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Effect of Best Position Blade Pitching
on Power Coefficient of VAWT at
Different Tip Speed Ratio by SST &
DMST Model

This paper analyses the effect of best position blade pitching on the power
coefficient of vertical axis wind turbine (VAWT) at different tip speed
ratios (TSRs). Single Stream Tube (SST) and Double Multiple Stream Tube
(DMST) models are used for present analysis. The results indicate that the
best pitch position blade method improves the self- starting capacity and
power coefficient of turbine.. The best position blade pitching curve-1 with
45° pitch angles gives maximum power coefficient for TSRs of 0.5 and the
best position blade pitching curve-5 with 15° pitch angle gives maximum
coefficient of power about 0.49 for TSR 2.5. The results of SST model are
compared with DMST model and presented at the end of this paper.
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1. INTRODUCTION

Rapid increase in global energy requirement resulted in
considerable attention towards renewable energy
sources as there are shortages of fossil fuels. VAWT is
one of the important options to produce sufficient
electricity for household’s application at rural and urban
area as it has got various advantages like simple in
construction, low cost, works independently irrespective
of wind direction and also operates well in turbulent
wind conditions. This makes it suitable for power
generation for house hold application in rural and urban
areas in many countries.

Rasuo et al [1] developed the composite material
turbine blade and full scale testing was carried out for
behaviour analysis. The composite blade profile was
fabricated from fibreglass skin. Biadgo, A. M., and
Aynekulu, G [2] explained aerodynamic design methods
based on general momentum theory and blade element
momentum theory for horizontal axis wind turbine
(HWAT). In this research the paper user interference
computer program is written in VISUALBASIC to
estimate the aerodynamic performance of the existing
HAWT blades and used for performance analysis of
turbine. Rasuo et al [3] and [4] used genetic algorithms
for determination of optimum positions of single wind
turbines within the wind farms installed on arbitrary
configured terrains for maximum effectiveness. In wind
farm layout optimization and the positions of the
turbines should be adjusted freely so that the wind wake
effects could be reduced.

Darrieus turbine operates basically on the lift force;
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it was first developed by G.J. Darrieus, a French
Engineer in 1925. It operates at higher rotational speed
due to much higher relative wind velocities and
produces more power [5-8]. The fixed pitch blade
VAWTSs are not able to start by itself. This type of
turbine is less efficient at low wind speed. The above
referred disadvantages of fixed pitch blade VAWTs are
overcome in the turbine with variable pitch blades
control methods [9-12]. The pitch control methods are
being developed and presented by many researchers like
Cooper and Kennedy, Lixun Zhang, B.K. Kirke, L.
Lazauskas, D. W. Erickson, J. J. Wallace and J. Peraire,
Palash Jain, A. Abhishek, Zhang Li-xun, and Liang
Ying-pin as referred in the Ref. [13-22]. Some of the
researcher proposed VAWTs with individual blade
pitching and claimed 25% higher power coefficient than
of collective pitch control. It is learnt from the literature
survey that most of the referred pitch control methods
are under develop and require more efforts to improve
its performance [23-25].

As explained above, the methods used for pitching
blades are still required more attention and investigation
in order to enhance the overall performance of the
turbine under different TSRs. The main objective of this
research paper is to present the effect of different best
position blade pitching curves on overall performance
of the turbine to self-start at low wind speed and
increase its power coefficient at various TSRs. In this
paper SST and DMST mathematical models are
developed and numerical analysis of the turbine and its
comparison between SST and DMST is carried out to
predict the performance of the turbine.

2. METHODOLOGY
Various computational models have been previously

used by many researchers to predict the performance of
the wind turbine with their own strengths and

FME Transactions (2018) 46, 560-566 560



weaknesses. The detailed information of all these
computational methods for a small scale VAWT can be
referred from Ref. [6]. The momentum based modes
like Single Stream Tube Model, Multiple Stream Tube
Model and Double Multiple Stream Tube Model are the
simplest and quickest among the others models. The
present analysis is carried out with Single Stream Tube
Model and results are compared with Double Multiple
Stream Tube Model.

2.1 Single stream tube model

Figure 1 represents the single stream tube model. This
model is presented by Templin in 1974. The entire
VAWT is supposed to be placed in the stream actuator
as shown in the Figurel. Wind flows with free stream
wind velocity (V) over the turbine in the stream tube
and there is fractional decrease in wind velocity when it
strikes the turbine. This fractional decrease in wind
velocity is known as axial induction factor, ‘e’ and it is
defined by the equation as,

V. =V,
V.

oo

a=

(M

Blade flight path Stream tube

Vw

Free stream velocity

zone Induced velocity zone Wake velocity zone

Figure 1. Single stream tube model

Free stream velocity (V.,), induced velocity (V,) and
wake velocity (V,,) zones are as shown in the Figure 1.
The induced velocity is assumed to be constant throug—
hout the induced velocity zone.

The induced velocity and Wake velocity can be
expressed as,

V, =V..(1-a) )
V, =V..(1-2a) (3)

According to momentum principle across the stream
tube, the force on the turbine is given as,

F=2pAV>1 4)

where, I is interference factor and it given as,

()

Figure 2 shows, the local velocity field and
aerodynamic forces acting on the blade with pitch angle
at specific azimuth angle in the rotation of the turbine.

The angle of attack (o)) is calculated for variable
pitch turbine as,
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Figure 2. Plan view of velocity triangle and various forces
acting on variable blade pitch angle.

In case of fixed pitch consider y=0 in the above
equation.

The relative wind velocity (V, ) can be also be
obtained as,

\'A =Va\/(sin(9))2 Jr(cos(9)+k)2 (6)

The blade chord wise tangential force coefficient (C;)
and a normal force coefficient (C,) can be obtained with
C. and C, by the following equations,

Cy =Cy sin(o+7)—Cpcos(o+7) 7
C, =Cp cos(o+Y)+Cpsin(o+7) 8)

For the turbine with number of blades ‘B’, the total
torque becomes as,

T=

phCBR J‘ZTE 2

i Jo VrCido ©)

Then, we can calculate the power generated by
turbine (P, ) by the following equation as,

_ phcBRw

21
- [ v2cdo (10)

P, =Txw
0

The total thrust on the turbine with number of blades
‘B’ is calculated by,

B phcB (2, .
F—?JO V7 [C,sin(0)—Ccos(0)]dO (1)
Interference factor given as,
(0 2n 2 .
128\/_2‘[0 V[ Cysin(8)—Cycos(0)]d0  (12)
a
where, o is the solidity of the turbine and it is defined

by following equation,

_ Bc

o= (13)

The efficiency or power coefficient (Cp) of turbine is
the ratio of the turbine power output to the wind power
input. It is calculated by following equations:
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P, = %pAVi (14)

Power coefficient of the turbine is given as,
P,
Ch=r—+—— (15)
Pl 3 3
5 PAV; (1+1)

Performance of the turbine is analyzed by using
above equations in the MATLAB programming.

2.2 Double Multiple Stream Tube (DMST) model

The Double Multiple Stream Tube (DMST) model
developed by Paraschivoiu I. and this model allowed for
the difference between the upwind and downwind
passes of each blade by dividing each stream tube into
an upwind half and a downwind half as shown in Figure
3. The turbine’s interaction with the wind in the upwind
and downwind passes of the blades separately.

In the upstream and downstream region, the free
stream velocity (V.,) is decreased along the axial
direction of stream tube by interference factors a, and a4
such that the induced velocity (V,), equilibrium induced
velocity (V.) and downstream induced velocity (V) can
be given as,

V, = Vouay (16)
Ve = Vo (22, -1) (17)
Vd =Vead (18)

AAu AAd

Voou Vu Ve

IO\ \
Stream tube

Actuator disc

Up stream Down stream

Figure 3. Schematic of Double Multiple Stream Tube Model

The interference factor, a, for upstream side is
calculated as,

F=— —sec(6)[ C, cos(6)—C, sin(0) ]d6

The implicit expression is expressed as,

_ T
Fui + 7

(19)

au

The upstream and downstream half power coeffi—
cient given as,

Cpu = Cgavu X2 (20)

de = anvd XA 21
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The total power coefficient of turbine is the addition
of upstream and downstream power coefficients

Cr =Cpy +Cpq (22)

A Matlab program is developed by using the above
referred two momentum models to calculate the various
parameters of the turbine. In this Matlab program lift
and drag coefficient for local Reynolds number and
angle of attack are used from the data table by Sheldahl,
& Klimas, 1981 [23].

3. VALIDATION OF PRESENT MODEL CODE:

The SST model code is validated with the experimental
results from the research paper reported in the Ref. [9].
The detailed specification of VAWT used in this refe—
rence is as given in the Table 1. Figure 4 presents the
comparison of power coefficient Vs TSRs CFD results
of turbine used in Ref. [9] and present simulation code.
The results developed by present simulation code indi—
cate good correlation with Ref. [9].

Table 1: Specification of the turbine used in the reference [9]

Dimensional parameter Value
Turbine height (h) 0.8 m
Turbine radius (R) 0.4 m
Chord length (c) 0.2m
Number of blades (B) 3
Blade profile NACAO0018
Wind speed (V) 8 m/s
03 |
0.25
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é 0.15
e
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H
2 005
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—+—Present model (SST) Tip speed ratio(})
—a&—CFD results from Ref.[9]

Figure 4. Validation of SST simulation code with results of
turbine used in Ref. [9].

The DMST model code is also validated with the
computational results from the research paper reported
in Ref. [10]. The detailed specification of VAWT used
in this reference is as given in the Table 2. The Figure 5
represents the comparison of power coefficient from
DMST simulation code and results available in Ref.
[10]. The results indicate good correlation with the
simulation results available in this reference.

Table 2: Specification of the turbine used in the Ref. [10]

Dimensional parameter Value
Turbine height (h) 6.0 m
Turbine radius (R) 3.0m
Chord length (c) 0.2m
Number of blades (B) 2
Blade profile NACAO0015
Turbine speed (N) 125 rpm
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Figure 5. Validation of DMST simulation code with results
of turbine used in Ref. [10].

4. OPTIMIZED BLADE PITCHING CURVES AND
SPECIFICATION OF PRESENT MODEL

The present analysis of the VAWT is carried out by
using optimized six best blade pitching curves as shown
in Figure 6. The six best pitching curves are designed
for the tip speed ratio 0 < A < 3. The dimensional
parameters of the turbine indicated in the Table 3.
Optimized best position of the blade is fixed at pitch
angle to produce the maximum tangential force to rotate
the turbine and produce the maximum power output to
improve the performance of the turbine.

60

a0 |

20 |
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=20 |

Pitch angle, (1)

-40
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—#— Pitch curve-1{ A=0.5)
—&— Pitch curve-2 (A=1.0)
—a— Pitch curve-3 { A=1.5)
—— Pitch curve-4 (A=2.0)
—+— Pitch curve-5 (A=2.5)
—a— Pitch curve-6 (A=3.0)

Azimuthal angle(®)

Figure 6. Optimized best position blade pitching curves at
different A

Table 3: Specification of the VAWT.

Parameters Value
Turbine height (h) 0.6 m
Turbine radius (R) 0.3 m
Chord length (c) 0.095 m
Number of blades (B) 4
Blade airfoil profile NACAO0018

5. POWER COEFFICIENT OF VAWT
The analysis of power coefficient of turbine is carried
out by using optimized six best blade pitching curves at

specific TSRs as mentioned in Figure 5.
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The symmetrical NACA airfoil blades are
commonly used for VAWTs. The symmetrical airfoil
NACAO0018 is considered for this analysis. The
available airfoils with sufficient data to conduct the
study of the aerodynamic characteristics of the turbine is
available in an energy report issued by Sandia National
Laboratories, Sheldahl & Klimas, 1981 [23].

5.1 Power coefficient of VAWT with six best position
blade pitching curves by SST model

First SST model is used for the power coefficient
analysis of the VAWT by using optimized six best blade
pitching curves with the turbine as specified in the
Table 3.

The performance of VAWT at different pitch angles
ranging from 45° to 10° with best position pitching
curves 01 to 06 is carried out at different TSRs from 0.5
to 3 and presented in the Figure 7. The significant
variation of power coefficient of turbine at different
TSRs with optimized pitch angles can be seen from the
Figure 7. At TSR 0.5, the turbine gives best power
coefficient for pitch angle of 45° with pitching curve-
01. Similarly, other different pitching curves from curve
02 to curves 06 give better power coefficient and maxi—
mum power coefficient 0.49 at TSR 2.5 is reported by
best pitching curve with pitch angle 15°. At lower TSRs
from 0.5 to 1.5 higher pitch angles from 45° to 30° give
better power coefficient and same at higher TSRs from
2 to 3 with lower pitch angles from 25° to 10°.

0.6
0.5
0.4
03

02

Power coefficient (Cp)

0.1

0 W= \\ﬂ/

-0.1 :
0 1 2 3 - 5

—+— =05 —m—)=10 Tipspeedratio(})

—— }=15 —*—)=2.0

—%—1}=25 —e—1=3.0

Figure 7. Power coefficient Vs. TSRs for optimized six best
position blade pitching curves (SST Model).

5.2. Power coefficient of VAWT with six best
positions blade pitching curves by DMST model

In this section the DMST model is used for the power
coefficient analysis of the VAWT by using optimized
six best blade pitching curves at different TSRs. The
obtained results are presented in the Figure 8. The
results indicate the much variation of power coefficient
at various TSRs with six pitching curves. The maximum
power coefficient 0.40 is reported at TSR 2.5 when
turbine blades are pitched by the optimized pitch curve-
6. For the low TSRs (0 <A < 1.5) the variation of power
coefficient is in the range of 0.01 and 0.17. The peak
power coefficients 0.26, 0.31 and 0.40 at TSR 2.5
(approximately) with optimized pitch curves 4 to 6 are
reported from DMST model.
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Figure 8. Power coefficient Vs. TSRs for optimized six best
position blade pitching curves (DMST Model).

The predicted power coefficient of turbine (h=0.6m,
R=0.3m, ¢=0.095, B=4, AR=1.0 and ¢ =0.1591) at wind
velocity 5 m/s with pitch angles varied from 10° to 45°
(six best position pitch curves, Figure 6) is obtained by
both SST and DMST model analysis and presented in
the Figure 7 and Figure 8. It is observed that, all six
best position blade pitching curves are suitable to
produce maximum power from the turbine at TSRs
ranging from 0.5 to 3.

5.3 Comparison of power coefficient between SST
and DMST model

The result of power coefficient Vs.TSRs for optimized
pitch curves 1-6 from SST and DMST models are
obtained and their coparative results are presented in the
figures from Figure 9 to Figure 14. It is clear from these
figures that, power coefficient from SST model is higher
than the DMST model for TSRs 1.5 < A< 3. The very less
variation of power coefficient in the range of TSRs 0 <A
< 1.5 is reported by the comparison of results of SST and
DMST model. This is because SST model predicts higher
power coefficient than the actual experimental results at
high TSRs. In SST model analysis the wind variation
across the turbine is not considered. This effect is
increases with TSRs. In this model induced velocity is
assumed uniform across the turbine. In the DMST model
variation of induced wvelocity at upstream and
downstream half is considered for the analysis of power
coefficient. Therefore the results obtained from DMST
model are less than those from SST model.
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Figure 9. Power coefficient from SST and DMST model
(Pitch curves-1)
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Figure 10. Power coefficient from SST and DMST model
(Pitch curves-2)
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Figure 11. Power coefficient from SST and DMST model
(Pitch curves-3)
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Figure 12. Power coefficient from SST and DMST model
(Pitch curves-4)
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Figure 13. Power coefficient from SST and DMST model
(Pitch curves-5)
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Figure 14. Power coefficient from SST and DMST model
(Pitch curves-6)

6. CONCLUSIONS

In this research paper mathematical modelling and
Matlab programming based on SST and DMST model
is carried out to understand the power coefficient of the
turbine.The following conclusions can be drawn from
this research paper.

The maximum power coefficient can be obtained for
variation of TSRs from 0.5 to 3 by using the six best
position blade pitching curves with varying the pitch
angle of the blades. For the present turbine from SST
model, the maximum power coefficient of 0.49 is
obtained by changing the pitch angles from 30° to 10°
for variation of TSRs 1.8 to 3. High (about 45° to 40°)
pitch angles with best position pitching curves 1 & 2 are
preferred for TSRs below 1 (A=1) in order to start the
turbine by itself. The pitch angles from 30° to 10° with
best position pitching curves 3 to 6 are suitable to gain
the maximum power coefficient for TSRs in the range
of 1.5 and 3. The maximum power coefficient (C,) of
0.49 according to SST model and 0.40 according to
DMST model is obtained from 5 m/s wind velocity at
A=2.5 for pitching curve-5 and pitching curve -6
respectively.

The SST model predicts higher power coefficient than
the DMST model at high TSRs. The power coefficient
from SST model is higher than the DMST model for
TSRs 1.5 < A < 3. The very less variation of power
coefficient in the range of TSRs 0 < A< 1.5 is reported by
the comparison of the results for SST and DMST model.
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NOMENCLATURE

Density of air
Dynamic viscosity
Mass flow rate
Blade chord length
Radius of turbine
Diameter of turbine
Height of turbine
Area of blades
Turbine solidity

Q s gxeo E\tﬁ
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Number of blades
Power coefficient
Torque coefficient
Swept area

Normal force

Tangential force

Total thrust of turbine
Instantaneous torque
Drag coefficient

Lift coefficient

Normal force coefficient
Tangential force coefficient
Reynolds number

Free stream velocity
Induced velocity

Wake velocity

Relative velocity
Velocity induction factor
Azimuth angle

Blade pitch angle

Angle of attack

Blade velocity

Tip speed ratio

Angular velocity
Turbine power

Wind power
Interference factor
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YTHUIAJ HAJBOJBET ITIOJIOKAJA JIOITATHIE
HA KOE®OUIIUMJEHT CHATE BETPOTYPBUHE
CA BEPTUKAJIHOM OCOM OBPTAIBA ITPU
PA3JIMMUTOM OJJHOCY KOE®OUILINJEHTA
PAJJA POTOPA KOJ SST 1 DMST MOJIEJIA

P.K. KaBage, II.M. I'aneraoukap

AHanusupa ce yTuIaj HajooJbeT MoJI0XKaja JIoNaTHIE Ha
KOe(HUIMjEeHT CHare BETPOTYpOMHE ca BEPTHKAJIHOM
0coM 00pTama MpH Pa3IMIATOM OJHOCY KoedHInjeHTa
pama poropa. SST m DMST mozmenu ce kopucre 3a
aHanmm3y. Pesynratm mokasyjy Aa MeTon HajOooJeer
[OJIOXKaja JIoNaThIe I00o0JpIaBa KaIalUTeT CaMo—
nokperama 1 KoedunujeHT cHare TypOune. Kpupa-1
HajOoJber T0JI0Kaja JIONATUIE 0 YriioM ox 45° naje
MaKCHMaJlHH Koe(HUIMjeHT CHare Koj KoeduuujeHTa
pama portopa 0,5, H0K KpuBa-5 HajOOJbEr MOJIOXKaja
jomardie 1moj yrioM on 15° ngaje  MakcuMalHu
KoeUIMjeHT cHare KoJ KoeduIMjeHTa paja poTopa
2,5. Pesynratn nobujeHu 3a oba mMozena cy ynopeheHu
Y TIpUKa3aHu Ha Kpajy paja.
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