
:)
!

,
.',,

.\

(

(
f,

, .

•,
1

•

J

PREDICTION OF A DARRIEUS TURBINE

PERFORMANCE CONSIDERING DYNAMIC STALL

BY
",

MD. MANIRUZZMAN

A THESIS

PRESENTED TO THE

DEPARTMENT OF MECHANICAL ENGINEERING

IN PARTIAL FULFILMENT OF THE REQUIREMENTS

FOR. THE DEGREE

OF
MASTER. OF SCIENCE IN ENGINEERING (MECH.). .

•'\
"

DEPARTMENT OF MECHANICAL ENGINEERING

BANGLADESH UNIVERSITY OF ENGINEERING

AND TECHNOLOGY, DHAKA

DECEMBER., .1989

1\\ 1111\11\1111\ 1\11\\11\1111111\\
#76762#



'1'1", 1.1"''1" til.l •..d "Pr"dictiou of II I}lIrl'i"IIH Turhiue I'"d'H'lllll11ee eou-
Hideriuf; D,YUlllllic Stull" sublllltted L,y Md. ManiruzZrtlHalJ, Rull Nu. 871414IJ•

n.l'gi"tml.ion N'J. xl :1iix ofl\I S,.. J:~ng€~.(Mel'h ) has bepn :J.l'l'epl.ed as sat.isfar!:ory
JH parti".! f"lf1lillenl. uf ti,e Master uf Sewne •.. in EIl!;JHeeriHJ; (Mel'li.).

DOAIW Ur' EXAMINERS

1 , .
Dr. A. C. l\.landal

1'mfessOl"

Dept. of iVleeh. bllg!;.

BUET
.

:2. _~_~~--C~ ~
VI'. S. M. NazruJ Islam

Professor and Head

Dept. of Merl.. bngg.

Bl'ET

a.--~
Dr. IVld. Qu[,./nrlJl Islam

PPJrl'SH(Jr

Dept of iVIed •. Engl!;.

HUE'1'

,~-+.L\vl
Dr. M. Ilefa,l'et ~~,---

1\ StiO(~ilt..te P ru[ctlsur

Dept. uf Naval A rei I. & Marine El1~1\.

f]l;ET

Chail'lllan

(SlJpervisor)

Member.
(L x-olIciu I

Member

iUel"ber
(Lxtcl'IJal)



/'

/
/

/

ACKNOWLEDGEMENTS

With the sincerity, the author wishes to express his deep gratitude and in-

debtness to Dr. Amalesh Chandra Mandai, Professor, Department of Mecllanical

Engineeing , BUET for his valuable supervision, guidance and helpful suggestions

in carrying out the research work. Dr. Mandai would always find time to discuss

various topics and shed light on any problem and without his supervision, this work

would not be completed in time.

The author is highly grateful to Professor S. M. Nazrul Islam, Head of the

Department of Mechanical Engineering, DUET, not only for allowing me to use the
,

computer facilities in the department but also for his encouragement in pursuing

the Master's degree program.

Sincere thanks to all the colleagues specially to Dr. S. R. Hossain for the ins pi-

ration and valuable suggestions in many steps of the work.

The author also thanks Mr. M. A. Salam, draftsman of the Department of

Mechanical Engineering, BUET for drafting various figures used in this thesis.

Finally, thanks to Mr. Abdul Jali!, Mr. Fakhrul Islam Hazra and Mr. H. M. Nas-

rullah for helping me in typing this thesis.

IV

. c



.•..

ABSTRACT

A theoretical investigation of the !=,erformance characteristics of a straight-

bladed Darrieus wind turbine is performed. In this investigation, the phenomena

of dynamic stall is introduced into the cascade theory which has been developed

recently to predict performance of wind turbines.

The dynamic stall is a complex unsteady flow phenomena. It can produce lift

and drag with peak values much higher than those produced due to static stall

condition. Boeing- Vertol dynamic stall rnodel is applied to determine aerodynamic

lift to encounter the dynamic stalling effect while an empirical relation as a func-

tion of lift coefficient is irrtroduced to find the drag. However in the analysis for

prestall condition, the modified lift coefficierrt is used. These are determined ap-

proximately from an empirical relation which is obtained from the correlation of

the the experimental results preserrted by N. D. Ham.

A reasonable number of existing overall and local experimental values are com-

pared with the calculated values by tire cascade theory including dynamic stall

modeUt is observed that the corrsideration of the dynamic stall phenomena im-

proves the prediction of the local values.
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CHAPTER 1

INTRODUCTION

V\'ind is a nonpolluting, replenishable source of energy, and though it is in-

termittent and relatively dilute in nature as compared to fossil fuels and nuclear

fuels, it is constituted as a large, practically untapped energy resource. People are

extracting energy from wind for the P'L~t few centuries. There are many possible

ways of extracting useful energy from the wind. Windmill or wind turbine is one of

the ways of extracting energy from wind. Recent energy crisis makes this technique

of energy extraction 1Il0re popular. Uptil now many types of wind turbine have

been devised. The most common one is the horizontal axis turbine for which the

axis of rotation is parallel to the surface of the earth. Another type is vertical axis

turbine for which the axis of rotation is perpendicular' to both the surface of the

earth and the windstream direction.

The present work consists oftheoretical analysis of a vertical aXIs straight-

bladed Darrieus wind turbine including dynamic phenomena. Over the last few

years, there have been some advancement in the consideration of the dynamic phe-

nomena which affects the aerodynamic forces originating on the blades of vertical

axis turbine. However, none of the prediction methods consisting of existing dy-

namic stalling models can provide reasonable performance prediction especially for

the local values which are important for the design of the wind turbine.
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1.1 Resurrection of Wind Power as a Source of Energy.

There is an urgent need to find an alternative source of energy which must be

nonpolluting and competitive, because of the higher price of energy derived from

the conventional sources and systems. Also the extended public awareness of the

potential impact of conventional energy systems on the environment have created

an intensified dernand for viable alternative energy sources. The use of wind power

is one such alternative.

Preliminary studies have shown that the environmental impact of wind energy

system is relatively srnall compared to conventional power system. Wind powered

systems do not require the flooding of large land areas or the alteratiun of natural.

ecology, as hydroelectric systems du. Furthermore, they produce no waste-products

or thermal or chemical effluents as fossil- fueled or nuclear-fueled systems do.

Power extracted from the wind is initially obtained in the form of rotary, trans-

lational or oscillatory mechanical motion. This mechanical motion can be used to

pump fluids or can be converted to electricity, heat or other useful form of energy.

In any case, wind energy is one of t.he most flexible and tractable of all available

energy sources, since the mechanical energy derived directly from the wind can be

readily and efficiently converted to other forms of energy. The efficiency of con-

verting wind-driven mechanical energy to heal; or electrical energy is much higher,

for instance, than the efficiency of converting solar or fuel-derived heat energy to

mechanical ur electrical energy. Since the efficiencies that can be attained when

converting heat to mcchanical or electrical energy is limitcd by thc relatively low

Carnot cycle efficiencies, which, even under optimum conditions, usually do not

exceed 30 to 3.5 %.
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1.2 Aim of the Thesis.

Dynamic stall differs substantially from the familiar static stall encountered at

constant or slowly varyillg angle of attack. The primary characteristics of dynamic

stall are its occui-ence at an angle of attack greater than the stall angle. Uptil now,

several experimental works have been done ill this field, especially for helicopter

applications [10]' [20]. These studies showed that the loads of an airfoil oscillating

harmonically in pitch are different from those of non-pitching airfoil at the same

angle of attack. Load variations due to dynamic stall may exceed the fatigue life

of the wind turbine. Hence to predict the performance of Darrieus wind turbine,

dYllamic stall should be ellcountered especially in the range of low and moderate

tip speed ratios.

Currently existing aerodynamic models to determine the performance charac-

teristics of Darrieus turbine can be divided into three'categories: based on mo-

mentum theory, based on vortex model and on cascade principle. The momentum

lilodels, sillgle, multiple and double-multiple streamtube may predict overall value

of performance characteristics reasonably upto moderate alld low tip speed ratios

and at low solidities. At the higher tip speed ratio the momentum model exceeds the

theoretical limit of induced velocity ratio. The vortex model may provide predic-

tion for both induced, velocity and illstantaneous aerodynamic loads on the blades

at higher tip speed ratios and for larger rotor solidities: ill some cases, although

they require a cOllsiderable amount of computer time and often create convergence

problem. Cascade tlteory, which is comparatively new, give more or less realistic

picture of the induced velocit.y at all tip speed ratios and solidities. However, ill

the prediction of local forces there appear some differences. For this reason dy-

llamic stall effect is incorporated into the cascade model with a view to perform

3



investigation in this concern.

U ptil now, several semiempirical methods have been developed for the dy-

namic stall to determine the basic aerodynamic characteristics. These methods

are: Boeing- Vertol, United Aircraft Research Laboratory (UARL), Massachusetts

Institute of Technology (MIT), SWECS dynamic theory, Lockheed and Sikorsky

(time-dela.y method) [:n]'[27]. Among t.hem, Boeing- Vertol method was selected a.s

the basic dynamic stall model, because of its simplicity, ease of a.pplication and less

computational time requirement.

1.3 Scope of the Thesis.

This thesis provides with an elaborate analysis regarding the theoretical inves-

tigation of the aerodynamic performance considering dynamic stall phenomena for

the vertical axis straight-bladed Darrieus wind turbine. In the analysis, symmetrical

blade sections are taken into account.

Chapter 1 provides Introduction regarding the concept of existing works con-

cernig dynamic phenomena in brief. Chapter 2 gives the brief description of the

historical background of the wind turbines.

The existing theories with short mathematical models are described in the

chapter 3. The different prediction methods for the vertical-axis Darrieus wind

turbines are analyzed.

The theory related to the present work is !'ather described elaborately in chapter

4. Expressions of lift-drag characteristics including dynamic stall are introduced in

this chapter.

Chapter" presents the calculated results. The effects of various important

4



parameters on the performance characteristics of Darrieus wind turbines are dis-

cussed. Comparisons of calculated and experirnental results of straight-bladed Dar-

rieus wind turbine are also given in this chapter.

Finally, in the chapter 6, general conclusions are drawn and few recommenda-.

tions for the future works are made.
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CHAPTER 2

HISTORICAL BACKGROUND

Only during the last decade a considerable number of research have been done

on the performance prediction of Darrieus wind turbine. In this regard a number

of analytical prediction methods have been developed. A brief description of some

of them is given in this chapter. A brief history of development of wind turbine has

also been provided in short.

2.1 Historical Backgrouud.

Among the sources of energy which man exploited to his advantage were the

energy from wind and water. Two early uses of wind energy were the windmills

and the sailships. The use of windmills date back to 17th century B.C. when the

Babylonian emperor Hammurabi planned to use windmills to pump brine water.

The duration from the ancient time' upto the end of the 19th century may be

categorized as the ancient development period while that from the end of 19th

century upto date may be termed as the modern development period.

Historically, wind energy conversion systems can be considered as one of man's

truly basic machines. Early documents refer to use of windmills, as depicted in Fig-

ure 2.1., in Persia in the middle of 7th century called Persian vertical-axis windmills

which was used to grind grain. That kind of windmill had been working upto about

12th century, when simultaneously in Fra.nce and England Dutch type of windmills

were made whose purpose were to grind gra.in and pump water. These windmills

.( ...,
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were of horizontal-axis type. Sketches of a six sail windmill has also been found

among f;he many sketches by Leonardo the Vinci (14.52-1.519). The first propeller

type blade were used during this period. The earliest record of English windmills

dates back 1191 which were two type- "Post-mill" and the "Towermill".

In the fourteenth century, the Dutch had given the lead in improving the design

of windmills. These windmills were used extensively for draining t.he marshes and

lakes of Rhine ri vel' del tao

Although modern devcl0plnent have begun with the development of horizontal-

axis wind turbine, two quite different vertical a..'{is type designs were developed

during early part of the twentieth century. One of f;he designs known as the Savo-

nius rotor which is constructed by Finnish Engineer S.J. Savonius in 1924 and he

conceived the idea from the Flettner's rotor. The rotor was formed by a cylinder

into two semicylindrical 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 rotor and closing the end surfaces with circular end plates as

shown in Figure 2.2, The other vertical windmill design patented in 192.5 by George

J.M. Darrieus of France consisted of two thin airfoils with one end mounted in the

lower end of a vertical shaft and the other end mounted on the upper end of the

same shaft, sketched in Figure 2.3. This kind of wind machine is called Darrieus

wind turbine after the name of G.J.M. Darrieus. Another interesting wind machine

that was built during that period was the Smith Putnam unit as shown in Figure

2.4. After a lengthy study in the 1930's Palmen Putnam had concluded that large

machine was required to minimize the cost of electricity generated by the wind.
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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 KW i.e. about

25% of the total power available to Danish industry at that time. The 200 KW

Gedser mill, shown in Figure 2.f, was operated until 1908, after then it was shutdown

because, by that time the cost of electricity generated by this wind-powered unit

was about twice the equivalent cost of electricity generated by steam-powered unit,

that were being operated in Denmark, After the energy crises of 1973, the 200 KW

windmill was refurbished, and in 1977, it was put back into service, using funding

partly supplied by the United states Department of Energy.

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 280000

KWh per year. At one time in 1930's the Russians considered for building a larger

system of 5 M"V rated capacity but apparently this project was never implemented.

In England III the later 1940's and during 1950's a considerable amount of

works was done on wind operated electricity generation unit. In the 19.50's the

Enfield cable Company built a wind powered generator designed by a French named

Andreau as shown in Figure 2.7. In this design, the propeller blades were hollow

and air enters the tower through some ports in the lower part of the tower, passed

through an air turbine which turned the electric generator. The air went up through

the rotor and went out the hollow tips of the blades, as it rotated.

The efficiency (if this unit was found to be low compared with other more

conventional wind power rotor. The main advantage of this system is that the

power generating equipment is not supported aloft.
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From 1958 to 1966, the French built and operated several large wind powered

electric generators. These included three horizontal axis units each with three pro-

peller type blades. A unit of this kind was operated intermittently near Paris from

1958 (.0 1963, (Figure 2.8) This unit was designed to generate 800 KW in winds

having speed of 37 mph.

The Germans made a number of improvements iII the design of wind powered

generators including light weight constant speed rotors that were controlled by

variable pitch propeller blades with swept diameter as large as 110 feet. The largest

unit generated 100 K\'V. These units operated successfully for more than 4000 hours

during the period from 19;,7 to 1958.

At the mid-nineteenth century, in the United States of America, more than

six-million small multi bladed wiildmill have been constructed and operated. These

windmills having power output of less than 1 hI' each in an average wind speed, used

to pump water, generate electricity and perform similar functions. It is estimated

that over 150,000 turbine are currently is in operation.

In U.S.A. water pumping windmills are used not only for pumping water for

farm and rural households, btlt for watering livestock on ranges in remote areas.

These type of machines commonly have metal fan-blades, 12 to 16 feet in diameter,

mounted on a horizontal shaft, with a tailvane to keep rotor facing to the wind as

shown in Figure 2.9. A 12-feet diameter rotor of this type develops about 2/3 hp

in a 15 mph wind and can pump about 10 gallons of water pel' minute to a height

of about 100 feet.



Small wind machine, used to generate electricity, usually have two or three

propeller-type blades that are connected by a shaft and gear train to a d.c generator,

they usually incorporate some type of energy storage system, often consisting of a

bank of batteries. One of the classic designs of this type is the Jacobs Wind Electric

Company unit with a three-blades propeller, 14 feet is swept diameter, which deliver

about 1 KW in a wind of 14 mph.
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•
CHAPTER 3

LITERATURE SURVEY

The wind turbine extracts energy from the air flow and converts it into me-

chanical energy which later may be converted into other convenient forms of energy

such as electrical energy, energy for pumping water etc. The performance analysis

of the turbine mostly based on steady flow and effect of turbulence on boundary

layer is neglected.

Existing theories on performance prediction of Darrieus wind turbine can be

categorized into three main groups: those based on momentum theory, those based

on vortex model and those on cascade model. Later, these models are modified by

incorpora.ting various effects, such as flow-curvature effect, aspect ratio effect (for a

straight-bladed wind turbine only), dynamic stall effect etc.

3.1 Single Streamtube Theory.

Single Stream tube theory is the most simple prediction model for the calcu-

lation of performance characteristics of a straight-bladed Darrieus wind turbine.

In 1974, Dr. Templin [40] first proposed this theory for Darrieus turbine. In this

model the whole turbine is assumed to be enclosed within a single stream tube.

This theory mainly based on the concept of windmill actuator disc theory.

In the actuator disc theory, the iuduced velocity ( rotor axial flow velocity)

IS assumed to be constant throughout the disc and is obtained by equating the

11
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streamwise drag with the rate of change in axial momentum. In the assumption of

Dr. Templin, the actuator disc is considered as the surface of the imaginary body of

revolution. It is assumed that the flow velocity is constant althrough the upstream

and the downstream faces of the swept volume. This theory presented by Templin,

is the first approach to permit nunlerical design calculations for a vertical-axis wind

turbine.

The necessary assumptions needed for this theory are:

1. The forces on the rotor blade are computed on the basis of uniform velocity of

the air on the rotor.

2. Axial velocity of the air has a constant value over althrough the rotor.

3.1.1 Drag Force Along Streamtube.

The momentum equation for the rotor has been taken to be

FD = m (V", - II;,,) (3.1.1 )

on the basis that the right handside of this equation represents the total increase of

momentum and that this resultant pressure force on the whole fluid is zero. Here

Pv is the streamwise drag force, II00 and Ilw are respectively the freest ream velocity

and the wake velocity and m is the mass flow rate.

According to Glauert's Actuator Disc theory, the uniform flow velocity through

the rotor can be expressed as,

'f _'. -
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Introducing m = ApVa in equation (3.1.1)

(3.1.3)

where A .is the turbine projected area and p is the fluid density. from equations. .

(3.1.2) and (3.1.3), the force FD can be expressed as,

Rotor drag coefficient is defined as,

(3.1.4 )

GDD = (3.1.5)

From the equations (3.1.'1) and (3.J.,5), GDD can be expressed as,

G - 4 (Foo - Va)
LJD - V

a
(3.1.6)

As indicating in the Figure 3.2, the elemental drag force along the freestream

velocity direction based on the aerodynamic forces on the elemental blade aerofoil

is found as,

bED = bFnSinU Go.~.p- bFjGosu (3.1.7)

where iJ is the azimuth angle, ,p is the angle of the blade with the normal of the

equatorial plane, bFn and bFt are respectively the elemental blad'e forces.

3.1.2 Bl.ule Elemeutnl AugIes aud Veloeities.

Air velocities rel"tive to an airfoil element is illustrated in Figure 3.3. Consid-

ering the blade is moving wit.h w rad/sec in still air, the air velocity relative to the

blade will be Rw and will act in the opposite direction, where R is the radius of the
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turbine. If V. is the induced velocity and Rw be the tangential velocity, then the

velocity in chordal directiou can be written as,

Ve = Rw + V.CosO

and the velocity in the normal direction to the blade flight path as,

Now the resultaut flow velocity, lV, relative to the airfoil becomes,

(3.1.8)

(3.1.9)

(3.1.10)
/

Putting the values of Ve and Vn from equations (3.1.8) aud (3.1.9) one obtains,

Equation (3.1.11) can be written as,

(3.1.11)

w
-=
V.

R",
[t;:o + Cos0j2 + Sin2(}

-'-'-I'=
(3.1.12)

where the term ~'" is the tip speed ratio A . The angle of attack as shown in Figure=
3.3 can pe obtained as,

Vn V.SinO sinOtana = - = = -- _
V Rw + V.CosO R",/~ + CosO

c v""" Voo

Hence local angle of attack, a, can be writtell as,

1 sinOa = tan- [-~~---l~: / ¥:: + CosO

14
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3.1.3 Aerodynamic Forces.

Figure 3.4 illustrates the blade airfoil cross-section with the aerodynamic forces

acting on it. The elemental tangential force oFI and the normal force bFn are

respectively parallel and perpendicular to the airfoil chord line. The elemental

tangential and normal forces are defined as,

(3.1.15)

(3.1.16)

where Ct and Cn are respectively the tangential and normal force coefficients while

c is the blade chord which occurs within the elemental angle bO. If is the height

of the turbine. The two dimensional lift and drag forces can be related to oFt and

bFn using the following equations. Referring to the Figure 3.4

bFt = bL SinO - fJD CosO

bFn = bL CosO + bD SinO

(3.1.17)

(3.1.18)

where elemental lift force bL and the elemental drag force bD can be defined as,

(3.1.19)

(3.1.20)

where C, and Cd are respectively the lift and drag coefficients. Now from equations
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(3.1.15) to (3.1.20) one may obtain,

C. = C, SinO + Cd CosO

3.1.4 Velocity R.atio and Power Coefficient.

(3.1.21 )

. (3.1.22)

Putting the values of 6F, (:l.1.15) and 6Fn (3.1.16) in equat.ion(3.1.7), the

elemental streamwise drag force can be written as,

(3.1.23)

To introduce the assumption of infinite number of blades distribution, replacing

c by NC/j(j{2rr , N being the number of blades, dynamic pressure q = ~plV2, one

may obtain overall drag force in integration furm from equation (3.1.23) as follows.

NCH 12~FD = -- q(CnS'inO - C,CosO)dO
2rr o'

(3.1.24)

Now from the equation (3.1..5) and (3.1.24), t.he drag coefficient CDD may be

written as,

NC 12
".(W)2CDD = -- T (CnSinO - C,CosO)dO

4rrR 0 1a
(3.1.2.5 )

From the equation (3.1.6), the velocity ratio ~: based on the ambient wind

speed may be expressed as,

Rw RW( 1 )
Veo = Va 1+ CDD!'!

(3.1.26)

Now the rotor drag CDD can be calculated from equation (3.1.25) for a given

turbine geometry, rotat.ional speed wand specified rotor velocity ratio f~.The ve-

locity ratio ~~' based on the ambient wind speed can be obtained from the equation

16

'.'J,



(3.] .26). Thus this met;hod requires no it"rative process. The elemental torque can

be written as,

6Q = 6Ft Ii (3.1.27)

Substituting equation (3.1.15) and replacing c by NC60/2rr for an assumption

of infinite number of blades distribution, one obtains the expression of overall torque,

Q, in the integration form,

NC 12~Q = -.Rll Ct qdO
211" 0

The overall power Po is,

NCw 12~Po = Qw = --.RH. C,qdO
211" 0

(3.1.28)

(3.1.29)

According to Glauert, the expression for the maximum power (ideal power) is,

16 1 '
Pmar = ;;:::. -211~A~,

Templin defines the power coefficient as,

C -~p -
Pmar.

3.1.5 Modification of Single Streamtube Theory.

(3.1.30)

(3.1.31)

Single streamtube model affords a great deal of simplicity and can predict the

overall performance of a lightly loaded wind turbine but according to the investiga-

tion, it always predicts higher power than the experimental results. This model can

not predict accurately the wind velocity variations along the rotor. This variations

gradually increases with the increase of blade solidity and the tip speed ratio.
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R.B. Noll and N.D. Ham (28Jhave presented a analytical Illodel based on single

streamtube theory for the performance prediction of a vertical-axis straight-bladed

Darrieus turbine which are cyclically pitched. They added the effect of strut drag,

turbulent wake state and dynamic stall to their analytical model.

3.2 Multiple Sheamtube Theory.

Multiple streamtube theory proposed by Wilson and .Lissaman[44] is the im-

proved prediction methods for the calculation of performance characteristics of a

Darrieus turbine. In this theory, tlie swept volume of the turbine is divided into a

series of streamtube. These adjacent tubes are aerodynamically independent. This

theory gives rise to a velocity distribution through the rotor in horizontal direction.

3.2.1 Basic Assumptions.

The necessary assumption needed for multiple streamtube theory are,

1. To determine the induced velocity, the flow is assumed to be inviscid and incom-

pressible. As a result the only force acts on the blade element is the lift force

and its component along the stream tube is equated to the force contributed by

the rate of change of momentum along the streamtube.

2. The Glades are infinite in number causing the swept surface to be continuous

at all times but in such a way that the solidity remains finite.

:.I. Each streamtube is considered to be independent with no interference of adja-

cent tubes. so that momentum theory is applied to each of the tube separately.

4. The streamtubes are considered to be parallel with each other, so that induced

velocity remains constant along each of the streamtube.
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5. The flow is assumed to be steady, one dimensional frictionless and incompress-

ible.

3.2.2 Axial Momentum Tbeory.

The streamwise forces along the streamtube are calculated using the axial mo-

mentum theory. Figure 3.5 shows an elemental streamtube for a straight-bladed

Darrieus turbine, The cross-sectional area ort of the elemental streamtube can be

obtained as,

oA = If RSinOoiJ (3.2.1)

The flow around the airfoil blade element is retarded in two stages. Once

before and once after its passage through the blade elements on the either side of

the streamtube (Figure 3.G).The elemental force along the streamtube is given by,

(3.2.2)

where om is the mass flow rate through the streamtube. Replacing bin by pV.oA,

the elemental drag force becomes,

OFD = pV.(V"", - "'",)oA (3.2.3)

Applying Bernoulli's equation in the upstream and the downstream side re-

spectively one obtains,

Pi ,,2 P 1 Tr2oo+-P"oo= u+;;P¥.2 ~

1 2 1 2P +-pV =Pd+-PV
00 2 w 2 a

(3.2.4)

(3.2.5)

where P" and Pd are respectively the static pressure' at the upstream end of a

streamtube as it enters the swept volume and that at the downstream end of a
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stream tube as it leaves the swept volume. pO<) is the atmospheric pressure. Now

subtracting the above two equations,

(3.2.6)

The elemental drag force along the strealll tu be is

(3.2.7)

Substituting the equation (3.2.6) into the equation (3.2.7), one may obtain,

Now from equa.tion (3.2.3) and (3.2.8)

'Jir (F - F )oA = ~p(F2 - 1"2) oA,-000 w r) 00 W~

The above equation finally becomes,

(3.2.8)

(3.2.9)

(3.2.10)

According to the assumptions of the theory, the induced flow' velocity can not

be greater than half of the freestream velocity. Otherwise, the wake velocity will

either be zero or negative. In the real flow field this does not appear. The wake

region is turbulent, as a result there occurs mixing of the wake with the high energy

fluid layers outside the wake region.

Fl:olll the equations (3.2.3) and (;~.2.1O), the elemental drag force becomes,

(3.2.11)
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Introducing the value of oA and a non-dimensional parameter h = If / R, the

above equation becomes,

(3.2.12)

3.2.3 Blade Element Force Along Streamtube.

Wilson and Lissanl1l.n [42] consider a theoretical lift coellkient in their cakula-

tion, which is given by,

C( = 2'1rSina

To take into account the real lift coefficient, it may be expressed as,

C, = 2'1rkSina

(3.2.13)

(3.2.14)

The value of C, is taken from the airfoil data corresponding to the local angle of

. attack while the value of the factor k is found by an iterative process.

For an inviscid and incompressible fluid, the elemental lift force, from the

Kutla.Joukowski relations is given by,

oL = pWH or (3.2.15 )

where or is the elemental circulation for unit length of the blade and W is the

relative flow velocity. The elelllentallift force, according to the equation (3.1.19) is,

1 2oL = -C( pc W If
2

(3.2.16)

From the equations (3.2.15) and (3.2.lG) the expression of the elemental circu-

lation is found as,
l'or = -cC(ll'
2
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Introducing the equation (:l.2.14) for the lift coefficient Cr one obtains,

bI' = 7l"kcWSinu

The above equation can be expressed in vector form as,

where e1' is the unit vect.or in the direction of bI'

The above equation may also be written as,

(3.2.18)

(3.2.19)

(3.2.20)

where ec is the unit vector in the chordal direction, For an inviscid and incompress-

ible fluid the elemental force on the blade element can be expressed in vector form

as,

(3.2.21 )

Now referring to the Figure 3.7, the expression of the relative flow velocity W

and unit vector ec becomes,

W = Vl> i+ Vel = V.SinOr + (Rw + V.CosO)J

and

(3.2.22)

(3.2.23)

where the unit vcctors rand.l arc considcred rcspectively along the normal direction

to the blade chord and the tangential velocity direction. The values of Ve and Vl>

are takcn froln the equations (3.1.8) and (3.1.9) respectively. Inserting the values

of \V and ee in the equation (3.2.20) one obtains,

bI~= ;rkc [V.SinOr + (Rw + v.CosO)I] x I

22

(3.2.24 )
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Considering the unit vector k perpendicular to the plane of the unit vectors

i,k; since ix J = k and J x ;=0, the above equation becomes

or = rrke VaSine k (3.2.25 )

Introducing the values of tV (3.2.14) and oi~(3.2.2,5) in the equation (3.2.21)

one may obtain,

of = de [FaSine i+ (Rw + Fa Cose) J] If x (Va Sine k)

After vector multiplication, the elemental force of becomes

The equation (3.2.27) can be write in t.he following form,

(3.2.26)

(3.2.27)

(3.2.28)

Now referring to the Figure 3.8, the elemental force component on the blade

element along the streamtube is,

(3.2.29)

Equation (3.2.29) may be obt.ain in the following form after introducing the

values of PI imd F2 ,

OFD = fJrrkc1lwIflt'aSin~
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Now introducing a non-dimensional parameter h = ~ and replacing c by NC60
211"

for an assumption of infinite number of blades distribution, 6Fn may be expressed

as,

(3.2.31 )

Now multiplying the equation (:l.2.:n) by 2 for t.wo blade elements III one

strealiltube, one finds,

(3.2.32)

3.2.4 Induced Velocity Ratio, Aerodynamic Forces /lnd Power Coeffi.

cient.

To find the induced velocity ratio, the relative flow velocity W, the local allgle

of attack a and the local Rey"nolJs number Re are necessary. The relative flow

velocity Wand angle of attack IX tlIay be obtained from the equations (3.1.11) and

(3.1.1:1), which are given below,

-=,,~ [(&I F) ]2
Vcclv: +CosO +Sin20

_I [ SinO ]a= tan -R--y-.----
\.: Iv:;; + CosO

(3.2.33 )

(3.2.34)

The local Reynolds number Be for the constant wind speed condition is ex-

pressed in the form,

W ,,-
VI.: .Rew
a 00

(3.2.35)

and that for the constant turbine speed condition is expressed in the form,
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where Rew(= VooC/v) is the wind speed Reynolds number and Re,(= RwC/v) is

the turbine speed Heynolds number.

Now from the equations (;l.2.12) and (3.2.32), one may obtain the expression

of the induced velocity ratio (rotor axial flow velocity) as,

V. k NC Rw ..
- = 1- -.--.-.SmO
Voo 2 II Vco

(3.2.37)

The value of the induced velocity ratio is obtained by an iterative process.

For known values of tip speed ratio ,\ (= Hw/Vco), solidity ratio ~ (= NC/H),

azimuth angle 0, the starting value of the induced velocity ratio is chosen as 1.0

or as that calculated for the prior streamtube. Now the relative flow velocity W

and the local angle of attack a are respectively calculated from equation (3.1.11)

and (3.1.13). Then the local Reynolds number He is calculated eit.her from the

equation (3.2.35) for constant wind speed condit.ion or frolll the equation (3.2.36)

for constant turbine speed condition. With the known values of He and n, the value

of the lift coefficient is taken from the airfoil data and the factor k is calculated from

the equation (3.2.14). Now the new value of the induced velocity ratio is calculated

by using the equation (3.2.37). This process is continued until the induced velocity

ratio is obtained with the desired accuracy.

The elemental blade pitching moment is defined by,

(3.2.38)

The non-dimensiona.l normal force F;; a.nd the non-dimensional tangential force

F;+ are defined in t.he following way,

F+ -n -
oFn

IpcHV22 . co
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Ft+ =
6Ft

lpcHV22 00

(3.2.40)

Introducing the values of 6Fn (3.1.14) and 6Ft (3.1.15) in the above equations

(3.2.39) and (3.2.40) respectively, one obtains,

w2
p+ - (' -
n - 'n F2

00

Referring to the Figure 3.9, the elemental streamwise drag force is,

(3.2.41)

(3.2.42)

(3.2.43)

Introducing the value of 6Fn (3.1.14) and 6g (3.1.15) respectively in the above

equatioll (3.2.43), one finds,

(3.2.44)

Replacing c by NCM){2rr for an assumption of infinite number of blades distri-

bution and introducing a Ilon-dimensional ]Jarameter h = If {R, the above equation

(3.2.44) can be writt;en a.s,

(3.2.45)

Coefficient of overall elemental turbiue drag (streamwise force) is defined as,

6CD = OFD
!pAV22 :.xl

(3.2.46)

wllere A(= 2Rli) being the projected frontal area of the swept. volume. Now the

expressioll of the turbine overall elemental drag coefficient can be obtained as,

NC R2 (W)2. .6eD = --.-.h. ji
oo

(CnSinl) - CtCosl))68rrR A
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Integrating the equation (3.2.47), the turbine overall drag coefficient can be

obtained as,
NC r W2

CD = ;rrR in 11
00

(C,,8inii - CtCosii)dO

The blade elemental torque of the turbine is found as,

From the equations (3.1.1.5) (3.2.38) and (3.2.49) one obtains,

1 2oQ = -pcW (RCj + CC",)H
2

(3.2.48)

(3.2.49)

(3.2.50)

Inserting the non-dimensional parameter is Ii = H /R and replacing c by

NCOO/2rr for an assumptioll of infinite number of blades distribution, 6Q may

be expressed as,

NC 3 2 (' C )oQ = 4rrRPR W Cj + Rem hOO

The overall elemental torque coefIicient is defined as,

(3.2.51 )

oQ
!(UH'2 R
2" 00

(3.2 ..52)

From the equation (3.2.51) and (3.2.52), the expression of 6CQ is obtained as,

(3.2.53)

After integration, the turbine overall torque coefficient is expressed as,

(3.2.54)
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Ti,e overall power coeOicient el, ( may also be called as the aerodynamic eOi-

ciency) is defined as the ratio of t.he power Po produced by the tUt'bine t.o the total

power available in the air passing tht'Ough the same swept volume of the turbine

and is given by,

Introducing the value of overall power Po = Qw , one obtains,

(3.2.55)

Qw
!pAF32 00

(3.2.56)

Inserting the value of CQ fwm the equation (3.2.54), the overall power coeffi.

cient Cp may be found at any particular tip speed ratio ..\ . The power coefficient

is calculated by the numerical integration method applying Simpson's wle.

3.2.5 Mo<iificntiOlH' of Multiple Strenllltube theory.

Wilson et al considered the theoretical lift for their calculation. Atmospheric

wind shear can be included in the multiple streamtube model. This model is still

inadequate for flow field description. Wilson's model can be applied only for a fast

wnning lightly loaded wind turbine.

Strickland [34J also presents a multiple streamtube model for a vertical axis

Darrip.us turbine. In his model, for the calculatIOn of induced velocity, he equates

the blade elernent forces (induced airfoil drag) 1.0 the change in the momentum along

each streamtube. The basic difference between Wilson's and Strickland's model is

that WilSall used the lift. force (theoretical)ordy in t.he calculation of induced velocity

while Stricklalld added the effect of drag force as well for the similar calculation.

But this model doesn't include the effect of local Reynolds number on the lift

28



drag characteristics. This model gives better picture of the overall performance of

Darrieus turbine only when the rotor is lightly loaded. It displays improvement

over the single streamtube rnethods.

Shankar [33] presents streamtube models with both uniform and nonuniform

velocity distributioll. In his uniform velocity distribution model, he assumes a

constant axial-flow velocity in the vertical and horizontal directions of the rotor

(curved- bladed) frontal area ami both ill the upwind and downwind sides of the

rotor. Shankar's nonuniform velocity distribution model is actually the multiple

streamtube model where the axial flow velocity varies both in the vertical and

horizontal directions but in each streamtube it remains constant throughout the

UPWilld and downwind sides. III the calculation of Shankar, he applied the lift-drag

characteristics independent of Reynold's number like that of Strickland.

Sharpe [34] presents an elaborate description of a multiple streamtl.lbe model.

Although his model is similar to that of Strickland[36]' he includes the effect of

Reynolds number in the calculation. Furthermore he uses analytical expression for

the Troposkien shape.

Read and Sharpe PlIJ] proposed an improved version of multiple-streamtube

model for vertical axis Danieus turbines. III their model, instead of parallel stream-

tube concept, they proposed the idea of expanding streamtube. This model is

strictly applicable to low solidity, lightly loaded wind turbines with large aspect ra-

tio. It can predict the instantaneous aerodynamic blade forces and induced velocities

better than that by the conventional multiple streamtube model. But prediction

of overall power coefficients can not be made with reasonable accuracy. It usually

gives luwer power than tha.t obta.ined by experiment.
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An elaborate study of the flow curvature effect on the performance prediction

of a straight-bladed Darrieus turbines have carried out by M.igliore and Wolfe [23].

In their method, they consider a curvilinear flow field which consist of concentric

streamlines pattern on the turbine blade airfuil (geometric aitioils ). With the aid

of conformal mapping techniques, the actual (geometric) airfuil in the curved flow

is transformed to an equivalent (virtual) airfoil in a rectilinear flow with change

in camber and incidence angle. By this approach, local velocities and angles of

attack are preserved, so that the virtual airfoil should exhibit the aerodynamic

behavior of the geometric airfoil in orbit. They have observed strong influence of flow

curvature on the performance characteristics of a Darrieus turbine especially at high

chord-radius ratio. They also noted that under most circumstances flow curvature

effect has a detrimental effect on the blade aerodynamic elliciency. Huwever, when

properly considered, virtual aerodynamics may be used advantageously to enhance

turbine performance. In addition they describe the effect of centrifugal forces on

the flow pattern of the blade airfoils of the turbine.

3.3 Vortex Theory.

Larsen [16] first presents a vortex theory for the performance prediction of a

cyclogiro windmill. His model is a two-dimensional one but if the vortex trailing

from the rotor blade tips are considered it may not be said strictly two dimensional.

However, in his model angle of attack is assumed small, as a result stall effect is

neglected.

Strickland, Webster (l.nd Nguyen [39] have presented a vortex model for curved

bladed Darrieus turbine. It is simply the extension of the previous vortex model.

This model is a three- dirnensional one and aerodynamic stall is incorporated into

the mudel. The general analytical approach requires that the rotor blades be di-
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vided into a number of segments along their Spall. The production, convection

and interaction of vortex systems springing from the individual blade elements are

modeled and used to predict the "induced velocity" or "perturbation velocity" at

various points in the flow field. The indnced or perturbation velocity at a point is

simply tile velocity which is superimpose on the undisturbed wind stream by the

wind machine. Having obtained the induced velocities, the lift and drag of the blade

segments can be obtained using airfoil section data.

A simple representation of the vortex system associat.ed with a blade element

is shown in the Figure 3.10. The airfoil blade element is replaced by a "bound"

vortex filament sometimes called "substitution" vortex filament or a lifting line. the

strengths of the bound vortex and each trailing tip vortex are eqnal as a consequence

of the Helmhotz theorems of vorticity. According to the Figure 3.10, the strengths

of the shed vortex systems have changed on several occasions. On each of these

occasions, a spanwise vortex is shed whose strengths is equal to the change in the

bound vortex strength as depicted by Kelvin's theorem.

The fluid velocity at any point in the flow field is the sum of the undisturbed (-

wind stream velocity and the velocity induced by all of the vortex filaments in the

flow field. The velocity induced at a point in the flow field by a single vortex filament

can be obtained from the Biot- Savart law, which relates the induced velocity to

the filament strength. Referring to the case shown in the Fignre 3.11, for a straight

vortex filament of strength r and length I, the induce velocity Vp at a point p not

on the filament is given by,

(3.3.1)

where d is the IUmlmulU distance of the point p from the vortex filament, e is the

unit vector in the direction if i x r. i is also the unit vector. It. shollld be noted
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that if point p should happen to tie on t.he vortex filament, equation (3.3.1) yields

indeterminate results, since e cannot be defined and the magnitude of Vp is infinite.

The velocity induced by a straight vortex filament on itself is, in fact, equal to zero.

In order to allow closure of the vortex model, a relationship between bound

vortex strength and the velocity induced at a blade segment must be obtained. A

relationship between the lift L per unit span on Ii blade segment and the bound

vortex strength rn is given by the Kutta-Joukowski law. The lift can also be

formulated in terms of the airfoil section lift coefficient C, . Equating ship between

the bound vortex strength and the induced velocity at a particular blade segment.

rn = ~CICW
2

(3.3.2)

It should be noted that t.he effects of aerodynamic stall are automatically in-

troduced in to the equation (3.:3.2) through the section lift coefficient. After deter-

mining the induced velocity distribution, it becomes straight-forward to obtain the

performance characteristics of a.Darrieus rotor.

3.4 Cascade Theory.

A cascade theory for the performance prediction of a vertical-axis Darrieus

turbine has been presented by A.C. Mandai [18] in his Ph.D. thesis. This theory

predicts reasonably good performance for a high solidity as well as low solidity

Darrieus turbine. The calculated values of the local forces are comparable with

those calculated by t.he quasisteady vortex nwdel presented by Strickland [39]. For

the prediction of overall performance of a high solidity straight-bladed Danieus

wind turbine and local forces of both low and high solidity turbines at the high tip

speed ratio, application of cascade theory gives more reliable results in comparison

to those by the multiple streamtube theory with flow curvature effect.
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This theory does not make any convergence problem even for a high solidity

turbine and at high tip-speed ratio. In this Illodel unlike in the case of momentum

theory, the iterated ratio may go below 0.50. Applying cascade theory the wake

velocities can be predicted very reasonably even for a high solidity turbine and at

high tip speed ratio while the momentum theory can not do so.
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CHAPTER 4

AERODYNAMIC THEORY

In the cascade theory [25]. the blade airfoils of a turbine are assumed to be

positioned in a plane surface (termed as cascade) with the blade interspace equal to

the turbine circumferencial distance divided by the number of blades. In this model

the relationship between the wake velocity and the freest ream velocity is established

by using the Bernoulli's equation while the induced velocity is related to the wake

velocity through a particular assumed analytical expression.

4.1 Basic Assumptions.

In order to simplify the analysis with cascade theory for the determination of

the performance characteristics of a Darrieus wind turbine the following assnmp-

tions are made: '

1. The blades on the cylindrical surface (cylinder with height II) are assumed to

be developed into a plane surface. This configuration is known as the rectilinear

cascade.

2. As the turbine blade rotates in a circular path, the flow velocity on the blade

continuously varies; as a result at any instant each of the turbine blades faces

flow conditions different from those on others. In the present analysis one of the

blades is considered as the reference blade and at any instant power is calculated

with supposition that each of the blades sees t.he same flow and produces the
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same power as that of the reference blade. This process is continued at every

station with the reference blade for one complete revolution of the turbine.

Later the average power is obtained.

3. The wake velocity for the upstream side is supposed to act in the axial direction

and behaves as the freestreil.lll velocity on the downstream which is positioned

behind the upstream blade. The pressure in the wake region of the upstream

side is assumed to be equal to the atmospheric pressure.

4. During finding the wake velocity the flow IS assumed to be steady,

one-dimensional and incompressible.

4.2 Blade Element Angles and Velneities.

In the present analysis the flow velocities in the upstream and the downstream

sides of the turbine a.re not constant (Figllre 4.1). it Illay be observed that the

flow is considered to occur in the axial direction, The expressions of the chordal

velocity component Vcu, the normal velocity component Vnu for the upstream side

are respectively obtained following the equation (3.8) and (3.9) in the section 3.2.1.

Vcu = Rw + VauCosl) (4.1 )

(4.2)

Referring tothe Figure 4.1, the angle of attack aou for the upstream side may

be expressed as,

Oou t _l(Vnu)= an --
Vcu
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Introducing the value of Vu• and Ve• and non-dimensionalizing,

(4.4)

The relative flow velocity Won for the upstream side is obtained as (Figure 4.2).

(4.5)

After inserting the values of Ve• (4.1) and Vuu (4.2) and nondimensionalizing

the equation (4.5) becomes,

Wou Wou Vau--=----
Voo Vau'Voo

[
RW Fau ] 2 . 2V/V + cosO. + Sm (J

00 00

(4.6)

Following the same procedure, similar expressions are obtained for the downstream

side. I.Ience to determine the angle of attack Qo• and the relative flow velocity Wod

for the downstream side subscript u is replaced by d in equations (4.4) and (4.6).

After determination of the local relative flow velocity and the angle of attack,the

straight- bladed Darrieus turbine is developed into the cascade configuration which

is shown in the Figure 4.3. If the blade represented by (1) at an azimuth angle 0 is

considered as the reference blade, the flow conditions on the other blades represented

by (2) and (3), are assumed to be same to that of the reference blade. This process

is continued for one complete revolution of the reference blade with a step 00.

In the following analysis, the general mathematical expression are derived for

the upstream and the downstream sides by omitting the subscripts u and d. These
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general expressions may be applied for both the upstream and downstream sides

by subscripting the variable parameters (dependent of sides of turbine) with 1.1

(upstream) and d (downstream).

Figure 4.4 shows the velocity diagram on the reference blade element of the

cascade configuration for a straight- bladed Darrieus turbine. To perform the anal-

ysis a control surface is chosen as shown in this figure, This control surface consists

of two parallel lines to the cascade front and two identical streamlines having in-

terspace t. This figure also shows velocities in reference to the blade element in the

cascade. Referring to the Figure 4.3, the expressions of these velocities are obtained

as,

where

Wy W.- = -Coso:
V " •00 '00

Wx W. S'
V00 - lt~ ~nao

VI' = fIf = NfIf
2t 47rR

(4.7)

(4.8)

(4.9)

(4.10)

(4.11 )

W. and Wy are the components of the velocity I'V. in the x and y directions re-

spectively where x is chosen along perpendicular direction and y is chosen along the

parallel direction of the casca.de front (Figure 4.3). WI and W2 are the relative flow

velocities respectively at the cascade inlet and outlet. Blade airfoil 'upstream side

is termed as cascade inlet and downstream is termed as cascade outlet. VI' is the

velocity contribution by circulation rIf. t (= 27rR./ N) is the blade spacing. The
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angles of attack at the cascade inlet 0) and outlet 02 are obtained as,

(4,12)

(4,13)

4.3 Aerodynamic Forces.

Along the bounding streamlines, shown in Figure 4,4, the pressure forces are

canceled, Viscous forces can be neglected outside of the boundary layers, There ex-

ists only the momentum flux through the straight lines parallel to the cascade front.

So the force in the tangential direction due to the rate of change of rnomentum,

(4,14)

Applying the continuity equation the. mass flow rate m can be found as,

(4,1.';)

From the equation (4,14) and (4,15), the tangential force Fi becomes,

(4,16)

The force in the normal direction to the cascade may be obtained as,

(4,17)

where Pr and P2 are respectively the pressure at the cascade inlet and outlet,

Introducing the value of til (4,15), equation (4,17) can be written as,

(4,18 )
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Considering the total cascade loss by a total pressure loss term !::J.p•• and using

Bernoulli's equation between the cascade inlet and outlet, one obtains,

p) W; P2 Wi !::J.p••-+-=-+-+--
pg 2g pg 2g 'pg

Rearranging,

(4.19)

(420)

Now introducing value of (p) - P2) in t.he equation (4.8) and writing W) Sinal =

W2Sina2 (for the present configuration), the normal force becomes,

(4.21 )

The expression of the normal force c'oefficient Cn, the tangential force coefficient

C" the non-dimensional normal force l'~+ and the non-dimensional tangential force

.Ft+ in the cascade theory are respectively obtained following the eq)lations (3.21),

(3.22), (3.72) and (3.n). These are given below (since <to is identicaJ to a given by

the equations (3.21) and (3.22) while W. is identical to W given by the equations

(3.72) and (3.73), a and Ware replaced by (x. and W. respectively).

Ct = C,Sin<t. - CdCosa.

+ W;
Fn = Cn V2

00

F+ = CtW;1 V2
00

(422)

(4.23)

(4.24)

(4.25 )

4.4 Velocity Contrihuted hy Circulation and Total Power Loss Term.

The circulation about the blade profile is defined as,

1.
~ ~

r = •Wds
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The circulatiou along the streamlines is canceled by virtue of the opposite directions

of s, while the contribution along the parallel direction of the cascade front is

retained. As a result the circulation becomes,

(4.27)

From the equations (4.14), (4.15) and (4.16) one obtains,

(4.28)

Referring to the Figure 4.5, the lift force can be written as,

(4.29)

where, Lid and L" are respectively the lift force appearing in frictionless flow and

the lift force due to pressure loss.

According to the Figure 4.5, Lid and L" may be expressed as,

F(
Sin(~o

L" = D Cot(Jio

(4.3)

(4.31 )

where D is the dmg force on the blade airfoil. The equatiolls (4.29), (4.30) and

(4.31) yield,

L=
Fi. + D CotaoSinoo

(4.32)

Dividing both sides of the equation ('1.32) by L, introducing E = ~ and arranging,

(1 - ECotoo)
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Rearranging,

L = F,
Sinao( 1- ECotao)

(4.34)

Introducing the value of FI from t.he equation (4.28), the lift force L becomes,

L = pW"H r
Sinao . (1 - ECota.)

(4.35)

Referring to the Figure 4.4, one may write W" = W.Sina., so the lift force L can

be expressed as,

The lift force is defined as,

. rL = pH1Vo -
(1 - ECota.)

(4.36)

(4.37)

From the equations (4.36) and (4.37) the expression of the circulation is obtained

as,
1r = -CICW.(1- ECota.)
2

(4.38)

Now the expression of VI' from the equations (4.11) and (4.38) are obtained as,

1 NC
Vr = -.CI.-.Wo(l- ECota.)Il

8rr R. .

In the non-dimensional form, the equation (4.39) becomes,

VI' 1 NC Wo-V = -.CI'-R ..:;-(1- ECotu.)H
00 Sir floo

(4.39)

(4.40)

Now an expression of the pressure loss term po. will be derived. From the Figure

4.5, the normal force can be obtained as,

(4.41 )
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where Fnid is the force appearing in the frictionless flow and Fn• is the force due

to the pressure loss. Referring to the Figure 4.5, Fn• may be expressed as,

D
Fn• = ---

Sina.

The force Fn• may also be expressed as,

From the equations (4.42) and (4.43) one obtains,

D
D.F•• = H ,.t Slnu.

The drag force D is defined as,

Now from t.he equations (4.44) and (4.45), one obtains,

P Cd C 2
F•• = ;-.S. .-IV.

2 mao t

where
C NC 1 NC
t = 21rR = 21r.R

In non-dimensionalized form,

D.F.. 1 Cd NC W;
pV;, = 41r. Sina •.R. V;'
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(4.43)

(4.44)

(4.45 )

(4.46)

(4.47)
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4.5 Velocity Ratios and Rotor Power Coefficients.

The wake velocities for the upstream and downstream sides of the turbine are

obtained by applying Bernoulli's equation with absolute velocity and that with

relative flow velocity.

Applying Bernoulli's equation with absolute velocity in front and behind the

cascade one obtains for the upstream side,

v;' Poo V/u Plu-+-=-+-
2g pg 2g pg

V/ P00 Va
2
u P2u-+-=-+-

2g pg 2g pg

(4.49)

(4.50)

where Vau and Ve are respectively the induced velocity and the wake velocity for

the upstream side. Plu and P2u .are the static pressures respectively at the cascade

inlet and outlet for the upstream side. In the wake region of the upstream side with

the velocity Vel the pressure is assumed to be equal to the atmospheric pressure

(Figure 4.1). Subtracting the above equations (4.49) and (4.50),

v2 V2 P Pco e 1II 2u
2g - 2g = -g- - -g-

After rearranging,

(4.51)

(4.52)

Now subtracting the variable parameters in the equation (4.20) by u for the up-

stream side and balancing with the equation (4.52) one obtains,

(4.53)

Again the subscripting the variable parameters in the equation (4.48) by u for the

upstream side. introc/llcing in I;he equa.tion (4.53) and dividing throughout by ~p
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one may find,

(4.54)

From the equation (4.54), the expressIOn of the wake velocity ratio in non-

dimensionalized form for upstream side can be written as,

\
1 _.- (1.55 )

Similarly the expression of the wake veloci ty ratio in non- dimensionalized form

for the downstream side can be found as,

(
Wid Wl.) 1 NC Cdd W;d

1- -\12 - -\12 - ;;7l"-R c' . \12
e e .•.. ..,~naod e

(456)

The wake velocity ratio for the downstream side may be related as,

=--
Ve'Voo

(4.57)

In this model, for the upstream side a relationship between the wake velocity and

the induced velocity is given as,

and for the downstream side as,

Va. (V. )ki

V"" = V""
(4.58)

(4.58)

The value of the exponent kj is found from the a fit of experimental results.

The induced velocity ratio for the downstream side may also be written in the form,

Vd Vd V V (I')k.a a ~ e w
V"" = Ve . Voo = lioo' Ii.
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Induced velocity ratio depends on many parameters such as, solidity, tip speed

ratio, azimuth angle, Reynolds number, aspect ratio, blade pitching and airfoil

profile. In the iterative process, the effect of every parameter except solidity is

taken care of through the airfoil characteristics which control circulation. Thus the

exponent k; becomes the function of solidity only. The expression of the exponent

is obtained as,

k; = (.42.5 + .332a)

where a is solidity of a Darrieus wind turbine.

(4.61 )

The expreSSIOns, for the tangential force Fj and the normal force Fn, may

be used for the upstream and the downstream sides by subscripting the variable

parameters with u (upstream) and d (downstream). The equations (4.16) and (4.21)

are expressed in the following forms inserting t = 211"~.

F,(B) = ~.HR(WiSina2Cosa2 - W;'SinaICosal)
11" 211"

Fn(B) = N.IIR(W] - W;> + N IfRt:..Poo

(4.62)

(4.63)

Since the tangential and the normal forces represented by the equations (4.62)

and,(4.63) are for any azimuthal position,so from now on they are considered as a

function of azimuth angle U.

The average tangential force on each blade is expressed as,

1 1211-F1 = - F1 (B)dB
• 211" 0 '

•
(4.64)

The total torque for the number of blades N is expressed as,
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From the equations (4.62). (4.64) and (4.65) one obtains,

(2"
Q = pH R2 Jo 1". (O)dO

The turbine torque coefficient is defined by,

(4.66)

CQ =
Q

lpAV2 R2 00

(4.67)

Introducing the value of Q from the equation (4.66), inserting A = 2RH, one may

obtain the expression of the turbine overall torque coefficient as,

(4.68)

The turbine overall power coefficient is given by the equation

(4.69)

The numerical calculation to obtain the overall power coefficient is carried out

following the procedure given in the appendix - A.

4.6 Development of Dynamic Stall.

The dynamic stall is a complex unsteady flow phenomena, which refers to the

. stalling behavior of an airfoil section when the angle of attack changes rapidly with

time. Several experimental works have been conducted in this field, especially for

helicopter applications [10]' [20J. These studies showed that the loads of an airfoil

oscillating harrnonically in pitch are different from those of a llonpitchillg airfoil at

the same angle of attack.
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In the case of the Darrieus wind turbine, as the turbine blade rotates, the

local angle of attack changes continuously with time. At low tip speed ratio the

angle of attack exceeds the stalling angle in most of the stations, thus the dynamic

stalling effect is needed to be encountered in the analysis. To include the effect of

dynamic stall in the analysis, Boeing- Verl.olmethod [12] is applied to determine the

lift characteristics.

In the method of Boeing- Vertol, the blade angle is modified. the modified angle

of attack am is determined from following the relation,

(4.70)

where a is the effective blade angle of attack, "I and /(/ are empirical constants, <i

represents the instantaneous rate of change of e" S& is the sign of <i and fV. is the

relative flow velocity.

This modified angle of attack is used to calculate lift force coefficient due to

the dynamic stalling effect in the following manner,

(4.71)

where C,( am) is the lift value chosen corresponding to the modified angle of attack

am and the value is taken from the two- dimensional lift characteristics with static

stall conditions.

For low Mach numbers and for airfoil thickness to chord radius ratios greater

than U.1, the value of "I is

"I = 1A - 6(0.06 - te)
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where te is the maximum airfoil thickness ratio. The K, value changes with the sign

of the efrective angle of attack, and this is determined from,

KI = 0.7.5+ 0.25.5',; . (4.73)

This formulation is applied when the angle of attack , a is greater than the

static stall angle or when the angle of attack is decreasing after having been above

the stall angle. The Boeing- Vertol stall model is turned off when the angle of attack

is below the stall angle and increasing.

For the prestall condition the lift characteristics are also corrected. These are

determined approximately from an empirical relation which is obtained from the.

correlation of the results presented by N.D. Ham [14]. This empirical relation for

corrected lift may be expressed in the form,

G/, = G,(l + .03a) (4.74)

In the analysis, to consider the effect of drag characteristics due to the dynamic

stall, an empirical relation is introduced which can be written in the form,

(4.75)

where J( if a factor. J( is chosen as 1 in this expression.

Experimental values for drag characteristics with dynamic stall effect is not

available. However, the calculated drag values obtained from the equation (4.75)

becomes closer to the calculated values presented by Cardona [2].

48



In the reference [27]' for the SWECS lllodel, in order to consider the dynamic

stall effect, the drag was modified and it was considered as the function of lift and

angle of attack. However that failed to provide reasonable correlations while used

in the present analysis.
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CHAPTER 5

RESULTS AND DISCUSSIONS •

In this chapter the calculated results are presented. the effects of Reynolds

number, solidity, zero-lift-drag coefficient, aspect ratio etc. on the performance of

Darrieus wind turbines are discussed. The calculated results by cascade theory

considering d,ynamic sta.ll are compared with the experimental results and the cal-

culated values by the other existing methods. Most of the experimental results are

available from the wind tunnel test data and few are available from the prototype

turbine test data.

In the present analysis, two types of airfoils are considered. These are

NACA 0012 and NACA 0015. Two dimensional aerodynamic Iift-drag charac-

teristics are taken from the reference [18]' which are shown in graphical form in

Appendix-E. However, to consider dynamic stall. modified values are used in the

ailalysis.

5.1 Calculated Results.

5.1.1 EH'ectof Dynamic Stall OIl Lift-Drag Characteristics.

Figures 5.1 to 5.3 depict the effect of dynamic stall on lift-drag characteristics

of airfoil blade section. Prom Figure 5.1, it is observed that a large difference

exists between the static lift characteristics and the experimental data presented

by N.D.Ham et al [14). However it is revealed from this figure that the calculated
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lift characteristics including dynamic stall effect are closer to the experimental lift

values.

Figure 5.2 shows the variation of the static lift and the calculated dynamic

lift characteristics while Figure 5.3 shows the variation of the static drag and the

calculated dynamic drag characteristics. It can be seen from the figure that there

occur remarkable variation ()f both lift and drag after the stalling angle. It occurs

due to completely different flow phenomena in the case of dynamic stalling condition.

In this regard V.B. Mehta [22] has provided few analytical informations concerning

the flow pheliomena with dynamic stalling effect. They have found different flow

characteristics for the dynamic stalling condition.

According to them, as the airfoil angle of attack, a exceeds the static stall

angle, a separation bubble forms near the leading edge (Figure 5.4a). The flow

tends to reattach aft of the bubble and a second bubble occurs near the trailing

edge. As the angle of attack increases, the leading edge bubble grows in strength

and the aft bubble now has two centers (Figure 5.4b). The suction pressure at

these bubbles or vortices increases. In Figure 5.4c, the leading edge vortex gains in

strength and is moving aft as the trailing edge suction pressure increases. In Figure

5.4d to 5.4f, the leading edge vortex breaks free of the surface and moves aft as it

gains in strength. The increased pressure suctiun associated with this vortex also

moves aft. Meanwhile, the aft vortex has been swept off the trailing edge (Figure

5.4d). The rearward movement of the vortices produces an increased vertical load

on the airfoil and rearward shift of the center of pressure.

In Figure 5.1, the comparison of the dynamic lift and the experimental dynamic

values are made and reasonable correlation was found .
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The dynamic drag characteristics could not be wrrelated with the experimental

values because of its nonuvailability. However, in the region of the dynamic stalling

the calculated values provided by Cardona [2] gives a clo'ser correlation.

Introducing the present expression of lift-drag characteristics to consider dy-

namic stalling efrect, the calculated local values of tangential and normal forces give

reasonable correlation with the experimental values which also justify the validity

of the expressions for dynamic lift and drag.

5.1.2 Effect of Solidity.

In Figures 5.5, 5.6 and 5.7, the effects of varying solidity are shown on overall

power, torque and drag coefficients calculated by cascade theory considering dy-

namic stall. Aspect ratio, height-diameter ratio, number of blades, blade chord and

wind speed are kept constant. Only the solidity is varied. Since wind speed and the

blade chord are kept constant, wind speed Reynolds number becomes fixed. Solidity

changes with the change in radius. To include all full-scale Darrieus turbine, solid-

ity is varied from 0.10 to 1.20. Figure 5.5 shows that with increase in solidity peak

power coefficient increases, and becomes maximum at a == 0.30. Further increase

in solidity results in fall of peak power coefficient. However, lowering the solidity

results in flattening out of the performance curve. At higher solidity, peak power

drops adequately, with sharp change in power near the peak, and operating range

shifts towards the low tip speed ratio. Though peak power drops at higher solidity,

Figure 5.6 shows that the torque at low tip speed ratio increases which is better

from the point of view of self-starting. The pattern of the torque variation with the

angle of attack is similar to that of the power coefficient variation with the angle of

attack, which is desirable. Figure 5.7 shows that overall drag coefficient increases

with increase in solidity. From structural point of view, a low solidity turbine is
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better because of its lower overall drag force.

5.1.3 Effect of Blade Airfoil Profile.

Figure 5.8 shows a comparison of overall power coefficients for two symmet-

rical airfoils NACA 0012 and NACA 0015. The performance curves show that

NACA 0012 airfoils gives improved results in negligible amount at higher tip speed

ratios while NACA 0015 airfoils shows improved results at lower tip speed ratios.

But the maximum power coefficients for both airfoils are nearly same. Since stalling

has significant effect at lower tip speed ratios, the performance curves show that

NACA 0015 has a favorable stall characteristics. For this reason, in most cases a

symmetrical NACA 0015 is recommended for the Darrieus turbine. At higher tip

speed rat.ios, NACA 0015 airfoil gives lower power coefficients. This is due t.o higher

blade airf~il drag coefficient.s in comparison to t.hose by the blade airfoil NACA 0012.

5.1.4 Effect of Reynolds number.

In Figure 5.9, the efrects of Reynolds nUlnber at constant wind speed on the

overall power coefficients are shown. The analysis has been performed at fixed

solidity, height- diameter ratio and number of blades. This Figure reveals that

Reynolds Number has a prominent influence on the performance of the Darrieus

turbine. With the increase in Reynolds number power coefficient increases. This

happens due to higher lift and lower drag with increasing Reynolds number, which

makes the tangent.ial force higher.

5.1.5 Effect of ASlleet Ratio.

The effect. of varying aspect ratio on t.he power coefficient, while keeping solidity,

blade chord, number of blades, wind speed constant, is shown in Figure 5.10. It
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can be noted that, turbine with low aspect ratio gives reduced performance. This

occurs due to reduced lift/drag ratio for finite aspect ratio cUllsideratiori. At infinite

aspect ratio, the power coefficiellt is about 35% greater than the maximum value

at the aspect ratio of 0.5 .

.5.1.6 Effect of Zero-Lift-Drag Coefficient.

Figure 5.11 presents the effects of zero-lift-drag coefficient on overall power

coefficient. The wind speed, solidity, blade chord, number of blades, height-diameter

ratio are kept constant. Thus wind speed Reynolds number becomes constant. The

Figure shows that, with the increase in zero-lift- drag coefficient, maximum power

coefficient decreases. Hence, this parameter should be as small as possible. Zero-lift-

drag coefficient is function of ReYllolds number as well as chord- radius ratio. With

the increase in Reynolds number, the zero- lift-drag coefficient decreases. Therefore,

a large wind turbine, whose blade ReYllolds number is large, produces higher power

coefficient.

5.1. 7 Effect of Drag due to Blade Supporting Struts.

The effect of blade supporting strut drag on overall power coefficient is shown

111 Figure 5.12. The turbine, used in the analysis, has six struts for supporting

the three blades. Strut drag coefficient depends on strut sliape. Figure 5.12 shows

that strut drag coefficient i.e. strut shape, has a remarkable effect on the turbine

performance. Loss in power due to strut is proportional to the cube of the tip speed

ratio. Hence for the same strut drag coefficient, as the tip speed ratio increase,

reduction of power coefficient gradually increases. Also with increase in strut drag

coeffieient, maximum power coefficient drops. Hence it can be concluded that to

reduce power loss due to supporting strut, its cross-section should be of airfoil shape
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whose drag coefficient is relatively small.

5.1.8 Effect of Tip Speed Ratio.

Figure 5.13 to 5.17 give the comparisons of induced velocity ratio, local angle

of attack, Reynolds number, local non- dimensional tangential and normal forces,

calculated by cascade theory with dynamic stall, at three different tip speed ratios.

With the rise of tip speed ratio, more and more air passes outside the turbine

blade, hence the induced velocity begin to drop with tip speed ratio which is shown

in Figure 5.13. Figure 5.14 shows that at low tip speed ratio, at most of the

stations local angle of attack goes above the stall angle. With further rise in tip

speed ratio, local angle of attack falls resulting in fewer or no stations above stall.

In this regard, it can be said that dynamic stall has profound influence at low tip

speed ratio. Decrease in local angle of attack with increase in tip speed ratio can

be explained following the Fignre 5.13. As tip speed ratio increases, keeping the

tangential velocity constant, induced velocity decreases, so does the angle of attack.

For a particular turbine, local Reynolds number is the function of local relative

velocity which is the vector sum of the tangential velocity and the induced velocity.

At constant turbine speed, tangential velocity is fixed, the wind velocity varies with

tip speed ratio. At low tip speed ratio, induced velocities are higher than those

at high tip speed ratio (Figure 5.13). At higher tip speed ratio, R.eynolds number

is mainly dominated by tangential velocity. Since this quantity is fixed, there is

relatively small variation of local Reynolds number with azimuth angle, as shown in

Figure 5.15, whereas at low tip speed ratio this variation is relatively higher because

of higher influence of induced velocity in comparison to that at high tip speed ratio.

At very low tip speed ratio,at most of the stations, the local angles of attack
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l!:0far bevond above the stall anl!:le (Fil!:ure 5.14). At hil!:her anl!:le of attack. due to
...."' V \ V' / •••• V ,

dynamic stall. lift/drag ratio decreases, resulting in lower local tangential force. But

with increase in tip speed ratio, reversal of these effects occur. So that tangential

force increases with rise ill tip speed ratio. But at higher tip speed ratio. because

of lower local angle of attack, tangential force decreases, which is shown in Figure

5.16. Similarly Figure 5.17 showing the non- dimensional normal force distributions

at different tip speed ratios can be explained.

5.1.9 Comparative Result of Cascade Theory with and without Dynamic

Stall.

Calculated values of local angles of attack, Reynolds number, induced velocity

ratios, local non-dimensional tangential and normal forces by cascade theory with

and without dynamic stall are compared in Figure 5.18 to 5.22 respectively. The

results plotted in these figures are given for a two bladed rotor with a clR of 0.0715

at tip speed ratios of 1.5 and 3.0 respectively. No significant differences as observed

in the values of local angles of attack and Reynolds number distribution obtained

with and without consideration of dynamic stall (Figure .5.18 and .5.19). But in

the case of induced velocity ratio, remarkable variations occur, as shown in Figure

5.20. Introducing dynamic stall model induced velocity ratio drops .. In the region

of dynamic stalling, the lift and drag values increase remarkebly which is the reason

of lowering the induced velocity, due to the addition of dynamic stalling.

Comparative curves of non-dimensional tangential and normal forces, in the

Figure 5.21 and 5.22, show that there arc prominent difference of forces calculated

with and without stall consideration. Incorporating dynamic stalling effect, both

lift and drag values rise. Tangential force coefficient is strongly affected by lift

compared to that by drag. Tangential force coefficient increases due to higher lift
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and it results in higher value of tangential forces. Variaton of the non-dimensiol

normal forces can be explained in the similar way.

5.2 Comparisons of Calculated and Experimental Results.

Comparisons are made for overall power coefficients, local blade forces and

wake velocities. However it may be mentioned that experimental data available at

the present moment for the straight-bladed wind turbine are not sufficient.

5.2.1 Wei!t Virginia University Prototype.

Figure 5.23 shows the comparison of the calculated values with and without

dynamic stall and the experimental data. These data are presented by Migliore et

al [24] for the outdoor test model of West Virginia University. It is observed from

the figure that at a higher tip speed ratio side, calculated values with and without

dynamic stall,an closer and give reasonable correlation with the experimental data

At high tip speed ratio, dynamic stall have no influence, because no stations are in

the stalling region. In the low tip speed ratio side correlation is not good. Calculated

value with and without stalling effect differ in small amount in the lower tip speed

ratio range. Minor rising tendency of the values with dynamic stall is due to higher

lift value in this case of constant turbine speed condition.

5.2.2 Virje Universitiet Brussel (VUB) Turbines.

In Figures 5.24 and 5.25, comparisons of the calculated values and experimen-

tal data [5J of VUB wind tunnel test model are shown., The Figure 5.26 shows the

comparison of the calculated values and the field test data of 6-m diameter turbine.

The model test was conducted at constant wind speed while the prototype was
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tested at variable wind speeds. For the prototype turbine, in the theoretical calcu-

lations of power coefficients wind speed Reynolds number is chosen as 5100UO based

on average wind velocity. Figures 5.24 and 5.25 show that for the wind tunnel test

model correlations are reasonable for both methods. At low tip speed ratio -range

no experimental data are available. At low tip speed ratio side, power coefficients

because lower with dynamic stall than those without dynamic stall. For dynamic

stall, lift values increase and also does the tangential force coefficient. But relative
,

flow velicity decrease more than that without dynamic stall for constant wind speed

condition and the combined effects reduce the overall power coefficients. For the

prototype turbine very few experimental data are available at the present moment

and these are given in the low tip speed ratio range. From the Figure 5.26 it is ob-

served that the agreement. between the calculated and experimental results is quite

good

5.2.3 Reading University Prototype.

The comparisons of the calculated and experimental data of Reading University

prototype is shown in Figure 5.27 and 5.28. The experimental data, one for high

solidity and other for low solidity turbine are presented by Musgrove et a.! [19] [26J.

the turbine speeds are varied from 3 mlsec to 7 m/see. So in the present theoretical

analysis, the mean wind speed Reynolds numbers of 86000 and 1380UOOare chosen

for the low and the high solidity turbines respectively. Very few experimental data

arc available for these turbines and also these data are scattered. It is seen from

these figures that the correlations are quite reasonable.

For a high solidity turbine, at any tip speed ratio before .that corresponding to

the peak power coefficient, the number of stations in the stalling region is relatively

higher in comparison to that for a low solidity turbine. For that reason, this effect
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is higher for a high solidity turbine.

5.2.4 Sherbrooke University Turbine.

Figures 5.29 to .5.:32 give the comparisons of calculated values and the exper-

imental data from Sherbrooke University at two different tip speed ratios 1.5 and

3.0 respectively. The available calculated values of instantaneous forces by double

multiple streamtube method with dynamic stall effect [29J are also plotted for com-

parison. Since the lift-drag characteristics of airfoil NACA 0018 are not available, so

for the present calculations lift-drag characteristics of airfoil N ACA 0015 are used.

It is seen from these figures that the calculated values considering dynamic stall

give comparatively better correlation in each of the cases. For the non-dimensional

normal forces as the Figures 5.30 and 5.31 reveal, the correlation near the maximum

peak value become excellent which is very important from the design point of view

since the normal force coefficient effects the design of turbine significantly.

Considering the dynamic stall effect, both lift and drag coefficients increase.

But the effects of lift on tangential force coefficient. is more prominent than that by

drag. As a result, non-dimensional tangential frces increase. On the other hand,

normal force coefficient is influenced by the lift as well as by the drag. For this

reason non-dimensional normal forces rise.

5.2.5 Sandia Tow Tank Model.

Calculated local blade forces are compared with the experimental results of

Sandia tow tank models [38],[;i9] and [40] in Figures 5.3:i to 5.36. The comparisons

are made at two different tip speed ratios, 2.5 and 5.0 respectively. The Figures

5.33 and 5.34 show that at low tip speed ratio, the calculated values of instanta-

neous forces with dynamic stall consideration are improved in comparison to those
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without dynamic stall consideration and closer to the experimental values. The

correlation can be explained in the similar way as in section 5.2.4. Results of non-

dimensional tangential and normal forces at a tip speed ratio of 5:0 are shown in

Figures 5.35 and 5.36 respectively. At this tip speed ratio, other dynamic effects,

such as added mass, unsteady wake circulation have profoud effects and dynamic

stalling has minor effect. However the Figures show inprovements in the values of

local force coefficients calculated with dynamic stalling. This is due to slightly

higher lift values in the prestall region which are obtained from the correlation with

the experimental data presented by N.D. Ham [14]

In Figures 5.35 and 5.36 calculated values of forces by quesisteady models

are also plotted. The force coefficients calculated with dynamic stall show better

agreement with the experimental values than those by vortex model.

Experimental water tank data of wake velocities at one rotor diameter down-

stream for a straight-bladed Darrieus wind turbine with blade airfoil NACA 0012

are presented by Sandia Laboratories in the reference (:38]. The comparisons of the

calculated and the experimental wake velocities are shown.in Figures 5.37 to 5.40.

The available calculated values of wake velocities by dynamic vortex theory and

multiple streamtube with curvature effect [38] are also considered for comparison.

The correlation with the calculated data including dynamic stalling effect is

reasonable. However, available experimental wake velocities data. are at a distance

of one rotor diameter. Experimental data of wake velocities at higher distance is

also necessary for coniparison and it is expecting that the correlation would improve

with data at higher distance.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

In this chapter general conclusions are drawn regarding performance charac-

teristics by cascade model including dynamic stalling effect. Few recommendations

are also given for the future works.

6.1 Conclusions.

1. Including the effect of dynamic stall in the cascade theory, the overall values

(mean) are changed negligibly at the higher tip speed ratios while they are

changed in small amount at the lower tip speed ratios in most of the cases.

2. At low tip speed ratio range there occur remarkable change of the local values

such as tangential force coefficients and normal force coefficients.

3. The correlation of the calculated and the experimental results shows that the

calculated local values including dynamic stall effect, become relatively closer

to the experimental values in comparison to those by the other existing models.

4. MaxilIlum peak force coefficient is very important in the stress analysis of

Darrieus turbine blade. The present analysis shows a good correlation in the

value of maximum peak normal force coefficient with the experimental results,

although in most of the cases, the correlation is not good in the downstream

side of the rotor and this is not important from the design point of view.
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5. Sufficient experimental data for wake at downstream side at various distances

are not available. These are necessary to make correlation with the present

calculated values. It is expected that the correlation of wake velocity would

Improve.

6. Sufficient experimental data are not available to check the expressions of lift-

drag characteristics including dynami~ stalling effect at the present moment.

These are necessary to make further comparison.

7. The cascade theory with dynamic stalling gIve very reasonable performance

prediction compared to tbat by dynamic vortex model which takes tremendous

computation time and often creates ~onvergence problem.

6.2 Re(:ommelldatiolls.

1. In the analysis blade pitching moment has not been considered. Though at

high tip speed ratio the effect of pitching moment may be neglected, at low tip

speed ratio it is necessary to take into account its effect in the analysis.

2. Dynamic effects other than dynamic stall, such as added mass effect, unsteady

wake circulation have not been considered. Added mass effect and unsteady

wake circulation are important at the higher tip speed ratio range. Introducing

these effects, improvement of local forces at higher tip speed ratio may occur.

:t Sufficient experimental blade force data may be obtained on wind tunnel test

model as well as full-scale rotors and comparisons with the present calculated

values may be made.
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4. Additionalwake velocity data behind the turbine (either model or prototype)

may be determined experimentally.

5. Effect of wind shear is important when the turbine is placed near the ground

and this effect has not beell considered in the present analysis. So it can be

taken into account.

6. In the present analysis, the turbine blades are of symmetric airfoil shape. The

analysis may be repeated with the blades of cambered shaped airfoil to see the

effect on the turbine performance.
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Figure 2.2: Savonius rotor
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Figure 2.3: Darritus Turbine.

Figure 2, 4 smit h- Putna.m
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Figure 2_.5: Restored Danish Gedser Wind Turbine.

figure 2.6: Russian Wind Turbine
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figure 2.8: French Wind Turbine Localed Near Paris,France,
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Figure 2.9: Horizontal axis wind turbine tor pumping water .
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Figure2.10: Straight bladed Darrieus wind turbine.
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Figure 2.11 : Curved bla.ded Oa.rrieus wind turbine.
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figure J.3: Veloci ty diagram on the blade element of a straight-bladed

Oa r r i e u s wind turbine.

Figure 3.4: Aerodynamic forces acting on an airfoil.
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Figure 3.6 Pressures and v~locities along the streamtube.

Figure 3 .7: Ve locily d ia9 ram
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Figure 3.8: Force diagr.am on the blade element of a straight - bladed

Darrieus wind turbine.
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Figure J .9 : EIMlentai blade forces of a straight blade Dar rieus rotor.
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Figure 3.10: Vortex system for a single blade element.

Vortex filament

Figure 3.11 Velocity induced at a
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Figur~. I.. I ;HorizllIntal section
lurbine with flow

of a straight-bladed Darrieus wind
velocities.

Figure 4 .2 R~lative flow velocities on a bladt airfoil.
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APPENDICES

APPENDIX-A FLOW DIAGRAM OF COMUTATIONAL METHODS

Inp ....t ':.

(J ,HID, N, Cd ' Re ,}I., no. of stations,airfoil,or r
& V..,
and rpm

speed
speed

For constant wind
For constant turbine

k
i

0.425 + 0.332(/

First station ; upstrea
Assumed; V l.l /Voc= 1.0

1
OG ,W Iv ,W Iv &ou ou ou ou ~
Re~ are calculated

At OG & Re : Cl & Cd are obtained.ou u
AR is considered.£ = Cd/Cl
Also OG 11 is calculatedsta

2
Modified Cl for prestall
condition is obtained

3
W /Voo ' W Ivoox y
calculated

are

yes

Modified values of Cl& C
for dynamic stall are ob~ained.
Using these values V Iv_ ,W IVocs - x,W Ivoc arey
calculated.

Upstrea no

(V Iv )kw e

Ve/V~ is found and stored to use i
calculation of downstream velocity

4 5
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dif
vau

--- -
Vo<>

ep
(V Iv_) = (V Iv ) kiau ~ n e 00

dif = I

6

upstream
no

no dif, ~ .001

yes yes

no

Veo

no

OC1 and OCz are
calculated

Local torque & drag values are
calculated and stored

1

yes yes
Overall drag, torque,
drag coefficients etc.
are found.

yes

no
1

End First station : downstream
Assume : Vad/Voo = 1.0

6
Red are found

At ()(,od & Red: ,C1 & Cd are obtained
AR effect is conside.red. f. = C

d
/C
l

Also ~ 11 is calculated.sta

z
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APPENDIX-B

EFFECT OF ZERO-LIFT-DRAG COEFFICIENT

The aerodynamic efficiency of a vertical axis Darrieus wind turbine is strongly

influenced by the value of the zero - lift - drag coefficient. To predict the performance

characteristics properly it is necessary to consider a reasonable value of the zero -

lift - drag coefficient. It is observed that the zero - lift - drag coefficient is function

of the chord-radius ratio in addition to other factors.

Migliore d al [23J found experimentally that mJnllnuJn value of the drag co-

efficient depends on the chord-radius ratio. In the present method an analytical

expressioll of the zero-lift -drag coefficient as functioll of the chord-radius ratio and

Reynolds number is givell. This expression is obtain from a fit of experimental

results conducted in the laboratory of Virje Universiteit Brussel in a vertical axis

straight-bladed Darrieus wind turbine. Similar expressions are also found for a

vertical - axis curved - bladed Darrieus turbine.

The expression of the zero-lift-drag coefficient corrected for chord~radius ratio

is introduced in the following form,

(B.l)

where the Cdo is the zero-lift-drag coefficient. The expression of Cdo is taken from

the reference [19] and is given as,

(B.2)
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where ('fr) is any c:hord-radius ratio. (~)o indieate the ehord-radius ration upto

which value, the correction of the zero-lift-drag coefficient due to c:hord-radius ratio

is not necessary. b is a eonstanf;. For a straight- bladed wind turbine (~)o = .180

and b = .047 at ill', = [)OOOOOand for a curved-LJladed Darrieus turbine with height

diameter ratio l.00, ('fr)o = O.O[) and b = 0.(1'1.5 at He, = .500000. He is the local

Reynolds number. Cdo, and Ill', are respectively the reference the zero-lift-drag

coefficient and reference Reynolds number. The value of the exponent 11. is given in

the table B.l.

Airfoils Exponent, n

.

Re < 200000 2000000 < Re <600000 Re > 600000

NACA 0012 -.450 -.250 -.100

NACA 0015 -.500 -.300 -.060

TABLE B.1 Exponent n for zero-lift-drag coefficient.

The values of the zero-lift-drag coefficients Cdo for the airfoils NACA 0012 and

NACA 001[), which are used in the present calculation are given in the Figure B.l.

These calculated values of the zero-lift-drag coefficients are based on Cdo = .0074

at He, = [)l)0000 for the airfoil NACA 0012 and Cdo, = .0078 at He, = [)OOOOOfor

the airfoil NACA 001[). Comparison of recent two dimensional experimental results

of Cdo, from Eppler(9]. Reuter Jr.(31] and \Vilhller[4:l] with the calculated values of

Cdo in the Figure B.1, proves the validity of the present forms of semi - empirical

equations.

•••llJ
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APPENDIX - C

EFFECT OF ASPECT RATIO

For the performance prediction of a straight-bladed Darrieus wind turbine, the

efrect lOrfinite aspect ratio un the airfoil characteristics are necessary. Since the finite

wing and finite blade a straight- bladed wind turbine are uf similar pattern, so wing

theory may be applied for the finite aspect ratios effects on tl;e airfoil characteristics

before using them for the performance prediction or astraight-bladed wind turbine.

For the wing of finite span, there occurs always downwash and power required

to induce down wash is expressed in terms of induced drafl. The down wash velocity

is created by the presence of tip vortices. The total drag coefficient of a finite wing

is given by,

(C.I)

where Cd. is the section drag coefficient for infinite aspect ratio while Cd; is the

induced drag coefficient, Cd; is expressed as,

cr2
C I
di = 21l'AR

where AR indicates the aspect ratio of the turbine blade.

Introducing the value of Cd, in the' equation (C.l),

The anflle of attack corrected for finite aspect ratio effect is obtained as,

a = 01:' + OJ
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where '-"0 indicates the angle of attack for finite wing and '-"i is the induced angle.

The expression of the induced angle '-"i IS,

a,. = C{
21rAR (C.5)

substituting equation (C.5) in the equation (C.4)

C{
Q' = (\'0 + ---

21rAR (C.6)

The above two equations (C.5) awl (C.G) are developed on the assumptions of

uniform distribution of downwash and they are explicitly valid only for wings pos-

sessing an elliptical lift distribution. However other cases are dealt with considering

appropriate correction factors. Letting r is the correction factor for the induced

angle and a is the correction factor for the ind uced drag, the expressions of Cd and

'-" become,

C•2I
Cd = Cdo + 21rAR(1 +(7)

C:,
(.l' = '-"0 + 21rAR(1 + r)

(C. i)

(C.8)

For a rectangular wing there are also two limiting cases. When the chord is

large compared with the span, aspect ratio AR approaches zero. In this case Betz

finds an elliptical distribution of loading. As the aspect ratio increases to infinite

the loading approaches rectangular distribution. The values of r and a are taken

from the reference (25].
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APPENDIX - D

EFFECT OF BLADE SUPPORTING STR.UTS

There will be losses of power due to additional drag produced by the blade

supporting struts. An expression of losses of power due to drag will be derived in

this section with reasonable approximation.

Figure D.1 shows the flow velocities appearing on the strut. The elemental

force dne to drag on the strut with elemental length fJl' is expressed as,

(D.1)

where Gdd is the drag coefficient in the strut profile. W,I is the relative flow velocity

component perpendicular to the strut and acting in the horizontal plane as shown

in the Figure D.1. The elemental strut area bA,1 is (Figure D.1),

(D.2)

where b,t is the widtl. of the strut. From the equation (D.1) and (D.2), one obtains,

(D.3)

The relative flow velocity perpendicular to the strut and in the horizontal plane

of the turbine is written as,

W,I = (V."cosO + rw)

114
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t-'or t.he present calculation, t.he velocit.y component. Va. sinO (Figure D.l) is

omitted. It. is assumed that it will have the negligible effect in the result. Va. is the

average induced velocity. The induced velocity varies with t.he azimut.h angle. The

average induced velocity Va. is obtained as,

(D5)

For the multiple streamtube theory, induced velocity in the upstream side v~"
equals the induced velocit.y in the downst.ream side \lad. So Va = I~,,, = Vad. n

is the number of stations for the half revolution of the turbine. Average induced

velocity has been considered that. made the analysis simple and it is assumed that

it will effect the result negligibly. Now from t.he equations (D.3) and (D.4) , one

obtains,

(D.6)

The elemental torque on the strut. with strut lengt.h (!1'

(D.7)

From equations (D.6) and (D.7),

(D.S)

After integration,

The above equation may be written as,

1 -, ( 2 1 2 2 2, 3 2 R4
)Q., = -2Cd"pb'l Va.-R cos 0+ -I'."wHcosO+w -

2 3 4
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The average torque on a single strut is

- 112rr

Q,I = ;:;- Q"dtl
~ir 0

(D.ll)

Now introducing the value of Q" from the equation (D.lO), one may obtain

the following form,

(D.12)

The loss of power due to the drag on the strut,.

(D.13)

where N,t is the number of the supporting arms (struts). w is the angular velocity

in rad/sec. From the equations(D.12) and (D.13),

The strut power coefficient is defined as,

Po
IpAV32 00

(D.l1)

(DI5)

Now from the above two equations (D.H) and (D.1.~), one llIay obtain (inserting

tip speed !'alio ,\ = Rw /Voo and A = 21tH ),

(D.16)

which may be written as,

(D.17)
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where

(D.18)

At low tip speed ratio V."/V",, is nearly 1.0, as a result 1m = 1 + 1/),2, while
at high tip speed ratio the average induced velocity (V."/V,,,,) < 1.0 and the factor

1m approaches 1.0, so the expression of the strut power coefficient at high tip speed

, ratio can be written in the form,

C Ie' N b" ,3
p" = 8' d" .1 If "
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APPENDIX - E
AIRFOIL CHARACTERISTICS

o..__ ._. __ .__ .__ .--. __ .__ .__ .__ .

curve Re No.
1 40000 1.50
2 80000
3 160000
4 330000
5 670000 1.00

CI
6 1360000
7 2760000

2 3 4
.500

o. 2.50 5.00 7.50 10.0 12.5 15.0 17.5 20.0

<I (deq.l

Fiqure E.1: Variation of lift coefficient with angle of attack at
various Reynolds number for the airfoil NACA 0012.

3.00 10-1
curve Re No.
1 40000
2 80000
3 160000 2.004 330000

Cd 5 670000
6 1360000
7 2760000

1.00.

'-'--'-_. __ .__ .__ .--. __ .__ ._. 0.00

o. 2.50 5.00 7.50 10.012.5

<I (deq.l

15.0 17.5 20.0 ('
c ,

Fiqure E.2: Variation of draq (,oefficient with angle of attack at
various Reynolds number for the airfoil NACA 0012.
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o.'--'--'--'-'--'--'--'--'--'-'-'

curve Re No. 1.501 ~OOOO
2 80000 7
3 160000
~ 330000
5 670000 1.00
6 1360000

C1 7 2760000

.500

o. 5.00 10.0 15.0 20.0
a (deg.)

25.0 30.0

Fi'lure E.5: Variation of lift coefficient withe an'lle of attack at various
Reynolds number for the airfoil NACA 0015 ..

'-'-'-'-'-,-,--,-,-,--,-,-, O.

.600
curve Re No.

1 ~OOOO
2 80000
3 160000 .~OO~ 330000
5 670000

Cd 6 1360000
T 2760000

.200

o. 5.00 10.0 15.0 20.0

a (deg.l

25.0 30.0

Figure E.G: Variation of dra'l coefficient with angle of attack at a
Reynolds number for the airfoil NACA 0015.
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1.00

o.

-1.00

o. 25.0 50.0 75.0 100.

<I (deQ.l

125. 150. 175.

Figure E.3 : Variation ot litt coetticient with anqle ot attack at
a tixed Reynolds number of 500000 for the airfoil NACA 0012.

2.00

1.00

o. 25.0 ,50.0 75.0 100.

II (deq. l

125. 150. 175.

Fiqure E.4: Variation of darq coetficient with an!]le of attack at a
fixed Reynolds number of 500000 for the airtoil NACA 0012.

120



;

o. 25.0 50.0 75.0 100. 125. 150.

1.00

o.

-1.00

175.

a (deq.)

Figure E.7: Variation of lift coefficient with anClle of attack at a
fixed Reynolds number of 500000 for the airfoil NACA 0015.

2.00

1.50

1.00

.500

._._._._._._._._._.-._._. 0.

o. 25.0 50.0 75.0 100.

a (deCl.)

125. 150, 175.
,
\',

Figure E.8:Variation of drag coefficient with angle of attack at a fixed
Reynolds number of 500000 for the airfoil NACA 0015.
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