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Abstract- In this paper, the influence of the ends of the plates on the productivity of the Savonius wind turbine (SWT) with
additional blades has been investigated numerically and experimentally. Initially, three-dimensional (3D) unsteady modeling is
implemented for a turbine with and without endplates (EP), keeping the rotor dimensions fixed in both cases. Our simulation has
been performed using the “k- €/realizable turbulence model” with the auxiliary of the “finite volume solver ANSY'S Fluent 19.1”.
The coefficients of the torque and power “Cp and Ct” are estimated for any case depending on the tip speed ratio (TSR). The
contours of velocity, stress, pressure, and disturbance strength are obtained and studded for the rotor with EP. Finally, a wind
tunnel test is performed to prove the simulation results. The numerical results exposed that the highest value of Cp is 0.25 at
TSR = 0.7 for the rotor with EP with an improvement of 26% over the same rotor without EP. Moreover, results proved that the
maximum improvement in Cp for the rotor with EP was 38% at TSR = 0.4. However, the wind tunnel tests for the rotor with EP
demonstrated the Cp max to be 0.226.
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1. Introduction

Over the past several decades, global warming has been
rapidly worsening mainly due to the careless utilization of
fossil fuels [1-7].

Sustainable energy sources have become a possible
alternative to fossil fuels, which has increased the attention
and demand for them around the world [8-16]. Recently, wind
power considered as one of the most significant sources of
clean and renewable energy [17, 18]. The available kinetic
energy (KE) in the wind can be extracted using wind turbines
(WTs) [19]. WTs are classified into two main categories,
namely, horizontal-axis WTs and vertical-axis WTs
(VAWTS).

VAWTSs have several advantages over horizontal axis
WTs. The main advantage is their comprehensive focus.
Consequently, they can operate in any wind direction without
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Fig. 1. Vertical axis WTs [17]

The Savonius wind turbine (SWTs), also called the “S-
type rotor, was invented and patented by the Finnish engineer
Sigurd Savonius”. The turbine consists of two semi-
cylindrical surfaces called blades, which are connected to a
vertical shaft perpendicular to the wind direction.

requiring a yaw angle control system [20]. In addition, the
gearbox and generator can be positioned at ground level to
facilitate maintenance and reduce construction costs [21].

VAWTSs are available in various types and sizes for
several decades, as shown in “Figure 17, but they represent a
small percentage of the world's operating WTs.

The Savonius rotor (SR) has several positive qualities
including the low cost of construction, simplicity of execution,
the ability to operate in different directions of wind flow, low
noise level, and most significantly a large starting
aerodynamic momentum. But the SR has an important
negative point - its low efficiency. Despite the fact that this
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type of rotor has a large starting torque, during continuous
operation, it can deliver a maximum power of no more than 5
kW.

A lot of research is currently underway to increase the
efficiency of SRs including utilizing simulation programs and
building mathematical models to study the aerodynamic
properties of rotors; using hot air from natural heat sources or
industrial residual heat to spin a turbine; using water energy
instead of wind energy; In addition to a change in the design
of the SWT.

SR with multi-stages has been tested by various
researchers recently. It was observed that the multi-stage rotor
could reduce the fluctuations in the generated moment without
any loss in performance [22-24]. Other studies have focused
on improving rotor performance by increasing the aspect ratio
(AR). The AR is defined as the ratio between the diameter of
the rotor and its height [25]. It was concluded that the high AR
could increase the capacity of the rotor by reason of the
reduction in the moment of inertia strength [26, 27]. On the
other hand, innovations in blade profile optimization have
been done in several studies. Elliptical profile was studied
resulting in a higher coefficient of torque (Ct) and coefficient
of power (Cp) compared to the traditional semi-circular rotor
[28]. Authors of [29] examined a new design for the SR which
is called the Bach rotor and found an improvement of 9% over
the traditional rotor. [30] the Benesh-type rotor and found an
enhancement of 15% compared to the traditional rotor.

Power augmentation techniques have been proposed in
preceding studies such as deviant plates and windshields.
Results showed an enhancement in terms of Cp and Ct;
however, these techniques converted the rotor to be highly
dependent on the wind direction [31, 32]. Additionally,
several studies investigated the effect of blade quantity on the
SWT productivity [33, 34]. They found that the addition of the
blade on the traditional rotor reduces both Cp and Ct; this is
due to the deflected air by the extra blades which will affect
the performance of the following blade. Moreover, the
influence of the overlap ratio on the aerodynamic capacity of
the WT was investigated to obtain the optimal value of this
ratio. Results showed that the optimal overlap ratio is in the
range of 0 — 0.15 [35]). The double blade rotor was had
performed better than the traditional SR with a maximum
improvement of 11.86% [36].

The influence of adding two inner blades (IB) to the
traditional rotor at low rotational speed was executed by [37]
using a two-dimensional (2D) simulation. They concluded
that the IB was capable to catch the extra energy in the air
which causes a rise in the rotor performance. Moreover, the
influence of the supplemental blade’s position on the
performance of the SWT was studied by [38]. The researchers
concluded that the best position is achieved when the tip of the
IP is parallel to the rotor tip. The results observed for the SR
by adding EP on the traditional and the helical rotors were
adopted by various studies [39]. Utilizing EP, it was found that
adding EP resulted in significant improvement of the Cp due
to the reduction in the escaped air from the curved surface of
the forward vane.

The main objective of our research is to examine the effect
of using EP on the performance of SR with IB using 3D
simulation (3DS) and experimental work, this modification
can contribute to the enhance the performance of the rotor
without increasing the cost of the rotor.

1.1.  Objectives of the existing Study

The previous implementation requires a 3DS for the rotor
with IBs in order to obtain more specifics about the flow
structure around the rotor. With a goal of validation, the best-
performed rotor proposed by a previous study [33] has been
adopted. In the current study, EP has been adopted with the
aim of increasing the Cp of the rotor. Initially, the unstable
numerical simulations are executed with the influence of EPs
using the “k- €/realizable turbulence model” with the help of
“Ansys Fluent solver”. Finally, the wind tunnel was rigorously
tested to validate the simulation results

1.2.  Geometry specifics

“Figure 2” illustrates the proposed configuration for the
previous study [32] in a 2D view. A 3D configuration has been
considered in the current study with and without EPs as shown
in “Figure 3”. The height of the rotor is adopted to be 600mm
whereas the diameter and the thickness of EPs are adopted to
be 0.4862m and 0.005m, respectively. The other dimensions
are kept the same as the original configuration; the diameter
of the major blade = 0.188m, the diameter of the IB=
0144 m, the diameter of the shaft = 0.03, and the IB angle =
120°.

Fig. 2. Proposed rotor.
2. Mathematical Model

In the current study, CAD geometry is modeled using
SOLIDWORKS software. The thickness of the blades is taken
as 2 mm. The numerical domain is meshed using an
unstructured grid. The main domain consisting of two sub-
domains is divided using a sliding interface: a cylindrical sub-
domain with rotational speed and a stationary cubic sub-
domain. The diameter of the cylindrical sub-domain is taken
as 0.5m and is placed at the center of the main domain. The
dimensions of the domain are handled as “10Dx10Dx10D”
where D is the rotor diameter. The domain is large in size in
order to avoid the effect of wind tunnel blockage. The final
adopted domain is shown in “Figure 4”.
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Fig. 3. (a) Rotor without EP; (b) Rotor with EP

Fig. 4. Main numerical domain

For solving the flow with better accuracy at the
boundaries of the blades, the inflation technique is used in
order to provide layers with finer mesh on the edge of the
blades. A total number of 25 layers are applied to the edges of
the blades with a growth ratio rate of 1.2. The definitively
adopted mesh for the cylindrical subdomain and the blades is
shown in “Figure 5”.

>

Fig. 5. Mesh for the cylindrical sub-domain and the blades

2.1.  Grid Autonomous Test

A grid-autonomous test has been executed for the
transient three-dimensional simulation. The test has been
conducted by adopting three types of grids “coarse, medium,
and fine”. The different grid dimensions are shown in “Table
1”.

Table 1. Cp for various types of the grid.

Grid type Number of elements Average Cp
Coarse 1,527,417 0.1145
Medium 3,383,145 0.1372
Fine 5,742,137 0.1387

It has been noticed that Cp for the medium and fine grid
are roughly equal, so that, a medium grid with 3,383,145
elements is adopted for all the numerical simulations.

2.2.  Boundary Conditions

The left side of the cubic main domain is set as an inlet
“velocity inlet = 9m/s” with a turbulent intensity of 5%.
The opposite wall of the inlet is set as a pressure outlet. The
other surfaces of the main domain are set to be stationary
walls. A boundary condition with no gap applied to the
surfaces of the blades. A sliding interface is set between the
two sub-domains. The movement of the cylindrical domain is
assigned with respect to the TSR by varying the values from
0.4t00.7.

2.3.  Turbulence Model and Solver Setup

The turbulent flow around the SR is modeled by using the
“k- €/realizable turbulence model”. This model was utilized to
predict the wall friction coefficient around the rotor with more
accuracy [31]. The size of the time step for the simulations is
determined based on five degrees of revolution/time step. The
simulations are performed with 10 completed revolutions of
the WT. The iterations per time step are set to be 20. With the
aim of monitoring the convergence of the solution, the
absolute criteria are utilized with a value of 10-5. The
universal set of the fluent solver is set to be pressure-based.
The semi-implicit method is used to create the coupling
between pressure and velocity.

2.4, Power and torque coefficients estimation

The Cp of the SWR reflects the relation between the
generated power by the WT and the total actual wind power
and it can be expressed as follows:

Cp — I:)turbine — I:)turbine (1)
I:).alv.slilable OS,DAV :

Ct for the simulation and the experiments can be expressed
as follows:

Ct= Tturbi”e — Tturbine2 2
Tavailable OSPAV R

where R is the radius of the rotor, V is the wind velocity, p is
the density of air, and A represents the projected area of the
rotor. The generated torque in the experiment work can be
calculated as follows:

T

turbine

=Fxr (3)
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Where F is the load on the pulley and r is the radius of the
pulley. The relation between Ct and Cp can be expressed in
terms of TSR as follows:

Cp =TSR xCt (4)
3. Simulation results

Initially, a three-dimensional simulation is carried out for
the proposed two-dimensional rotor [30]. The Cp values are
estimated and plotted with respect to TSR. This step is also
considered an important step in order to validate the 3DS with
the published date. “Figure 6” shows the comparison between
the 2D simulation and the 3DS for the same rotor. It can be
observed from the figure that the 2D simulations share the
same trend with a difference of less than 7%. The reliability
and validity of the results of this study suggest that the results
can be considered for further modeling processes.

0.224 MW2D5 M Current 305 without EP
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- ]
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Fig. 6. Cp comparison between 2DS and 3DS

The results of the three-dimensional simulation for the
rotor with EP are shown and compared in “Figure 7”. It can be
detected from the figure that the Cp of the turbine rotors
enhances with the addition of EPs at all the considered values
of TSR.

The peak value of Cp for the rotor with EPs is noticed to
be 0.25 at TSR = 0.7, while at the same value of TSR, the
peak value of Cp is found to be about 0.198 for the rotor
without EP. This enhancement refers to the effect of EPs
where those plates prevent the leakage of the air from the
curved surface of the advancing blades (main and
supplementary blades) to the outer flow maintaining the
pressure difference between both blades at a suitable range. A
maximum improvement with a percentage of 38% can be
detected at 0.4 TSR for the turbine with EPs compared to the
rotor without EPs whereas the overall percentage of
improvement is about 25%. On the other hand, “Figure 8”
shows a comparison in terms of Ct for both rotors with and
without EPs. It can be observed from the figure that the
spinning velocity of the blades decreases with the increase of
the load and therefore, the value of Ct reduces together with
the increase of TSR. Moreover, it can be noted that the Ct max
is generated at the lowest considered value of TSR for the
rotor with EPs.
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Fig. 7. Cp comparison for the rotor with and without EP
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Fig. 8. Ct comparison for the rotor with and without EP

W 203 without EP

“Figure 9” illustrates the difference in pressure for the
blades at TSR of 0.7 at several cross-sections to offer a further
intelligible view regarding the distribution of the pressure
where it can be seen that the curved surface of the forward
blade has higher pressure on it and the cambered surface of
the returning blade has lower pressure. This is because of the
addition of EPs where the reflected air from the cambered
surface of the forward blade is decreased which causes an
increase in the upwind separation and so the air velocity
behind the returning blade will be with higher values which
are reduced the pressure behind the blade. Moreover, the
symmetrical case can be observed at both lower and upper
cross-sections where the pressure has similar values which
shows that the top-EP and the bottom-EP have a similar
influence on the rotor.

The distribution of the velocity around the turbine model
in its 3D geometry is illustrated in “Figure 10”. It can be
observed from the distribution that the speed has higher values
when moving from the shaft’s center (center of rotation) to the
direction of the outer surface of the blades. As the rotating
speed of the turbine rises, the distribution of the speed nearby
the turbine has a similar trend in magnitude, given that the
blades are in a symmetrical condition. Regions with low speed
reveal a region with high-pressure values. These regions
appear with a blue color on the speed contours distribution.
Moreover, it can be seen that the distribution of the velocity
has the lowest value in the center of the EP and the highest
value in the periphery of the EP.
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Fig. 9. Pressure contours at various cross-sections
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Fig. 10. Velocity contours at TSR = 0.7

Furthermore, wake effect and turbulence are highly 3D
dependent. For that reason, “Figure 117 illustrates the
turbulence KE for the proposed turbine at a TSR of 0.7. It can
be noticed from the turbulence KE distribution that the
turbulent KE has lower values at the inlet of the main domain,
whereas, it has higher values on the turbine surface,
particularly on the blade’s edges.
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Fig. 11. Turbulence kinetic energy at TSR = 0.7
4. Empirical Investigation
The investigations are carried out for the SR with IB and
EPs in an open-type test section wind tunnel at the

aerodynamics laboratory to prove the simulated results.

4.1. Material and approaches

The wind tunnel test is performed for the fabricated rotor.
The schematic diagram of the experimental arrangement and
the actual design is shown in “Figure12”. A centrifugal air fan
which consists of 14 blades has been utilized. The turbine was
positioned in front of the fan as an open circuit wind tunnel.
The position of the WT was corrected so that any fluctuation
of the flux stream may not affect the distributions of the speed
and the stress in the direction of the rotation. Wind velocity is
recorded utilizing an anemometer with ranges between 0.4 and
45 m/s with an accuracy of £0.03. Wind speeds were diverse
around 9 m/s to achieve a TSR value that ranges between 0.4
and 0.7 to study the efficiency of the rotor under, various
values of TSR. Aiming to assess the rotor performance at
different values of TSR, the output torque and output power
have been measured and analyzed. The rotor rotational speed
has been measured utilizing a “digital tachometer”. Moreover,
the generated torque by the turbine has been measured
utilizing a mechanical system called “a rope brake
dynamometer”. A 1mm nylon string was affixed to a
frictionless pulley on the main rotating shaft through which
the cargo brake was affixed, and the other end of the nylon
string was affixed to a mass-spring balance for measuring the
spring readings and then calculating the mechanical torque.

(a) g (b)
9 I8
1 ol B
2.
3+—0 7
. 6
4 -
.5

1. Polly 2. Nylon string 3. Weight 4.Blade 5. Endplates
6. Shaft 7. Frame 8. Spring balance 9. Bearing

Fig. 12. (a) Schematic diagram of the experiment
arrangement; (b) Actual arrangement

The galvanized iron was utilized in order to fabricate the
turbine. The turbine dimensions are kept the same as the
numerical model. A variac transformer is utilized in order to
modify the voltage and therefore the exhaust fan speed.

A uniformity study for the air flux around the
experimental model has been completed utilizing the fan
anemometer. Various test points on the turbine model were
adopted “First point P1; Second point P2 at the top of the rotor;
Third point P3 at the center of the shaft; Fourth point P4; the
Fifth point P5 at the bottom of the rotor” as illustrated in
“Figure 13”. A constant flux of air off a speed of 7 m/s. was
applied to the model during the experiment.
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Fig. 13. Uniformity wind test with five points

4.2. Experimental Results and Discussion

At the outset, the uniformity test results are illustrated in
“Table 2”. Results indicated that the air stream around the
turbine was uniform flow where the maximum deviation was
about 1.4% at the shaft’s center.

Table 2. Results of wind speed using an anemometer.

Testing Point Measured Deviation in wind
speed (m/s) speed
P1 7.2 0.0
p2 7.2 0.0
P3 6.9 0.15
P4 7.1 0.0
P5 7.1 0.0

Rotor speed in revolutions per minute (rpm) data is
recorded for the tested turbine. The turbine is spinning freely
without any load during the experiment. The rpm and wind
velocity data are plotted and illustrated in “Figure 14”. It can
be seen from the plot that the self-starting characteristics of
the turbine have been improved during the low speeds of wind.
The turbine starts spinning at a wind speed of 2.8 m/s with a
rpm = 45. In addition, “Figure 14” shows that the tested WT
reaches a spinning velocity of 283 rpm when the wind velocity
reaches 9 m/s.

From the wind test, the peak value of Cp the tested rotor
is found to be 0.226 at TSR = 0.7 (Figure 15). Moreover, it is
noticed in “Figure 16 that the torque values are reduced with
the application of load. This is also can be noticed in the
present CFD analysis.

Wind speed mis
[y}

0 100 RPH 200 200

Fig. 14. RPM vs. wind velocity
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Fig. 15. Cp results from the wind tunnel test

The 3D unsteady results have been validated with the
experimental results as shown in “Figure 16”. The Cp values
of the experiment are found to be very near to the Cp results
from the 3D unsteady simulation. However, a deviation of 8%
is found between the results. This is because of the losses
involved in the wind tunnel test such as frictional losses
between the shaft and the ball bearing, and measuring devices
error such as “spring balance, tachometer, air velocity meter”.
Additionally, it can be noticed that the Cp curves from the two
approaches (wind tunnel test and CFD simulation) are
following the same trend “Figure 17”.
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Fig. 16. Ct results from the wind tunnel test

1172



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

M. Al-Ghriybah et al., Vol.12, No.2, June, 2022

0267 m3DS"
0.24
0.22

020

“ 018
0.16
014
0.124

0

m Experiment”

3 04 0.5 TSR 06 o7 0.8

Fig. 17. Comparison of experimental and numerical results

5. Conclusion

In the current work, the influence of EP on the
Productivity of the SWR with supplementary blades has been
investigated using two approaches: empirical and numerical
modeling. To begin with, 3D unsteady simulation is
performed on the rotor with and without EP. Numerically, the
rotor with EP shows a peak Cp of 0.25 at TSR = 0.7; while the
rotor without EP shows a peak Cp of 0.198 at the same TSR.

The leakage of air from the concave side of the advancing
air flux from IB is found to be less in the rotor with EP than in
the same rotor without EP.

Thereafter, a wind tunnel test has been performed aiming
to provide validation to the numerical results. The test shows
that the highest Cp value is found to be 22.6%. Consequently,
in the rotor with EP, there is an overall improvement of Cp by
25% over the same rotor without EP.

The effects of EPs with different types and scales on the
SR with IB can be considered as future work.
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