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Abstract: The Savonius turbine has an advantage over other types of vertical axis wind turbines (VAWT), 
which have speeds ranging from the lowest wind speed to the highest. However, the main problem is the 
negative torque on the rotary blades. This paper used computational fluid dynamics to numerically 
investigate the two-dimensional flow analysis of a modified elliptical Savonius wind turbine. This 
study investigated and compared five rotor blades: Classic, elliptical, and their three modifications. 
The behavior of wind energy was studied explicitly by changing the angle of the axis of the elliptical 
blade from the concave side, which leads to a convex shape to increase the area affected by the thrust 
force and increase the positive torque. The ANSYS (previously known as STASYS Structural Analysis 
System) Fluent version 15 software solves the unstable Reynolds-Naiver-Stokes (URAN) equation. 
The coupling algorithm solves the pressure-based coupling pressure velocity using the ANSYS Fluent. 
In the simulation, the drag, lift, and moment coefficients on the Savonius turbine were calculated 
directly at each change in the axis angle. The test results at wind speeds of up to nine m/s showed that 
the modified elliptical turbine with an axis angle of 50° had the highest coefficient power (Cp) 
among other elliptical blade modifications. In comparison, the test results with variations in wind 
speeds of 4–12 m/s showed that turbines with an axis angle of 55° performed better with a higher tip 
speed ratio (TSR) than other models. 
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1. Introduction  

The Savonius wind turbine is a simple, semicircular vertical axis device mounted on opposite sides 
of the vertical axis (two blades). It operates by drag and cannot rotate faster than the wind speed [1]. In 
this case, the tip speed ratio (TSR) is equal to or less than one [2,3]. The Savonius wind turbine seems 
very promising for small-scale applications because of its easy installation, simple design, relatively 
low operating speed, good starting ability, insensitivity to wind direction, and low cost. Although 
significant progress has been made in wind turbine design, more than the available technical designs 
are needed to develop reliable wind energy conversion specifically aimed at small-scale applications. 
Some researchers report lower efficiency compared to other wind turbines. The working principle of 
the Savonius turbine is based on the difference in drag force between the convex part and the concave 
part of the rotor blade; the blade rotates on a vertical axis. According to [4], the main driving force in 
the Savonius rotor is the drag force. Other researchers explained the concept of Savonius turbine drag 
force by carrying out dynamic analysis to determine the effect of lift force. As a result, turbine 
efficiency is influenced by drag force and lift force [5–7]. In [8], the weakness of the Savonius turbine 
was caused by the influence of turbine humidity forces; the efficiency was low. In addition, the number 
of blades greatly influences the rotor performance [9,10]. The paper [11] concludes that the Savonius 
turbine with two blades has a higher power coefficient and is more efficient under the same test 
conditions as the three blades. 

Other parameters that influence the performance of Savonius turbines are geometric design [12–14], 
the influence of gap size [15] and aspect ratio [13]. In [16], an aspect ratio of 0.7 has the maximum CP, 
then a two-blade turbine with zero overlap performs better than one with three overlapping blades [11]. 
The overlaps and gaps between Savonius blades allow fluid to enter the concave side of the blade, then 
flow to the other side and create additional pressure. In addition, some researchers vary the rotor angle 
of the blade profile. The blade profile is an essential design for Savonius rotors. According to [17], 
varying the blade profile by changing the bend angle will significantly affect rotor performance. 
Differences in the configuration and arrangement of the Savonius rotor show that the twist angle 
influences rotor performance [18] and the straight blade angle [19]. That means, in general, the main 
geometric and flow parameters that influence the performance of a Savonius turbine are the blade 
profile, overlap ratio, aspect ratio and the Reynolds number (Re). However, among these parameters, 
blade profile significantly influences power production. 

Besides that, recent studies show that elliptical blades can help harness more wind energy. It is 
known that the Savonius elliptical-bladed wind turbine produces relatively better performance than 
conventionally used semicircular-bladed turbines. In computational and experimental studies by [20], 
improved flow characteristics and better performance of elliptical-bladed turbines were obtained 
compared to conventional semicircular designs. That is mainly due to the lower tip loss and delayed 
flow separation, which allows elliptical turbines to obtain higher rotational speeds than semicircular 
turbines under a given wind load. In recent years, several research works have focused on improving 
the performance of the elliptical blade. The work [21] experimentally determined the optimal blade 
configuration involving chord length, turbine height, aspect ratio, and overlap ratio required to obtain 
the necessary power and torque from an elliptical-bladed Savonius wind turbine. Previously, paper [22] 
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also reported numerically that elliptical turbines have higher coefficients than conventional turbines. 
Later, Talukdar and Kulkarni [23] investigated the performance of a two-band elliptical turbine rotor 
for its dynamic torque and power characteristics. 

Furthermore, researchers focused on improving the performance of the elliptical blade model, 
such as changing the angle to 50° concerning the horizontal axis by Banerjee [20]. In this investigation, 
the cross-sectional angle has not been optimized, which is likely why it does not get much of a performance 
boost over the semicircular design. Paper [24] tried to optimize this profile with numerical simulations. 
The elliptical blade profile was tested at different cutting angles, namely, θ = 45°, 47.5°, 50° and 55°, and 
the highest CP and power were obtained at an angle of 47.5°. However, in this research, testing was 
only carried out at certain wind speeds.  

Therefore, this paper will focus on the numerical study of the Savonius turbine’s elliptical type 
and its modification and comparison with conventional Savonius turbines at 5–12 m/s wind speeds. 
The aim was to test various elliptical blade angle shapes to obtain optimal geometry by looking for 
considerable momentum and power coefficients. In this test, we did not control wind speed changes, 
as done by Jiao et al. [25] and Meng et al. [26]. This research only focuses on changes in the CP and 
TSR values of the five types of turbines tested using a wind tunnel. Changes in wind speed are made 
simply by opening the wind cover input hole of the blower. 

2. Theoretical approach to the fluid simulation model 

This paper develops a flow model based on the approximate solution of the equations of motion, 
then the finite volume method uses the time-average continuity for the incompressible flow. The 
Cartesian coordinate system is shown in Eqs 1–4. 
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where: 
- x, y and z are cartesian coordinates on the horizontal, transverse, and vertical, 
- u, v and w are the corresponding velocity (time average) components, 
- p is the pressure (average time), 
-  is the density of water, 
- gx, gy and gz are the x, y, and z components of the acceleration due to gravity, and, 
- ij is the j-direction component of the shear stress acting on the surface normal to the i-direction. 
Molecular viscosities and turbulent fluctuations cause pressures. The viscous voltage is much smaller 

than the turbulence voltage for currents with high Reynolds values, so that it can be neglected. In the 
Boussinesq Eddy viscosity concept, the stress is proportional to the velocity gradient according to Eq 5. 
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where: 
- t is the turbulent or eddy viscosity and, 

- k is turbulent kinetic energy defined as  𝒌 ൌ 𝟏

𝟐
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symbol means the fluctuating component. 
By including the definition in Eq 5 into the momentum equation, for Eqs 1–3, we get: 
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Separating the normal and second derivatives and placing the first on the left side, we get the 
equation: 
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The second to fourth terms on the left side of Eqs 9–11 represent convective transport, and the 
next three represent diffusion transport. The terms on the righthand side are taken as sources and treated 
as known quantities when solving the velocity components u, v and w equations. The kinetic turbulent 
energy gradient is slight compared to the pressure gradient, so the turbulent kinetic energy is neglected. 
From the turbulence model k-ε, turbulent viscosity, t, the results are: 
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where ε is turbulent kinetic energy dissipation. 
The distribution field of turbulent kinetic energy and its dissipation is obtained from the transfer 

as follows: 

డ௞

డ௧
൅ డ௨௞

డ௫
൅ డ௩௞

డ௬
൅ డ௪௞

డ௭
െ  డ

డ௫
ቀ ௩௧

ఙ௞

డ௞

డ௫
ቁ െ డ

డ௬
ቀ௩௧

ఙ௞
 డ௞

డ௬
ቁ െ డ

డ௭
ቀ௩௧

ఙ௞
 డ௞

డ௭
ቁ  ൌ  𝐺 െ 𝜀       (13) 

డఌ

డ௧
൅ డ௨ఌ

డ௫
൅ డ௩ఌ

డ௬
൅ డ௪ఌ

డ௭
െ  డ

డ௫
ቀ ௩௧

ఙఌ

డఌ

డ௫
ቁ െ డ

డ௬
ቀ௩௧

ఙఌ
 డఌ

డ௬
ቁ െ డ

డ௭
ቀ௩௧

ఙఌ
 డఌ

డ௭
ቁ  ൌ  𝑐ଵ𝐺 െ 𝑐ଶ𝜀,              (14) 

where G is the production of kinetic energy given from the equation: 
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The model coefficients c, c1, c2 and k and the transport equation above are assumed to be constant 
with the values in Table 1. The model coefficients are obtained from experiments and evolve over time. 
The most widely accepted values currently come from Launder and Sharma [27] as follows: 

Table 1. Coefficient values in the k-epsilon model. 

cµ c1 c2 k  
0.09 1.44 1.92 1.0 1.3 

To further facilitate continuity, Eq 4, the momentum equation, Eqs 9–11, transport equation of k 
and Eqs 13 and 14 are converted to the general transfer equation: 
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where: 
- Φ is a dependent scalar variable, 
- 𝑉⃗ is the velocity vector, 
- Γ𝑃 is the diffusion coefficient and 
- 𝑹𝓵 is a scalar source column matrix. 
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Table 2. The terms in the equation of public transport, Eq 16. 
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The volume integrals of the convective and diffusion terms, the second and third terms on the left, 
can be expressed as integrals over a closed surface constraining control of volume by applying Gauss’s 
divergence theorem: 
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where S is the surface normal vector to the control volume 𝑑⩝. 

3. Materials and methods 

3.1. Geometry details 

This research focuses on modifying the geometry of the Elliptical-type Savonius windmill, 
especially on the variation of the blade axis angle. As a basic model, the Elliptical type Savonius 
turbine as Banerjee designed it [20]. 2D simulations were also done to compare semicircular or classic 
blade profiles directly. The classical geometry of the turbine to be tested is shown in Figure 1. A 
conventional Savonius blade with a diameter (d) 9.5 mm, endplate diameter (De) 200 mm, rotor 
diameter (D) 117 mm 1, overlap distance and (e) 20 mm, a shaft diameter of 10 mm. In this case, the 
simulation domain has two main zones: The inner domain and the outer domain. The inner domain is 
a circular domain that rotates and is adjacent to the turbine to simulate the rotor mechanism and its 
angle changes with time. 

In the modified geometry, the basic axis angle of 40° elliptical-type turbines is illustrated in 
Figure 2(a). The diameter of the rotor, end-plate and the thickness of the blade remain the same, while 
at the blade’s tip, a change in the axis angle is introduced. Changes in the base axis angle were made 
by varying the blade axis angle from 45°, 50° and 55° (Figure 2(b)–(d)). Here, a numerical study or 
computational fluid dynamics (CFD) investigates four elliptical models and one conventional type. 
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CFD is a numerical calculation to solve partial differential equations (PDE) into an algebraic equation that 
can be calculated using computer aids. The four turbine models to be simulated are shown in Figure 2. 

 

 

Figure 1. Geometry of classic Savonius turbine. 

 

(a)                                                                      (b)   

 

                             (c)                                                                      (d) 

Figure 2. Elliptical-type wind turbine: (a) Base elliptical; (b) Modification I; (c) 
Modification II; (d) Modification III. 
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3.2. Computational methodology  

CFD simulation has three stages that must be followed sequentially and continuously, which are 
divided into preprocessing, processing, and post-processing. 

3.2.1. PreProcessing 

Generally, the preprocessing stage must be completed in three stages: Geometry creation, domain 
determination and mesh or grid generation. 

Geometry creation 

This stage aims to create a simulation model according to what is desired. There are two types of 
domains that are commonly used. In this simulation, a 2D model is used according to the reference. 
Figure 3 shows the simulated geometric dimensions for the rotating domain. 

 

Figure 3. Simulated geometry dimensions for the rotating domain. 

Determination of simulation domain 

This stage determines the simulation model used, where the geometry domain is defined as a 
stationary fluid (enclosure) and a moving fluid (rotating) representing the vertical-axis wind 
turbine (VAWT). In CFD simulation, creating domains and geometry simplifies the simulation 
algorithm to define the simulated domain with design constraints. As shown in Figure 4, the entire 
computational domain is divided into two subdomains to simulate the rotating rotor. The best quality 
subdomain includes the rotor network component (rotating domain), and the low-resolution secondary 
subdomain includes cells in the outer region (stationary domain). Here, the size of the rotating cell 
zone relative to the turbine diameter is maintained. The inlet zone, measured from the center to the left 
boundary, is determined to be five times the rotor diameter. For comparison, the exit zone should be 
ten times the diameter of the rotor. 
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Figure 4. CFD Simulation domain model. 

There are two fluid domains, including the enclosure as a fluid domain that will flow into rotating 
and a rotating domain that functions as a rotary for blade rotation. Figure 5 shows the area of origin of 
the rotating CFD simulation domain. It can be seen that there are several domains defined, including: 
a. Inlet as a location for fluid entry. 
b. Outlet as output. 
c. Symmetry as the outermost boundary that is not walled, so there is no boundary layer. 
d. Blade as a rotating wall according to the specified angular speed and the data collection point (Figure 6). 

 

Figure 5. Domain origin area rotating. 



1220 

AIMS Energy  Volume 11, Issue 6, 1211–1230. 

 

Figure 6. Mesh on blade. 

Mesh generation 

The mesh or grid is a model of discretization (breaking down) of a geometric model into a 2D 
elemental plane with a more straightforward shape. The grid stage aims to simplify discrete mathematic 
algorithms in analyzing simulation models based on essential shape areas, such as squares, triangles 
and circles. Due to the limitations of numerical algorithms, which cannot calculate complex geometric 
domain models, a mesh is required. According to [21], the mesh or grid method is usually used to 
measure unstable flow areas. Likewise, the relative motion between the fixed area and rotation area is 
measured using this method. Therefore, using elements from multiple dimensions in the computational 
domain is necessary to maintain mesh consistency. Hybrid networks are discrete in the computing 
domain. A triangular mesh is applied in most domains, but walls near the blades with rectangular mesh 
will produce good performance as shown in Figure 7.  

 

Figure 7. Mesh used in the simulation. 
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3.2.2. Processing (solver) 

The processing stage aims to define the equation that will be used. Here, boundary conditions are 
defined according to the original conditions. Because the simulation model is an ideal condition, 
several variables are assumed to be ideal. Several stages in the solver include. 

Set-up 

In this stage, the aim is to understand the phenomena and physical conditions of the simulation 
model. Some considerations that need to be made include the following: 

Compressible or incompressible flow simulation model. 
Type of simulation model (ordinary fluid flow, multiphase, combustion, heat transfer, or other models). 
Type of flow in simulation. 
Details of the data to be processed. 
Input material to be simulated. 
Determination of boundary conditions. 

Solutions 

This stage carried out several case studies on the CFD analysis scheme. The PDE will be transformed 
into a set of algebraic equations depending on the space discretization scheme (finite difference or finite 
volume method), high/low order approximations, time discretization scheme (explicit or implicit), 
stability, time-step control, and convergence criteria. There are two things to consider in this processing 
stage: (i) time and (ii) quality of simulation results. The above arrangement, the geometry domain’s 
size and the computational tools’ capabilities will determine the simulation time. Furthermore, the 
quality of the simulation results depends on the following: 

Mathematical models and assumptions used. 
The approximation and stability of the numerical scheme. 
Mesh (Grid), time discretization, and convergence criteria. 

3.2.3. Post-processing 

This stage is the final process of the simulation with output in the form of: 
Calculate derived properties (flow function, vorticity). 
Calculate integral parameters (force, total mass). 
Visualization (1D data; line plots; 2D data; streamlines or contours. 3D data; isosurface, 

isovolumes, particle tracing, and animation). 
Data Analysis (error). 
Verification and validation of the CFD model. 
A significant part of this stage is ensuring the model is verified and validated. The main goal of 

verification and validation is for the CFD code to produce reasonable results for a limited range of 
flow problems. 
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3.3. Numerical simulation   

To solve the unstable Reynolds-Naiver-Stokes (URAN) equation, the ANSYS Fluent version 15 
software was used. The clutch algorithm solved the pressure-based clutch pressure speed using ANSYS 
Fluent. The spatial discretization of the wind for the second-order algorithm is used for all pressure, 
momentum and turbulence equations. On the other hand, to achieve high accuracy, a gradient least 
squares cell-based algorithm is used. Meanwhile, a sliding mesh is used to model turbine rotation over 
time. The moment value (M) obtained is used to calculate the moment coefficient (Cm) as follows: 

𝐶௠ ൌ ௉௜௧௖௛௜௡௚ ௠௢௠௘௡௧

஽௬௡௔௠௜௖ ௠௢௠௘௡௧
ൌ ெ

భ
ర

ఘ஺ೞௗ௏ಮ
మ         (19) 

where: 
𝐶𝑚  = moment coefficient 
𝜌 = density of air (Kg/m3) 
M = moment of force on blade (Nm)  
As = swept area (m2) 
As  = velocity of air fluid (m/s) 
𝑑𝑉2 = the Cp is calculated using the equation: 

The Cp is calculated using the equation: 

      𝐶௣ ൌ ோ௢௧௢௥ ௣௢௪௘௥

ௐ௜௡ௗ ௣௢௪௘௥ 
ൌ ௉௥

భ
మ

ఘ஺௦.ௗ௏ಮ
య  

 ,                  (20) 

where: Cp = Cm x . 
In this simulation, two main zones are planned: First, the stationary domain, which includes inlet 

velocity and outlet pressure. For the inlet speed, the free wind speed reaches V∞ 9 m/s in the x 
direction, the outlet is pressurized, and the walls are symmetrical. Second, the rotating domain includes 
turbine blades with counterclockwise rotation according to the time step. The time step for all 2D 
simulations was set to 274-time steps per rotation. The rotational speed of the domain depends on the 
turbine based on the velocity angle and can be calculated by TSR (). It is defined as the linear velocity 
of the blade tip concerning the undisturbed flow velocity using Eq 21. Table 3 shows the varying tip 
speed ratios to angular velocity. 

   ൌ ఠோ

௩ஶ
                                     (21)  

Table 3. Tip speed ratio  angular velocity . 
 

 0.5 0.6 0.7 0.8 0.9 1 

 (Rad/s) 45 54 63 72 81 90 
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4. Results 

4.1. Flow field analysis 

In this paper, a comparison of the classic turbine with the elliptical turbine and three modifications 
has been carried out. The base angle of the elliptical turbine is made at 40°, then, the turbine blade 
angle is changed to 45°, 50° and 55°, as shown in Figure 2, and 3D simulations are carried out to 
visualize and analyze the flow field around the optimal elliptical bladed rotor at a tip speed ratio of 0.7 
and 0.8. Figure 8 shows the classic Savonius pressure contours with TSR 0.7 and 0.8 for the basic 
elliptical blade design (40°) and its modifications at three different positions of 45°, 50° and 55°. The 
pressure contour shows that the classical Savonius turbine produces less than the elliptical turbine. 
Furthermore, it can be seen that the elliptical turbine modification obtained the highest pressure at 
position 45° for TSR 0.7 and 55° for TSR 0.8. Due to the higher-pressure difference on the modified 
blade, the resulting wake is smaller than on a conventional blade. The contour plot shows the pressure 
difference between upstream and downstream around the rotor. Red areas on the bar indicate higher 
pressure rises, while blue areas indicate lower pressure. The pressure increase on modified elliptical 
blades is relatively more significant than on blades with an elliptical-base because the blade shape is 
more circular. In contrast, blades with an elliptical base only have a circular shape at the blade’s tip. This 
shape optimization differentiates the 45°, 50° and 55° modification blades from standard elliptical blades. 

On the convex side of the two blades, static pressure can be seen under the concave side of the 
blade. However, in reality, there is negative pressure on the convex side of the blade due to the high 
flow velocity at the convex end of the blade. Therefore, a pressure difference between the convex and 
concave sides of the blade produces the torque required to rotate the blade. 

   
a 

    

b 
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c 

   
d  

   
e 

Figure 8. Comparison of pressure contours between conventional Savonius blades and 
elliptical blades and their modifications at TSR 0.7 and 0.8 (a) Classic Savonius (b) 
Elliptical base blades (40°) (c) Modification 1 (45°) (d) Modification 2 (50°) (e) 
Modification 3 (55°). 
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4.2. Pitching moments 

Figure 9 compares each blade model’s pitching moment (PM) and the TSR. The figure shows that 
the pitching moment decreases as the TSR increases. That is reasonable because, theoretically, a 
turbine that rotates at a low speed (small TSR) absorbs more wind energy. In contrast, the turbine 
rotates at a high speed (large TSR), and the wind energy that the turbine can absorb is minimal. In this 
case, what needs to be considered is which blade model can absorb wind energy better at both small 
and large TSR values. Of the five-blade models tested at a speed of nine m/s, including the 
conventional model, the basic elliptical model, and its modifications, it turned out that the second 
modification was the most optimal in absorbing wind energy. The high pitching moment value between 
conventional blades and the first and third modified elliptical blades indicates this. In the TSR range 
of 0.5 to 1.0, the average pitching moment for conventional blades is 0.03–0.02. Average pitching 
moments of 0.03–0.026 for the basic elliptical, 0.9–0.59 for the first modification, 1.46–0.8 for the 
second modification, and 1.39–0.48 for the third modification were successfully obtained. 

 

Figure 9. Comparison of the moment coefficients of the five blade models. 

4.3. Power coefficient 

By multiplying the throwing moment by the TSR, the Cp is obtained. Figure 10 compares the Cp 
and TSR for each blade model. It can be seen that the second modified elliptical blade (50°) has the 
highest Cp of 0.59 compared to the other blades. This experiment was carried out at a speed of 9 m/s. 
In contrast, the lowest is the first modified blade model (45°). Therefore, modifying the second 
elliptical turbine with a 50° angle allows the turbine to spin higher and produce more power as the 
graph trends, maintaining Cp at a higher TSR. This is very useful if this wind turbine model is applied 
to locations where wind speeds reach nine m/s. That has also been proven in tests with speeds varying 
between 5–12 m/s, as seen in Figure 9. At a speed of 9 m/s, the second modified blade produces the 
highest CP value (Yellow Line) among the other blades. Considering the CP value, the second elliptical 
turbine modification is the right choice. 
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Figure 10. CP vs TSR. 

However, it is different if the wind speed is above 9–12 m/s. The second modified blade cannot 
withstand wind pressure above 9–12 m/s, as seen in Figure 11. It can be seen that the basic blade 
elliptical is only able to withstand wind pressure at a speed of 6–10 m/s. On the other hand, the elliptical 
blades of the first and third modifications are stable and tend to increase wind speed by 5–12 m/s. In 
particular, the third modification has a higher CP than the first modification, making it suitable for 
varying speeds. The same thing can also be seen in the pitching moment of the fifth blade model, as 
seen in Figure 12. The stability of the pitching moment in the third blade modification is also seen at 
speeds of 5–12 m/s. 

 

Figure 11. CP vs wind speed. 
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Figure 12. Pitching moments of various speed variations. 

5. Discussion 

The development of the Savonius turbine in the future is expected to compete with the horizontal-
axis wind turbine (HAWT) type, which has been widely used in wind power plants. Although the 
Savonius is now dominated by the VAWT type with a more straightforward construction than the 
horizontal type, some researchers are still investigating their performance comparisons. In the paper, 
Pope et al. [28] investigated and compared the performance of horizontal and VAWTs. The results obtained 
show that there is a significant difference where the power coefficient of the HAWT type (0.44) is higher 
than the vertical type, which consists of Savonius (0.18) and Zephyr (0.11). On the other hand, in terms of 
the static and dynamic response, the VAWT type generates very different aerodynamic forces on the 
supporting structure, notably potentially lower tipping moments and much higher torques than HAWT [29]. 

The Savonius style wind turbine is a class of VAWTs, apparently promising for rural applications. 
Some advantages include simple design, good starting ability, insensitivity to wind direction, relatively 
low operating speed, low cost, and easy installation. This work is intended to discuss the factors of 
changes in the influence of the axis angle effect of the modified elliptical Savonius turbine to improve 
its performance in harvesting wind energy. In [24], an elliptical blade profile with an angle of 47.5° 
has demonstrated its potential to harness wind energy more efficiently. The tests were carried out at 
wind speeds of up to 9 m/s. The same has been achieved in this paper. Testing modification two with 
an axis angle of 50° has the highest CP among other elliptical blade modifications. However, modified 
elliptical blades with an axis angle of 50° cannot withstand wind speeds above nine m/s. On the other hand, 
a modified elliptical blade with an axis angle of 40° and a modified blade three with an angle of 55° show 
the ability to stabilize pressure at wind speeds above 9–12 m/s. Even though the standard elliptical 
blade has the highest CP compared to the other blades, there is a tendency to decrease/fluctuate at wind 
speeds of 10 m/s. In addition, modification three is stable and tends to increase CP up to wind speeds 
of 12 m/s. This finding reinforces previous research that elliptical turbines with angles above 45° can 
increase the power coefficient compared to the classic Savonius and standard elliptical turbines. 

On the other hand, several references have investigated the lower torque ratio of classical turbines 
compared to elliptical turbines [20,22,23]. However, the investigation was conducted in wind 
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conditions with a top speed of up to 9 m/s. Another finding in this paper is that the CP capability of 
conventional turbines increases at wind speeds above 10 m/s (Figure 11). It indicates that conventional 
Savonius turbines can be applied and perform better in areas with medium and high wind speeds. 
Meanwhile, standard elliptical turbines are suitable for use in areas with low wind speeds. 

6. Conclusions 

Modifying an elliptical blade with an axis angle of 50° with TSR variation conditions is the best 
design with the largest CP. It has the most significant pitching moment, with a constant velocity 
condition of 9 m/s. 

The best design with the largest CP with speed variations ranging from 5–12 m/s was obtained 
for the first and third modified elliptical blades because they had the most significant pitching moment 
with a persistent TSR condition of 0.8. The blade design with an axis angle of 55° (third modification) 
is suitable for a wide range of speeds. 

Compared with the elliptical blade model and variations in axis angles, the classical turbine has 
a CP that increases at wind speeds above 10 m/s, which is suitable for application at this wind speed. 
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