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Abstract

near chord linear-twist and linear-chord zero-
twist. It has been observed thata linear-chord

In this paper perfomance of a horizontal axis linear twist blade is comparable to the optimum
wind turbine having different blade shapes are designed blade, while offering a considerable
analysed. Three types of blade shapes have been reduction in manufacturing time and cost,.
considared : Optimum-chord optimum-twist, I1-

Momenclture

a axial interference factor

a’ tangential interference factor

B number of blades
C blade chord

c p drag coefficient

Cp lift coefficient
CLd design lift coefficient

F tip iloss factor

r locai dadius
R rotor radius

Vv undisturbed Wind velocity

cC

« angle of attack

«7 tilt angle

B coning angle

Br twist angle

v Yyawing angle

0, blade azimuth angle
A tip speed ratio

A4 design tip speed ratio

%, local tip speed ratio

o

¢ angle of relative wind velogcity
¢ air density

Vv wind velocity considering shear o solidity

Co
W relative wind veiocity

Q angular speed of rotor
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1. Introduction

With the existing blade element theory, a
rotor biade can be designed which produces an
optimum power coefficient at a given value of
tha tip speed- ratio. A first condition to reach
optimum power coefficient 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 condition is that
both a strongly varying blade chord length along
the span and a strongly varying blade twist are
accepted. This leads to a very complicated rotor
blade which can be expensive to manufacture
and may not have structural integrity. In this
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 4418
aerofoil section has been used throughout this
study.

2. Aerodynamic Design

The parametsrs that are necessary 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 biade is divided into a number of radial stat-
ions. Four formulas [1] will be used to describe
the information about chord and twist angles.

Local design speed : 2, =2, I e iy o 2]
R
Relation for flow angle : =% tan"11 2,2
}\I'
Twist angle : Br=9—« ot L 2.3
Cherd : -
or c - 8nr (1—Cosg) S AR T |

B Crq4
28

The blade starting torque can be calculated by

R
Q=10 V2 BJ C(r)CL[90— .BT(')] rdr
' 28

coso oo

3. Linearization of Chord and Twist

The blade configuration for optimum perform-
ance requires 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 structural integrity
In order to reduce these problems it is possible to
iinearize the chord and the twist angle. Incon-
sidering such linearizations it must be realized
that about 75% of the power that is extracted by
the rotor from the wind is extracted by the outer
half of the blades. This is because the blade sw-
ept area varies with the square of the radius and
the efficiency of the blades isless at smaller
radii where the local tip speed ratio is small. On
the other hand, at the tip of the blade 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=C;y+C, et e O]

,BT:C3Y+C4 STl 3.2
whera C,, C,, C; and C, are constants. With the
value of C and Br at 0.5 Rand 0,9 R from the
ideal blade form the values of C;, C, C;and C,

can be fcund out. The ultimate expressions for
chord and twist of linearized blade can be written
as :
C=25(Ce—Cs0) r +225 Cso—1.25Cq
R

Br=2.5 Bso— Bso)_L+2-25 Bso—1.25 B =34
R

3.3

where
Cy0 =chord of the ideal blada form at 0.5 R
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Cyo=chord of the ideal blade form at 0.9 R
Bso=twist angle of the ideal form at 0,5 R
Bgo=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 optimaliy desi-
gned, the aerodynamic forces and moments may
be calculated. These forces and moments are
obtained by applying the blade element and mo-
mentum theories. For thys purpose, the velocity
components of the air flow 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 baen
discussed in Appendix A. In the fixed reference
frame S, the wind velocity can be expressed as

\7 _V COSV
10— Nes where v Is the yaw angle .- 41
sinv
SEI 0

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

\7 T T I
T JL% J[ = o o2
B &
Above equation can be written as
= T T T
v . 4
COSv
siny |V
oC ‘e 4.3
0
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This leads to the folloing expression

cosv cosl+siny sinf, sin«y

siny cos«r cosfB4cosy sinf

e : « A4
sinf-siny sin«y cosf, sinf

- ginv sinB cos«r+cosy sinby

cosf —sinv cosfy sin«r cosp

The rotatlonal motion of the blade will add a
velocity component Qr cosf in the total velocity
vector. Introducing the induced velocity in S;
co-ordinate system as

a"QrcosB

Vs;=|V @ cosf cosar Sinv| e = ... 4,5
o

V __asing cos«t siny
oC

The components of relative velocity W can be
expressed in the local reference system as

Wx:Vx

o

cosv cosf,+V — siny sinf, sin«r
[+

—Qr cosB (1+a’) == ~ 4.6

W":Voc0 [sinv cos« cosf (1—a)+sinp sinf cosy

— sinv sinB sinar cosby ] 4 Sl e

The local angle of attack « is defined as

«=¢=—Br=tan~! w, By . ha ARG
wX
29



The velocity components acting on a blade elem-
ent rotating at a radius r are shown in Figure 1.

y dL

dD

ra(1-a' )=Wy

The tip loss factor has
method of prandtl [2].

been derived using the

x

Figure 1 :

To calculate the interference factors a and a’ the
expression for the torque and thrust from mome-

ntum theory and biade element theoy are equated.

From the momentum theory thrust
on a radial element can be written as

dT =20r cos?f cos24y sin?. V2 a (1—a) dr.

and torque

LCo
do. Feee -+« 4.9
dQ=2er* 3’ (1-a) Voc cos«y sinv cos*f. Q. dr.
o
df. F o e e 410
Here F is the tip loss factor which is defined as
=
loc
where

):circulation at a radial station r

r5(;_—_corresg_)onding circulation for a rotor

with infinite number of blades.

30

Vool 1-a )= W,

Blade Flow Veigcity Diagram.

From blade element theory

dT=1/,ow2 cos¢ \Cp+ Cp tane) Be Cosp. dr. do

2%
e 411
dQ=1/, °w? sing 1 Bc r cosf dr. df
A e 2r
442
where W2=W, 2+ ‘N? St el 15

By equating both sets of equations for thrust and
torque the inducad velocity factors a and a’ may
be determinsd.

aihean QoW oo o
: 8 cospB cos2«p sin?v V2 £
Co
, o w? sing ¢y,
a (1-aF)=1 -

rcosxg Sinvcos:B vV __ F ==
Co
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The drag terms have been omitted n equations
(4.14) and (4.15), on the basis that the retarded
air due to drag is confined to thin helical sheets
in the wake and have little effects on the induced

flows [3].
The differential thrust and torque coefficients
can be expressed by the following equatious.

8
dCT:W(V aF (1 —a F) COSZB COSZO(T

o Voc)

5. Results and Discussion

Tha configuration studied s a two-bladed 350
KW downwind wind turbine with a tip speed
ratio 8 and variable pitch. Throughout the theo-
retical studies NACA 4418 airfoil and prandtl‘s
tip loss corection were used to develop the
curves. The blade geometry was optimised to
give peak performance at 9 m/s. Results of three
types of blade shapes have been considered :
Optimum-chord optimum-twist, linear-chord lin-

Sin®v(1 + CD e e ear-twist and linear-chord zero-twist
L Figures 2 and 3 show the distribution of chord
v and blade setting angles for these three types of
8 xo rJ S : 3 . S
dc0= — - —yr—— aF (1—aF) Cos«y Siny blades. ‘FrOm these flgu'res it is found that the
: oC changes in chords and twist angles are very small
at the outer half of the blade. Large variations
Cos*B 1_C_D 1 2 0 oo 4.17 with the linear chord and twist distributions are
CL tane found only at the lower part of the blade. It
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NON-DIMENSIONAL BLADE RADIUS. r/R
Eiqure 2 : Optimum and linearized blade chord distrbution.
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Fiqure 3 :
must be reallzed that about 75 percent of the
power that Is extracted by the rotor from the
wind is extracted by the outer half of the rotor.
This is because of the fact that the blade swept
area varies as the square of the radius. So this
will not l[ead to any significant power loss but

r/R

Optimum and linearized blade twist distribution.

the starting torque will be less and in cases
where the starting torque is an important factor,
this effect must be considered. Variation of star-
ting torque for different blade configurations is
shown in Figure 4, Where approximately 30 per-
cent differences may occur between the optimum
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Fiqure 4: Comparison of starting torque coefficients for different blade shapes wind turbines.
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blade and zero-twist blade. The comparison of
annual power production is shown in Figure 5.

types of blades is almost similar. The simpler
form of constructions of zero twist might reflect
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Fiqnre 5 ; Comparison of annual energy production by different blade shapes wind turbines.

drag ratio. In 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 atthe maximum lift to

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

oA B s i Bt

PERCENTAGE .DECREASE OF POWER

~ A——x Optimum-Chord Optimum - Twist
0—-0 Linear-Chord Linear-Twist
A——A Lingar-Chorg ;e_r_o -Twist

NACA 44i8 —~15-0

R=23-55 m
B=2

10°Q

500

TIPS "SREER R ATIO

Figgnre 6 ; 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 wlith
tip speed ratios above ten due to the effect of
increasing drag, so that the percentage variation
in turbine output increases greatly as the net
turbine output approaches zero.

Considering both aerodynamic and structural
performancss, it has been observed that a linear-
chord linear-twist blade is comparable to the
optimum designed blade, while otfering a consid
erable 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 premature stall near the hub even at rather
high tip speed ratios.

6. Conclusions

For the three blade shapes considered, it has
been shown that the aerodynamic perfermance of
the three blade shapes are almost similar. Some
variations are found for the blade with zero twist.
In cases where the starting torque is not an imp-
ortant factor then the blade with linear chord and
zero twist may be preferred.

Appendix-A : Local Reference Frames

To calculate the aeradynamic forces acting on
the rotor several coordinate systems are introdu-
ced in the present analysis. A fixed reference
frame S, is attached to the tower top of the wind
turbine with Z, being the vertical axis A seco-
nd non-retating frame S, fixed at the tip of the
nacelle is introduced by translation of the initial
frame over a certain distance and a rotation of
the tilting angle « around the x, axis. A rotating
frame S, is introduced by rotation of the reference
frame S; over an azimuth angle 6_. Finally, a
local reference frame S; is attached to a particu-

34

lar point of the blade at a distance r from the
hub and is rotated over a coning angle 8. The
relationships between the reference frames can be
expressed as

S,=[KT]S°, sz=[|<6 ]s,, g [KB ]s2

and inversely

S = SX[KT]T’ sl=sz[\<e]T- 5 = s{KB]T

The super script T indicates the transposed mat-
The transformation matrices are

1 0

rix.
0
for tilting, Ky= 0 Cos«y —Sinsr

0 Singt Cos«p

Coab, 0 sine,
for azimuth, Ke___ .0 : 0
. —Sing, . 0 Cosy
0 0 0
for coning, K :
b= 0 CosB —Sinf
0 Sinf CospB
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