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ABSTRACI.

The aim of" this study is to analyse. the performance

of a Horizontal Axis Wind Turbine coupled with a piston pump.

Considering average wind velocity 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 blade is comparable to the optimum designed blade

while offering a considerable reduction in manufacturing time

and cost. The effect of coning angle, tilt angle, and of several

wind conditions e.g. wind gradient, wind shift and -tower shadow

are discussed. The principal objectives of this study are to

design a rotor optimised for peak performance and predict its

characteristics and comparing the results with the results of

existing wind turbines. For the designed rotational speed and
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po.wer o.f the turbine, a suitable pisto.n pump is designed.

The behavio.ur o.f the pump and also. the behavio.ur o.f the ro.to.r

co.upled with the designed pump are studied.

The effects o.f different acceleratio.n o.f the Pis tan,

and o.fvalve behavio.ur are discussed. The starting behavio.ur

o.f ro.tor'is analysed with c.nd witho.ut leakho.le an the piston

valve .
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IN1'RODUC'l'ION

Wind energy systems have been utilize,l for centuries as a

source of power, for more than a variety of applicaLions.

Among those windmills of Holland and the rural windmills

of the early 20th century are most froniliar. Due to Lhe

\\Iorldwide energy crisis and the probJ.E!1\sof environmenLal

pollution as a result of energy conversion, wind is once

again moving to the fore front. Recen"cly, wind pm"er is

being seriously considered as a new potential source of

electrical power generaLion and irrigation purposes.

Recent interes"t in wind machine has resultec1 in the rein-

vention and analysis of many of the \"lino power machines

developed in past centuries. ~he advent of the digiLal

compuLer makes the task of preparing general performance

analysis for winc1 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 Lhe

development of better aerodynamic performance offers some

potential return

" i -.,
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1.1 illS'l'ORICAL BACKGROUND

Among the sources of energy which man exploited to his

r..~.~(,
I

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 century 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 type - "Postmill" and the
IIII'owerrnillll •

In the fourteenth century, the Dutch had taken the lead in
. ,

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 quit.e different ,? ,.
': ' ••..

vertical designs were developed. One of the designs known as the '.'-

,
;',
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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 1.1.1. 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, sketched 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 1930, S. 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

', ..

r:.1
" .
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capacity but apparently this project was never implemented.~9-7

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

work was done on wind powered electrical generation plants.

In the 1950's the Enfield Cable company built a wind powered

generator designed by a French named Andreau as shown in

Figure 1.1.4. The prepeller blades were hollow and when they

rotated acted as centrifugal pumps. The air entered through

the ports in the lower parts of the tower passed through an

,
I

r~,
, "

1\ f'
air turbine which turned the electric generator went up through

the tower and went out the hollow tips of the blades. The

efficiency of the unit was found to be low crnnpared 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 powered

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. 'l'hisunit 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

(: '

,'J ••

.,,:",

~'.

\,



\

( 5 )

variable pitch propellor blades \"lith swept diameters as large

as 110 feet. 'l'he largest unit generated 100 kW. 'l'hese units

operated successfully for more than 4000 hours during the period

from 1957 to 1958.

\ i
I.,'

"
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1. 2 FEASIBILITY OF WIIll ENERGY PROJECT IN BANGLADESH

1.2.1 Feasibility

Modern society projects power as complementary

.., to its oynamic e~dste.nce. The availability of the

usuable power is a si?nificant factor for the progress

of a country. But worlo to~ay 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 .retarded

our over-all naticnal progress. Under the prevailing

condition it has becnme a compulsion for a developing

country like Banqlade2h to search for cheap alternative

sources of energy.

Nature offers us '.Iith few options, which are the

solar energy, energy from ocean and rivers, geothermal

energy and wind energy. Geothermal energy is not avail-

able in Bangladesh. Apart from the Karnaphuli river wh~ch
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has already been harnessed, no other river fulfi~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 ~nvolved large initial cost and

advanced technical know - how which is likely to put a barrier

in the way of their utilization in our country. 'I'hisleaves us

with the option of wind energy as an alternate non-polluting

energy source, with good potentialities.

Ba~_:~~~agriculture based country whose economic

structure is dependent on ugro-product commodities. Due to

population explosion Bangaldesh needs more food. Having poor

economic structure she seeks new technic to improve the agri-

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,

Chittagonghill tracts, Sylhet, Mymensingh and Camilla.

For the hilly region and for the seashore, the

approximate airfoil shape of some hills as well as the

tunnelling effecL 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 Bangl.adesh should also

be throughly studied in order to tap this natural resource

for the above mentioned 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 nangladesh.

Winds are available mainly during the monsoons and

around one to two month before and after the monsoons. During

the month starting from late october to the middle of the

February, winds either remains calm or has too low speed to

be of any use by a windmill.

~herefore, except for the above mentioned period of

about four months, a windmill if properly designed and

located, can be of economic use.

'i'hepeak 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 stations occurs

one to two months and in some cases three months before the

peak rainfall occurs. ~hus one good advantage of such ,rind

behaviour is that, the peak winds are available duri'ng 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 renervoir. 'l'hewind 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 ~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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1.3 AIM OF TIlE THESIS

i) '1'0 study wind velocity at different zone_~~ofBangladesh

and to design suitable wind turbine considering the

average wind velocity.

ii) 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.

iii) Three types of blade shapes have been considered

optimum chord-optimum twist, linear chord-linear

twist and linear chord-zero twist.

iv) To design a rotor optimised for peak performance and

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

v) The theoretical results will be used for the design of

positive displacement pump for irrigation purposes.

vi) To observe the behaviour of the pump and also the

behaviour of the rotor coupled with designed pump.



CHAPl'ER 2 : LITERN£URE SURVEY

2.1 GENERAL
"The horizontal 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 visualize 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 by~

the effect of wind tunnel walls blOCkage. In the following

section the review of the existing literature Which forms the

foundation for the present analysis is presented. The propeller "

theory was based on two different independent approaches. One is

the momentum theory approach and the other is the blade element

theory approach.

l,:
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The first description of the axial momentum theory was givp.n

by Rankine ~6-1 in 1865 and was improved later by Froude L-16_7.
'fhe basis of the theory isLhe 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 ~36-1 included the rotational wake effects in t.hp.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 L-37-1 and Flamm

~38_7 for the original concept. Later, Joukowaki L-7-1
introduced the induced velocit.y analysis. Prandtl ~24-1 and

Goldstein ~31-1 developed separately the circulation dist.ri-

bution or tip loss analysis. Recently, iJilson, Lissaman and

Walker ~46-1have further analysed the aerodynamic performance

of wind turbines. 'l'heyhave introduced a new method to apply

tip loss which is sometimes referred as the linear methon. 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
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axis wind turbine. 'l'hetechnique, 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.

The application limit of the momentum theory 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 ~26,27-7 conducted wind

tunnel tests using two model rotors and Glauert ~15_7 defined

a characteristic curve ulitizing the data of Lock. While

Gessow ~12-7 conducted a flight test of a helicopter to obtain

a similar characteristic curve, and its approximate formula is

given by Johnson 1:22_7. \vilson 1:42J 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 performance of

a wind turbine operating in the turbulent wake state. Yamane L;4SJ
I.,','

\ I
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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 ~5-7has 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 loss~

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 ~14-7has 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 ~41_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. ~'his

is obtained when every radial element of the blade is operati~g
['
!
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at the airfoil's maximum lift to drag ratio. ~his results in

the lift coefficient and angle of attack being identical at

each radial element. Anderson ~4-7has compared near-optimum

and optimum blade shapes for tU!bines operating at both constant

tip speed ratio and constant rotational speed. Shepherd ~34_7

has suggested a simplified method for design and performance

analysis of a horizontal axis wind turbine which can be carried

out 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 L-21-7 worked on the theories that form the basis for

calculation of the design and the behaviour of a windmill. A

modification of the Prandtl 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. selection.

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 ~13-7carried ou~ tests on MOD-O wind turbines

considering downwind and upwind wind direc~ion. As a result

of the tests, it is shown that while mean flatwise bending

moments were unaffected by the placement of the rotor, cyclic

flatwise bending tended to increase 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 ~30,45-7 investigated the effects of tower shadow on
I

a downwind 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

reducing the flow disturbance. However, because of changes in

wind direction, it is necessary to have an aerodynamic tower

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



CHAPTER 3"'DESCRIPTION OF EXISTING THEORIES

The main purpose of a wind turbine is to utilize energy

from the air flow & then tran.sformit into mechanical energy

which later may be transformed into 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 theory. This combined

theory is known as modified blade element theory or strip

theory. It has been assumed that the strip theory approaches

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, tip and

hub losses & equations for maximum power are also presented.

/ ".
I" .I _I
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AXIAL MOMENTUM THEORY

Non-rotating Wake

The axial momentum theory has been presented by Rankine

in 1865 and modified later by Froude ~'4J.}• The basis of the

theory is the determination of the forces acting 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-

lied for .wind turbine.

The necessary assumptions needed for momentum theory

are:

a) Uni form flow

b) incompossible and inviscid fluid

c) infinite number of blades

d) thrust loading is uniform 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

CO~Bidering the control volume in Fig. 3.1.1, where

the upstream and downstream control volume planes are infini-

tely faT removed from the turbine plane, the conservation of

mass may be expressed as:

(~\
(c'.

. r

PA1Voc
= PAU = PA2V'(Continuity Equation) (3. 1. 1)

/.
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where

v" = undisturbed wind velocity

U = Wind velocity through the rotor

V = wind velocity far behind the rotor

A = turbine disc area

Ai = cross-sectional area of incoming wind

A2 = wake cross-sectional area

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

momentumof the flow:

T = m(V" - V) = PAU(V" -V) (Momentumtheory) •• (3.1. 2)

Now applying Bernc;ulli' s Equation:

for upstream of the rotor: ~

for downstream of the rotor:

(3.1.3)

(3.1.4)

Subtracting equation (3.• 1. 4) from equation (,;3.1. 3), one obtains

(j • 1. 5)

The thrust on the rotor can be expressed from the pressure

difference over the rotor area:

(3.1.6)
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and the expression for the thrust from equation (3.• 1. 6) .

2 2T=~pA(V -V)
'"

Equating the eqn. (3.1.7) with equation (3.1.2)

( 3.1.7)

U =
.V'" +V

2 (3.1.8)

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: '.,
. I.,

!;pAU(V} V2)
. ~

p = m KE = - (3.1.11)
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With equations (3.1.9) & (3.1.10), the expression, for power

becomes:

3 2P = 2pAVoc a(l-a) (3.1. 12)

Maximum power occurs dPwhen, da = O.

Therefore, ~ = 2 PAV: (1-4a+3a2) = 0

which leads to an optimum interference factor

a =

Putting this value in eqn.

1
:3

(3.1.12), maximum power becomes

(3.1.13)

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

and represents the maximum fraction which an ideal rotor can

extract from flow.

If we denote

c =p
P

~ ,P v; A

(3.1.14)
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From (3.1.13)

c =
Phtax

pmax
1, PAV;

16
=2:7 = 0.593

The fraction is related to the power of an undisturbed flow

arri~ing at an area A, whereas in reality the mass flow rate

through A is not AVO' but AU. Hence the maximum power can be

written as

pmax 16 3 8= n. 2 - '9 (3.1.15)

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 rot~r~ in oppoRjte direction.

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 C of 59.3% cannot be realized in a real cons-p
truction.
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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 angular velocity 41 but

remains irrotational. This angular velocity is considered to

be small in comparison to the angular velocity n 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 rotation 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 torque'

Q acting on the rotor and the angular velocity ,51of 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-

ci ty w" of the wake and the angular velocity Q of the rotor

are related by an angular interference factor a'l

a' = angular velocity of the wake ,_ ~
twice the angular velocity of ,the rotor 2n

....... (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 momentumflux through the ring the axial

thrust force dT can be expressed as

dT = dffi (V~ - V) = p dA U (V - V)
, ~ (3.1.17)

Inserting equations (];. 1. 9) and (~. 1. 10)

U =
V =

(1 - a) V~

(1 - 2a)v ~

(3.1.9' )

(3'.1. 10)

and expressing the area of the annular ring dA as

dA = 2 '11 r dr'

the expression for the thrus t becomes

2dT = 4'. rpV a (1 -a) dr~

(3.1.18)

(3.1.19)

The thrust force may also be calculated from the pressure

difference over the blades by applying Bernoulli's equation.

Since the relative angular velocity changes from ,Il to

1l+w ), while the axial components of the velocity remain

unchanged, Bernoulli's equation gives

p+ _ p = ~ p (ll ,+ OJ ) 2 r2 _ ~ P II 2 r2
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=p(.l+~w) 2
'w r

The resulting thrust on the annular element is given by

or,

To omi t l}.l

dT = p (Il + ~ W )
2

w r 2'T r dr

dT = 4a I (1 + a') ~ p.(I 2 r2 2 1r r dr (J.. 1. 20)

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

the expression

a (1 - a)

a' (1 + a'l
=

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

,A r
r(J= :..---
V",

To derive an expression for the torque acting on the rotor

the change in angular momentum flux dQ through the annular
ring is considered.
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or, dO = til r p dA U r

where Vt is the wake tangential velocity.

Considering equations (:3, 1.,9 ,>, <3.1. 16) and 0.1.18), the

expression for the torque acting on the annular ring is given

by

dO = 4 ',T r3 P V" (1 - a) a'll. dr (3,.1.23)

The generated power through the annular ring is equal to

dP = ,I. dO, 50 the total power becomes

p =
R

f.ll dO

a

(3.1.24)

Introducing the tip speed ratio A as

. n.R
A'= --

V"
(3;.1.25)

Equation for' total power from equations (3.1.23) and 0,.1.24)

becomes

p = R
J 4 TT r

3
P V"

9

2(1 - a) a I .~/ dr
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This can be written as

p = ~ P A V;
A

8 1" a'
~

o

(1 - a) (,.1.26)

where A is the turbine swept area which is given by A = 'TT R2•

The power coefficient is defined as

p-. 1, 14) .

Inserting equation (3.1.26) power coefficient-can be written

as
8 I<

=. - f a'
1<2 o

(1 - a) 3 d I<A r r (3.1.27)

Rearrang ing equation (3.1.21)

a' = - ~ + ~ I 1 + 4
2"
I<
r

a (1 - a) (3.1.28)

Substituing this value in equation (3.1.27) and taking the

derivative equal to zero, the relation between

maximumpower becomes

I< and a forr

2
A"".r

= (l - a)
(1 -

(4a - 1) 2
3a) (J.1.29)
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In troducing equation (3.1. 29) into equation 13.1. 21) the reI a-
tionship between a and a' becomes:

a' = I - 3a
4a - 1 (For d2tail see Appendix-.r)(j•1.30)

This relation will be used later on for design purposes.



3.2 BLADE ELEMENT TH£ORY

Since the wind turbine that extracts the energy in the

momentum theory is not specified, the momentum theory can not

give information on

- blade chords and angles
- influence of friction

influence of number of blades

With the blade element theory the forces acting on a

differential element of the blade may be calculated. Then integra-

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

lift and drag characteristics of the sectional profile of the

element.

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

pressure.

The aerodynamic force components acting on the blade

element are the lift 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 lift and drag forces may be introduced:
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(3. 2. 1)

(3.2.2)

The thrust and torque experienced by the blade element are

dT = elL Cos 4>+ dO Sin 4>

dQ = (elL Sin 4> - dDCos$ ) r

(3.2.3)

(3.2.4)

Assuming that the rotor has B blades, the expressions for the

thrust and torque become

dT = B C ~ p w2 (CL Cos 4> + CD Sin4> ) dr

or,dT B C ~ w2 CL Cos ~ (1 +
CD tan <p ) dr (3.2.5)= p CL

and dQ = B C ~ P w2 (CL Sin 4>- CD Cos 4>) r dr

dQ B C ~ p W2 CL Sin 4>(1-
CD 1 ) r dr (3.2.6)or, = tanlj>CL

According to the Figure 3.2.1 the expression for relative

velocity W can be written as

(1 - a) V
<XW =

Sin4>
(1+a')n r= ~--~--

Cos 4>
(3.2.7)



( 31)

Introducing the following trigonometric relations based on

F igu re 3. 2. 1

(1 - a) v" 1 1- atan ~. = = 1 a'(1 + a') + A rII r

and b = ~- (lT (3.2.9)

and the local solidity

o =

o as

(3.2.10)

The equations of the blade element theory become

2
dT = (1 - a)

<J CL Cos ~
2 (1

Sin q;

C
+ -!2. tan ~) '> p v~ 2 if r dr (3.2. U)

CL

dQ = (Ha') 2
CL Sin ~ CD

---- (1--
Cos2 ~ CL

_1_) '> p 2 r3 2ir r dr (j .2.12)
tant



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 (3.2.11) of blade element

theory for an annular element at radius r,

dTmomentum = dTblade element

or, a
1 - a =

(j CL Cos ~

4 S in2 ~
(1 + tan<j>) (3.3.1)

EquatiDg the angular momentum, determined from the momentum

theory equation (3.1.23), with equation (3.2.12) of blade

element theory one obtains

dQmomentum = dQblade element

or, a'
l+a'

(j C
L= -~~-4 Cos ~ (1 - (3.• 3.2)

Equations (3.•3.1) and (3:.3.2), which determine the axial and

angular interference factors contain drag terms. It hasb~en

SU.gClestedin( 45)'.that the drag terms should be omitted in

t
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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 interfer61cefaet:orsa and a' may be calculated with

the following equations.

(] CL Cos q,a =1 - a 4 S' 2l.n4>

a' (J CL=1 + a' 4 Cos ~

(3 • 3. 3)

(J.3.4)

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

thrust can be written as

dT = 4 a (1 - a) (1 + tan q,)\1 p V~ 2 1T r dr

(J • 3.5)

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

obtained as

dQ = 4 a' ( I-a ) (1 - 1 ) \I p Vtan,\' <c

....
n 2 1T

(3.3.6)

Elemental power is given by

dP=dQfl
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or, dP = 4 a' (1 - a) (1 - 1 ) 1. P V_.n 2 2 1T r3 drtan $ ., -

..... Ca.3.7)

Introducing the local tip speed ratio Ar with

(3.1.22)

Equations of total thrust, torque and power become

v2 .~

A CD .
T = J, p A a (1 - a) (l + Ctan4' A d Ar~ J r

)( L
0

...... (j .3.8)

vi 8 A ED 1 3
Q = J, PA R f a' (1 - a) (1 - dAr. 3 CL tan~ A

A r
0

.... (3.3.9)

and

V3 8
'A CD 1 3P = .~ p A .~ ""2 f a' (1 - a) (1 - CL tan,,, ). dA . Ar.A 0 r

......
where A = 1TR

2

This equations are valid only for a wind turbine having infinite

number of blades. 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 reality, 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 creating 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 appl:OaClleSthe tip. It resu 1ts in a

reduction of the torque on the rotor and thus in a reduction of
the powe r ou tput.

Several alternate models to take this loss into account

exist and are outlined in (46). The method suggested by Prandtl

will be used here.

The correction factor suggested by Prandtl is

R-r
R Sin

•. {~
Hence, a correction factor F for total losses is applied as •.

(3.4.1)

The loss factor F may be introduced in several ways for the l
t'

, .
\. \

\l
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rotor performance calculations. In the method adopted by Wilson

and Lissaman(4S), the interference factors a and a' are

multiplied with F, and thus the axial 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

dT=41f
2r g Va. a F (1 - a F) dr <3.4.2)

dQ = 41f r3 p Va. a' F (1 - a F) rl dr <3.4.3)

The results of the blade element theory remain unchanged

dT 2
= (1 - a) (1 +

.....
2 1f r dr

(3.2. 11)

and dQ = (1 + a,)2 (J CL tan~
Cos q, ( 1 ) ~

.....
Equation '3.2.12) can also be written as

(3.2.12)

2dQ = (1 -a) (1 - 1 ) ~ p v_2tan III ~
r3 dr (3.4.4l

I,, \
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Balancing the equation (3.4.2) with (3.2.11) one finds

,(; CLa F (1 - a F) =
(1 - a) 2

(1 tan <j» (3.4.5)

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

at F (1 - a F)
'2= (1 - a) (1 - 1

tan <Ii
(3.4.6)

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

the following expressions yield

2a C
L
Cos ,-~ (1-a)

aF (1-aF) = 2 (3.4•7)
4 Sin 4>

aCL (1 - a)2
a' F (1 - a F ) = 4 Sin4> (3.4.8)

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

for elemental thrust and torque become

dT = 4 a F (1 - a F) (1 + tan <j> ri r dr

and

dQ = 4 a I F (1 - a F) (1 -

....

.....

2
p V

«

2
7T r dr
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'35 ~UATIONS FOR TOTAL THRUST, TORQUE AND POWER COEFFICIENTS

Elemental thrust, torque and power coefficients are defined as

(3 • 5. 1)

dCQ = dQ (3.5.2)

" p A V2 R
ox

and dC dP ~QdQ=
v3 =

V3p

" P A " PAox ox.

or, dQ

" P A R V
ox

= dC A
Q

(3.5.3)

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

coefficient can be written as

8-~ a F (1 - a F) (1 +
R

tan<ji) r dr (J..5.4)

Again from equations ~ .•4.10) and (3.5.2), elemental torque

coefficient is given by

= ~ a' F (1 - a F)
R3 (1 - 1

tan~
2r dr (3.5.5)
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Elemental power coefficient can be obtained from equation

(3.5.3) as

(3.• 5.6)

Finally, total thrust, torque and power coefficients can be

obtained by the following equations:

R

= :2 J a F (1- a F)

'0

(1 + tanq, i ) r dr (3.5.7)

a'F(I-aF) (1 - 1 ) r2 3tan!f> dr(.5.8)

R
aa J- R2 Voc

0

a' F (1 - a F) (1 -

.... (3.5.9)

(,'
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3..6 E2UATIONS FOR MAXIMUM POWER

For maximumpower output the relation between a and

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

a' = 1 - 3a
4a - 1

Introducing the equations of interference factors as follows:

a aCL Cos~
=1 - a 4 Sin2~

a' aCL
= Cos ~1 + a' 4

<3.3.3)

(;i.3.4)

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

expression yields:

crCL= 4 (1 - Cos~ )

Considering the local solidity a as

('3. 6. 1)

(J = B C
~r (3.2.10)

•

equation (3.6.1) transforms into

C =: 1r r (1 - Cos ~ )CL
(J.6.2)
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Local tip speed ratio ° r is given by

,0 r= <3.1.22)

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

a CL from equation (3.6.1) in the equation (3,.3.4)

1 - 3a = 4(1 - Cos <p
a 4 Cos,(j

a =

= 1 - COS~
Cos ,~'

Cos ~
2 Cos " + 1

(3.6.3)

(3.6.3)

Putting the value of a in eqn. (3.1.30)

a' = 1 - Cost
2 COS'9-1 (3..6.4)

Putting the value of a & a' from eqn. (3.6.3) &(3.6.4) in

eqn. (3,.2.8)

A =r
Sin cjJ (2 Cos P - 1)
(1- COS~ )(2 Cos <1>' + 1) (3.6.5)

and this can be reduced as'

(J.6.6)
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Equation of blade twist angle can be written as:

tl =
T

Cl (3.2.5)

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

used to calculate the blade configurations.



CHAPTER 4: ;J)FNELOPMENT OF.-.-e.KISTING .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
unidi rectional.

This means that effects on load 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 Wand angle

of attack 0: 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 to 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 acombina-

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

4.1.1 Momen,tum Theory

A small radial element subtended by a small angle de

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

a' = ~ Q (3.1.16)

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

be written as

dT = dm. (V" - V)

or, dT = (V" - 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

rewri tten as

Cos "T Sin Y (1 - a) (4.1.2)

Equation (3.1.10) is expressed as

V" -V = 2 aV" (3.1.10)
f '
, '

I "
f
;,
'i
),



( 45)

With the addition of wind shear, yawing and tilting, this

equation becomes

V~ - V = 2 a V ~o Cos "T Sin y (4.1.3)

Now for a coned blade the expression for differential area

dA can be written as

dA = r Cos S de dr Cos S

and thus the expression for the thrust becomes

(4.1.4)

2dT = 2 p r Cos S C 2 S<n2yas "T ~ a(l - a) dr de

(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 CosS

,"',

or, dFt = p U dA r w Cos S (4.1.6)

Considering the equations (3.1.16), (4.1.2) and (4.1.4) the

tangential force is expressed as
'-"".
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(1 - a) V ~o Cos CtT Sin Y dr de

(4.1.7)

The torque equation can be written as

dQ = dFt r Cos a

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

dQ = 2 p r3 a' (1 - a) V~o Cos Ct T Sin Y rl dr de

(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 Figure 4.1.2.

With the effect of wind shear the components of the re

relative velocity W can be expressed as (19)

= V
~o 0

(1 +a')

Cos Y coseK + V Sin Y
~o 0

rl r Cos a
(4.1.9)

Wy = V~o 0 (Sin y Cos CtT Cos a (1 - a) + Sin a SineK CosY

- Siny Sin a (4.1.10)
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The local angle of attack a is defined as

a = $ - = tan-1 8
T

.. (

(4.1.11)

and the relative velocity, W = (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 expressions are used for

the sectional lift and drag forces:

(4 • 1. 13)

(4.1.14)

Because we are assuming an infinite number of blades the

differential area dA is given by (3'3)

dA B C de dr
(4 • 1. 15)= 2Tf

So the elemental lift and drag forces can be written as

dL = CL ~ P W2 B C dr de
(4 • 1. 16)2 Tf

";<
"
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dO = Co ~ p W2B C dr de
2n (4.1.17)

The thrust and torque experienced by the blade element are:

dT = dL Cos ~ + dO Sin ~

or, dT = Cos ~ (dL + dO tan ~

and dQ = (dL Sin ~ - dO Cos ~ ) r

or, dQ Sin ~ (dL dO 1 )= - r
tan '"

With equations (4.1.16) and (4.1.17) the expressions for thrust

and torque become:

2dT = ~ p W Cos ~ (C + Co tan"') BC Cos BL 0/ 2n
dr de (4.1.20)

2 1 BC r Cos B dr dedQ = '-p W Sin ~ (C - C ---) ----~---., LOtan ~ 2n (4.1.21)

Expressions for the elemental thrust and torque coefficients

can be written as

dC = dT
T ~ P A v~

= (W/V", j2 Cos.~ (CL+ Co tan ~ )Cos B dr de

tan ~) Cos B r dr de(1+

.. .. (4.1.22)



dQ
p A v~ R
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= (W/Vro ) 2
(J r2 1---Sin~(C-C )CosSdrde' L D tan~
1T R3

or,
Sin~

(1 - 1 ) Cos'Stan~

...... ( 4. 1. 23)

Elemental power coefficient can be obtained as follows:

=

or, dCp =
R

(4.1.24)
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L 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 = dTmomentum

dQ = dQ .blade element momentum

By equat.ing the equations (4.1. 5) and (4.1.20) and considering

the tip loss factor F, one obtains

a (1 - a F)

21 a.W Cos <p (CL+ CD tan~)
= 8 --------------------(:4.1. 25)

, Cos 8 cos2", Sin2y V~'o F

From equations (4.1.8) and (4.1.21) and with tip loss factor F,
the following expression may be derived

a'(l-aF) = 1 aW2 Sin ~ (CL- CD ta~$
8 r Cos U T Sin y cos3a ,I Vooo F

(4.1.26)

According to reference (45:), the drag terms 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:



a (1 - a F)

2lOW Cos $
= 8 2Cos ~ Cos

( 51)

S. 2
ClT l.n y F

(4.1.27)

a' (1 - a F)
1 0 w2 Sin ~ CL

= '8
r Cos Cl T Siny 3Cos II Q Voo

a
F

(4,.1.28)

4.1. 4 ~uations 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 2dC = ~(Vro IVoo) a F (1 - a F) Cos II. TlIR", a
2 2Cos aT Sin y

x (1 + tan $ ) r dr de (4.1.29)

So the overall thrust coefficient can be expressed by

o 0

Cos
2 2 211

aT Sin y j
R

f

( 1 + tan $) r dr de (4.1.30)

From equations (4.1. 23) and (4.1. 28), the following exp ression may

be . derived for elemental torque coefficient

"- -'
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a' F (l-a F) Cos aT Sin Y Cos4S "

(1 - CD 1) .11 dr deCL tan<l>

Total torque coefficient can be written as

(4.1.31)

C =Q
4 211 K

Cos .S J J V woo 0
r3 a' F (1 - a F) j<

(1 - '1. ) dr de
tan '"

(4.1.32)

From equation (4.1.24) elemental power coefficient is

given by

So the total power coefficient can be obtained as

(4.1.24)

Cos 'a Sin y
T cos4S

211 R
J Jo 0

r3 a' F(l-a F)*

(1 - 1) dr detan <I> (4.1.33)

"

j

,
"



4.2 DESIGN OF WINDMILL

This section discusses the design of a horizontal axis

wind turbine, in which lift 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 aT and the

chord C at a number of positions along the blade, in

order to produce maximum power at a given tip speed ratio

by every section

The design procedure is

,of the blade.
I

described in the following subsections:

4.2.1 Selection of Design Tip 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

number of blades increases so does the cost. The advantages

of increasing the number of blades are improved performance

and lower torque variations due to wind shear. Furthermore,

.the choice of A d and B is more or less related. For the lower

design tip speed ratios a higher number of blades is chosen.

This is done because the influence of B on Cp is larger at lowe~

tip speed ratio. For higher design tip speed ratio lower nUmbe}\)
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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 design 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 load is running fast like a

generator or a centrifugal pump, then a high design speed

will be selected. The following table can be considered as

the guidelines for the choice of the design tip speed ratio

and the number of blades (20). To obtain the optimum con fi-

guration the blade is divided into a number of radial stations.

Four formulas (19) will be used to describe the information

about aT and C:

Local design speed: Ar =

Relation for flow angle:

(3.1. 22)

A = Sin ~ (2 Cos ~ - 1)
r (1 - Cos ~ ) (2 Cos ~ + 1)
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1
Tr

(3.6.6)

Twist angle

Chord

I>T = ~ - a

8 11 r (1 - Cos ~ (3.2.9)C =.
B CLd

The blade starting torque can be calculated by (26)

R

B J C (r) CL (90 - S T (r) r dr

r

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.
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f.2.2 Selection of Airfoil Data

Power coefficient of the wind turbine is affected by

CD and CL 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

having 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 terms

of lift and drag coefficients which can be found in references

(1), (3) and (8). The available data are normally limited to a

range of angles of attack up to maximum lift and the behaviour

above this is not well known. The data

wind turbines covering Reynolds Number

are suitable for big
6 63.10 to 9.10 • For

smaller wind turbines when the Reynolds Number is less than

1.106 reliable airfoil data are rarely available. Surface rough-

ness effects on airfoil data are not very well known. For dif-

ferent types of airfoils the sensitivity for surface roughness

are al so different. Using airfoil da ta for NACA standard rough-

ness in wind turbine performance calculations results in losses

in peak performance of the order of 10-15% (1'/.)' in comparison C.

with usual airfoil data for a smooth surface.
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4.2.3 calculation Scheme for Blade Configurations

For calculating the blade geometry the following data
must be available beforehand
Design tip speed ratio, Ad.
Amount of power to be extracted, P
Design wind velocity, Vd•
Type of airfoil section.
The following steps are to be carried out for getting the blade
configurations:

1. Assume a certain number of radial stations for which
the chord and blade twist are to be found out.

2. 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 ad and design lift coefficient CL • This is

d
explained in Appendix B.

3. Select the number of blades B corresponding to the

design tip speed ratio Ad.
4. Assume a reasonable value of Cpo Estimation of the value

of Cp has been explained in Appendix B.
5. 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. Calculate the value of A for each radial station
r

using the equation Ar = Ad r/R.

8. Determine the value of <I> by using the equation

<i> = 2
"3

-1tan 1-r
r

9. Find the value of chord for each radial station using the

equation C = 8 11 r
B CL

d

(1 - Cos \' )

10. Calculate the value of blade twist using the fOllowing

rel a tion a T = <I> - ad. ,

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
-,

c) Determine <I> using the equation,

i,n the present case, a'T= 0 , ,and e = 0

and Wy= V~o (CosaT Cos e (I-a) - Sin e Sin aT CoseK)

-1 Wy
<I> = tan -Wx

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



( 59)

e) Find the values of lift and drag coefficients from a given

table or polynomial.

f)

g)

Determine the correction factor F

Calculate a with a (1 - a F) = 2:. 8

for Zip and hub losses.
oW Cos<l> CL

2 2Cos e Cos "T V ~o 'of

h) Calculate a' with a' (1 - a F) 1= 8"
OW2 Sin<l> CL

3r Cos "T Cos e V F
~o 0

i) Compare the values of a and a' with the original assumed values

and continue the iteration procedures until the new values

are within desired limit.

j) The values of ", <l>' 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

dP 1= "2 o Cos e [l dr de

and the elemental power coefficient is obtained from the equation

dP

~ p A V:
= (W Iv ) 2~

2r;3 Sin<l>
./'- ...•,

o A Cos e dr de .



( 60)

k) Calculate the total power coefficient by integrating

the elemental power coefficients using the Simpson's

rule.

13. 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.

14. Find the starting torque from the equation

B

R

J C(r) CL (90 - ST(r)) r dr
r

15. If the starting torque is less than the desired load

torque, increase number of blades and repeat all the

procedures from step 4.

",

, ,.p-
(~/.t;_.~
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4.2.4 Deviations from the ideal Blade Form

In the las.t paragraph it has been discussed how to cala-

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 may 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-

ciency of the blades is less at smaller radii, where the tip

speed ratio :4r 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~_sadvised to linearize the chord C

and the blade angles ~ between r = O.5R and r=O.9R- (20). The
T

equation for linearized chord and twist can be wri tten in.

fOl/lowing way:

C = a1::+ R2
B. = a3 r ..t- a4'T \

,,,.,
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where aI' a2, a3 and a4 are constants. with the values of, a

and BT at O.SR and 0.9R from the ideal blade form the values

of aI' a2, a3 and a4 can be find out. The ultimate expressions

for chord & twist of linearized blade can be written as:

C = 2,S(C90~ CSO) r/R + 2.2S CSO ~ 1.2SC90 (4.2•2)

(In appendix-D)

where f)

CSO = Chord of the ideal blade form at 0.5R

C90 = Chord of the ideal blade form at 0.9R

~SO = twist angle of the ideal blade form at O.SR

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

A further simplification of the blade

the twist altogether. Introduction of

shape consists of omittingi~ II ,',

a -rotor blade withoutl ..

twist resul ts in a power loss penal ty of abou t 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 g<;)oc!choice with only
limited power losses.



4.3 CALCULATION £ROCEDURE FOR PERFORMANCE ANALYSIS

After designing the rotor con~igurations according to

the formulas in the previous sections, the characteristics of

the rotor can now be calculated. The following data are assumed

to be available beforehand.

Rotor radius, R.

Chord (C) and twist (Sr) 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 interference 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 Wx and Wy from the following equations

= V 00 Cos Y Cos ~ +V" Sin y'o .k' 0 ~
Sin,u,r -nrCos,B (Ha'...)

+ Sin a Sine cos y )
k

cos e
.k

3. Calculate~by using the equation, tan <I> 'W
=~

x
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4. Determine angle of attack a by using the equation,

5. Calculate CL with CL( a) graph or table.

6. Determine the total correction factor F for tip and

hub losses.

and a' with a'; (l-aE')= 1/8

7. 'Calculate a with a(l-aF)
2

/
a w cos ~ CL=18 - -

B ' Lr cas cosa Sill y
r

a W2 sin C .
. L 3----r cos aT Sill Y cos B. Vmo (l r'

8. 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.

9. The values of ", i> , CL and CD fran the final iteration step are

used to calculate local force components.

10. The local configurations to thrust, ~orque and power

co-efficients are calculated from the following equations.

L 2aF (l-aF)Cc:si'.Cos a
T

V . 2
009, r

2
V

m

a 'F (l-al')Cos aT,.Sin YCos 4.B

CD 1(1- -----) (l drde
CL \:.an ~
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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 performance of the
rotor.

4.4 DISCUS~IONS OF VARIOUS 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 the 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 uniform,.,,

.'...•

steady or uni-directional. Vertical wind gradient, gustiness

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 beforehand.r".
Ii
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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

reta,rded 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 (Cilycentres ) it is obvious that
I

the velocity profile depend upon the nature 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

III. terrain with low buildings, trees, etc.

IV. Suburban terrainor industrial terrain'

V. City cen ters

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 heightupto a level where the friction can be neglected.

This level is called gradient height Zg and the velocity at

this point, which is determined by the large weather system is

called the gradient velocity Vg. The distance between the surface

of the earth 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

law.'1'he lcgarithmic law can be presented as (33).

= k*

where, k* = constant depending upon surface roughness

zl = surface roughness

d = zero plane displacement

z = height above ground

v = wind velocity at height z

vref=reference wind velocity

The power law formulation can be presented as

Va;>.0
V--

ref



Or v,. = V (_z_)n
ref zref

(68)

where zref = reference height

I'l = power low exponent

The influence of wind shear on the power output 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 rev,olution of the motor: There is some arbi trariness 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 pub height

is considered as the reference height.

Eff~ct of Wind Shift

The aerodynamic forces on a blade will vary during a

revolution in the case where the rotor axis is not parallel

to the wind direction, even though wind speed is constant.

This results from changes in both magnitude and direction of

the resulting loeal 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 resonance
:'1,--,

in either
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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 tu rbine.

Effect of Towe~ Shadow

The aerodynamic interference created by the tower is an

important source of periodic wind load. The projected 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

mnunted wind turbine blade. The large and abrupt changes

that occurs as the blade passes through the tower shadow will

obvious ly cause s ignifican t changes in bl ade. The magnitude of

these changes will depend on the amount of flow blGckage occ~ing

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 165 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 ROIOR TILT

If rotor blades are cDnled it follows that the blade tip
at its lowest point is moved nearer the support tower for an

upwind rotor. To reduce the overhang require at the hub axis of the

drive shaft is freauently tilted. If the tilt angle equals the

cone angle the blade becomes vertical when pointing downwards.

There will be change in both magnitude & direction of the local

wind speed for the blade profile due to:the tiltingof the rotor.

For a blade in the lower half of the rotor disc the

blade will move towards 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.

4".4.6 EFFECT_OF a,LADE CO!:!.ING

Since stress induced by flapwise loads are greatest in

magnitude, blades are fre.qently coned so that bending 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 along

the entire blade requires a complex blade curvature. The cOI1ing

.angle, as expected, is inversely proportional to the mass of

the blade. (In Appendix-G). 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 results 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 sh~pe of a

horizontal axis wind turbine is to aptimize independently each

radial element by continuously vSl:ying the choroanu,:tWistangle to

obtain maximum energy extracti~l This method 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, tf the linearization

is done in a sensible way the loss is only a few percent.

In the present analysis, three types of blade shapes

have been considered: optimum-chQrd optimum twist, linear

chard 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 configuration at r = 0.5 .R

and r = 0.9 R

Fig. 4.4.5 & Fig.4.4.6 show the distribution of chord
& blade setting angles for these three types of blades. From

these figures it is found that the changes in chords and twist
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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. Jt 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 blade 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 31%

differences may occur between the optimum blade 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 reduction in manufacturing time & costs. However,

when the main aim is the design of a cheap wind turbine an

unt#isted blade s~ to be a good 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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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

maximum'- power co-efficient is also affected by the, nwnber 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 general, a high ,mber of blades is chosen. This is

done because the :'influence of number,'<Jf blades on power co-

efficient ~s larger at lower tip speed ratios. For a high design

tip speed ratio, a high number of blade will lead to vary

small and thilJjblades which results is manufacturing & negative

influence in the lift & dr:agproperties of blades.,

',.
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4.5 DESIGN OF A 30 KW WIND TURBINE.
The configuration studied is a two-bladed 30 kw down-

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

out by considering average 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

distance r from the rotor centre and has a local tip speed

ratio r 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 lift to drag

ratio 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 THEURE'l'ICAL RESULTS OF 30 KW WIND TURBINE

The effect of Pitch angle on Calculated power thrust

and torque coefficients can be seen in figures 5..1.L to 5.1.9

at SH=1,SH=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-efficientveI:susctipspeed 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, particularly 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 ratio

thel~et power output will becom~ 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 40 are seem to be more

convenient than the performance at 00 pitch angle.

From figure 5.1.2 it is found that the rotor thrust

co-efficient increases continuously 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



( 76)

shown in figure 5.1.3. With the increase of pitch angle, the

maximum value of torque co-efficient moves 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

a will then increase with increasing wind speed keeping other

parameters constant. Flow separation will first occur in the

h,ub region where ~ has its largest values. Increasing the

blade pitch angle means that the resulting angle of attack

is '.lowered and more reliable solutions are obtained.

Radial distr ibution of power, thrust, torque ••:ndmana:ttare shown

in figurES S.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

\ -~.
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blades is less at small radi'i where the speed ratio A is small.r

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 torque at[l=ocnpitch angle is

shown is fig. 5.1.'15 .• The strong increase in starting torque

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 fromfj =0, where the intF'rnal resistance

is large. Usually, the internal resistance diminishes as

soon as the angular velocity is non-zero. So when a certain

angul ar veloci ty is reached, the pitch angle is diminished '.'
';,

for a value close to the optimum one.

5.2 COMPARISON OF THEVRETICAL.RESULTS WITH EXPERIMENTAL
DATA. _

The variations of power co-efficient with t~p speed

ratio at different pitch angles of HMl windmaster windmill is

shown in Figure 5,2.1 .• This turbine is an upwind machine and

it utilizes a N~CA 44XX series airfoil with thickness ratio
ovarying from rOQt to tip. The rotor axis tilted 5 . to keep the

blade away from the tower during 'gJst.
...."\

The present calculations were done by using NACA 4418

airfoil sections. The variation of thrust coefficient with
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top speed ratios at different pitch angles:is shown.inFigure

5.2.2 . The variation of torque co-efficient with tip speed

ratio at dif'i'rent pitch angle :is shown in figure 5.~.3_.

The stork WPX -8 is a 8m diameter horizontal axis wind

turbine which uses a NACA4418 profile for its blade. Its rated
I

power is 23 Kwand number of blade may be 2 or 3. Figures

5.,2.4- to 5.2.6 show the power coefficient.,

thrust co-efficient & torque co-efficients of stprk WP~ -8

wind turbine at different pitch angles, These graphs are

'.,Plotted by considering tWo. blades only. For large positive

pitching angles the ill!portant region of power co-efficient

moves to smaller ), values. Increasing the pitch angle results

m, a decrease of angle of attack. As a result lift co-efficient

is shifted from the stall region and it moves towards the higher

value at low tmp speed ratios.



CHAPTER 6 S'l'UDY OF PUNPS

6.1 GENEML:
'J.'hereexists a large variety of water lifting"vic@s.',.

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 designsL27J.

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 ','uppervalve

opens, the foot valve closes; i.e. the flow is zero, and the

piston moves freely through the watercolurnn. 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) un~~l

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 apeed, 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 to the weight of

the water column acting upon it.

(6.1)

we-assume H to be the static head, but later an the extra

head required to cover the losses has to be added.

The ideal torque which is sinusoidal during the

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

for 0 < Ilt <1I( 6. 2)

Integrating this insLantaneous torque over a full circle,

gives,

211
J

o sin Ilt d ilL = 1
11

(6.3)
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the expression for the average torque:

Qid
1 11 D2 lzs: 1i P qH

4",'/ P

Qid
1

P 'JINor : 211 w- S

(6.4)

with Vs being the stroke volume

The average ideal power required is equal to:

* (6.5)

or

where

6.2.2

P'.>: P qHJ.u w-

Practical behaviour ':2c~J'bton pumps

The ideal piston pump of section 6. 2.1 required a mechanical

power equal to Lhe net power to lift the water, i.e. an

efficiency of 1000/0. 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 hydraulic losses. due to flow friction losses in the
valves mainly.
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The mechanical efficiency is defined as

nmech

in which p
hyc1r neL power La lift Ule waLer (

(6.6)

P gH)
w

Pmech : mechnical power drivin'J 'the ],.Jwnp (in our
case th~ powpr from th0 rrycor)

'rhe volumetric efficiency arises because "he actual ouLpuL

is usually less than Lhe pro(1uct of stroke volume ano speed.

Its definition is :

n =vol
q

n
'V s "21[

(6.7)

PWgH

Qmechn
=

nv,', 2~wgH

Qmechn

(6.8a)

I'

with the equation (6.4) for Lhe ioeal torque Lhis becomes:

nvol Qid
'\nech

Qmech
(6.8b)
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6.3 ACCELERNl'ION EFFECTS

'l'hebehaviour of t.he reciprocat.in'] pist.on pwnp,

represen~s ~he low-speed behaviour of the pump. At higher

speeds, say 1 t.o 2 st.rokes per second and ab?ve, accelera-

tion effects cannot. be neglect.ed anymore.

A pist.on pump, direct.ly ariven via a crank, exhibits

a nearly sinusoidal displacemen~ of t.he pis~on as a function

of the angular rot.at.ionof t.he "riving shaf~ (fig. 6.2). Taking

the displacement. z and t.he t.illlet as zero when the pist.on is

at its bottom posit.ion, the pO'3ition of the

of angular rotation is given by :

zp as a function

z = ~sp ~s cos fl t (6.9)

Two subsequent different.iat.ions give us velocity and

acceleration ( is constant.):

= dzp
dt = fls sin flt (6.10)

a = ~ = dzp = lz fl2 s cos fl tP dt ", 2dt
a

2
C

Pm ax ~ fl s= =a g g

(6.11)

(6.12)

were Ca is known as accelerat.ion co-efficient which is t.he

ratio between ~he actual max/min. acceleration and accelera-

tion due to gravity.
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',l'hebehaviour of t.he t.wo idealisl"d pwnp"; ',livenFig. 6.2

and Fig. 6.3, in order t.o predict t.he cavit.ation are described.

The acceleration of the water column can be calculated s by
w

calculating force and mass, assuming that its diameter is

equal to the diameter of the piston Dp

Force P * e.. D
2 H * 11 2 (6.13)- p -Dat.m 4 p 4 P

or Force - pg(10-H) * 1!.D2 (at sea level) (6.14)4 P

and Mass pL •• 11 2 (6.15)- .. 4Dp

So the acceleration aw becomes :

a =w
10 - H

L * g (6.16)

In order to avoid cavitation.

10 - H----g
L

> ~ (6.17)

/,



( 85 )

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 concerned. by introducing an air chamber

(fig. 6.4).

with air charbon the acceleration becomes.

= 10-H
--1- * g (6 .18)

Acceleration can be increased by reducing L to fulfil the

non-cavi tation condition (.6.17).

When the decleration of the piston exceeds 9 during the last part

of the upward stroke, the water column will continue to move

upward on its own, now decelerated by g only. This means that

the 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 bec~ne higher than 100%. This is illustrated in Fig. 6.5.

The position angle nt at which an acceleration of - g is1

reached is found with :

- g --

so cos n t1 =

2
Q lzs cos

- g
=

(6.19)

(6.20)
( .

fy
: I

" i'.I" I~,
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.',

In the example of Fig. 6.5 with Q = 1~. 3786 rad/s an.d

s = .425 m, the acceleration coef" i. 'ient becomes Ca = 3.319
aand the position angle becomes QL.1 = 1.8768 rad = 107.53.

From this moment on the water co: J_umn above the position is

"launched" and moves upward, although its veJoci.ty is

linearly decreasing with u veJ_ocity -gCt-tl). When the

velocity decreases to zero the fact value will close.

The position angle ~2 t 2 at which the water speed becomes

ze~o, is found by realizing that the speed a~ tl, when the

piston valve opens, can be calculated with equations (6.10),

(6.20) and sinJLt = 1 (1 - Cos2
Q t):

1 (1- 1 ,

C2
a

( 6. 21)

Now the linearly decreasing speed is given by

or ( 6.22)

and with equation (4.21) and ( 4. 20) this beccrnes:

I, 1 9 ( !ll ~I 1 ) ) (6.23)
VVl = QS 1(1 - :'2) - ._cos ( -'2. Q CaCa

Zero water speed is reached at the position PLt2, which can
~. f1

be found by substituting V = 0 in (4.23):
\'1

- 1) + -1GGS (- ( 6. 24)
I
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'l'hise~{pression is valid for n t;> < Z il , o.therwise a new

stroke has already begun.

In example

rad •= 288.86. for n. 12.375 IIIld S. O.425m (appendix G)

The extra amount of water displaced can be found by

calculating the extra displacement z - s (fig.6.5) of thew

water column at the moment t =t2• The position of the water

column at t = t2 is given by:

(6.25)

1 v (C2 _ l)-g
II a

substitution of equations (6.20) and (6.21)

- s-,,-
n <.

equation(6.25)yelc
C2 _ 1
a

in

1.; (1- - ) *
C2
a

= J."s(i-cos n \;.1)+ J."s

1
C2 _ 1 1

C2 _ 1
zw(tz)-s J."s(l+ ) + J."s .a a= - 4 sC Ca Caa

1 C
zw(t2)-s = s L- J."+-- + : J for n .t;J < 2 lr (6.26 )4Ca

Substitution of C = 3.319 ofa
= s * .405, so in the ideal case the volumetric efficiency is

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

~he two accelera~ion effects of section 6.3 were

described for an ideal pump, i.e. with a perfectly fitting

piston and with valves closing inunediately when the flow

velocity becomes zero. In practice this lS not the case and

and at higher speeds the valves tend to close later than they

should do, because of their inertia.

~he behaviour of disk-shaped free-floating valves in

reciprocating piston pumps are di,scussen hen, (;-:7).

~here are a nunilierof forces acting on the valve, acting

downward (-ve sign) or upwarn.

vleight of 'the valve

buoyancy force

stationary drag force

instationary drag force

static force(when closed)

-m 9v

vv

Fst

Finst

(m • mass of valve)v.

(Vv : volume of valve)

,
, .
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Newton's law now can be written as:

(6. 28)

Conservation of mass requires that the mass flow below

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

mass flow below piston

mass flow in gap below valve

P A Vwpp

P i'f D z V (D: diameter
w v v g v valve)

mass flow below moving valve

mass flow due to expanding
pump cylinder with closed
valves

PA Vw v v (A
V

: area valve)

2Edt

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

compressibility modulus E. pump cylinder volume 'Vcyl and

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

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

The total conservation law now is given by:

+ Vcyl 2E
E dt = "D z Vv v g + (6.29 )
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known as s~atic drag force on a flaL valve

is discribed with :

= Av
(6.30)

with \l being a can sLant of which the value oepends on Lhe

type of valve and the raLio betw8"m the gap area anc'!the

valve entrance area. Oft.8n 11 is taken to be equal La 0.8.L27J

The expression for instationary force on valve is

A
F. t = p Vadoed (2.- ap a )lns' w A vv

-,
..
V 11

03adde'.l = 12 v

(6.31)

(6.32)

In the situation of a perfectly closed valve the pr8ssure

Pav above the valve ac~s on area Av' but the pressure Pbv

below the valve act.s only on the area A of t.he valveva
opening :

-P Abv vo + (6.33)

The equilibrium of forces for the closed valve just before

opening becomes

-P Abv vo m'J + = 0 (6.34)



( 91 )

Substitution of Lhe diff~renL terms in equaLi0n (6.28)
l",adsLo the following non-lin~ar differpnt.ial <;>quaLi0n

2 P A (A Vp - A dz + Vcyl
* ~ ) 2

d z (m - P V )g - (Fst) *
w v P pdt E oLm

dt2 + w v 2 2 2 22 \l P Dv z

A d2z- Pv Vadded (....£ a
dt2

+ Fel = 0 (6.35)
A Pv

This equation cannot be solv""d analytically, so numerical

solution is necessary.

6.5 AIR CHl\l"lBER

6.5.1 General

Shock forces p~peri~nced by the piston at the momenLs

the valves close strongly depend on the mass of waL",r above

and under the valves. Th~ installation of air chambers near

the valves soft~ns the influence of mass of water beyond the

air chambers and can gr<;laLlyr~duc6! the forces on the pis eon

and consequently reducQ Lhe forces on the pump rod ann 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 outgoing
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flow is perfectly constant (fig. 6.7)

If the pump has a piston ar<~a 1\ • a strokp. B and a
p

rotational speed • thp~ the incoming flow to the air Chamber

can be described as follows :

=
3(m Is) for o < flt<1T

= o for 1T< flt < 21T (6.36)

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

at which sin .t 1= TI the ingoing and outgoing flows are equal.

= sin -1 !1Timplies = 0.324 rad or 18.56° (6.38)

flt2 = 2.818 rad or 161.44°

At t1 the water volume of the air chmnber is at its minimwn

and at t2 the water volume is maximal. In ord9r to find the'

volwne variations in t.he ideal air chamber it is integrated

(qin -~ut) with respect. to t (fig. 6.7)
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For 0 < Qt < TT we can writ.e :

=

= A ks (-cosp2

(sin Qt-~) d Qt
TT

- ~ + constant)
TT

The boundary condit.ion of zero volume at Qt = 0 leans to

= A !.s (i-cos Q tP
_ Qt)

TT
(6.36)

For TT <Q"t< 2 TT one finds :

= (6.39)

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

The difference between the minimum ana maximum volume can be

found with equations (6.38) and (6.39).

- V .mJ.n
Q ~2

(i-cos Qt - ~2 TT

Q t1- 1 + Cos Q t1 + -TT- )

= 0.551 Vs (6.41)

\



CHAP~ER : 7 : DESIGN OF A RO~OR COUPLED PUMP

7.1 DESCRI P'l'ION AND DIAMEl'ER CALCULi\.'rION OF 'l'RE PUMP

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

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

mechanical power of the rotor is equal to the mechanical

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

by the intersection of the rotor curve and the pump curve

(fig. 7.1)

,,' I.
r ....}
) '".. .,c ....

~o 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 output 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 resulting output curve is nearly

a linear function of the 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 Va of the system. In practice, it is the wind speed

at which Cp reaches its maximum value CPlna:;-c.
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'l'he net po't,er supplied by the rot'~J:-p1Jnp combination must

be equal to the hydraulic power to lift the water:

'rota! rotor-pump power = hydraulic pO\~er

,
(\~

=

=

( 6,.6.,)

At V=Vd : 1) j,'ech Cp
max

L V3 1T.,,2 =
.Pc} " (7.2 )

'l'he flow q is equal to the ideal flow, determined by the

stroke volume and the speed, mul'i:;j,plied by the volumetric

efficiency of the pump;and the number of the pump.

2 [l'
= Tl 1T . *q 'voiLs 4 Dp 21T 'l'* (7.3.)

or " D2 'AV If*q = 11'101 s 4- p 2 '" R

where 'r* = number of pumps

substitutj,I1'j (l.. 3,) in ( 7; 2) for V = Vd gives an expression

for Vel.

2 *I '3' D, g H T
I 911vol' pAd P ',1

= ( -,-----)

4 CPmax ''''nech P 1T R3
( 7.4') .
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In t.his st.udy

n vol = 100%

4 m/sec.

=

=

8

1000kg/m3

H

p

= Hs + Hd + H losses -- 8.5 m.

1. 225 kg/m3=

= 0.45

= 0.82 L22J

R = 23.2668m

'f* = 3('1'he pumps is arran':led at a phase
difference of 120 )

n = rpm of ro.tor = 1.378 rad/sec.

rpm of pump = 9 1. 375 = 12.375 rad/sec.
.- 1113.17 rpm

4
1 2.

9 XX D s X 8 X 1000 X 9. 81 X 8. 5 }~3=,1 ... ,....•.p _
4 X'.45 X .82 X 1.225 X ifTX (23.2668)3

= 0.06355
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For optimum Design.

S 1.1 L22J. '"Dp

1.1 3 .06355Dp =

Dp -- .386 rn= 15.21"

S = .425 rn= 16.74"

-7.1.1 Torque calculation

=

'Ii D2where V = 4 ss P

1 1000 9.81 8.5 11 2 .425- = 21T X X X ;;;1(.386) X
:::.lid

= 660.02 (5 - m)

Qid(max) =

= 2073.53 (N - m)

nmech = nvol Qid (6.8)
Qmech p

Qrnech
n.vol Qid=

p nmech

2073.53= .82

= 2528.70 (N - m)
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p = Q,o *n R .- Q 5..(1 *1.. R r> X ~l.
rna;,,: .'ma:{

Qid
m torqu2 of th", rs,tor= max

\ l\nax
\

Qid = " " " " purrppma-"{

Sl .:r angular v01 "")r'! I_y of pwt'.f)
-r/R =

:- •• '. < •• J_L. = 9.angular velocity of rotor

Qid P*(max) = 9 X 2528.70

= 22758.31 (N - m)

'l'hereare three 10 kw pumps. '1'hePUi1\l'S are placed 1200

Crank angle apart (phase difference :1_:'C'O). From torque

analysis maximum torque required 2L7 5, '.NIn.' But available

at zero pitch is 21,800(N - m) which is ';lightly lower than

required torque. From torque charactersLics for different

pitch angles, at 1,2,3 rotor torque is higher and sufficient

to overCQue the maximum t9rque of the purr~.(fig. 7.4)
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7,.2 starting behaviour

'l'hestarting behaviour of a water pumping win<'mill

is the static description in which the st.arting~rque of the

rotor is equal to the maximum torque required, by the

pump at the starting wind speed.

CU', st
IT, ") 2s P 'J H '

w "1 "p (7.5,)

Maximum torque of the pump is IT times i. e. average torque

and that the average torque is equal to the torque Qd
produced by the rotor at its design wind speed.

2~ P Vst A R = AR ( 7 •.6)

The higher the tip speed ratio Ao of a rotor, the lower

the starting torque. As a rough rule of the thumb the starting

torque is given by :

CQ
0.6 f:18J= >:~}2st
0.6 = 0.009375 (7.7)=
~
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v . r-11X .45
= d ~. .00935 X 8

; 4.34 X 4

; 17.36 mls

Windmills need a quest of wind, with a velocity of 4.4 times

the design speed to be able to start. The effect of rotor

inertia will reduce this factors srnnewhat but still the

starting wind speed will usually be higher than the design

wind speed.

7.3 CALCULA'l'ION OF 'l'HE DIAMEn'ER OF A LEAKHOLE

A.small hole is drilled in the piston in order to

improve the starting characteristics of windmill equipped

with a reciprocating pump. The effect of this leakhole is -

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 water 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)
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A,s:c;umingthat at the design ,<;pee(lthe leak flow is

only 10'):, of the design flow, L27J in otherwords the

volumetric efficiency.

nl k 1 = 0.90ea , vo (7.8)

In Fig. E.l (appendix E) it can be seen or calculated from

equation (4.69) that the value will be read when n =

= 15.4 (7.9)

nThe design speed d is found from the expression 7.3) for

the design wind speed Vd :

A D
2

vol s P
4Cpmax

(7.10 )

.with the expression .Cio (detail in appendix E) the speed

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

written into :

••• *
SD; Ad P w g H

nmech, P 11 R3

TJ1.vol
4
Cpmax

";

(7.11)

1(,

, ,

"
,I
1,:

t ,
-'",
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Rearranging yields an expres.'licm fccr the leakhole

diameter.

d2 = 11 .' :)1 33 . A3 c1
.;-C----.-.---~

Pmax 11 ,=ch I k'
(-7.12)

Using :cannula (7.12), the (liameter of leaJiliole is (appendix E)

d == 8.17 mm.

From appendix E

752.83.
n 0

The discharge starts at angle 9o

, r

9o = Sin-1 no
.n * = o0.0759 •

, {;
I .

,,
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7.4 Gear Design

For D pinion (fig. 7.6)

The pitch line speed and transmitted load are ~10-7

Vm = 1T Dn = 1T(i~) X 117 = 367.56 fpm.

= 33000hp
vm = 33000 X 3609.2

367.56

Fd = 600 + vm
600 Ft lb

commercially cut
if Vm = 200 fpm.

= 5820..2 lb.

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

Material AS'l'M30 whose endurance limit may be taken

as .4 X 30 = 12ksi. Table AT6 gives the. typical.
IS n = 14.0, hence 12ksi is conservative. Let b 10

= P
d

Let kf = 1.48 y = 0.337 Table AT 24 is suitable for

approximate solution.

with these various assumption :

5820.2
sbY(

Fs = Fd = = --.k p '.fd

P = 2.176 = 24.

.34

= = 2 X 12 = 24

.;-'-.
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y = 0.337 from 'l'able Atll 24.

kf = 1.48 as before.

Fs 5820.2 12000 X b X .337- = 1.48 2X

b = 4.26 '"' 4.375 = 43..•n'8

Pdb = 4.375 X 2 = 8.75 which within the range of

8 b:> 11.5 and is t.herefore sati.'lfac-tory. For m = 3.
w

where m is t.he velocity ratio.
w

- 3 X • 24 = 7/.' t.eet.h in the (Jear.

Material ,A'l'SH60 whose enduranCe limit may betaken as ., ~
'. \

( I; .

60 X.4 = 24 ksi ~able AT6 gives typical S n = 24.5 ksi

hence 24 ksiis conservative. Let b ~ == 1.48

(~

\.
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y = • 3~0 'I'able A'r 24 is suitable for first approximate

solution.

vlith these various assumption

FS 13040.75 sby 211.000X 10 X .34= FC! = = =Kf Pd 1.48 p2
d

p2 = 4.2123d

PC! = 2.05 = 2.

N =P = 2 X 12 = 24. y - .337 frQm 'rable AT 24.

1.48 as before.

13040.75 = 2.1000 .• 332b
1. 48 c. 2

b = 4.84 = 4.875

= ",. , b = "4.875 f .N
P

= 24, = 72.



CHAPTER 8 : CONCLUSIONS AND RECOHMBNDA:rIONS.

The main purpose of the present work is to obtain a method

for calculationg the performance analysis of a horizontal

axis wi.nd turbine and design of a piston pump and behaviour

of combination.

The following conclusions may be drawn on the basis of this

study.

1) At a given ), ,a rotor blade must be designed for optimum

Cpo Optimum value of Cp was correspond to the maximum cL/cD

ratio which must be kept constant along the entire blade span.

For maximum energy extraction from th8 \rind. it is necessary to

vary the blade chord and twist angle continuously along the

span. This leads to a very complicated rotor blade which will

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 acceptable for single

production unit but loss its attraction incase of mass pro-

duction. Choosing an untwisted blade design. the constant chord

blade S8eIDS rather attractive, because the blade area in the hub

region is reduced where the blade stall starts at relatively

high val ue of )- •
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2) '1'0start. a low spp."d rotor, t.hat. hac; hi'Jh int.ernal

rpsi:~-cance, primarily a high piLch an':,l" is d"sirablt?

~hc int0rnal r@sistanc9 decreas~s ao ~oon as ~nvice gets
atertpc and accel~rated. So aft"r ai:.i:.ainingcertain

angular speed, th", pitch angle isle' be, reduced to tho

optimwn value.

3) Power 10s:,;08 du,,"to ae>rodynamicprofile drag can be

reduced by increasing the ro-cor solidity and reoucing

t.ip sp",ed, buL only at the exp0.nse of hlae1e weight an.'!

cost. ImprovemenLsin airfoil li:ft to craq riltio will

permit reduced solidity and higher tip speeds.

Increased tip speed would be advantageous for rp.ducing

capacity of Lhe speed incrp.a3er year box needed to- step

up the low rotor shaft speed to '.:11eelectrical generator

speed or pumpspeed. (It is neCG:,:>ilryt:.o 3ilcrifice somp.

aerodynamic efficiency to reduce blade size and wei'Jht

of large wind turbine.)

4) '£he suction head of the pump should be kept in the safe

limit sothaL Lhe net positive sue-cion head remains above

the critical value. with long suction pipes there is risk

of cavita-cion and the hi'Jh acceleration in the suction

line delays the valve opening reducin'J the efficiency of

the pump. This can be overcome by matching valve size

with the suction line acceleration head.
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5) values of Ca (acc",lerat.ion co-<:>fficient) above 1 imply

a compressive force on t.h",pump rod during the downst.orkp.

(wi.ch th", danger of bucklin9) because the pump rod is

forced to accelerat.e faster '_~lanthe gravity accel",rat.ion.

other problems may also occur ,Alcn the values of Ca is

above O' 5. 'l'hisis caused by the possibility of cavitation
behind th~ piston which occurs wh0n the local pres sur",
falls below th", vapor pr",ssur",.'rhe> int.roauction of an

airchamber also n",c';'ssaryfor more regular flow anCl

reduction of impuls", forces. '1'0 avoid cavitation it must

ensure that aw > a
Pmax.

6) A series of rot.or power curves are drawn. From this series

of curves the resulting output curve can be C1rawn which is

nearly linear function of the wind spee0.

7) 'l'heeffect of the leakhole is that at very low sp ••ed

i.e. during start.ing all water that could be pump",d is

leaking through t.he hole. ~his inlplies that the preSsure

on .chepiston is very low and as a re:mlt the starting

torque required is low. If the speed is high then quant.ity
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of water Ip.aking I:.hroughthe hol", is small comparp.d to

normal output of the pump behaves like a normal piston

pump.

8) ~he limiting condition for pump discharge is attained

V
d2

X
2
g
B.

= -2-
0 Dp

f

Vo where

RECOHMENDN1'ION :;'

1) The power curve is sensitive mainly to blade pitch angle

in the stalling region. ~o avoid too much drop off after

stalling point, a blade pitch angle between 20 to 50
ois seem to be more convenient than at an angle of a .

2) Arched steel plate (Cd;CL = 0.02) can be used instead of

NACA 4418 (gi = 0.008) in order to minimizeq the manufactu-

ring cost. About 15 - 18% - power loss may occur if arched

steel plate is used.

3) A strip theory approach using local optimization rp.sulting

in higher calculated performance. Optimized wind turbines

perform best at low drag to lift ratios is to be expected.

Knowledge of the optimized configuration will enable design

changes to bp. directed as to minimize performance loss.
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4) For low speed wind turbine positive rlisplacement pumps are

suitable because of simple construction and the shaft speed
can be increased to reduce the pump size. For speed step up
a suitable gear system is designed.

5} Menilieraneor Diaphram pump can be used instead of piston

pump because of simplicity of design and lower manufacturing

cost.

6) Low capacity (up to 10k\~) pump is recommended for ease of

design and manufacture but coupling of three pumps in the

samr" shaft faces difficulties during '3tarting. So arrange-

ment should be Hade so that pumps start in sequp-nce one

after another.

7) In the present resp-arch the theoretical study of

characters tics of turbine pump set has been made. This

study should be v'?rifieo with experimental results.

'.
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Fig. 3.2.1: velocity Diagram of a Blade Element (43).
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Fig. 3.4.1: Tip and Hub Losses Flow Diagram (4,!?).
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I

DIAM. RATED NO. 01' BLADE RPM CONING TILT BLADE. .WINDMILL m POWER BLADES PROFILE ANGLE ANGLE LOCATIONkW (Deg.) (Deg.)
AEROSTAR 7 9 3 NACA 120 3.5 Upwind ,
(Denmark) ~~XX .GRP NACAKALKUGNEN 18 60 2/3 6~3-618 77 7.5 Upwind(Sweden) ,
HAW! 1.5M 1.5 .75 ~ STEEL 330 Upwind I(Holland) PLATE
HAW! 3M 3 2 2 NACA 286 5 Upwind(U.K) ~~12
HMZ WIND- NACA I
MASTER 21.8 50 3 qqXX ~O 5 Upwind(Belgium)
ITDG 6M 6 5 3/~/6 ARCHED 120 Upwind(U.K) PLATE
LM17.2 NACA(Denmark) 17.2 50.3 3 63-212/ 50 5 Upwind63-22~
MOD-O 38.1 100 2 NACA 321~0 3.8 Up/Down(U.S.A) 2302~

MOD-OA 38.1 200 2 NACA ~O 7 Downwind(U.S.A) 230XX
MOD-l NACA(U.S.A) 61 2000 2 230XX/ 3~.7 9 Downwind~~XX

RIISAGER 10.2q 20 3 CLARK-Y 61 5 Upwind(Denmark)
J SMITH- • NACAPUTNAM 53.35 '1250 2 ~q18 28.7 Downwind(U.S.A)
1STORK NACAWPX-8 8 23 2/3 ~~18 190 Upwind(Holland) •..
VESTAS-15 tlACA(Denmark) 15.3~ 55 3 qq16- 50.3 5 Upwind~~2~.

Table 5.2.8: List of WindTurbines. £:19_7
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Appendix - A

'I'enstations from allover Bangladesh analysed the

availability of wind velocity. 'I'hefollowin';jstations are

found to have good potential for the use of wind

1. Chittagong March to September.

2. Dhaka March to October

3. Khepupara February to September

4. Comilla March t.o September

5. 'l'eknaf June to Septern.1:>er
6. Jessore April to September
7. Cox's Bazar Hay to August

8. Hatiya Ends of April to July
9. Dinajpur March to August

10. Rangamati April and May

I

l
f

stations Potential month for power
generation by windmill

power £28]

Average wind
speed

4 m/sec.

3.2 m/sec.

3.5 m/sec.

2.8 m/sec.

2.3 m/sec.

2.1 m/sec.

2 m/sec.

1.9 m/sec.

2 m/sec.

1.9 m/sec.

f"
!,.
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Appendix - C : Relation between a & a1

8
,~

3Cp f ( 1 a', ) ,'. d ,Ar= }l\2 - a r
0

de'p da"-
da = da ( 1 - a ) - a" = 0

d~ a' ..
da r.:a ..

a(l-a) a'I"(l+a") .Ar 2=

LFrom Eqn. 3,.L27 J

LFrom Eqn. 3.l.21J

l-2a

l-2a

1-2a

=

=

=

l-2a

=

=

i a'.
(1+2a-) (i-a)

(1+2a") a

1+a1

a(l-a)
cl .(l+cl)

I

I
I

(1-2a) (i+a ") = (1+2a:')a

1-2a+a ,. 2; a+2aa'- aa =
l-3a 4aa • a'(4a-l)= ..••...

, l-3aa = 4a-l
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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 tha~ correspond with a minimum value of CoICL

ratio. To carry out 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.1. Determination of HinimurllCn/CL Ratio

The lift and drag coefficients of a given airfoil for

a given Reynolds number are shown in Figure B.l.1. In the

CoICL graph a tangent is drawn through Co = CL = O. From the

point where the tangent touches the curve indicates the

minimum CoICL ratio. This ratio determines the maximum power

coefficients that can be reached. particularly at high tip

speed ratios. From the CL- a.' curve corresponding to minimum

Cn/CL ratio the values of lift coefficient and angle of

attack are found. 'l'heCL and ~ values found in this way are

known as design lift coefficient, CL and design angle of
d

attack.u~ and these are very important parameters in the

design process.
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B.2 Determination ,of Design, Cp

The power ooefficient is affected by the profile drag

via the CD/CL ratio. The reduction of the maximum power

coefficient is proportional to the tip speed ratio and to

the CD/CL ratio. The result is shown in Figure B.2.1.

The curves show:;,foreach ,~ the maximum attainable power

coefficient with the number of blade and CD/CL ratio as a

parameter. In this collection of maximum power coefficients

it is seen that for a range of design tip apeed ratio from

1 to 10 the maximum theoretically attainable power coeffi-

cienl.s lie beL ween '0.30 to 0.30.

Now we can design a windmill rotor for a given wind-

speed VI<" and a power demand. First the minimum CD/C
L

ratio

of an airfoil is to be determined. The procedure for selec-

tion of number of blades, B and the design tip speed ratio.'

A.,has been explained in chapter 3. From Figure B.2.1. the

lnaximum expected power coefficient can be found out. For

conservative design the design C is Calculated as L-:20Jp

= 0.8 *c
Pmax

(B 2.1)
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Appendix -D

C = alr + a2 (D 1 )

~r = a3r + a4 (D 2 )

Cgo = °gRal + a2 ( D ° 3 )

Cso = °SRal + a2 ( D 4 )

From (C03) & (C04)

2°5 (CgO - CSO)al = R~-
a2 = CgO - °gRa1

=

=

=

CgO - 0g~ X 2:S(CgO- CSO)

~

2°2SCSO - 1°2SCgO

Putting a1 & a2 in eqn (Col)

'l'beeqn becomes

C =

Similarly

p = 2°S(;ago - :aSo) ~ + 2°25 /Ilso- 1°25 fl'gOo
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Applimdix E

E.1. pi"lc'n pumps wit.h a leakhole

For most of the leakholes. the length 1 is only a few

times the diam",t.erd. or som",t.imeseven 'jmaller t.han d. 'i'his

means that pipe flow formulas cannot. be used, but that t.he

expressions for orific", flow must. be used. The pressure

difference over t.he leakhole is :

= f *
o!z ( w (E.l)

The friction factor f is slightly depenc'ent on the Reynolds

number but for values of Re 104 a value of f = 2.75 is a

'- good approximation.

At 101" piston speeds t.he velocity C ofth" flow in t.ho;)

(B.2 )=C

leakhole is given by t.he cont.inuity of mass flow :

D2
p V

d2 P

If the! speed of t.he pist.on increases, (~will incr"ase and

consequent.ly the pressure, (Pl - P2) t,) sustain the flow. At.

a given speed V = V the pressure difference (Pl - P2). p 0,

equals the pressure head :

(E.3)

with equat.ion (E.1.) t.h" speed in 1.he leakhol", becom",s

r-
, (E.4)
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The discharge of the pump starts if the speed of the

piston V IV with:p, 0

(E.5_ )

The speed is at its highest value if g = !I so the
2 •

minimum rotational speed to pump water is given by:

'-

J2H
* (-7) ( E. 6. )

At higher (constant) rotational speeds the discharge starts

at angles go smaller than 9'
~ s sin 00

The torques to drive the pump at speeds below or above

Jlo are calculated as follows:

* !z Vs * sin g ( I' In. )
o (1;:.8;)

Using. equations (E •.1'), .(E •.2J). and { E.8} .one. f"inds:, ,.. ."', .

r
V2 * f * ~ V *P s sin Q
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With V = IL ~ s sin 9. eluatipn ( E": 5) and,eiltiatio~( 'E. 6.,) this:p
transforms into :

J1?
* -J12

o
* ' *' 3 9•• Vs s~n

or .39* s~n (E.9, )

The average torque Qp for .n..LJl.o can be calculated with:

-.

1 (If . 3
21\)0 s~n

Resulting in:

~ d 9 2
= 311

2ff
* 3 .-rl2

o
(E.ll)

* 2
. 3s~n 9 d 9

n -9

f 0

TJ sin
90

9 d 9 (g.12)

'rhe result is:

+ ~3 (E.13)
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The discharge of the pump, taking place between Qo
and 11- Q has to be subtracted by the flow througho
the leakhole:

- 11_d2 * C- 4 (E. 14)

(E.15)

'-

with the equation 4.53 and 4.54 this reduces to

q =.I1o*~Vsleak

or with,

( E.16)

qleak = qid * ~~.

The instantan.pus flow discharge by,.
- ( . _tli2E)q = qid H s~n Q ...11-

The average flow is:

( E.17)

the pump becomes (Fig. '.E~Z.)

( E.Ul)

(IT sin Q - ~ ) d Q
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resulting in:

( E.19)

The volumetric efficiency due to ~he effect of Lhe leakhole

is equal to the ratio of q and qid :

'leak, vol = }Lo ., . -1 fLo ) (
) - ~ (~ - r,~n 7.[ E.20)

"-
I

The mechanical efficiency due to the effect of the

leakhole is found with equation (4.8):

'ryleak,mech = jleak, vol (E. 21)
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E".2 Calculating the diameter of a leak hole

R = 23"2668m

= 0"45

Q1'vol

D'p

= 0.82

= 1 ~ 0"9 = 0"9

= 0"386
f = 2"75 (for submersed orifice flow)

s =

=

0"425

(0" 386L3

30"8
(

0"9 X ("425)3 X 83 'l.J..
.' ) X

X ;45 X "82 X (23"266)?
1000 X 2"75
9YX 1"225

d =

=
S"17 X 10- 3m
8"17nun

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

the leak hole must have a diameter of S"17nun"

1-E.3 To calculate

.n.0 [:~
.8"X _0 __

'f

\. ,
'I
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St,) = (.00817)2

1 x .425 X (.386)2
2

X
,,2X 9. 81 X 8. 5

2.75

= 0.0164427

*II =

I! * =

1.3754 X 9

12.3786
0'0164427.

=

=

1'2.3786

752.83

The discharge starts at angles 90

= Sin-1 J10

if =
o

0.07590.

.,..J"'.,
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Operation

;,

The design analysis programme ..utilizes the modified strip

theory discussed in chapter two. It was written by stel N.Walker

and Rober\..8. Wilson in the Fortran IV programme language and

deVeloped under the OS - 3 operating package for a CDC 3500

digital computer at Oregon State University and later modified

for operation on a CDC 6600 computer. ~45_7

Thereafter it is modified to implement on IBM 370 VM/sp

release sys\..ernin BUEr computer center. This system with an

interactive mode has no facility to plot Curves and hence
I .

extensive print/write statements are inserted in the programme

to have the values appear in output.

Computer Code "PROP" is a programme designed to calculate

the performance of a horizontal axis wind turbine. This computer

programme package used for analysis and utilizes slmpson's
I

rule of numerical integration.

Program. Organisation

In this program:,",unit 11 and unit 12 xe:ter to the input

file and output file respectively. This computer program' I
I I

consists of a main progr~ I~ and fifteen subroutines. The

functions of them are discussed below.
{"''',
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1. MAIN (PROP)

It is the main progr~,' which performs input - output

functions as 'well as the numerical in~egration of various

performance quantities over the rotor. blades.

2. 'l'I'l'LES

A subroutine that outputs' the program; ._input infor-

mation in a descriptive form for reference.

3. SEARCH

The subroutine that calculates the chord and twist
,

angle at a given position on the blade utilizing a linear

interpUlat10n scheme on geometry data imputted.

4. CALC

At each station, this subroutine. determines the

induced flow factors (aXial and angular interference

factors), the angle of attack and call the subroutine

which determine the lift, drag and torque coefficients.

5.'l'IPLOS

This. subroutines determines tip and hubless factors

based on pranUle's or G&ldsterns formula.
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\

6. BESSEL

A subroutine that calculates modified Bessel

functions for the Goldstein Tiploss Model.

7. NACAOO

The subroutine that determines the lift and drag

coefficients at a given angle of attack for a NACAOO 12

airfoil series (Re = 6 X 106)

8. 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 ~ 106)

9. NACA XX---
This subroutine is designed to use =~fit relations

for airfoil designations not included by NACAOO and NACA44

without other program:" changes.

10 • NACA '1"1'

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. ,CLCD

i, subroutinp t..hat..rJeLer1!\ines Lh", lif'" and nrag

ccc'('.ffici",nL aL. any profilp.

12. ~~i\Ci\24

l~ subrolll:.in", t..haL c1eLerminn the lift and orag

<x'efLi.cienLs for NlICl, 23024.

13. NACA 15

x, subroutin", that clc>Lpr!llin~Uo" lift.. .and nrag

copfficienLs for NACl\ 0015 airfoil 2C; a function of

angle of atlack

14. SOLIDi'

'1'h0 subrouline Lhat.. determines Lh", Lo.•.:.al sCllidi ly

of th", '.'lind Lurbinedpsign.

o BC
2:
R

dr.

wher," B 'is I:.henumber of blades, C is I:.h",local chord an,1

r is the local radious.

15. ilCI'IVI'

11cubroutine thaL d",\:prrnine;c'th", aclivity' factor of

a particular win,1 Lllrbinp rlp'oign.

10,000
16

'l'IP

Hob

B
D

r
(R) • o - <iiameler
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INPUT

SUB SUB SUB

TITLES SEARCH N.ACA.......
MAIN PROGRAM

I

SUB SUB SUB

SOLIN CALC T1PLOS

OUTPUT

Fig. 1=-.1. PROGRAM FLOW DIAGRAM.

,

•
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. START

READ
T PRINT
VM, P, OTSR, SH. PITCH

HH, XETA. HB, H, VAL

,<

assum. valu. ot
a and a'

R= V 2P
';CpP V~

<f> = t ta n -1 :tr
C: eli" (1- Cos.)

f3Cl

8T = ep-O(.
Cl : 1.07

"" • 7°
Cp = 0.45

••

4' = tan-I :!!:LWx-<
=(.-
!If

1 ef.- • cf> - 8r
"1

-\

~-,,

Find Cl, Co•II
I '. x

••

r
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)(

.Determine F
F • Ftip )( Fhub

Calculate a and al

F

a = anew
aJ:=:a anew

PRINT

Cp,CT,Cn

FIG. 2 PROGRAM FLOW CHART

T



y

r CosB2

o

z

V
m

.

DSl'ERJlUNA'l'IONOF CONING ANGLE
.AND MASS DIS'l'RIBU'l'ION.

dL 2= Q rcos Q sin Qdr ~ ~
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centrifugal force with aerodynamic lift force

considering a certain coning angle. According Lo

relation between elementary lift dL and differential

Mass destribution is calculated by balancing the

~
Fig. G 1.1 Lift and Centrifugal Forces on. a Blade

Elemen t.

mass dm can be obtained by the following equation.

Figure G.1.1, for a small differential element, the

blades and airfoil sections are known .•

It is assumed that the blade characters tics number of
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