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Abstract
In this papor perfomance of

wind turbine having different
analysed. Three types of blade
considered : Optimum-chord

Nomenclture

a axial interferenoe factor
a' tangential interference factor
B nurnber of blades
C blade chord
C O drag coefficient

CL tift coefficient
C.d design lift coeff lcient

F tip loss factor

r local dadius
R rotor radius
V.a undisrurbed Wind velocity

near chord linear-twist and linear-chord zero-
twist. lt has been observed that a linear-chord

a horizontal axis linear twist blade is comparable to th€ optimum
blade shapes are designed blade, while offering a considerable
shapes have been reduction in manufacturing time and cost.

optimum-twist, ll-

< angle of atteck
<1 tilt angle
p coning anglo
pr twist angle
y yawing angle

0s hrlade azimuth angle
i lip speed ratio

)'d design tip speed ratio

)'r local tip speed ratio
r angle of relative wind velocity

P air density

V.ao wind veiocity considering shear o solidity

W relative wind veiocity O angular speed of rotor
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L lntroduction

With the existing blade element theory, a
totor blade can be designed which produces 8n

optimum powsr coefficient at a given value of

the tip speed ratio. A f irst condition to reach

optimum power coelficient is to choose the lift
and drag ratio of the profile cosidered and to keep

it constant along the entire blade span i.e. the

corresponding lift coefficient and the correspon-
ding angle of attack has to be taken constant al-
ong the blade span. A second condltion is that
both a strongly varying blade chord length along
the span and a strongly varying blade twist are

accepted. This leads to a vory complicated rotot
blade which can be expensive to manufacture
and may not have structural integrity. ln thie
paper, it is shown that it is possible to approach
the optimum very closely by taking a linearly
tapered and linearly twist blade. A NACA q418

aerofoil section has been used throughout this
study.

2. Aerodynamic Design

The patameters that are necessaty for the de-
sign point of an optimised rotor are the number
of blades, the tip speed ratio and the sectional
lift and drag raito. For a given set of these pa-
rameters the optimum chord and twist distribu-
tion have been calculated using the equations of
Glauert. To obtain the optimum configuration
the blade is divided into a number of radial stat.
ions. Four formulas I1l will be used to describe
the information about chord and twist angles.

Local design speed: ),

Relation for flow angle : e:$ tan-l I 2.2
lf

Twist angle i Fr:E-< .., 2,3

Chcrd: ^ Brcrtl-Cosq) ^^U : ----:--- '.' 2..+
B Cru

28

The blade starting torque can be calculated by

3. Linearization of Chord and Twist

The blade contiguration for optimum perfornr'

ance tequires that the blade chord and the blade

twist angle vary continuously and in such a man-

ner as to produce maximum power at given tip

speed ratio. Such blades are usually difflcult to

manufacture and may not have structuraI integrity

tn order to reduce these problems it is possible to

iinearize tho chord and the twist angle' ln con-

sidering such linearizaiions it must be realized

that about 75/" ol tha power that is extracted by

the rotor from the wind is extracted by the outet

half of the blades This is because the blade sw-

ept area varies with the square ol the radius and

the eff iciency of the biades is less at smaller

radii where the locai tip speed ratio is small' On

the r:ther hand. ar the tip of the btade the effici

ency is low due to the tip losses' For the reasons

mentioned above the chord and the twist angle

are iinearized between r=0.5 R and r:0'9 R' The

equations for linearized chord and twist can be

written in the following waY :

C: Crr * Cr

pr=C.,r * Ca

- 3.1

3.2

where Cr, Cr, C3 and Cn are constants' With the

value ol C and p1 at 0'5 R and 0,9 R from the

ideal blade lorm the values of C1, Cz. Cl and Ca

can be f-und out. The ultirnate expressions for

chord and twist of linearized blade can be written

as:
C:2.5,.Cs0-Cso) r + 225 Cso-i.25Cag 3.3

R

pr=2.5 Fso- Fso) r +2.25 Fro-l .25 pso '- 3A
R

where

Cro =chord of the ideal blada form at 0.5 R
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Ceo=chord ol the ideal blade form at 0.9 R

Fso:twist angle of the idoal form at 0,5 R

Fgo-twist angle of the ideal blade form at 0.9 R

A further simplification of the blade shape

consists of omitting the twist altogether.

4. Aerodynamic Forces

After a wind turbine rotor is optimally desi-
gned, ths aerodynamic forces and moments may
be calculated. These forces and moments are
obtained by applying the blade element and mo-
mentum theories. For th;s purpose, the velocity
components of the air f low relative to any point
on the blade and also the induced velocity com-
ponents have to be known. Several reference fra_
mes are considered to include the effect of wined
shift, tilte, azimuth and coning. This has been
discussed in Appendix A. ln the fixed reference
frame So the wind velocity can be expressed as

v,'=voclcotul *n.r" v rs the vaw angre .. 41
lsinu I

-Y,i lo I

Expressed in the local co-ordinate S, attached to
a point on the blade the wind velocity compone-
nts can be described as

V
S3

This leads to the folloing expression

oosv cos0k+sinv sin0s sin*1

sinv cos*1 cosPt-cosv sinP
voa

sinOs-sinv sin<1 cos0u sinB .. 44

- sinv sinp cosc.r+cosv sinOk

cosp-sinv cos0s sinar cosp

The rotatlonal motion of tho blade will add a
velocity component f,lr cosp in the total volocity
vsctor. lntroducing the induced velocity in 53

co-ordinate system as

la'O r cosB
I

u""-lv a cosp cos*r sinv'loc

lvo.a 
sinF cos*1 sinT

4,5

"ltu lT-,]T*. I'0. 42

J'

Above equation can be written as

ut' :[ -e 

J [ 
-' 

J'[-"

F]I"
l'l*

The components of relative velocity W can be

expressed in the local reference oystem as

**-Voco cosv cos0k+Vaao sinv sln01 sin*1

-Or cosB (1+a') - -. 4.6

w..*v l."v-"oco 
Lsinu 

cos< cosP (1-a)+sinB sinfu cosv

- sinv sinP sin*r cosfu 
] 

... 4.7

The local angle of attaek * ls dellned ae

.1=g-p1=tan-t wv Pr
wx
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The velocity components actlng on a blade elem-
ent rotating at a radius r are shown in Figure 1.

The tip loss lactor has

method of prandtl l2l.
been derlved using tho

Vo( 1- s ). Wy

Figure'l : Blade Flow Veigcity Diagram.

To calculate the interference factors a and a' the From blade element theory
expression for ti,e torque and thlust u"t-T:_:"j 

6,9=rfrewzcosr 1c1f cD tane) Bc cosp. dr. d0
ntum theory and blade element theoy ate equated.
From the momentum theory thrust and torque Zrc 

A t t
on a radial element can b-e written as ..- ''+' I I

dT:2pr cos2p cos2<1 sin&r. 
[" 

u ,t -a) dr. d0=r/2 pw2 sine 
1Cs _Cofr_,eft ""#t. ce

d0. F,-" -.. 4.s 4.12
do=2er3 a' (1- a) Voco cos.(r sinv cosap. o. dr. 

where w2=w*2+ywz
d0. F '-. ... - 4.10

dL

l

I

I
,f
..1

I:

Here F is the rip loss

- Br|.=-l-tr

factor which is defined as B1 e quating both sets of equ-ations for

torque the induced velocity factots a

be determined.

a:1--a F)= *

...4.13

thrust and

and a' may

.-- a.14
where

Ecirculation at a radial station r

G : correspond inU c ircu lqtion for a rotor

wlth infinite number of blades.

30

a (l-aF)=$kF.- 4.1s
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The drag terms have been omitted rn equations S. Results and Discussion
(4.14) and (4.15,1, orr the basis that the retarded
air due to drag is confined to thin helical sheers Tha configuration studied is a two-bladed 350

in the wake and hav' little effects on the induced KW downwind wind turbine with a tip speed

fiows i3l. ratio 8 and variable pitch. Throughout the theo-
retical studies NACA 4418 airtoll and prandtl,e

Tha differential thrust and torque coefficients tip loss corection were used to develop the
can be expressed by the following equatious" curves. The blade geometry was optimised to

give peak performance at g m/s. Results of three
dct:#(Voc"/ Voc, a F (1-a F) Cos2p Cos2al types of blade shapes have been considered ,

Optimum-chord optimurn-twist, linear-chord lin-
Sin2v(1+ 9o t"ns) I dr dg "_ ^ 4.16 ear-twist and linear-chord zelo-twist.

r-1 
Figures 2 and 3 show the distribution of chord

^ V and blade setting angles for these three types ot
dC 

O - # -F{ a'F i1-aF) Cos<" Sinv blades. 
.From 

these f igures it is found rhat rhe
- oc changes in chords and twist angles are very small

cosa' l-.cg__ 1 . 
at the outer half of the blade' Large variations

. ct l*n ) O. dr. og - ... 4,1, with the linear chord and twist distributions are
found only at the lower part of the blade. lt

Nl\ca 44 lg
R =23".55 m

B:2
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F
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- NON-DtMENStONAL BLADE RADIUS. r / R

Eiqure 2 : optimum and linearizad blade chord distrbution.

Mech. Engg. Res. Bull. Vol. 10, (1982) 3t



at!
J!

(,
bJ
c)

r!
J
z

!"
2
F.

-:30 

0

Oplr mum - Twisl
Linsor - Twisl
Ze ro- Twi st

o .200 400 600 8OC r'OL

NON-DIMENSIONAL BLADE RADTUS r /R

Flqure 3 ! Optimum and linearized blade twist distribution.

must be roallzsd that about 75 percent of the the starting torque will be less and in cases
power that ls extracted by the rotor from the where the starting torque is an important factor,
wind is extractod by the outer half of the rotor. this effect must be considered. Variation of star-
This is because of the fact that the blade swept ting torque for different blade configurations is

area varies as the square of the radius. So this shown in Figure 4, Where approximately 30 per-

will not lead to any significant power loss but cent differences may occur between the optimum

too to 2
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Fiqure 4: Comparison of starting torque
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coefficients for different blade shapes wind turbines.
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blade and zero-iwlst blade.
annualpower production

The comparison of
is shown in Figure S.

types of blades is almost eimilar. The
form of constructions of zero twist might

sgmplel
ref lect

NAcA"44t8
R.23'35n
8=2
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o-o Lineor -Chord Linaor _Twrsl
A A Lineor- Chord Zero - Twisf
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..NNUAL AVERIiTiE. WINO SPEED ( T,,I/SEC} ^
Fiqnre 5 ; Comparison of annual energy production by diflerent blade shapes wind turbines.

drag ratio. ln general terms, the lower power for
the untwisted blade arises partly from the blade
root being stalled and also from the increased
tlp losses. But the performance of other two
The effect of blade twist is to maintain the aero-
dynamic angle of attack at the maximum lift to
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in a reduction in the cost of manufacture. The
subsequent reduction in the cost of the com-
plete turbine depends on the proportion of the
total cost which is attributed to the blade. From
Fig. 6 it is found that for tip speed ratio four to
ten power deficit due to wind shear is almost
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Figqnre 6 I Percent reduction in power output due to wind gradient for different
blade shapes wind turbines.
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consant for all three configurations. The net out'
put of the wind turbine changes appreciably wlth
tip speed ratios above ten due to the elfect of

inoeasing drag, so that the percentage variation

in turbine output increases greatly as the net

turbine output approaches zero.

Considering both aerodynamic and structural
performances, it has been observed that a linear-

chord linear-twist blade is comparable to the
optirnurn designed blade, while offering a consid

etable reduction in manufacturing time and costs.

However, when the main aim is the design of a
cheap wind turbine, an untwisted blade seems to

be a good choice. But for a small scale turbine,

the untwisted blade might behave badly due to
the prematute stall neal the hub evsn at rather

high tip speed ratios.

5. Conclusions
For the three blade shapes considered, it has

been shown that the aerodynamlc performanca of
the three"blade shapes are almost similar. Some

variations are found for the blade with zero twist.
tn cases where the starting totque is not an imp-

ortant factor then the blade with linear chord and

zero twist may be preferred.

Appendix-A : Local Referonce Framss

To calculate the aeradynamic forces acting on

the rotor several coordinate systems are introdu'
ced in the present analysis' A f ixed reference

frame So is attached to the tower top oi the wind

turbine with Zo being the vertical axis A seco-

nd non-rotating frame 51 fixed at the tip ol the

nacelle is introduced by translation of the initial
flame over a certain distance and a rotation of
the tilting angle <1 around the xo axls. A rotating
framo 52 is irrtroduced byrotationof the reference
frame 51 over an azimuth angle 0s. Finally, a
local reterence frame S, is attached to a particu-

lar point of the blade at e distance r from the
hub and is rotated over a coning angle p. The

relationships between the reference frames can be
expressed as

s,:[x']s.

s, :srfru]T, sz: t,[*UJt

The super script T indlcates the transposed mat-

rix. The tlansformation matrices are

for tilling, Kr=

100
0 Cos<1 -Sin<t
0 Sin<1 Cos*1

s,- 
f,Ko lt,, 

t.'- 
[*u ]t'

and inversely

s: s,[r,]r,

for azimuth, KU _

for coning, Ko_
P_ CosP - SinP

Sinp CosB
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