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returning blade and next to the advancing blade provides the best performance results
at a free flow speed of 5 m/s and a Reynolds number of 100,000. In this study, the
comparison with experimental data from another study is utilized. The Savonius
turbine is installed with an interfering cylinder in front of the returning blade and next
to the advancing blade; the air is tighter on the concave side of the advancing blade.
The coefficient pressure difference between the convex and concave sides of the blade
increases. The maximum moment is achieved in the turbine with a disturbance cylinder
at a configuration distance of S/D 1.4 —Y/D 1.61. The maximum moment coefficient is
obtained at the position 8 = 15°. The placement of two cylinders with a ratio variation
of 0.5 D can significantly influence turbine performance. Results show the turbine
provides the highest Power Coefficient when TSR = 0.6. The power coefficient

Keywords: increased by 25.11% compared with that of conventional Savonius turbines. Therefore,
Savonius wind turbine; circular cylinder; it can be concluded that the turbine is the optimal configuration for generating the
returning blade; advancing blade highest power.

1. Introduction

The decreasing availability of energy from fossil sources is beginning to affect human activity. To
prevent climate change and protect the environment, the consumption of fossil fuels must be
reduced. This can be accomplished in many ways, including substituting renewable energy sources
for fossil fuels, such as solar, wind, tidal, and biomass, which are less harmful to the environment. To
compensate for the dwindling supply of fossil fuels, alternative energy sources must be used. This is
crucial to ensure that future generations can access these energy resources. We are responsible for
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ensuring the availability of alternative energy sources. Wind energy is one such alternative, with
Savonius wind turbines exemplifying the use of wind as a renewable energy source.

The Savonius turbine operates on the principle of differing drag forces between the concave
surface (advancing blade) and the convex surface (returning blade) of the turbine blades. This
difference in drag creates a positive torque that spins the turbine and produces energy. The larger
the disparity in drag forces, the more torque is generated.

Fluid movement within the turbine blade of a Savonius turbine generates positive and negative
torques at the front and rear ends of the blade, respectively, which is a weakness. Additionally, the
turbine’s peak power output proportionally increases with increasing mass and size. This is caused
by low turbine efficiency. As a result, many researchers have used numerical and experimental
techniques to improve the performance of this type of wind turbine. The existing drawbacks of
Savonius turbines include fluid flow over the turbine blades, which generates positive torque at the
front and negative torque at the rear. In addition, the peak power output, which scales with
increasing size and weight, contributes to the overall low efficiency. Due to the Savonius wind
turbine's weakness, research is necessary for enhancing its performance (as shown in previous work
[1-5]). Consequently, numerous researchers are conducting experiments and employing numerical
methods to enhance the performance of this type of wind turbine. These deficiencies underscore the
critical need for further investigation of Savonius Wind Turbines to improve their performance.
Scholars interested in conducting investigations using numerical and/or experimental methods to
improve the efficiency of Savonius turbines by adjusting the thickness, shape, or contour of the
blades, as suggested by the authors of references from the previous study [6-8].

The authors have recommended that placing a circular cylinder on the upstream side of the
returning blade at a distance of S/D = 1.4 results in the highest turbine power coefficient of about
12.2%, among the relative distances tested in their work. The method proposed by adding a circular
cylinder around the Savonius turbine can be considered a passive control method, as mentioned in
Triyogi et al., [9].

This research is an effort made to improve the performance of this wind turbine by installing two
circular cylinders simultaneously in front of the convex blade with a distance of S/D 1.4 and next to
the concave blade with a distance of Y/D 1.61 and 2.00. This circular cylinder directs airflow to the
side of the concave blade so that the drag force on the blade side increases, thereby increasing the
other torques. The diameter of the cylinder was fixed as described in a previous study Setiawan et
al., [10].

The stagger angles of a circular cylinder placed beside or upstream of a moving blade can vary, as
shown in Refs. [11, 12]. Sakti et al., [13] and Sanjaya et al., [14] positioned a circular cylinder with
both sides at a 652 angle, on the upstream side in front of the returning blade. The Savonius turbine's
performance has been improved through modified turbine configurations in these studies. Guo et
al., [15] experimentally added a circular cylinder to the upstream side of the returning blade for
additional enhancements.

The research gap addressed in this study is that previous studies have only employed a single
variation of circular cylinder placement, either in front of the returning blade or beside the advancing
blade. In contrast, this study combines both aspects with the aim of enhancing the performance of
the Savonius turbine. This research is particularly compelling because no previous studies have
combined these two methods, making it essential to investigate the resulting flow phenomena and
their impact on turbine performance.
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2. Methodology

Three simulations were conducted, involving configuration A where a cylinder was installed
ahead of the returning (S/D) blade with a ratio of 1.4, similar to studies by Francis et al., [7] and
Triyogi et al., [8], and configuration B featuring a circular cylinder attached next to the advancing
blade at designated distances of 1.42, 1.51, 1.61, 1.71, and 1.82. By combining configurations A and
B, configuration C is obtained with the specified S/D and Y/D values (S/D 1.4 - Y/D 1.42, 1.51, 1.61,
1.71, 1.82), as shown in Figure 1 :
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Fig. 1. Savonius turbine and circular cylinders in configurations: (a) configuration-A, (b) configuration-B,
and (c) configuration-C

The ratio of the circular cylinder diameter to the rotor diameter (d/D) is 0.5, the distance relative
to the rotor diameter (S/D) was kept constant at 1.4, and the distance between cylinder center and
turbine center (Y/D) is 1.42,1.51, 1.61, 1.71 and. 1.82 as shown in Figure 2. Reynolds number exceeds
100,000. This design is intended to improve the Savonius turbine performance in terms of the power
coefficient (Cp), moment coefficient (Cm), and static torque (CTS). In this study, the simulation
followed the experimental conditions described in previous study by Sanjaya et al., [14] also Lee et
al.,, [17].

The ANSYS/Fluent 2021.1 software was used to perform numerical simulations of this study. Two
domains comprise the Savonius turbine geometry: the static and rotating domains. A static domain
is not in motion and is traversed by a fluid. The rotating domain rotates through the fluid.

Figure 2 and Figure 3 depict the computational domain of the proposed turbine. In Figure 3, the
domain is the detailed domain around the turbine. The size is 750 cm by 300 cm. The rotating turbine
region and the stationary disturbing cylinder region constitute the domain, which is divided by an
interface. To simplify the numerical simulations, the domain was divided into static and rotating
parts. The domain's division streamlines meshing and solver setup processes.
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Fig. 2. Computational domain
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Fig. 3. Detailed view around Savonius blade

In simulations, meshes or grids are formed based on the interpretation of volumes or the spatial
domain over which calculations are performed. Choosing an appropriate mesh size enhances the
accuracy of a CFD simulation. Reducing the mesh size enhances the model's result precision. Though
a finer mesh vyields greater accuracy, it demands more computational power and time. Properly
modifying the mesh size, using smooth meshing, is crucial to obtaining accurate results while
conserving computational resources. The 2D simulation includes a Savonius turbine with a quadratic
mesh structure, as shown in Figure 4. Figure 5 shows an enlarged version. In this modeling, mesh
selection is performed for validation to obtain accurate results close to those of previous studies.

Dinding simetry
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Dinding simetry
Fig. 4. Computational grid
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(b) (c)
Fig. 5. (a, b, c)Fixed zone and Rotating zone area enlarged with Meshing structured with Quadratic Pave
type

2.1 Processing

The Reynolds number (Re) can be determined by Eq. (1).

_pvD
u

Re (1)

Where Re is the Reynold number, p is the density of water, u is the Dynamic viscosity of water, and
D is the hydraulic diameter.

According to [16], the time step was calculated for each degree of increase in the turbine rotation
angle. The maximum number of iterations for every step up to 50 indicates convergence within 50
iterations for 10 turbine rotations. The convergence criterion is set when the continuity and other
residual parameters reach below 10°. The time step size (TSS) was calculated using Eq. (2) as follows:

0 0

TSS = Trot 365 = toxmy (2)

Where 8 is the increment angle or degree of rotation of the time step, and N is the turbine rotation;
thus, Trot is the time of one rotation, which can be determined by Eq. (3):

60
Lot = N (3)
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Considering to measurement of rotational speed (w) and the free stream velocity (U), the tip
speedratio (A) can then be defined as in Eq. (4):

(4)

Based on the dynamic torque measured (Tq4), the moment coefficient can be calculated as in Eq. (5):

Cm

ATy
" pU2HIL?

(5)

Where H is the height of the turbine blade, and the power coefficient (Cp) is defined as in Eq. (6):

T pUBHL

2Tqw

= CmA

A comprehensive overview set up of the simulation shown in Table 1 below:

Table 1
Set up simulation

Parameter

Input

General Solver

Model Viscous

Material Air

Cell zone condition Rotating/
Fixed domain

Boundary condition
Inlet

Wall Savonius
Cylinder

Mesh interface

Reference Value Compute fromArea

Length

Solution methods
Pressure

Gradient

Momentum

Turbulence Kinetic Energy
Residual

Run Calculation

Time Step Size

Pressure based, transient, 2D

Realizable k € (RKE)

p=1,184kg/m> :u=1,789.10°kg/m.s
Mesh motion, Rotating velocity, Material
air

Velocity 5 m/s

Spec. method Intensity and length scale

Turbulence Intencity 3.78 %
Turbulence length scale =2.24

Moving - Wall Rotational - No slipStationary
wall —No slip

Interfacel, interface2

Inlet
0.090 m?3
0.500 m

Simple

Least Squares cell-based
Second order

Second order

Second order

Absolute criteria 10

Number of time steps = 3600
Max iteration /Time step 50

Calculated according to the Tsr = 0.6

(6)

In this study, the simulation was performed using the commercial fluid flow solver ANSYS. The
Semi-Implicit Method for Pressure-Linked Equation (SIMPLE) and the turbulence model realizable k-
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e with enhanced wall treatment are used to solve the equation of Unsteady Reynolds Average
Navier—Stokes (URANS) was used. The Sliding Mesh Model (SMM) was used to discretize all variables
and turbulence intensity discretely within the finite volume formulation in the second-order upwind
scheme and unsteady flow. The data acquired during the preceding phase were examined and
interpreted. The provided data consist of the speed and pressure contours, moment, and power,
which are measured on both the advancing and returning blades. These measurements are
presented as functions of the angle (8).

The grid independence test is a crucial step in the process of generating a mesh with varying
numbers of cells. The purpose of this study is to identify the most suitable grid configuration that
yields the correct results using a configuration as a reference. The simulation data are compared with
the reference configuration to obtain results that are quantified as a percentage error. Figure 6
below presents the outcomes of the grid independence examination conducted on the Savonius wind
turbine in Figure 6 below:
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Fig. 6. Computational grid graph

In the simulation, a 101108-element mesh was employed. A mesh with a stable average
coefficient of moment value, as the number of element increases, was selected. The small error value
further demonstrates this. Considering the longer simulation time required for a finer mesh, we
opted for a mesh containing 101108 elements, as shown in Figure 6.

Figure 7 presents a validation graph that compares the results obtained from both experimental
and simulation studies. The graph exhibits a similar trend, specifically, a decline in the coefficient of
moments as TSR increases. The discrepancies in the obtained values were minimal (5%). Because of
the significant similarity between the simulation and experimental results, we conclude that the
simulation outcomes are accurate.
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Fig. 7. Graph of Cm versus Tsg for a conventional turbine at low speed, 5 m/s
3. Results

The study’s results include both quantitative data (Cm values) and qualitative data (velocity
contours), allowing comparison of the Savonius turbine configuration with and without the addition
of a cylinder using their respective Cm graphs and azimuth angles (as shown in Figure 8). At azimuth
angles of 30°, 60°, 90°, and 150°, Figure 8 illustrates noticeable differences in Cm between the two
configurations. A cylindrical configuration at a 302 angle yields up to 70% more height than a
traditional turbine. At an azimuth angle of 60°, the conventional turbine experiences a larger Cm of
up to 70% compared to other angles. For an azimuth angle of 90°, the disparity in Cm between
cylindrical and conventional configurations decreases as the difference in Cm for the conventional
configuration decreases to 30%. For an azimuth angle of 150°, the cylinder configuration in the new
design is 50% more effective than that in the traditional design.

Velocity contours are required for a thorough understanding of the physical reasons behind the
difference in Cm due to different cylinder configurations. Figure 9, Figure 10, Figure 11, and Figure
12 demonstrate the flow pattern through turbines at various angles, specifically 30°, 60°, 90°, and
150°, revealing the impact of the disturbing cylinder on the S/D 1.4 — Y/D 1.6 setup. The analysis
zeroes in on angles where Cm's difference is substantial.

Configuration C of the Savonius Turbine in Figure 9 operates more efficiently at an angle of 30°
than both A and B. The cylinder addition at Y/D 1.6 shown in figure 9 enhances the flow velocity
adjacent to the convex side of the advancing blade compared to configurations A and B. The flow
narrows significantly as the cylinder approaches the turbine corner, resulting in a nozzle-like flow
condition. The increase in turbine speed reduces the pressure in the opposite direction, thereby
increasing Cm. At an azimuth angle of 60° (Figure 8), the conventional configuration's Cm is greater
than S/D's 1.4-Y/D1.6. At an azimuth angle of 60°, the S/D 1.4 cylinder’s speed is slower than that
of the conventional configuration. The wake from the cylinder causes both a decrease in speed and
an increase in pressure. The increase in pressure reduces the Savonius tube blade’s returning force
in the direction opposite to its rotation. In a conventional turbine, Cm is greater than that with the
inclusion of an extra cylinder.
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Configuration C=5/D 1.4; Y/D 1.61
Conventional Turbine
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Fig. 8. The evolution of the coefficient of moment corresponds to the angle
of increment of the turbine blade and the ratio between the two variables

(b) (c)
Fig. 9. Comparison of speed profiles turbine 30° at a speed of 5 m/s in (a)
configuration A, (b) configuration B, and (c) configuration C
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Fig. 10. Comparison of speed profiles turbine 60° at a speed of 5 m/s in
(a) configuration A, (b) configuration B, and (c) configuration C

For Figure 11 at an azimuth angle of 90°, the phenomenon that occurs is not much different
from that when the Savonius Turbine is at an azimuth angle of 60°, where the pressure on the blade
returning cylindrical configuration is greater than that of the conventional configuration due to
increased pressure from the wake cylinder. However, the difference in the Cm values decreases.
Decrease in the difference in Cm values, when viewed from Figure 10 (contour image), is due to the
increase in speed from the nozzle effect provided by the Y/D 1.6 cylinder so that the pressure on
the convex side of the advancing blade decreases, reducing the pressure in the opposite direction
of the turbine rotation. The Cm of the cylindrical configuration is larger than that of the conventional
configuration at an azimuth angle of 150° (Figure 12). In the figure (contour image), vortex flow
forms around the central corner of the turbine. Vortex flow is formed by concurrent flow along the
horizontal axis and the flow following turbine rotation, predominantly near the axis. Because of the
differing flow directions toward the turbine blade’s rotation and horizontal axis, vortex forms in the
flow. The Savonius turbine's performance is hindered by the high-pressure vortex flow. At S/D 1.4,
the cylinder generates a wake that obscures the flow in the horizontal direction. The absence of
horizontal flow hinders the formation of a vortex and reduces the force output of the Savonius
turbine.
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Fig. 11. Comparison of speed profiles turbine 90° at a speed of 5 m/s in (a)
configuration A, (b) configuration B, and (c) configuration C

(b)
Fig. 12. Comparison of speed profiles turbine 150° at a speed of 5 m/s in
(a) configuration A, (b) configuration B, and (c) configuration C
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The comparison graph (Figure 13) displays the coefficient of power (CoP) values for a
conventional turbine with configurations S/D 1.4 —Y/D 1.61 and 1.4 — Y/D 1.82 at a wind speed of 5
m/s, plotted against their respective tip speed ratios (A). The addition of cylinders in front of the
retracting blade and next to the advancing blade in a Savonius wind turbine (Y/D configuration)
enhances its performance compared with conventional designs. The power coefficient has
significantly increased, resulting in enhanced performance. A cylinder with a configuration of S/D 1.4
—Y/D 1.61 = 1.51 yielded the greatest CoP value (0.0.68) for the Savonius wind turbine when the TSR
was 0.6.

g Conventional Turbine - Simulation ——@— Configuration S/D 1.4 - Y/D 2.00
0.080 —@— Configuration S/D 1.4 - Y/D 1.42 = & = ConfigurationS/D 1.4-Y/D 1.61
’ == Configuration S/D 1.4 - Y/D 1.82 = & = ConfigurationS/D 1.4
0.070 e——g— Configuration Y/D 1.61
0.060
0.050
a.
O 0.040
(9}
0.030
0.020
0.010
0.000
0 0.2 0.4 0.6 0.8 1 1.2
TSR

Fig. 13. Graph of Coefficient Power (CoP) versus Tip Speed Ratio (A) of conventional turbines
and variousdistance configurations simulation at wind speed 5 m/s

The Savonius wind turbine’s TSR function coefficient is displayed in Figure 14 with the cylinder
placements: one next to the advancing blade and the other in front of the returning blade for the
second configuration. Among the turbine variations shown on the graph, the one featuring a cylinder
in front of the returning blade and next to the advancing blade has the highest S/D ratio (1.4) and
Y/D ratio (1.61). The middle TSR value results in the best turbine performance. Each turbine’s TSR
should be set for maximum power production. At a TSR of 25.11%, a turbine with a cylinder shows
an increase in value of approximately 61% compared to one without a cylinder when the S/D ratio is
1.4. The cm value was nearly diminished in other TSRs. For variable S/D 1.4, the Cm value increases
by 13.34% when Y/D is 1.82. Adding a cylinder in front of the returning blade decreases the pressure
on its convex side. The cylinder distance influences the air flow and shear layer up to the turbine,
subsequently boosting the Cm value.
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Fig. 14. Graph of Coefficient of the moment (Cm) against Tip Speed Ratio (TSR) of conventional

turbines, Configuration S/D 1.4-Y/D 1.61 and S/D 1.4 -Y/D 1.82, simulated at a wind speed of
5m/s

Figure 15 depicts the Coefficient of Pressure (CoP) for both conventional and cylindrical
configurations, with S/D ratios between 1.4 and 1.6 and a 302 angle. The azimuth angle of 300° was
selected because the difference in effective capacitance between the traditional and cylindrical
geometries exceeded 70%. The difference in CoP is notably large near the center of the turbine in
Figure 8, occurring only when X/L exceeds 0.1. A lower CoP signifies a quicker blade speed in the
reverse configuration than in the conventional configuration. The addition of a cylinder triggers
turbulent flow, thereby providing more blade momentum and reduced pressure.
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Fig 15. Distribution of Coefficient pressure along the surface of the Savonius turbine blade
at Tip Speed Ratio A = 0.6 with an angle of 30°
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The conventional turbine exhibits a smaller drop in CoP compared to the cylindrical configuration,
suggesting a less pronounced speed increase. The smaller cylindrical configuration's CoP area on the
returning blade results in reduced drag force. At an azimuth angle of 302, adding a cylinder increases
flow momentum and thereby reduces drag force on the returning blade, leading to pressure
reduction. In conventional turbines, the CoP area is larger on the advancing blade than in cylinders.
Flow velocity decreases in the Y/D 1.6 cylinder due to stagnation pressure at the advancing blade.
The stagnation pressure reduction behind the blade results in a decrease in flow through it. The
reduced flow on the advancing blade increases the pressure. The advantage of cylindrical shaping on
the returning blade side outweighs the slowdown effect due to stagnation pressure on the advancing
side, resulting in a potential increase in drag coefficient of up to 70%.

4. Conclusions
Based on the simulation results, a conclusion can be drawn below:

i. Installing a circular cylinder 1.4 m away from the Savonius wind turbine return blade enhances
turbine performance by 19% more efficiency in the return blade area, resulting in decreased
pressure.

ii.  Among configurations B, the turbine performance can be enhanced notably at Y/D = 1.42 and
1.61. The maximum CoP improvement of over 25% occurs at Y/D = 1.61, TSR = 0.69.

iii. At a TSR of 0.6, the Cm value rises by 0.16 when S/D equals 1.4 and Y/D equals 1.61. The
addition of a cylinder in front of the returning blade and next to the advancing blade at varying
distances S/D = 1.4 and Y/D = 1.61 results in higher moment values (Cm) at an azimuth of 302
than without a cylinder. The performance boost was 25.11% more efficient than conventional
turbines.
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