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ABSTRACT. The results of tests made oﬁ a windmill installed near an anemograph at Poona are

incorporaved in this note.
velocity at Poona.
sail-tip wvelocity to wind velocity indicated.

It gives the hourly output of the mill month by month together with the wind
The characteristic curye for the power output has been prepared and the ratio of the
After considering on theoretical basis the maximum amount

of air-energy that is likely.to be absorbed by the mill-wheel, the author compares with it the actual work

done by the mill and indicates its efficiency.
output of a windmill have been disoussed at length.

1. Introduction

In some countries windmills are exten-
sively used. They are seen almost any-
where—in the rural districts as well as in
the urban areas. But in an agricultural
country like India very little use of this
machine is. being made. The reasons pro-
bably are that the information available
on windmills is meagre and the price of the
machine has not been within the means of
average Indian farmers. It is true that the
machine runs with the wind, but for its
successful application it is essential to give
careful consideration as to how much wind
the machine is likely to have on its site and
what type of load it is expected to carry.
The information on -wind conditions at
different parts of ‘the country, is available
in publications of the India Meteorological
Department. An attempt was, therefore,
made to collect data by experimenting on a

windmill plant at Poona. The results of -

The factors that contribute substantially to the power

the experiments have been included in this
paper.

A mill, 8 ft in diameter, having 18 sails
was expozed at a height of about 35 ft above
ground in the compound of the Meteoro-
logical Office, Poona. It operated a pump
placed below the millhead throngh a crank,
the ratio of rotation of the mill-wlieel to the

‘moveinent of the crank being 3:1. The

pump was employed to draw water from a
reservoir at the ground against a total
head of about 19 ft. The windmill, its
tower for installation, and the pump were
obtained . from Climax Windmill Co. of
England and the plant was installed in
March 1940, In the delivery pipe of the
pump a Flowmeter was placed with a view
to obtain ‘a continudus record of the pump
output against time. A Veeder mechanical
counter was mounted near the connecting
rod to the piston of the pump and from its
daily registration the total number of
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strokes executed by the pump in a day was
obtained. In the vicinity a Dines’ Pres-
sure Tube Anemograph was recording the
direction aund velocity of winds at a height
of about 130 ft. The records of this ins-
trument were used to obtain the infor-
raation of winds at the windmill level.

The Howmeter was designed to record the
rate of pump-discharge as a continuous
graph. It was made in April 1940 in ouv
workshop at Poona and carefully cali-
brated in the laboratory before installation.
Its description will be published separately.
Its scale was almost linear showing a rate
of 160 gal hr —! for one inch pen-travel on
the chart. The maximum range was 600
gallons per hour.

Periodically after about one year’s use,

the flowmeter was cleaned and its cali-
bration checked.
2, Records and their tabulation

The flowmeter was installed in  April

1940 on the delivery side of the windmill
pump and continued to function satis-
factorily with little attendance. One of its
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daily records is reproduced in Fig. 1 to-
gether with the wind record of the same date
from the Dines’ Pressure Tube Anemo-
graph. Comparison will show that the
two records are similar in character, For
every gust of wind a corresponding peak
can be noticed in the fHowmeter record.
The rate of flow changes with the change of
wind velocity but the change of the former
is much faster. It becomes nil or insigni-
ficant at very low winds.

From the continuous record of the flow-
meter, the hourly value was computed by
evaluating the mean ordinate for the com-
plete hour centred at the hour: this value
multiplied by one hour would indicate the
quantity of water, in gallons, pumped by
the windmill during the hour. From the
records collected during May 1940 to April
1944, mean hourly values were calculated
and grouped under each calendar month in
Table 1. For winds prevailing at the wind-
mill level, records of the anemograph which
was situated near the windmill but ex-
posed at a height of about 130 ft were used.
From anemograms mean hourly value of
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TABLE 1

Mean hourly output of Windmill Irrigating Plant at Poona. The values represent gallons of water’
lifted from a depth of 19 ft (Based on data collected during period May 1940 to April 1944)

Hours Jan  Feb Mar Apr May Jun- Jul Aug Sep Oct Nov Dee

1 0 2 10 34 118 136 192 136 50 4 4 L]
2 2 4 8 26 112 130 188 136 40 + 4 0
3 4 6 6 18 114 122 188 120 68 6 4 2
4 6 10 6 16 92 124 202 136 G4 -4 0 2
3 2 -+ -4 10 86 122 188 128 38 4 0 0
6 4 4 4 8§ 110 138 190 112 44 6 0 ]
7 4 2 4 8 106 142 184 108 32 8 0 0
8 2 2 2 8 118 152 208 130 52 12 RS 0
9 2 2 4 16 160 192 246 210 7 16 6 4
10 4 + 6 22 162- 254 294 284 110 38 18 12
11 12 8 20 34 178 286 416 322 132 58 48 28
12 ‘ 20 32 32 46 196 318 502 384 136 80 68 44
13 24 46 38 62 214 360 500 434 160 94 80 70
14 42 54 656 T4 226 354 546 444 188 92 58 72
15 52 58 72 108 252 398 552 536 204 86 50 66
16 66 50 100 130 270 418 498 510 310 82 42 56
17 78 62 128 172 286 418 446 382 318 70 30 46
18 82 82 200 258 346 398 366 334 266 68 24 26
19 78 '78 236 268 278 372 208 276 202 42 12 14
20 a8 70 224 174 228 328 248 222 126 26 6 6
21 42 30 132 124 184 248 226 180 94 18 2 4
22 18 20 48 102 168 194 206 158 82 8 2 2
23 10 12 22 68 142 148 188 142 2 4 2 0
24 8 4 8 34 136 134 182 140 56 4 2 2
Mean daily output 620 646 1370 1810 4282 5886 7252 5064 2002 834 466 456
TABLE 2

Mean hourly wind velocity in miles per hour at a height of 36 ft ahove ground (Based on. data obtained
from Poona anemograph during May 1940 to April 1944)

Hours Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Deo
1 3-2 35 41 45 57 75 83 70 45 35 34 3.0
2 3-3 33 40 43 57 69 83 7.1 43 34 3.3 30
3 37 36 37 42 5.3 6-8 8.4 70 45 34 3.0 ‘2.9
4 3-3 37 35 38 4.8 63 86 67 4-1 3-0. 2.9 3.7
5 3-3 36 33 37 4.9 65 886 §.7 40 2.9 2.6 2.8
6 82 35 33 38 51 63 83 64 41.-21 %8 53
7 34 31 31 41 4.7 5.9 8.2 6-1 4.0 2.6 2.6 2.2
8 27 26 29 36 52 7-2 8§.7 66 38 25 2.1 1.0
9 20 1-8 2:1 30 56 80 9-8 8:2 4.5 2.1 2.3 1-5
10 1-9 25 2.0 4-1 64 86 11-1 9.2 58 30 34 2.3
11 27 36 34 45 67 9-3 11-8 10-5 6:8 46 5.3 4.1
12 40 48 44 50 75 1011 124 1000 7.4 56 §.3 5.
13 4-2 53 4.7 55 7-9 10-7 12-7 12-2 7.8 81 6.5 5.9
14 49 57 53 6-0 87 111 12-5 12-1 84 6-2 6-0 5-6
15 654 657 5.8 70 93 11-3 12.5 12-3 9.2 6-1 5.3 55
16 5:3 57 66 79 9.4 11-7 12.4 1244 99 60 5-2 5.2
ET 62 62 7.7 9.5 10-3 119 12.2 11-8 10:0 60 4.7 5.0
18 6:5 7.4 900 115 11-2 11-6 11-4 11-0 - 98 5-8 4.0 4-8
19 6-5 7-3 9-5 11-3 11-1 11-4 10-3 99 86 54 4.3 4-7
20 62,768 89 97 98 101 94 80 71 -50. 89 4.0
21 40 53 75 82 86 91 85 80 62 45 3.7 3.3
22 3-9 45 53 6-9 77 83 81 79 57 39 3-8 2.9
23 37 39 47 62 69 77 78 78 S 3.5 83 34
24 85 35 43 48 65 77 83 73 52 3.7 3.2. 3.8

Average during a day 41 45 50 59 7.3 88 9.9 8.9 g3 4-2 3.0 - 3.8
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wind velocity was obtained by considering
the winds during the period of ten minutes
previous to each hour. These values were
found to be sufficiently representative for
the purpose and were used after reduction
to windmill level. The reduction was
carried out by using logarithmic formula
given by Chapman!. The mean hourly
values shown in Table 2 are based on wind
records covering the period May 1940 to
April 1944. The howrly value of the data
in Tables 1 and 2 which was based on 120
observations can be regarded as sufficiently
representative.

3. Discussion of results

Data on Tables 1 and 2 were plotted in
Figs. 2, 3, 4, 5 and 6 to show the diurnal
variation of wind velocity and windmill
output for each calendar month. The values
of output are given in gallons of water drawn
from a depth of 19 ft. Wind velocity is
given in miles per hour. It will be
seen that variation of windmill output
follows closely that of wind  speed:
at winds less than 3 mph the windmill
plant is unable to produce any work, but
as wind speed increases the increase in
output becomes very much larger. At
Poona winds are generally low at night and
in the early morning and the bulk of the
output generally occurs during the 10 or
12 hours beginning from the forenoon.
The output is maximum in the afternoon.
In the four months, May to August, wind:
are fairly strong during day and night &~d
the mill produces work practically through-
out the 24 hours. -

As regards the monthly output, the
maximum oceurs in July and the minimum
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in December, During the 4 months May to
August, the windmill produces a good
amount of work drawing daily about 6000
gallons or hourly about 250 gallons of
water from a depth of 19 ft. This would
indicate that during these four months, the
windmill plant on the average was deve-
loping about 0-024 horse-power. In the
months of March, April and September the
windmill lifts only 2000 gallons daily,
working on the average 16 hours a day. In
the remaining months of the year the out-
put of the windmill plant at Poona is very
small amounting to about 600 gallons per
day, the mill functioning only about 9
hours a day.

Taking the year as a whole the average
daily output of the windmill amounts to
about 2700 gallons. The mill, however,
remained idle 40 to 50 per cent of the period
in a year as can be seen from Table 3 below.
Considering, therefore, that the mill worked
only 12 to 14 hours a day, the average
horse-power developed comes to about 0-022
during the working period.

It will be of interest to know how many
hours in a year the mill remained idle due to
lack of winds. For this purpose, daily re-
cords of the flowmeter were examined and
the hours in which output was nil were
counted ; the rvesult was then averaged for
a day of 24 hours. The information is
given in the last row of Table 5 from which
it will be seen that at Poona the mill is able
to function on the average 12 to 14 hours a
day.

Table 3 shows periods during which the
windmill remained idle due to lack of
winds.

TABLE 3
Periods during which t{ke windmill remained idle due fo lack of winds

Jan  Feb Mar Apr

May Jun Jul Aug Sep Oct Nov Dee

Total duration in
hours per year

}_ 515

Percentage of the month
Average number of hours

per day

447 373 338

16-6 16-0 12-1 11-3

60:3 66:6 50-1 47-0

156

58 40 03 346 409 476 528

21-0 81 5-4 12-5 48-1 55-0 06-2 71-0

50 1.9 1-3 3.0 11-5 13-2 15-7 171
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Table 4 below shows how many hours in a
day of a month a certain rate of output
(zallons of water drawn from a depth of
19 ft) can be expected of the windmill. The
information is obtained from analysis of
data in Table 2. It will be seen that where-
as in the month of July the plant can be
expected to give for 24 hours of the day an
output at a rate exceeding 150 gal hr—3, the
same rate of output can be expected only
for 14 hours in a day in May, and 3 hours in
a day in March. Similarly, an output rate
of 300 gal hr 1 can be expected for about 9
hours of a day in June, July or August, but
only for 2 hours in a day in the month of
May or September. An output rate ex-
ceeding 100 gal hr - cannot be obtained even
for an hour of the day in January, Febru-
ary, November or December.

Table 4 shows the average number of
hours in a day during which a certain rate
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of output can be expected of the windmill
at Poona.

4. OQutput Charaecteristics

To find a curve which will show output
of the windmill against wind speed fresh
data had to be collected. For this purpose
periods of fairly steady winds were first
selected from anemograms and correspond-
ing to these periods output values were
obtained from the flowmeter records.
These data are given in Table 5 and plotted
in Fig. 7.

Through the mean positions of the
scattered points a smooth curve has been
drawn to indicate the average output of the
windmill plant at different windspeeds. This
may be regarded as the output characteristic
curve for this type of windmill,

TABLE 4
Average number of hours in a day during which specifiel rates of output or more were obtained

Gals/hour

50 100 150 200 2500 300 350 400 450 300
Jan 8 - — s — I — . —
Feb 8 — — —_ — — — = —_
Mar 0 0 3 2 — — — — —_ —_
Apr 12 8 4 2 2 — -_ — — -
May 24 22 14-15 8 5 1-2 —— — — —
Jun 24 24 16 12-13 11-12 9 7 3 -— —
Jul 24 24 24 16 11 il 8 7 5 4
Aug 24 24 14-15 12 10 8 6 + 3 2
Sep 20 11 7 5 3 2 —_ — — —
Oct 0 2 ancy — i e — — . I
Nov 6 — o — — — — — —_ —
Dee 6 _ — — — — — —_ -

TABLE 5
Data of windmill output collected during the period when the wind was fairly steady

Wind
velocity Output rate in gallons per hour (based on several observations)
in mph
3:2 12, 4, 6, 6, 14, 4, 12, 16, 6, 4
4:0 24, 18, 36, 997 34, 24, 24, 18, 32, 14
6:5 96, 104, 68, 100, 086, 100, 90, 78, 104, 116
8-1 162, 148, 208, 192, 178, 204, 152, 182, 198, 144, 158, 174
9.3 292, 248, 280, 258, 242, 264, 274, 206, 272, 258
10-1 304, 313, 362, 338, 384, 346, 334, 372, 352, 368
I1-5 444, 502, 464, 532, 516, 536, 482, 512, 520, 464
12-2 532, 616, 624, 560, 628, 594
13-0 716, T4, 714, G54, T34
13:2 724, 788, 782, 772
16-1 1194, 1246, 1268, 1178
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From the output curve it is found that at
wind velocity of 8, 12 and 16 mph the
work done by the plant is 9-3, 29-6 and
39-6 ft 1b sec—! respectively ; while the wind
velocity has increased 1-5 times the power
output increased 3-2 times, and with the
velocity doubled the output becomes about
7-5 times. This suggests a simple rela-
tionship of the form

W=Kov?

After examining a few other points on the
curve an average value of K is taken as
0172 to fit the curve. Within the usual
range of wind velocities (say, up to 20 mph)
the power of the windmill plant can be ob-
tained approximately from the formula,

W=:0172 v*, or W=-00034 ©* per sq ft of
the sail area

where W is the work done in ft 1b sec—'and v
the velocity of the wind in mph at the
windmill level.

The 8 ft windmill plant therefore develops
a little more than 1/8 horse-power at wind
velocity of 16 mph, and slightly lees than
1/16 horse-power at 12 mph.

The horse-power developed per sq ft
of the sail area is approximately,

P=§v® X 10-¢

It may be mentioned here that the wind-
mill plant erected at Poona was not at an
ideal site from the point of view of its ex-
posure and was not given any special care
for its maintenance. The data of output
were collected from observations coverin
a fairly long period and might, therefore,
be regarded to have highly averaged values.
Whenever the pumping system was cleaned
and overhauled a marked improvement in
the output was noticeable. The output
values shown above may, therefore, be taken
to indicate what an ordinary plant is able
to do when it is erected in a city area and
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maintained in the usual way. Undoubtedly
the output will be greater if the plant is
installed in an open space and more frequent
attention is given to the pump.

5. Theoretical considerations

The wind in passing through the area of
the rotating sail-plane suffers a loss in
velocity. If the velocity of wind upstream
isoft sec—? and that in the downstream where
the flow is undisturbed is »” ft sec 1, the
change in kinetic eneczy of the wind may be
taken to represent the work domne in rotating
the mill-wheel. The mass of air flowing
through the area of sail-plane equals

Apv’
where 4 is the area swept by the sails in
sq ft, p the density of the air in Ib/e ft and
v’ the velocity of air as it slips through the
sail-plane in ft sec ',  Therefore, the change
in K.E. =} dpv'(¢*-2™). Applying Bernoulli’s
Theorem on the flow separately upstream
and downstream, it is found that
v+ v
= T

The work spent in rotating the mill-wheel
is 1dpv'(*—v"?).  Differentiating the ex-
pression with respect to ¢” and putting
the differential to zero, we find the condi-
tion

v =1v

for the expression to become maximum.
Thysically it means that, when the wind
loses 2/3 of its velocity in passing through
the sail-plane the maximum amount of
power is made available to the mill-wheel.
Under this condition the maximum power
input to a windmill wheel is .3 Apd.

Incidentally, it may be remarked that
the energy of the free air flowing at » ft sec !
through the cross-sectional area . (the mill-
wheel not being present) is § (Azo)e? Of
this amount only * Apr* can be absorbed
by the mill-wheel when it is present. Tt
shows, therefore, that a common mill-wheel is
utmost able to extract only 59 per cent of
the air-energy?, theremaining 41 per cent is
retained by the air for maintaining  the
flow.
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~ For practical purpose we take the power
mput to the wheel Pi=3;% dz1%. A por-
tion of this power is used up due to friction
and other losses in the mill-head, connect-
ing rods and pumping svstem. The rest
appears as useful work, Po. The efficiency
of a windmill may be taken as the ratio ot
Poto Pi.  To find the efficiency of the plant
at Poona we first take the value of Py from
the curve in Fig. 7, derive P; by substituting
the values of 4, s and v in the expression
above and then take the ratio. The ecffi-
ciency of the plant at wind velocity of
10 mph comes to about 17 per cent only.

It will therefore be seen that the efliciency
of the windmill plant at Poona is rather poor
In general a windmill plant asa converter of
air-energy cannot be regarded as an efhi-
cient equipment. The efficiency of the
windmill  itself —without the pumping
system—will, however, he greater and can
be found by dividing the efficiency of the
plant by the efficiency of the pumping sys-
tem. Alternatively, by applying Pony Brake
Tests directly on the sail-shaft the power
developed by the windmill can be found and
so the efficiency of the windmill calculated.

It is seen that the windmill power varies
directly as the area (or square of the dia-
meter) of the wheel and cube of the wind
velocity. Inthe same installation one may,
therefore, get 4 times as much power by
having a wheel twice as large ; or with the
same cquipment the power input will be
considerably  greater if the mill wheel is
exposed to a greater height. The wind
velocity increases slightly with height at
the friction level, and the power varying
asthe cube of the wind velocity, the gain in
power will be quite substantial if the mill-
head is raised even only a few feet,

6. Ratio of sail-tip velocity to wind velocity

As already mentioned, a Veeder type
mechanical counter was placed near the rod
connecting to the piston of the pump. The
numher of strokes completed by the pump
during the 24 hours of o day wag obtained from
the counter while the pump output was
caleulated from the flowmeter record. These
data are given in Table 6 and plotted in
Fig. 8,

2
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TABLE 6
- Number of strokes executed by the pump to discharge a certaln quantity of water
Gallons of No. of Gallons of No. of Gallons of No. of Gallons of No. of
water atrokes water strokes water strokes water strokes
40 340 485 2880 1045 8323 1640 9926
75 612 515 3042 1063 8395 1690 10040
116 890 540 3890 1110 8474 1790 10981
160 1257 570 3767 1160 8511 1990 11713
240 1684 645 5070 1180 7982 2035 13705
275 2100 685 4920 1280 9013 2480 13690
280 1982 746 5100 1310 9421 3020 19874
290 2090 895 6300 1520 9617 3114 20100
400 2722 260 6747 1545 9481
435 2561 090 6308 1598 9617
3so00
b
3000 /A Tl
] /
é 2500 5
[
o,
| 2000 o ‘/'
. L
& . e
L] a S 5
= o
U 18500 -
2
3 ; A
Q
3 1000 /
3 P
g /
-]
%
500 P
2000 4000 €000, BOOO 10000 12000 14000 16000 18000 20000

Number of strokes
Fig. 8

It is seen that on an average 6 to.7 strokes
were required to lift one gallon of water
against an cffective height of about 19 ft,
From these data we proceed as follows to
find the ratio of the sail-tip velccity 16 wind
velocity of tlis type of wirdmill werkirg
urder lead. We consider wird velceity at
10 mph. With stesdy wind f this speed the
cutput would be 236 gallons in one Leur (vide

Fig. 7) and the numbor of strokes executed
by the pump would be 2186. As the mill-
head gear ratio is 3 : 1, the wheel must have
performed €558 revelutions. In one seccond
the sail-tip has ther foremade 1482 revolu-
tions or travelled 45+ 8 ft. Meanwhile the wind
travelled 14-7 ft. The ratio L——Bafl-hp volr:oﬁ'
s wird velocity
is, therefore, 3 : 1 approximately,
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This ratio indicates how fast the wheel is
likely to rotate at a certain wind velocity and
is considered as one of the important factors
in the design of mill-wheels. The present
tendency of the designers seems to be in
favour of smaller ratio.

To a customer this ratio is of interest in as
much as it enables him to form a rough idea
of the plant output when the specifications of
the pump are known. TFrom this ratio, and
the gear ratio in the mill-head, one can find
the number of strokes, the prime-mover will
make ata certain wind speed; maltiplying the
number of strokes by the volume displaced
by the piston per stroke one can get the total
discharge.

7 Cost of windmill plant energy

In Section 4 we have indicated the amount of
work done by the windmill working about 24
hours a day during the monsoon months and
found the average horse-power on the basis
of this output. Let us find out now the cost
per horse-power-hour of the windmill plant
energy. The capital outlay on a plant com-
prising of an 8 ft windmill, 35 ft steel tower
and pump, together with charges of instal-
lation may be around Rs 2000. Assuming,

Rs,

1. Interest at 3} per cent 70

2. Depreciation at 7 per cent 140
3. Maintenance (including
periodical attendance,

lubrication, repairs etc.) 150

Total per year 360

the expenditure on the plant may be rough-
ly rupee one per day.

The total energy from the windmill in a
day may be 02424 or about 0-58 horse-
power-hour only. The cost per horse-
power-hour of the windmill plant energy then
amounts to a rupee and a half, approximate-
1y, a fignre which is much too high compared
to the cost of energy from steam-engines or
electrical machines. This cost will, however,
be very much less in the case of a plant yield-
ing larger output.

[Vol. 3 Ko. 2
8, Conelusion

We have seen that a windmill plant is not
a very efficient equipment; for swccessfo]
operation its use is Timited to regions having
plenty of winds ; its power cannot be regulat-
ed nor is it dependable,—the power may fail
at the time when one desired it most ; the
depreciation of the plant is usually high—
sxposed to the inclement weather the machine
is liatle to quiek deterioration and often
runs the risks of heavy damage by storms,
With all these Hmitations it has got its wses.
The significant fact is that it can work conti-
nuously with the wind and the air-supply is
free and unlimited. The machine is simple
in design and its operation requires very little
attendance and its cost is also not high.
Careful application of this machine can un-
doubtedly bring excellent results. For suc-
cessful operation of this machine one has to
see that it is erected in a site having plenty of
winds for a good part of the day throughout
the year, and that the load to be carried by
the machine is not such as to demand con-
stant power. A windmill is an extremely
useful machine in out-of-the-way places
where electricity is not available for doiag
such work as draining out marshy land, irri-
gating fields, illuminating farmyards ete.
In Jarger unit such a machine can also be
ased with advantage to generate electric
power for feeding into a net-work of trans-
mission lines.

I am thankful to the Director General of
Observatories for providing facilities for
carrying out this work. My thanks are also
due to Mr. K.8, Agarwala who helped mein
computing the data from records. .
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