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ABSTRACT

This study is aiming to optimize the performance of helical Savonius wind turbine
at varying twist angles. The power coefficient at different tip speed ratio(TSR) and
torque coefficient at different azimuths when helical angle of blade is 0°, 45°, 90° and
135° were investigated in a condition that projection area and aspect ratio are
consistently maintained. The flow characteristics were examined at every 1° from 0° to
360°. In a result, the highest maximum power coefficient occurred at helical angle of
45°. From the comparison of power coefficient with the varying azimuths, it is indicated
that the difference between maximum and minimum power coefficient at 90° and 135°
was less than that at 0° and 45°. Regarding the variation of torque coefficient at
different shape models, as helical angle increases, the phase difference of torque
coefficient became smaller.

1 Introduction

Due to excessive use of fossil energy, the world has faced serious problems such
as energy depletion and environment pollution as its additional consequence. To
overcome these problems, lots of alternatives to fossil fuels have been proposed.
Among them, new renewable energy has drawn noticeable attention because of the
significant amount of money invested into research and development fields by
government and the diverse policies established by government in order to support to
spread it to non-public field. According to the report published by Renewable Energy
Policy Network for the 21st century (REN21) released in 2013, the amount of energy
generated using new renewable energy has increased year by year. In 2012, the
amount has grown by about 19% from the previous year. In particular, in case of wind
energy, the additional capacity has much more increased rather than others among
new renewable energies. The annual average growth rate of wind power capacity
accumulated from 2007 and 2012 was reported to be about 25%.

Vertical Axis Wind Turbine (VAWT) can be divided into two groups; Darrieus and
Savonius type. Darrieus turbine is a device that uses lift force generated by airfoil,
whereas Savonius turbine exploits drag force. Savonius wind turbine invented in 1929,
in particular, has an inherently simple shape compared to other types of wind turbines,
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so that the cost to develop the device can be less expensive. Furthermore, it produces
less noise and maintains stable performance in relatively low wind speed.

Recently, some researchers have been conducting researches on an
optimization about VAWT based on an evolvement in the field of experiments and
numerical analysis. Akwa (2012) studied numerically the influence of overlap ratio of
Savonius wind rotor. The results showed that maximum performance appears at
overlap ratio equals to 0.15. Kamoji (2008) examined the influence of the aspect ratio
between diameter and height of Savonius wind rotor and the increase of the number of
stages on the performance. They also analysed how the performance of Savonius wind
rotor changes when helical angle is 90°. And performance of low aspect ratio (0.88)
was better than aspect ratio 0.93, 1.17, respectively. Saha (2006) reported the
performance of a wind turbine with the twist blades in the wind tunnel. The result
showed that the large twist angle had better performance in lower speed, but in the
large twist angle, the negative torque was observed.

As seen these reviews, it is evident that many studies have been focusing on
VAWTSs. However, taking a close look at the design parameters worked on by those
studies, one can recognize that there is lack of clear analysis as to how performance is
affected as helical angle changes. Therefore, the main objective of this paper is to
investigate the variation of power coefficient and the flow patterns of wind turbine at
different helical angles based on a constant projection area which is an area of the
wind rotor actually receiving the wind.

2 NUMERICAL ANALYSIS

2.1 Theoretical Background

It is difficult to evaluate the performance of wind rotor with different shapes.
Because of that, it is important to express the performance using non-dimensional
performance coefficient which has generality. The coefficients used for evaluating the
performance of wind rotor are as follows: Cp(Power coefficient), Cy(Torque coefficient)
and TSR (tip speed ratio). TSR is a coefficient used for presenting the window rotor
performance .TSR(Tip Speed Ratio) is defined as the ratio of the blade tip linear speed
to the wind speed. TSR, denoted by A, can be expressed as equation (1), where R
denotes the rotor radius[m], n is revolution per minute(RPM) and V, means free
stream wind speed[m/s].
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The power coefficient, denoted by Cp, is a ratio of the power produced by the
wind rotor to the power available at a specific wind speed. The power coefficient can be
calculated by equation (2), where T is a torque[N - m], p denotes the air density[kg/m?3]
and A is an area covered by the rotor[m?].
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The torque coefficient, denoted by Cy, can be calculated by the equation (3). In
case of a wind rotor using lift as propelling factor, the torque is generated using
moment due to the lift produced by the rotating plane of the blade. On the other hand,
in case of a drag-type wind rotor, the torque is generated using moment due to the drag.

T

— S 3
0.5pARV,,2 (3)

Cr

2.2 shape of blades

In case of Savonius wind rotor, the projection area would change while blades
rotate. Therefore, when the performance evaluation is carried out, this characteristic
needs to be considered. In this study, variations of the projection area at different
helical angles were taken into consideration. Even at different helical angle, the wind
turbine has been designed to have all the identical average size of the projection area.
Maximum, minimum and average projection areas are shown in Table 1 and Fig. 2. in
this Table 1 and Fig.2 indicates that the difference between maximum and minimum
projection area becomes smaller as helical angle grows bigger.
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3. Numerical Analysis

In this paper, the numerical analysis was also conducted using Fluent® which is
one of commercial CFD (computational Fluid Dynamics) programs. Fluent is an
analysis program utilizing finite volume method (FVM) based on the Navier-Stokes and
energy equation, which is suited for resolving ambient flow and heat transfer problems
for complicated shapes. Numerical domain and meshes were generated using Ansys
ICEM. The number of meshes was distributed ranging from 1,200,000 to 1,500,000.
For achieving fast calculation, the number of calculation repetitions was set to 50. In
addition, the data has been stored after the flow was stabilized, e.g., around 5 rotation
of the blade rotor. In terms of a turbulence model, In order to translate the operations of
pressure and velocity, SIMPLE algorithm was used.

3.1 Governing Equation

A turbulence model employed in this paper requires analyzing URANS (Unsteady
Reynolds Average Navier-Stokes). In this case, governing equations under Newton
fluid condition requires two equations: continuous equation as expressed in Eq.(4) and
momentum equation as expressed in Eq.(5). Considering the quality of the complicated
turbulence and the swirling flow behind the rotating blade, the k-¢ RNG turbulence
model has been chosen.

Turbulence kinetic energy (k) for flow analysis is presented as equation (6).
Turbulence kinetic energy dissipation rate (¢) is as equation (7). In these equations, C,,,
C,and C; are constants, which has the values of C,=0.0845, C;=1.42, and C,=1.68,
C, = 0.0845, respectively.
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3.2 Boundary Conditions

For the appropriate analysis, the overall domain is divided into two sub-domain —
surrounding fixed and inner rotating bladed domains. Total number of grid was
100~150million and grid shape was shown in Fig. 4. Fig. 4(a) and (b) are the main grid
shape of rotating rotor and surrounding outer domain. In order to link the inner and
outer domain, the interface condition is used for describe the detail of separated wake
flow interacting the rotating and surrounding region. In general, the interface condition
can be used for repetitive periodic or non-conformal calculation. In addition, the sliding
mesh model(SMM) was used for (pseudo-)rotating mesh simulating the rotating blades.
The sliding mesh can be effectively used in the case the mesh does not deform. The
inlet condition was set to be 8m/s. In addition, the outlet condition in the domain was
defined as a pressure outlet condition. Wall condition is applied to the side-, and



The 2014 World Congress on
Advances in Civil, Environmental, and Materials Research (ACEM14)
Busan, Korea, August 24-28, 2014

top/bottom wall planes. The moving wall condition was applied for all moving
components such as the helical blades, main supporting pipe and end plates.
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(a) Grid of shape of rotor (b) Rotor and surrounding sub- domain

Fig. 4 Mesh and grid structure of VAWT

4. Results and discussion

To analyze the results, we compared power outputs with the varying TSR. In this
study, the comparison between tunnel experiment and numerical calculation was all
made. Based on the numerical analysis, torque coefficient was examined at varying
azimuths in the condition where the blade is being rotated. Furthermore, it was also
investigated that how air flow changes at different azimuths of Savonius wind turbine.

3.1 Comparison of power coefficient

Fig. 5 shows the power coefficients obtained in numerical study. it is noted that
the maximum power coefficients are placed mostly in the range of TSR from 0.6 to 0.7
in both cases. The highest power coefficient appears at helical angle of 45°. At this
angle, the highest power coefficient reaches around 0.2 when TSR equals to 0.55. At
90° and 135° of helical angle, the power coefficients look similar.
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Fig. 5 Power coefficient variations against TSR

In order to correct the blockage effect in the wind tunnel test, the blockage ratio
should be considered. The blockage ratio is defined as the ratio of wind tunnel cross
sectional area(C) to the projected area of the rotor(S). As the blockage ratio increases,
the power coefficient increases. When the blockage ratio is placed in between 1 and
30%, Alexander (1978) suggested a typical correction ration of velocity, as shown in
fig.6. In the figure, V and V¢ are the original and corrected velocity, respectively (e.g.,
V=8m/s, Vc=9.36m/s in this study). After the correction is made, the overall power
coefficient decreases about 37%. Therefore, when helical angle is 45°, the maximum
power coefficient reach 0.12 at TSR = 0.7.

I-6 7
/
1-5 d
@ re
X
L7
ve 14 o s f
~ Kok ‘0\0
4)0"/
1-3 P s
o
-~ =
-~ <<
-2 -~
-~
-
1-1
FO -

O O-O5 OO0 OS5 SO-QC) C-25 O30 O35

C
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3.2 Temporal variation of torque coefficient at different azimuths

Fig. 8 shows torque coefficients at different azimuths. While horizontal axis
represents azimuth, vertical axis represents torque coefficient. At varying azimuths,
torque coefficient becomes highest to be 0.455, at helical angle of 45° and TSR of 0.4.
The graphs also indicate that phase difference of torque coefficient gets lower, as
helical angle increases. At helical angle of 135°, the phase difference becomes lowest.
The reason seems that a difference between maximum and minimum projection areas
is lowest. Negative torque coefficient occurs in the range of 80°-100° and 260°-280° at
helical angle of 0°, 45° and TSR of 0.8, respectively. Regarding this observation, which
we are going to explain later, it is inferred that a force by air is not be transferred to
concave surfaces of both blades properly. Instead, the force might affect convex
surfaces. However, in case that TSR is lower than 0.8, negative value does not occur.
The reason seems that a force of air resistance gets greater at convex part of blade
than rotation power of turbine, as spinning speed gets faster. However, the blades with
helical angle of 90° and 135° do not show any negative value of torque coefficient at
TSR=0.8.
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Fig. 8 Torque coefficient at different azimuth

4 Conclusion

This paper has investigated the performance characteristics of Savonius wind
turbine at different helical angles through numerical analysis and performance
evaluation conducted in large-scale boundary layer wind tunnel. The key conclusions
are summarized as follows,

1) It is verified that the range of tip speed ratio (TSR) and maximum power coefficient
change as Savonius wind turbine blade helical angle varies.

2) From experimental and numerical results, the highest power coefficient appears to
be about 0.3 at helical angle of 45°. However, at helical angle of 90° and 135°, power
coefficient becomes lower than that at 0° and their maximum power coefficients appear
similar. The reason is inferred that convex surface of the blade is consistently affected
by the air resistance when the helical angle grows bigger than a specific angle.

3) At helical angle of 0° and 45°, negative torque coefficient occurs when TSR=0.8.
This is the only observation of negative torque coefficient. The reason is inferred that
convex surface of the blade receives a fluid force more densely than at concave
surface when azimuth is close to 90°.

4) At helical angle of 135°, torque coefficient values appear consistent. The reason is
inferred that there is no difference in the size of the area where receives the force of air.
5) It is implied that output power could be maintained to be higher if the number of
rotations is controlled to be TSR of 0.6 at helical angle of 45°.
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