilled as shown in Figures 10 and

11.

4.3.3 Head Design

The "head" of the wind-electric plant includes
" the windwheel mognted on the generator, the vane and the
c;ossmemeter to wﬁich all these components dré éttached.
The entire assembly is designed to rotate_in a. horlzontal
plane in response to the wind dlrectlon, such ﬂ&at ]ﬂi‘ -
plane in which the windwheel (propeller) fotitey'ls ﬁi .g.w;$

kept perpendicular to the wind. In%qrder thd& QSL wlw& ? %1

A &mpLy d& goa.sx'gg, . 3 :{;

the propeller was bolted directly to th «alt&#ﬁatot pulley' S

% e,

wheel be mounted on the alternator%;

. assembly as showp in Figures 12 and 13 bracket w1th

which to fix the alternator to the cro 3 érﬁcan'hﬁ easi--

lengths of .
. }'

ég.' ?f the alternator

X - S _?

..:; | L, N

ksimplest method

ly constructed from pipe fittings and hﬁgv

steel water pipe, using the mountlng 1

:

as shown in Figure 12.

The most common and perhap#




of "steering” the ‘head is to attach' a vane to
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the cross-

member at the end opposite the alternator assehbly in such

a manner as to balancé tﬂ% head on the vertical tower

axis. The sensitivity of the head to wind direction de-
! o

"

pends on the area of the vang and its moment arm measured

from its axis ‘of rotatlon For a two—meére propeller

o]
mounted within thirty centimetres of the head

Rl o

tation, a vane surface afea oéjabout'lzoo cm.?

ment arm of about one metre is adequate (24) .

axis of ro-
'r

and a mb-
a 3
+ The vane was

attached to the crossmember by cutting a vertical slot in

the crossmember and bolting the vane in place

(see Figures

14 and 15). Note that the vane was streamlined to reduge

turbulence agh was made of galvanized shéet stiff enough

to avoid non-elastic defbrmation by the wind.

reason 16 gauge material was specified,

For shis

In order that the head be allawed to rotate free-

ly in a horizontal plane about the vgrtlcal towef axis,

a number of methods can pé employed. The simplest acc!p-

2

table method is to use a steel pipe, "T" fitti

bearing surface on the pipe circle of ,the uppe

ng as the

rmost tower

section. For support, the np" fitting was screwed onto a

length of pipe of sufficient diameter so as to fit secure-

o

ly inside the uppermost tower section to serve

assembly axle as jllustrated in Figure 14. 1In

o

as the head

this in-

stance the construction of head structural members was car-

ried out using common 3/4 inch steel water pip

tings.

e and fit-

A
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4.3.4 Tower Design
Ideally the tower should be designed to:’
a) support the head and not be damaged by high winds;
b) ‘utilize materials available in less-developed
‘countries and require little expertise to assemble;
¢) allow for maintenance of head components without
requi%iné that the tower be~asccnded;
d) be relatively ipexpensive to purchase and main-
tain; ) |
e) be high enough to avoid ground interference. with
the ;iﬁd; and
£f) Dbe sectioﬁal for ease of portability..
| The most common type Of tower for use wath
small-scale windpower plants is the rigid frame, but it
has one disadvantage in that the tower must be ascended
each time the head assembly requires inspection or main-
tenance. One alternative is to design the tower such that
it can be rotated about a pivot near ground level and thus
be brodght within easy reach. This design also ha§ the ad-
vantage that the entire tower may be lowered in the event
of an impenging violent storh and thus be protected from
destructioq; In order that the tower may be raiseé or
iowered ea%}ly by on« man, a counterweight may be used.
+ .
The desiagn height of the tower dgpends largel
on how the wind is affected by nearness to the ground and

to other possible interferences such as trees and build-

ings. For this application a 10.0 metre design height
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was specified.
The tower itself was constructed entirelv of

common sizes of steel water pip] nd used screwed cong

nectors and flanges for ease embly. Five sections

of 1.80 metre length ‘were use or the erect portion of

the tower and one additionalvl.BO metrellengph used to
support the counterweight. A "rest" to support the tower
.in the lowered position was attached to the main tower and
3

ong addltlongl support was used for wind-sensing instru-
mentation.- A design wind speed maximum of 20 metres per
second (45 mph) was assumed

The horlzontal force exerted against the wind-

wheel during a 20 metre per second wind can be calculated

from:
T = 2ar?fV? a(l-a)* . . . . j N ¢ 23
Substitutidg,
P o= 20 (1.0)7(1.2)(-12)(1 - .12)v?»
T = 0.86v?** e e e e e e e e e T

When V is 20 metres/second,

. +

-

*See (11)/.

L
**See Figure 16 for a pfbt of this function.

-

“.
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. ol
T = 320 néwtons
*‘.
"where: T = thrust force in newtons
r = propeller radius }
= 1.N0 metre’
f = density of air |
= 1.20 Klloqrams/metre .
Vv = windspeed ’
) = 20 metres/second
a = interference factor*

= 0.12
As the tower was designed for a maximum wind
speed of 20 metres/secend, pipe sizes to be used to make

up the tower could be specified. Stress -analysis-of the

tower was carried out in abular form (see Figure 17)

and the resulting tower lIustrated in. Figure 19, From
stress ana1y51s it ig clear that stresses would not exceed
the 41,500 newton cm. ? tensile strength llmlt of steel
pipe and thu ower faiﬁhre should. not occur at wind
speeds 1es§,ghan.20 metres/s%@gpd.**‘

‘ *’ In order to reduce fhe probability of raising or
lowering the tower accidently, i;_is desirable that the
tower be stable in both the vertical andﬁhorizontai posi-
tiens (when allowed to rotate freely about the upper pi-
:vot). .This demands that the counterweight (which is to

help resist the moment'caused by the weight of tha tower

#a = 0.12 when the propeller efficiency is about 40% (11).
**Sge reference (21) for steel strength data.

¢ ¥
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‘when in its lowered position) as illustrated in Fiqufes 20

¢

and 21, must be carefully specified, Calculation of a
suitable weight was carried outﬂiﬁ tabular form in Figure
22. The counterweight itself, wﬁich consists of a snlid
block of concrete cast about a 3.5 -inch nominal diameter
pipe section, is illustrated in Fiéures 23 and 24. Note”
that the moment appliecd to the tower when in its vertical
position may be adjusted by securing the counterweight
at any one of é number of positions alona the 1enc;h\of
the counterweight arm. |

The fork (which was made up of two lenagths of
2.5 inch nominal diamgter plpe, flanqed and bolted to a
larger plpe flange) allows the tower to be raised and
vlowered by rotating the tower about a pin fitted through
the fork at its upper end (see Figure 25) . When the tower is
erected, with the lower ]ock pin secured, the fork must he
able to support the tower in a 20 metre/second wind. As
with the tower design, the thrust forcevon-the propeller,
T, will be 320 newtons. At around level, this‘(érce will
cause a moment of (320 newtons) (10 metres) or 3200 N-m.

The resulting maximum stress on each of the two fork pipes

will be Sf, and,
, ot ’ M.rg .
[gp 'Sf = -1 .. (R)

[ _(3200) (n.036)
“l2(0.476 x 107°)
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= 12.1 x.107 N/m?
S¢ = 12,100 N/cm.?

where: M = the maximum bending moment
3200
2

r = radius of gvration
9 = 0.036 m. (from Fiqure 17)

moment of inertié .
0.476 x 10-6% metres"
(from Figure 17)-

-
1]

. As the allowable stress is 41,590 N/cm.?, a fork
support made from 2.5 inch nominal diameter pipe is.ade—
quate. '

In order that the entire tower may be rotatéd on
its basé, the pipe flange, tojwhich the fork support
flanges are bolted,'worké as a turntable. The abilipy to
rotate the tower in this manner is often useful as féé
wind can. then be used. to assist in the lowering or raising
of the tower. .9 sleéve within which the turntable axle

o

rotates and the bearing surface on which the turntahle

-

-

turns is illustrated in Figure 25.
The xowerrﬁootinq consists of a 1.8 metre lenqth'l
of 4 inch pipe, one end of which has heen threaded and

screwed into a standard 4 inch cast iron flange., (“his

*Each fotk member supports half the load.
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b .
flange serves as the bearing surface for the gurnt;ble
flange about and was Specified\as cast iron instead of
steel as cast iron is a better bearing materiai.) The °
footing was installed simply bv boring a suitable size
hbfe in the ground and'tampinq the pipe securely in plécq
as is done with fenceposts. The turntable ‘assemblv was
then - inserted into the footing pipe as sho&n in, Fiqure 25.
Again the overturnina moment must be considered.
Assuming the‘footinq rotates about a point at the hottom
of the footing on failure of the soil (the worst pqssible
conditioﬁ),vthe overturning moment, M: Wbuld be the prodﬁct
of the thrust forqe, T, and the moment arm, H. Wheré-h =
+10.0 + 1.8 = 11.8 metres and T is 320 newtons. Assuming

, acts at a

the resulting compression forcde an the soil, Fc

point half way up the fobting,
1 4

F = 320N (11.8m) = 4200 newtons!'
c N.9m

The projected area of the footing,_Af, is 11.4
cm. x 180 cm. or 2060 cm.?

Therefore, the soil compression stress, SS4 =

4200 N _ o,
7060 cm.? - 2-0 N/cm.

As soil compression strength is commonly in the ordé!i%f
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14 N/cm.7,* this footing will be secure in a 20 metre/

second wind.

‘ ,=4.5.5_ ﬁlectrical System Desiqn**

QE? The electrical system (as discussed previously
in sectlon 4.2. 2) utilizes automotlve electrlcal parts for
its constructlon to perform the followina tasks:

a) control alternator output ;

Ed
b) prevent possible high-current damage to system;
c) indicate alternator output;
d) provide electrical‘eherqy storaqe fof use duriné
calms;
) €) prevent cohplete draining of stored eneréy: and

f) automatically disconnect field current when wind
1s not sufficient to produce a new power output.

The alternator current and voltage output was
controlled in the same Manner as in the automotive elec-
trical system. The voltage requlator used for this pur-~
pPoOse was mounted inside a control‘box fixed to the tower

a

fork support.

‘Shorting of a battery or alternator‘circuit could °

cause considerable damage. To insure that such an acci-

dent does not occur, fuses were used to limit cu}rent in

*Most - SO:“IB‘VE ‘an allowable compression rating of
3000 1bs/ft.2 which Is equivalent .to 14.14 N/cm. 2 -

b\

“**Note thag.qenerator specification was cgrrieé.o £
parately 1n Section 4:-3M) .. " i , ) .

[ARS
K
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eac§,pf,these circuits.
- In order thaghn output of the plant could be
monitored, automotive type gauaes (one 0 to 15 volt volt-
meter and one -60 to +60 ampere ammeter) were mounted on

the control box.

R Storage of electrical energy was made possible
"wia two 12 volt, 115 amp-hr automotive batteries. Each
battery was kept iﬁs;de a metal sto}age box set on the
ground near the base of the tower and connected to the
control box via flexible cables.

Complete draining of the energy stored in the
batteries is pfevented by connecting one batterv to the
circuit through diodes taken from an old discarded alter-
nator. These diodes are connected such‘that current is
allowed to flow to the battery from the charging circuit
but is not allowed to flow to the external load. This -
battery is thus regerved to supply energy to the alternator
field only. Draining of this "field battery" is prevented
by a wind-operated switch mounted near the vane at the
top of the tower such that the alternator field is ener-
éized only when there is sufficient wind for net energy
production.

In the pr;totype, transmission wires from the
alternator to the control box at ground ievel pass through
the center of the tower. Flexible wires with considerable

o

slack are used such that rotation of ®he head will not



cause twisting sufficient to break the wires.* Under
normal conditions wind direction seldom changgg in sﬁch a
manner as to rotate the head a full 360" but as a precau-
tion it is advisable to prevent the head from rotatina
more than about ten revolutiofis in either direction. This
can be done by 51mplv attaching one end of an appapprlate
length of rope to the alternator support bracket and the
other end to the upper tower section such that the rope
pecomes taut and prevents further head rotation beyond the
ten revolution limit. If this limit is ever re;ched, the
tower can be lowered and the‘heqd turned back again to

the untwisted position.**

*This idea 1s taken from reference (242

**Hourly wind data from the Ellerslle%ﬁLcher Statlon near
the 51te indicates that during a 25 day period,, g change in wind
direction was such as to cause 4 clockwise and P Anti-clockwise ro-
tation of the head. This means a net twist of gkly 3 revolutions in
25 days. A 25 day period was chosen randoml#. for this consideration
and data from September, 1972 was used. q,




5. EXPERIMENTAL PROCEDURE AND RESULTS

5.1 CONSTRUCTION

5.1.1 Choosing a Site

The prototype, as described in Section 4.3, .
was assembled for testing at the Universitv of Alberta
Ellerslie Farm. A site was chosen in an alfalfa field
completef; devoid of trees or othter obstructions to the
wind. ~Windward of the plant there were no obstructions to
the wind for moré than a kilometre and the terrain within
200 metres of the site was very flat.

As séil_strenqth is important in supporting the
tower footing, a soil test hole was bored UDéydepth of
twe metres. The top 60 centimetres 6f soil at the site
was found to be a heavy clay -loam. The soil from this
depth to the éwo—metre mark was found to be primarfiy a
heavy clay which is ideal for supporting the tower footing.

(See Section 4.3.4 for details of footing.)

5.1.2 Tower Construction
A vertical holé was hand-bored to a depth of
about 1.8 metres at the site chosen and the pipe footina
set in. This pipe was then firmly tamped in place with

its threaded end just above ground level and the footing
- 66 -
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bearing flangu screwed tiqht&y in place. The tower axle
complete with tdrntabfb flange was then inserted into the
pipe footing and lowered into position. MNext the fork sup-
port flanges were bolted securely to the turntable flange
vand the tower forks screwed into the fork support flanges
such that the holes drilled for the tower lock pins were
aligned.* /

The main tower was assembled on the grounﬁ and
the two insulated electrig cables threaded through the
tower by means of a long piece of tubinq: The rottom of
the tower was then fixed to the tower forks via the lower
tower fork pin and the tower rest attached to support the
top of the, tower off the around. Us&ng a rope, the tower
was then erected by rotating it about the lower tower lock
pin until it was vertdcal and the holes through the upper
end of the forks aligned with the hole in the tower. The
tower pivot pin was then insertgd to lock the tower in its
upright position. The counterweight arm was screwed into
position and the counterweight slid onto the arm and fixed
iﬁto position by the counterweight lock pin (as shown in
Figure 23). Then the tower lock piﬁ was removed and the
tower lowered by rope to iﬁs horizontal bosition as shown
in Figure 24, 1In this position the head assembly was fixed

to the upper tower section as shown in Figure 15 and the

*This operation is illustrated in Figure 25.

©
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instrument suppoft screwed in place.

5.1.3 Electrical §ystem Assembly

With the tower still in the horizontal position,
thp-two transmission wires were connécted through suitable
fuses and the wind switch to the alternator terminals. In
addition, the alternator was grounded by wire to tpe tower
head assembly frame. ’

The control box was assembled in the shop. It
contains the voltage regulator, control switches, dicde
assembly and instruments required to control and monitor
plant operations (see Figure 27 for'detéils). A set of
terminals at the bottom of the box faéilitates external
connections and the control box itself is grounded to the
tower. The control box is fixed securely to one of the
tower fork supports.

A simple wind sensitive switch wasconstructed
using a common spring return toggle switch and a small
piece of galvanized sheeting. Its function is to open the
circuit between the field of the alternator and the field
battery during calms so that the alternator field is not
energized when the wind is not sufficient to produce net
power. The switch is mounted to the upper edge of the vane
and the galvanized sﬁeet is fixed to the toggle such that
it is perpendicular to the vane and pressure on the wind-
ward side will close the switch. The area and shape of
this sheet, reauired to keep tﬁ%jswitch open until wind

speed became sufficient to produce net power, was deter-
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mined by trial and error.* o
¥

The storace batteries were placed near the towekx

base and all suitable connections bhetween the control boi,d‘hfxg-mm. -
transmission lines, batteries and the external *1oad were 1!‘~
i N .
"

made.** Details are shown in Figure 26. . S

N

5.1.4 Propeller construction

The first propeller was made from a solid piece
of whité pine measuring 2 metres long, 10 centimetres wide
and 4 centimetres thick. The propeller hub was formed by
cutt™hg out a circular piece from its center sufficient so
that. khe propeller fits over the alternator pullev and flat '
against the alternator coolinag fan as shown in Figure‘12.
Tﬁe propeller hub was then complefed by drilling four holes
(as shown in Figure 11l) so that the propeller is bolted se-
curely to the alternator. The exact center of rotation of
the propeller was found by mounting and rotating the pro-
peller.

To ensure accurate carving of the propeller, lines
tangent to the circle of rotation are drawn on all faces

at 10 centimetre intervals measured from the center. As

: i
the aerodynamic profile of the blade is well approximated

*With the automotive toggle switch used, a sheet 15 cm.
X 9 cm. with the longer side mounted vertically was sufficient.

**For use in tropical countries it is suggested that the
batteries be installed in a pit at the base of the tower. This will
reduce battery temperature which will do much to increase battery
life.
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by a series Of four straight lines (see Fiqpre 9), the in-
tersection J?;;hese sfraid.t line; can Bo marked out.
The propeller is then carved By fixing it securelv in a
bench @ise and using a draw knife and block plane to remove
exess wood. The transition points between successive
straight lines approximating the blade profilg wvere
smoothed out using co;rse grit sandpaper. o
The blade tips were cut to circular shaée ancd
tapered on the back side as discussed in Sectlon 4.3.2.
The propeller was then placed on a knife edge at its
sgnter and balanced statically by removing wood with coarse
grit sandpdper from the heavier side. Once balanced, all
3urfq;es were sanded smooth with medium grit sandpaper and
then ‘polished with fine grit sandpaper. The ovropeller was

then weather-proofed by goating liberally with boiled lin-

seed 0il and removing the exccss with a drv cloth.:
i

\

‘5.2 ''ESTING AND EVALUATION

5.2.1 ‘Instrumentation
LY ‘{

ILn order that the power output of the alternator

could be measured directly during testing, a portable

direct current power meter was used. A variable resistance
)

'10ad cell was used to simulate the effect of an external

load on the system. To cbmplement the voltmeter built into
the c0n£rolvb0x, a handfheld voltmeter with a more sensi-
tive scale was also used during testing.

As wind speed varies‘greatly over even very short
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time intervals, it was decided to usce a run-of-the-wind

meter (which measures the distance the wind moves ) in
e

conjunction with a stop watch to measurc average wind
speed. Thiglarr@ngement has the advantage that ave race
‘wind speéd could then be measured over any convenient
time pefiod. The’windmeter.was mounted parallel to the

2

. . ‘ s .
plane of propeller rotation at the top of %he tower and out

of the way of wind effects produced by the roghfion of the
propeller; Starting and stopping the meter dgé acbomﬁ—
lished by a nylon contfol line run to c¢round level.
Propeller rotation speed was meésurod by a ,
stroboscope both in the laboratory and in the field. In
the fiéld it was necessary to use a pdrtable éenerator to
power the stroboscope and to do testing only when 1t was
- ,

sufficiently ‘dark.”

5.2.2 The Support System
The support system lwas cvaluated on the basis
of the design criteria stated in Section 4.3.4. The

tower supported the head in winds up to 14 metres per se-

.

cond but there was considerable deflection of the upper

2
tower sections at this wind specd.

The tower was easily raised and lowered by one

man even during high winds and the counterweiaht system

B

*

A% *Rapid chahges in propeller speed in the ficld made its

measurement c‘wi.’(:h the stroboscope impossible. As a result all pro-
peller speed measurements ﬁ‘qd to be done in the laboratory.
. ‘l

v LN
-
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proved most sati

) ¥
sfactory. Although the tower was a full

10 metres th height the wind did not prove to be in the

least constant.
variation was du

much was due to

It was not ascertained how much of this
e to interference from the ground and how

the nature of the wind itself:

- . The footina for the tower remained secure

thrpughout the t
tower freelv on

ful.

After

*
was decided to s

est period and the .ability to rotate the

the turntahle aqsombly prowd mo,‘ mer
‘a'ﬂ ? .

completion of cvaluation and testing it

ubject the prototype windpower plant to

extreme wind speeds to note any plant defects that became

apparent under s
ing high winds ©

20 metres per se

I 4

) sectlcqv0g¢urre

torm conditions. The plant was set up Aur-
f about 15 metres per second gqusting to
cond * Extreme deflection of the top

Aq gh¢ propeller came up t& speed,

Log " i \

tower deflection

off at section d

1ncreascd until the upper section sheared

--a “(seec Figure 19) ¢ metres from ground

level.** . The propeller was completely destroved on con-

tact with the ground.

- o : £.

gure 17.

) *These wind speed values were ‘measured by nearbv weather o)
stations, not by wind instrumentation mounted on the tower. )
- N 1 y L e f“ .

*#*Failure of the tower occurred at the weakqs#ﬁie Lom aswy a
expected from the stress analysis of the tower cgrried oyt in Mg ‘e
> > L -
'Y '
/ A lf

.
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5.2.3 ‘The Electrical Svstem

The pérformance of both the alternator used in

the prototype and a combarab]o D.C. gencrator was investi-
qéted under controlled conditions at. the Northern Alberta
Institute of Technology in.Edmonton (see Fiaures 3 and .4) .
Reyhlator controlled voltage and current output was meé—
sured at 250 rph intervals 4rom-0 to 5,000 rpm. Aside '
from the better per formance of the alternator compared to
that of ﬁhe D.C. generator (see Figure 5) it ishimportant
to note that an alternator rqtational speed of at leést
1,000 rpm is reauired to produce useful p&wer. |

. The electrical control and monitof svstem worked
well throughout the test p%?iod but operation for many

more hours would he required pe fore the depéndability or

.

life of this sytem could be ‘adeauately determined. .

5.2.4 The Propeller

In order to check propellers for dynam}c balance
in the laboratorv, a D.C. motor pdwered gy 12 volt batter-
ies was mounted securely to a large - concrete structural
column. This provided for testing of @ropellers at speeds
in excess o 1,000 rpm and gave some indication of their s%
perfprmance in the fieid. _The fifst'propéllef-was con- &i\
structed from a single piece of white éine and Qroved to’

be stable only at speeds less than 900 rpm. At about

i N

power to the driving ‘motor only resulted in violent

vibration with no increase in rotatiohal speed. All ‘at-

- . - g
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tempts  to balance this propeller by fixima weights to the

blades proved fruitless. The same J&b;ation‘would alwavs
occur at the same speed. This led to-tho concgusion that
this vibration was not due to propeller imbhalance but to
fléxinq of the blades in the plane perpendicular to the
piane,of rotation.

To test this hypothesis a second propeller was
‘'constructed, .;qaln of whlte pine, and similar to the first
except that the blade was mado much thicker near the hub
to increase its stiffness. Subsecuent testina revealed |
the.same proSiem that,hag been experienced yith the first

propeller. time vibration occurres at abhout 950 rom.

&

further work was to be done, some means

of dlscoverlﬂq whether v1brat10n was occurrina in the

/
plana mentlﬁnéd, or by some other mode, had to be Ae-.

» ‘ - . . ]
vised. T¢ /this end a device was built to gseatly increasce
. » . )

blade gﬂiffness.
- A bracket was constructed to fit onto the pro-
peller hJi and to support a shaft which projected outward
along the gxis of prgpeller rotation. A fine sta;nless
steel wire was then stretched from the tip of each blade
to the tip of this shaft and ténsioned such th;t blade
stiffness would be areatly inérqased,  This was done to the-
'fitst propeller»and when it was tesxcﬁ aqain, n6 vibration

B occurred even at the max1mum motor speed of ‘1n50 vpm,

This led to the conclusion that greater propeller stiff-

ness was requlred to e11m1nate v1brat10n.
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Stiffness chhld«he increased in one of two wéys.
The first way would be to simply use the wlre teneion de-~
vice already available, but as thisﬂwou]d add considerably
to the complexity of the plant, thie.solution was rejected.
The second way way was to build yet another propneller 0uf
of wood with a much greater stiffness thdn white pine. As
most woods cemmonlv availahle-in'the'tropics are herdweods
anyway, this was the logical soluéigh.

A piece of.easter'uil.'rch was fashioned into a
third propeller. Subsequent testing of th1 propeller ing
Pthe laboratory shgwed no v1brdt10n problem even at the
max;mum maqpr speed of 1050 ‘rpm. This prope]lgé was,then

mognted to thg’blternator in the field and field Qestlnq
-

bedhn. ‘ o B

~' ¢ o
o h
';.'. .ﬁ [ 4

To measure power produced by the alternator, the

' *>
+5.2.5 Power Production

. 7

bower meter mentioned in Section 5.2.1 was 'bnnected,to g
measure gurrent.flow from the alterhator Jid voltage drop %
across the variable load cell. The load cell was set te |
give a voltage drop of about 12 volts and one 12 volt bat-
tery was connected to energize the alternator field. Aver;
age wind speeds were measufed’ueing the Qindmeter and stop
watch)described in §ection 5.2.1. L

Inﬁmeashring power productlon of the windpower
plant in the fleld two major:difficultieé were encoun-

tered. The flrst problem was that wind speeds in the Ea-

monton area are not. partlcularly high ané\lherefore suit-

)
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able wind speeds for testing werc seldom available. The
second prgplem is that during wifls of sufficient speed,
speed variation was so great that, even over short Ipriods,
acbhrate wind speed averaqes wére difficult to obtain., AsS

Y ,
power output of the plant varies with the cube of the

the
wind speed | see Equation (1) 1, greatly variable yind
speed resulted inégven greater variation in power out-
put. For exampie: a doubling of wind spegd would result

w " »
in a power output increase of eight Keig s a result,

it wdis most difficult to match pox

* )

wi‘g apeed. The mo§t‘accufate po'

specific
®tion figure was
obtained during vely steady wind of about 11 metres

per -second. At

produced.

5.2.6 FEconomics of Small-Scale Windpower
As discussed in Seétion 2.4.3, the economics{of
windpowér are based on three"'itors: C, the capital cost
per unit of power capaciﬁv; “,' the percentacdae app}fed to

]

the annual costs of jgterest, depreciation and maintenance;

and E, the specific output.
The capital cost of the prbtotype plant which has

been designed, built and tesﬁéd is as‘folloJ!:

Support System Cost

- ' d ,
Prooting Materials . $145.90
h ++ Main Tower 69.00
" _Countérweight Assembly - . 46.40

Subtotal ' $261.30

/
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e
IPower Production System Cost .
Head Assembly o S 22.00  C§.
-Electrical System ' 177.00 h
Subtotal - S199.00
. Total Prototype Cost $460., 30

As only new materials were used for brotgtvpe
construction,* this cost is8 considerably higher than woulds -
be expected if s'eco'nd'xand materials were used. 1t is . ‘:9 »

interesting to noteg th#t the cost of the support system is

H
considerably more than the cost of the power production
system itself. S

.
The maximum power cgaac1ty of the plant 1is as-

sumed to be about 500 watts.*d,;Fherefore C will equal

$460.30/500W or $921 per Kw capacitv. Percent annual
3

charges, p, are assumed to be about 20% amd the specific

output,_t, will usually be 4about 1,N00N Kw%r Kw. - The

A

cost of enerqgy, G, can then be calculated from:

-

G = (p-C)/(100-E) . . . . . .‘.‘.'; )
- .
= (20 x 921)/(100.x 1,000)
‘.Ar
= $0.18 per Kwh
kY [ED
*With the exception of the alternator which was houaght re-
¢onditioned. . o A

-

A -
**At the design maximum wind speed of 20 m/sec., a result-
ant propeller rotationail speed of 2500 rpm would produce 500 watts of
power -(From Figure 5 ).- This capacity is "agsumed” as reliable test

data at this wind ‘'speed was not obtained.
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Althouah a number of assumptions have been made

the result is indicative of the high .

. L 4

cost of energy produced from QQi wind. ; .
R B

in this calculation,



[a g
;

6. CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS
- b
- The major conclusion of this “hesis is that it
L™ * .
feasible to design, construct and operate smallgﬁcale
windpquf plants for use in rural areas using only materi-
als'?nd expertise alrcady available in less-developed
cou o as. However, the cost of enerqgy thus produced from
thé Mpnd wil) depend heavily on the local cost of required
‘waterials. High material cost may result in energy from
' the wind being very expensive by North American standards.
. . "
v - In the rural areas of less-developed countries,
petrolex}\ fuels are expensive and hydropower 1is usually
not yet available. It is here that windpower has its
greéiest potential. In a modern industrialized’ country,
\ -
however, windpower will not be competitive with convention-

Jal petroleum power until the cost of fuel is far greater

than it is today.* 1In addition it 1s also quite certain

] *The cost of energy produced by petroleum fuelcd cngihés
is presently about $0.07 per Kwh compared to $0.02 per Kwh: for hydro-
electric energy compared to $0.18 per Kwh estimated for the prqto-
type windpower plant tested. It should be emphasized here that for
many applications not only is the engrgy extracted from the wind ex-
pensive but its dependence on .the availability of sufficient wind
speed limits its use.

~79 -
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that windpower will never compete sucfessfully with hydro-

power for reasons stated in Section 1.2.7.
6.2 RECOMMENDATIONS

6.2.1 Design Improvements

From the design, construction and testing of the
prototype much was learned concerning she practical appli-
cations of windpower. From this experience a numher of
suggestions for further improvement of‘the prOtOtpr'dq—
sign may be made.

In an attempt to reduce capital costs, the foot-
ing design may be simplif}ed considerably by eliminating
the ability.of the entire tower to be rotated about its
vertical axis. This will reduce the footing cost by
about $80.00.

The test to destruction that was carried out in
high winds indicated that shortening gf the tower would
be beneficial in reducing the bending moments, caused
by wind thrust on the propeller, thﬁs adding to the safety
and life of the plant. By constructing a tower six metres
in height, instead of ten, a further capital cost saving
of about 20.00»may be made. In addition, it is de?med un-
wise to‘zitjeét screwed connectors to bending unless con-
siderable factors of safety can be afforded. Thus the
elimination of all screwed connectors in the main tower

is recommended such that the main tower will consist of

a continuous pipe length. This will result in further
‘
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savings of about $15.00.

These improvements to the desiqn’ of ths proto-
type will result in a simpler do‘idn and will reduce capi-
tal cost of one plant, by about $115.00 to $345.30. This
saving will in turn reduce the expected cost of energy
from the wind to about $0.14 per Kwh.

The counterwéight system designed to allow for
easy raising and lowering of the tower proved most satis-
factory as did the electrical system. As the electrical
system costs %ée_mainly due to the césf of the batteries
($96.00 for twa), electric wire ($20.00) and the alter-

nator ($25.00), significant reduction in the electrical

system cost would be difficult. Other simplifications
Yo reduce capital costs are possible not advised
as design priorities wou;ﬁ#have to be copipromised. .»
. o
6.2.2 Further Research s T

It is sugagested that windpower Has potential
as a viable alternative power source for use in less-
developed agriculture and could do much to further the
development of the agricultural sector. To this end it
is squested that further research is warran£ed. Such
research would be most useful if it were carried out in
se}scted areas of the less-developed world with emphasis

on using local materials and labor.* Both wind-electric

*Similar to the work carried out by the Brace. Institute in
Canada but perhaps more consideration could be given to small-scale
windpower .
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Y
and wind-mechanical plants should be given considerat ion

but emphasis should be placed on small-scale plants as

these will be accessible to the greatest number of people.

[
4.5
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2500 14.2 19 270 'jOutput becomes re-
12780 14.3 . 19 - 272 |tively constant.
3000 14.2 * 19 270 |
. L1 .
4250 |. 14.3 19 272 !
3500 |- ®14.2 L 19 270 |,
3750 o == - -~ !
4000 14.2 19 l 270 !
. [
4250 -- -- IR
4500 - -~ | ==
4750 - -- -2 «
5000 14.2 - 19 l 270'|Maximumispeedi
N AN
Figure 3 P.C. Generator Performance’\liata*
» \ -
~ ? - r —
1
N -~
/ : » (
s\ /‘\ : il
S —

. Generator carried out under the
£ the Northern Alberta Institute of
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\ N . .
W ° .. v
) _ e . SO
) . - I h Net rd I
Speed Regulator Output| Regulator Ooutput Power Cor nts ot
(rpm) | Voltage (volts) [Current (ampeYes) | Output ) i
(watts) e
0 -- - ‘ -25 Power produced is ;
250 - -- ] -25 ||less than that re-
$00 -- . -- | -25 |[auired by the i
750 - . -- N | =25 Jfield coil. g
1000 13.0 > 7.0 i +91 Break-even point 1s|
‘ o o ‘
1250 13.5 14.0 | 1gg |3t 700 rpm !
1500 14.1 : 21.0 L 296 !
1750 14.5 ‘ 25.0 I 363 ! . :
2000 14.9 28.0 ! 417 1 . .
. |
12250 15.2 31.0 471 ]
2500 15.4 33.0 508 i~
2750 15.6 35.9 | 546 - l
3000 15.6 .37.0 577 ,
. 3250 15.7 37.5 I spg | 5
3500 15.8 39.0 616 |
3750 15.8 40.0 | 632 .0utput becomes re- |
4000 15.8 40.0 . ; 632 llatively constant. i
4250 15.9 41.0 | 652 - ‘ fib
4500 - 1 !Maximum safe speed
1 4750 -- [ of alternator is '
5000 16.0 42.0 I 672 JI0,000 rpm. v l

Figure 4

-~

-

Alternator Performance Data*

\@ Technology

*Testing of typical Alternator carried out under the
>~ supervision of Mr. S. Churchill of theaNorthern Alberta Institute

/4

, Edronton.
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)
’ M -
i
2 blader.
3 bhlate
4 blades
Efficiency \\
T lr jJ\ N
2 F I Y M e " T T T ThT -
. blade kip speed
. ‘wind velocity .
. . : } .
Figure 6* Effect of Number of Blades on Efficiency
]
g __ ’ |
Ends semicircular Ends cut off obliquely
i , and back blade and bevelled on front

Ends cut oft squarely
and bagk blade surface

1
, ‘zivel ed\\

surface bevelled - . . and back blade surface

Ends cutgoff squarely

#//and blade profile

’///T;/; | — streamlined

Efficigncy

)

‘Fiéure 7* Effect of Blade T

*Both Figureé 6 and 7 ta

to: "wind‘th\folar Energy--Proceed
am”  (27) .,

. \

[

]

//blade tip speed ,

wind velocity

ip Profile on Efffciency

4

L}

ken from contributieons by J. Juul
ings of the New Delhi Symposi-
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97 1.16 1.19 l.‘i 1.03 0.88 0.66 0.41 0.21 ¢cm. -
' T . !

[ | | [
| ty ! 1 | 1
[ ! | | i

1

L
|

N -“"r“"T""ﬂr———’}’K_"_‘

3

T
4 5 6 - 7 8 9 10
S oem -

|
|
|
!
{

Figure 8*. Propeller Blade Profile

0

Figure 9:

| |
2 T4 6 10 -

Blade Profile Approximation Using Straight Lines:-

The angle between the horizontal and a . . . a is 11.50, the horizontal
and b . . . b is 7.25°, ¢ . . . c is horizontal and line 4 . . . d is
% -11.3° to the horizgntal. Thus a . . . a approximates the profile
from 6 to 10, b . bftom4to6,c...cfrom2to4andd...'d
from O to 2. ’ : -
‘ [s 3
T~ . S

A

b(A . .
*From (27). -

.

(2
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Figure 10 Propeller Dimensions

Cavity
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B t A
Alternator ol

. Pulley Holes . -
N |
\ -
\

. Figure 11 Propeller Hub Details
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Alternator
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Inside
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. Propeller
kY )

Figure 12 Alternator Mounting

Figure 13 Alternator Cooling: Fan
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Alternator
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Alter-
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Support
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alternator support
bracket attaches here
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.

vane
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o v 100

, B L N B | |
1{Tower Section Symhol | o i a I « t oo
I |
Nominal Pipe Diameter 1. 0% 150 ' p 6“0 b‘(”’ !
(inches) ’ ) RN ;" ! !
Inside Diameter, Dip. b 03 o 041 b . 053 b-“‘? h.o7w
(metres) P !
r
. . - l
Outside Diameter. D, . p 45 - b:oaa p.060 b.073 p.one .
(metres) i .1
2|Thread Depth, H, b.001 b.no1 bh.ool 001 0= ‘
(metres) | :
’ . PR | ‘
3|Effective Outside Di h.040 0.046 b.OSH k.071 n.0s9
ameter, De, (metres) .
4|2nd Moment of Inertia.|, n54.106p.079-10%.172-10%.476-10°1 2R 10°
I, (metres') |

5|Radius of Gyration,r, p g;q D.023 D.029 0.036 p.o4a
(metres) i . .

i v : r

6 homent Arm, L,

B0 3.80 .E.70 7. 60 k.00
(metres) &/B ——\\Q} 3 i .
7 Maximum Moment, M ’ ?
v 2560

(newton-metres)

i
| 608 1216 . 1824 2432
!

8|Maximum Stress, S,
(newtons/cm.” )

; !
| 22,500 | 35,400 | 30,800 | 18,400 | &,800

1 as illustrated in Fiagure 18.

2 Thread Depth, H, is measured at effective thread lena+r as illus-
strated in reference (21).

3 Effective Outside Diameter, D_, equals the Outside Diameter, Dé,
minus two times the Thread Depth, H, measured at the effective
thread length

. . . n
4 for circular cross-section pipe, T 1 gz(De“ - Di“), from (12).
¢

|
\
|
!
|
1
1
i
|
!
i
1
!
l
i
|
!
!
i

5 Radius of Gyration, r, equals half the Effe ive Outside Dia- '
meter, D_ ’

6 illustrated for eadh sectfbn in Figure 19.

!
?
"

the Maximum Moment, M, is that which occurs in a 20 metre/second -
wind where M = T(D).
.8 Maximum Stress, S, equals (M'r)/I.

Maximum Allowable Stréss - 60,000 psi or 41,500 N/cm.?, from (21).

P-4 -

Figure 17 Stress Analysis of Tower in Vertical Position
During 20 metre/second Wind.
\
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Figure 19* T\vér Dimensions
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Toﬁgf:f’
“rest : )
. counterweight
' arm

=~/ r/'

s+ counterweight

counterweigh
moment arm

weight, W

Fioure 20

<

tower .
. pivot
tower weight

moment arm

°f>

7unterweiqht,
Y, _L \

Force Diaoram for Vertical Tower’

¢
{
!
4 N
. A - %
[
a
E.;__.._vund thrust
- moment arm
'
A=
———
4
V L
. - :
counterweight - =,
G —-—= l g ., .
' eight b,
___,,;L’,,gggnterw ‘gh :

N

, .
) - \
~‘~:2Lcounter:$éght moment -

//////////W o

Tower ! Vo ‘
Tower weight counterweight
rest .
weight

Figure 21 Force Rjagram for Horizoptal‘ Tower
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n \ :

the tower as shown in Figurels (23), and (24) would just balance the f
o . . 1 2.

tower abomt the upper pivot/ if it were to weigh —93%—%—;22)N-m =

1350 N. ° - ' : <

. . , 104
M \
\ s
*] Tower Section Tower Component Weight, W,Moment Arm Moment, M ,
Symbol Description (newtons) || (mnetres) (N-m)
. . A
a head assembly \\
: . 9
. including alternator 123 8.0 i 84
a bropeller 12 ' 8.0 9
a-c upper tower section 69 | 6.9 476
3 b instrument support 29 ﬁ.9_ 200
c K Swek rest .30 6.1 183
~ . . : ’ .- .
c - d foweT™ section ~ 59 5.2 : 307
d-e tower section 98 3.3 323
e - £ kower section : 177 1.4 | 2an
. f",s
£ -3 hower towe¥ section 216 L =007 1 . -151
¢
j - i Founterweight leg 216 =107 -367
. : %‘Jﬁ ! .
W o= 107% M ' hp=2200»n-m

///ﬂ\—/ ;

N,
2 ' . hd ’ R
= 2 93 = +2.23 metres or 2.23 metres from the upper

ards the head. A counte£weiqht mounted at the lower end of

In order that the  tower is to remain stable in the hori-

[ SRS -
zontal position, a counterweight, W, of only 1000 newtons will be

N

used.

v
»

Fﬁgure 22 Counterweight Specificatioh hv: Moment Analysisg
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| o tow® in vertical rosition

. tower
civot \Yl |
vin
~ 1 o
1

counterweiaht

counterweight

tower
fork

arm

counterweight
lock

(-4

other vin
ositions

.

Figure 23 Counterweigh;/"—bﬁtails for Tower in Vertical
¢ Position i .
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' Coaanterwelah - . o'
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et
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— other = o
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position N

tower pivot
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) . . counterweight
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. | i
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Figure 24 Counterwéight Details for Tower in Horizontal
Posgition
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AN -~

B} [} - Rlternator s
win e
‘ . . (J(;Lnn(fl'd
senstifgive fuse ¥
swit o - -
- Alternator

|

HAT

fus;el e =
Box 1S

- Crounded

D A

CONTROL
BOX*

— e e e e

STORAGE
BATTERY
e fuse

FIELD
BATTERY ’

\

Figﬁre 26 Flectrical System Schematic

; *See Figure 27‘ for Detail of Control Box.



|

VOLTACE
REGULATOR

Figure 27 Detail Schematic of Control Boy¥

(Note that switch 1 (SW)) is used to turn the plarit on and off and
switch 2 (SWp) is used to control the external load.)
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SYMBOL IDENTIFICATION



>

m o U 0 o

/

W W W o

H

. P

SYMAROL THENTIFICATION
1}

ingererance factor

projected arpa of footing (em. )

capital ooat per unit power capacity (S/Kw) »
power coefficient

windwheel &iameter {(metres)

displacement of air (metres)

4]

specific output or annual enerqgy output per unit power
capacity (Kwh/Kw)

kinetic onerg} (Kwh)

density of air (Kg./metres ) .
[ ]
soil compression force (nethQf)
o N

O

cost of enerqy‘}S/Kwh)
moment of inertia (metres“) C L s
maxfhgm/bendina moment (newton-metres)

} vl
mass (Kg.)

‘rotational speed (rpm)

power available (Kw) -

perceﬁtage applied in calculation of annual costs (%)
power extracted (Kw)
maximum‘extractable power (Kw)
pitch ratio

windwheel radids (metres)
ragaua of gyration (mefres)
air speed (Egtres/secésd)
maximum.s:reés (N/m2)

soil compaction stress (N/cm?)



thrust force (newtons)
time (hrs)

air flaw voluﬁe (metres’)
Lpitch angle (")

torqhe (newton-metres)

>
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FORMULAE
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>

LLIST OF FORMULAFE

F
-k ;
(A) P = .
(B) E, = Lms?2 (2.78 x 10°7)
(C) m= V-f
/
B ﬂDz'd
(D) v = —g—
_ nd?-d-f
m = )
N WD2°d 2 -7
F, = —g—£:87(2.78 x 1 )
. 2. defFeg?
(G) p v rDfrd-f:S% 5 58 x 10-7)
) 8t .
(H) ///’??:?36905
(1) P =4.71 x 107%D2s3
(J) : P = 0.593P
le]
Pe
(K) , cC = =
v P P
(L) P = 2.79 x 1n—4p2g3

(M) p. = 2.79 x'lO’“CpD253



(N)

(0)

(P)

(R)

(s)

-3

P = 2nT-n(l.67 x 107 %)

/ P
c e

< b =/595% 16="C -5~

v g‘
T '= 2nr?.f-VZ2-a(l-a)

s = —9
f I
C' .
G = pP-C

]
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PLATES
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Plate II- Detail of Blade -Profile
(shown with windward
side up):

RO

SR S

Y
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Plate III Setup fé:’Bench Test-
ing of Propellers .

Plate v 051ng the Strobnscope
to Determime Propeller
Rotational Speed
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Piatqfv Wire Stiffengd‘Pro— Plate VI Detail of Stiffener

‘ﬁgiier ‘ : Bracket
own mounted for ‘

testing)

-~

Plate VII Detail of Wire
ment to Blagde

~

Bin
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Plate VIII Control Box Plate IX Control Box Mounted to
: Tower FOrR—

Plate "X Inside the Control Box
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Plate XI Head Assembly
(Note bolt arrangement
used to attach the pro- -
peller.)

L 3

Plate XII Alternator Mounting and Wiring
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Plate "XIII Counterweight ,
(Shown mounted on counterweicht arm
with the tower vertical)

Plate XIV Counterweight -
(Shown witp tower horizontal)
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Plate XV Prototype Propellers

The propeller on the left, carved from White Pine,
was the first one made and had serious vibration
problems. The second propeller from the left, al-
so carved from White Pine, was made thicker near
its blade roots to increase stiffness but this did
not solve the vibration problem. The third propel-
ler, shown mounted on the alternator, was made from
Eastern Birch which proved stiff enough to avoid
vibration and this one was used for tgsting.

|



Plate XVI

Run-of-the-wind Meter

(Stopwatch is shown to indicate that
time intervals must be measured in or-
der that average wind speed be known.)

Plate XVII

Launching the Prototype )
{Note that the tower can be easily
. erected or lowered by one man.)

-
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i
i
H

Plate XVIII Prototype in
operation ’

Top Sectioﬁ of
Prototype .

Plate’ XIX

<



