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Abstract: Electricity consumption is expected to increase
significantly by 2050. It is essential to ensure that as the
increase occurs, there is also a corresponding increase in
the proportion of renewable energy sources in the electri-
city supply. Wind energy has great potential as a promising
source of renewable energy. One alternative method for
harvesting wind energy is the use of Savonius turbines,
which can help expand the collaboration between renew-
able energy and conventional resources. The critical parts
in deploying the Savonius are the consideration of the curved
geometrical factor. Thus, this study aims to assess how the
geometrical factors of the Savonius turbine affect its perfor-
mance, and the findings from this research can offer valuable
insights for designing an optimal Savonius rotor that aligns
with specific requirements. As part of geometrical variations,
three different shapes are being modeled and analyzed: one
with a phase-shift angle (PSA) of 0°, another with 25°, and a
third with 35°. To produce the calculation results, the research
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employed advanced three-dimensional modeling techniques
and the computational fluid dynamics (CFD) method, consid-
ering steady conditions and the shear stress transport model.
A factorial design analysis was then conducted based on the
obtained CFD results to validate the significance of the data
research results regarding the impact of these factors on
performance. Based on the summarized result trends, the
type-1 rotor, with a PSA of 25°, exhibits excellent CPmax per-
formance, achieving a value of 0.32. The results of the fac-
torial design approach analysis indicate that the blade shape,
tip-speed ratio, and PSA factors have a significant influence
on the performance of the Savonius Rotor.

Keywords: computational fluid dynamics, factorial design ana-
lysis, phase-shift angle, Savonius design, coefficient of power

1 Introduction

The Sustainable Development Goals comprise 17 main
agendas, compiled in 2015. One of the critical issues today is
Affordable and Clean Energy, the seventh agenda of the SDGs.
Agenda 7, with its statement “Ensure access to affordable,
reliable, sustainable and modern energy for all,” has five tar-
gets to be achieved by 2030 [1]. The agenda has five leading
indicators, namely, the proportion of the population with
access to electricity, Proportion of population with primary
reliance on clean fuels and technology for cooking, Renewable
energy share in total final energy consumption, Energy inten-
sity measured as a ratio of primary, and International finan-
cial flows to developing countries in support of clean energy
research and development and renewable energy. In the
renewable energy mix indicator of global final energy con-
sumption, there was only a 1.6% increase over the past decade.
In 2020, the renewable energy mix was only 17.7%, which is
still far from the target of 30% to be achieved by 2030 [2].
Electrical energy is one of the forms of energy that is
consumed at a high rate. The world’s electrical energy
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consumption is estimated to increase by 80-150% by 2050.
The Stated Policies Scenario shows an increase of up to
80%, the Net Zero Emissions Scenario shows an increase
of up to 150%, and the Announced Pledges Scenario shows
up to 120%. Electricity supply is expected to be dominated
by renewable energy sources, including photovoltaic (PV)
solar, wind energy, hydropower, geothermal energy, and
bioenergy. In general, for all scenarios, the supply of elec-
tricity consumption sourced from renewable energy rises
to 95%. Of the total renewable energy mix, an estimated
12-30% comes from PV solar and wind energy [3-9].
Southeast Asian countries possess excellent wind energy
potential, which can significantly contribute to the world’s
renewable energy consumption. Vietnam, Indonesia,
Malaysia, the Philippines, and Thailand are Southeast Asian
countries with excellent wind energy potential. The overall
wind energy potential in Southeast Asia is 1317.3 GW. Figure 1
shows the distribution of wind energy potential in Southeast
Asia [10-14]. This potential indicates that the development of
wind energy power plants in Southeast Asia holds significant
promise. Developing wind turbines to support the growth of
wind energy power plants in Southeast Asia is a valuable
effort. Southeast Asia has a significant opportunity to address
the deficit in the global renewable energy mix objective.
Figure 2 [15] illustrates the annual mix percentages from
2000-2021, highlighting the necessity to expedite the adoption
of renewable energy. The advancement of wind turbines in
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Southeast Asia can facilitate the attainment of SDG 7 objec-
tives for renewable energy composition and installation
benchmarks.

The wind power generation system has a main compo-
nent: the turbine. Turbines are devices that convert mechan-
ical energy into electrical energy. Where the rotor converts the
potential energy in the fluid into kinetic energy, several types
of rotors can be implemented in water and wind. Cross-flow
and Savonius-type rotors are types of rotors that can be imple-
mented in both liquid and gaseous fluids. The cross-flow rotor,
combined with the computational fluid dynamics (CFD)
method, can achieve a Coefficient of Power (CP) performance
of 0.28 with blade angle variations [16,17], and a performance
of 0.27 at variations in the number of blades [18]. Savonius,
with its blade variation and dual-use capabilities, can enhance
rotor performance. The double Savonius modeling research
was conducted at tip-speed ratio (TSR) intervals of 0.2-1.4 [19].

Savonius rotors have a simple shape and can be imple-
mented in both wind and water, making this rotor attractive
for development. Savonius has good potential for use in energy
conversion processes to reduce fossil fuel needs [20-27]. Geo-
metry factors have a significant influence on the performance
of the Savonius rotor. Savonius rotors can improve perfor-
mance by 8-25% [28]. Geometry factors have a considerable
influence. These factors are aspect ratio (AR), number of stages,
and twist angle. The study shows that the two-stage performs
well when applied in the wind, where the resulting Cpmax is
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Figure 1: Wind energy potential in Southeast Asia [10].
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Figure 2: The world’s achievements in renewable energy mix [15].

close to 0.18 [29]. In other studies, helical blades treated on
hydro turbines achieved the best performance at a torsion
angle of 135° [30]. The optimum AR in the research conducted
is 1. The AR has a significant impact on the performance of
Savonius hydro turbines, but not with wind turbines [31]. The
phase-shift angle (PSA) on the Savonius wind rotor shows that
performance improvement occurs at a PSA less than 60°
[32,33]. Changes in blade shape can improve Savonius’ perfor-
mance — modified forms of new blade shapes, such as Bach-
type Savonius and Elliptical Savonius [34]. A study found the
best overlap ratio to be 0.167 [35]. Stage-ratio (SR) modification
shows an interaction with a PSA on the effect of Savonius
performance [36]. Savonius research can be done using experi-
ments, analytical methods, and CFD modeling, so it is highly
flexible for development. Material factors also influence the
performance of Savonius rotors, where aluminum alloy is a
suitable material for the Savonius design [18,37-40].
Research conducted on modifying the geometry of the
Savonius rotor reveals that geometric factors significantly
impact turbine performance. Unfortunately, some pre-
vious research still examines each factor independently,
without considering the relationships between factors.
This can be achieved by employing factorial design ana-
lysis (FDA) and ANOVA, which are used to refine the ana-
lysis of factor influence and scientifically highlight their
impact. Savonius rotor, with its advantages, can be an
alternative rotor developed to increase the installation of

2010 2015 2020

Year

wind power plants. Therefore, research on the perfor-
mance of the Savonius wind rotor is the right step in sup-
porting the achievement of the seventh Agenda of the
SDGs. This research employed three-dimensional modeling
to investigate the impact of blade shape and PSA on the
performance of a two-stage Savonius wind rotor. This
research will be supported by FDA to determine the sig-
nificance of the influence of these geometries on the per-
formance of the Savonius rotor. FDA will strengthen the
results by showing the significance of a factor’s effect on
turbine performance [41-45]. This research provides sup-
port for achieving the SDG7 target of substantially
increasing the share of renewable energy in the global
energy mix, expanding infrastructure, and enhancing tech-
nology to supply modern and sustainable energy services
to all in developing countries.

2 Design and methodology

2.1 Savonius rotor

1920 was the year that saw the publication of the Savonius
rotor’s initial design, and this rotor was later used in fluids
that were composed of water and wind [46]. One type of
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a)

Figure 3: (a) Design of Savonius, and (b) working principle of Savonius.

vertical-axis turbine is known as a Savonius turbine. The
conventional Savonius is composed of blades formed from
cut pipe cylinders, positioned on opposite sides to form the
letter “S” [47]. The Savonius shape, as seen in Figure 3a, is a
straightforward design consisting of a blade, a shaft, and
an endplate. The Savonius design is inspired by the concept
of the Flanner ship turbine, which enables the rotation of
two semi-circular blades in a sideways direction. This prin-
ciple is illustrated in the schematic shown in Figure 3b [48].
It is possible to enhance the performance of the Savonius
rotor by conducting extensive research on its advantages,

Table 1: Savonius’ research in recent years
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including its straightforward shape, which facilitates easy
construction [49].

Savonius’s research is facilitated by the ability to use
CFD modeling, as many of his developments are driven by
geometric changes and are progressing rapidly. Table 1
summarizes several advancements in wind-Savonius rotor
design over the past 5 years, emphasizing geometry factors
and utilizing CFD techniques. Lajnef et al. [50] investigated
the modification of the helix rotor using two methods:
modeling and experimentation. The validation of the mod-
eling research conducted is demonstrated through both

Knowing the impact of the helix shape on the Savonius rotor, where the resulting CPmax is 0.214

According to both numerical and experimental assessments, the one-stage rotor’s maximum power
coefficient (CPmax) is 0.19, although the numerical analysis suggests a value of 0.12. In the case of the
two-stage rotor, the maximum CP value corresponds to 0.21 for the numerical analysis and 0.17 for the

The 2:1 stage ratio achieves a CPmax of 0.29, indicating optimal performance of the wind turbine
Combining the Darrieus and Savonius turbines enhances the self-start capability by 26.91%. Front and
side deflectors significantly enhance the efficiency of the hybrid turbine, resulting in a 30 and 26%

“Divergent slot” improves the performance of the Savonius rotor, and CPmax is produced by Savonius
Based on the findings, it is determined that the most efficient turbine has an AR of 8.38, an overlap
PSA has a significant influence on the performance of the Savonius rotor. The CPmax modeling result

Through extensive research, it has been found that the rotor with a blade depth to diameter (s/d) ratio
of 0.5 outperforms all other rotors in terms of power coefficients across various free-wind speeds and
TSR values. However, the rotor with a s/d ratio of 1 performs the least effectively

According to the results, the Savonius rotor design with a twist angle of 45°, an overlapping ratio of
zero, and an endplate size ratio of 1.1 achieves the highest net output power

The elliptical-bladed rotor achieves a CPmax of 0.19 at TSR 0.78, while the semicircular-bladed rotor
achieves a CPmax of 0.158 at the same TSR. Therefore, the elliptical-bladed rotor performs 20.25%

Year Authors Findings
2024  Lajnef et al. [50]
2024  Patel et al. [51]
experimental analysis
2023  Prabowoputra et al. [36]
2023  Chegini et al. [52]
increase, respectively
2023  Kumar and Kumar [53]
with “Divergent slot” blade variation
2022  Torres et al. [54]
ratio of 0.08, a twist angle of 174.05°, and is equipped with two blades
2022  Prabowoputra and Prabowo [32]
is generated by PSA 30° with a value of 0.29
2021 Hassanzadeh et al. [55]
2020  Saad et al. [56]
2019  Alom and Saha [57]
better under identical conditions than the semicircular-bladed rotor
2018  Ibrahim and Elbas [58] A cluster of ten turbines has a CP 40% higher than a single rotor
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methods. The research aimed to enhance comprehension
of the aerodynamic working principles of blade modifica-
tion by analyzing the pressure distribution contours.
Therefore, the optimal angle for the geometry change in
this analysis remains to be determined due to deficiencies
in comparing helix angle variations. Patel et al. [51]
researched the effect of changing the blade’s shape to ellip-
tical and applying it to a two-stage Savonius. The research
was conducted experimentally and using numerical 3D
modeling. The results show that the two-stage elliptical
shape performs better than the single-stage.

In another study, Prabowoputra et al. [36] examined
the stage ratio of a two-stage Savonius turbine with a PSA
of 30°. The choice of a 30° PSA was made based on the
findings of Prabowoputra and Prabowo [28], who con-
cluded that a 30° PSA was the optimal choice. Research
on the stage ratio [36] indicates that optimal performance
is achieved at a ratio of 2:1. However, this research is lim-
ited to a PSA of 30°. Hence, the relationship between the
PSA factor and stage ratio remains uncertain. The CFD
research employs a mesh-independent investigation phase
to select the most suitable mesh for modeling [32].

Chegini et al. [52] performed CFD simulations on a hybrid
rotor system consisting of Savonius and Darrieus rotors. This
study demonstrates that incorporating a Savonius rotor
enhances the Darrieus turbine’s ability to start independently
and improves its overall efficiency when combined with a
deflector. Nevertheless, this research continues to prioritize
high TSR. Modifications to the design of the “divergent slot”
and “convergent slot” have been implemented in the Savo-
nius rotor investigation [53]. This study focused on examining
the parameters related to the slot position on the blade. In
general, the research being conducted on the Savonius rotor
focuses on optimizing rotor design to examine the influence
of rotor geometry on turbine performance. Table 1 shows
various studies conducted to develop geometry modifications
to improve Savonius performance. The research optimizes
several geometric ratios or changes the shape of the main
rotor components, such as blades, and adds guide blades or
deflectors.

2.2 Rotor design and design parameters

This research uses three-dimensional modeling with the
CFD method. The factors used in this study are PSA, blade
shape, and TSR. The purpose of varying the PSA on the
Savonius rotor is to investigate its effect on fluid flow
around the rotating body. The PSA influences pressure
distribution, flow pattern, and forces acting on the rotor.

Effect of curved geometrical aspects of Savonius rotor on turbine performance
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By testing from various angles, it is possible to understand
how the air or fluid flow functions around the rotor under
different conditions. TSR significantly influences rotor per-
formance [59]; therefore, this factor is considered in this
study with four levels. Previous research has shown that
the PSA influences the performance of two-stage Savonius
turbines [12]. Based on this research, the PSA factor was
retested in combination with modifications to the blade
shape. The PSA in this research employed three levels:
0°, 25°, and 35°. The two-stage Savonius rotor’s PSA is
varied to 0° 25°, and 35° to understand the influence of
different angles on fluid flow, pressure distribution, and
rotational efficiency. This research is crucial for deter-
mining the optimal angle to maximize the power generated
by the rotor, enhance energy efficiency, and enable the
turbine to adapt to varying fluid flow speeds and direc-
tions. The shape of the blade used in this study is categor-
ized into three types based on its size, height, and length, as
shown in Figure 3. The dimensions of the Savonius rotor
used are shown in Table 2. Figure 4 shows the three-dimen-
sional shape of the rotor used in this study. The AR of this
Savonius rotor is 1 using Eq. (1) [60]. For the overlap ratio
design parameter, an overlap ratio value of 0 was used, as
specified in Eq. (2) [60]. The endplate ratio (ER) used in this
study is 1.095, as calculated using Eq. (3) [60]. Figure 4 also
illustrates the three-dimensional forms of rotor type-1 at
PSA angles of 0°, 25°, and 35°, rotor type-2 at PSA angles of
0°, 25°, and 35°, and rotor type-3 at PSA angles of 0°, 25°, and
35°. The blade shape in this variation can be expressed in
terms of an elliptical ratio (ELR), as shown in Eq. (4), where
the ELR used is 0.5, 0.33, and 0.25. The stage ratio used here
is 1, which is obtained from Eq. (5) [36]. The variation
design shown in Figure 5 was obtained using a factorial
design with factors of PSA, TSR, and blade shape.
AR:

H
AR = —. 1
D, ()

Table 2: Specification of the Savonius rotor

Symbol Name Dimension

th Height of the blade Type-1: 52.5mm
Type-2: 26.25 mm
Type-3: 35 mm

d Diameter of the blade 105 mm

D, Diameter of the rotor 210 mm

Do Diameter of the endplate 230 mm

0 PSA 0°, 25°, 35°

h Height of stages 102 mm

H Height of rotor 210 mm
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Figure 4: Savonius rotor design with dimension information.
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Figure 5: The three-dimensional design of the Savonius rotor.

@

5)



DE GRUYTER

Turbine performance in fluid energy systems, such as
wind and hydrokinetic turbines, is primarily governed by
the interaction between the fluid’s mass flow rate and the
turbine’s swept area. The mass flow rate, expressed in Eq.
(6), quantifies the rate at which kinetic energy is trans-
ferred to the turbine. This leads to the theoretically avail-
able power, as shown in Eq. (7), which depends on the cube
of the free stream velocity [60].

m = pAv, (6)
1.1
Pryailable = EmV = EPAV , (7)

where V is the free flow speed, and p is the fluid density.
Nevertheless, due to aerodynamic and hydrodynamic
losses, only a fraction of this power is converted into sound
mechanical energy. The power coefficient Cp, introduced in
Eq. (8), captures this efficiency and varies with the TSR 4,
defined in Eq. (9) as the ratio between blade tip speed and
free stream speed. Moreover, torque efficiency is also
essential and is represented by the torque coefficient Cp,
as shown in Eq. (10). These performance metrics, C, and Cy,
are fundamental for evaluating the aerodynamic behavior
of turbines such as the Savonius rotor under varying flow
and geometric conditions.

1
Poutput = EPAVSCp(A) = Elvailablecp(/l) = Tw, @®

where C, depends on a speed factor A also known as TSR,
which is the ratio between rotational speed w and free flow
speed V, as expressed in Eq. (9).
WR
A= —. 9)
%4
Hence, plotting C,, against A could assess the turbine
performance. Another critical performance parameter is
the moment or torque coefficient, C,, developed by the
turbine, which directly relates to power and is expressed
in Eq. (10).
T

m =1 ; (10)
PARV?

where R stands for the turbine radius. AR is a dimension-
less parameter defined as the ratio of the turbine height
(H) to its diameter (D) as shown in Eq. (11). It is a key factor
influencing the aerodynamic performance and efficiency
of vertical-axis turbines.

H

AR = —.
Dy

n

The ER describes its size compared with the rotor dia-
meter, and the ratio is expressed in Eq. (12).

Effect of curved geometrical aspects of Savonius rotor on turbine performance
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nDj D
=4 =221
n%‘ Dy

End-plate area

ER = - :
Turbine cross — sectional area

One last important Savonius parameter is the OR; it
defines the gap distance between the inner ends of the
blades and is expressed as Eq. (13).

Overlap 0

OR = ==

: . 13)
Blade diameter d

Bézier curves are widely used in geometric modeling
due to their mathematical elegance and intuitive control.
These curves are generated by a set of control points that
form a polygon, defining the curve’s general shape. The
Bézier curve P(t) is calculated as a linear combination of
control points B;, each weighted by the Bernstein polyno-
mial J, ;(¢), as defined in Eq. (14). The Bernstein basis func-
tion itself is a function of the parameter ¢ and the binomial

coefficient, as given in Eq. (15). The binomial coefficient 'l'

utilized in the formulation is described by Eq. (16).

P(t) = iBJn]i(t) 0<st=<1,

(14)
i=0
i = |} Jea - o (15)
n n!
h]'um—or a6

The t variable describes from 0 to 1 the trajectory from the
initial to the final vertices, representing the interpolation variable.
The lower the ¢ step in the calculations, the greater the sensitivity
or definition of the curve becomes. Figure 6 graphically illustrates
a third-order curve, defined by points By, B;, B;, Bs.

To guarantee continuity between two adjacent Bézier
curves, defined by P; and C;, the first derivative in the joint vertex
must be equal for both of them; besides, the vertices next to the
joint must be colinear. Hence, both the direction and magnitude
of the tangent vectors at the joint must be equal, and B, = C,
must be the midpoint of the line that joins P,-; and C;.

Figure 6: Third-order Bézier curve representation [60].
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CG-C=P3-P;=Cy— Py,
C, + Py = 2Cy = 2P3.

17
(18)

Eqgs. (17) and (18) describe the conditions to make con-
tinuous two-degree curves, one defined by P; points and
another defined by (; points, as illustrated in Figure 7. The

neuron’s output signal y, and a neuron k are described by
Egs. (19) and (20).

m

U = ) Wig;, (19)
j=1
Ve = Oy + b). (0)

An n-degree Bezier curve of order n + 1 is represented
by Eq. (21) [24].

P(t) = Y PBin(t),0 s t<1. (1)

i=0

The coefficients P; are the control points, and together
with the basis function B; (t) determine the shape of the
curve. The control polygon’s control points are connected
by lines drawn between them.

Bin(t) = [rl.l]ti(l - o (22)

where the function [ is the binomial coefficient defined
as ;¢ :_' - The blending functions are referred to as the ith
Bernstein basis polynomial of degree n, and ¢ is the
number of time intervals.

A general expression for cubic polynomial forms can
be written as Eq. (23).

P(t) = (1 - )Py + 3t(1 - )Py + 3t%(1 - t)P, + t3P;.  (23)

2.3 Turbine performance

The CP value shows the rotor performance parameter, as
shown in Eq. (24) [61]. P, is the rotor power and is shown in
Eq. (25) [62]. A non-dimensional TSR indicates the speed
ratio between angular and fluid velocities. The TSR

DE GRUYTER

formula is shown in Eq. (26), and the torque coefficient is
shown in Eq. (27) [63], where T is the torque, p is the fluid
density, w is the angular velocity, A is the projection area,
and U is the fluid velocity.

Gp= (24)
T ) 24
EpAUS
Pt = T'(JJ, (25)
w-R
TSR = —, (26)
U
Cp
= —, 27
G TSR 27

2.4 Numerical modeling

The research was conducted using three-dimensional mod-
eling with the CFD method. The governing equation of
CFDs comprises several equations, including the continuity
and Navier-Stokes equations. The continuity equation is
shown in Eq. (28), and the Navier-Stokes equation is shown
in Eqgs. (29)-(31), where x, y, and z are coordinate axes. Eq.
(29) is the x-axis direction, Eq. (30) is the y-axis direction,
and Eq. (31) is the z-axis direction. The equation variables
are as follows: p represents density, t represents time, u, v,
w represent velocities in three Cartesian coordinates, and
X, ¥, and z represent the Cartesian coordinates [62,63].

op , opw)  o(pv)  olpw) _

28
ot ox ay oz 0, 28)
opu  o(put)  o(puv)  o(puw)
ot ox oy 0z
(29)
_a_p + i aTXX + a& + % s
0x Re| ox oy 0z
opu d(puv) (v  o(pvw)
ot ox oy 0z
5 N N N (30)
_ %, 1[0%y 0ny 0m)
dy Re| ox ay 0z

Figure 7: First derivative continuity for third-order Bézier curves [60].
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Rotary Zone

Figure 8: Rotary zone and stationary zone.

2
dpu  olpuw)  o(pvw) = 9o(pv°)

at ox ay 0z
(3D)
- _a_P + i asz + 6Tyz + aTzz )
dy Re| ox ay 0z

Savonius modeling consists of two rotary and sta-
tionary zones. Figure 8 shows the zone design in the mod-
eling. The next step is to perform the meshing process.
Meshing utilizes the tetrahedral method, which offers the
advantage of being able to adjust the shape of complex
geometries compared to other meshing methods [64,65].

Rotary Zone

Type-1

Figure 9: Results of the meshing process.

Effect of curved geometrical aspects of Savonius rotor on turbine performance
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Stationary Zone

Figure 9 shows the meshing results for the rotary and sta-
tionary zones.

Modeling boundary conditions is found in the stationary
zone. The boundary conditions used are inlet, outlet, and wall.
The inlet has a wind speed of 6 m/s, and the outlet uses a static
pressure of 1 atm. The modeling schematic is shown in Figure 10,
where the wall uses symmetry conditions. This study employs
the shear stress transport (SST) turbulence model. Modeling is
done at a steady state. The fluid properties used and boundary
conditions are shown in Table 3. This study was conducted at a
TSR with values of 0.2-1.1.

Stationary Zonc

Type-2

Type-3
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Interface

Outlet

Figure 10: Schematic illustration of the Savonius modeling and
simulation.

2.5 Mesh study and benchmarking

Most modeling research using the CFD method involves a
mesh study. This mesh study aims to determine the optimal
mesh. Some methods for conducting mesh studies, as
employed by researchers, are presented in Table 4. Mul-
tiple adjustments are made when determining the appro-
priate meshing settings. This is done to determine the
optimal number of meshes in the modeling process, com-
monly referred to as a mesh study. The number of meshes
will affect the modeling’s running time. Figure 11 shows the
ratio of the mesh study process graph, where the setting
ratio with 713,385 elements produces the optimal mesh.
Roy and Saha conducted experimental research to con-
duct benchmarking [68]. The benchmarking results are
presented in Figure 12. The difference between the bench-
marking results of the modeling performed and Roy’s
experiment is 3%. Benchmarking errors are calculated by
determining the difference between the simulation results

Table 4: Mesh study in previous modeling research
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Table 3: Boundary conditions and modeling properties

No. Parameter Value

1 Fluid type Wind

2 Domain motion Rotating

3 Turbulence model SST

4 Boundary condition inlet flow Subsonic

5 Density 1185 kg/m?

6 Outlet pressure 1atm

7 Velocity 6m/s

8 Gravity 9.81m/s?

9 Wall No slip condition

and those of other studies, using the mean absolute error
(MAE), as presented in Eq. (32).

1 n
MAE = =Y | - 31, (32)
=
where f; is the value of the simulation results, y. is the

experimental value, and n is the number of variants. This
difference is lower than that reported in some other stu-
dies, such as research conducted by Lajnef et al. [50] and
Abdullah and Ismail [69], by 5 and 5.5%, respectively.
Because its error value is below that of other studies, this
modeling can be used for testing in further modeling.

2.6 Factorial design approach

Factorial design is an experimental method used to study
the effects of several factors simultaneously, and it is con-
structive in strengthening the conclusions of the research
[70-76]. Through this analysis, it is possible to determine

Year  Author Mesh study

2024  Babay et al. [64] The mesh quality analysis in ANSYS Fluent includes statistical parameters such as skewness angles. The
average angle is approximately 0.31095, indicating favorable skewness quality for high-quality meshing

2023  Prabowoputra et al. [61]  The meshing process is repeated several times to obtain the best mesh. Mesh study is crucial in determining
the best mesh by changing the mesh size. Up to eight size settings were made during the mesh study process
to optimize the mesh

2020  Saad et al. [56] A grid study is conducted by varying the mesh resolution. The mesh resolution used is coarse, medium, and
fine. From the mesh, the study obtained optimal results at a medium mesh resolution

2018  Chan et al. [66] A mesh study is done by changing the mesh resolution, which can be coarse, medium, or fine. The study yields
optimal results at medium mesh resolution

2016 Balduzzi et al. [67] The mesh study process involved generating different mesh configurations. The meshing process settings have

seven configurations. Each configuration is based on changing the mesh size to have a different number of

mesh elements
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Figure 11: Graph of the mesh convergence study.

the significance of a factor and the involvement of interac-
tions between factors, thereby deepening the analysis. On the
other hand, analysis of variance (ANOVA) can be used to
determine the main effects and interactions between factors
[77-81]. In ANOVA, the F-value is calculated and compared
with the F-table value at a 95% confidence level. The 95%
confidence level or a value of 0.05 is commonly used in ana-
lyzing the significance test of a factor. The three variables
analyzed in this investigation using a factorial design are
the rotational speed factor, blade shape, and PSA. Using a
factorial design, we can determine the interaction between
the two factors and assess the significance of each factor. To
conclude from the FDA results, compare the F value of the
results to the F value in the table, which is based on the
degrees of freedom for that factor. The fundamental calcula-
tions are provided in Egs. (33)-(40) and are subsequently
presented in Table 5 [60-62]. The sum of squares equation
for each effect is [70]

0.27
0.24 4

0.21

O
=0 4
3] 0.18
0.15 y
/
V4
//
0.12 4 / ®  Modeling
L ® Saha's Experiment
T T T T T 1
0.00 0.15 0.30 0.45 0.60 0.75 0.90

TSR (-)

Figure 12: Benchmarking of the numerical model with experiment [27].

When referring to a research factor denoted by A, B,
and C, the notations “a,” “b,” and “c” denote its degree of
freedom. The AB notation is used to estimate the interac-
tion between components A and B. The AC notation is used
to assess the interaction of components A and C. The BC
notation is used to assess the interaction of components B
and C. Table 6 shows the results of the computations per-
formed using Egs. (33)-(40) [70].

3 Results and discussion

3.1 Aerodynamic performance of Savonius
turbine

The modeling results are torque values and pressure con-
tours in the fluid. The torque value is converted to CP,

Table 5: Presentation of factorial design [60]

Var SS DOF Mean square Fo

A SSa a-1 MS, = iAl Fy = %
B SSg b-1 Ms = S5 - ﬁ—iﬁ
C SSc -1 Msc = 5 Fy= M
AB SSas (a=1)(b-1) MS,p = (a_SlS)% F n;/{s_:}:;
AC SSac (a-1)(c-1) MSyc = - —318)?5—1) j %
BC SSgc (b=T)(c-1) MSc = (b—sf)?cc—n F %
Error SSe Abc(n-1) MS;, = abii}s_ >

Total SSt Abcn-1
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Table 6: Analysis of variance

Source DF Adj SS Adj MS F-value F-table [58]
Rotor 2 3.6944 1.84718 90.28 3.89

PSA 2 2.2237 1.11187 54.34 3.89

TSR 3 10.9089 3.63629 177.72 3.49
Rotor*PSA 4 0.2427 0.06069  2.97 3.26
Rotor*TSR 6 0.8377 0.13962 6.82 3

PSA*TSR 6 0.9594 0.15991 7.82 3

Error 12 0.2455 0.02046

Total 35 19.1124

where CP is the performance parameter of the rotor. Then,
the results of the CP are analyzed using factorial design
and ANOVA to determine the significance of these factors.
Figure 13 illustrates the modeling results in a graph that
displays the relationship between CP and TSR. The type-1
rotor reaches CPmax at TSR 0.8 for all PSA variations. The
CPmax values for each PSA are 0.27 at 0° PSA, 0.32 at 25°
PSA, and 0.26 at 35° PSA. Unlike the type-1 rotor, the CPmax
on the type-2 rotor is achieved at TSR 0.5 for all PSA varia-
tions. PSA 0° produces a CPmax of 0.14, PSA 25° of 0.22, and
PSA 35° of 0.158. The type-3 rotor produces a CPmax of 0.178
at PSA 0° and a CPmax of 0.26 at PSA 25°. PSA 0° and PSA 25°
reached CPmax at TSR 0.8, while PSA 35° reached TSR 0.5 at
0.192. This research shows an increase when compared to
previous research [32], where research on PSA variations
obtained a CPmax value of only 0.29 at a 30° PSA rotor.
when compared to this research, there is an increase in
Cpmax by 10%.

DE GRUYTER

The performance of the Savonius turbine can also be
assessed by examining the coefficient of thrust (Cy,
as depicted in Figure 14. The maximum Coefficient of
Torque (CTmax) was achieved at a pressure of 25°
PSA for rotor types 1 and 2. Type-1 achieved a CTmax of
0.695 at a phase-shift angle (PSA) of 25°, 0.63 at a PSA of 35°,
and 0.505 at a PSA of 0°. Type-2 achieved a CTmax of 0.605
at a PSA of 25°. In type-2, the pattern is analogous to type-1,
with PSA 25° followed by the production of PSA 35°
and finally PSA 0° in consecutive order. The specific figures
for these PSAs are 0.505 and 0.37, respectively. Type-1
achieved a CTmax of 0.65 at a PSA of 25°. At a PSA of
35 °, it yielded a CTmax of 0.56; at a PSA of 0 °, it yielded
a CTmax of 0.415.

3.2 Pressure contours

Modeling performed on the Savonius rotor, in addition to
generating torque, also produces pressure contours. The
pressure contours of type-1 rotor are shown in Figure 15,
type-2 in Figure 16, and type-3 in Figure 17. Stage 1 in Figure
15 displays similar pressure contours, with the maximum
pressures at PSA 0°, PSA 25°, and PSA 35° being 64.4, 67.1,
and 68.2 MPa, respectively. The maximum pressure in each
variation at stage 1is located at the same position, which is
at the bottom edge of the blade. The contour shape at stage
2 is different due to the change in angle at the PSA formed
at stage 2. The maximum pressure at stage 2 includes

0.35 ———
B Type-10°
® Type-125°
A Type-135°
0.28 v Type-20°
Type-2 25°
Type-2 35°
Type-3 0°
0.21 A ® Type-325°
—_ *  Type-3 35°
<
[a9
© 0.14 4
0.07 1
\
*
0.00
T T T T T T T 1
0.2 0.4 0.6 0.8 1.0 1.2
TSR (-)

Figure 13: Relationship graph of TSR and CP on the Savonius rotor.
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Figure 14: Relationship graph of TSR and Ct on the Savonius rotor.

64.6 MPa at PSA 0°, 66.6 MPa at PSA 25°, and 57.57 MPa at
PSA 35°. Stage 2 shows the maximum pressure position at
the bottom of the blade for all PSA variations; however, at
this stage, there are differences in the wake zone area. The
35° PSA has the most expansive wake zone among other
variations. Particularly at PSA angles of 0° and 25°, stage 1
exhibits a pressure distribution that is somewhat centered
on the rotor’s leading edge. This can suggest the first phase
of the rotor’s contact with the fluid flow, where the high
pressure is more confined to one side. Particularly at 35°,
stage 2 exhibits a more diffuse high-pressure pattern. This
could mean that the rotor has turned so that the lift force

43.64
40.91
38.18
35.45
32.73
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exceeds the drag force, distributing the high pressure more
fairly around the rotor.

The maximum pressure on stage-1 type-2 rotor shown
in Figure 15 is 43.7 MPa at PSA 0°, 45.36 MPa at PSA 25°, and
50.8 MPa at PSA 35°. Savonius type-2 shows similar con-
tours at stage 1, and stage 2 shows that the 35° PSA varia-
tion has the most expansive wake zone among other var-
iations. The maximum pressure at stage 2 is 46.6 MPa at
PSA 0°,42.8 MPa at PSA 25°, and 50.8 MPa at PSA 35°. Stage 1
in Figure 16 displays similar pressure contours, with the
maximum pressures at PSA 0°, PSA 25°, and PSA 35° being
61.6, 62.5, and 50.7 MPa, respectively. The location of the
maximum pressure at stage 1 for rotors of types 1, 2, and 3
is similar, positioned at the lower edge of the blade. The
maximum pressure at stage 2 is 60.3 MPa at PSA 0°, 59 MPa
at PSA 25°, and 42.9 MPa at PSA 35°.

3.3 Factorial analysis design

The results of the CPmax calculation for each variation
were analyzed using a factorial design and analysis of var-
iance to reinforce conclusions from existing results. The
results of the variance analysis are shown in Table 6. The
plot of the response is shown in Figure 18. The plot indi-
cates that the best performance is achieved with rotor
type-1, at a PSA of 0° and a TSR of 0.8. The plot shows the
same thing as the graph in Figure 13. The results of the
variance analysis show that the rotor shape factor, PSA,

STAGE-1

(Pa]

0° 25° 35°

STAGE-2

Figure 15: Pressure contour of Savonius type-1 rotor.

Ew
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Figure 16: Pressure contour of Savonius type-2 rotor.

Figure 17: Pressure contour of Savonius type-3 rotor.

and TSR have a significant influence on the performance of
the Savonius rotor. This is significant because the F-value
on the rotor shape factor, PSA, and TSR are higher than
those on the F-table [58]. Table 6 shows that the TSR factor
is the most dominant, followed by the rotor shape factor,
and finally, the PSA factor is based on the F-value of each
factor. This confirms that these factors influence the per-
formance of the Savonius rotor.

25° 35°
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STAGE-1

STAGE-2

25° 350

STAGE-1

35°

STAGE-2

35°

Then, the interaction between factors shows an insig-
nificant interaction between the rotor shape factor and
PSA. This is indicated by the fact that the F-value of the
interaction of the two factors is smaller than the F-table
[60]. However, the rotor and TSR factors show a significant
interaction. This also occurs in the interaction of the PSA
factor with TSR. The interaction between rotor vs TSR and
PSA vs TSR shows an F-value greater than the F-table, and
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Figure 18: Main effect plot for a response.

the PSA vs TSR interaction is more significant than rotor
vs TSR.

Since the F-value is greater than the F-table (90.28 >
3.89), the rotor factor is statistically significant at the 95%
confidence level. This suggests that variations in rotor
design or type have a significant influence on the
responses measured in this research. The TSR factor has
a high F value and is well above the critical value (177.72 >
3.49). This indicates that the variation in the TSR signifi-
cantly influences the system response, perhaps even the
most significant factor in this experiment. The interaction
between rotor and PSA is insignificant (2.97 < 3.26), which
means the variation in rotor type and PSA has no signifi-
cant influence on the response in this context. The inter-
action between the rotor and TSR is significant (6.82 > 3),
indicating that the combination of rotor type and TSR has a
significant effect on the response. This means that the
effect of TSR on performance may differ depending on
the type or design of the rotor used. The interaction
between PSA and TSR is also significant (7.82 > 3), indi-
cating that variations in PSA and TSR jointly affect perfor-
mance. This indicates that changes in PSA can influence the
effect of TSR on the rotor.

The data analysis reveals that the three main factors —
rotor, PSA and TSR - have a significant influence on the
measured responses. In particular, the effect of each factor
proved to be significant and needs to be considered indi-
vidually in process optimization. Furthermore, the interac-
tions between rotor and TSR, as well as PSA and TSR, also

25 35 02 05 08 il

showed significance, indicating that the effect of TSR on the
response highly depends on the levels of rotor and PSA
used. The interaction between rotor and PSA did not pro-
vide any significant additional influence, so the combined
effect is additive. Thus, adjusting the TSR according to the
rotor and PSA levels is necessary to achieve optimal results
in practical applications. At the same time, the insignificant
interaction can be simplified in the analysis model.

4 Conclusion

The Savonius rotor was the subject of an investigation that
utilized three-dimensional modeling to evaluate the influ-
ence that the rotor form factor and PSA have on the model.
Compared with other tests, the modeling has been shown
to have a 3% difference, a value considered acceptable. It
was determined that 713,385 components comprised the
ideal mesh. According to the findings, it is clear that the
rotor type-1 with a PSA of 25° produces the best CPmax
value, which works out to 0.32. According to the investiga-
tion’s findings, which employed a factorial design tech-
nique, the rotor shape factor and PSA have a substantial
impact on the performance of the Savonius rotor. On the
other hand, it has been discovered that the interaction
between these elements is not substantial. Rotor shape vs
TSR and PSA vs TSR are the interaction relationships
between components that show significant values. Both
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of these relationships are substantial. Therefore, it is pos-
sible to consider a rotor type-1 with a PSA of 25° as an
alternative design for Savonius wind turbine rotors.
From another perspective, the 25° PSA has the best
CTmax among all types, but the most significant CTmax
value is found in type-2.
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