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ABSTRACT

The aim of this study is to analyse'thé performance
of a Horizontal Axis Wind Turbine coupled with a piston pump.
Considering average wind véloéity at Chittagong, the rotor con-
figuration for twist and chord is determined by applying the
momentum theory and the blade element theory, assuming no drag,
no tilting or coning. The forces and moments on the blade and the-
‘tower top are calculated by obtaining the optimal aerodynamic

shape of the blade.

In the present analysis, three types of blade shape have
been considered : optimum-chord optimum-twist, linear-chord
linear-twist, linear-chord zero-twist. Considering the aerody-
namic performances, it has been observed that a linear-chord
linear-twist bladé i1s comparable to the optimum designed blade
while offering a considerable reduction in manufacturing time
and cost. The effect ¢f coning angle, tilt angle, and of several
wind conditions e,g. wind gradient, wind shift and “tower shadow
are discuséed. The principal objectives of this study are to
design a rotor optimised for peak performance and predict its
characteriétics and comparing the results with the results of

existing wind turbines. For the designed rotational speed and
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power of the turbine, a suitable piston pump is designed.
The behaviour of the pump and also the behaviour of the rotor

coupled with the designed pump are studied.

The effects of different acceleration of the Piston,
and of valve behaviour are discussed. The starting behaviour
of rotor is analysed with znd without leakhole on the piston

valve.



ACKNOWLEDVG ML

All praises are due to Almighty Allah.

‘'he author expresses his deep sense of gratitude and
acknowledgement Lo his supervisor Dr. ¥Md. Quamrul Islam,
Assoclate Professor, Department of Mechanical fnygineering,
BUEL, Dhaka without whose constant guidange, help and

suggestions, this work would not have been possible.

The auther also wishes to thank Dr. Dipak Kanti bas,
Professor and Head, Depariment of Mechanical Engineering

for his administirative suppori and assisiance.

The author feels highly grateful to Dr. Md. Abu tTaher Ali,
Professor, Department of Mechanical Engineering, BUEL who
provided necessary advice and guidance at the different

stages of Lhis work.

The helpful suggestions by Dr. Md. AbJdur Razzaq Akhanda,
Associate Professor Mechanical Engineering Department are

gratefully acknowledged.



(ix)

Special thanks and appreciations are also due to Masud Ahmed
Selim, Lecturer, Department of Mechanical Engineering, BUBL

for his sincere co~operation and encouraygeanent.

The author also likes to express his gratitude to

Mr. Mahabubul Alam, Assistant Professor, Department of
Mechanical Engineering, BURL for his valuable assistance and
co~operation for the development of the computer program for

this work.

The author is alsc indebted to computer centre BUET for
providing the facilities of computational works. The author
thanks Mr. Hossain Ali and Mr. Amanullah for typing the

thesis and Mr. M.A, Salam for tracing the curve with care.

I'he author also wishes to thank Dr. Md. Azizur Rahman and
Dr. A.A. 2Ziauddin Ahmed, cChief Scientific Qfficer INSY
(RNPD) Atomic Energy Research Establishiment Savar, Dhaka,
for permitting me to work freely without anxiely or worries

of office responsibilities.



(x)

To

my parents



LIST OF SYMBOLS

,axial interference factor

tangential interference factor
acceleration of Piston Pump

maximum acceleration of Piston Pump

acceleration of water column
\ , 2
turbine disc area, AR

area of the piston

Area of valve
number of blades

chord of the blade

L0 2g
acceleration co-efficient
g

blade drag coefficient, db

1 2

3P C W™ dr
blade 1ift coefficient, dL

Yo C w2 ar

design 1ift Coefficient

power coefficient,

wj

Y pAV

[+ 4

torgue coefficient,

¢
p

Rbﬂc

] AV



dap

B

&

dQ
ar

cl

hub

{xii)

thrust coefficient, T

kp AV

drag force

Diameter of Piston

Diameter of valve

blade element area, C dr

elemental power coefficient,

elemental thrust coefficient,

blade element drag force

blade element normal force

blade element tangential force

blade element power

blade element 1lift force
differential mass

blade element normal force
blade element toréue

blade element thrust
modulus of elasticity
Prandtl's loss factor
static force

hub loss factor

dp
¥ oA VS

dT

L oA VIR

/=3

AT



inst

(xiid)

instationary drag force
normal force

force on piston
stationary drég force
tangential force

tip loss factor

‘acceleration due to gravity

hub height from ground level

1ift force

mass of valve
turbine power

amount of power to be extracted

pressure immediately in front of the rotor
pressure immediately behind the rotor
free stream pressure

ideal power

average ideal power

ideal torque of the rotor

average ideal torque of the rotor
mechanicai torque of the rotor

discharge (m/sec)
flow through leak hole

torque of the pump

average torgque of the pump

v
L

H ‘-"[',



T*

< < < <

<

{xiv)

local blade radius

hub radius

roﬁor radius

effective radius

radial distance along the blade
torque |

starting torque

stroke length-

sﬁape cf blade

ideal case(obtimummchord optimdm—twist)
linearizing chord & twist angle between
0.5R & 0.9R

‘linearizing chord between 0.5R & 0.9R
but twist angle is zero.

thrust force

number of pump’%

wind speed through turbine

wiﬁd velocity

average wind velocity

design wind velocity

velocity of pump

velocity of water column

tangential wind velocity

undisturbed wind velocity

local wind velocity considering wind shear

relative wind velocity



(xv)

dimensionless quantity, r/R

height of a particular point from ground level
height of a reference point from ground level
displacement of the piston

displacement of valve

displacement of water column



SUBSCRIPTS

a axial

C centrifugal
d design

D drag

eff, efficiency
g gravity

idp* 1ideal total pump(combination of three)
L 1ift

max maximum

min minimum
n normal
P power
P* pump

Q torque
R rotor

r local

ref reference

St starting

T tilt, twist, thrusﬁ
t tangentigl

v vertical

W wake

8 coning



Neff

N vol

" mech

4

GREEK ALPHARBETS

angle of attack

design angle of attéck'
tilt angle

coning angle

blade twist angle
yawing angle
circulation

power law exponent
efficiency of windmill

volumetric efficiency of the pump

mechanical efficiency of the pum:

blade azimuth angle

pitch angle

tip speed ratio

design tip speed ratio

local tip speed ratio

air density

solidity, BC/2n r

water density

angle of relative wind velocity
angular position of rotor gt
wake ratational velocity

anqgular velocity of rotor

T



(xviii)

angular velocity of pump
stroke volume

volume of the valve

pump cylinder volume

a constant



P

CONTENTS

Title

Certificate of Approval
Certificate of Research
Candidate's Declaration
Abstract
Acknowledgements
Dedication

List of symbols

CHAPTER 1: INTRODUCTION
l.]l HISTORICAIL. BACKGROUND
1.2 FEASIBILITY OF WIND ENERGY PROJECT
IN BANGLADESH
1.2.1 Feasibility
1.2.2 Wind pattern in Bangladesh

1.3 AIM OF THE THESIS

CHAPTER 2: LITERATURE SURVEY
2.1 GENERAL

2.2 REVIEW OF EXISTING LITERATURE

iii

iv

vi

viti

xi

10

11
11
11



CHAPTER

CHAPTER

3:

(xXY

DESCRIPTION OF EXISTING THEQRIES
3.1 AXIAL MOMENTUM THEORY

3.1.1 Non~rotating Wake

3,1.2 Effect of Wake Rotation on Momentum

Theory
3.2 BLADE ELEMENT THEORY
3.3 STRIP THEORY
3.4 TIP AND HUB LOSSES
3.5 EQUATIONS FOR TOTAL THRUST, TORQUE
AND POWER COEFFICIENTS

3.6 EQUATIONS FOR MAXIMUM POWER

- DEVELUPMENT OF EXISTING THEORIES

4.1 EXPRESSIONS FOR -PERFORMANCE ANALYSIS

4.1.1 Momentum theory

4.1.2 Blade element theory

4.1.3 Strip theory |

4.1;4 Equations for thrust, torque and
power co-efficient

4.2 DESIGN OF WINDMILLS

4.2.1 Selection of design tié speed ratio
and number of blades

4.2.2 Selection of airfoil data

4.2.3 Calculation scheme for blade
configquration

4.2.4 Deviations from the ideal blade form

17
18

18

23
29
32

35

38

40

43

44

46

50

51

51

53

23
56

57

61



CHAPTER 5:

CHAPTER 6:

(xxl)

4.3 CALCULATION SCHEME FOR PERFORMANCE
ANALYSIS

4.4 DISCUSSIONS OF VARIOUS WIND CONDITIONS

4.4.1 Effect of wind conditions

4.4.2 Effect of wind shear

4.4.3 Effect of wind shift

4.4.4 Effect of tower shadow

4.4.5 Effect of rotor tilt

4.4.6 Effect of blade coning

4.4.7 Effect of blade shape

4.4.8 Effect of number of blade

4.5 DESIGN OF A 30 KW WIND TURBINE

RESULTS AND DISCUSSIONS
5.1 THEORETICAL RESULTS OF 30 KW WIND TURBINE
5.2 COMPARISON OF THEURFETICAL RESULTS WITH.

EXPERIMENTAL DATA . ..

STUDY OF PUMP

6.1l GENERAL

6.2 PISTON PUMP

6.2.1 Eehaviour of ideal pump
6.2.2 Practical behaviour of pumps
6.3 ACCELERATICN EFFECT

6.4 VALVE BEHAVIOUR

65

65
65
66
68
69
70
70
71
73

74

75

77

79
79
79

80
81
83

- 88



CHAPTER 7:

CHAPTER 8:

REFERENCES
FIGURES

APPENDICES

{xxii)

6.5 ATR CHAMBER
6.5.1 General

6.5.2 Volume variation

DESIGN OF A ROTOR COUPLED PUMP

7.1 Description and diameter calculation
of the pump

7.1.1 Torque calculation

7.2 STARTING BEHAVIOUR

7.3 CALCULATION OF THE DIAMETER OF A
LEAKHOLE

7.4 GEAR DESIGN

CONCLUSIONS AND RECOMMENDATIONS

-_Page

91
31

91
94
94

97

99

100

103

106



CHAPITER 1 : INIRODUCLION

L “...21./,5'/ 8 g’

Wind‘energy systems have been utilized for centuries as a
source of power, for more than a variéty of applicationé.
Arong those windmills of Holland and the rural windmills
of the early 20th century are most familiar. Due to the
world wide energy crisis and the problems of environmental
pellution as a result of energy conversion, wind is once
again moving to the fore front. Recently, wind power is
being seriously considered as a new potential source of

electrical power generaticn and irrigation purposes.

Recent inferest in wind machine has resulted in the rein-
vention and analysis of many of the wind power machines
developed in past cénturies. The advent of the digital
computer makes the task of preparing géneral performance

analysis for wind machines quite easy.

The success of wind power as an alternate energy source is

a function of the economic production of wind power machines.

In this regard, the role of improved power output through the
development of better aerodynamic performance offers some

potential return

"T?raﬁn - - | ‘



1.1 HISTORICAIL BACKGROUND

Among the sources of enerqgy which man eﬁploited to his advantage'f
were the energy-from wind and water, Two early uses of wind

energy were the windmills and the sail ships. 'The use of wind-
mills date back to 17th century B.C. when the Babylonian emperior

Hammurabi planned to use windmills for brine pumping.

Windmills were used in Persia and evidence is found that the

early Muslim Kingdoms saw extensive uses of windmills of vertical
axis type. Then comes horizental axis so called European windmills
whose applications were found in Germany and in the Netherlands
during the 13th centufy and onwards., Sketches of a six sail wind-
mill has also been found among the many sketches by Leonardo da
vinci (1452 - 1519). the first propeller type blades were used
during this period. The earliest record of English windmills

dates back 1191 which were two tyﬁe -~ "postmill" and the

"rowermill".

In the fourteenth century, the butch had taken the lead in -

}-_‘,—L.?_.

improving the design of windmills and used them extensively

thereafter or draining the marshes and lakes of Rhine river

delta.

During early part of the twentieth century, two quite different {; .

Ly

vertical designs were developed. One of the designs known as the *

l_.’:-
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Savonius rotor was formed by cutting a cylinder into two.semi
cylindrical surfaces, moving these surfaces sideways along the
'cutting plane to form a rotor with cross section in the form of
the letter "S", placing a shaft in the centre of the rotor and
| closing the end surfaces with circular-end plates as shown in
Figure 1l.1.1. The other vertical windmill design patented in
1927 by George Darrieus consisted of two thin airfoils with one
end mounted on the lower end of a vertical shaft end the other
end mounted on the upper end of the same shaft, skelched in
Figure 1.1.2. Another interesting wind machine that was built
during that period was the smith Putnam unit as shown in
Figure 1.1.3. After a lengthy study in the 1230, 8. Palmer
Putnam had concluded that large machine was required to minimize

the cost of electricity generated by the wind.

In Denmark, at the end of nineteenth century there were about
2500 industrial windmills in operation supplying a total of
about 40,000 hp or 30 MW i.e. about 25% of the total power

available to Danish industry at that time.

In 1931, the Russians built an advanced 100 kW wind turbine near
Yalta on the Black Sea. The annual output of this machine was
found to be about 28000 kwh per year. At one time in the 1930's

the Russians consider building a larger system of 5MW rated

v
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capacity but apparently this project was never implenented.[fg_7

In England in the late 1940's and during 1950's considerable

work was done on wind powered electrical éeneration plants.

In the 1950's the Enfield Cable Company built a wind powered
generator designed by a French named Andreau as shown in

Pigure 1.1.4. The prepeller blades were hollow and when they
rotated acted as ceﬂtrifugal pumps. The air entered through ;
the ports in the lower parts of the tower passed through an f}r
air turbine which turned the electric generator went up throdéhf‘
the tower and went out the hollow tips of thé blades. ‘the ﬁ
efficiency of the unit was found to be low compared other more
conventional horizontal axis wind power rotors. The main advan-

tage of this system is that the power generating equipment is

not supported aloft.

The French built and operated several large wind péwered

electric generators in the period from 1958 to 1966. These
included three horizontal axis units each with three propeller
type blades. A unit of this kind was operated intermittently

near Paris from 1958 to 1963, This unit was designed to generate
800 kW in winds having speed of 37 mph. The Germans made a number
of improvements in the design of wind powered generators including

light weight constant speed rotors that were controlled by
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variable‘pitch propellor blades with swept diameters as large
as 110 feet. The largest unit generated 100 kW. These units

operated successfully for more than 4000 hours during the period

from 1957 tc 1958,
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FEASIBILITY OF WIND EMERGY PRCJECT IN BANGLADESH

Feasibility

Modern society projects power as complementary
to its dynamic exis?ence. The aﬁailability of the
usuable power is a significant factor for the progress
of a country. But world today extracts almost all of
its energy needs from petroleum fuel, the price of which
is increased mainfold over the past few years.

Bangladesh, which is facing with tremendous economic
hardships with its enormous illiterate population has
some reserves of natural gas. Its viable ' reserves of
fossil fuel, and its recently found petroleum reserve has
not yet been of any mentionable value.

The growing price for power production has _fetardéd
our‘over-éll national progress. Under the prevailing
condition it has bhecrome a compulsion for a developing
country like Bangladezh to search for cheap alternative
sources of energy.

Nature offers us'with few options, which are the
solar energy, energy from ocean and rivers, geothermal
energy and wind energy. Geoﬁhermal energy is not avail-

able in Bangladesh. Apart from the Karnaphuli river which
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has already been harnessed, no other river fulfil the
necessary pre-conditions for the installation of hydro-
electric power plants.

The readily available natural sources of abundant
energy are the sun, the ocean and the wind. The tapping of
solar and the oceanic energy involved large initial cost and
advanced technical know - how which is likely to put a barrier
~in the way of their utilization in our country. 1This leaves us
with the option of wind energy as an alternate non-polluting
energy source with good potentialities.

Bargladestr ismam - agriculture based country whose economic
structure is dependent on agro-preoduct commodities. Due to
population explosion Bangaldesh needs more food. Having poor
economic structure she sezks new technic to impfove the égri—
cultural productivity with her efforts. Wind energy can
contribute a lot both for irrigating its land and producing
electricity for sustaining its economic viability. One of the
solution to the above problems worthy of investigation may be
the local installation of windmills in the villages with a
view to meet the local power demands for agricultural and

household purposes.
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In Bangladesh} windmills may find extensive use along
the coastal areas and as well as the hilly areas of Chittagong,

Chittagong hill tracts, Sylhet, Mymensingh and Comilla.

For the hilly region and for the seashore, the
approximate airfoil shape of some hills as well as the
tunnelling effect between two hills can be utilized with
advantage. Apart from these hilly areas, the rest of
Bangladesh is flat land. A windmill properly designed and
located in the flat plain of the country can supply electrical
energy for both domestic and agricultural purposes. The wind
pattern in the dry northern region of Bangladesh should also
be throughly studied in order to tap this natural resource

for the above mentiocned uses.

In designing the windmills, suitable safety measures
should be considered so that even in the gusty winds and
.cyclones. Provisions should be made to protect the windmills
against other natural calamities. Automatic operation of
windmills, that is windmills have to be turned out of wind
whenever the wind speed exceeds a certain limiting value is

preferable.
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'1,2.2 Wind Pattern in Bangl adesh.

Winds are available mainly during the monscons and
around one to two month before and after the monsocons. During
the month starting from late Octcber to the middle of the
February, winds either remains calm or has too low speed to
be of ahy-use by a windmill. |

Therefore, except for the above mentioned period of
about four months, a windmill if properly designed and
located, can be of economic use,

The peak rainfall occurs in this country during the
months of June, July and August. From the analysis it can be
seen that the peak wind speed for most of the statiqns occurs
one to two months and in gome cases three months before the
peak rainfall occurs. Thus one good advantage of such wind
behaviour is that, the peak winds are available during the hot
and dry month of March, April and May. Windmills, during this
period, may be used for pumping water for irrigation, if the
water has been previously stored in reservoir., The wind energy
distribution during the year in such that about 55% is available
. during the time when the need for water pumping is low and about
25% is available in the season when the need for water pumping
is at its peak 4_28;7

Therefore, excess windmill energy can be utilized in the
rainy season for flood control and storing excess water in

suitable reservoirs. : '
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AIM OF THE THESIS

To study wind velocity at different zonelof Bangladesh

and to design suitable wind turbine considering the

" average wind velocity.

Considering average velocity of Chittagong the rotor
configuration for twist and chord is determined by
applying momentum theory and blade element theory

which is known as strip theory.

-

Three types of blade shapes have been considered
optimum chord-optimum twist, linear chord-linear

twist and linear chord-zero twist,

To design a rotor optimised for peak performance and

predict its characteristics and comparing the results
with the results of existing wind turbine. |

The theoretical results will be used for the design of

positive displacement pump for irrigation purposes.

To observe the behaviour of the pump and also the

behaviour of the rotor coupled with designed pump.



CHAPIER 2 :; LITERATURE SURVEY

2.1 GENERAL

The horizontai axis wind turbine extracts energy from the
driving air and converts it into a mechanical power in contrast
to a propeller which adds energy into the air from another
energy source. Because of the similarity of the wind turbine
and propeller, it is possible to use the same’theoretical deve-

lopment for the performance analysis.

2.2 REVIEW OF EXISTING LITERATURE

Little experimental work has been done on wind turbines or
models in order to visuélize actual flow field and much of the
general behaviour has been deduced from propeller technology.
This is mainly because of the restricted interest and financial
support for wind pump studies. Even with interest and support,
prototype experiment is very difficult, wing and the size of the
rotors and the steadiness of the wind over sufficiently long
period. Models experiments are possible but are handicapped byg
the effect of wind tunnel walls blockage. In the following B
section the review of the‘existing literature which forms the{u
foundation for the present analysis is presented. The propeller *°
- theory was based on two different independent approaches. One 1is
the momentum theory approach and the other is the blade element

theory approach.
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The first description of the axial momentum theory was given

by Rankine Z"6_7.in 1865 and was improved later by Froude / 16 /.
The basis of the theory is the determination of the forces

acting on the rotor which produce the motion of the fluid, It
also predicts the ideal efficiency of the rotor. Later on

Betz / 36_/ included the rotational wake effects in the theory.

Modern propeller theory has developed from the concept of free
vortices being shed from the rotating blades. These vortices
define a slipstream and generate induced velocities. The theory
can be attributed to the work of Lanchester 1_37;7 and Flamm

[ 387 for the original concept. Later, Joukowaki /"7 7
introduced the induced Velocity analysis, Prandtl ZTQ4;7 and
Goldstein / 31 / developed separately the circulation distri-
bution or tip loss analysis. Recently, Wilson, Lissaman and
Walker / 46_/ have further analysed the aerodynamic performance
of wind turbines. They have introduced a new method to apply
tip loss which is sometimes referred as the linear method. This
method is based on the assumption that the axial and tangential
induced velocities are localised at the blade and only a fraction

of these occur in the plane of the rotor.

Modified blade element theory or strip:theory is the most

frequently used theory for performance analysis of horizontal

LY
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axis wind turbine. 1'he technique, which assumes local two
dimensional flow at each radial rotor station, is a design
analysis approach in which the airfoil sectional aerodynamics,
chord and pitch angles are required in order to determine forces

and the torque.

1lhe application limit of the momentum theorxry is the state

where reverse flow begins to occur downstream of the rotor.

The operating states of a wind turbine can be classified theo-
retically into four categories namely, the propeller state, the
windmill state, the turbulent wake state, and the vortex ring
state. These states can occur simultaneously at different
positions of a blade. In the helicopter analysis, several
experimental studies have been made on the vortex ring state

and on the turbulent wake state. Lock / 26,27_/ conducted wind
tunnel tests using two model rotors and Glauert 1715“7 defined

a charactéristic curve ulitizing the data of Lock. while
Gessow / 12 / conducted a flight test of a helicopter to obtain
a similar characteristic curve, and iﬁs approximate formula is
given by Johnson / 22_7. Wilson / 42 7 has suggested linear
algebraic expressions for the local thrust at high tip speed
ratios where a wind turbine may operate in the vortex ring state.
There is very little published literature on the performande of
a wind turbine operating in the turbulent wake state. Yamane 4?45;7

o
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has introduced a performance prediction method for windmill

in the turbulent wake state utilizing the empirical characteris-
tic curve of Gessow or Lock and Glauert in combination with
blade element theory. Recently, Anderson Zf5;7 has published

the results of a vortex-wake analysis of a horizontal axis wind
turbine and he compared his results with those obtained from

the modified blade element theory. He suggests that unless
information is required about the wake, it is satisfactory to
use the blade element theory.with a suitable model for tip lossi

The vortex-wake analysis has advantages over modified blade ele-
ment theory is that, it provides information on the radial flow

and the axial velocity deficit in the wake. The main disadvan-
tage of the vortex-wake analysis is the computational time
‘necessary to obtain a solution. Viterna 1*14_7 has suggested an
improved method to calculate the aerodynamic performance of a
horizontal axis wind turbine at tip speed ratios where aerody-

namic stall can occur as the blade experiences high angles of

attack.

Walker Z—4L;7 has developed a method to determine the blade
shapes for maximum power. According to his method, the blade
chord and twist are continuously varied at each radial station
until the elemental power coefficient has been maximized. This

is obtained when every radial element of the blade is operating
1

1
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at the airfoil's maximum lift to drag ratio. this results in

the lift coefficient and angle of attack being identical at

each radial element. Anderson / 4 / has compared near~optimum -
and 6ptimum blade shapes for tu;bines operating at both constant
tip speed ratic and constant rotational speed. Shepherd 1—34_7
has suggested a simplified method for design and performance
analysis of a horizontal axis wind turbine which can be carried
ocut on a hand-~held calculator by elimination of iteration
processes, It is based on the use of the ideal and optimised
analysis to determine the blade geometry. It requires only fixed
values of the axial interference factors and corresponding

optimised rotational induction factors.

Jansen 1_2;;7 worked on the theories that form the basis for
calculation of the design and the behaviour of a windmill. A
modification of the Pfandtl model of tip losses is derived.
This modification takes the relatively heavy loading of the
windmill rotor into account. It is argumented that, in contrast
with propeller design, a maximum energy -extraction is reached
by enlarging the chords of the blades near the tips. Selectién,
.design and construction of several rotors and of a test unit
are described in his report. He concluded that with simple

materials high power coefficients are possible.
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Glasgow £f13_7 carried out tests on MOD-0 wind turbines
considering downwind and upwind wind direction. As a result

of the tests, it is shown that while mean flétwise bending
moments were unaffected by the placement of the rotor, cyclic
flatwise bending tended to inc:ease with wind speed for the‘
downwind rotor while remaining somewhat uniform with wind speed
for the upwind rotor, reflecting the effect of increased flow
disturbances for a downwind rotor. Nacelle yaw moments are
higher for the upwind rotor but do not indicate significant

design problems for either configuration.

Powells Zf30,4§;7 investigated the effects of tower shadow on

a downwiné two-bladed horizontal axis wind turbine. A rotor
aeroelastic simulation is used to predict the blade responses
to tower shadow and subsequently to estimate increased blade
fatigue damage. He suggested to reduce the effect of tower
shadow by making the tower more aerodynamically smooth, thereby
rredu¢ing the flow disturbance. However, because of changes in
wind direction, it is necessary to have én aerodynamic tower

fairing which is free to move in yaw with the turbine nacelle.



CHAPTER 3: DESCRIPTION OF EXISTING THEORIES

The main purposé of a wind turbine is to utilize energy
from the air flow & fhen transformit into mechanical energy
which later may be transformed intoc other forms of energy.
The performance calculation of wind turbines are mostly
based upon a steady flow, in which the influence of the
turbulence of the atmospheric boundary layer is neglected.

For the design & evaluation of wind turbines the
availability of computation tools is essential., Most
existing theoretical models are based on the combination
of momentum theory & blade element theqry. This combined
theory is known as modified blade element theory or strip
theory. It has been assumed that the strip theory approachesl
will be adequate for wind machines performance analysis.

The basic theoretical development of the strip theory is
presented in this chapter. Effects of wake rotation, Eip and

hub losses & equations for maximum power are also presented.
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3.1 . AXTAL MOMENTUM THEORY

3.1.1 Non-rotating Wake

The axial momentum theory has been presented by Rankine
in 1865 and modified later by Froude {4i). The basis of the
theory is the determination of the forces acﬁing on a rotor
to produce the motion of the fluid. The theory has been useful
in predicting ideal efficiency of a rotor and may also be app- #ﬂ
lied for .wind turbine, |

The necessary assumptions needed for momentum theory
are:

a) Uniform flow

b) incompossible and inviscid fluid

c) infinite number of blades

d) thrust loading is uniformm over the disc

e) non-rotating wake

f) static pressure for ahead and for behind the rotor are

equal to the undisturbed ambient static pressure

Copeidering the control volume in Fig. 3.1.1, where D
the upstream and downstream control volume planes are infini- #
tely far removed from the turbine plane, the conservation of

mass may be expressed as:

PAV = PAU = DA2V-(Continuity Equation) {3.1.1)



(19)

where
V., = undisturbed wind velocity
u = Wind velocity through the rotor
v = Wind Veloéity far behind the rotor
A = turbine disc area
Al = cross~sectional area of incoming wind
A2 = wake cross-sectional area

‘The thrust force T on the rotor is given by the change of

momentum of the flow:

T=m(Vv, - V) =pAU(Y. =-V)(Momentum theory).. (3.1.2)

Now applying Bernculli's Egquation:

for upstream of the rotor: P +;55pvb:2=P+ + Lp U2 {3.1.3)

for downstream of the rotor: P_ + % pV2 =P - + %;3U2 {(21.1.4)

o

Subtracting equation (3..1.4) from equation (3.1.3)}, one obtains

pto p” =y o (v - v? | (5.1.5)

The thrust on the rotor can be expressed from the pressure

difference over the rotor area:

T = (p”- PT)A (3.1.6)
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and the expression for the thrust from equation (3..1.6).
2
T = %pA(VS - V) (3.1.7)
Equating the eqn. (3.1.7) with equation (3.1.2)

2
X eA(v,_ - v2)

pAU(V_ -V)

Ny +V

The velocity at the rotor U is often defined in terms of an

axial interference factor a as
U= (l-a)v, ' (3.1.9)

Balancing equations (3.1.8) & (3.1.9), the wake velocity can

be expressed as:
U = (1-2a) V. (3.1.10)

The change is kinetic Energy of the mass flowing through the

rotor area is the pOwer absorbed by the rotor: o

2 2 A
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With equations (3.1.9) & (3.1.10}, the expression, for power

becomes:

P = 2p AVi a(l--a)2 (3.1.12)

Maximum power occurs when,

ap _
. -0

Therefore, Px _ 2 DAVi

2
33 (l1-4a+3a”) = 0

which leads to an optimum interference factor

m
1]
wra

Putting this value in egn. (3.1.12), maximum power becomes

[}

P =
max

?(% pAVi )

[y

(3.1.13)

The quantity factor Eg is called the Betz-coefficient (20)

and represents the maximum fraction which an ideal rotor can

extract from flow.

If we dencte

————— .1.14
o 3 (3 )
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From (3.1.13)

P

C - max o _ 16 _ 4 593

p. . 2 2
max L PAVS

The fraction is related to the power of an undisturbed flow
arriging at an area A, whereas in reality the mass flow rate
through A is not AV_ but AU, Hence the maximum power can be

written as

P

= max =28 3-8 3.1.15)
Neff™ N 7+ 279 (
Yo AUV

This modelling does not take into account additional
effects of wake rotation, As the initial stream is not rota-
tional, interaction with a rotating windmill will cause the

wake to rotste in opposite direction, t

Since generating torque implies tangential forces &
thus momentum changes in the air in tangential direction, the
flow is entirely axial is only acceptable for very high speed
devices. The higher the torque that is generated, the higher
the tangential momentum in the air downstream will be. Apart
from other losses that occur in reality, we have the first

reason why a Cp of 59.3% cannot be realized in a real cons-

truction.
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3.1.2 Effect of Wake Rotation on Momentum Theory

Considering this effect the assumption is made that
at the upstream of the rotor the flow is entirely axial and
the downstream flow rotates with an anqular velocity w but
remains'irrotational. This angular velocity is considered to
be small in comparison to the angular velocity g of the wind
turbine. This assumption maintains the approximation of axial
momentum theory that the pressure in the wake is equal to the

free stream pressure.

The wake rotatioﬁ is opposite in direction of the
rotor and represents an additional loss of kinetic energy for
the wind rotor. Power is equal to the product of the torqué
Q acting on the rotor and the angular velocity § of the rotor.
In order to obtain the maximum power it is necessary to have
a high angular velocity and low torque because high torque
will result in large wake rotational energy. The angular velo-
city w-of the ﬁake and the angular velocity g of.the rotor
are related by an angular interference factor a':

a' = angular velocity of the wake _

()
twice the angular velocity of .the rotor 2g

LI B ] (3-1.16)

The annular ring through which a blade element will pass is

illustrated in Figure 3.1.3.
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Using the relation for momentum flux through the ring the axial

thrust force dT can be expressed as
dT = dm (V, - V) = p A U (V_ - V) (3.1.17)

Inserting equations (2.1.9 )} and (3.1.10)

a
Il

(1 - a)v, (3.1.97)
v = (1 - 2a)y, (3.1.10)
and expressing the area of the annular ring dA as
da = 2+r dr (3.1.18)

the expression for the thrust becomes

dr = 474 rpVEc a (1 - a) dr ' (3.1.19)

The thrust force may also be calcuiated from the pressure
difference over the blades by applying Bernoulli's equation.
Since the relative angular velocity changes from o to

( .9+w ), while the axial components of the velocity remain
unchanged, Bernoulli's equation gives |

P* o P =y (0 +w )l r? - y,0 2 PP
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' - 2
or, P+ -P = p( 084+ %uw) wr

The resulting thrust on the annular element is given by

ar = (p* - p7) aa

or, dT = o (@ + Yw) wrl 27 r dr

To omit W
' ' 2 2
dl = 4a' (1 + a') %p 0 r 2+ r dr (3.1.20)

Balancing equation (3.1.20) and equation (3.1.19), leads to

the expression

a (1 - a) _ 8T rv_ 2
-T*—»—————' = 5 =\ . (3.1.21)
a' (1L + a") v

where ,Ar is known as the local tip speed ratio which is given

by

(3.1.22)

To derive an expression for the torque'acting on the rotor
the change in angular momentum flux d4Q through the annular

ring is considered.
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i
&:
<3

dg & r

&r p dA U

I

or, dQ

where Vt is the wake tangential velocity.
Considering equations (3.1.9), (3.1l.16) and (3.1.18), the
expression for the torque acting on the annular ring is given

by

3

d0 = 4 wvr” pV_ (1l - a) a'-Q dr (3..1.23)

<
The generated power through the annular ring is equal to
~dP = @ dQ, so the total power becomes

R

P I8 dQ ' {(3.1.24)

Introducing the tip speed ratio A as

(3.1.25)

Equation for-total power from equations (3.1.23) and (3.1.24)

becomes

P = /4 mxr” pV,_ (1 - a) a'wuw dr
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This can be written as
da a (3.. 1. 26)

where A is the turbine swept area which is given by A =7nR

The power coefficient is defined as

c, = - r (3,1,14).

5 o A VS

Inserting equation (3.1.26) power coefficient-can be written

as
g A 3 |
= — ! -
Cp A2 S a' (1 a} AT d r (3.1.27)
O
Rearranging equation (3,1.21)
Vo= o / 4_ -
a!' = ¥+ % 1 + 2a(l a) {(3.1.28)
: A
r

Substituing this value in equation (3.1l.27} and taking the
derivative equal to zero, the relation between )\r and a for

maximum power becomes

2
2 _ (1-a (da- 1) .
Ar (l - 3a) (3.1-29)
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Introducing equation (3.1.29) into equation (3.1.21) the rela-

tionship between a and a' becomes:

=1—3a

a' . (For detail see Appendix-¢)(3.1.30)

This relation will be used later on for design purposes.



3.2 BLADE ELEMENT THEORY

Since the wind turbine that extracts the energy in the
momentum theory is not specified, the momentum theory can not -
give infeormation on

- blade chords and angles
- influence of friction

- influence of number of blades

With the blade element theory the forces acting on a
différential element of the blade may be calculated. Then integraQ
tion is carriedout over the length of the blade to determine the
performance of the entire rotor, The assumptions underlying the
blade element theory are:

1., There is no interference between adjacent blade element along
each blade,

2. The forces acting on a blade element are solely due to the
1ift and drag characteristics of the sectional profile of the
element.

3. The pressure in the far wake is equél to the free stream
pressure,

The aerodynamic force components acting on the blade
element are the 1lift force dL perpendicular to the resulting
velocity vector and the drag force dD acting .in the direction of
the resulting velocity vector. The following expressions for the

sectional 1ift and drag forces may be introduced:
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dL = C % ;;wz C dr | (3.2.1)

a =c, & swl C ar (3.2.2)

The thrust and torque experienced by the blade element are

dT = dL Cos ¢ + dD Sind¢ . {(3.2.3)

do (dL Sin¢ - dD Cos¢ ) r ' (3.2.,4)
Assuming that the rotor has B blades, the expressions for the
thrust and torque become

2

dT =B C % pW (CL Cos¢ + CD.Sin¢ ) dr

C
or,dT =B C %o W2 CL Cos ¢ (1 + EE tan ¢ ) dr {3.2.5)
L
and d0 =B C %p W (C, Sing - Cj Cos¢ ) r dr
or, d0 = B c ¥ oWl C. Sing (1 _op 1 ) rdr (3.2.6)
d P L ¢ C, tany i

According to the Figqure 3.2.1 the expression for relative

velocity W can be written as

(1L - a) v _
W = « _ (L + a')o r (3.2.7)

Sing Cos ¢
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Introducing the following trigonometric relations based on

Figure 3.2.1

(l"'a) Vr -
tan¢ = =2 - = (3.2.8)
(L+a%Ygr - - r
and & - ¢..qa © O (3.2.9)
T
and the local solidity c as
_ B C
0 =~ (3.2.10)
The equations of the blade element theory become
5 U CL Cos ¢ Cb 2
dT = (1 - a)° —S—— (1 + —= tan ¢) 50 VS 24 r dr (3.2,11)
Slnq; CL
C_ Sin ¢ c_
= (1+a')2 L (1- 2 L ) 5 P 2 3 2w r dr (3.2.12)

ag &
Cos™ ¢ L tand



3.3 STRIP THEORY

From the axial momentum and blade element theories
a series of relationships can be developed to determine the
performance of a wind turbine,

By equating the thrust, determined from the momentum
theory equation (3.1.19) to equation (3.2.1l1l) of blade element

theory for an annular element at radius r,

dTmomentum = dTblade element

¥) CL Cos ¢ CD
or, T = = (1 + — tang¢ ) (3.3.1)

4 Sin‘g C,

Equating the angular momentum, determined from the momentum
theory equation (3.1.23), with egquation (3.2.12) of blade

element theory one obtains

romentun = Pblade element

g C C
_ L _ D _1 :
1+ a' 4 Cos (1 CL tan ¢ ) @.3.2)

Equations (3..3.1) and (3!.3.2), which detexmine the axial and

angular interference factors contain drag terms. It hasbken

sugqestéd in :(45)~- that the drag terms shcoculd be omitted in
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calculations of a and a' on the basis that the retarded air
due to drag is confined to thin helical sheets in the wake and
have little effects on the induced flow. Omitting the drag

terms the interference factors a and a' may be calculated with

the following equations.

a _ o CL Cos ¢ 5
4 Sin¢
C
a' _ v L
T+ a - 4 Coss (3.3.4)

Considering the equations (3.3.3) and (3.2.11l), elemental

thrust can be written as

c

dr = 4 a (1-a) (1+=>tan¢)yp V2 27w r dr
L

cherseee (3.3.5)

From equations (3.3.4) and (3.2.12), elemental torque can be

obtained as

' 5 1 3
d =4a" ( 1-a) (1 ~ T Tany ) ¥ pV Q@ 2m ¢ dr
L 6 *

see s (3.3.6)
Elemental power is given by

dP = dp @
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| p 1 2 3
or, dp = 4 a' (1 - a) (1 - ol W) Lo Vm.ﬂ 2 T r7 dr
- Cp, tan
- o8 o0 (3-3-7)
Introducing the local tip speed ratio A’r with :
A, o= X (3.1.22)
r v L] -

Equations of total thrust, torque and power become

2 B A CD .
T=%pAV, F ;al(l-a (1L+z"tand ) A _d
X L
(5.3.8)
A
2 _ 8 Ep 1
O =% PAV R= S a (1-a) (1 - == ) d
: 33 C;, tand A, T Arx
0
ceae (3.3.9)
and
N c
= 38 ' - -2 1
P =% .pAv'ﬁ—jf at (1 ay (1 C'tanur);\ d-lr
‘ A le] L r
(3.3.10)

where A =1R

This equations are valid only for a wind turbine having infinite
number of b'lades. The effect of the finite blade number will

be discussed in the next section,



3.4 TIP AND HUB LOSSES

In the preceding sections the rotor was assumed to be
possessing an infinite number of blades with an infinitely
small chord. In realify, however, the number of blades is finite.
According to the theory discussed previously, the wind imparts
a rotation to the rotor,‘thus dissipating some ©of its kinetic
energy or velocity and cfeating a pressure difference between
one side of the blade and the other, At tip and hub, however,
this pressure difference leads to secondary flow effects.

The flow becomes three-~dimensional and tries to equalize the
pressure difference as shown in Figure 3.4.1. This effect is
more pronounced as one approacnes the tip. It résults in a
reduction of the torque on the rotor and thus in a reduction of
the power output.

Several alternate models to take this loss into account
exist and are outlined in (46). The method suggested by Prahdtl
Will be used here,

The correction factor suggested by Prandtl is

-1 -f B R-r
Cos e where f= W

_ 2
Ftip_ n 2

Hence, a correction factor F for total losses is applied as

F = Ftip' Fhub (3.4.1)

The loss factor F may be introduced in several ways for the

e
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rotor performance éélculations. In the method adopted by Wilson
and Lissaman({45), the interference factors a and a' are.
multiplied with F, énd thus the éxial and tangential veloci-
ties in the rotor plane as seen by the blades are modified.

It is further assumed that these corrections only involve

the momentum formulas.

Thus the thrust and torque from momentum theory become

dr = 47 r ovV: aF (L- aF) dr (3.4.2)
d0 = 4 *r> oV, a' F (1L -~ aF) dr (3.4.3)

The results of the blade element theory remain unchanged

C,. Cosé¢ C

dT = (1 - a)2 2 L2 —(1 + EQ tan¢$ ) % o Vf 2 71 r dr
Sin’¢ L
Ceeee (3.2.11)
C. tané C .
2 oL D 1 2 4

and dQ = (1 + a'") —_— (1l = ==, —)} % p Q" r 2 wmdr

Cos ¢ CL&an¢

..-... (3-2-12) {‘4.'

Equation {3.2.12) can also be written as

C C : §
_ 42 YL _ D _1 2 .3 : by
dQ (L -a) “Sing (1 - s~ fns) ¥ PV 2% r” dr (3.4.4) y

L
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Balancing the equation {3.4.2) with (3.2.11) one finds

¢ Cp, Cos¢ (1 - a)? C

aF (1L-aF) = . (l+C—Dtan¢) (3.4.5)
4 Sin” - 7L

and considering the equations (3..4.3) and (3.4.4)

. C C
a'* (1L-aF) = (1 -~ 8)2 E%I%?_(l - C—D- E%.H-T) (3.4.86)
' L

Omitting the drag terms in equations (3.4.5) and (3.4.6)

the following expressions yield

o 2
0CLCoslql (1-a)

aF (1-aF) =Lk 5 (3.4.7)
. _ 4 Sin” ¢

. LS (1= a)? |
a'F(L-aF) = ST (3.4.8)

From the equations (3..4.7) and (3.4.8), the final expressions

for elemental thrust and torque become

. : CD 5
ar = 4 aF (1 -aF) (1 + c- tan¢ ) pV] rr dr
L
s o0 0 (3.4.9)
and
O =sa F(l-af (1-L22_) v2 :¢a
C, tang PV, .. Tk r

e (3.4.10)

LY

.



(38)

3.5 EQUATIONS FOR TOTAL THRUST, TORQUE AND POWER COEFFICIENTS

Elemental thrust, torque and power coefficients are defined as

dCy = — {(3.5.1)

2 (3.5.2)

an@ de = ———7 = 3

or, dc_=—32 "R = ac_ A (3.5.3)

Considering the equations (3.4.9) and (3.5.1), elemental thrust

coefficient can be written as

C
ac,, =-§5 aF (1l -aF) (1 +=2¢tand) rdr (3.5.4)

cC
R L
Again from equations (3..4.10) and (3.5.2), elemental torgque

coefficient is given by

C
_ 8 D 1 2
a = 2 g' F - - e

CQ 7 a {1 arFr) (1 c Tans ) r~ dr (3.5.5)
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Elemental power coefficient can be obtained from equation

(3.5.3) as

8. 9 ' o 1 2
dc_ = ~5— a' F (1 - aF) (1 - ol m) r- dr (3.5.6)
.p R Vg L

Finally, total thrust, torque and power coefficients can be

cbtained by the following equations:

R

C
C -8 s aF (l- a F) (1 + 2 tand.’ ) r dr (3.5.7)
T 2 C
R L
"0
R
V C =_8 f a' F (1 - a F) (l - -C—D 1 ) r2 dr (3 5.8)
Q ;_3’_1 CL tang: e
0
R c
_ 8% : - _ b _1 2
Cp = R2 Vu: J a F (l a F) ( s tan¢") r dr
-0 L

LIS (3'509)
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3.6 EQUATIONS FOR MAXIMUM POWER

For maximum power cutput the relation between a and

a' may be expressed by the equation (3.1.30}) as:

1l - 3a
! = e
a.4a-l

Introducing the equations of interference factors as follows:

a o Cp, Cos¢ .
1_a_ . 2 (3.3.3)
4 Sin"¢
c
a' _ oL .
1+a ~ 7 Cost (3.3.4)

From equations (3..1.30), (3,3.3) and (3.3.4), the following

expression yields:
oCp = 4 (1 - Cosé ) | (3.6.1)

Considering the local solidity o as

_ B C
g = s (3.2.10)
equation (3.6.1) transforms into
c‘—_-.§.J_r_(1 - Cos.qb: ) (3.6.2)
B C q - -

L
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Local tip speed ratio o, is given by

o= e (3.1.22)

Putting the value of a' from equation {(3.1.30) and value of

o CL from eqﬁétion (3.6.1) in the equation (3.3.4)

l - 3a _ _4(]1 - Cos ¢ ) 1l - Cosé

a 4 Cos. 9 T Cosé ' (3.6.3)
_ _Cos ¢ _
&= T Cos ¢ T 1 (3.6.3)
Putting the value of a in eqn. (3.1.30)
r - _1 - Cos¢ :
a 2 Cos.d -1 (3.6.4)

Putting the value of a & a' from egn. (3.6J35 & (3.6.4) 1in
eqn. (3..2.8)
Sin ¢ (2 Cos¢ = 1)

A T (1 -=Coss J(ZCos ¢ ¥ D (3..6.5)

and this can be reduced as'

....l
Il—-'

¢ = % tan (3..6.6)

oo
La]
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Equation of blade twist angle can be written as:

B = . ¢ .- o . (3.2.5)

Equations (3.6.2), (3.1.22), (3.6.6} and (3.2.9) will be

used to calculate the blade configuraticas,



CHAPTER 4: DOFVELUPMENT OF EXISTING THEORIES

In the previous chapter the calculation method is res-
tricted to a wind turbine in a steady uniform free stream wind.
In reality the wind velocity is neither uniform nor steady or
unidirectional. |

This means that effects on lcocad and performance due to
wind shear, wind shift, tower shadow, coning and tilting must
be considered. The procedure for calculating the performance
of each blade segment for an apparent wind speed W and angle
of attack o are different from the ones previously used and
no longer axially symmetric. The individual streamtubes can no
longer be taken as annuli but must be of small area dA perpen-
dicular té the wind direction. Within each area da the‘wind
velocity is considered as constant.

The procedure used is similar to the case of a uniform
wind velocity along the rotor axis and is based on a combina-

tion of momentum theory and blade element theory.
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4.1 EXPRESSION FOR PERFORMANCE ANALYSIS

4,1.1 Momentum Theory

A small radial element subtended by a small angle dé
in the plane of the rotor is shown in the Figure 4.1.1.
Introducing the angular interference factor a' from equa-

tion (3.1.16) as

—_ W '
a' = %Y (3.1.16)

and using the small segment in Figure 4.1.6, the thrust can

be written as

dT = dm, (Ve = V)

or, dT = (U, - V) U dA . | (4.1.1)

Equation {(3.1.9) is expressed as
U =v, (1 - a) (3.1.9)

Considering the wind shear, wind shift and tilting, it may be

rewritten as

U = Vg, Cos GT SinY (1 - a) (4.1.2)

Equation (3.1.10) is expressed as

Ve, -V=2av (3.1.10)
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With the addition of wind shear, yawing and tilting, this

equation becomes

V =V =2ayv Cos a,, Sin ¥y (4.1.3)

o ) T

Now for a coned blade the expression for differential area

dA can be written as

dA = r Cos B d@® dr CosB

{(4.1.4)

‘and thus the expression for the thrust becomes

dr = 2 p r Cos’8 Cos? *mn Sinzy Vi}

a{l - a) dr d4de

------ (4.1.5)

By changing the momentum in the air in tangential direction

tangential force acting upon the element is given by

dFt = dm wr Cosg

or, dF pU dA r w Cosg

t

Considering the equations (3.1.16)},

" tangential force is expressed as

(4.1.6)

(4.1.2) and (4.1.4) the

ol

A
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dFt = 2P a' @ r2 Cos3B (1 - a) vV, Cos GT Siny dr de

- mme——- (4.1.7)
The torque equation can be written as

dQ = dF _ r Cosg

Putting the value of dFt from equation (4.1.7), one finds

dQ = 2 p r3 a' (1 - a) V;o Cos a, Siny Cos4B o dr de

i

—————— (4.1.8

4.1.2 Blade Element Theory

The velocity components acting on a blade element rota=-
ting at a radius r are shown in Figqure 4.1.2.
With the effect of wind shear the components of the re

relative velocity W can be expressed as (19)

= i i i - 8
Wy Vmoo Cos vy CoseK + Vaoo Sin y SanK Sin % r Cos B
(1 + a') (4.1.9)
Wy = qﬁ:o {Sin ¥ Cos aT Cos B (1l -~ a) + 8in B SineK CosY

- Siny S5in B Sin @ CosQK) {4.1.10)
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The local angle of attack ¢ is defined as

W B
_ -1 .
e =¢ - B, = tan WX., B (4.1.11)
X T
s . gl 2
and the relative velocity, W = WX + WY (4.1.12)

The aerodynamic force components acting on the blade element
are the lift force dL perpendicular to the resulting velocity
vector and drag force dD acting in the direction of the resul-
ting velocity vector; The following éxpressions are used for
the sectional 1lift and drag forces: |

2

aL = CL Y pW"” aa (4.1.13)

Cph X pw2 da (4.1.14)

]

dD

Because we are assuming an infinite number of blades the

differential area dA is given by (33

a = Bg"de dr (4 .1.15)

So the elemental 1ift and drag forces can be written as

2 B C dr 48
dL CI % W VB (4 .1.16)

el
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W2 B C dr de
2m

db = C !5 o (4.1.17)

D

The thrust and torque experienced by the blade element are:

dT = dL Cos ¢ + dD Sin ¢
or, AT = Cos¢ (dL + 4D tan¢ ) (4.1.18)
and dQ = (dL Sin¢ - dD Cos¢ )
— : - ——-—-—-l |
or, dQ = Sin¢ (dL dp tan¢) r (4.1.19)

With equations (4.1.16} and (4.1.1?) the expressions for thrust

and torque become:

dr = % o W2 Cos ¢ (CL + C, tan ¢ ) BC Cogg dr deé (4.1,20)
_ 2 1 BC r Cosp dr de

do 50 W" Sin¢ (CL-C )

(4.1.21)

D tan ¢ 21

Expressions for the elemental thrust and torque cdefficients

can be written as

dCp= _ﬂ_T = (W/V, }2 or2 Cos ¢ (CL+ C, tan¢ )Cos$ dr de )
YL e AV, " R
2 UCLCOS ¢ CD
or, dCp= (W/V, ) 3 (1 + ~— tan ¢) Cos B r dr de
TR CL

e ne (4.1.22)
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2 .
g .
and dCQ= dQ ) = (W/Vy )2 —*—E_—Smi‘b(CL- CD ?:_a-r%ctT )Cos B dr ds
Y PA Ve R nR3
C_ 8in- c :
2 9L ¢ o 1 2
or, dC.= (W/v, ) (L - — ———) Cosg r° dr dse
! Q _— C, tanyg
e e s ( 4- 1.23)

Elemental power coefficient can be cbtained as follows:

ac, = T = 0T
¥ oAV, %pAVi

or, 4dC, = QQ &R

= dC. A

0 | (4.1.24)
 p A v3w R
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4.1.3 Strip Theory

To calculate the interference factors a and a' the

-expressions for the thrust and torque from the momentum theory

and blade element theory are to be equated,

dTblade element = #Tmomentum

delade element = deomehtum

By equating the equations (4.1.5) and (4.1,20) and considering

~the tip loss factor F, one obtains

1 U'WZ Cos ¢ (C + SN tan¢ )

Cos 8 Cosza Sinzy Voo F

From equations (4.1.8) and (4.1.21) and with tip loss factor F,

the following expression may be derived :

2 . 1
. oW™ Siné (C.- C ——~$—)
a'(L-arF) =2 L D tan (4 .1.26)
8

‘ \ 3, .
r Cos ¢ m Siny Cos Balu%) F

According to reference (45), the drag termms should be omitted
in the calculations of a and a' on the basis that the retarded
air due to drag is confined to thin helical sheets in the wake

and have little effects on the induced flows. Omitting the drag

terms, the interference factors a and a' are then calculated as:
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UWZ Cos ¢ CL

a(l-aPF) == - (4.1.27)
8 cosy Cos® ap Sin’y VL _F
o]
2 L.
1 g W" 8in ¢ CL
a' (1 -aF) =3 3 (4.1.28)
- r Cosuo T Siny Cos ™8 &t V, F
C

4.1.4 Equations for Thrust, Torque and Power coefficients

Considering the equations (4.1.22) and (4.1.27), the %

elemental thrust coefficient can be written as

. _8 2 2 2 2
dCp= __"—RQ-(VWO /Vo )“ aF (1 - a F) Cos“g Cos oy Sin“y
5
X ({1 + o tan¢ )} r dr d4de {(4.1.29)
L

So the overall thrust coefficient can be expressed by

2% R
- _8 2 2 . 2 2 .
Cop= 1rR2 Cos B Cos ap Sin"y ; (VuDO /Vo, Y} a F(1 - a F)
0 0
CD
(1+ 5" tan?) r dr 46 © (4.1.30)
L

From equations (4.1.23) and (4 .1.28), the following expression may

be 'derived for elemental torque coefficient
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a8 V‘”' ]'.'3 4 13
ac. = 2 5 a' F (l-a F) Cos ap SinY Cos B °
Q TR v, '
CD 1
(1 E._.EEE-$-)-$2<ﬂr de (4.1.31)

L

Total torque coefficient can be written as

g u an B 3
C.= — Cos @ Siny Cos B S [ Ve~ r.a'® (1 - aF) *
Q 3.2 T 0 0 0
TRV
5 1 '
(1 - E; h?EH?J) dr de : (4.1.32)

From eguation (4.,1.24) elemental power coefficient is
given by

dc, = dc. A C (4.1.24)
So the total power coefficient can be obtained as

g o ° g, 2T R 3
C = ————— (s 0 SinY Cos B I f v r a' F(l_a F)*
P l"RZ v3 T 0 0 o

C .
(1 - 52 ‘EéHTF’ dr 4ae : (4.1.33)
y _



4,2 DESIGN OF WINDMILL

L

This section discusses the design ©f a horizontal axis
wind turbine, in which l1ift forces on airfoils are the driving

forces. The design of a wind rotor consists of two steps:

1. The choice of basic parameters such as the number of
blades, the radius of the rotor, the type of airfoil
and the design tip speed ratio.
2. The calculations of the blade twist angle B and the
chord C at a number of poéitions along the blade, in
order to produce maximum power at a given tip speed ratio

by every sectioniof the blade.

The design procedure is described in the following subsections:

4.2.1 8Selection of Design T;p'Speed Ratio and Number of Blades

In considering a wind turbine design, the question arises
as to how number blades should be used. In general, as the
ﬁumber of blades increases so does the cost. The advantages
of increasing the number of blades are improved performance
and lower torque vériations due to wind.shear. Furthermore,

-the choice of g @nd B is more or less related. For the lower
design tip speed ratios a higher number of bladés is chosen.
This is done because the influence of B on Cp is larger at lower

Y
i

tip speed ratio. For higher design tip speed ratio lower number’/
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of blades is chosen. Choice of high number blades B for high
design tip speed ratio will lead to very small and thinn
blades which results in manufacturing problems. Two other
factors, however limit the choice of desigﬁ tip speed ratio
one is the charactor of load, If it is a piston pump or some
other slow running load, that in most cases will require a
high starting torque, the design speed of the rotor will
usually be chosen low, If the locad is running fast like a
generator or a centrifugal pump, then a high design speed
wili be selected. The following table can bé considered as
the.guidelines for the choice of the design tip speed ratio
and the number of blades (20). To obtain the optimum confi-
guration the blade is divided into a number of radial stations.
Fouf formulas (19) will be used to describe the information

about BT and C:

Local design speed : x_ = A % _ (3.1.22)

Relation for flow angle: X = Sin ¢ (2 Cos ¢ - 1) :
(1 ~Cos ¢) (2 Cos ¢ + 1)

LAt
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or, » =% tan 1 - (3.6.6)-
r
Twist angle : BT = ¢ - qa
Chord . = 8 grc(l ~ Cos ¢ ) (3.2.9)
La

The blade starting torque can be calculated by (26)

R
_ 2 ' _ : ]
Qst— 5 PVe B [ Clr) C; (90 - B,(r)) r dr {(4.2. 1)
xr

The rotor configuration is determined using the assumption of
zero drag and without any tip loss. Each radial element is
optimised independently by continuously varying the chord and

" twist angle to obtain a maximum energy extraction.

.;.J\
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4,2,2 Selection of Airfoil Data

‘Power coefficient of the wind turbine is affected by
Ch and C; values of the airfoil sections. For a fast running
load a high design tip speed ratio will be selected and air—
foils with a low CD/CL ratio will be preferred. But for wind
turbines having lower design tip speed ratios the use of more
blades compensates the power loss due to drag. So airfoils h
rhaving higher CD/CL ratio are selected to reduce the manufac-
turing costs.

For the design and performance calculations of the‘wind
turbines two-dimensional airfoil data are to be used in temms
of 1ift and drag coefficients whichrcan be found in references
(1), (3} and (8) . The available data are normally limited to a
fange of angles of attack up to maximum 1lift and the behaviour
above this is not well known. The data are suitable for big
wind turbines covering Reynolds Number 3.106 to 9.106. For
‘smaller wind turbines when the Reynolds Number is less than

1.10°

reliable airfoil data are rarely available., Surface rough-
ness effects on airfoil daté are not very well known. For dif-
ferent types of airfoils the sensitivity for surface roughness
are also different. Using airfoil data for NACA standard rough-~
ness in wind turbine performance calculations results in losees

in peak performance of the order of 10-15% {17) in comparison o

with usual airfeil data for a smooth surface.
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Ccalculation Scheme for Blade Configurations

For célculating the bléde geometry the following data

must be available beforehand :

Désign tip speed ratio, A

d'

Amount of power to be extracted, P .

Design wind velocity, Vd'

Type of airfoil section.

The following steps are to be carried out for gétting the blade

configurations:

1.

Assume a certain number of radial stations for which

" the chord and blade twist are to be found out,

Draw a tangent from the origin to CL* CD graph of air-
foil section to locate the minimum value of CD/CL.
Corresponding to this value find the design angle of
attack @y and design 1lift coefficientCLd. This is
explained in Appendix B.

Select the number of blades B corresponding to the
design tip speed ratio Age
Assume a reasonable value of CP. Estimation of the valué

of CP has been explained in Appendix B,

Calculate the blade radius from the equation
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6. Choose a fixed value of hub and tip radius ratio, rhub/R'
7. Calculéte the value of Ay for each radial station

using the equation A T 2g r/R.

~B. Determine the value of ¢ by using the egquation
o= 2 wanl L
r
9, . Find the value of chord for each radial station using the

r

equation C = S rx. (L - Coso )
BCL
d
10. Calculate the value of blade twist using the following
relation Bp = ¢ - a g
11. Consider a fixed value of coning or .tilt angle.
12. After getting the blade geometry find the value of actual

CP by the following iterations procedures:

a) Assume initial values of a and a'.
b} Considering the wind shear and no yawing calculate
the components of relative velocity W from the equations

= i i - - 1
WX v e SlneK Sin @ Rr Cos g (1 + a'}

in the present case, QT= 0 ,;and B8 =0

and W,= V.mo (CosaT Cos g (l-a) - Sin g Sin «

y CosGK)

T

1

W
c) Determine ¢ using the eguation, ¢ = tan ﬁi

X

d) Calculate the local angle of attack o by substrac-



e)

)

g)

h}

i)

)

and
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Find the values of 1ift and drag coefficients from a given
table or polynomial.

Petermine the correction factor F for Eip and hub losses.
aWCos ¢ CL

Calculate a with a (1 - a F) = % . 5 5
‘ : CospB Cos S de OF
. 2 .
1 OW” Sin¢ CL
Calculate a' with a' (1 - a F) = 5 5
' r Cos o Cos™f Q V F
T 0 O

Compare the values of a and a' with the original assumed values
and continue the iteration procedures.until the new wvalues

are within desired limit,

The values ©of o , ¢ . CL and CD from the final iteration step

are used to calculate local force components. The local
power for the blade element is calculated from the equation

1 2
D Tang )y ¢ ;osB r 0 dr de

1 2 o
dp =5 pW"Sing (¢ - C

the elemental power coefficient is obtained from the equation

_ dap _ 2 r . _ 1
ac, = ) ot (W/v_ ) ;3— Sing (C - C, EEHE")
vl PA YV o« e

¢ A CosB dr de



13.

-14.

15..
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k) Calculate the total power coefficient by integrating
the elemental power coefficients using the Simpson's

rule,

Compare the calculated power coefficient with the earlier

assumed value., If it is not within certain desired a

accuracy repeat all the procedures starting from step 4.

Find the étafting torgque from the equation

R ‘
Y p Vi B J C(r} CL (90 - BT(r)) r dr
. r :

If the starting torgue is less than the desired locad
torque, increase number of blades and repeat all the

procedures from step 4.
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4,2.4 Deviations from the ideal Blade Form

In the last paragraph it has been discussed how to ca1a~_

late the ideal blade form. The chord as well as the blade

twist vary in a non—linear manner along the blade. Such blades
are usually difficult to manufacture and méy not have structural
integerity. In order to reduce these problems it is possible

to linearize the chords and the twist angles. This results

in a small loss of power. If the linearization is done is a
sensible way the loss is only a few percent. In considering
such linearizations it must be realized that about 75% of the
. power that is extracted by the rator from the wind is extracted

by the outer half of the blades. This is because the blade
swept area varies with the square of the radius and the effi-
lciency of the blades is less at smaller radii, where the tip
‘speed ratiojar is small on the other hand, at the tip of the
blade the efficiency is low due to the tip losses., For the
- reasons mentioned above it is advised to linearize the chord C
and the blade angles ﬁr between r = 0.5R and r=0.9R (20). The
- equatlon for linearized chord and twist can be written in-

folpowing way:
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where a;, a,, a, and a, are constants.With the values of, a
and BT at 0.SR and 0.9R from the ideal blade form the values

of a a, and a, can be find out. The ultimate expressions

1t %20 23

for chord & twist of linearized blade can be written as:
cC = 2.5(C90— CSO) r/R + 2,25 C50 - 1.25C90 (4.2.2)

B _ - _ : .
(In éppendix-D)

where p

)
Il

50 Chord of the ideal blade form at 0.5R

9]
|

90 = Chord of the ideal blade form at 0.9R

twist angle of the ideal blade form at 0.5R

Bgg = twist angle of the ideal blade form at 0.9R

A further simblification of the blade shape consists of om%?%;ng
the twist altogethef; Introduction of a.rotor blade withoué :
twist results in a power loss penalty of about 6 to 10% {(40).
This might be acceptable for a single production. When the

main purpose is the design of a cheap wind turbine an untwisted
blade with a content chord seems to be a good choice with only

limited power losses,
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4.3 CALCULATION PROCEDURE FOR PERFORMANCE ANALYSIS

After designing the rotor configurations according to
the formulas in the previous sections, the characteristics of
the rotor can now be calculated. The foliowing data are assumed

to be available beforehand.

Rotor radius, R.

Chord (C) and twist (Br) distribution along the radius.

Tip speed ratio, A -.

Number of blades, B.

Lift and drag characteristics of the blade profile section.
Now for a number of radial positions the fvalues of axial and
tangential intérference factors will be found out. As there is
no analytical expression for the interference factors, the
following iteration procedures are to be performed for each

radial station,

1. Assume resonable values of a and a'
2. Find the values of W, and Wy from the following equations
W, =V ,CosYCos %{‘+V%Sin_ﬂ’ Sin ¢ Sin-a;r -0rCog B(1+al.)
W, =V (Siny Cos.a_ Cosg {1-a) - Sin BSin y Sino ' cosé
Y 20 T T k
'+ Sing Sing cos y) /
. k. i
1
3. Calculate¢by using the equation, tan ¢ =:Wz ?

X N



10.

dcC

dc
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Determine angle of attack o by using the equation,

a= ¢ =BT

Calculate CL with CL( a) graph or table.

Determine the total correction factor F for tip and

hub losses.

g chos o CL

Calculate a with a(l-aF) = 1/8 ~ 2
rcesf cose sin y VO F
. D ®o
2 .
oW i
and a' with a'; (1-aF)= 1/8 sin -~ Cp R
' r cos %, sin Y COS B Vg &

The new values of a and a' are compared with those from
step 1 and the iteration procedure is continued until
the desired accuracy is reached.

The values of ¢, ¢ , C; and CD fram the final iteration step are

L
used to calculatellocal force components.
The local configurations to thrust, ‘“torque and power

co-efficients are calculated from the following equations.

Vv
© 2
8 7 o)

—— 20X _ a'F(1l-a&F)Cosu

5 { 'aF(l-aF)CGQS;Cos%x SinzY
TRV, - T

(L + Co/C, tan¢ ) r dr & ®

L

2
_8 Yo zr T,.'Sin YCos4_B
TR Voo .

C

) & drds - ~

1
(1~ .
CL tan ¢7 i
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when the iteration procedure is finished for all blade elements,
the local contributions for“torque, thrust and power are integra-

ted by using Simpson's rule to determine the perfofmance of the

rotor.

4.4 DISCUSSTIONS OF VARIQOUS WIND CONDITIONS

In case of horizontal axis wind turbine, one of the
decisions that must be made in the design of a wind turbine is
whether the blades will be placed upwind of the tower support
structure or down wind of the support structure., There are
advantages and disadvantages to each arrangement, With blade
upwind of the tower the blade themselves receive the undisturbed
wind, but the configuration is not conductive to self orientation
with changes in wind direction., With a downwind rotor system,
the blades can be mounted closer to tﬁe tower, because blade
deflections will be away from the tower. Also the configurations

tends to be self orienting with changes in wind direction.

4.4.1 Effect of wind conditions

In reality, the wind velocity will be neither uniformﬁ
- steady or uni-directional. Vertical wind gradient, gustiness B
and wind turning with elevation all present various difficul-
ties to the design and operation of wind turbines. The local
flow conditions and the techniques to predict the magnitude

of the effects of the flow variations must be known beforehandi1.

\
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The different wind conditions include the effects ¢of wind shear,
wind shift & tower shadow. In the fallowing sub sections the

effects ©of these conditlon' have been discussed.

4,.4, 2 Effect of wind shear

Near the surface of the earth the wind flow is seriously
retarded by friction with the surface. Due to this friction a
boundary layer is produced which creates a gradient in wind
velocity with altitude. The wind shear depends on the wind
direction, the wind velocity and the stability condition of
atmosphere.

Since surface roughness can vary from relatively smooth
{at coasts) to very rough (CiQCentres') it . is obvious that
the velocity profile depend upon the nafure of the terrain. In
the new Belgium wind code draft (32) several classes of terrain
are defined.

I. Sea coast.

II. Open terrain with few obstacles

ITTI. terrain with low buildings, trees, etc.

Iv. Suburban terrainor iﬁdustrial térrain'

V. City centers

In the atmosphere the nature of the boundary layer is
three dimensional and is complicated by rotational effects and

temperature gradient which affect the vertical mobility of the
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turbulent eddies and thus the characterestics of the shear
layer flow. However, in the present work three dimensional
effect is neglected and the atmospheric boundary layer is
assumed to be two dimensional. The velocity of wind increases
with the height upto a level where the friction can be neglected.
This level is called gradient height Zg and the velbcity at
thié point, which is determined by the large weather system is
called the gradient velocity Vg. The distance between the surface
of the ea;th and the gradient height is the thickness of the
boundary layer.

The variation of the wind velocity with the height can

be presented analytically by both a power low & a lograrithmic

langhe . logarithmic law can be presented as (33).
ref 1

where, k* = constant depending upon surface roughness
zy = surface roughness
d = zero plane displacement ' |
z = height above ground ﬂ*
v = wind velocity at height =z
Vref=reference wind velocity

The power law formulation can be presented as

V°°.O z .. N N
v = (—=2) h
ref Zref kY
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or V.. =v_ (=2 "
‘ ref'z
ref
where zref = reference height
n = power low exponent

The influence of wind shear on the power cutput and the blade
loading of a horizontal axis wind turbine is complicated, because
" each blade element is subjected to a varying wind velocity during
a reveolution of the motor: There is some arbitrariness in the
choice of the reference wind velocity at half the rotor height.
The theoretical results are presented for a wind power law
exponent of 1/6 and for the present analysis the hub height

-1is considered as the reference height,

4.4.3 Effect of Wind Shift

The aerodynamic forces on a blade will vary during a
reyolution in the cése where the rotor axis is not parallel
to ﬁhe wind direction, even though wind speed is constant.
This results from changes in both magnitude and direction of
the resulting loaal wind speed for the profiles which alters
with the varying moment of the blade with and against the wind
direction,

In non=-axial flow, the cyclic variations in the aerody-

==

namic forces at the blade root could lead to rescnance in eithefi”
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the blade, or the supporting structures and possibly reduce the
life time of the turbine. The effects of non-axial flow, there-
fore need to be considered in the design of horizontal axis

wind turbine.

4.4.4 Effect of Tower Shadow

The aerodynamic interference created by the tower is an
important source of periodic wind load. The projectéd area of
the tower structural element, their average drag coefficient,
and the sector of the rotor area affected by the wake area are
necessary for determining this periodic loads. An evaluation
- has been conducted for the effects of tower shadow on the
forces, power, thrust, moment and stresses for a downwind
mounted wind turbine.blade. The large and abrupt changes
that occurs.as the blade passes throuéh the tower shadow will
obviously cause significant changes in blade. The magnitude of
these changes will depend on the amount of flow blcckage occuring
and duration of the blade remains is the tower shadow. For the
present analysis, the blades area assumed to,be in the tower
wake at azimuths from 1é5 degree to 195 degree and value of the
wind power low exponent is taken as 1/6. For a wide range of
tip speed ratio the power deficit remains almost constant.
However, power deficit only due to wind shear is very‘small.
About 7% decrease of power may take place due to wind shear &

)

tower shadow (25).
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4.4,5. EFFECT OF ROTIOR_TILT

If rotor blades are comed it follows that the blade tip
at its lowest point is moved nearer thg support tower for an
upwind rotor. To reduce the overhang require at the hub axis of the
drive shaft is frequently tilted. If the tilt angle equals the
cene angle the blade becomes vertical when pointing downwards.
There will be change in both magnitude & directioh of the local
- wind speed for the blade profile due to the tilting of the rotor.

For a blade in the lower half of the rotor disc the
blade will move toﬁards the wind and for the upper half of the
disc it will be further away from the wind. Also due. to wind
shear the blade will receive higher wind velocity when it will

be at the uppor half of the circle.

45 4.6 EFFECT _OF BLADE CONING

Since stress induced by flapwise loads are greatest in
magnitude, blades are fregently coned so that beénding stresses that
are induced by centrifugal forces, cancelling those due to
aerodynamic loads. Exact cancellation is only possible at one
aerodynamic loading condition and equilization of stresses alogé
the entire blade requiresva complex blade curvature. The cening
angle, as expected, is inversely proportional to the mass of
the blade. (In Appendix-(). Due to coning there is change in
both magnitude & direction of the resulting wind speed for

.the profile which alters with azimuth (17).
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Increasing the coning angle reduces the aerodynamic
forces due to the reduction of the swept area of the wind turbine.
Also increasing the coning angle resu;ts in better balance between
. centrifugal forces & the thrust, which reduces the flapping

moment.

4, 4.7 EFFECT OF BLADE SHAPES

The normal procedure for determing the blade shape of a
horizontal axis wind turbine is to oﬁtimize independently each
radial element by continuously vérying the chord and’twist angle to
obtain maximum energy extractiawm This ﬁethod results in complex
blade shapes which can be expensive to manufacture and may not
have structural integrity. In order to reduce these problems
it is possible to linearize the chord & twist angles. This
results in a small loss of power. However, if the linearization
is done in a sensible way the loss is cnly a few percent,.

In the present analysis, three types ©of bhlade shapes
have been considered: optimum-chard optimum twist, linear
chgrd linear twist and linear chord zero twist. The lineariza-
“tion of the chords and twist angles have been done by taking
the values from the optimum blade configufation at r = O.SIR
and r = 0.8 R ,

Fig. 4,4.5 & Fig.g4, 4 ¢ Show the distribution of chord
& blade setting angle; for these threertypés of blades. From

these figures it is found that the changes in chords and twisf
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angles are very small at outer half of the blade large varia-
tions with the linear chord and twist distributions are found
only at the lower part of the blade. 7£ must be realized that

about 75% of the power that is extracted by the rotor from the

wind, is extracted by the outer half of the rotor. This is because

of the fact that the klade swept area varies as the square of
the radius. So this will not lead for any significant power
loss but the starting torque will be less and in cases where
the starting is an important factors this effect must be consi-
dered. Variation of starting torque for different blade confi-
gurations is shown in figure (4.4.7) where approximately 31ls%
differences may coccur between the optimum bléde and zero twist
blade (17) '. The effect of blade twist is to maintain the
aerodynamic angle of attack at maximum lift to drag ratio.
Considering both aerodynamic .and structural performances,

it has been observed that a linear-chord linear blade is com-
parable to the optimum designed blade, while offering a consi-
derable redﬁction in manufacturing time & costs. However,

when the main aim is the design of a cheap wind turbine an
untwisted blade seems to be a gopd choice. But for a small scale
turbine might behave badly due to the premature stall near the

hub even at rather high tip speed ratios.
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4.4.8 EFFECT OF NUMBER OF BLADE

As the number of blades increases so does the cost.
The advantage of increasing the number of blades are improved
performance and lower torque variations due to wind shear. The
maximumu-power co-efficient is also affected by the,;mmber of
blades. This is caused by the so-called tip losses that occur
at the tips of the blades. These losses depend on the number of
blades and tip speed ratios. For the lower design tip speed
ratios, in géneral, a high . mber of blades is chosen. This is
" done because the ;influence of number. ¢f blades on power co-
effiqient i8 larger at iower tip speed ratios. For a high design
tip speed ratio, a high‘number of blade will lead to vary
small and.thiw blades which results is manufacturing & negative

influence in the 1lift & drag properties of blades.
4



(74)

4.5 , DESIGN OF A 30 KW WIND TURBINE _

The configuration studied is a two-bladed 30 kw dowﬁ—
wind wind turbine with a tip speed ratio of 8 and variable
pitch, The value of rhub/R = 0.10 is chosen rather arbitrarily.
From a structural and costs point of view, it might be favou-
rable to increase rhub/R because the largest part of the blade
area and also the largest part of twist variation is concentra-
ted near the hub, Throughout the theoretical studies NACA
4418 airfoil and prandtl's tip loss correction were used to
develope the curves. The blade characteristics were found
ocut by considering averade wind velocity and without any
coning or tilt angles. The blade geometry was optimised to
give peak performance at 4 m/sec. The blade radius has been
divided into a number of radial stations. Each station has a
distanée r from the rotor centre and has a lcocal tip speed
ratio e The wind flow velocity angle at each station was
found out by the equation (3.6.6). The chord & twist angle for
each station were found out by equations (3.6.2) and (3.2.9).
In finding the blade geometry each radial station is optimised
independently by continuously varying the chord and twist angle. -
to obtain a maximum energy extraction., This is done when every
element of the blade is operating at the maximum 1lift to drag
fatio of the profile. Figures 4.5.1 & 4.5.2 show the distri-
bution of chord & twist angle of the optimum designed wind

turbine for the given conditions.



CHAPTER 5: RESULTS AND DISCUSSIONS

5.1 THEORETICAL RESULTS OF 30 KW WIND TURBINE

The effect of Pitch angle on Célculated power thrust
and torque coéfficients can be seen in figures 5.1.1. to 5.1.9
at SH=1,8H=2, SH=3, respectively.

Increased pitch angle reduces the maximum power but
can increase the power available at low tip speed ratios. At
low speed ratios,'the power co-efficient versus: tip speed ratio
in figures 5.1.1, 5.1.4 & 5.1.7 can be used to illustrate some
generalizations concerning wind machines. At low tip speed
ratios the power co-efficient is strongly influenced by the
maximum lift co-efficient. The angle¢is large at low tip speed
ratios and much of the rotor, particﬁlarly the inboard stations,
can be stalled when operating below the design speed. At tip
speed ratios above the peak power co-efficient will result in
a rapid decrease in power and at some large tip speed ratié
the \net power output will become zero. The power curve is
~sensitive mainly to blade pitch angle in the stalling region.
To avoid too much drop off of the power after the stalling
point a blade pitch angle of 2 and 4° are seem to be more
convenient than the performance at OO pitch angle.

From figure 5,1.2 it is found that the rotor thrust
co-efficient increases continuocusly with tip speed ratio and
that the values greater than unity can be achieved. The

variation of torque co-efficient with tip speed ratio is
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shown in figure 5.1.3. With the increase of pitch angle, the
maximum value of torque co-efficient mwes towards the lower
values of tip speed ratio. By changing the blade angle means
that the resulting angle of attack is reduced and lift co-
efficient is shifted from the stalling region. The pitching of
the blade provides higher torque co-efficient at lower tip
speed ratios,

When any part of the turbine blade operates with a
resulting angle of attack that is higher than the value corres-
ponding to maximum lift for the local blade section flow sepa-
ration is encountered. This implies three dimensional effects
which violates the basic assumption of the blade element theory
and the solutions obtained are then not fully reliable. Such
conditions occur for high wind speeds. The flow angle ¢ & hence
@ will then increase with increasing wind speed keeping other
parameters constant. Flow separation will first occur in the
hub region where ¢ has its largest values. Increasing the
blade pitch angle means that the resulting angle of attack
is flowéred and more reliable solutions are obtained.

Radial distribution of power, thrust, torgque and moment are shown
in. figures 5.1.10to 5.1.14, It is to be noted that about
75% of the power, thrust and torque are produced by the outer
50% radius. This is because the blade swept area varies

with the square of the radius and also the efficiency of the

o,
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blades 1is less'at small radii where the speed ratio Nr is small.
On the other hand due to the tip losses there is decrease of
power and moment near the tip of the blades.

The dependence of the torgue at Q =o &0 pitch angle is
shown is fig. 5.1.15.. The strong increase in starting torqﬁe
with increasing pitch angle can take advantage of, if the
starting torque at the pitch angle desired at operating angular
velocity is sufficient, and if the overall pitch angle can be
changed. In that case, a high overall pitch angle is chosen
to start the rotor from f =0, where the internal resistance 'L
is large. Usually, the internal resistance diminishes as
soon as the angular velocity is non-zero. So when a certain
angular velocity is reached, the pitch angle is diminished vy

for a value close to the optimum one,.

5.2 COMPARISON OF THEURETICAL .RESULTS WITH EXPERIMENTAL
DATA. _.

The variations of power co-~efficient with tip speed
ratio at different pitch angles of HMZ windmaster windmill‘is
shown in Figure 5,2.1.. This turbine is an upwind machine and
it utilizes a NACA 44XX series airfoil with thickness ratio
varying from roQt to tip. The rotor axis tilted SQ to keep'the
blade away from the tower during ‘gast.

The present calculations were done by using NACA 44£§

airfoil sections. The variation of thrust coefficient with
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top speed ratios at different pitch angles is shown in Figure
5.2.2 . The variation of torque co-efficient with tip speed
ratio at diferent pitch angle is shown in figure 5_-2-3‘.

The stork WPX -8 is a 8m diameter horizontal axis wind
turbine thch uses a I)IACA 4418 pro.file for its blade. Its r‘ated
power is 23 Kw and number of blade may be 2 or 3. Figures
5,2.4. t¢ 5.2.6 show the power coefficient.,
thrust co-efficient & torque co-efficients of stork Wwpx -8
wind turbine at different pitch angles, These graphs are
v‘,p'lotted by considering two . blades only. For large positive

pitching angles the important region of power co-efficient
moves to smaller A values, Increasing the pitch angle results
in. a decrease Qf angle of attack., As a result 1lift co-~efficient
is shifted from the stall region and it moves towards the higher

value at low tap speed ratios.

RS



CHAPTER 6 : SIUDY OF PUMPS

;
i

6.1 GENERAL @
There exists a large variety of water lifting dewices. ..
The scope of this study is confined to.pumps that can be driven

by wind rotors with a focus on the reciprocatory piston pump.

Broadly pumps can be divided into three types : displace-

ment, impulse and other pumps each with a number of designs]é_2247.

6.2 PISTON PUMPS

A reciprocating piston pump basically consists of a
piston, two valves, a suction pipe and a delivery pipe. Some-
times airchambers are utilized to smooth the flow and to reduce

shock forces.

The operation principle of the reciprocating piston pump
is simple :' if the piston moves downward the :wupper valve
opens, the foot valve closes: i.e. the flow is zero, and the
piston moves freely thrdugh the watercolumn. As soon as the
piston moves upward the upper valve will close, the foot valve
~opens and water is being lifted (above the piston) and sucked
(below the piston, if the pump is above the water level)} until
the piston moves downward again. The result is a pulsating
sinusolidal water flow, like an alternating current after

passing a rectifier (fig. 6.1)
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6.2.1 Behaviour of ideal Piston Pump

The behaviour of the ideal pump at low speed, i.e.
with accelerations small compared to the acceleration of
gravity and neglecting friction forces and dynamic forces

are discussed here.

The force on the piston is equal Lo the weight of

the water column acting upon it.
_ ] T _2
F, = 0,9 HZ Dy (6.1)

We—assume H to be the static head, but later on the extra

head required to cover the losses has to be added.

The ideal torque which is sinusoidal Suring the

upward storke and zero during the downward storke. In formula :

m
Qg = 3 H7

"OUM

ks sin gt for 0 < gt <a(6.2)

Integrating this instantaneous torgque over a full circle,

gives,

sin Rt d at = (6.3)

alk
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the expression for the average torque:
D

- T 2 (6.4)
= = Py — 1
Qig = @ 598 g Dp %8
34 = B PyHV
or Qld = 3a W\'J' 3
with Ve being the stroke volume EDES
The average ideal power required is equal to:
B, . =0 ko9 o= wp oo (6.5)
Pia = %ig = oab A :

where q =Va’

holED

6.2.2 Practical behaviour of _Piston Pumps

The ideal piston pump of section 6..2.1 required a mechanical
power equal to the net power to 1lift the water, i.e. an
efficiency of 100%. In reality the mechanical power required
is higher than the net water lifting power because of mecha-
nical losses, due to friction between piston and cylinder,

and hydraunlic losses, due to flow friction losses in the

valves mainly.



1he mechanical efficiency is defined as

P :
Tmech =~ EEXQE (6.6)
- mech
) - . LI S s
in which Lhydr : net power Lo lift the waler ( Dng)
Proch * mechnical power drivinyg the puwp (in our

case Lthe power from the rotorxr)

The volumetric efficiency arises because the actual output
is usually less than the product of strole volume and speed.

Its definition is :

o
"vor T = | (6.7)
v s -ZTT
ngH nvol V3 %.,?WQH (6.8a)
"mech = ——————— = = -5a
Oniech Qmech &

.
With the equation (6.4) for iLhe ideal torque this becomes :

ol

n .
_'vol id
"mech = (6.8b)

Qmech
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6.3 ACCELERALTION EFFECI'S

The behaviour of the reciprocating piston pump,
representis the low-speed behaviour of the pump. At higher
speeds, say 1 to 2 strokes per second and above, accelera-

tion effects cannot be neglected anymore.

A piston pump, direciLly driven via a crank, exhibits
a nearly sinusoidal displacement of the piston as a function
of the angular rotation of the driving shaft (fig. 6.2). Taking
fhe displacement z and the time t as zero when the piston is
at its bo;tom position, the position of the ?p as a function

of angular rotation is given by :

zp = %3 « Ls cosqgt . (6.9)

Two subsequent differentiations give us velocity and

acceleration ( is constant):
= d—zB = 1/ i y

Vb TS 3 QS sin QL (6.10)
a = S2 - dzp | X @ s cos Ot (6.11)
P dt -d'-tZ ,

a

b 1 2
C o e&X 3 RS (6.12)

a g g .

were Ca is known as acceleration co-efficient which is the
ratio between the actual max/min. acceleration and accelera-

tion due to gravity.
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the behaviocur of the two idealised punps rgiven Fig. 6.2

and Fig. 6.3, in order Lo predict the cavitation are described.

The acceleration of the water column can be calculated s, by
calculating force and mass, assuming that its diameter is

equal to the diameter of the piston Dp .

- P 2 _ T2

Force = Patm * 7 Dp o H * 4Dp (6.13)
or Force = pg(l0-H) * %D; {at sea level) (6.14)
and Mass == L * 3D2 (6.15)

p k 4p -
50 the acceleration a, becomes :
10 - H
3, = T "¢ (6.16)

In order to avoid cavitation.

10 - : '
*—LH g > % 928 (6.17)
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The best way of avoiding cavitation is the avoid high suction
heads, or, if this is not possible, to reduce the lenght L of
the water column conceérned, by introducing an air chamber

(fig. 6.4).
With air chorbon the acceleration becomes.

10~
a, = 1H *g ' (6.18) -

Acceleration can be increased by reducing L to fulfil the

non-cavitation condition (6.17).

When the decleration of the piston exceeds g during the last part
of the upward stroke, the water column will continue to move
upward on ifs own, now decelerated by g only. This means that
lthe piston valve has to open and that an extra amount of water
passes the piston valve. In other words, the pump will displace
more water than its stroke volume and its volumetric "efficiency"

can become higher than 100%. This is illustrated in Fig. 6.5.

The position angle Qtl at which an acceleration of - g is

reached is found with :

- g = 92%5 cos gty (6.19}



In the example of Fig. 6.5 with Q* = 12.3786 rad/s and

s = ,425 m, the acceleration coef?i ‘dient hecomes Ca = 3.319
and the position angle hecomes Qg o= 1.8768 rad = 107.537
From this moment on the water <:lumn above the position is
"launched" and moves upward, although its velocity is
linearly decreasing with a velocity —g(t—tl)_ Wwhen the

velocity deacreases to zero the foot valwe will close.

The position angle ftt, at which the water speed becomes

zere, is found by realizing that the speed agrtl,.when the
piston valve opens, can be calculated with equations (6.10),
(6:.20) and sin.nt = Y {1 - Coszﬂ t):

Vo(t,) =V (t,) = kos V(1= tx (6.21)

w1 p' 1 L CZ :

a

Now the linearly decreasing speed is given by

Vw = Vw(tl) - g{t - tl)

= - mg Sl I ‘ .

or Vo Vw(tl) & ( 2t Qul) {6.22)
and with equation (4.21) and (4.20) this becomes: !

V. =has (1 -~-—2) -F (et - cof'(~1)) (6.23)

VI 2 Q c

C, a

Zero water speed is reached at the position thz, which'can

be found by substituting v, = 0 in (4.23): .“LE

sztz = a
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This expression is valid for nt? < 21, otherwise a new

stroke has already begun.

In example - ' - V_(t,) = 2.508 mn/sec. andJ)_j;2 = 5,041

rad = 288,.86. for = 12.375 and S = 0.425m (appendix G)

The extra amount of water displaced can be found by
calculating the extra displacement z - s (£fig.6.5) of the
water column at the moment t =t2. The position of the water
column at t = t, is given by:

2 (t,) = z (t)) + vV (t;) * (t, - t;) - %a(t, - €)% (6.25)

Substitution of eqﬁations (6.20) and'(6{21) in equation(6.25)yelc

c? -1
1 1 2 a .
z (t,)-8 = %s8(1l~cosqu,) + 5 ¥V (1- =) * = v (C. - 1)-g —— = S
w2 1 ' : CZ @ a Q°
a R
z (ty)=s = Ls(1l+ Z)+ Ls . ~3 8-¢&
a a a
t = y s 1, Ca 21 6..26
Zglta)=s = 8 [ =% 4 gg- + g/ for af, < 2w (6.26)
"Substitution of Ca = 3.319 of  exanple leads to zw(tz) - 3

= s§ * ,405, so in the ideal case the volumetric efficiency is

increased to (1 + .405) * 100% = 140%.



6.4 Vvalve behaviour

The two acceleration effects of section 6.3 were
described for an ideal pump, i.e. with a perfectly fitting
piston and with valves closing immediately when the flow
velocity becomes zero. In practice this is not the .case and
and at higher speeds the valves tend to close later than they

should do, because of itheir inertia.

1he behaviour of disk-shaped free-floating valves in
reciprocating piston pumps are discussed here (27).
There are a number of forces acting on the valve, acting

downward (-ve sign) or upward,

weight of the valve -, g (mv: mass of valve)

buoyancy force g v (v

Pw v v : volume of valve)
Stationary drag force . Fst
instacionary drag force Finst .
static force(when closed) —Fcl
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Newton'!s law now can be written as:

moa, =-mg+op gV + F . +F, o ~F (6.28)

Conservation of mass requires that the mass flow below

the piston is equal to the mass entering the valve:
N

mass flow below piston P AV

wpPp
mass flow in gap below valve P MD =z V_ (D _:diameter

W v v g
valve)

mass flow below moving valve %Avvv (Av: area valve)
mass flow due to expanding v
pump cylinder with closed Dw j%X£ %E
valves

The last term is the result of Hooke's law for fluids, with

compressibility modulus E, puuwp cylinder volume Ve and

vyl
pressure difference p. This term plays a role only for very

small values of =z and is important in opening the valve.

The total conservation law now is given by:

p'p E ac = “szvvg + AVVV {6.29)



The term F_,  known as static drag force on a flat valve
s :

is discribed with :
g 2

( ) A (6.30)
H v

With ® being a constant off which the value depends on the
type of valve and the ratio belween Lthe gap area and the

valve entrance area. Often u 1is taken to be equal to 0.8.457_7

The expression for instationary force on valve is

Bp

Finst = w Vadded (KZ- a, ~— a, ) (6.31)

v T3 .
added = 13 D (6.32)

In the situation of a perfectly closed valve the pressure

P above the valve acts on area A__, but the pressure P
av A4 bv

below the valve acts only on the area Al nf the valve

opening :

Fe1 = “PuvPyvo t o Paufy (6.33)

The equilibrium of forces for the closed valve just before

opening becomes :

- - PV = -
P Avo + PavAV miy + wg v 0 (6.34)
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Substitution of Lhe differeni terms in equalion (6.28)

leads Lo the following non-linear Jdifferential eguation :

v

z 7
3%z : p A AV, — A %% + —%Xi + 2 y 2
== 4+ (m - PV )y - (P_.) * P < P
at WV st
at , 2 2o 2,2
woop Dy
A 2
b _ 4=z -
v Vadgea (& %p o2 ) + Fq 0 (6.35)

This equation cannot be solved analytically, so numerical

solution is necessary.

€.5 AIR CHAMBER

6.5.1 General

Shock forces experienced by the piston at the moments
the valves close strongly depend on the mass of water abové
- and under the valves. The installation of air chambers near
the valves softens the influence of mass of water beyond the
air chambers and can greatly reduce the forces on the piston
and consequently reduce the forces on the pﬁmp rod and reduce
the acceleration force on the piston have already discussed

in section 6.3.

*

6.5.2 Volume variations

An ideal air chamber is coupled to a single-acting

piston pump. Ideal in this respect means that the outgeoing



flow is perfecltly constant (fig. 6.7)

If the pump has a piston area'Ap, a stroke 8 and a
rotational speed , them the incoming flow Lo the air Chamber

can be described as follows :

A %3 sin Q@ t (m3/s) for O < Qt<=

Qin ~ P
45, = O | for m<Qt < 2nm (6.36)
2w
= A Ls L1 sin @t a ot
out pi et G ‘
o

resulting in :

1
- L 1
ot =~ AP s 3

(6.37)

Comparing equation (6.37% with equation (6.36) the moment

at which sin  t = % the ingoing and outgoing flows are equal.
. -1 3 o
ﬂtl = sin T implies t, = 0.324 rad or 18.56 (6.38)
2t, = 2.818 rad or 161.44°

2

At'tl the water volume of the air chamber is at its minimum
and at t9 the water volume is maximal. In order to find the”
. volume variations in the ideal air chamber il is integrated

(qin -Q,,t) With respect to t (fiy. 6.7)
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For O <0t < 7 we can write :

1
-— . - = }’ ] i e
(qin qout) ac Ast (sin gt Tr) a qgt
1 Qt
= ApL73S {-cos gt - + constant)
- The boundary condition of zero volume at gt = 0 leads to :
(g - ) At = A _%ks tl—cosszt - ﬁEj (6.386)
in Yout’ © p*t n *
For = <@L < 271 one finds :
( - } dt = A ks (2 - & (6.39)
- 9in “Yout p? m : *

These two parts of the function are shown in fig. 6.8

The difference between the minimum and maximum volume can be

found with equations (6.38) and (6.39).

Qt, at,
—— e ;' — — ——— — ———
Viax Vinin 3 Vg (1-cos at, — 1+ Cos@ty + — )
Vmax = Vmin = ©-551 vs (6.41)



CHAPLER : 7 : DESIGN OF A ROI'OR COUFPLED FPUMP

7.1 ' DESCRIPITON AND DIAMELER CALCULATION OF THE PUMP

If a pump is coupled to a wind rotor at a given wind

,-———-H—Iv—‘—-—“'-gj

speed V, the rotor will turn at a speed such that the

mechanical power of Lhe rotor is equal to the mechanical

E
L e et

power exerted by the pump. 1his working point can be found

B I
-7

by the intersection of the rotor curve and the pump curve SR

(£ig. 7.1) - | i

To find the hydraulic output as a function of wind speed,
a series of rotor power curves must be drawn (fig. 7.2). As
a result the net outpul curve is found, as well as the over-

all efficiency (from wind to water) of the system (fig. 7.2).

It can be seen that the resuliing output curve is nearly
a linear function of ithe wind speed (fig. 7.3). The overall
efficiency varies strongly with the wind speed. The wind speed
at which the overall efficiency reaches a maximum is the design

wind speed Vg cf the system. In practice, it is the wind Speed.

at which C_ reaches iiLs maxXimum value C -
b Pinazt.
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The net power supplied by the rotov-purp combination must

be equal to the hydraulic power to lift the water:
Total rotor-pump power = hydraulic power

( 6. é_.)

i wech Fmech = Phydr
3 2 '
i 3 = :
Ttmgﬂlcb oV wR dp,9H (7.1:)
3 2
- =2 . LN ; =
At v V4 ".ech CPm iPVy TR d3 Py, 9 H (7.2 )

1he flow g is equal to the ideal flow, determined by the
stroke volume and the speed, multijplied by the volumetric

efficiency of the pumpiand Lthe number of the pump.

n p 2 Pk o
“vol. Dp 37 1 (7.3

&
]

w
sl

‘ 2 AV
— n i %
o 9=",01 % 2Pp TR 1
‘where T* = number of pumps

- Substituting (%.3:) in ( 7.2) for v = V3 gives an expression

for Vd.

2
an! 3 D HT*
n. rage w9 : 5
V. = /(9 vol p 3P =y ) ( 7.41)
4 C 3 '

Pmax T}mech L =1
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In this study

s

i vol = 100%
Vd | 4 m/sec.
Ad = 8
) 3
P, = 1000kg/m
H = Hs + HAd + H losses = 3.5 m.
3
p = 1.225 kg/m
cha:: = 0.45
™ ech = 0.82 /22,7
R = 23.2668m
T* = 3(The pumps is arranied at a phase

difference of 120 )

Q @ = rpm of rotor = 1.378 rad/sec.
* 9= rpmof pump = 9 1.375 = 12.375 rad/sec.
= 118.17 rpm

y 9 X 1,;_;;2 s X 8 X 1000 X 9.81 X B.5 X
4 X.45 X .82 X 1.225 X 7 X (23.2668)°

D s = 0.06355
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For Qptimum Design.

g = 1.1 [227

p
.3
1.1 - = .06355
p
D = .386 m = 15,21"
N <
= 16.74"

S = .425 m

7.1.1 Tecrque calculation

0., _ 1 | |
id = 3P aH Y (6.4)
T 2
where VS = 3 Dp s
1 T 2
0. am g
1d .
= 660,02 (R - m)
Y3 d(max) Q34
= 2073.53 (N - m)
n = Nyol Qid (6.8)
mech 5 : , °
mech
)Y
0 _ Tvol Qid
mech nmech
. 2073.53
- .82

= 2528.70 (N - m)
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= ¥ - %*
P - Qid R "Ro= Qid D S
ma maz:

0. = maxm torgue of the rotor

1d Ryax )
9, = n " 1] H pup,p

iad Pmax
R _ angular veloacity of punp - 9

angular velocily of rotor

Q 9 X 2528.70

id P*(max)

= 22758.31 (I -~ )

There are three 10 kw pumps. The pumnps are placed 120°

¢rank angle apart (phase difference 1?00). From torgque
analysis maximum torque required 22737 iNm.- .  But available
at zero pitch is 21,800(N - m) which is lightly lower than
required torque. From torque characterstics for different
pitch angles, at 1,2,3 rotor terque is higher and‘sufficiant

to overcome the maximum terque of the pump. (f£ig. 7.4)
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7.2 starting behaviour

1he starting behaviour of a water pumping wincdmill
igs the static description in which the startinggprque'of the
rotor is equal to the maximum torgue required By the
pump at the starting wind speed.

e LoV AR=%sP gH

(7.5.)
.Qst .

Maximwa torque of the pump is 7 times i.e. average torque
and that the average Lorque is equal to the torque Qd

produced by the rotor at its design wind speed.

CP
2 max P .
C % pV, AR = ——— %PV (7.6)
Q st d AR
st a .
vst = Vd / E-EE—
‘g ¢

C
Qst

The higher the tip speed ratic 2o of a rotcr, the lower
the starting torque. As a rough .rule of the thumb the starting

torque is given by :

o . 0.6 /187

3 32
Qst Ade

0.6
= —5- = 0.009375 (7.7)

8
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_ DX .45
Vst Va \[ 700935 X &
= 4,34 Vd
= 4.34 X 4
= 17.36 m/s

Windmills need a quest of wind, with a velocity of 4.4 times
the design speed to be able t§ start. The effect of rotor
inertia will reduce this factors somewhat but still the
starting wind speed will usually be higher than the design

wind speed.

7.3 CALCULATION OF ''HE DIAMEITER OF A LEAKHOLYR

A.zsmali hole is drilled in the piston in order to
improve the starting characteristics of windmill equipped
with é reciprocating pump. The effect of this leakhole is o
that at very low speeds, i.e. at starting, all water that
could be pumped is leaking Lhrough the hole. This implies
that the pressure on the piston is very low and as a result
the starting torque required is low. If the speed is high,
then the quantity of walter leaking through the hole is small
compared to the normal output of the pump, and the pump

behaves as a normal piston pump (Fig. 7.3)

T
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Assuming that at the design speed the leak flow is
only 10% of the design flow, / 27 7 in otherwords the

volumetric efficiency.

"leak, vol = 0-90 (7.8)

In Fig. 8.1 (appendix E} it can be seen or calculated from

equation (4.69) that the value will be read when ¢ = @d.

1)
§- = 15.4 | (7.9)
The design speed Qd is found from the expression 7.3) for

the design wind speed V. :

a’
i X | D2 A p.. g9 H
ﬂd _d */ vol s7p 4 w | (7.10)
R 4c T R3
v : pmax "mech®
-with the expression .(!lo (detail in appendix E) the speed

at which pumping starts equations (7.9) and (7.10) can be

written into : ?
A m D2 A, p g H
2d2 2 H d * vol 5P d
* ® T15.4 a
2 f * C 3
DS pmax "mech, P ™ R



Rearranging yields an expressicn f£2r the laakhole

diameter.
' 3 - .
D 3 °,3 .
2 _ p n-ol 3 AA ¢ Pw E ,

Using formula (7.12), the diameter of leakhole is (appendix E)

d = 8.17 mm.

From appendix E

Q
— = 752.83.
L

The discharge starts at angle 90

0.0759°, ' : .

i

L
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7.4 Gear Design
For D pinion (fig. 7.6)

The pitch line speed and transmitted load are / 10_/

’ 12 . 8
V. = mDn =7(35) X 117 = 367.56 fpm.
p - 33000hp _ 33000 X 3609.2
t vm - 367.56 -
Commercially cut
Fa = 800 F Vm o 3y if vm _ 200 fpm.
600 =
= 5820.2 1b.

Cast iron may be chosen because it is less expensive material.

Material AsTM 30 whose endurance limit may be taken

as .4 X 30 = 12ksi, Table AT6 gives the. typical.
S/n = 14.0, hence 12ksi is conservative. Let b = %9
: d

pet ]-cf = 1,48 ¥ = 0,337 Table AT 24 is suitable for

approximate solution.

With these various assumption : : rﬁm
N n
o
shyy
F, =Fd= 5820.2 = = “ = 12,2028xxlg § 0 .34
£ha ' a?.
D = 2,176 =
P, 2
N. = PAD_ = 2X 12 = 24 )
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Y = 0.337 from Yable AT 24.

kif = 1,48 as before.

' 12000 X b X .337
Fg = 5820.2 = 1.48 X 2

b = 4.26 = 4,375 = 4%"

de = 4,375 X 2 = 8.75 which within the range of

8 to 11.5 and is therafore satisfactory. For m, = 3.

where m is the velocity ratin.

N = 3 X 24 = 77 teeth in the gear.

_ . 12 _ .
Vﬁ = TD = T X 5 X 39 = 122,52
_ 33000 X 402 _
L = 1558 = 1082?.39
F, = 600+ 'm Ft X 10829.388 = 13040.75
a - 600 v ST - ’
Material A1SM 60 whose endurance limit may be taken as A
60 X .4 = 24 ksi Table AT'6 gives typical S n = 24.5 ksi
- ‘. o X 10 '
hence 24 ksiis conservative. Let b = — , let Ke = 1.48
d

Faln'

L
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Y = .340 7vYable AT 24 is suitable for first approximate

solution.

With these various assumption :

Fy = 13040.75 = Kgbgd _ _24000 X 12 X .34

: 1.48 P

ol

P2 = 4.2123

d - -
Py = 2.05 = 2,
Pd Dp = 2X 12 = 24. ¥ = ,337 from Table Al 24.
Kf = 1,48 as before.
' _ _sby 24000 I 332b
13040.75 = Ke P - 1.48 1 2

a

b = 4,84 = 4,875

72,

2, b = 4.875, N_ = 24,
* p - Ng
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CHAPIER 8 : CONCLUSIONS AND RECOMMUNDALICNS.

The main purpose of the present work is to obtain a method
for calculationg the performance analysis of a horizontal
axis wind turbine and design of a piston pump and behaviour

of combination.

The following conclusions may be drawn on the basis of this

study.

At a givem ) , a rotor blade must be designed for optimum

CP. Optimum value of CP was correspond to the maximum CL/C

D
ratio which must be kept constant along the entire blade span.
For maximum energy extraction from the wind, il is necessary to
vary the blade chord and twist angle continuously along the
span. This leads to a very complicated rotor blade which wili
be expensive to manufactura and may not have structural inte-
grity. It is possible to approach very closely to optimum by

taking a linearly tapered and linearly twist blade.

Introduction of a rotor without twist results power loss
penalty of about 6 to 10%. This might be accaptablé for singlé
production unit but loss its attractibn in case of mass pro-
duction. Choosing an untwisted blade design, the constant chord
blade saems rather attractive, because the blade area in the hub
region is reduced where the blade stall starts at relatively

high value of‘)\.
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jo starit a low speed rotor, that haz high internal
resiscance, primarily a high pitch anigle is desirable.
fhe internal resistance decreas~=s as soon as device gels
sterted and accelerated. sSo aft~r altaining certain
angular speed, the pitch anglse is to ba reduced to the

optimum value.

Power losies due to aerodynamnic profils drag can be
reduced by increasing the rotor solidity and reducing
tip speed, but only at the expense of bhlade weight and

cost. Improvements in airfoil lift to dray ratio will

- permit reduced solidity and higher tip speeds.

Increased tip speed would be advantageous for reducing
capacity of the speed increaser ygear hox neaded to step
up the low rotor shaft speed to the elecirical generator
speed or pump speed. (IL is neceszary to sacrifice some
aerodynamic efficiency to reduce blade size and weight

of large wind turbine.)

The suction head of the pump should be kept in the safe
limit so thal the net positive sucticon head remains abb%e
the critical value. With long suction pipes there is risk
of cavitation and the high acceleration in the suction
line delays the valve opening reducing the efficiency of
Lhe pump. 1his can be overcome by matching valve size

with the suction line acceleration head.
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values of Ca (écceleration co-afficient) above 1 imply
a compressive force on the pump rod during the downslorke
(with the danger of buckling) because the pump rod is

forced to accelerate faster Lhan the gravity acceleration.

Other problans may also occur when the values of Ca is

above 0°5. This is caused by the possibility of cavitation

behind thé piston which occurs when the local pressure
falls below Lthe vapor pressure. The introduction of an
airchamber also necessary for wmore ragular flow and
reduction of impulse forces. To avoid cavitation it must
ensure that a, :> ap
- ‘max.

A series of roltor power curves are drawn. From this series
of curves the resulting output curve can be drawn which is

nearly linear function of the wind speed.

The effect of the leakhole is that at very low speed
i.e. during starting all water that could be pumped is
leaking through the hole. ‘rhis implies that the pressure
on the piston is very low and as a result the starting

torque required is low. If the speed is high then quantity
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of water leaking through the hole is small compared to
normal output of the pump behaves like a normal piston

pump.

the limiting condition for pump discharge is attained

when the speed of the piston Vp ;; v, where

-

2"
2
£

2

D

Lo IS

RECOMMENDALTON -

1)

2)

3)

The power curve is sensitive mainly to blade pitch angle
in the stalling region. To avoid too much drop off after
stalling point, a blade pitch angle between 2° to 5°

. . o
is seem to be more convenient than at an angle of O .

Arched steel plate (cd/cL = 0°02) can be used instead of
NACA 4418 (g% = 0°008) in order to minimized the manufactu-
ring cost. About 15 - 18% -~ power loss may occur if arched

steel plate is used.

A strip theory approach using local optimization resulting
in higher calculated performance. Optiﬁized,wind turbines
perform best at low drag to lift ratios is to be expected.
Knowledge of the optimized configuration will enable design

changes to be directed as to minimize performance loss.
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For low speed wind turbine posilive displacement pumps are

suitable because of simple construction and the shaft speed

can be increased Lo reduce the pump size. For speed step up

a suitable gear system is designed.

Memberane or Diaphram pump can be used instead of piston
pump because of simplicity of design and lower manufacturing

cost,

Low capacity (up to 1l0kW) pump is recommended for ease of
design and manufacture but coupling of three pumps in the
same shaft faces difficulties during starting. So arrange-
ment should be made so ﬁhat pumpe start in sequence one

after another.

In the preseni research the theoretical study of
characterstics of turbine pump set has been made. This

study should be verified with experimental results,
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- Fig. 3.2.1: Velocity Diagram of a Blade Element (43).

Fig. 3.4.1: Tip and Hub Losses Flow Diagram (45).
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Figure 4.1.1: Analytical Model fbr'Momentum Theory (45) . -

Figure 4.1.2: Velocity Diagram for Rotor Blade Element.
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Fig.5-1.9 variation of torque coefficient with tip speed ratio
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| -0-: i WP X~ 8 STORK
%=z 2 NACA 4418
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°
o
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Figure 5.2 ¢ - Comparison of calculated power coefficients at WPX- 8
stork wind turbine for 2 blade configuration
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Figure 5.2.5. Comparison ot predicted thrust coefticient of WPX-8
stork wind turbine for 2 blade configuration
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DIAM. RATED NO. OF BLADE RPM CONING TILT BLADE |
WINDMILL m - POWER BLADES |PROFILE ANGLE ANGLE LOCATION
: : kW ' {Deg.) (Deg.) _—
AEROSTAR T 9 3 NACA 120 3.5 Upwind
(Denmark) huyxx :
GRP NACA
KALKUCNEN 18 60 2/3 643-618| 717 7.5 Upwind
(Sweden) ] ‘ _
HAWT 1.5M 1.5 .75 ] STEEL 330 Upwind
{Holland) ' PLATE
HAWT 3IM 3 2 2 NACA 286 5 Upwind
(U.K)- 42
4 HMZ WIND- NACA !
MASTER 2t.8 50 3 Yuxx T 5 Upwind
(Belgium)
ITDG 6M 6 5 3/4/6 ARCHED 120 Upwind
{(U.K) PLATE
LM7,2 NACA
(Renmark}| 17.2 50.3 3 63-212/| 50 5 Upwind
) ’ 63-224
MOD-0 38.1 100 2 NACA 32740 3.8 Up/Down
(U.S.h) ' ’ 23024
MOD-04 38.1 200 2 NACA Lo T Downwind
{U.5.4) ' 230%X
MOD-1t NACA
(U.5.4) 61 2000 2 230XX%/ 34,7 9 Downwind
C hixx
RIISAGER 10,24 20 3 CLARK-Y 61 5 Upwind
(Denmark)
) SMITH- ' | Naca
PUTNAM 53.35 ‘1250 2 4418 28.7 Downwlind
(U.8.8) :
¥ STORK NACA
WpX-8 8 23 2/3 418§ 190 Upwind
(Holland) ) b
VESTAS-15 NACA
(Denmark)| 15,34 55 3 4bu16- | 50.3 5 Upwind
: ’ ) Yy2u

Table 5,2,8: List of Wind Turbines. [19_7

Y

e
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Schematic drawing of a reciprocating

piston pump conncected to a wind rotor.
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Fig. @ .3: Idealised piston pump Fig. 6.4: ldealised piston pump
without air chamber. with suction air chamber,
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teciprocating piston pump (27).
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: The in and cutgoing flow of an ideal air

chamber coupled to a single-acting piston pump.
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raiative volume variation

Fig. 6.5 : Determination of volume variations of the

ideal air chamber, i.e., with a constant
outgoing flow.
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Fig. 7.1 : Working point of a rotor~«pump combination
at a given wind speed V.
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P = 30 kw
N = 117 rpm
S = 0.425m
D = 0.386m
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Fig. 7.3 Hydroulic output a5 a function of wind speed
N Fd .




( 173 )

RESULTANT TORQUE

T /\\ PN N Pt
| o ' >< NERAGE TOARQUE

0 120 anéil e) 360

TORQUE

Fig. 7.4: TORQUE FOR SINGLE ACTING PUMP. (THREE PUMPS COUPLED IN
SINGLE WITH 120° P ASE DIFFERENCE )
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Appendix - A

len stations from all over Bangladesh analysed the
availability of wind velociLy. The followiny stations are

found to have good potential for the use of wind power / 28 /

Stations Potential month for power | Average wind
generation by windmill speed

1. Chittagong March to Septembef_ : "4 m/sec.
2, Dhaka | March to October 3.2 m/sec.
3. Khepupara February to September 3.5 m/sec.
4, Comilla March Lo September " 2.8 m/sec.
5. Teknaf June Lo Septemﬁer 2.3 m/sec.
6. Jessore April to September 2.1 m/sec.
7. Cox's Bazar May Lo August 2 m/sec.
8, Hatiya Ends of April to July 1.9 m/sec.
9. Dinajpur - March to August 2 m/sec.
10. Rangamati April and May 1.9 m/sec.
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. 3
: Relation between a & a

Cp = ?&7 (1-a') a" r’dair /From Bgn.3.1.27 7
de .
da' T
da “a@lt-2a)-a 0
da a_
da dl=ar.
a(l-a) = aT(1+aT) Ap? / From Eqn. 3.1,21 7
1-2a = /(1+a" )-——- +a” 2217 A2
1-2a = (1+2a') da P
1-2a = (1+2a") B Ay?
. .
.“ l
= (1+23') (ia__a) a( a)
d (148 )
1+a1
(1-2a) (1+a") = (1+42a")a
1-2a+a"-2aa" = . a+2aa’
1-3a = 4aa" = a"(4a-1)

1-3a »
da-1 IPRTEE
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Appendix - B : Selection of Design Parameters

For the design of a horizontal axis wind turbine it
is important to find the values of design lift coefficient
from graphs that correspond with a minimum value of CD/CL
ratio. To carry ocut the iteration procedures for the blade
configuration, estimation of design power coefficient is
also important. Determination of these parameters are

discussed in the following sections :

B.l. Determination of Minimum CD/CL Ratio

Ihe lift and drag coefficients of a given airfoil for
a given Reynolds number are shown in Figure B.1.l1. In the

CD/CL graph a tangent is drawn through CD = C, = 0. From the

L
point where the tangent touches the curve indicates the
minimum CD/CL ratio. This ratio detemmines the maximum power
coefficients that can be reached, particularly at high tip
speed ratios. From the G~ @& curve corresponding to minimum
CD/CL ratio the values of lift coefficient and angle of

attack are found. The CL and o values found in this way are

ey

known as design 1lift coefficient, cL and design angle of
d
attack,‘qa and these are very important parameters in the

design process,
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Fig. B 1.4: Stations and ordinates are shown in
percent of airfoil NACA 4418 Chord (20).
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B.2 Determinationﬂof Design, Cp

The power ooefficient is affected by the profile drag
via the CD/CL rétio; The reduétion of the maximum power
coefficient is proportional to the tip speed ratio and to
the c/c, ratio. The result is shown in Figure B.2.1.

The curves showafér each 2 the maximum attainable power
coefficient with the number of blade and Cb/cL ratio as a
parameter. In this collection of maximum power cocefficieénts
it is seen that for a range of desién tip apeed ratio from
1 to 10 the maximum theoretically attainable power coeffi-

ciean lie between U.30 to 0.30.

Now we can design a windmill rotor for a given wind-
speed V, and a power demand. First the minimum CD/CL ratio
of an airfoil is to be determined. The procedure for selec-
tion of number of blades, B and the design tip speed ratio.
Aﬁ has been explained in chapter 3. From Figure B.2.l. the
waximum expected power coefficient can be found out. For
conservative design the design Cp is calculated as /20_/

C = 0.8 *C

P max

(B 2.1)
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Appendix - D

C == ar + a, : (p . 1
.  _ :

L= ajgr + a, (p . 2)
Cgp = '9Ra1 + a, (p . 3)
Ceg = °5Ra; + a, (D . 4)

Prom (C.3) & (c.4)

2°5 (90 ~ Csp)

a, = C90 - '9Ra1
= c90 - "9 X 2:5(c90— Cso)
K
= C90 - 2 25090 + 2 25050
= 2 25c50 - 1 25c90

Putting a; & a, in eqn (C.1)
$he eqn becomes

= - r_ .
C = 2.5 (C90 CSO) R + 2°25C

50 = 1725Cgq
Similarly
B = 2°5(Ryg ~ Bgg) g +2°25 Koy - 1725 Bgo
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Appendix E

B.l Piston pumps with a leakhole

For most of the leakholes; the length 1 is only a few
times the diameter d, or sometimes even smaller than 4. This
means that pipe flow formulas cannot be used, but that the
expressions for orifice flow must be used. The pressure
difference over ithe leakhole is :

) 2
- = L
P, - P, i *. _Z[w c | (E.1)
The friction factor f£f is slightly dependent on the Reynolds

number but for values of Re lO4 a value of £ = 2,75 i3 a

good agproximation.

At low piston speeds the velocity ¢ of thn flow in Lhe

leakhole is given by the continuity of mass flow :

D

¢ = ===V (E.2)
gz P

o N

If the speed of the piston increases,  will increase and
consequently the pressure, (Pl - P,) ©n» sustain the flow. At
a given speed V. = V_ the pressure difference (P, - P,)

P o, . 1 2

equals the pressure head :

p, -P, = [ g (E.3)

With equation (E.1) the speed in the leakhole becomes :

: 2 _H
c= (=) (B.4)
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The discharge of the pump starts if the speed of the

iston V_ V_ with:
P p./" o

g% . 2 gH (E.5.)
Vo = T2 (=)
D
p
The speed is at its highest value if 68 = T so the

2,
minimum rotational speed to pump water is given by:

v 2 2 H ,
ﬂ = = = d *f(_g_) (E.G..)
6] % s N 2 £ .
=] Dp

At higher (constant) rotational speeds the discharge starts

at angles 90 smaller than gﬁ
3 s%nreo .ﬁ% X g
_ ain— 1o
90 = 81ln E

The torques to drive the pump at speeds below or above

Jlo are calculated as follows:

Qp = (p; - Pz') *L v *sine (7 4‘16) (£.85)

Using equations (g.1:), ( E.2) end ( E.8) one finds:

* £ *x %V, * sin 6
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With v_. = ) % s sin 6, ejuation( E15) and '!zlgtiation( E.6.) this:

P
transforms into :

Q

or Q = Qid *(* J_fz_ * Sin3 (a1

The average torqué C_Jp for

A

J2

e,

Pgﬂ*& * L vy *sin3
% w s

2
m ©
o]
( 0L0y) (£.9.)

1 . 3 2
ZKSO 8in QdQ—Tﬂ-
Resulting in:
= _5 2
“=%a + 2L (gca)
8]
=y c@n
5 - oid, , 2% ind eao
p 2T 5 .J?_Z 21n +
o)
The result is:
- = 22 2 N2
Qp“QidS)mi 3(1“‘5)*f(
[o] - (o]

_51(.110 can be calculated with:

(E.10)

(E.11)

n-0

Qia

o ,
T f Tsin 8 d 6 (E.12)

e
o

2
N
1753 )1(—0.)11,0) (B.13)
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The discharge of the pump, taking i;)lace between QO
and M- ©, has to be subtracted by the flow through
the leakhole:

Qeak T 4 *C (E.14)

.2 2 gH ( .1-5)
deak -~ 29 7 '/—-(__19:'_—_) =

with the equation 4.53 and 4.54 this reduces to

qleak =_06 * VS (ﬁ.lﬁ)
or with,
L
— =] _'v
.qid 2T 8
9 eak = 5 nflo
leak = 39 * e . (E.17)

The inst.antan.ﬂ,ous flow discharge by the pump becomes(Fig.'B.Z.)

9=q;4 (nsine - "_’-’50,) (E.18) -

The average flow is:
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resulting in:

2
- 0520 B g (=19

The volumetric efficiency due to the effect of the leakhole

is equal to the ratic of g and qyq ¢

7leak vol f(l "ﬁ_ ) '&i ( r. ’?in-l% ) {E.20)

The mechanical efficiency due to the effect of the

leakhole is found with eﬁuation (4.8):

e

.qheak, mech 7leak, vol (E.21)

Cl
-
a7
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E.2 Calculating the diameter of a leak hole

R = 23°2668m
-1 C = 0%45
, pmax
Mmech = 0.82
Prvol = 1% 0'9 = 0°9
'a = 8 -
it - £ = 2°75 (for submersed orifice flow)
- - D = 0°386 !
P
s = 0%425 )
. . 3 3y .
dz } [0'38613 X (‘”9 ? % % QZ?) X 8 5) X 1000 X 2°75
30.8 "45 X *82 X {23°266)" 87X 1°225
3m

d = 8°17 X 10~
' = 8°17mm

with a piston diameter of 0°386 and a stroke of 0°425m

the leak hole must have a diameter of 8°17mm.

£.3." To calculate 2 o



no= X

( 188 )

(*00817)2 /2 X 9°81 X 8°5

2°75

% X "425 X ("386)°2

= 0'0164427

l
i

1°3754 X 9 1223786

1273786

= 0Tole4azT. 752783

discharge starts at .angles 90

1 A& °

= gin' @E = 0°0759%0.



Fig. El.1: The average torgue and efficiencies of a piston pump,

sas a function of the relative speed. The rotational speed

\ f'“/the pumps starts pumping water. (27).
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Appendik - F 3 Pfogram . Operation

The design analysis programme utilizes the modified strip
theory discuséed in chapter two. It was written by Stel N.Walker
and Robert E. Wilson in the Fortran IV programme language and
developed under the 03 - 3 operating package for a CbC 3500
digital computer at Oregon State University and later modified

for 6beration on a CDC 6600 computer. / 45 7/

Thereafter it is modified to implement on IBM 370 VM/Sp
release system in BUET computer center. This system with an
interactive mode has no facility to plot/pu;ves and hence
extensive print/write statements are inserted in the progranme

to have the values appear in output.

e

Computer Code "PROP" is a programme designed to calculate
Lhe performance of a horizontal axis wind turbine. This computer
programme package used for analysis and dtilizes/51mpson's

rule of numerical integration.

Program . . Orggnisation

In this program. . unit 11 and unit 12 reter to the input
file and output file respectively. This computer programf;

consists of a main programy . and fifteen subroutines. The

-

functions of them are discussed below.
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MAIN (PROP)

It is the main program  : which performs input - output
functions as well as the numerical integration of various

performance quantities over the rotor blades, -

TITLES

A subroutine that outputs’ the program, . input infor-

mation in a descriptive form for reference.

SEARCH

The subroutine that calculates the chord and twist
angle at a given position on the blade htilizing a linear

interptilation scheme on geometry data imputted.
CALC

At each station, this subroutine . determines the
induced flow factors (axial and angular interference
factors), the angle of altack and call the subroutine

which determine the lift, drag and torque coefficients.

TIPLOS

This subroutines determines tip and hubless factors

based on Pranfile's or Galdsterns formula.
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BESSEL

A subroutine that calculates modified Bessel

functions for the Goldstein Tiploss Model.

NACAQQ

The subroutine that determines the lift and drag

coefficients at a given angle of attack for a NACAQO 12

airfoil series (Re = 6 x‘106)
NACA 44

A subroutine that determine the loft and drag
coefficients at a given angle of attack for a NACA 4418

airfoil series (Re = 6 X 10°)

NACA XX

This subroutine is designed to use curvefit relations
for airfoil designations not included by NACAOO and NACA44

without other program’ ‘ changes.

-
A subroutine that determines the lift and drag
coefficients at a given angle of attack for tabular airfoil

data inputted using linear interpolution.
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11, <neo
i subroutine that deterimines the lift and drag
cocfficient at any profile,
12. wACHh 24
A éubroutine thal determins the lift and drag
coafificients for NMACA 23024.
13. nNaCh 15
i subroutine that delLermine tha 1ift .and dray

coafficients for NACA 0015 airfoil as a function of

angle off attack .

14. SQLIDL

Ih2 subroutine that delomnines the total solidity

of the wind turbine design.

p*J."I P
O o= ! ‘B"g dr-
2
R R
Hrb N

wherma B is the number of blades, C is the lncal cherd and
r is the local radious.
15.. ACPIVI
A subroutine Lhat determines the activity factor of

a particular wind tLurbine desicn.

' LIP '
- 10,000 B ,r .3 r a3 .
AR = i 5 (ﬁ ).d (ﬁy. where D = diameter
Hob
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INPUT

<uB _ | sus ~1 sus
HTLES - | SEARCH NACA ...

MAIN PROGRAM
‘[ I

sus suB ' suB
SOLIDT ' | | : CALC | TIPLOS

outTPUT

Fig. £.1. PROGRAM FLOW DIAGRAM.
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‘_( START )

READ _
T PRINT
VM, P, DTSR, SH, PITCH

HH, XETA, HB, H, VAL

R 2P
ACppP Vgt_

$ - -25- tan-‘,'-,{?
Cs %gl_“_ (1- Cos¢)
BT = (P—-‘o(,

CL = 1.07

& 5 70

Cp = 0:45

assume value of

a and a!
¢ = tan’) VY
Wx
A e -8

(%3
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‘Determine. F
F =z Ftip x Fhub

Calculate o and al

anew —ay'00
anew-a’> ‘00

a = anew

Gl== anew

~ PRINT
Cp.Cy.Cq
)

{ ST0P )

F16. 2 PROGRAM FLOW CHART
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Appendix G : DEIERMINATION OF CONING ANGLE
‘AND 'MASS DISITRIBUYION.

Mass destribution is calculated by balancing the
centrifugal force with aerodynamic-lift force
considering a certain coning angle. According to.
Figure G.1.1, for a small differential element, the
relation between elementary lift 4L and differential

mass dm can be obtained by the following equation.

dL _ 2 . dm
gz = G rcosp sing (dr

It is assumed that the blade charaCLerstlcs number of

blades and airfoll sections are known.

ng%‘%?ftgﬂ ﬁﬁy@_
TNGA AN
> ( : & h
\ W vou

PONAI Ay

Mg

AR A

Fig, G l1l.1: Lift and Centrifugal Forces on a Blade
- Element,.
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