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main goal of the current study is to improve the power coefficient (Cp) and torque
coefficient (Ct) of the Conventional Savonius wind turbine (SWT) by modifying the
inner surface of the blade using a wavy profile. The aerodynamic performance of the
wavy turbine is then compared with the conventional turbine in terms of Cp and Ct.
The study is conducted using numerical simulation with the assistance of the ANSYS
software. The flow characteristics around the turbines are solved utilizing the SST k-w

Keywords: turbulence model. The simulation outcomes confirmed that the Cp of the wavy rotor
Savonius; VAWT; blade profile; wavy increased by about 14.5% at a tip speed ratio of A= 0.4. Additionally, outcomes showed
rotor the peak Cp is 0.18 at A=0.7 which is 12.5% greater than the conventional SWT.

1. Introduction

Non-renewable resources including natural gas, coal, and oil have been used up quickly in the last
decade as a result of the rapid rise in population numbers and global economic expansion [1]. About
70% of the energy used in the world comes from burning fossil fuels [2, 3]. The burning of these fuels,
however, results in the release of greenhouse gases, which are now believed to be the cause of
climate change [4, 5]. As a result, people have begun to focus on the use of renewable energy sources
like hydropower, wind, biomass, and solar energy. Wind turbines (WTs) are machinery that
transforms kinetic energy in the wind into electric power. WTs can be classified into two main groups
depending on the direction of their rotation axis: horizontal axis wind turbines (HAWTSs) and vertical
axis wind turbines (VAWTSs) [6]. Because of their easy manufacture, inexpensive price, and low
operating noise, VAWTs are widely employed. VAWTs are classified into two main types including
Savonius wind turbines (SWTs) and Darrius wind turbines (DWTs). Conventional SWTs are
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significantly less effective in the capturing wind than HAWT and DWTs, which severely limits their
use and promotion [7].

A lot of research has been done by various researchers to increase the SWT’s capacity to capture
the wind. The turbine structure's parameters can be changed as one of the upgrades. Structure
parameters include Blade overlap ratio (BOR), Aspect ratio (AR), number of stages (NS), number of
blades (NB), endplates (EB), and Blade profile (BP).

SWTs with BOR have better efficiency and self-starting ability, because of the enhancement in
pressure on blades [8]. Alom et al., [9] conducted a numerical study to examine several elliptical lines
with BOR ranging from 0 to 0.3. The results demonstrated that the max Cp occurs at BOR=0.15 with
a value of 0.34. Through experimental study, Hassanzadeh et al., [10] demonstrated that a greater
Cp may be produced when the tip speed ratio (TSR) = 0.8 and OR=0.2. Utilizing 2D numerical
simulation, Akwa et al., [11] and Nasef et al., [12] proved that the best BOR is 0.15. SWT with dual-
stage was tested experimentally by Sharma et al., [13]. Results demonstrated that the Cp max was
found to be 0.517 at BOR = 0.094.

Determining a suitable AR boosts angular speed and enhances SWT efficiency [14]. Moreover,
bigger AR has an impact comparable to that of the turbine's end plates [15]. Despite the advantages
a larger AR would provide, most existing SWTs have low AR for structural reasons [16]. Blackwell et
al., [17] used an experimental approach to create an evaluation of the AR effect. The authors looked
at two bladed SWT with a BOR of 0.15 and ARs of 1.0 and 1.5. The outcomes demonstrated that the
Cp of the SWT with greater AR was marginally improved. According to the study of Zhao et al., [18],
AR has also been numerically examined using simulations, and the suggested ideal turbine has
possibly the greatest AR in the literature, which is equal to 6. Ferrari et al., [19] achieved gains of
about 12% in the max Cp by changing the AR value from AR =0.55 to AR = 1.66.

Kamoji et al., [20] examined the aerodynamic performance of single, dual, and triple stages SWTs.
Results showed that triple stages rotors generate fewer variations in torque coefficient (Ct) as
compared to those of single and dual stages rotors. Nevertheless, the Cp is falling by rising the NS at
the same AR. Hayashi et al., [21] have conducted an experimental investigation on multi-stage SWTs.
The results demonstrated that the variation in Ct over the whole cycle of a multi-stage rotor is
positive and uniform compared to the conventional SWT with one stage. Several studies [22, 23] have
found that dual-stage helical rotors are better able to capture wind than single-stage and triple-stage
helical rotors.

The number of blades (NB) refers to the total number of buckets elements that are connected
directly to the SWT. As a general observation, a two blades rotor is recommended for ease of
construction especially if there are no power augmentation devices [24, 25]. A study by
Wenehenubun et al., [26] has been conducted on the effect of NB on the efficiency of the SWT.
Results have demonstrated that the rotor with a double blade showed a higher Cp compared to the
rotors with three and four blades. Emmanuel and Jun [27] and Morshed et al., [28] conducted a
numerical study on the evolution of the wind flow and pressure distribution nearby rotors with three
and six blades, which provides insight into how the loads on the turbine will behave as a function of
NB. Though the majority of studies on the impact of NB have used the same geometry for all of the
blades, other designs that analyze rotors with multiple inner blades have used designs where not all
of the blades are equal [29-32].

Endplates (EB) can be used to increase the Cp of SWT by a significant amount. Endplates keep air
from escaping to the atmosphere from the tips of the concave sides of the moving and returning
blades. This causes a significant increase in the amount of energy extracted from the wind due to the
high-pressure change between the two sides of the blades. According to researchers [33—35] the
addition of EB increased SWT's aerodynamic performance by around 11%—-36%. This successfully
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increased SWT's capacity for self-starting. Sanusi et al., [36] conducted research on the application
of EB in the enhanced geometry of an elliptical SWT. The turbine design that was suggested combined
a blade with a semicircular shape with an elliptical shape on the concave side. For a TSR of 0.8, the
combined blade raised Cp to 0.27. The energy-capturing point was pushed farther from the center of
rotation as a result of the employment of an elliptical profile on the concave side, which enhanced
the net positive torque operating on the turbine.

Blades are considered one of the main components of SWT. Modifying their profile would
influence the captured energy from the rotor. Tian et al., [37] presented a form of blades having
various convex and concave sides, using two design variables to reflect the two sides' heights,
respectively. The best design parameters were then obtained using particle swarm optimization and
a kriging surrogate model. Chan et al., [38] utilized genetic algorithms to find the ideal blade shape
while controlling the geometry of the blade using 3 changeable points. Bach-type rotor profiles were
enhanced by Roy and Saha [39]. According to the results, the enhanced Bach-type rotor performed
34.8% better than the conventional SWT. In order to acquire the best conetet efigturation for the
wind rotor, Mohamed et al., [40] installed a barrier plate in the opposite direction of the SWT and
improved the BP. Al-Ghriybah [41] improved the Cp of the SWT by changing the blade thickness
utilizing the simulation method. Results demonstrated that the maximum achieved Cp was 0.2 which
is 40% more than the conventional SWT.

The aforementioned studies demonstrate that one key strategy for increasing the Savonius wind
turbine's ability to capture more energy is by adjusting the blade's profile. However, at present, there
is no study that considers using a wavy blade profile which is expected to enhance the surface area
of the turbine and hence enhance the extracted power from the SWT. Based on that, this study
proposes a wavy shape for the inner surface (concave side) of the SWT.

2. Geometry Description
2.1 Proposed SWT

This study proposes a novel SWT with wavy concave blades. Figure 1 demonstrates the
geometrical design of the conventional SWT and the proposed wavy rotor. The main geometrical
dimensions are kept the same for both configurations as follows: the diameter of the rotor (Dr) is
equal to 0.442 m, the shaft diameter is equal to 0.03 m, and the blade diameter is set to 0.144 m.
However, the concave side of the novel rotor has a wavy shape with a dimension of (height =0.0036m
and width = 0.0043).
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Fig. 1. Conventional SWT vs. wavy SWT
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2.2 Performance of SWT

Tip speed ratio (1) which represents the ratio between the speed of the blade tip (v;;;,) and
prevailing wind speed (U) and is expressed as below [42]:

A=l 07T (1)
U U

where w represents the tip angular velocity in rad/s and r embodies the radius of the SWT. With
respect to A, the efficiency of the SWT can be described by two main performance indicators: Cp and
Ct. The percentage of airflow that travels over the swept area of SWT (A) in the same path of the
wind is represented by Cp. Cp and Ct are expressed using the following expressions:

Cp = Pout _ Pout (2)
P = b T 0.5pU3%4A
T, T,
Ct = —out _ out (3)

T, 0.5pU2Ar

where P,,,; denotes the output power of the turbine, P;,, denotes the available power in the wind,
and p represents the airstream density. T,,,; demonstrates the output torque from the turbine, T},
demonstrates the input torque to the turbine. Cp and Ct can be related together based on A as below:

Cp =A*Ct (4)
3. Numerical Modeling

Numerical analysis has been conducted on the conventional and the wavy SWTs using the
software “ANSYS Fluent”. Two-dimensional simulation (2D) has been adopted in this study. The 2D
simulation has been effectively confirmed to have high accuracy [43, 44]. A series of transient
simulations have been implemented to determine the efficiency of the rotors at different values of A.

3.1 Numerical Domain

Figure 2 illustrates the adopted numerical domain. As shown in the figure, the domain consists
mainly of two sub-domains: a revolving circular domain and a fixed rectangular domain. The revolving
domain represents the position where the SWT will be placed whereas the fixed domain represents
the wind tunnel where the wind will flow. The circular domain has a rotational speed of w as input
since the sliding mesh technique is implemented in the simulation. An interface has been defined
between the two sub-domains in order to ensure smooth airflow to the turbine. The long boundaries
of the domain (up and down) are set as walls. The left and right boundaries are set as velocity inlet
and pressure outlet, respectively. The numerical domain is selected to have a size large enough to
prevent boundary effects on the simulation results. According to recommendations made in some
literature [45, 46], the top and bottom walls of the numerical domain are determined to be 14xD
apart from the center of the circular sub-domain, and the total length of the top and bottom walls is
30xD, the inlet is 14xD upstream of the circular domain center, and the outlet is 26D downstream of
the circular sub-domain center. The rotating domain's diameter is fixed at 1.2xD. A no-slip condition
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was set on the surfaces of the advancing and returning blades. A 9m/s was set as inlet velocity. The
A was set to different values (0.4, 0.5, 0.6, 0.7) in order to rotate the circular sub-domain with
different angular velocities.
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Fig. 2. Numerical domain

3.2 Grid Generation

The mesh of the numerical domain was produced using the built-in software mechanical mesh.
The grids of the circular sub-domain should be denser than the rectangular sub-domain in order to
obtain accurate results around the rotor. A quadrilateral grid-based, unstructured mesh was
generated for both sub-domains. Additionally, the inflation option was activated around the blades
(25 layers with a 1.1 growth ratio) in order to capture the airflow around the rotor with high accuracy.
Aiming to improve the SWT geometry adaption, a grade 3 refinement was performed to the contact
region between the two sub-domains. The final implemented mesh of the domains including the two
sub-domains and the inflation layers around the rotor is presented in Figure 3.

Fig. 3. Grids of the different sub-domains

3.3 Computational Solver Settings

As a result of the transient nature of the wind flow interaction with the rotating blades, flow
around the SWT was analyzed utilizing an unsteady solver. The Navier-Stokes equations were solved
by the SST k-w turbulence model. The SST k-w model has been used extensively in the field of wind
turbines and is better suited than other models for estimating the values of the wall friction
coefficient [47]. The solver's settings were set as transient. For the pressure and velocity coupling,
the SIMPLE algorithm was applied. The sliding mesh technique was utilized to represent the turbine's
rotation. The rotor was rotated ten times, each time increasing the azimuth angle by one degree.
There were 3600-time steps in all. For each time step, a total of 20 iterations were carried out to
guarantee that the residuals were sufficiently small.
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4. Results
4.1 Grid Independence Test

A grid independence test (GIT) should be performed in order to determine the best mesh size in
order to decrease the computing time and cost without compromising the accuracy of the findings.
A GIT has therefore been carried out utilizing an unstructured mesh with six distinct mesh resolutions
for the conventional SWT at A = 0.4, as illustrated in Figure 4. It is seen from Figure 4 that there is a
slight difference in the Cp value while raising the grids over 188,874. Consequently, Mesh 4 with
188,874 elements has been implemented for all further analysis to minimize the cost of the high
computations.

0.18
0.15
0.12
& 0.09

0.06

0.03

34,601 71,793 119,656 188,874 234,548 309,603

Number of elements

Fig. 4. GIT using a different grid size
4.2 Validation of the Numerical Model

The simulation procedure required to be examined to confirm the validity of the used
methodology before moving on to the outcomes of the current study. Since there are no
experimental data for the SWT under investigation in this research, Alom and Saha's experimental
work [46] was used to validate the turbine's aerodynamic characteristics. The validation has been
demonstrated using the Cp from experimental and simulated SWTs. With an overall error of roughly
4.2%, Figure 5 illustrates the near results between the experimental records and the records from
the simulation. As a result, the precision of the existing simulation method has been verified to be
trustworthy and may be taken into consideration for future simulation operations.
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Fig. 5. Validation of the simulation procedure

4.3 Performance Analysis of Cp and Ct

0.75

Cp and Ct values are numerically estimated by the simulations for conventional SWT and wavy
SWT over the same range of A (0.4, 0.5, 0.6, and 0.7). Figure 6 demonstrates a Cp comparison
between the conventional and wavy SWTs depending on the achieved results from the numerical
simulation. It can be noticed from Figure 6 that the wavy SWT has a greater Cp than the conventional
Savonius at all the range of A. The max Cp is observed to be about 0.18 at A = 0.4 whereas the Cp of
the conventional Savonius is observed to be 0.16 at the same point of A = 0.4. This includes a
performance enhancement of about 12.5% compared to the conventional rotor. The maximum
improvement can be noticed at A = 0.4 with a value of 14.5%. This improvement can be attributed to
the increase of the inner surface area of the blade due to the inner wavy shape. Increasing the surface
area of the blade enhances the amount of the captured energy and hence enhances the performance

of the rotor.
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Fig. 6. Comparison of Cp between conventional and wavy SWTs
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Figure 7 demonstrates the Ct evaluation for both the conventional and the wavy SWTs at different
values of A. In general, it is observed that adding loads causes the rotors' rotational speed to
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decrease; as a result, Ct values decrease as A values rise. Moreover, it can be realized from Figure 7
that Ct has a peak value of 0.45 at A = 0.4 whereas at the same value of A the Ct of the conventional
rotor was 0.4. The generated Ct at each angle of rotation (during 360°) is estimated and shown in
Figure 8 at A =0.7. It is evident from the figure that the generated Ct has two cycles in every rotation.
However, the generated torque in the second cycle is less than that in the first cycle. This is due to
the wake generated from the rotating of the first advancing blade. Moreover, the peak value of Ct
for the wavy rotor is observed to be at the angle of rotation of 120° with a value of 0.725 which is
74% higher than the conventional rotor at the same angle. Moreover, the starting torque at 0° angle
of rotation has been improved in the case of a wavy rotor compared to the conventional Savonius.
Additionally, it can be observed from figure 8 that the negative Ct has been reduced in the interval
between 170°-220° angles of rotation. These observations explain the performance gain of the wavy
SWT.
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Fig. 7. Comparison of Ct between conventional and wavy SWTs

Conventional rotor Wavy rotor

ot
to

2 g
IS o
!

Coefficient of torque Ct
o
L]

_0 .4 T T T T T
0 60 120 180 240 300 360
Angle of rotation (deg)

Fig. 8. Generated Ct at each angle of rotation
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4.4 Prediction of the Flow Field around the Tested SWTs

The flow characteristic such as pressure distribution contours, velocity distribution contours, and
streamlines are shown around the conventional and wavy SWTs. All contours are generated at A =
0.7 and 120° angle of rotation. In order to better understand the flow properties, pressure
distributions of the airflow around the rotors are provided in Figure 9. For the advancing blade, it can
be observed from Figure 9 that the concave side has high-pressure regions whereas the convex side
has lower-pressure regions. Due to the pressure differences on both sides, the rotor is driven by a
strong positive torque. A notable low-pressure region can be seen outside the blade (convex side)
and close to the tip of the blade, which causes in rising the driving torque for the wavy SWT compared
to the conventional one. During the "returning" process, the blade produces negative torque; in this
area, positive pressure operates on the convex side, and negative pressure acts on the opposite side.
The net pressure produces a negative torque that prevents the blade from rotating. On the other
hand, in comparison to the conventional SWT, the pressure on the convex side of the returning blade
for the wavy SWT is lower. By reducing wind resistance on the back side of the returning blade, which
will result in a greater positive net drag, this low pressure helps to reduce the negative drag.
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(a) (b)
Fig. 9. Pressure distribution around (a) conventional SWT (b) Wavy SWT

Analysis of velocity is essential to gain more understanding of how the rotor's flow develops with
the greatest possible improvement (Figure 10). Rotors start spinning as a result of the wind entering
from the left boundary (inlet side), which causes the air to travel in a circular pattern all around it. As
a result of the air moving in a circular pattern around the rotors, the back side of the returning blade
is less affected by the velocity of the incoming air, which reduces the resistance between the surface
of the blade and the incoming flow. Because the Wavy SWT has greater tip vortices and recovery
Flow, the pressure on the advancing blade's back side is reduced. It happens as a result of the wavy
rotor's stronger reverse flow, higher blade-tip velocities, and stronger tip vortices. Additionally, the
wavy surface is easier for air to flow along, which causes a faster recovery flow.
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(a) (b)
Fig. 10. Velocity distribution around (a) conventional SWT (b) Wavy SWT

The airflow field nearby the conventional and wavy SWTs is investigated based on the generated
streamlines. The streamlines for both configurations are presented in Figure 11 at A = 0.7, as the
vortices can be observed in the surrounding of the turbine. Vortices have been observed near the
lower edge and back side of the returning blade. Furthermore, the high-generated vortices behind
the returning blade may be seen in contrast to the low-generated vortex in the conventional SWT.
These vortices provide additional proof that the wavy rotor's pressure differential is greater than the
conventional one, which reduces the impact of entering air on the returning blade and, consequently,
the resistance of the returning blade's surface to the wind flow.

Velocity in Stn Frame
2.000e+01

1.778e+01
1.556e+01
1.333e+01
1.111e+01
8.889e+00
6.667e+00
4.444e+00
2.222e+00
0.000e+00
[m s?-1]

(a) (b)
Fig. 11. Streamlines around (a) conventional SWT (b) Wavy SWT

5. Conclusions

In this work, the authors numerically analyzed the impact of modifying the concave side of the
blades using a wavy shape. Afterward, the investigation focused on a comparison of the numerical
outcomes found for the wavy SWT compared to the conventional SWT. Results demonstrated that
both Conventional and wavy SWTs attain maximum power at A = 0.4. In terms of the power
coefficient (Cp), the wavy geometry shows improved power characteristics than the conventional
rotor. The max Cp is observed to be about 0.18 at A = 0.4 whereas the Cp of the conventional rotor is
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observed to be 0.16 at the same point of A = 0.4. Additionally, the maximum Ct for the wavy rotor is
found to be at the angle of rotation of 120° with a value of Ct = 0.725 which is 74% higher than the
conventional rotor at the same angle. The wavy shape is found to have the ability to lower the
pressure from the convex side and near the blade tip which leads to an increase in the net-generated
torque. The current study shows that significant Savonius rotor power generation improvements can
be made without raising manufacturing costs or complicating the design. This approach may be
helpful for producing electricity in rural areas more cheaply and efficiently.
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