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Abstract

Savonius wind turbines have better performance in locations with varying wind directions compared to horizontal

axis wind turbines. However, their drawback lies in their low performance coefficient. The main objective of this
study is to investigate the optimal design of a vertical axis wind turbine of the Savonius type. The parameters
investigated include blade thickness and blade arc angle. This study was conducted using computational fluid
dynamics (CFD) simulations with SolidWorks software. The simulation results show that at various blade thicknesses,
there are significant differences in the obtained power coefficient (C,) values. At a blade thickness of 2 mm, the
highest power coefficient (C,) reached 0.38 with a blade arc angle of 130°. Meanwhile, a blade thickness of 3 mm
showed a maximum power coefficient (C,) of 0.41 at a blade arc angle of 120°. However, at a thickness of 4 mm, there
was a significant increase with the highest power coefficient (C,) reaching 0.45 at a blade arc angle of 110°. This
indicates that the most efficient shape for a Savonius wind turbine is with a blade thickness of 4 mm, a blade arc angle
of 110° a blade spacing of 3 cm, and an overlap ratio of 0.42, providing a maximum power coefficient (C,) of 0.45.
Keywords: Savonius Wind Turbine; Computational Fluid Dynamics; Power Coefficient; Blade Arc Angle; Blade
Thickness

Introduction

A study conducted by (Bela\"\id & Zrelli, 2019) highlights the fact that approximately 80% of the primary energy
sources used by society come from the combustion of fossil fuels. This fact not only indicates a high dependence on
limited resources but also has serious environmental impacts (Setyono & Kiono, 2021). The increasing air pollution and
greenhouse gas emissions resulting from the combustion of fossil fuels have become the primary sources of global
environmental issues such as climate change and ozone layer depletion (Murphy, 2024).

Additionally, the continued use of non-renewable natural resources such as gas, oil, and coal is problematic because
they cannot be used in the long term (Parinduri & Parinduri, 2020). Therefore, renewable energy provides an
environmentally friendly and sustainable alternative to replace fossil fuels, promoting a shift towards a cleaner future by
utilizing renewable natural resources such as sunlight, wind, water, and geothermal energy (Murphy, 2024).

In recent decades, wind energy has become one of the types of renewable energy with the advantages of large
reserves and wide distribution (Mahata et al., 2024). Wind turbines, as the main devices used to harness wind energy by
converting kinetic energy into electrical energy, have proven to be effective in generating electricity with a lower
environmental impact compared to conventional wind sources (Xu et al., 2019). Wind turbines can be divided into
horizontal axis wind turbines and vertical axis wind turbines.

Vertical axis wind turbines currently have greater development potential than horizontal axis wind turbines (Bedon
et al., 2017). Their advantages encompass several aspects that provide a stronger appeal. One of these is their ability to be
less sensitive to wind direction since their rotational axis is perpendicular to the wind direction (Afidah et al., 2023). This
means vertical axis wind turbines can operate efficiently in environments with changing wind directions. Other factors,
such as easier installation, lower maintenance costs, and lower aerodynamic noise, also make vertical axis wind turbines
an attractive option for development (Rezaeiha et al., 2017).

Therefore, this study aims to optimize the design of a vertical axis wind turbine of the Savonius type with PVC
blades to reduce production costs and increase the power coefficient of the Savonius wind turbine. In this study, the
parameters investigated include blade thickness with 3 variations (2 mm, 3 mm, and 4 mm) and blade arc angle with 5
variations (110° 120°, 130° 140° and 150°) with an overlap of 12 cm and a blade spacing of 3 cm. All research was
conducted using SolidWorks simulation. This study is expected to find a more efficient design than previous researchers
and reduce the production costs of Savonius wind turbines.
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Literature Review
Wind Turbine

Wind turbines are an important part of the Wind Energy Conversion System (WECS), which aims to convert wind
energy into a more useful form (Sudrajat et al., 2020). Their function is to convert the kinetic energy of the wind into
mechanical energy through the rotation of the shaft, which can then be used to generate electricity or for other purposes
(Nakhoda & Saleh, 2015). There are two main types of wind turbines: horizontal axis wind turbines and vertical axis
wind turbines. This study focuses on vertical axis wind turbines because they have greater development potential than
horizontal axis wind turbines, including the ability to operate more efficiently in environments with changing wind
directions, such as in urban areas (Rezaeiha et al., 2017).

Vertikal Axis Wind Turbine (VAWT)

A Vertical Axis Wind Turbine (VAWT) is a type of wind turbine where the main rotor shaft is arranged transverse to
the wind while the main components are at the base of the turbine. There are two main types of vertical axis wind
turbines: Savonius wind turbines and Darrieus wind turbines (Qasemi & Azadani, 2020). Darrieus rotors come in various
shapes, including helical, H-rotor, and Gorlov. These turbines typically have three slender rotor blades driven by lift
forces, allowing them to achieve high speeds. Savonius wind turbines perform better in locations with changing wind
directions compared to horizontal axis wind turbines. This makes Savonius wind turbines a good alternative for
distributed power generation devices in urban environments (Samosir et al., 2021).
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Figure 1. Types of wind turbines (Zilberman, 2017)

7

Power Characteristics

According to classical physics, the kinetic energy of an object with mass m and velocity v is E = 0.5 m.v?, provided
that the velocity does not approach the speed of light (IBanos et al., 2017). This formula also applies to wind, which is
moving air. Thus, it can be written in equation (1).

1
E=-muv? )

If the formula to determine the amount of mass passing through a certain point when a block of air has a cross-
sectional area A (m?), and moves with velocity v (m/s), can be written in equation (2).

m=Av.p (2)
Thus, the energy from the wind that can be generated per unit of time can be written in equation (3).
1
P=_vipAv (3)
Power Coefficient (C,) indicates the efficiency of the turbine as shown in figure 2 (Ajayi, 2012). The power curve of

the turbine is usually plotted against TSR. Different turbines have different efficiency levels. All simulations in this study
were conducted at TSR 0.25, except for the validation section.
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Figure 2. Curve of the average power coefficient (C,,) variation against tip speed ratio (TSR) for various types of wind
turbines (Ajayi, 2012)

According to the German scientist Albert Betz, the C, of a wind turbine is 0.59, meaning that a wind turbine can
convert no more than 59% of the total wind power into useful power. This is called the Betz limit (Ebrahimpour et al.,
2019). Mathematically, it can be written in equation (4).

Cp= 1o (4

1,3
2PV A

To calculate the tip speed ratio (TSR), equation (5) can be used. TSR is useful for determining the turbine
performance at different rotational speeds (Ebrahimpour et al., 2019).

Various Blade Shapes

In figure 3, (Roy & Saha, 2015) conducted research on wind tunnels on newly developed blade shapes for Savonius
wind turbines. They also examined other blade shapes as shown in figure 4. When compared to the four blade shapes,
the blade shape in figure 3 resulted in an increase in maximum power coefficient by 3.3%. For static torque coefficient, it
also showed an increase of 31.6%, 22.0%, 11.1%, and 4.2%. The study by (Roy & Saha, 2015) also indicated that the
polynomial curvature 'Modify 4' has the highest static torque coefficient. This is due to the reduction of induced
resistance on the returning blade caused by this polynomial curvature. Additionally, this curvature also has the highest
torque coefficient and performance for a tip speed ratio of 0.9 (Nasr & others, 2023).

(Manavar, 2023) conducted a study optimizing the design of Savonius wind turbines for the ModBach shape in
figure 5, using computational fluid dynamics (CFD) simulations. This research investigated two parameters: overlap
ratio and blade spacing, aiming to find the optimal design parameter considering turbine efficiency. Findings showed
that the most efficient blade shape reaching 30% had a blade arc angle of 110° the optimal blade spacing was found to be
3.1 cm with an overlap ratio of 0.25.

Figure 3. The newly developed blade shape (Roy & Saha, 2015)
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Figure 4. The dimensions of various blade profiles (Roy & Saha, 2015)

Materials & Methods

The aim of this study is to numerically investigate how various design parameter studies affect the performance of
Savonius wind turbines. Additionally, the objective is to find geometries with the highest power coefficient. The design

of Savonius wind turbines and numerical simulations were conducted using SolidWorks software. The process involves
several stages, as depicted in the flowchart in figure 5.
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Figure 5. Research flowchart

Research stages:

1. This research begins with conducting a literature review of previous studies to optimize the design of more efficient
Savonius wind turbines.

2. Creating a design of Savonius wind turbines using SolidWorks software with the following design variables:
a. Blade Made of PVC Material

One of the initial objectives of this research is to reduce the manufacturing cost of Savonius wind turbines, so the
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turbine blades are made of PVC material.

b. Outer Diameter and Blade Height
In this design, the outer diameter of the blade is set at 50 cm and the blade height is set at 50 cm, as shown in
figure 5.

c. Blade Thickness
The parameter study of blade thickness used in this research consists of three thicknesses: 2mm, 3mm, and 4mm.
Changes in blade thickness can affect airflow around the blade. The appropriate blade thickness can help
optimize pressure distribution on the blade surface, improving aerodynamic efficiency (Nasr & others, 2023).

d. Blade Arc Angle
The blade arc angle is the angle from the inside to the end of the blade. Changes in the blade arc angle can cause
variations in drag force, and since Savonius rotors are drag-based, it is crucial to determine the most appropriate
blade curvature angle for efficient performance. The parameter study of blade arc angle in this research selects
angles of 110°, 120°, 130°, 140°, and 150°. Because in the research by (Manavar, 2023), further optimization is still
needed in the variation of blade arc angles and only conducted in 2D simulations.

e. Blade Spacing
The distance between two blades is measured only from one blade to the other. In this study, a blade spacing of
3 cm is used. Based on the research conducted by (Manavar, 2023), it was found that a blade spacing of 3 cm is
an efficient and optimal distance to achieve maximum performance.

f.  Overlap Ratio
Overlap ratio (OR) is defined as the ratio of the length of overlap between two blades to the total length of one
full turbine rotation. For example, in figure 6, Overlap = 12.00/29.54 = 0.40.

SER

|

Figure 6. Design of Savonius Wind Turbine

3. The next step is to simulate the results of the wind turbine design using computational fluid dynamics (CFD).

4. After the simulation runs, the next step is the testing process to ensure whether the results meet the desired
specifications. If not, then the wind turbine design will be revised in SolidWorks software. If the design is
satisfactory, then it will proceed to the data analysis and processing of simulation data.

Finally, drawing conclusions from the results of the simulation data that have been conducted.

Results and Discussion
In this section, new simulation results are presented and compared with previous research. The influence of rotor
performance is discussed by analyzing blade thickness and making modifications to the blade arc angle.
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Figure 7. The graph depicting the relationship between blade arc angle and power coefficient (C,) for a blade thickness of
2 mm.
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Table 1. Results of power coefficient for various blade arc angle variations with a thickness of 2 mm.

Blade Arc Angle Blade Thickness TSR Blade Spacing Ratio Overlap Coefficient Power (C,)
110° 2 mm 0,25 3cm 0,42 0,35
120° 2 mm 0,25 3cm 0,42 0,34
130° 2 mm 0,25 3cm 0,42 0,38
140° 2 mm 0,25 3cm 0,42 0,37
150° 2 mm 0,25 3cm 0,42 0,27
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Figure 8. The graph illustrating the relationship between blade arc angle and power coefficient (C_p) for a blade

thickness of 3 mm

Table 2. Results of power coefficient for various blade arc angle variations with a thickness of 3 mm.

Blade Arc Angle Blade Thickness TSR Blade Spacing Ratio Overlap Coefficient Power (C,)
110° 3 mm 0,25 3cm 0,42 0,37
120° 3 mm 0,25 3 cm 0,42 0,41
130° 3 mm 0,25 3cm 0,42 0,37
140° 3 mm 0,25 3cm 0,42 0,32
150° 3 mm 0,25 3 cm 0,42 0,35
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Figure 9. The graph depicting the relationship between blade arc angle and power coefficient (C,) for a blade thickness of

4 mm

Table 3. Results of power coefficient for various blade arc angle variations with a thickness of 4 mm

Blade Arc Angle Blade Thickness TSR Blade Spacing Ratio Overlap Coefficient Power (C,)
110° 4 mm 0,25 3cm 0,42 0,45
120° 4 mm 0,25 3cm 0,42 0,38
130° 4 mm 0,25 3cm 0,42 0,36
140° 4 mm 0,25 3cm 0,42 0,28
150° 4 mm 0,25 3cm 0,42 0,33

The performance of the Savonius wind turbine with variations in blade arc angle at a thickness of 2 mm is shown in
Figure 6, at a thickness of 3 mm in Figure 7, and at a thickness of 4 mm in Figure 8. The selection of geometries optimized
from previous research ensures that most geometries show almost similar results. This is evident in the values for blade
spacing of 3 cm and an overlap ratio of 0.42. All experiments were conducted at a tip speed ratio (TSR) of 0.25 with an
incoming wind speed of 8 m/s.

In this study, a total of 15 geometries were investigated to evaluate the performance of the Savonius wind turbine.
For a blade thickness of 2 mm, the highest power efficiency (C,) reached 38% at a blade arc angle of 130°, with a blade
spacing of 3 cm and an overlap ratio of 0.42. Meanwhile, for a blade thickness of 3 mm, the highest C,, value reached 41%
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at a blade arc angle of 120°, with a blade spacing of 3 cm and an overlap ratio of 0.42. On the other hand, a blade
thickness of 4 mm resulted in the highest power efficiency of 45% at a blade arc angle of 110°, with a blade spacing of 3
cm and an overlap ratio of 0.42. These results demonstrate how variations in blade thickness and blade arc angle affect
the performance of the Savonius wind turbine.

Figure 9 shows the pressure contours and velocity contours plotted to demonstrate the pressure and velocity results
when the Savonius wind turbine with a blade thickness of 2 mm and a blade arc angle of 130° is subjected to wind.
Figure 10 shows the pressure contours and velocity contours generated when the turbine with a blade thickness of 3 mm
and a blade arc angle of 120° is subjected to a wind speed of 8 m/s. Meanwhile, Figure 11 displays the pressure contours
and velocity contours to demonstrate the pressure and velocity results when the turbine with a blade thickness of 4 mm
and a blade arc angle of 110° is exposed to a wind speed of 8 m/s.
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Figure 10. Simulation results of Pressure (a). Simulation results of Velocity (b) with a blade thickness of 2 mm and a
blade arc angle of 130°
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Figure 11. Simulation results of Pressure (a). Simulation results of Velocity (b) with a blade thickness of 3 mm and a
blade arc angle of 120°
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Figure 12. Simulation results of Pressure (a). Simulation results of Velocity (b) with a blade thickness of 4 mm and a
blade arc angle of 110°

Conclusions

This study aims to optimize the design of a Savonius wind turbine with PVC blades using CFD simulations in
SolidWorks. Various parameters such as blade thickness and blade arc angle were considered to improve the turbine's
power coefficient (Cp). To validate the results of this study, the simulation values were compared with similar previous
research (Manavar, 2023).

The conclusion of this study is that the blade shape with an arc angle of 110° and a blade thickness of 4 mm provides
the highest efficiency at 45%, as shown in Table 3. However, good performance results were also observed in other
shapes in terms of strength. Due to time constraints, the number of simulations conducted was limited but still
maximized. The results indicate that different blade thicknesses can affect power efficiency in combination with blade
arc angles. This shows that design variables such as blade thickness significantly impact the performance of Savonius
wind turbines.

Future research is expected to expand the scope of design variables that may affect turbine performance to achieve
greater efficiency. This study is also based on 3D simulation results, and further experimental validation is needed to
verify the accuracy of these results. By continuing this research, more in-depth insights into the factors influencing the
performance of Savonius wind turbines can be obtained, ultimately supporting the development of more efficient and
sustainable renewable energy technologies.
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