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Abstract

In this study, 2D Computational Fluid Dynamics (CFD) model was used to investigate the
optimum working conditions of the S-Rotor Savonius (S-RS) wind turbine and to determine the
most suitable geometry. The CFD model has been validated by studies on the S-RS wind turbine
in the literature. The sliding mesh method which uses a mesh motion was utilized to perform
the numerical study. CFD analysis was carried out under various tip-speed ratio at 4 m/s
airspeed for the S-RS wind turbine which has a frontal swept area of approximately 0.3 m?.
Within the scope of the optimization study, aspect-ratio (AR) and overlap ratio (OR) of the S-
RS wind turbine's rotor in the fixed frontal swept area were taken as parameters. The geometry
of the S-rotor has been optimized using the Ansys/Response Surface Optimization (RSO) tool.
Under the constraints in which the optimization study was carried out, aerodynamic efficiency
was obtained as %22.19 at 0.848 AR and 0.068 OR. This yield is significant when the efficiency
of S-RS’s wind turbine is taken into consideration.

Keywords: aspect ratio, overlap ratio, response surface optimization, power coefficient,
vertical axis wind turbine

1. INTRODUCTION

Generally, wind turbines fall into two as vertical
axis wind turbines (VAWTs) and horizontal axis
wind turbines (HAWTSs) according to the position
of the rotor. Power plants using renewable and
clean energy sources such as HAWTs have come
to the fore in the last four decades for the purpose
of generating electricity. Unlike fossil fuels, the
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lack of payment for the resource was helped to
grow in popularity of the wind turbine. Although
a lot of progress has been made in sound
insulation, HAWTs work relatively noisy. In
addition, HAWTs cause visual pollution due to its
huge structure. For all these reasons, HAWTs
cannot find application areas in areas close to
residential areas. On the other hand, VAWTs have
the capacity to fill this gap, considering their
relatively quiet operation, their ability to operate
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even in unstable wind conditions [1], and their
modular and aesthetic structure. But an important
handicap is that they operate at lower efficiency
than HAWTs.

Although many academic studies have been
conducted on improving the VAWT’s
aerodynamic performance [2-9], the effects of AR
and OR on performance have been widely studied
in the fixed frontal swept area [10-12]. The AR is
the main design parameter of the VAWT because
it is extremely effective in the performance of the
rotor [13, 14]. In their study, Li et al. [15]
investigated the effect of the AR and the solidity
on the VAWT performance, at constant solidity
(0 = 0.064) the peak of the power coefficient
(Cp) enhanced with the increase of the AR. Rabei
and Gutu [16], in the study where they investigate
VAWT rotor performance, reported that an
increase in the €, was obtained in parallel with
the increase in AR for the rotor with a fixed
frontal swept area.

The OR is a very important parameter to improve
the VAWT performance [17] and many
researchers [18-23] have investigated the effect of
the OR on the performance of the VAWT. Menet
and Bourabaa [24] reported that the S-rotor
produced maximum torque for a value of 0.24 of
OR. Akwa et al. [25] found that the pressure force
effect increased in the advancing blade with
increasing OR up to a critical value (0.15), and
accordingly, the drag force in the S-rotor decrease
and reported that the VAWT performance would
improve as a result.

In this study, the optimum rotor geometry of the
S-RS wind turbine was designed by considering
AR and OR parameters. In this context, key
design parameters AR and OR were optimized to
achieve the maximum performance of S-RS wind
turbines by using the RSO method. Numerical
optimization studies were performed using
Ansys/Fluent software.
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2. METHOD
2.1. Optimization

An S-RS wind turbine was design by utilizing the
RSO method in order to investigate the effect of
key parameters such as AR and OR on the turbine
aerodynamic performance and increase the C, of
the S-rotor. The S-rotor comprises two
semicircular buckets and, a geometric top view of
it resembles an S as shown in Figure 1. The RSO
method is a goal-oriented optimization method.
This method provides the best possible design to
correspond with the constraints set for
parameters.

Returning

Upstream  bucket \

air flow

‘\Advancing
bucket

F
Lateral FLang[tutal

F Resultant

Figure 1 Demonstration both of force and velocity on
a cross-section of a S-RS wind turbine

The AR and OR are the key design parameters of
the S-RS wind turbine. AR () is the ratio of the
height (H) to diameter (D) of the rotor as shown
in Equation 1. OR () is the ratio of the overlap
distance (e) to D as shown in Equation 2.

a="H/p, (1)
B=°/p 2)
1217
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The minimum and maximum values that the key
parameters can take were determined by CFD
analysis by changing the value of only one
parameter at a time. These values of the shape
parameters, which generate the key parameters,
are given in Table 1. Depending on the shape
parameters, AR varies between 0.623 and 0.848,
and OR varies between 0.015 and 0.068. L4
orthogonal array was created for optimization.
Hence, the Design of Experiment (DOE) which
has 4 design points was obtained. The response
surface was calculated from the DOE results for
the output parameter based on the minimum and
maximum values that input parameters can take.
Excel was used to create DOE and drive the RSO
method.

Table 1
The maximum and minimum value of the shape
parameters

D[m] e[m] H [m]
DOE-01 0.59 0.01 0.50
DOE-02 0.59 0.04 0.50
DOE-03 0.69 0.01 043
DOE-04 0.69 0.04 043

2.2. Numerical Study

A CFD model was developed to examine the
operation conditions of the S-RS wind turbine
with 0.43-0.50 m height and 0.59-0.69 m diameter
was developed at 4 m/s airspeed by using
Ansys/Fluent software. Turbulence, momentum
and continuity equations were solved by adapting
a pressure-based solution. Transient Shear Stress
Transport (T-SST) turbulence model which is a
high-resolution turbulence model, was used to
solve the airflow in the S-rotor. Besides, the flow
in the rotating and stationary zones was solved in
the unsteady model by the so-called Sliding mesh
method. In the literature, there are many studies
in which VAWTs were modeled with the sliding
mesh method and satisfactory results were
obtained. Lanzafame et al. [27] used SST k- and
modified T-SST as the turbulence model in their
study in which they modeled the vertical axis H-
type Darrieus wind turbine with sliding mesh
method. In particular, they reported that the
modified T-SST turbulence model achieved very
consistent results with experimental data. The
Pressure-Implicit with Splitting of Operators
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(PISO) pressure-velocity coupling scheme was
used as a solution method.

The 2D computational domain was created
utilizing Ansys/Design Modeler software. It is
highly important that the computational domain is
created a proper size. Dimensions of the
computational domain also affect the C, and
moment coefficient (C,,) to be obtained for the S-
RS wind turbine. It is recommended that the
distance from the inlet to the S-rotor center (d;) is
between 10D and 15D, the distance from the
center to the outlet (d,) is between 20D and 25D,
and the width of the computational domain (W)
should be at least 20D [26]. Therefore, the
dimensions of the computational domain were
determined depending on D. Calculation domain
has two zones, one of them is the inner domain,
and the other one is the outer domain. S-rotor was
located in the inner domain. An interface was
defined between these domains. Outlet (pressure
outlet) and inlet (velocity inlet) boundary
conditions were defined as exit and entrance,
respectively. The wall boundary was applied at
the semicircular buckets of the S-rotor and the
horizontal edges of the domain. The boundary
conditions in the calculation domain are shown in
Figure 2.

10D L 20D
Wall ’
10D R
- QL
9 o =
= ~S-Rotor &
_%' &) 8X -
U0 <— wall
v Wall

Figure 2 Computational domain and boundary
conditions

The mesh should be suitable for the accuracy of
the results. Thus, it is important to keep the
skewness values of the mesh to be formed within
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the limits accepted in the literature. The average,
minimum and maximum skewness values of the
mesh are 8.91 x 1072, 2.58 x 1077, and 0.74,
respectively. Since the serious speed changes and
reverse pressure gradients were in the inner
domain, smaller mesh elements were used here
compared to the outer domain. Therefore, the
elements in the inner domain have been
minimized by using a weight factor. Besides, to
capture the surface-airflow interaction an 8-layer
boundary layer was created on the buckets. The
total layer (9.54 X 10~*m) and the first layer
thickness (5.93 x 10~° m) were calculated as a
function of the Reynolds number, thickness of the
bucket and y" value. Mesh independence study
was carried out, after approximately 100.48k
elements, it was determined that there was no
significant change (<3.2%) in the results. Mesh of
the CFD model is shown in Figure 3.

(b) (©)

Figure 3 (a) Mesh of the CFD model, (b) Bucket, (¢)
S-rotor

Owing to the complexity of the flow field and the
variety of the rotational speed, identify an
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optimum time step (At) for the solution is very
hard and sensitivity analysis is necessary. For that
aim, a lot of simulations were conducted for
different rotational speeds and the At for the
beginning simulation was computed from
Equation 3.

At = (1/180)hA~ vt 3)

where h is turbine height, A is tip-speed ratio
(TSR), and v is air velocity. CFD analysis was
conducted for about 52 hours utilizing a 12-core
workstation with 32 GB DDR4 RAM.

3. RESULTS and DISCUSSION

C, values obtained from CFD analyzes performed
for various TSR at 4 m/s wind speed are shown in
Figure 4. Among all design parameters, the
maximum C,, was obtained as 0.22 for the value
of AR=0.848 and OR=0.068. A maximum C,, was
obtained for about 1.1 values of TSR for all
DOEs. In other words, after exceedingly
approximately 1.2 TSR value for all designs, the
stall effect began to be seen in the S-rotor. The
shape parameter levels that give the best C,, value
and their AR and OR values are given in Table 2.

0.25 "5 AR=0.848, OR=0.017

® AR=0.848, OR=0.068 ]
0,20 | AAR=0.729, OR=0.015

+ AR=0.729, OR=0.058 ®
— 0,15 L4 G N
T % =
[=%
© 0,10 A o e
0,05 é 0
0,00 a
0,0 0,4 0.8 1,2 1,6

TSR [-]

Figure 4 Variation of €}, according to TSR for
various DOEs

Table 2
The optimum shape parameter values for the three
highest C, values

D[m] H[m] e[m] AR OR C,
059 050 0.04 0.848 0.068 0.2219
059 043 001 0729 0.017 0.1702
069 043 001 0.620 0.015 0.169
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The pressure distribution in the S-rotor region
depending on the position of the buckets is shown
in Figure 5. At the 6 o'clock position of the bucket,
the high-pressure zone on the back of the
returning bucket trying to stop the S-rotor shifted
to the tip of the bucket when the bucket reached
the 9 o'clock position. At the same time, a low-
pressure zone has been formed in the center of the
S-rotor. In this case, the airflow occurs from the
high-pressure region to the low-pressure region
and passes through the overlap distance.

Figure 5 Variation of the pressure on the S-rotor

The velocity vectors in the S-rotor for the various
positions of the buckets are shown in Figure 6. It
is seen that the airflow continues through the
returning bucket, passing through the overlap
distance after entering the advancing bucket.
When the airflow passes through the overlap
distance and hits the inside of the returning
bucket, it has an auxiliary effect on the rotation of
the rotor.

Figure 6 The velocity vectors on the S-rotor

The local sensitivity curves created within the
scope of the optimization study carried out by
considering the D, e, and H shape parameters are
given in Figure 7. In the fixed frontal swept area,

Sakarya University Journal of Science 24(6), 1216-1222, 2020

it has been determined that the C, changes

inversely with the D and in direct proportion to e
and H.

Response Chart for P4 - cm-op [NYSYS|

Response Chart for P4 - cm-op [NYSYS|

Response Chart for P - cm-op JUSYS|

P1-amop

Figure 7 The local sensitivity curves

4. CONCLUSIONS

In the optimization study, the most suitable design
with maximum efficiency was determined. Thus,
in optimizing the S-RS wind turbine design,
maximizing C, was considered a high priority
design criterion. The main findings obtained from
the study are as follows:

In the conducted optimization study, different AR
and OR values have emerged for the S-rotor. The
highest yield from the S-rotor was obtained for
values of 0.848 for AR and 0.068 for OR.

Opening the overlap distance to the center of the
S-rotor made a positive effect on the rotor
performance. The airflow passing through the
overlap distance helps the rotor to rotate by hitting
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the inner surface of the rotating bucket. Besides,
increasing AR at low-AR (AR<1) and the fixed
frontal swept area also was made a positive effect
on rotor performance.
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