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low conversion capabilities. This study is therefore set out to evaluate the performance
of a double-stage Savonius-type rotor while aiming to examine the effectiveness of this
technique in increasing the efficiency while overcoming the inherent low inefficiency
of the Savonius rotor. The simulations involved the use of the K-omega SST as the
turbulent viscosity model. Three simulation models based on a different number of
blades on the double-stage model are tested in terms of torque, power, torque
coefficient and power coefficient. It is concluded that the double-stage technique was
capable of enhancing the performance of the Savonius rotor. It was observed that
more blades on a double-stage rotor have a negative effect on the performance of the
Savonius rotor in terms of both torque efficiency and power efficiency. Comparing the
three models, it was found that the two-blade model of the double-stage produced

Keywords: more torque and power output compared to the other three-blade and four-blade
Wind energy; VAWT,; Savonius rotor; models of the double-stage Savonius rotor. Furthermore, the highest conversion
Multi-stage technique; Power efficiency in terms of power among all models occurs at the TSR of 0.6 with a
coefficient; Torque coefficient corresponding maximum power coefficient of 18.4%.

1. Introduction

Non-renewable energy comes from sources that will run out in thousands or even millions of
years. Most sources of non-renewable energy are fossil fuels. Fossil fuels were created as marine
creatures' remains decayed millions of years ago, under vast amounts of pressure and heat [1]. Most
fossil fuels are burned to generate energy and electricity. Burning fossil fuels is harmful to the
environment. When coal and oil are burned, they release particles that pollute the air, water, and
land [2,3]. Therefore, using renewable energy is the solution to avoid this pollution problem.
Renewable energy is classified as a clean source of energy to reduce global emissions. Wind energy
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is one of the potentials used. It is a type of solar energy that its harnessing does not pollute the
environment as much as fossil fuels, coal and nuclear power plants [4,5]. It is abundant, renewable,
widely distributed, clean, and produces no greenhouse gas emissions during operation as an
alternative to fossil fuels. The cost per unit of energy produced is similar to the cost of new coal and
gas installations [6]. Sustaining sustainability is vital to use this renewable energy.

A wind turbine is a device that converts kinetic energy from the wind into electricity. The blades
of a wind turbine turn at a constant or variable velocity between 13 and 20 revolutions per minute,
depending on their technology. The velocity of the rotor varies with the wind's velocity to achieve
greater efficiency [7]. This wind turbine extracts the wind energy into the electrical power and
supplies it to the industrial and residential areas. There are nowadays many varieties of wind
turbines, such as the horizontal axis wind turbine (HAWT) and the vertical axis wind turbine (VAWT).
The HAWT is widely used but it requires a strong wind flow rate [8,9]. The VAWT comprises two types
known as Savonius wind turbine and Darrieus wind turbine [10]. VAWTSs are also gaining more
popularity nowadays as wind energy converters given the fact that they can generate power even at
relatively low wind speeds compared to HAWTSs. The Darrieus turbine uses the lift force generated
by the blade, whereas the Savonius turbine exploits the drag force [11]. In general, VAWTs have more
advantages compared to HAWTs. They could easily be installed on the rooftop of buildings as they
can receive the wind from different directions and while handling the turbulent conditions in the
urban areas. VAWTSs emit less noise due to their lower rotational speed, which can be a problem for
residential populations and require fewer components [12]

The Savonius-type VAWT is popular because it is quiet, simple and requires minimal maintenance.
It is also independent of the wind direction and has a good starting torque at especially at lower wind
speeds [13]. This type of VAWT consists of two halves of cylinders. The two semi-cylinders move
sideways along the cutting plane that looks like the letter S. The lower blade catches the wind and
forces the blade to rotate around its central vertical shaft. In contrast, the upper blade hits the blade
and causes the wind to be deflected sideways around it [14]. However, the Savonius rotor with
twisted blades shows better potentials in terms of smooth running, higher efficiency and self-starting
capability compared to the semicircular bladed rotor [15]. The number of blades in the Savonius wind
turbine has a significant impact on the efficiency and performance of the wind turbine's operating
system. The power coefficient decreases due to the increase in the number of blades [16,17]. This is
because the increasing blade numbers reduces the torque difference between the concave and
convex sides when the convex area increases, which eventually affects the coefficient of power. The
Savonius wind turbine with a multi-blade could help to enhance the torque characteristics. As the
number of blades increases, changes in a Savonius rotor's dynamics and static moment decrease
along with the advancing bucket's angular positions. As both designs of VAWTSs suffers from inherent
low inefficiencies, many efforts have been exerted over the years to enhance their performances [18,
19]. Among the renowned technique is the dual-stage design of the wind turbine which can be
applied to overcome this inefficiency while working efficiently under low wind speed conditions [20].

Thus, in this study, the dual-stage concept is used on a Savonius design of VAWT while aiming to
establish the characteristics of a multi-stage in enhancing the performance of the Savonius wind
turbine using a multi-stage configuration.

2. Methodology
2.1 Simulation Model

The Savonius rotor was used to develop the simulation models. The Savonius design chosen is a
double-stage design which means that it has one stage of blades at the top layer and another at the
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bottom layer. Although there are two layers of blades, only one rotor is used to mount the two layers
to rotate the double-stage models. However, the top and bottom blades are designed to face the
opposite direction to accommodate wind from different directions. Three configurations are
considered using the multi-stage technique. The dimension of the blade for all configurations is the
same and the only difference is the number of blades.

At each stage of the rotors, these models are equipped with two blades in the first configuration,
three blades and four blades in the second and third configuration, respectively, as shown in Figure
1. Thus, the first design comprises four blades in total (two at the top and two at the bottom) and
the second design comprises six blades, while the last design comprises eight blades in total, as
shown in Figure 1. The blades are C-shape design with each blade has a dimension of 70 cm of height,
70 cm rotor diameter, and 0.01 cm end plate thickness. The direction of blades at both the top stage
and bottom stage of the rotor is set in opposing directions in order to increase the rate of receiving
the incoming wind from any direction.

(a) (b) (c)
Fig. 1. Multi-stage Savonius-type rotor: (a) Two-bladed; (b) Three-bladed; (c) Four-bladed

2.2 Model Domain, Boundary Condition and Solver

The simulation domain consists of two zones known as a fixed zone and a rotating zone. The fixed
zone is taken as the overall calculation area of the simulation. Simultaneously, the rotating zone is
the region containing the rotor where the rotor can spin. The rotor is placed at twelve times the
radius from the inlet position. While the outlet was positioned at twenty-three times the radius at
downwind position, as shown in Figure 2.

The velocity inlet boundary condition is applied at the inlet region, with a constant inlet velocity
and a varying tip-speed ratio (TSR) and rotational speed (RPM). While the atmospheric pressure
outlet boundary condition is applied at the domain outlet. The blades, top and bottom, and side walls
are considered as non-slip wall boundary conditions. The two-equation K-omega shear-stress
transport (SST) model was used as the turbulent viscosity model. Meanwhile, the pressure-velocity
coupling scheme was adapted for the pressure-based coupled algorithm in the solution technique.
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Fig. 2. Simulation domain

3. Results
3.1 Model Validation

The present simulation study was compared with the experimental study in terms of torque
coefficient and power coefficient presented in Wekesa’s study [20]. Figure 3 and Figure 4,
respectively show the torque coefficient and power coefficient from the present study and previous
experimental study. A comparable output between the previous experimental study and the present
computational study was observed. The average deviation was 12.85% which is considered
acceptable. Therefore, the current simulation's reliability is proven to be genuine and valid to carry
on other simulation processes with the other models.
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3.2 Performance Evaluation of Predicted Torque and Torque Coefficient

In this section, the aerodynamics behaviour of the double stage with two, three and four blades
Savonius wind turbine regarding the torque output and torque coefficient is discussed. The results of
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all simulation models are presented in terms of torque and torque coefficient against TSR, as shown
in Figure 5 and Figure 6, respectively. In general, the current simulation results show the effectiveness
of the double stage technique with two, three and four blades Savonius wind turbine.

As shown in Figure 5, the torque output for all designs exhibits a similar trend. The gradual
increase in the TSR causes a decrease in the mechanical torque of the rotor. In terms of performance,
the two-blade design has the highest torque output compared to the three-blade design and four-
blade design. The highest torque of the two-blade occurred at 0.2 TSR with a corresponding
maximum torque of 2.61 Nm which is almost double the output of the three-blade design. This shows
that the two-blade design has a large self-starting capability and effectiveness at a low speed
compared to the three-blade and four-blade design. Meanwhile, the minimum torque output occurs
at the highest TSR, with the four-blade design displaying the lowest output compared to the other
designs. The lowest torque for the two-blade design is 0.526 Nm at 1 TSR. The lowest torque for the
four-blade design is 0.124 Nm while for the two-blade and three-blade designs the lowest torques
are 0.526 and 0.592, respectively. Thus, it has been noticed that the increase in the number of the
blade in a Savonius rotor with double-stage configuration has a negative impact on the performance
of the rotor.
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Fig. 5. Torque output against TSR for all models

Figure 6 shows the aerodynamics behaviour of the different number of blades of Savonius rotor
designs with respect to torque coefficient. It is observed that the torque coefficient of all models
decreases as the tip speed ratio increases. Higher conversion efficiencies exist at low TSRs and lower
ones at higher TSRs. Generally, the two-blade design demonstrates higher torque coefficient values
compared to the three-blade design and four-blade design. The maximum torque coefficient value
obtained was 0.508 at 0.2 TSR. Meanwhile for the lowest torque coefficient value of the two-blade
design was 0.102 at 1.0cTSR. The three-blade design followed the two-blade design in terms of
performance with the highest conversion efficiency of 0.326 and the four-blade design showed the
minimum performance with the value of 0.229 conversion efficiencies. This shows that the four-blade
design may have the lowest starting torque capabilities to overcome the self-start difficulties
compared to the other two-blade and three-blade designs of the Savonius rotor.
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Fig. 6. Torque Coefficient against TSR for all models

3.3 Performance Evaluation of Predicted Power and Power Coefficient

This section demonstrates Savonius VAWT's aerodynamic behaviour in relation to the power
output and its coefficient through the use of a simulation approach for the two-blade, three-blade
and four-blade designs under study. Figure 7 shows the comparison of power output between the
different number of blades of the multi-stage Savonius wind turbine. The figure reveals that all the
designs possess a similar trend in terms of power output.
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Fig. 7. Power output against TSR for all models

The power output of all rotors increases with the TSR until the optimum TSR or the rated power
output of the turbine then it starts to decreases until the cut-out TSR. Moreover, among the three
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designs, the two-blade design demonstrates an overall better performance compared to the three-
blade and four-blade designs. For the two-blade model, the highest power is achieved when the TSR
= 0.6 with an equivalent power output of 18.92 W. While for the three-blade and four-blade models,
it was achieved at TSR of 0.8 with equivalent power values of 17.05 W and 8.0 W, respectively. Both
of these designs start to decrease beyond the tip speed ratio of 0.8 as compared to 0.6 for the two-
blade design. However, the lowest outputs were obtained from the four-blade design followed by
the two-blade and the three-blade design.

Figure 8 describes the aerodynamics behavior of the double stage two-blade, three-blade and
four-blade designs of the Savonius wind turbine with respect to the power coefficient. The figure
shows a comparison of the power coefficient between the different number of blades of the Savonius
rotor as a function of TSR. As expected, a similar trend among all designs is observed. The conversion
efficiency rises with the TSR until the rated coefficient or the optimum TSR of the model and then
decreases until the cut-out TSR, as shown in Figure 8. The rate coefficient or the optimum TSR is the
parameter that indicates the highest possible output a wind turbine rotor can possibly generate.
Therefore, it is of paramount importance in characterizing the performance of any design.
Furthermore, it has been observed that the two-blade rotor has shown the highest power
coefficient values, which means that this rotor type has better efficiency compared to the others.
The highest power coefficient realized was 18.4% at the optimum TSR of 0.6. Meanwhile, for both
three-blade and four-blade models, the highest value for power coefficient was obtained at 0.8 TSR
with corresponding values of 16.6% and 7.7%, respectively. This means that the two-blade design has
the higher power to start up compare to the three-blade and four-blade models. However, although
the multistage might have improved the performance of the Savonius rotor in general, the four-blade
model has shown the least conversion efficiencies compared to the other models with multi-stage
configurations.
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Fig. 8. Power coefficient against TSR for all models

The pressure contour, as shown in Figure 9 illustrates that the incoming blade has a higher
pressure compared to the other returning blade at the surface of the blade. It has a higher pressure
on the concave side of the wind blade and on the convex side, which shows that the pressure is low.
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This is because the incoming wind attacks the concave side first then only the rotor rotates according
to the rotor direction. The velocity distribution around the model has the highest tangential velocity
at the tip of blades while the lowest is at the center of rotation, as shown in Figure 10. Besides, the
velocity contour in the middle of the rotor is lower compare to the outer of the blade.

ANSYS
Pressure R19.2

Contour 1

3.112e+01

- 2.495e+01

- 1.879e+01

- 1.262e+01
6.461e+00

2.978e-01
-5.866e+00
-1.203e+01

l -1.819e+01
- -2.436e+01

- -3.052e+01
- -3.668e+01
- -4.285e+01
- -4.901e+01
-5.517e+01
-6.134e+01

-6.750e+01 /L‘
[Pa] 0 0.300 0.600 (m)

0.150 0.450
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Fig. 10. Velocity contour for three blades at a tip-speed ratio of 0.2
4. Conclusions

In the present paper, a simulation study based on three-dimensional computational fluid
dynamics (CFD) models for double-stage Savonius wind turbine rotors are considered. the main
purpose of this study was to examine the effectiveness of the double-stage technique in increasing
the efficiency while overcoming the inherent low inefficiency of the Savonius rotor. Three simulation
models are developed on the double-stage model based on a different number of blades. These
models are tested in terms of torque, power, torque coefficient and power coefficient. The
computational study involved the use of the K-omega SST as the turbulent model.
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The simulation results have shown that the double-stage technique was capable of enhancing the
performance of the Savonius rotor. Moreover, it was observed that more blades on a double-stage
rotor have a negative effect on the performance of the Savonius rotor in terms of both torque
efficiency and power efficiency. The highest conversion efficiency in terms of power among all
models occurs at the TSR of 0.6 with a corresponding maximum power coefficient of 18.4%.
Comparing the three models, it was found that the two-blade model of the double-stage produced
more torque and power output compared to the other three-blade and four-blade models of the
double-stage Savonius rotor. The maximum power and torque achieved by the two-blade model
were 18.92 W and 2.61 Nm, respectively. This simulation study was validated by previous results with
an overall average percentage of relative error of 12.85%.
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