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INTRODUCTION

1*1 Present energy situation

India consumes energy from various sources ranging 
from nuclear fuel to animal waste and from manual energy 
to animal energy • Major portion of the energy need Is met 
by non-r enewabl© energy sources* The non-renewable energy 
sources are running out* Moreover oven at today's prices* 
it puts a considerable burden on the economy* This indi
cates the need of increasing the share of renewable energy 
sources*

A recent study has estimated that it should be 
possible to replace the diesel oil required for water push
ing and rural Industry by renewable energy sources by the 
year 2000* It may also be possible to replace fifty per
cent petroleum products required in the household and 
transport sectors* Some twenty-five percent of fuel oil
and twenty percent of coal normally used for low and stadium 
temperature heat can also be replaced by renewable sources* 
If appropriate policy measures are taken to bring about the 
replacement of the commercial energy sources by new and re
newable energy sources* it may be possible to meet eighty- 
five percent of total energy demand in the year 2000 through 
non-coraraercial and renewable sources Including hydro-power*
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A wide variety of renewable energy sources are 
available for exploitation* These Include hydropower* 
solar energy* bio-energy* wind energy* ocean energy and 
animal energy* The technologies to tap these renewable 
energy sources in relation with end uses are at different 
stages of commercialisation*

The energy associated with wind is enormous. Large 
quantities of energy are constantly transferred to the wind 
from the sun* Xt has been estimated that the total power 
capacity of the winds surrounding the earth Is of the order

itof 10 giga watts* This indicates the great potential of 
wind energy*

1*2 The Global attempt

Hind mills have a distinguished history that dates 
bade many centuries* In olden days* wind mills were used 
for draining marshes* processing timbers* turning mill 
stones* pumping water and works of that sort*

Near the beginning of fourteenth Century* the Butch 
had become the leading craftsmen in designing wind mills.
By 1600 A.D.* Holland introduced the wind power in paper 
and wood industry. In Denmark* towards the end of nine
teenth Century* there were around 3*000 industrial wind
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mills and 30*000 other types in use for homes and farms, 
These had a total output power of about 200 raega watts*

More than six million wind mills have been used in 
United states since 1850 to pump water and to generate 
electricity* It is estimated that 1*50*000 are still in
operation*

Large wind machines were used in other countries 
around 1955* Nearly 30*000 wind power plants were in 
operation in tha U.S.S.R* The dedser wind turbine was 
operated in Denmark untill tha 1980's* It was giving 
200 KW of electrical power* had a rotor o£ 2? m diameter 
and produced 4*00*000 KWH of electricity annually*

The world's Interest in wind energy gradually de
clined in next 25 years following 1950 whan the fossil 
fuel a at a lower rate were available in abundance* How
ever* recently it is attracting attention again for large 
scale energy production as the conventional fuels are be
coming scarce* Feasibility studies have bean Initiated 
in a number of countries to assess tha technical and eco
nomic problems of wind energy for different applications* 
The United states has undertaken an extensive wind energy
conversion system programme with tha primary objectives of 
developing a system capable of providing significant



I 4 t

contribution, to energy requirements by the year 2000*
United Kingdom is currently conducting wind power studies 
that will effect the ultimate design of large scale opera
tions* Commercial plans are in the making for a 60 i<w 
wind power plant capable of directly converting mechaniccd 
energy to heat energy and coupled with latent heat storage 
devices* Other countries like Sweden# France* Canada* 
Netherlands etc* are also actively Involved in feasibility 
studies aizned at evaluating wind energy conversion systems,

1*3 Status of wind energy in India
In India# systematic efforts for wind energy utilisa

tion began as far back as 1952 with the formation of a Wind 
Power Sub Committee under the Council of scientific and 
Industrial Research* A  conference on large scale utilisa
tion of wind power hald in September# 1955 recommended in
stallation of 500 wind mills for practical demonstration 
and testing* In 1959# National Aeronautical Laboratory* 
Bangalore* designed the wind mill model HP-2 which became 
available to interested users* Hind Fearer sub Committee 
endorsed the manufacture of 200 wind mills and their in
stallation by the end of Second Five Year Plan* A number 
of experiments were carried cut on WP-2 wind mill and 
several modifications were made*
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After many years* the work on wind mills were re
vived when a panel constituted by NCST in 1973 recommended 
setting up of 30 WP-2 wind mills in two clusters of 10 

numbers each in Gujarat* Rajasthan and Pondicherry* During 
the last few years several experimental prototypes have 
been developed at different parts of the country*

It was noticed that there war? significant variation 
in monthly average wind speeds# at raoso of tha locations 
except those situated at the eastern part of the country 
and near the tip of Penisula* In general wind speeds arc 
found higher in the months of April* May* June and July*

It is soers that peak Irrigation requirement coin
cides with this period* This underlines the adaptability 
of wind energy in Irrigation. In addition* availability 
of electricity and fuel is not adequate in rural are«3* 
Hcwever* the technology has to be such that the surcharge 
output can be matched with the requirements of water pump
ing for various crop combinations•

There is a very good potential for using wind mills 
for water pimping in Kerala* A very exhaustive wind data 
collection from every nook and corner of the state is 
practically not possible* However Department of Farm 
Power Machinery and Energy# Faculty of Agricultural 
Engineering* Tavanur# has collected and analysed available
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data to study the feasibility of wind turbines in Kerala* 
Table 1 shows the potential places*

Table 1* Duration of useful wind in Kerala

Place Duration ofuseful wind

Alleppey 12 months
Calicut I 10*12 months
Cannanere ] 5*3 I £ a
Vellanikkara 1 6 months

In addition to these# the Department of science and 
Technology of State Government has Indicated the following 
places having potential for wind energy utilisation,

1. Kottamala
2 • Kuttipuram
3• Keeloor 
4 o  Ambalapusha 
5* Hoolathere 
6* Palliasery 
7• Dhanuvachapuram
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1*4 Agricultural uses
Agriculture is a vary appropriate field for wind 

power application# as it needs less amount of energy than 
other industries. Today there are 7#SO#000 wind mills in 
United states operating in remote western range lands for 
agricultural uses, The use of wind energy for farm opera 
tions has a series of distinctive featuresi

a) It requires individual units or systems
much smaller than that is needed for in
dustrial uses

b) Power requirement is less.

c) Continuous supply of power is not required.

1*5 Classification of wind mills
Wind mills are broadly classified as horlsontal 

axis machines and vertical axis machines# according to 
their axis of rotation, Horlsontal axis machines are fur
ther classified according to their number of blades. The 
major types of vertical axis rotors are savonius rotors 
and darrieus rotors.
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1.6 savonius wind mill
Savonius wind mill is a vertical axis system having 

* S' shaped blades* It is basically a drag device* Tha 
Savonius rotor has received attention as a simple wind mill 
with a large potential for application in developing coun
tries • Although the efficiency of this design is low# its 
ability to accept wind from any direction and the simpli
city of construction are the major advantages that make 
Savonius rotators suitable for developing countries* More
over# the power transmission is easier reducing the losses* 
The major disadvantage of Savonius rotor is its lew power 
coefficient* At the optimum tip speed ratio# coefficient 
of power# *Cp* may go up to 0*20* It is found advantageous 
to funnel or concentrate wind into the turbine from outside 
the rotor section* Concentrating structures fixed stati
cally around the turbine draw the wind into the rotor *
This type of concentrators are found to increase the co
efficient of power* *Cp* up to 0,50, at a tip speed ratio 
of 1*5* As the construction of concentrating structures 
are very costly# these are seldom used with savonius rotors* 
The concept of a self orienting deflector augmentor has 
been introduced in this context* It has therefore been 
decided to undertake the design* development and testing 
of a Savonius wind mill with the following obj actives *
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a) Design Savonius wind mill to produce 0*2 hp at a
wind velocity of 14 iOmph.

b) To fabricate the wind mill*

c) To determine power coefficient *Cp* of the wind mill
at various tip spaed ratio*

d> I* flu out the torque coefficient Cq .* vriouu tip
speed ratio*

e) To find out the optimum tip jpecd ratio*

Tiie wind mill is tested with and without deflector 
augmentor.
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ASVZiSM OS ZilTCRATURfi

A brief review of history* classification and work 
done on design* development and testing of wind mills is 
presented in this chapter*

2*1 History and classification of wind mills

2*1*1 History
The earliest known wind machines date back to the 

ancient Persian wind mills in 200 3*C. which were used for 
grinding grain* Wind mills were introduced to tha western 
world in the 1100 A*D* The earliest references that appear 
in the literature are 1105 A.D. in Arles* 1180 A,13* in 
Hassandy and 1192 A*D* in England* By the thirteenth 
Century wind mills were used extensively in many parts of 
Surope* Hereafter a number of wind mills were designed# 
fabricated and tested at different parts of the world#

By the mid - 1940s the use of large scale wind- 
operated electric generators was deemed uneconomical and 
all major installations were replaced by electric power- 
generating plants.

But recently# a resurrection of wind energy applica
tion had occurred* due to tha energy crisis facing the world<>
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2*1*2 Classification
Many different types of wind machines were designed 

and constructed during the course of wind mill history* 
Wind mills are classified according to their axis of rota
tion# relative to the direction of wind* The major cate
gories ares

a) Horizontal axis rotors

b) vertical-axis rotors

c) cross-wind horlsontal-axis rotors

Horlsontal axis rotors
Horizontal axis machines are those devices in which 

the axis of rotation is parallel to the direction of wind* 
These devices can either be lift or drag systems* Designs 
have been varied with number of blades* Systems can range 
from one bladed units to multi bladed systems having fifty 
or more blades* Horizontal axis rotors can be upward 
rotors or downward rotors* In upward rotor# blades rotates 
in front of the tower with respect to wind direction* and 
in downward rotor# blades rotates at tha back of the tower* 
The various typos are shewn in Flg*l*



Single
bladed

Two bladed Three bladed Multibladed Tip vane

Upwind with 
fan tad passive 

steering

Upwind with 
active steering 

from side rotors

Upwind with 
active powered 

steering switched 
b> wind vane

Downwind
sdf-onented

or power steered

C u p
anem om eter

Savonius
rotor

‘ egg beater’

O perating

Musgrove
Evans

Classification of wind turbines
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Vertical axis rotors
Vertical axis rotors are those which have their axis 

of rotation at right angles to both the earth*a surface 
and the direction of wind* Their major advantage is that 
they do not have to bs repositioned to the direction of on
coming wind as the wind stream direction changes*

Vortical axis rotors can be classified asa

a) savonius rotor

b) Darrieus rotor

c) cup anemometer

d) Kusgrove rotor

e) Evens rotor

Cross-wind horizontal axis rotors
They are machines whose axis of rotation is hori

zontal with respect to the ground and at right angles to 
the direction of the wind (Fig*3) * Tha most common type 
of designs are cross-wind paddle rotor and cross-wind 
savonius design* They are primarily complicated systems 
having no marked advantages over the other designs*



<£- DARRIEUS

Fig.2 Different designs of Darrieus rotor



(A )

( B )

(A) Cross wind paddle design 1 and
(B) Cross wind Savonius design
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2*2 Aerodynamic characteristic* of rotor profile
Rankin*# 1¥• and Proude originated axial mosnentuRr 

theory# considering the flow past a wind turbine they 
found that the wind velocity at the disc of the wind mill 
is the average of initial and final velocities.

where
II «* Wind velocity at the disc

V# « Initial wind velocity

VL » Pinal wind velocity

Fewer developed# P is given by

p vV, ** - Y ^P » v AH I V  <
I 2

OR

1/2 P AV0
m 4a(!•*)̂

where
P ** Fewer developed
9 «* Ma3a density of air
A « Area of the rotor
a
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The above expression will have a maximum value when
a * 1/3

-JgJMK-- . 0.593
1/2 P a v , a

Thus# the maximum power coefficient: that can be 
attained by a rotor le 0.593.

For a drag machine# the maximum driving drag force
is given by

*n * Cjj ̂  A (VA - U) /2

where
Fp - Maximum drag force

cd - Oo.fttci.nfc o* tag

The power transmitted is
pd * cde A(V± - O)2 V/2

where
PD - P0Uar taranooittoa * »  <» drag fore..

This is maximum with respect to V 
whan u «* V./3

so * „ . «  - 4[ ° D e- ^

P D  "  c p e  A  V l  / 2

30 Cp max - ^  CE

Pcwer coefficient of different rotors are compared in Fig•4.



X

Power coefficient C as a function of tip speed ratio
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Islam et» al« (1933) studied the application of 
cascade theory on the aerodynamic performance of hori
zontal axis wind turbine* In this study, the flow field 
was considered as rationally systematic and the wind tur
bine would be treated as an open rectilinear cascade*
Forces acting on a differential element of blade were cal
culated and integration was carried out along tha length 
of tha blade to compute tha performance of rotor* da came 
to a conclusion that performance of a horizontal axis wind 
machine at low tip speed ratio cannot ba determined accu
rately by classical theory* For the high solidity multi
blade turbines, design tip spaed ratio is generally low 
for getting high starting torque for the typo of wind tur
bines cascade theory predicts batter results than the 
momentum theory although the computational time is much 
higher in case of cascade theory*

2*3 wind Profile characteristics
Sxbote et* al» (1962) studied the wind profile 

characteristics of indie and concluded that for large parts 
of the country# the optimum working spaed of the wind mill 
must be at 7 km/hr*

Beurskens (1974) had traced the history of wind 
mills in North-west of Tanzania as well as in India and
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wind energy potential of <3aya region. Assuming SO percent 
efficiency of wind mill-run pump# he had developed the 
following relationships for the power of the wind mill.

P « 1/2 <? AV3

where
P - Power# watts 
$ - Density of the air# kg/m

2A - Total swept area of rotor blades# »
V - Wind speed# tn/m

Assuming an efficiency of 50 percent# he had derived
the formula as given below s

P « ^  AV3

He had developed velocity frequency distribution 
curve correlating fraction of total time that the wind speed 
work between different intervals of tints. Hie utilisation 
of wind energy has been brought out by considering the
following water needst

Cows 68 1/day
Sheep and goats 7 1/day
Pigs 18 l/day
Chickens and rabbits 18 1/day/l00 Nos.
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For low# medium and high irrigation heads# rotor 
diameter of 4*5 ro has been considered and economics of 
wind mill project was analysed.

According to aeurskens (1974) for <2aya region where 
wind velocity is in the range of 7.2 - 9 km/hr, a wind 
mill of 6 m dla can lift water to meet the demend of the 
following t

a) 200 families of 4 to 5 persons
b) 400 head of cattle# and
e) Irrigating 0.5 hectares of land.

Srinivasa (1973) had brought out the wind energy 
resource potential for Karnataka region by delineating the 
zone of poor# moderate and good wind.

Krishnan (1976) had reviewed the utilization of 
wind resource for pumping water and power generation in 
India. Based on studies made# at the National Aeronautical 
Laboratory# Bangalore# he indicated that the regions with 
dally wind speed exceeding 6 km/hr are extremely important 
from the point of view of utilisation.

Rastogl (1982) categorized the resource availability 
based on the review of literature and pointed out the need
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to undertake the Inventory of wind resource in the country 
based on time# location# wind availability and topography*

Gurbachan Singh et» al. (1938) studied the wind
profile for exploration of energy in Punjab* From the 
analysis of wind data# he came to the conclusion that the 
duration of wind above 5 km/hr varied freer, 40 to 50 percent
of time during the months of March to August* However#
during the other months it remained within 1 0 - 3 0  percent 
of time* A wind velocity of 3 kn/ht ia obtained during 
March to June at a rate ©£ 20 to 30 percent.

Muhammad (1938) made feasibility studies of wind 
turbines in Kerala* Based on the data collected# they 
identified many potential parts in tha state for economical 
exploitation of wind energy*

2*4 Design and constructional characteristics
John smaaton (1700) Introduced cast iron in the 

mill work* This simplified attaching long sails in a 
rotor* saeaton did a considerable amount of work in esta
blishing guidelines for designing wind mill sails# much of 
which are still followed* some of his experimental work 
revealed tnat the velocity of sail*a tip is almost propor
tional to the wind * s speed* He also observed that the 
maximum load on the sail is almost directly proportional
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to tho square of wind’s velocity. Power generated is pro
per ti onal to wind velocity cubed.

According to the energy resources development pub
lication* Sherman (1976) reported that a survey of local 
wind characteristics summarising the following are required 
for the wind mill design.

1) Velocity and pewer frequency curves;

ii) Power duration curves; and 

Hi) Wind direction and distribution curves.

He had discussed the following horizontal axis
rotors *

1) The classic Greek type sail rotor is suitable for
high starting torque# low starting speed# low weight 
and lew cost. Hie unit has neon found in ‘Shalland* 
China and Sri Lanka*

11) steel multi-vane fan rotor having rotor solidity of
90 - 100 percent as against 45 - 50 percent: of Greek 
type are found in India# Syria and Thailand,,

ill) Rectangular cambered steel plate blades twisted to
give low pitch angle at the tip and high pitch angle 
at the root having rotor solidity 35 percent are found 
in Netherlands# Denmark and Tanzania.
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iv) Princeuon sail wing rotor of two blades having a
double thickness of sail cloth supported by a rigid 
straight leading edge# rigid tip and root chord sec
tions and a trailing edge cable tensioner between the 
tip and root section has been found in U.S.A.

v) high speed propeller type rotors are not usually con
sidered for water pumping but they can be adapted to 
high speed centrifugal pumps•

According to the author the materials used for the 
construction of wings are flat thin material including 
metal# wood# plastic# bamboo and fibre mate with appropriate 
support.

The harnessing of wind has been attempted by flapp
ing vane wind pump# tree pump and parachute pump, Ihe
pumps used in harnessing practice includea

a) Reciprocating pumps of single acting and double acting#
diaphragm and inertia pump;

b) Rotory-raotion pumps including squara-woeden»p al 1 et
chain pump* round-ateel-washer chain pump* large dia
meter slow speed centrifugal pump# axial flow pump* 
archemedian screw pump# peristaltic pump and water 
pump operated by compressed air*
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Hie author has given details of the component de
sign and matching under the following heads;

a) Control mechanism;

b) Rotor radius;

c) Pump size;

d) Power transmission mechanism;

a) Orientation mechanism;

£) Hub# main shaft# and bearing selection based on load
analysis;

g) Tower design; and

h) carriage assembly.

Rama Nathan (1936) made studies on design features 
of a lew cost wind mill* He found that the drag force in
creased with the increase in wind velocity and the maximum

—3value being 633*2 x 10 newton for tha design under study* 
As the wind velocity is doubled# the drag force was found 
to increase by a factor of four Irrespective of the level 
of wind velocity* The drag force increased at an average

«fcrate of 22 x 10 newton with Increase in unit wind velocity* 
Yaw force and yaw moment were increased linearly with wind

4jl|velocity and reached a value of 274*18 x 10* newton and
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143*12 x 10 newton motor respectively* Owing to doubling
o£ wind velocity* the vertical forces increased by four 
times*

. 3

2*5 system
For the last few Centuries# research works were con

ducted all over the world to develop efficient wind energy 
conversion systems* Zn India# a number of research crganlsa 
tions like National Aeronautical Laboratory# Bangalore/ 
Institute of Engineering and Rural Technology; Central 
Institute of Agricultural engineering# Bhopal; Tamil Oadu 
Agricultural University# Coimbatore; Punjab Agricultural 
University# Ludhiana; Kerala Agricultural University# 
Tavanur# are actively involved in developing wind mills 
suitable for our rural areas* In the following pages# some 
of the important works conducted all over the world are 
discussed*

2*5*1 Work done abroad
2*5*1*1 Horizontal axis rotors

Andrew Meikkle (1772) developed a horlsontal axis 
wind mill with wooden slat arm (Fig*5)* The slats were 
connected to a bar alongside the mast and were held In 
position by metal springs. By adjusting the tension of 
the spring# the slats could be opened when the wind's speed



Andrew Meikkle* s horlsontal axis wind mill
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increased in order to prevent the sails from whirling too 
fast* When the wind died dcara# the slats would close pro
viding greater wind catching area* sir William Cubit t (1790) 
improved Meikkle's design* He attached a weight to the 
wind mill which will fall up or down due to centrifugal 
force# depending upon the speed of the rotor; the action 
of the weights adjusted the vanes and a more stable opera
tion is achieved at changing wind speeds* Cub±tt*3 design 
became quite popular in Denmark and Germany as well as in 
British Isles.

Sdraund Lee (1SG0) discovered that he could maintain 
the wind mill sails in the direction of wind by attaching 
a secondary rotor with several blades to the tower at a 90 
degree angle to the main sails* When wind changes its 
direction# the main rotor could not catch wind due to 
change in direction# the secondary rotor starts rotating 
and forces the main rotor to the wind direction*

Jacob (1925) introduced a three bladed aeroplane 
type propeller* The speed of the propeller was controlled 
by a fly ball governor that operated variable piten speed 
control. A propeller diameter of 4*5 m produced 400 to 
500 kW-hr per month at a wind speed 10 to 32 km/hr for two 
or three days each in a week*

Dr* Ulrich duller Introduced fibre glass blades for 
the rotor in I960* 34.5 m fibre glass blades were fixed
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on a simple hollow pipe tower supported by guy wires*
The blade pitch could be changed at higher speeds to keep 
the propeller rotation constant*

Carry (1973) developed Alchemy sail wing rotor 
capable of actuating at lower wind spaeds (5 km/hr) • The 
sails used in this design was of Genoa sail cloth with a 
special ultra violet resistant coating* At very high wind 
3peeas sails can ba furled by wrapping the rest around the 
mast and securing it with a long chord*

Sherman (1975) had developed a horizontal axis sail 
wing wind mill with khakhi cloth sails. A reciprocating 
pump attached to the wind mill was found to lift 1*635 1/hr 
at a wind speed of 7 kta/hr against a head of 9*2 m.

Sweeney (1976) had developed Bishops wind mill with 
bamboo mat sail* It had six sails made of triangular mat 
woven from split bamboo and reinforced with nylon chord*
The design contained a manually activated quick release 
sail stretching device at each loop connection* The rotor 
was connected to a chain pump capable of pumping 950*1200 1/ 
min against a head of 6 metres*

Dick (1977) had developed a horizontal axis multi 
directional metal bladed wind mill* Six metal olades of 
24 • 28 gauge galvanised sheet metal had been used for the 
rotor construction* Power was transmitted from rotating hub
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to an eccentric wheel by friction* the conventional piston 
pump attached to this system was found to lift 1,135 1/hr 
against a head of 12*2 m at a wind spaed of 32*2 fcinph#

Praenkal et». al* (1978) had described XTDQ (inter* 
mediate Technology Devel©pjaent Group) model multi bladed 
wind mill made of metal* It was specially designed for 
bore hole water pumping* A double acting piston nuinp was 
developed for low head high volume pumping which discharged 
10*6 1/stroke*

VITA (Volunteers for Technical Assistance) (1979) 
had developed a wind mill with trapezoidal sails made of 
heavy canvas* Curtain rings helped securing the sails to 
the spooks and ribs* The canvas was coated with paint to 
ensure a longer life. A self priming double acting pump 
attached to this machine was found to discharge 8#000 1/hr*

2*5*1*2 Vertical axis rotors
Richard# H* Braasch# sandie laboratories (1975) 

developed a darrieus vertical axis wind turbine of 17 so 
rotor blade diameter* It waa an experimental prototype 
with two blades made of 0*6 m aluminium extrusion* It waa 
tested from March 1977 to June 1979 and was found to gene
rate 60 kW at a wind speed of SO km/hr*



o 26 s

C*F. Wood* DA3F INDAL Ltd** fabricated a darrieus* 
vertical axis wind mill • The rotor had two aluminium 
blades of 24 m diameter* Xt waa reported to have a rated
output of 200 kw at a wind velocity of 22 km/hr*

Robert B* Allen of Synergy Co-operation developed a 
three bladed# 5 m diameter darrieus rotor* The rated wind 
speed was found to be 38 km/hr and rotor spaed at the rated 
spaed was 243 rpm* Cut in speed of the rotor was 16 km/he. 
Power developed at the rated speed was 3*3 kW* Blades were 
constructed out of extruded aluminium*

Ohon Vara developed a cyclo turbine vertical axis 
wind machine (Fig.6)* Rotor had three blades of 4*5 m dia
meter and 2*4 m height* Xt was reported to develop 1*2 kW 
at 32 km/hr wind velocity* It was found suitable for very 
small systems in rural and remote areas*

Kostowaski (1977) had fabricated a savonius rotor 
of two stage wing with two 45 gallon oil drums and two ply
wood discs* It had two stages of rotor and a manual braking
device•

Sramont J stated that the savonius rotor was selected 
as the most suitable wind mill for water pumping in regions 
of light wind la* 4 - 5  m/s* A wheel and chain power trans
mission was adopted because it was cheap and would easily ne 
manufactured and repaired locally* A pump connected with
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this wind mill was found to discharge 4,835 1/day against a 
head of 6 nu

Salaasar (1979) had discussed twin type savonius wind 
mill developed at International Rice Research Institute, 
Manila* Ztie rotor of the model was made of 45 gallon oil 
drum cut into half lengthwise. The shape was slightly modi
fied to obtain more aerodynamic efficiency*

J31 acfcro G.m.b.h* developed a savonius vertical axis 
wind mill with an ae generator* Zt had a wooden savonius 
rotor with six, 0*45 m diameter blades. Hie overspeod was 
controlled by centrifugal weights* The rated output was 
50 watts at 60 km/hr wind velocity and the rated xotor speed 
was 120 - 500 rpm* Zt was used for battery charging and 
lighting•

2*5,2 Work done in India 
2*5*2*1 Horlsontal axis rotors

national Aeronautical Laboratory, Bangalore, developed 
a wind mill named WP-2 to meet the demand of domestic and 
minor irrigation water pumping* Zt operated in the wind re
gion of 6 - 9 km/hr. A single acting plunger pump with brasi 
cylinder was attached to the wind mill through an eccentric 
mechanism* Zt was found to lift 650 gallona/hr from a head 
of 15 m at a wind speed of 9 km/hr*
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Tewari (1977) had developed NAL wind mill to meet 
the demand of wind region having a wind speed of 7 - 12 km/ 
hr, The rotor was having six canvas cloth sails connected 
with nylon rope* The protection of the sail was achieved 
by thin nylon rope snaps, A pump attached to this wind mill 
was found to discharge 6,000 to 11,000 litres of water per 
hour against a head of 6*9 ra at a wind speed of 7 krr/hr.
This model was further modified with twisted wire loops, 
elastic members and a braking device.

Geetha Guru and Seshadri (1930) developed AN2LA wind 
mill and won National Research Development Co-operation 
award. It was a bidirectional sail device with a rotor 
made of high density polythene sheet backed by fishnet. The 
wind pump was capable of discharging 1,750 1/hr from a depth 
of 8 m at a wind speed of 20 km/hr. The cut in speed was 
identified as 10 km/hr* They further improved this design 
by replacing the existing shaft with an iron shaft, mounted 
on a swivelling box.

Institute of engineering end Rural Technology (1931) 
popularised the Apoly-12-PU-500 wind mill (Fig.7)« This 
model could be employed for a wide variety of uses like 
minor irrigation, drinking water supply# brine pumping and 
ao on* The rotor had twelve blades fixed around the main 
shaft of 50 mm diameter* An automatic safety device was 
provided to prevent the damage in very high wind speeds 
(above 25 km/hr) • Its cut in speed was 7*5 km/hr« A wooden



Fig»7 Side view of APOLY-12-UP-500 wind mill 
1. Rotor; 2. Shaft; 3. Head construction; 4. Tail; 5. Tail 
vane; 6. Tower; 7. Pumprod; 8, 9. Discharge and delivery 
pipe; 10. Steps; 11. Bridge; 12. Pump; 13. Suction pipe; 
14. Storage tank; 15. Help vane security system.
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pump attached with the wind mill wa3 found to discharge 
180 1 /min at 25 krn/hr wind speed*

Tamil Nadu Agricultural University (1985) had deve
loped a wind mill with 3 blades of 1,257 mm length (Fig»8) • 
Blades were made of 20 guage G«X« sheet, TWO sets of moped 
chains and sprockets were provided for pcwer transmission*
A Lucas 12 V dynamo, fitted with the wind mill, was found to 
develop 7,5 watts at 14 Jan/hr wind* When the wind speed was 
Increased to 18 ksVhr power developed was increased to 18 
watts and at 25 km/hr it produced 51 watts*

Tamil Nadu Agricultural University (1986) designed a 
low cost wind mill also for farms and rural areas. The 
rotor consisted of radial spokes made of casurina poles 
fitted to a 1/2 inch G*Z, pipe shaft through clamps* Sails 
vura made of used synthetic gunny* Rotor diameter waa 4 m* 
Two bearings, made of hard wood, and pre-treated with waste 
engine oil over 40 hours, served as main baarings through 
which the central axis worked* A pump fitted with this 
model was found to discharge 86 litres of water per minute 
at a wind velocity of 18*9 kay'hr*

Central Institute of Agricultural Engineering (1988) 
designed and developed a multibladed horizontal axis wind 
rotor* It was an eight bladed design with 5 sn rotor dia
meter* Blades were mounted on individual spokas made of
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25 iran diameter mild steel pipes* Rotor was mounted on a 
7*5 ® high trujo type tower* Power transmission of fch~ wind 
mill was such that# rotory power could be obtained at the 
ground level• The maximum coefficient of power of the 
machine was found to be 0*325 at a tip speed ratio 2*4*

Kerala Agricultural University (1988) developed a 
low cost wind pump* The rotor had five blades of 5 m dia
meter* It had a cut in speed of 5 km/hr and furling 3paed 
40 km/hr* The overall cost of the machine was reduced by 
using unserviceable automobile parts which are available 
at a fairly lew price* Strong and light bamboo poles were 
used as radial support for tha sails* It had a rated 
power of 0*5 hp at a wind velocity of IS knyhr* A single 
stage, self priming centripetal pump of 25 x 25 mm was 
attached to it.

2*5*2*2 Vertical axis rotors
Govind Ralu ete* al* (1975) have described the geo- 

raetry of savonius rotor sail made of galvanised iron pipes 
and plywood sheets* The framework was covered with jute 
canvas to form the sails* A positive displacement punp, 
connected to the wind mill, made of pneumatic tyre and disc 
wan found to discharge one litre per stroke against a static 
heed of 20 sn*
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Shankar of National Aeronautical Laboratory#
Bangalore# (1977) studied vertical axis wind turbines based 
on the Darrieus principle* He developed a performance ana
lysis which permitted estimation of characteristics of such 
machines* A model with curved wooden blades was designed* 
fabricated and tested* Both the theory and results of the 
test confirmed the low starting torque of the turbine* Nine 
tunnel tests were performed on the model* Finally a straight 
bladed turbine was designed and constructed* Zt was con
cluded that darrieus turbines are likely to be useful in 
large systems used for electrical power generation* However, 
for direct water pumping purposes it is not suitable*

Vivekananda Mukhopadhyay (1979) fabricated a vertical 
axis tilting blade wind mill for rural areas (Fig*9)* In 
this# a pair of rectangular blades were hinged from either 
side of a horlsontal rod# attached to a vertical shaft which 
acts as the power shaft and is supported by bearings and guy 
cables* Several pairs of blades were mounted on a single 
hub and such sets were mounted in several tiers on a tall 
vertical shaft* Bach of the blades had a flap rigidly fixed 
at tha tOv. at an angle to the plane of the blades, Zt helped 
the blades to tilt up and down to vertical and horizontal 
positions alternatively* Ihere was also an arrangement to 
arrest the tilting motion o~ the blaoes about the horizontal 
rods* at horizontal and vertical positions* by proper
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stoppers* Under testing# the maximum power coefficient of 
the rotor was reached at a tip speed ratio of 0.4« Tho de
sign was found to produce a maximum power of about 350 watts 
in 7 xa/e wind. Under the optimum operating condition# the 
mill took 4.5 seconds for ona revolution.

Ravi Varma (1979) had fabricated a small working model 
of a vertical axis wind mill (Fig.10)• The clamps fitted on 
the poles held the main shaft of the turbine in position 
through bearings. The top position of the turbine comprises 
vanes of hollow conical shape# hold in position by arms set 
in through fixed collars. This arms will turn to fixed angles 
on their axis. The tower height was about 13 m. This model 
was found to produce about 5.5 hp/seuare mater Oi the vanes 
at a wind velocity of 80 km/hr.

Tamil Nadu Agricultural University (1986) developed a 
wind mill aided cold storage (Fig.11}• A 0.53 m capacity 
cold storage plant was operated by a vertical axis savonius 
wind mill having three sets of blades. The blades were made 
up of 20 guage aluminium sheets having dimension of 144 cm 
height and 100 cm radius * They were fitted in a tower one 
below the other. Rower obtained at the base through the main 
shaft was transmitted to the compressor through suitable gear
arrangements•

Muhammad at. al. (1938) developed a savonius wind mill 
model with a deflector augmentor. The rotor had a diameter
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of 30 cm and the deflector was fixed at an angle 45° with 
tha wind direction* A tail vane was provided to balance 
the deflector* The preliminary observations of this version 
showsd encouraging performance*

Wind Energy Research Centre* CIAE* Bhopal (1988) 
fabricated a savonius xrobor. It had two rotors 1*9 m high* 
placed one over other at 90 out of phase so that wind from 
any direction could be made use of* A 1*15 m pipe was used 
as the shaft* The pipe was fitted between two taper roller 
bearings and connected to the foundation through a universal 
Joint. Three stay wires placed at 120 supported the struc
ture at the top* This machine was tested for the generation 
of its power and torque characteristics • The wind mill was 
loaded to different levels of torque at various wind speeds* 
Tost results showed that a maxirum power coefficient of 0,12 

was obtained at a tip speed ratio of 0*85, For tip speed 
ratio of 0*7 and above the efficiency of more than 10 percent 
is obtained* Delcw 0*7 the efficiency reduced very steeply.



MATERIALS AND METHODS
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Tha design details and aelection criteria for the 
components of th© savonius wind mill are presented in this 
chapter*

The functional requirements of the wind mill are 
defined as follows*

a) Xt should develop 0*2 hp at a wind velocity
Of 3*9 m/a ia* 14 km/hr*

to) Power coefficient and torque coefficient
should ha as high as possible,

c) It should have low cut in velocity,

d) Weight of the structure should be minimum, 

q) Cost of the wind mill should not exceed
23,10* 000/-,

f) The number of components should be least
for higher reliability* easy manocurvability
and maintenance,

3*1 Design of the wind mill 
3*1*1 Rotor

Preliminary rotor slating was done with the elementary



Front view of the Savonius wind mill



Plate I Vertical axis Savonius windmill with two rotors fixed at 90 degree out of 
phase

-A





actuator disc theory* Power output of the ideal rotor is 
given by

P1 * 1/2 e ACL V 3p ©

where

or

A * 2 P1/ (? Gp V 3

P - Power output* kg »ta/s

v * Mass density of air# kg/m
2A ** Rotor swept area#

Cp - Power coefficient

V - Hind velocity# m/m

Air density varies according to the temperature end 
altitude* For the standard atmosphere# the density below 
6*096 si altitude ia closely approximated by the relation*

m
g

o a «Xp (-0*297 h/304.8)
where

o * 1*22496 kg/m3
h - fieijht in ai
 ̂ - Height density of air
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Fig.13 Top view of the Savonius wind millI



Rotor of the Savonius windmill





M r  temperature defined for the standard atmosphere 
is « linearly decreasing function of altitude and is given 
by

T * 15 - 1.983 <h/304.8)°C

where
h •» Height# m

Although theoritical maximum value of rotor power 
coefficient Cp is 0*59259# real rotors achieve consider-' 
ably lower coefficient of performance* for most of the 
machines# a power coefficient of the order of 0*2 to 0.35 

could be possible with good design features*

If the drive train and generator efficiencies are 
to be considered the equation is further modified as.

k

where
A - Area of rotor# m2

19_ «* Generator efficiency

A savonius rotor producing a power of 0*2 hp at a 
wind speed of 14 km/hr (3,9 m/s) is designed* Power



coefficient of the rotor with concentrator is expected as 
0.35, Density of air at the site was assumed as 1*294 kg/m 
Area of the rotor required to develop the given power is 
calculated as

2 x 75 x 0*2     ,„i. i...      m 12 sq.m*.A 0*1319 x (3.93)3 x 0.34

Instead of a single rotor it is better to make two 
rotors o£ 3 x 2 m site and fix them at 90 degree out of 
phase (Plate II).

3.1.2 Main rotor shaft
savonius wind mill is basically a drag machine.

Force experienced by the rotor will be drag force. Drag 
force can be computed by the formula

° m cd* p 'i
2

where
B a* Drag force# kg
A m

2Area of the rotor# m
m Hass density of air# kg/m

Vo m Wind velocity# m/s

ca m coefficient of drag



Value of C* for the rotor under consideration canU
be taken ea 2*5* For a safe design/ wind velocity is 
taken as 15 ny'a* So the drag force exerted on the rotor

2*5 x 12 x 0.1319 (15)* ■» 450 kg

Shaft is designed for a total lead of 450 kg. This 
load is distributed along1 4 m length# therefore load per 
meter length is 112*5 kg» Forces acting on the ehaft are 
as shewn in Fig*14«

12R. « 450(6)
or

R, * 225 Xg

Rl+R2 " *5° Xg
therefore

8, ■ 225 Xg
m 225 Xg

where R. and R2 are the reactions at the support of the
shaft*

Owing to the symmetry of the structure# maximum 
bending moment will be acting at the centre# that is 
6 meters from the points of reactions* At this section
shear force will be sero*
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Bending moment it X X section

R  * HjX - H (x-4) (x-4)2
where

M » Bending moment at s notion X X, kg*«

x * Distance of the Section X X from R«

R- m Reaction at support 1# kg 
W » Dead per meter length of the pipe# kg/m

Because of the symmetry of loading maximum bending 
ament occurs at the centre# ie« when x * 6 a»

m 225 x 6 • 112*5 X 2 X 2
2

m 1125 kg*m * 112500 kg-ctn

section modulus is given by
_  Hz t

where
Z * section modulus
m - Bending moment 
f - safe stress

2£ can be taken as 1#650 kg/cm for G*I* pipes*
Z « 112500/1650

« 63*18 cm3



for a pip* of 100 ram outer diameter and 85 mm inner 
diameter* section modulus Is given by

I m IT (d * « d,4)w  2 t
and

Z m I / y

where
d - OMcs dio-wwr, ®>

d, «* Inner diameter# cm

If ■ D-/2

%
Z » Section m*dulus# cm

If pipe of same thickness having outer diameter of 
@5 ram is inserted inside the outer pipe the total thickness 
will be 15 mm*

So &2 la 100 mm and d* is 70 mm

I » <x°4 - 7#>
373.01

2 » 373*01/5 • 74*6 cm3

Section modulus of the pipe is higher than the re
quired section modulus* Hence a pipe of 100 mm dJaraeter 
and 15 mm thickness can be used as the shaft.

5



Nature of the load that the bearing has to take is 
combined thrust and radial load. The inner diameter of 
the bearing should be 100 ram to match with the shaft* 
Therefore* two taper roHar bearings of 100 ota inner dia
meter (No*30220) was selected* Outer diameter of thia 
bearing was 130 mm*

The static and dynamic load that can be taken by 
the bearing is 15*600 kg and 16*000 kg respectively*
Since the expected load on the bearing is less than these 
values# bearings are safe* The maximum permissible speed 
of the bearing i3 2500 rptn. The maximum expected speed 
is in the order of 70 - 100 rpm* Hence the bearings are 
safe as far as spaed is concernad*

3*1*3 Bearing

3*1*4 Stay wires
Total wind load as explained in section 3*1*2 is 

450 kg* Point of action of this load from ground level 
can be calculated taking moments about the ground*

3 x 2 + 2 x i.e “ 6*33 “
where

D - Distance from the ground# m*
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Four cables are provided# equidistant, at 90 degree 
angle between the adjacent stays and 45 degree lncllnd 
to the shaft* Cables are provided in such a way that 
maximum horisontal pull due to the wind lead is taken by 
the stays* Under the most unfavourable condition# the total 
load is assumed to be taken by one stay opposite to the wind 
direction* In equilibrium condition# from Fig*15

l» X cos 45 «* 450 kg

or
P0. • 636*4 kg

2Taking allowable stress on the cable as 1,800 kg/cm # 
area of the stay

« f|§§& * 0*35 cm « 3*5 am 
Four mild steel stays of 4 mm sise are selected*

3*1*5 Foundation
Foundation o f l m x l m x l r a i s  provided to acco«* 

iwnodafee the bearing and instrumentation (Fig*16)• She 
dimensions are checked for the safety of foundation as
follows i

self weight of .foundation P* ** 2400 x 1 x 1 x 1
*» 2400 kg

therefore
Density of concrete <* 2400 kg/m^



I

tbo

P L A N

3

III
II
1I Scale - 1:too

"  B

Ail dimensions
wI 1 ore in mm

E ,  L . E L V / X T T  O  1 > 4

Fiq. Foundation of the wind mill



Downward lead in the stay wire at the most unfavourable 
condition of wind <*0

1*2 * 450 x 2 x cos 45
« 900 x 0.7

630 kg

Weight of structure (P,) « 500 kg

Total weight » PI + P2 + P3 * (630+500+2400) kg
» 3530 kg 3*53 tonne*

Orvacd pressure in the Soil - “ 3*53

Allowable upward pressure in the soil can ba taken
2as 12 tonnes/a which ia quite higher than the calculated
2value 3*53 t/i» • Hence the structure is safe*

P-* +  PSet upward pressure P *
A

where
cmP_ » downward load le the ataywire, kg
A

P* * Self weight of the structure# kg
2A - Face area of the foundation# m

P

Bearing plate of 40 cm x 40 cm size waa selected* Pressure



or the concrete foundation*

m
-  7062.5 kg/m2

• 0.7002 kg/cm

Inis is within permissible limit of concrete. Bend* 
ing moment at the section

foundation is safe.

3.1*6 Deflector Augmenfcor
A deflector augmentor of 4 n x  2 m was fabricated. 

Model studies showed that an angle of 60 degrees between 
the deflector and wind direction gives satisfactory re
sults.

• 1130 x 1 x * 51 kg

Tensile stress developed «* 5 1 ______________________________________________________________________________________________________________

0.5 x 1 x 0.67
* 158 kg/m2

is given by
A2 • A sin 9
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Fig«17 Wind mill with Deflector Augmentor



where
A *» Total area of the deflector« io 

6 * Angle at which the deflector las set with
the wind direction*

So A1 * 3 sin 60 x 6*93 a2

Tail of the deflector should have the same effective 
area as the wind facing part so that it will orient itself 
according to the direction of wind* Weight of the deflector 
should he balanced by the weighs of the tail* bo a tail as 
shown in fig*17 was designed*

Analysis of wind data at the site showed that pre- 
veiling wind direction is almost constant from west to 
east* so deflector fixed in this direction will also serve 
the purpose* Due to lack of time* a self orienting de
flector could not be fabricated and attached. Instead of 
that# a fixed deflector facing east to west direction was
fabricated and fixed with the wind mill* slate of the a true-

2ture was d m *  It was placed at an angle of 60 degrees with 
the wind direction (Plate 111)•

Wind mill was tested as in Section 3*5 with and 
without the deflector augraentor.

2



Place III Savonius windmill with the deflectoraugmentor





Components of the wind mill are fabricated as par 
the design discussed in section 3*1* Two rotors of 3 m x 2 ia 
alee were made* 25 rare x 2S mm x 3*125 mm mild steel angle 
iron was used for the fabrication of the rotor framework.
Nylon ropes of 10 mrn diameter were weaved across the struc
ture to support the canvas sail*

Canvas cloth was used to cover the structure since 
it reduces the cost of production and weight* It was fixed 
on the angle iron frame using nylon threads* Two lengths (6 m) 
of 0 *1* pipe of 100 mm outer diameter are welded together to 
form the shaft* toother pipe was Inserted at the joint to 
ensure the strength* Rotor is fixed on the shaft by clamps 
made of 56 mm mild steel flats* stoppers were provided to 
avoid slipping of clamps over the 3haft*

Two taper roller bearings (No*30220} of 100 mm inner 
diameter and 160 mm outer diameter were selected* bower 
bearing fits into the bearing case welded to the bottom 
bearing plate* Top bearing was fitted in the bearing case 
positioned by the stay wires*

Four mild steel stay wires of 4 mm size were used 
to support the structure at top* They are equally spaced 
and have an angle of 45° with the shaft* Top end of the 
wires are tied to the hooks welded around the top bearing

3*2 Fabrication



case* Lower end is anchored to the ground through suitable 
turn buckles for tightening the stay wires*

Foundation is mad© as per the design with a size of 
l m x l m x l m *  A flat brakedrum of ISO ran diameter is 
fixed at a distance of 4 s from the lower end of the shaft 
for power transmission* The mid rotor height is fixed at 
6 m above tine ground*

3*3 Installation of the wind mill
Department of science and Technology of State Govern

ment had identified Kuttippuraun as one of the areas of high 
wind potential* Present model under study waa decided to 
be installed at Kelappajl College of Agricultural engineering 
and Technology# Tavanur# situated near Kuttippurana• wind 
data of Tavanur# analysed by the wind energy schena#
Kelappaji College of Agricultural engineering and Technology* 
also showed encouraging results*

While selecting the site# the effect of obstructions 
like barriers# buildings* trees etc* was considered* 'Topo
graphy of the land was also taken as another criteria for 
selection of site* A site near the College Hostel is 
selected and the wind mill was installed*



3*4 iScperimental set up
Teat set up to measure the various parameters ia 

discussed below.

3*4*1 Wind velocity
OTA JCBIKI vane type anemometer was used to measure 

the wind velocity. It gives the total distance travelled 
by the wind in metres* In order to get the velocity# the 
readings should be divided by the time interval in which 
the readings are taken*

ie# V **

where
V «* Hind velocity# m / m

h - Distance travailed in metres read from
the anemometer* m

T - Time interval * s

la order to get the accurate value of wind velocity 
the anemometer should face the wind direction* For this# 
a self adjusting device was fabricated (Plate XV) • It will 
direct the anemometer against the wind* Xb consisted a
3*X* ball bearing • A 1*35 mm
mild steel rod is fixed on the bearing which carries a tail
at its on* end and anemometer- at the other end as shewn in



Plate XV A self aligning device for measuringwind velocity





the figure* When wind blows, the tail adjusts itself#
directing the anamometor against tha wind#

3*4*2 Torque
Torque was calculated by measuring the forces in 

the tight and slack side of the bait# passing over tha 
brake drum which is fixed on the shaft as shown in 
Plate V* for measuring the forces# two spring balances 
were used*

One end o£ each of tha balances were hooked to the 
end of the belt and other end was fixed stationary.

Whan tha shaft was rotated by wind# force was trons 
raitted to the balances through the belts* Force on tight 
side was read on balance *A* and that on slack side# *B* • 
Effective force was the difference between these two read*
ings

F m I*. *»A  * S

where
T - Effective; force on the brake drum, kg
'a * Force on the tight side of the brake drum, kg# 
Ig * Force on the slack side of the brake drum, kg*



Plate V Set up for measuring torque
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Torque produced by the shaft is given by

T m ¥ x v, where r is the effective^ radius of
brake drum# ra.

3*4,2 Speed
Power developed by the wind mill varies directly as 

the rpm of the rotor. Contact type tachometer was used 
for rotor speed measurement.

A rubber disc adapter was used with the tachometer 
to take the readings* Peripheral velocity of the shaft was 
obtained by dividing the dial reading oy ten. speed of the
shaft could be calculated from the peripheral velocity us
ing the relation

N a*

N St b^otd of the shaft, rpm
V at Peripheral velocity# m/s
D a* Diameter of the shaft# a

3.5 Experimental procedure 
3.5*1 Pcwer

Power developed by the wind mill was calculated by



the expression

P m 2 Tl NT/4500
where

tP m Power developed, hp
N * speed of the rotor, rpra
T m Torque, kg*ra

H and T were obtained as discussed under sections 3*4*1 
and 3*4*2* Thus P was calculated*

3*5*2 Power coefficient (C )

Power coefficient is defined as the ratio of power 
delivered to the turbine to the total power available in 
the crosssectional area of the wind stream*

* pV pt

«■ Power coefficient 

m power delivered to the turbine
« 1/2 e avo3

■ Hass density of air
* steady state wind velocity
** Cross sectional area of the turbine

CP
GP

P1

P*

Vo
A



P and P_ were calculated and power coefficient was deter
mined for different wind velocities*

3*5*3 Tip speed ratio
Tip speed ratio is defined as the ratio of the speed 

at which the rotor tip moves# to the wind speed*
0 , R O-

V

where

1

* m Tip speed ratio
It m Blade tip radius* a
n. m Rotor angular velocity# rod/s
V m Wind velocity# w/m

speed at which the rotor perimeter moves con be calculated
by

S m HTt D/60

where
S - Peripheral spaed of rotor* a/m 
N - Speed of the rotor# rpta 
D • Diameter of rotor* a

3*5*4 Torque coefficient
Torque coefficient is the ratio of actual torque



produced by the turbine to the maximum torque that can be
produced by it*

m T/Tmax
where

C«. * Torque coefficient

T Actual torque# kg* a
Tsiax
T.max

Haximux torque# kg.m
P AV 2  (VJ\ )/2 oi Pjv co

where
e
A

Haas density of air# kg/ra3

Area# am2

y Velocity of wind# aa/s
Tip speed ratio

00 Angular velocity# rad/*
iShaft power la the power delivered from the turbine F *

So# J?1

Bttt P1
CP X P T

Thus Cp Fq cy

CT * G| A
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RESULTS AND DISCUSSION

The results of the performance evaluation of th* 
savonlus wind mill explained in the preceding chapter 
with and without the deflector augmentor are discussed in 
this chapter*

4*1 savonius wind mill without thedeflector augmentor
4*1*1 Torque characteristics

The wind mill was tested in the field at different 
wind velocities and the corresponding torque obtained is 
presented in Table 2* From the table it is seen that the 
maximum torque produced was 2*651 kg*m at a wind velocity 
4*154 a/s*

4*1*2 Rotor speed
The speed of the wind mill Obtained from the field 

evaluation is shewn in Table 2* It ranged from 2*97 rpm 
to 30*48 rpm in a wind velocity range of 2*418 to/s to 
4*154 m/m*

4*1*3 Tip speed ratio
Table 3 summarises the variation of tip speed ratio



Table 2* Torque# rotor speed, power developed and power
available at the rotor crossseation at different 
wind velocities*

Power available
si*Ho. Torque(kg *n») Kotorspeed(rpm)

Powerdeveloped<hp)
at the rotorcroassaction<hp)

windvelocit
(*/a)

1 0*863 2.972 0*0036 0*149 2*418
2 0*908 3*886 0.0049 0*169 2*522
3 1*203 5*429 0.0091 0.175 2*552
4 1.170 S. 246 0.0086 0.199 2 *666

5 1*140 4*961 0,0079 0*232 2*802
6 1.627 7.590 0,0172 0*239 2*831
7 1*643 8*618 0*0198 0*250 2*073
8 1*268 7.562 0*0138 0*253 2*882
9 1*845 10*063 0*0259 0*252 2*878

10 1*485 7.357 0,0153 0*254 2*888

11 1*683 10,033 0*0236 0*271 2*950
12 1.710 11*450 0.0273 0.297 3*042
13 2.067 11.772 0*0340 0*312 3*091
14 1*628 9*997 0.0227 0*325 3*133
15 1*492 9.716 0.0202 0*326 3*139
16 1*973 12.522 0*0345 0*332 3,156
17 2*212 13.795 0*0426 0*338 3,176

contd»•*



Table 2 contd.» « .

SimSO. Torque(kg.a)
Kotorspeed<rpa)

Poserdeveloped<hp)
Power available
at the rotorcrosasection

fop)_______

Hind
velocity(n/a)

ie 2*130 13*243 0.0394 0.345 3.199
19 2*250 14.420 0.0450 0.339 3.180
20 2*250 15.340 0.0432 0.360 3.242
21 2*374 16*136 0*0535 0*374 3.284
22 2*428 18*466 0.0626 0.417 3.407
23 2*415 18*862 0.0636 0*442 3.472
24 2*521 21.050 0.0741 0*504 3.628
25 2*572 22*128 0.0794 0,520 3.665
26 2.617 34.615 9.0899 0.588 3.819
27 2.261 26*907 0*0984 0*633 4.016
28 2.628 27.704 0.1019 0,634 4.017
29 2.631 30*478 0.1119 0,756 4.154



with wind velocity* From the table it can be seen that it 
varies from 0*293 to 1*152 at different wind velocities*

4*1*4 Power characteristic
Power developed by the 3 a von i us wind mill at di£fo- 

rent wind velocities are compared with the power available 
in the crosssectional area of the rotor and presented in 
Table 2* From the table, it can be seen that power deve
loped by the wind mill ranged from 0*00385 hp at 2*418 m/a 
to 0*119 hp at 4*154 m/a wind velocity* Total power avail
able in the crosssectional area of the rotor at these wind 
velocities were 0.1492 hp and 0*7564 hp respectively.

4*1*5 Variation of coefficient of powerwith tip speed ratio
The coefficient of power and the corresponding tip 

speed ratios are given in Table 3* A graph is plotted bet
ween coefficient of power and tip speed ratio (Fig *18)*
From the figure it can be seen that the maximum power co
efficient is 0*155 at a tip speed ratio of 1*0* This is 
comparable with the results obtained elsewhere in the 
country* Fig•18 shows that power coefficient increases up 
to a tip speed ratio of 1*0* Below the tip speed ratio of 
0*75* the fall in efficiency was very steep* Therefore, 
the tip speed ratio range in which the rotor should run is
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Table 3« Rotor tip speed# tip speed ratio# coefficient ot
power and coefficient o£ torque at different 
wind velocities.

Si ■ Ho*
hind Kotor -,4wivelocity tip speed ^ peed 
<ra/a) Cm/*) ratio

G©~
•ificient efficientof power Torque

1 2*419 0*466 0*193 0*024 0.124
2 2*522 0.607 0*241 0.029 0*120

3 2*552 0*852 0.334 0.052 0,155
4 2*666 0*926 0*310 0.043 0.138
S 2*902 0.779 0,278 0*034 0.122

6 2*831 1*189 0*420 0*062 0.171
7 2*873 1*353 0*471 0.079 0.166
8 2*876 1.580 0*549 0,103 0.188
9 2.882 1*187 0*412 0.053 0.128

10 2.888 1*152 0*400 0.062 0,150
11 2*950 1.575 0*534 0*087 0,163
12 3*042 1.790 0*591 0*092 0,156
13 3.091 1*848 0*598 0,109 0*182
14 3*133 1.569 0,501 0*070 0*139
15 3*139 1*526 0*486 0*062 0,128
16 3*156 1*966 0*623 0*104 0.167
17 3*176 2*166 0*682 0*126 0,185

Contd••••



Table 3 contd...*

«1*HO#
m mvelocity
(m/9)

Rotortip speed
(m/s)

< * # * K& m t *

Co* GO-Tip apQtsd Q£ ficient efficientrati© Of power Torque

18 3.199 2*079 0*650 0.114 0.175
19 3.180 2.764 0*712 0*110 0*196
20 3.242 2.409 0*743 0,134 0.180
21 3 . 234 2*632 0.771 0*143 0,185
22 3*407 2*899 0*851 0*150 0.176
23 3.472 2*961 0.853 0.144 0.168
24 3. 628 3*305 0.911 0.147 0.161
as 3*66$ 3.474 0.948 0.153 0*161

26 3.819 3.866 1*012 0.153 0*151
27 4.316 4.361 1.052 0.144 0.137
23 4*017 4*363 1.086 0.149 0.137
29 4.1S4 4.78$ 1*152 0.148 0.128
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0.75 to 1*0. The rotor obtained the maximum power coeffi
cient at lower tip speed ratio# because it was a drag de
vice.

4.1.6 Variation of the coefficient of torquewith the tip speed ratio
Table 3 summarises the variation of coefficient of 

torque with tip spaed ratio. A graph is plotted between 
coefficient of torque and tip speed ratio (Fig.19}• Prom 
the figure it is seen that tha maximum coefficient of torque 
was 0.185 at a tip speed ratio of 0.75. This la comparable 
with the results obtained elsewhere also. The torque co
efficient varies from 0.165 to 0.185 at a tip speed ratio 
range of 0.45 to 0.75.

From the test results it can be concluded that from 
power as well as torque point of view, the optimum tip 
speed ratio of the rotor is in the range of 0*5 to 0.9.

4.2 Davonlus wind mill with deflector augmsmtor 

4.2.1 Torque characterietics
Torque produced by the savonius wind mill attached 

with the deflector augmentor at different wind velocities
are presented in Table 4. Torque produced was found to be 
Increased whan the deflector augmentor was attached to the

s



Table 4* Torque# rotor spaed# power developed and power
available at the rotor croassaction at different 
wind velocities*

(Rotor with deflector augmentor)

-Si •Ho*
WindVelocity
(m/a)

Torque 
(kg? .m)

Rotorspeedtrpra)
Powerdeveloped<hp)

Power aval at the rocrosssect(hp)

1 1*456 1*125 1*409 0.0024 0,032
2 1.502 1.443 2*344 0*003 0.035
3 1*696 1*686 3*521 0,009 0*051
4 1*741 1.367 3*249 0*006 0*055
5 1*890 1*256 3.575 0*006 0.071
6 1*901 1*486 4*855 0*010 0.071
7 1*949 1*896 6.230 0*016 0*078
8 1*967 1*712 5*688 0*014 0.080
9 1*975 1*813 6*201 0*016 0*813

10 2*056 1.723 6.822 0*016 0*092
11 2*162 1*626 6.857 0,015 0*106
12 2*243 2 • 217 9.771 0.032 0*119
13 2*463 2*314 13*083 0*042 0.157
14 2*495 2.137 13*078 0*039 0*164
IS 2*522 2*412 14*633 0*049 0*169

Contd** * *



Table 4 contd*..*

Si. veloc±fcv Tor<3u® aoeed developed mt ***• roWtt>t,0• fa/i* 0t9,m) tom) (bp) cro*«*.cfcioi>(hp)

16 2.790 2.387 19.190 0.064 0.229
17 2.864 2.488 21«269 0.073 0.247
18 3.107 2*562 25*923 0.092 0*316
19 3.140 2.677 27.000 0.102 0.327
20 3.452 2.783 34*736 0.135 0*434
21 3.724 2.886 40.582 0.164 0.545
22 4.169 2.936 53.379 0*213 0*765



wind mill. A maximum torque of 2*936 kg*m was obtained 
at a wind velocity of 4*16 ley's*

4*2*2 Rotor speed
Taole 4 shows the rotor spaed and corresponding wind 

velocities* Rotor spaed of tha wind mill ranged from 
1*4 rpm at 1*45 m/a wind velocity to 53*38 rpra at 4*16 m/a 
wind velocity* For the same wind velocity wind mill fitted 
with the deflector augmentor gave a higher rotor speed than 
the wind mill without the deflector augmentor*

4*2*3 Tip speed ratio
The wind mill was found to work in a higher tip 

speed ratio when deflector augmentor was attached to it*
Tip speed ratio showed a variation from 0*152 to 2*01* 
Values of tip speed ratio at different wind velocities are 
tabulated in Table 5*

4*2*4 Power characteristics
An increase in power developed was noted when aug

ment or was attached to the wind mill* Table 4 presents the 
power developed by the wind mill and the actual power avail
able in the cross sectional area of the rotor* It can bo 
scan that the rotor with the augmentor produced a power of 
0*218 hp at a wind velocity of 4*169 m/a* Total power



Table 5. Rotor tip speed# tip speed ratio# coefficient of
power and coefficient of torque at different
wind, velocities.

(Rotor with deflector augmentor)
si*NO«

Windvelocity(m/s)
Rotor tip speed(m/s)

Tip speedratio
Coefficient of power

CoefficientTorque
*to

1 1.456 0.221 0.152 0.063 0.447
2 1.502 0.366 0.245 0.132 0.539
3 1.696 0.553 0*326 0.161 0*494
4 1.741 0*510 0*293 0.113 0.386
5 1.890 0*561 0.297 0.033 0*296
6 1.901 0.762 0.401 0.139 0*339
7 1.949 0.976 0.502 0.211 0.420
8 1.967 0.643 0.454 0.169 0*372
9 1.975 0.974 0.493 0.193 0*391

10 2.056 1.070 0.521 0.179 0*343
11 2.090 1.353 0.650 0.250 0.385
12 2.243 1.534 0.634 6*254 0.371
13 2.463 2.054 0.834 0*368 0*321
14 2.495 2.053 0.823 0*233 0*288
15 2.522 2.297 0.911 0*291 0.293

Gontd...*



Tabla 5 contd*« • •

Si. Ro
WindVelocity(ay's)

Rotor tip speed
(m/m)

Tip speedratio
Coefficient of power

Coefficientof Tor a us

16 2*790 3.013 1*080 0.279 0,283
17 2*864 3*339 1.166 0*298 0.255
18 3*107 4*069 1*310 0*293 0.224
19 3*140 4*365 1*390 0*312 0*224
20 3*452 5*454 1*560 0*311 0.196
21 3*724 6*731 1.711 0*300 0.175
22 4.167 6*381 2*010 0*286 0.142



available afc the crosssecfcional ore* of the rotor# et this 
wind velocity# wee 0*765 hp#

4*2*5 Variation of power coefficientwith tip speed ratio
Coefficient of pcwer and corresponding tip speed 

ratios are presented in lable 5* A graph is plotted bet* 
ween coefficient of pcwer and tip speed ratio (?ig*20)•
From the figure it can be seer* that a maximum pcwer co
efficient of 0*32 was obtained at a tip speed ratio of 1*54* 
This indicates that the power coefficient is almost doubled 
when deflector augmentor was attached to the wind mill* 
Pcwer coefficient increased up to tip spaed ratio of 1*58 
and after that it declined* In the range of tip speed 
ratio 0*8 to 1*58# an increase in efficiency of 16 percent 
was obtained* Below the tip spaed ratio 0*8# fall in the 
efficiency was very steep* Therefore the tip speed ratio 
range at which the rotor should run is 0*6 to 1*54# as far 
as coefficient of pcwer is concerned*

4*2*6 Variation of torque coefficientwith tip speed ratio
Fable 5 shows the variation of torque coefficient 

with tip speed ratio* A graph is plotted oatween coeffi
cient ok torque and tip speed ratio (Fig*21)* coefficient
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of torque attained a maximum value of 0*365 at a tip speed 
ratio of 0*56* At a tip spaed ratio range of 0*4 to 0*56* 
torque coefficient varied from 0*325 to 0*365* This range 
can be recommended as the optimum tip speed ratio as far as 
torque coefficient is concerned» Torque coefficient in
creased from 0*165 to 0*365 when deflector augmentor waa 
attached to the wind mill* This result is quite encourag
ing*

4*3 effect of tha deflector augmentor
By introducing the deflector augmentor# power co

efficient could be increased by 106*5 percentage and torqua 
coefficient could be increased by 108 percentage* This is 
illustrated in Fig*22* Moreover# the cut in velocity of 
the wind mill was considerably reduced from 2*4 nŷ s to 
1*4 ta/a and the wind mill worked at higher tip s’peed ratios* 
The spaed of the rotor and the torqua produced by i t were 
also increased*

The effect of tha deflector augmentor as seen from 
Fig*17 is to give a shade to the convex half of the rotor 
and to divert this wind to the concave half of it* As the 
rotor experiences the torqua due to the difference in the 
coefficient of drag# when the convex and concave sides of 
the cylindrical rotor parts faces the wind# the effect of 
shading is improving the performance considerably as evi
denced from the test results*
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The operating cost of tha wind mill was worked out.
on the basis of assumptions and calculations given in 
Appendix Total hours of working of tha wind mill in
a yaar was assumed to be 3# GOO* Life of the wind mill was 
taken as IS years and in every two years the canvas has 
to be replaced* Operating cost of the wind mill was calcu
lated as fa#l*43 per bhp hr* Operating cost of the wind 
mill is compared with that of diesel and electric power*
Xt was found to be comparable with the diesel power and 
slightly costlier than electric power*

4*4 Cost analysis



SUMMARY



SUMMARY

Sine® conventional energy sources are running out, 
they must be supplemented by renewable energy sources* A 
wide variety of renewable energy sources are available and 
wind energy i* one among them* Wind energy has got reason
able potential for water pumping in many parts of Kerala, 
savonius rotors are found most suitable for water pumping»

Hie conventional savonius rotors have the disadvant
age that they have lew coefficient of power* A deflector 
augmentor attached to the savonius rotor was expected to 
increase the power coefficient considerably. Hence a 
savonius rotor with a deflector augmentor was designed# 
fabricated and tested at Kelappaji college of Agricultural 
Engineering# Xavanur* Hie features of the wind mill are 
discussed below i

1* The wind mill was expected to produce 0*2 hp at 14 km/hr 
wind velocity*

2* The wind facing area of the rotor was calculated as 12 nT» 
Two rotors of 2 ra x 3 m diameter were fabricated and they 
were fixed one below the other at 90 degree out of phase*
The frame was made up of 25 cm x 25 mm x 3 mm mild steal 
angles end covered with canvas cloth* Nylon ropes of 5 ram 
siee were weaved across the structure to support the canvas 
sail •



\

3* The slse of the shaft was designed considering the 
wind load acting on it# giving adequate factor of safety*
Two 100 ran pipes of 6 m length were Joined together to 
form the main shaft* Another pipe was inserted at the joint 
to reinforce the shaft to get designed crosssectional area*

4* Two taper roller bearings (Ko*30220) were selected for 
the wind mill* Bearing cases were made up of 50 mm x 5 mm 
mild steel flats*

S* Concrete foundation was designed considering the effec
tive load on it* The size of the foundation was 1m x lm x 1m, 
A 0*4 m x 0*4 m base plate was fixed on it using six bolts 
of 25 mm diameter*

6* Four stay wires of 4 mm siae anchored the wind mill 
from the top* Stay wires are placed at 45 degree inclined 
to the shaft* stays are placed equidistant to form 90 degree 
angle between adjacent stays*

7* A deflector augmentor of 4 ra x 2 m sisse was fabricated
and fixed at an angle 60° with the wind direction* The

2effective wind facing area of the deflector 6*93 » •

Wind mill was installed near the College hostel and tested 
with and without the deflector augmentor* Test results



obtained are summarised below*

X* wind mill without the deflector augznencor

1* The wind mill produced a torque of 2*631 fcg«m at a
wind velocity 4*154 m/is*

2* Rotor speed ranged from 2*97 rpm to 30*48 rpm at a wind
velocity range of 2*416 m/a to 4*154 m/a*

3* The tip speed ratio varied from 0*193 to 1*152*

4* Wind mill produced a power of 0*119 hp at a wind velo
city 4*154 m/a*

5* Hie maximum power coefficient of 0*155 was attained at
a tip speed ratio of 1*0* Power coefficient increases 
up to the tip speed ratio of 1*0# and then showed a re
ducing trend* Below tha tip speed ratio of 0.75 fail 
in the efficiency was very ateep.

6* Maximum torque coefficient attained was 0*185 at a tip
spaed ratio of 0*75* Torque coefficient showed a 
sharp decline belcw the tip speed ratio of 0*45*

7* The optimum tip speed ratio of the wind mill# from
power as well as torque point of view# was in the range 
of 0*5 to 0*9*



1, wind mill produced a torque of 2,936 kg.m at a wind
velocity of 4,16 m/s,

2, Rotor speed was found to range from 1,4 rpni to 53*8
rpra at a wind velocity range of 1,45 fa/s to 4,16 n/s«

3, Wind mill was found to work in a tip spaed ratio
range of 0*193 to 2.01,

4, Xt produced a power of 0,210 hp at a wind velocity of
4,169 m/Bm

5, The maximum power coefficient attained by tha wind
mill was 0,32 at a tip speed ratio 1,54* After this 
value# the power coefficient decreased. Below tha 
tip speed ratio 0,6# the fall in efficiency was very 
steep*

6* Coefficient of torque attained a maximum value of
0*335 at a tip spaed ratio 0*50* Torque coefficient 
is found to be reduced at tip speed ratios higher than 
0*56* 3elcw the tip spaed ratio 0*4# fall in the 
torque coefficient was very steep*

7. rhe optimum tip speed ratio of the wind mill with the
deflector augmentor# from power as well as torque point 
of view# was in the range of 0*5 to 1*5*

IX, Wind mill with the deflector augmentor



Effect of the deflector augmentor on the wind mill
performance was studied by comparing the results obtained
from testing the wind mill with and without the deflector
augmentor•

1* Power coefficient was found to Increase by 100 percent.

2. Torque coefficient was found to increase by 100 percent.

3. Wind mill was found to work in higher tip speed ratios.

4* The cut in speed of the wind mill was found to be re
duced from 2.4 m/a to 1*4 m/s.

The cost of operation of the wind mill is fc.1.43 per
bhp hr. It is comparable with the diesel power and found
slightly costlier than electtic power.

Following suggestions are raade for the further
improvement of the wind mill.

1. The permanently fixed deflector may be replaced by a
self orienting deflector augmentor.

2. Canvas sails may be replaced by aluminium sails to
increase the life of the rotor.

3* A set of matcning devices for loading such as pumps#
a^rogenarators and that sort nay be coupled and eva
luated •
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Appendix £

Instrumentation

a) Specifications of the anemometer

Make OTA KSIKI# Japan
Serial Number 232412
Number of blades 8

Range 0 to 1# 00,000 m
Possible measuringXwind speedX 1 to 15 m/s

b) Specifications of spring balances
Balance A
Make Rebure# Germany
Range 0 to 50 kg

Balance B
Make Kamal# India
Range m 0 to 20 kg

c) Specifications of the hand tachometer
Make Prestige# India
Serial Number 007629
Type Number 630
Range 30 to 50,000



Appendix - XI

Calculation of operating cost of the wind mill

1 • Assumptions
Life of the wind mill • * 15 years
Life of canvas cloth • • 2 years
Salvage value • • 10% of the initialcost
Repair and maintenance • * 1% of the initialcost
Rate of interest % • e%

2• Investments
Cost of frame work of the rotor .• Rs.2,000/
Cost of G.I. pipe for the shaft ♦ » 500/
Cost of bearings • ♦ 1,000/
Cost of canvas for the lifeX

periodX • * 2,000/
Foundation • « 1,000/
Fabrication charges

Total
• * 1,000/
.. Rs.7, 500/-

3. Calculations
Cost of wind mill as.7, 500/

• * 15 years
Working hours * • 3,000/year



1# Depreciation per hour 0.90LxH
a s

0.9 X  7500 15 x 3000

2. Interest per hour c s

0.55C
H x i

SC
0.55 x 7500 3000
Rs. 0.11/“

3. Maintenance per hour = 75003000 x _________________________________ 1

100
Rs. 0.025/'

Therefore toual cost perXhourX Rs. 0 . 285

Cost per bhp hour Rs.1.425



Appendix XII

Calculation of cost of using electric power

Assuming cost of 5 hp motor Rs.4# 000/-
Life IS 10 years
Working hours at 1,500/ year

1• Depreciation/hr m 0*9 x 4000 10 x 1500 * Rs.0*24

2. Interest/hr 0.55 x 4000 81500 ^100
Rs. 0.117

3. Repair and mainuenance/hr *■ 4000 „ 1500 * 6 Rs* 0 .16

4 . Energy cost/hr Xassuming 50 paise/unitX a 50 x 7.5 Rs* 3*75

5. Standing charges per hour X assuming Rs.1,500/- per yearX
1500T 3 M R3*l/—

Therefore total cost per hour Rs.5.267
Cost per bhp hour Rs.1.054



Appendix - IV

Calculation of cost of using stationary engines

Cost of the engine
Life
Working hours

a
sc

Rs. 7,000/ 
10 years 
1,500

1. Depreciation/hr 0.9 x 7000 10 x 1500 Rs.0.42

2. Interest/hr 0.55 x 7000 x 8

3. Repair and maintenance
4• Housing charges/hear
5. Fuel cost/hr Xassuming 1.5 lit£#s/hrXand Rs.4.50/litre X

7000  6
x 100

2001500

* Rs.0.20

Rs.6.75

Rs. 0.23
Rs.0.13

6• Lubrication charges Xassuming 30% of fuel chargeX** Rs.2/-

Therefore total cost per hour «*
Cost per bhp hour SB

&.9.80
9.8£
Rs.1.96
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ABSTRACT

The study was conducted with the objectives of
developing and testing a savonius wind mill and analysing 
the effect of a deflector augmentor on the performance 
characteristics of the rotor.

The wind mill was consisted of two rotors of 
2 n x 3 ri size fixed one below the other at @0 degree out 
of phase• A 100 nsn galvanised iron pipe of 12 m length 
acts as the shaft* The shaft passes through two *30220* 
taper roller bearings* Lower bearing was fixed on a 
l m x l r o x l m  foundation and the upper bearing was posi
tioned by four 4 am guy wires# The guy wires were equi
distant and forms an angle of 45 degree with the shaft*

This wind mill was tested under field conditions* 
Power developed by the wind mill was calculated by measur
ing the torque end rotor speed# and power delivered to the 
rotor was calculated by taking corresponding wind velocity* 
The coefficient of power and coefficient torque were calcu
lated for different tip speed ratios* The wind mill was 
found to attain a maximum coefficient of power 0*155 at a 
tip speed ratio 1*0* Maximum torque coefficient attained
was 0*185 at a tip speed ratio 0*75* Optimum tip speed 
ratio of the wind mill was found to be in a range of 0*5 
to 0*9*



h deflector augmentor of 6*93 m effective wind 
facing area was fixed at an angle of $0 degree with tha 
wind direction* Wind mill was again tested with the de
flector augmentor* Power coefficient waa found to attain 
a maximum Value of 0*32 at a tip speed ratio 1*54* Tha 
maximum torque coefficient was 0*385 at a tip speed ratio 
of 0*56* Optimum tip spaed ratio of the wind mill with 
tha deflector augmentor was found to be in a range of 0*5 
to 1*5*

When tha deflector augmentor was attached to the 
wind mill* power coefficient was increased by 106*5 percent 
and torque coefficient was increased by 108 percent* The 
wind mill was found to work in higher tip speed ratios*
The cut in velocity was reduced from 2*4 m/s to 1*4 m/s*

Cost of operation of tha wind mill was is. 1*45 per
irfip.hr which is comparable with diesel and electric power.,
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