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method for evaluating the rotor's performance. The simulations were conducted using
ANSYS software, considering six different tip-speed ratios (TSRs) ranging from 0.2 to
1.2, and three wind speed categories (7 m/s, 5 m/s, and 3 m/s). The hybrid shear-stress
transport (SST) k-omega was used as the turbulence model. The results indicate that
the 2D analysis approach, which simplifies the rotor's geometry by assuming rotational
symmetry, provides reasonable estimations of the rotor's performance. However, the
3D analysis captures the intricacies of the rotor's actual geometry, accounting for the
effects of non-uniform flow and vortex shedding, which can significantly influence the
rotor's performance. The comparative analysis reveals that the 3D analysis predicts
higher torque and power coefficients than the 2D approach, especially at higher wind
speeds. At TSR 1.0, the torque and power coefficient obtained from the 3D approach
are 6.56 Nm and 0.102, respectively meanwhile 2D approach gains 6.28 Nm torque and
0.098 for power coefficient. This research contributes to a better understanding of the

Keywords: performance characteristics of Savonius rotors and highlights the importance of
Savonius rotor; Wind energy; considering three-dimensional effects in their analysis. The findings can guide the
Performance analysis; 2D and 3D design and optimization of Savonius rotor systems, leading to improved wind energy
analysis; Renewable energy conversion efficiency and enhanced utilization of renewable energy resources.

1. Introduction

Energy is crucial for economic growth and our overall well-being. However, overreliance on non-
renewable energy sources can lead to irreversible problems [1, 2]. The biocapacity of our planet is
being overused, and our ecological footprint exceeds the earth's regeneration capabilities. This
means that non-renewable energy may not be available in the future [3, 4]. Moreover, a great
number of studies in recent years have shown that the amount of energy consumed by the earth’s
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population is increasing yearly. Excessive use of dirty energy (non-renewable) sources is constantly
rising in a diverse range of economic areas which, in turn, exacerbates global warming and other
environmental issues [5]. Due to these problems, research on renewable energy is being conducted
widely all around the world. This kind of energy can be said almost non-pollutive to the environment.
A variety of renewable resources can be used to produce energy [6]. According to Aktas [7], the sun
provides us with solar energy and to properly extract solar energy, different types of technologies
must be used, the easiest example is the solar panel. Many kinds of technologies can be used to
produce energy from the sun [8]. The same goes for the other types of renewable resources. AlImost
all of them can be used to produce energy. Water or more specifically wave energy is also one of the
resources that can be said to be almost inextinguishable on Earth as the seas cover almost two-thirds
of the earth’s surface. Wave energy is a renewable source of power with enormous potential that
seems to be underexploited [9]. Other resources such as geothermal and biogas are also good energy
resources, however, if these energies are not properly managed, they might cause some
environmental problems despite being considered a clean source of energy, even wind energy can
be turned into electricity [10].

However, wind energy is among the fastest forms of renewable energy today. According to Al-
Quraishi et al., [2], wind energy is produced whenever the atmosphere is heated by a small amount
of solar radiation. Because of its straightforward functionality, the wind is a sustainable energy source
that is domestic, consistent, clean, does not harm the environment, and has no fuel/raw material
cost. Moreover, the most recognized method used to harvest wind energy is by using the wind
turbine [11]. The wind turbine itself does not contribute to any kind of pollution to the environment,
they are not even making any greenhouse effect [12]. The addition of continuous studies and
research is making wind turbines much more convenient day by day. Furthermore, the long lifespan
of wind turbines makes them more reliable, even if the early investment is high, it is considered worth
it as it will provide continuous energy [13]. There are typically two types of wind turbines. Horizontal
axis wind turbines (HAWTSs) and vertical axis wind turbines (VAWTSs). The HWAT is widely used due
to its better conversion efficiency compared to the VAWT. However, the latter also has started to
gain attention in the recent years [14]. The development of technologies regarding wind energy
harvesters has never stopped since researchers all around the world keep trying to find a
way/method that can be used to improve the performance of wind turbines while keeping their
advantages [15]. This magnificent development also led to studies regarding the Savonius rotor wind
turbine, one of the well-known categories of VAWT alongside the Darrieus rotor. According to Dewan
et al., [16], compared to Darrieus rotors, Savonius rotors are better at starting and can work in low-
wind conditions, besides being of low noise, easy installation, and straightforward design.

Savonius rotors operate as the flow of fluid pushes the advancing blade dragging it forward, hence
rotating the blade and bringing the returning blade to the initial position of the advancing blade. The
primary mechanism causing Savonius-type rotors to rotate is the drag force difference between the
concave (advancing blade) and convex (returning blade) sides of the rotor blades [17, 18]. According
to Didane et al., [19], the concave side of the rotor experiences a greater drag force than the convex
side when the incoming wind contacts it. Thus, the main driving component of the S-type rotors is
based on drag force. Thus, the Savonius Rotor operates primarily as a result of wind drag forces acting
on its buckets, but lifting forces also help transmit mechanical power to the shaft. The limitation is
that the rotor's rotational speed cannot be greater than the speed of the wind results from the drag
force-based operating principle [20]. This is the main cause of their TSR being limited to a gain of no
more than 1 [21]. Thus, the negative torque is produced from the rotating Savonius rotor. This is one
of the disadvantages of the Savonius rotor. However, Savonius turbines have a huge deficiency in the
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rate of energy conversion compared to other turbine rotors [22]. In addition, Al-Gburi et al., [23] also
stated that the returning blade of the Savonius rotor produces lots of negative torque.

The quest to improve the performance of the rotor is still underway as the conversion rate of this
turbine is still considered unsatisfactory [24, 25]. Tian et al., [26] performed an extensive study on
the performance of the Savonius rotor and proposed four methods that can be used to improve the
performance of the said turbine which are optimization of the basic parameters of the rotor,
enhancing the wind blades in the aspect of geometric characteristics, adding support to the blades
and Improving the flow field around the blade. Other than that, Yuwono et al., [27] stated that
Savonius wind turbine performance can be improved by positioning a cylinder in a circle in front of
the returning blade (upstream). Similarly, Duc et al., [28] studied the effect of a multicurve shape on
the Savanious rotor and concluded that 20% performance improvement was obtained. In addition to
that, Al-Ghriybah et al., [29] proposed to adjust the rotor’s configurations with an external overlap
to further improve the performance of the rotor. Other researchers proposed the idea of adding a
deflector to the Savonius rotor to enhance the intrinsic capacities of the rotor [30]. Apart from that
the new counter-rotating technique is being used nowadays to improve the performance of VAWTs
as it increases the conversion capabilities extensively [31-35]. Furthermore, the number of blades
also affects the performance of the Savonius rotor [36]. A study conducted by Wenehenubun et al.,
[37] concluded that the number of blades influences the rotation of the rotor of wind turbine models.
Contrary to this, Thiyagaraj et al., [38] however, highlighted that the two-blade Savonius turbine has
shown better performance characteristics than the 3, 4, 5 and 6-blade Savonius turbines. The result
of each research varies perhaps due to some other unsolvable variable. In comparison to wind
turbines with two and four blades, three blades produce higher rotational speed and TSR. Compared
to wind turbines with two or three blades, those with four blades have a higher torque [19]. In
addition, while three-blade wind turbines perform best at higher TSRs, four-blade wind turbines
perform well at lower TSRs.

There are a few researchers who are interested in findings the simulation method that can
produce results with the highest accuracy, between 2D and 3D CFD simulation. Chemengich et al.
[39] studied the effect of variations of gap flow guide geometry on the performance of Savonius using
2D and 3D models. They conclude that the results of 2D and 3D are almost the same in certain
parameters and slightly different in some other cases. Contrary, Ferrari et al., [40] stated the trends
are not uniform for the four parameters measured but consistent with the assertion done by
Chemengich et al., [39] about 2D and 3D models. However, they agreed that 3D is more
advantageous than 2D in some cases of studies due to the limitation of 2D CFD analysis. This
statement was also supported by Larin et al., [41], stating that the 3D phenomena, such as flow
bypass around the sides of the turbine and tip vortices, are not captured in 2D flow simulations,
highlighting the importance of 3D flow simulation. However, in a simulation to evaluate the
performance of Savonius rotor by Howell et al., [42], the 2D method shows a higher performance
difference compared to 3D. It was later found that the cause for the differences is the presence of
tip vortices in the 3D model which is not present in the 2D simulations.

Thus, in this study, the main purpose is to investigate the most efficient method between 2D and
3D simulation that can be used to predict the performance of a wind turbine, specifically the Savonius
wind turbine using computational fluid dynamics (CFD) technique.

2. Theoretical Formulations
2.1 Governing Equations
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In this study, the governing equations and turbulence equations are examined to comprehend
the fluid flow behavior. There are three unique components that may be extracted from the Navier-
Stokes equations. These components include the conservation of mass, the conservation of
momentum, and the conservation of energy. With the assistance of these equations, one is able to
achieve an understanding of the temporal and spatial dynamics of the velocity, pressure, and
temperature of a fluid. However, in this study, it is highlighted that only two of the three equations
will be used which are the mass conservation equation and momentum conservation equation, as
shown in Eq. (1) and Eq. (2), respectively.

dp

- . = 1

5 T V-(pv) =0 (1)
v

6%+V-(pvv)=—l7p+l7-r+pg )

where;

p, fluid density, t is time, u is fluid velocity, p is fluid pressure, T is viscous stress tensor and g is
gravity.

2.2 Turbulence Model Equation

In CFD, the turbulence equation for a Savonius turbine is often derived from the Reynolds-
averaged Navier-Stokes equations. In order to model the turbulent flow as a mean flow, the
equations governing the conservation of mass, momentum, and energy in a fluid flow must be
modified to account for turbulence. The application and needed precision will guide the selection of
the turbulence model. Popular turbulence models for modeling Savonius turbine flows include the k-
epsilon, k-omega, Reynolds stress, and large eddy simulation (LES) models.

The k-omega model was selected to represent turbulence in this particular investigation. The
behavior of turbulent flow is characterized by the k-omega turbulence model, which uses two
transport equations to do so. The first equation accounts for turbulent kinetic energy (k), while the
second equation accounts for the specific dissipation rate of turbulent kinetic energy (G). The
Reynolds-averaged Navier-Stokes (RANS) equations are used as a starting point for deriving the
following equations. The equation for turbulent kinetic energy (k) and the equation for dissipation
rate of kinetic energy (w) are given, as shown in Eq. (3) and Eq. (4), respectively. In addition, ANSYS
FLUENT software v.22 was used throughout the computational simulation in the present study.

d(p k) d B
T + d—xj(pkuj) =P —w (3)
djpw) d _ (4)
it +dxj(pa)uj)— P, +G-D

2.3 Performance Parameters Formulation
In addition to the governing equation used for the CFD analysis, the theoretical formula for the

required parameter is also needed in order to evaluate the performance of the simulation models.
To complete this study, there are five highlighted parameters which are turbine torque Eq. (5),
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theoretical torque Eq. (6), torque coefficient Eq. (7), theoretical wind power Eq. (8), power coefficient
Eqg. (9) and lastly the TSR (TSR) Eqg. (10).

T = Pw (5)
1
T = E(pAVZR) (6)
T 7
C=4—— (7)
5 (pAVZR)
1
Pt = EpAV3 (8)
P 9
i pA V3
_ @R (10)
%

3. Methodology
3.1 Model and Spatial Domain Description

The modeling software Solidwork version 2021 is used to design the model of the Savonius rotor
that is used for the study. For both simulation methods, 2D and 3D, the same model is used to ensure
that the final result is comparable, as shown in Table 1. The original design for Savonius is used as a
reference to build this model. Figure 1 shows the simulation rotor as well as the computational
domain in 2D while demonstrating their dimensional details. The domain was divided into two, the
stationary domain and the rotating domain. The rotating domain was circular and an appropriate size
of 1.5 times the rotor diameter was used to avoid the domain influence in the performance results
[31]. The 2D domain dimensions were 36D x 24D (33.3m x 22.2m) with the rotor placed 10D (9.25m)
from the inlet and midway between the top and bottom wall boundaries as shown in Figure 1. The
3D case assumed the same dimensions as 2D but with a height of 6D (5.55m).

Table 1

Range of the design parameters
Parameter Detail (m)
Diameter of the rotor (D) 0.925
Diameter of the blade (d) 0.50
Endplate diameter (DO) 1.1D
Height of rotor (H) 1.00
Overlap ratio (s/d) 0.15

75



CFD Letters
Volume 16, Issue 7 (2024) 71-88

33.30

11.10

% 093 | \ /
‘ \ / 91.03

(a) (b)

Fig. 1. Simulation rotor and domain (a) Turbine rotor (b) Domain
3.2 Grid Generation and Simulation Setting

After a model has been created, the following step in pre-processing is to create the mesh also
known as the grid. Grid generation or Mesh generation is the method used to divide the
computational domain into a large number of smaller pieces, known as cells or elements. At this
point, it's crucial to take extra precautions so that subsequent procedures go off without a hitch.
When using the all-triangles approach, the sizing option allows the number of mesh cells to be
changed based on the size of the pieces. The quality of the mesh cells formed in this procedure has
a significant impact on the precision and accuracy of the resulting flow solution. The mesh cells
employed in this analysis are clustered near the turbine blade. Inflation was applied to the area inside
the domain's rotor, setting a maximum of 20 layers for the first layer. The first layer thickness is set
to be 0.05 mm with a growth rate of 1.1. Next, adaptive sizing from the mesh sizing option was
applied to obtain more homogeneous mesh cells throughout the domain, and we incorporate
inflation to achieve the same goal towards the turbine edges, as shown in Figure 2.

In terms of boundary conditions, the inlet was assigned a condition of uniform and constant
velocity of 7 m/s and the outlet a condition of uniform and constant atmospheric pressure. To avoid
wall effects in the 2D case, the walls were chosen as symmetry. No-slip wall boundary conditions
were imposed on the turbine blades as well as the interface between the edges of the rotating and
stationary domains allowing flow properties to be transported [9]. The 3D case employed stationary,
no-slip wall boundary conditions with the same inlet and outlet boundary conditions as the 2D case.
The solver was configured as a pressure-based solver with an absolute velocity formulation and the
simulations were solved using the SIMPLE algorithm and the SST k-omega turbulence model under
time-dependant transient simulation. The SST, k-omega model was used due to its ability to
accurately predict the pressure gradient and capture the swirling and rotating flows.
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Fig. 2. 2D mesh of the model

4. Results and Discussion
4.1 Grid Independence Test

The mesh independence test was performed in the current study by evaluating the Torque of the
rotor at TSR 0.6 for five different mesh densities of 147,000, 253,000, 489,000, 977,000, and
1,442,000 (very coarse, coarse, medium, fine, and very fine mesh) triangular cells in the 2D case. The
simulation was allowed to run until the simulation result started to converge. The obtained data
showed a very small difference between the medium and very fine mesh Torque values, as shown in
Table 2. Therefore, to save on computational cost and time, the medium mesh was adopted to
conduct the rest of the simulations, since it has been shown to predict the rotor performance with
sufficient accuracy.

Table 2

Details of grid independence study for 2D

No Size of Elements No of Elements Torque Output Percentage
(mm) (x 10%) (Nm) error (%)

1 8 0.147 4.2331672 9.66

2 4 0.253 5.0933672 8.69

3 2 0.489 4.8086296 2.62

4 1 0.977 4.4783355 4.43

5 0.5 1.422 4.7332163 1.01

4.2 Numerical Case Validation

To confirm the model’s reliability, the current study was validated using the results from a
previous study [39]. The geometrical details of the model used from the previous study and the
current are identical with their details shown in Table 1. The numerical simulations were performed
in identical conditions to the experimental tests. The Torque at TSR 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 for
both simulations are compared with the experimental data. The average error for both simulations
is calculated so that we can compare the differences between the simulation and experiment. From
this validation, it can also be seen which simulation gives results closer to the actual experiment.
Figure 3 shows the percentage error for both simulations. As shown from the figure, the average
percentage error for 3D simulation is lower than for 2D simulation with 4.13% and 10.34% error,
respectively.
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Fig. 3. Validation of torque output against TSR for 2D and 3D simulations

4.3 Comparison of Torque Output and Torque Coefficient

The comparison of torque and torque coefficient between 2D and 3D simulations is crucial in this
study on the performance of Savonius rotors. The torque represents the rotational force generated
by the rotor, while the torque coefficient allows us to compare the torque values across different
rotor designs and operating conditions in a meaningful way. By comparing the torque and torque
coefficient obtained from 2D and 3D simulations, we gain insights into the influence of three-
dimensional effects on the rotor's performance. 2D simulations provide a simplified representation,
assuming a two-dimensional flow and neglecting certain real-world effects such as end effects, tip
clearance, and flow separation, which can significantly impact the generated torque. This comparison
helps us assess how three-dimensional effects affect the torque output and consequently the power
output of the rotor. It allows us to understand the limitations and advantages of 2D simulations as
an approximation of real-world performance. Furthermore, the comparison of torque and torque
coefficient guides us in making informed decisions about simulation approaches for future studies or
design optimization. It helps us identify scenarios where 2D simulations may be sufficient and where
3D simulations are necessary for accurate predictions. The graph of torque against TSR and torque
coefficient against TSR are plotted in Figure 4 and Figure 5, respectively.

The two figures display the relationship between the TSR and the corresponding torque values in
the experimental result, 2D Simulation and 3D Simulations. Looking at the graph, it can be observed
that as the TSR increases, the values of torque in all simulations tend to decrease. This suggests an
inverse relationship between the TSR and the torque. It implies that as the TSR increases, the torque
values measured during the simulation decrease. At the inlet velocity of 7 m/s, when the TSR is 0.2,
we can see that the 2D model predicts a torque of 6.28 Nm, while the 3D model predicts a torque of
6.56 Nm. Both models underestimate the actual experimental result, indicating that they are not fully
capturing the complexities of the system at this TSR. On the other hand, when the TSR is 1.2, the
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experimental result decreases to 2.63 Nm. In this case, the 2D model predicts a torque of 1.85 Nm,
while the 3D model predicts a torque of 2.44 Nm. Again, both models underestimate the
experimental result, however, the 3D model is closer to the actual value compared to the 2D model.
These specific data points provide insights into the performance of the models at extreme TSR values.
The underestimation of torque by both models at TSR 0.2 suggests that the models might not fully
capture the fluid dynamics and interactions at low TSRs. Meanwhile, the discrepancy between the
models and the experimental result at TSR 1.2 suggests that further improvements are needed to
better account for the complex flow phenomena occurring at high TSRs.
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Fig. 4. Torque output against TSR at different wind speeds
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Fig. 5. Torque coefficient against TSR at different wind speeds

Moreover, the simulation is then expanded by changing one of the main parameters for the
simulation, which is the wind velocity. Two other categories of simulation were simulated using wind
speeds of 5 m/s and 3 m/s. From the graph, it can be observed that as the wind speed decreases, the
torque predicted by the simulation also decreases. The specific trend of the data however is not the
same for all three categories of simulation. This can be seen in the simulation graph for 5 m/s as there
is a clear gap between the results of 2D and 3D simulations with 3D results being above 2D results at
all TSR except at TSR 1.2. This is clearly different for the other 2 categories,7 m/s and 3 m/s where
the plotted graph seems to be intertwined between 2D and 3D. From this, it can be said that the
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torque generated by the Savonius turbine is influenced by the wind speed. As the wind speed
decreases, the available kinetic energy in the wind also decreases. This reduction in wind speed
directly affects the amount of power that can be extracted from the wind, which subsequently
impacts the torque generated by the wind turbine. When the wind speed decreases, there is less
kinetic energy available in the wind, resulting in a lower force being exerted on the rotor blades. This
reduced force translates to a decrease in torque. In simpler terms, the wind has less power to transfer
to the blades, leading to a lower torque output. From the graph, it can also be observed that the
relationship between wind speed and torque is not linear. In summary, the decrease in torque as
wind speed decreases is due to the reduction in the available wind energy, resulting in a lower force
being exerted on the rotor blades of the wind turbine. However, it can also be seen that even when
the wind speed decreases, the simulation always predicts that the torque produced by 3D simulations
is always above 2D simulations except for some point where it is slightly lower. It can be concluded
that the models, particularly the 2D model, tend to underestimate the torque values compared to
the experimental results across various TSRs. This highlights the limitations of the models in
accurately predicting the behavior of the system. Further refinement of the models, potentially
incorporating three-dimensional effects, is necessary to improve their accuracy and alignment with
experimental findings. It is worth noting that the 3D model tends to provide slightly higher torque
values compared to the 2D model for most TSRs. This could indicate that the inclusion of three-
dimensional effects in the modeling improves the accuracy of the predictions, albeit still falling short
of the experimental results.

In terms of torque coefficient, the wind speed at 7 m/s, the rotor demonstrates high torque
coefficients in both the 2D and 3D simulations across different TSRs, indicating efficient energy
extraction from the wind. As the TSR increases, the torque coefficients decrease, which aligns with
the expected behavior of Savonius rotors. Additionally, the 3D simulation consistently yields slightly
higher torque coefficients compared to the 2D simulation, reflecting the added complexity captured
in the three-dimensional simulation, such as flow separation and three-dimensional flow patterns.
At a wind speed of 5 m/s, the torque coefficients for both simulations are lower than those at 7 m/s,
indicating reduced energy extraction at the lower wind speed. Similarly, the torque coefficients
decrease with increasing TSR, maintaining the expected trend for Savonius rotors. The 3D simulation
continues to exhibit slightly higher torque coefficients, highlighting the advantages of considering
three-dimensional flow effects for a more accurate representation of rotor performance. However,
at a wind speed of 3 m/s, the torque coefficients further decrease, indicating diminished performance
of the rotor at lower wind speeds. The trend of decreasing torque coefficients with increasing TSR
persists, consistent with previous cases. Once again, the 3D simulation shows higher torque
coefficients, emphasizing the significance of accounting for three-dimensional flow effects in the
simulation. In summary, the simulation results illustrate that the two-bladed conventional Savonius
rotor performs well at higher wind speeds, effectively extracting energy from the wind. However, its
performance diminishes at lower wind speeds. The 3D simulation consistently exhibits higher torque
coefficients, underscoring the importance of considering three-dimensional flow effects for a more
accurate representation of rotor performance.

4.4 Comparison of Power Output and Torque Coefficient
Power represents the amount of energy generated by the rotor, while power coefficient allows
us to compare the power output across different rotor designs and operating conditions. By

comparing the power and power coefficient obtained from 2D and 3D simulations, the impact of
three-dimensional effects on the rotor's power generation can be understood better. The results of
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the power output against TSR and power coefficient against TSR are plotted in Figure 6 and Figure 7,
respectively. At a wind speed of 7 m/s, the power output of the rotor exhibits a positive correlation
with the TSR. It is observed that at a TSR of 0.2, both the 2D and 3D simulations show relatively lower
power values. However, as the TSR increases to 1.2, the power output substantially increases,
indicating a more efficient energy extraction. This behavior aligns with the expected trend for
Savonius rotors, as higher TSRs correspond to faster rotational speeds, leading to increased power
generation. Comparing the 2D and 3D simulations, it can be observed that the 3D simulation
consistently yields slightly higher power values across different TSRs. This suggests that the three-
dimensional flow effects captured in the 3D simulation, such as flow separation and three-
dimensional flow patterns, enhance the rotor's performance and improve power output compared
to the simplified 2D simulation. Furthermore, at a wind speed of 5 m/s, the power output follows a
similar trend as at 7 m/s. As the TSR increases, the power output increases as well. For instance, at a
TSR of 0.2, the power values are relatively lower, but they progressively increase as the TSR reaches
1.2. This demonstrates the importance of higher rotational speeds for improved power generation.
Consistently, the 3D simulation yields slightly higher power values compared to the 2D simulation,
indicating the added benefits of considering three-dimensional flow effects in capturing more energy
from the wind. At a wind speed of 3 m/s, the power output of the two-bladed conventional Savonius
rotor follows a similar trend as in the higher wind speed cases. However, there are specific TSRs
where a sudden drop in power occurs. For instance, at a TSR of 0.6, there is a significant decrease in
power output compared to the neighboring TSRs. This drop can be attributed to the rotor operating
in an unfavorable region of its performance curve. At this particular TSR, the rotor blades experience
a combination of factors that negatively affect power generation.

One of the main factors is flow separation. As the rotor rotates at a higher speed, the flow around
the concave side of the blades tends to separate, causing an inefficient transfer of momentum from
the wind to the rotor. This flow separation results in reduced pressure differences between the
blades, leading to a decrease in torque and subsequently in power output. Additionally, at certain
TSRs, the interaction between the blades becomes unfavorable, leading to increased drag and
reduced power generation. In the case of the sudden drop at a TSR of 0.6, it is possible that the
interaction between the two blades at this specific rotational speed creates adverse flow patterns,
causing higher drag forces and decreasing power output. Furthermore, it is worth noting that the
aerodynamic characteristics of the Savonius rotor are influenced by the flow conditions, such as wind
speed and blade geometry. At lower wind speeds like 3 m/s, the flow is relatively weaker, and the
rotor may operate closer to stall conditions, where the flow separates more easily, resulting in
reduced power output. In summary, the sudden drop in power at certain TSRs in the 3 m/s simulation
can be attributed to a combination of factors, including flow separation, unfavorable blade
interaction, and the rotor operating in less optimal flow conditions. These factors lead to decreased
torque, reduced power output, and lower overall performance. Understanding these phenomena is
crucial for optimizing the design and operational parameters of Savonius rotors to ensure efficient
power generation across a range of wind speeds. Overall, it can be said that the simulation results
highlight the influence of the TSR on the power output of the two-bladed conventional Savonius
rotor. Higher TSRs, corresponding to higher rotational speeds, lead to increased power generation.
The 3D simulation consistently shows slightly higher power values compared to the 2D simulation,
indicating the importance of accounting for three-dimensional flow effects. These findings provide
valuable insights for the design and optimization of conventional Savonius rotors, considering
different wind speeds and TSRs to achieve higher power output and improved overall performance.

In terms of power coefficient, the relationship between the TSR and the power coefficients for
both the 2D and 3D simulations is observed, as shown in Figure 7. As the TSR increases from 0.2 to
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1.2, a gradual increase in the power coefficients for both the 2D and 3D simulations can be seen until
a certain TSR where it begins to slowly decline. This means that the rotor becomes less efficient at
converting wind energy into power as the TSR increases over a certain limit. However, it's important
to note that even at higher TSRs, the power coefficients for the 3D simulation tend to be slightly
higher compared to the 2D simulation. This suggests that the additional complexity and three-
dimensional effects incorporated in the 3D simulation contribute to improved power generation
capabilities. When the wind speed decreases to 5 m/s, similar trends in the power coefficients can
be observed. As the TSR increases, the power coefficients increase for both the 2D and 3D simulations
and then it drops slightly at some points. However, the overall power coefficients are lower at this
wind speed compared to the data at 7m/s. This suggests that the rotor is less effective in harnessing
wind energy and generating power at lower wind speeds. At a wind speed of 3m/s, we see a different
behavior in the power coefficients compared to the higher wind speeds. Initially, as the TSR increases
from 0.2 to 0.4, the power coefficients increase for both the 2D and 3D simulations. However, beyond
a TSR of 0.4, the power coefficients suddenly drop for both simulations. This indicates that the rotor's
performance is significantly influenced by the TSR at lower wind speeds. The sudden drop in power
coefficients at higher TSRs for the 3m/s simulation suggests that there are certain operating
conditions where the rotor experiences flow separation, stall, or increased drag. These factors can
negatively affect the rotor's ability to efficiently capture wind energy and convert it into power. In
summary, the data shows that the power coefficients for the 2D and 3D simulations of the two-
bladed conventional Savonius rotor vary with the TSR and wind speed. The trends observed provide
insights into the rotor's efficiency and performance characteristics under different operating
conditions. This understanding can help in optimizing the rotor design and operating parameters to
maximize power output in specific wind conditions.
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Fig. 6. Power output against TSR at different wind speeds
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4.5 Visualization and Flow Analysis

The visualization of velocity, pressure, streamline, and vector contour plays a crucial role in
computational fluid dynamics (CFD) for several reasons, such as understanding flow patterns,
identifying pressure distributions, validating simulations and many more. Figures 8, 9 and 10 show
these four contours. The presence of returning blade wake vortices in the figure above refers to the
formation of swirling flow structures behind the turbine blades. As the blades rotate and interact
with the fluid, they create disturbances in the flow, resulting in the formation of vortices or swirls in
the wake region downstream of the blades. The presence of forward and backward thrust indicates
the generation of positive and negative axial forces on the turbine blades. This thrust is responsible
for driving the turbine and extracting energy from the fluid flow. Contour plots representing the
forward thrust show regions where the axial forces are predominantly directed in the forward or
downstream direction. These contours usually exhibit higher values near the leading edge of the
blades and decrease towards the trailing edge. Contour plots representing backward thrust depict
regions where the axial forces are directed in the backward or upstream direction. These contours
usually exhibit negative or low values near the leading edge and may increase towards the trailing
edge. The pressure is lower downstream of the advancing and returning blades in Figure 10 due to
flow separation. The upstream pressure is higher on the returning blade and peaks at the middle of
the blade. Both turbine blades are subjected to drag force; the drag on the advancing blade drives
the turbine, while the drag on the returning blade restricts it. Velocity contour plots in Figure 11
provide a visual representation of the flow field, illustrating the distribution of fluid velocities
throughout the computational domain. In brief, the 2D analysis involves modeling the rotor as a two-
dimensional object, with a cross-sectional area that varies with height. This simplifies the
computational effort required to simulate the rotor and allows for faster analysis. However, 2D
analysis neglects the effect of three-dimensional flow phenomena, such as tip vortices and end
effects, which can significantly impact rotor performance. Therefore, 2D analysis may not accurately
capture the complex flow dynamics that occur in a real-world Savonius rotor.

On the other hand, 3D analysis models the rotor as a three-dimensional object and takes into
account the complex flow dynamics that occur in a real-world Savonius rotor. This results in a more
accurate prediction of the rotor's performance, including the effects of tip vortices and end effects.
However, 3D analysis requires significantly more computational resources than 2D analysis, which

83



CFD Letters
Volume 16, Issue 7 (2024) 71-88

can make it prohibitively expensive for some applications. In summary, 2D analysis is faster and less
computationally expensive than 3D analysis, but it may not capture the complex flow dynamics that
occur in a real-world Savonius rotor. 3D analysis, on the other hand, provides a more accurate
prediction of the rotor's performance but requires more computational resources. The choice
between 2D and 3D analysis will depend on the specific application and the level of accuracy
required.

(b)
Fig. 8. Velocity streamlines around the model (a) Velocity streamline for 2D simulation (b) Velocity streamline
for 3D simulation

Fig. 9. Velocity vector around the model (a) Vector contour for 2D simulation (b) Vector Contour for 3D
simulation
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Ansys

[Pa]

(b
Fig. 10. Pressure distributions around the model (a) Pressure contour for 2D simulation (b) Pressure contour
for 3D simulation

Fig. 11. Velocity distributions around the model (a) Velocity Contour for 2D simulation (b) Velocity Contour for
3D simulation

5. Conclusions

In this investigation, the performance of the Savonius rotor was analyzed using both 2D and 3D
analysis techniques. The 2D analysis is a simplified approach that assumes the flow behavior is two-
dimensional and uniform, while the 3D analysis considers the three-dimensional and complex flow
behavior around the rotor. The results of the investigation showed that the 3D analysis demonstrated
better performance in terms of the coefficient of power (Cp) and torque coefficient (Ct) compared to
the 2D analysis. The 3D analysis also showed a more accurate representation of the flow behavior
around the rotor, including the wake effect and the boundary layer separation. However, the 2D
analysis is still useful for initial design and feasibility studies due to its simplicity and computational
efficiency. It can provide a quick estimation of the rotor performance and is suitable for parametric
studies. On the other hand, the 3D analysis required more computational resources and time to
simulate, but it provided a more detailed and accurate representation of the flow behavior around
the rotor. Therefore, it is recommended to use both 2D and 3D analysis techniques in a
complementary manner for a more comprehensive analysis of Savonius rotor performance. In
conclusion, the investigation has demonstrated the importance of using both 2D and 3D analysis
techniques for a comprehensive analysis of Savonius rotor performance. The results showed that the
3D analysis provides a more accurate representation of the flow behavior and better performance
compared to the 2D analysis. However, the 2D analysis is still useful for initial design and feasibility
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studies due to its simplicity and computational efficiency. The findings of this investigation can be
used to improve the design and performance of the Savonius rotor for urban wind energy
applications.
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