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ABSTRACT— Savonius turbine is a type of vertical-axis wind turbines. The turbine has a potential to be developed
as it has a simple construction and is suitable for low wind speeds. However, the turbine is still rarely used because of
the low efficiency of the turbine compared to other turbines. The low efficiency of the turbine is due to the negative
moment. Some efforts have been done to reduce the negative moment such as by adding a wind concentrator. The
wind concentrator can steer the incoming wind toward the turbine blades that generate positive moments,
consequently, the generated power increases. The aim of this research is to determine the effect of the number and
diameter of the Savonius blade wind turbine with an additional concentrator. The concentrator had a concentration
ratio of 6:1 and it was tested at the lower wind speeds of 2-5 m/s. The result shows that adding a wind concentrator
can increase the rotational speed of the rotor, power coefficient, and the turbine power. The Savonius turbine with
two blades has the best performance compared to the three and four blades. The Savonius blade wind turbine with the
rotor diameter of 12 cm is the best Savonius turbine for the concentration ratio of 6:1.

Keywords— Savonius wind turbine, concentrators, concentration ratio, power coefficient

1. INTRODUCTION

The wind is the environmentally friendly energy and is grouped into renewable energy. Thus it is potential to reduce
our dependency on fossil fuel energies. The utilization of wind energy for generating power increases from year to year.
A device that can be used to convert wind energy into useful energy is the wind turbine. Based on the direction of the
axis orientation [1], the wind turbine can be divided into horizontal and vertical axis wind turbines. Savonius turbine is
one type of vertical-axis wind turbines.

Savonius turbine has some advantages such as simple blade shape, enabling to capture any wind direction, allowing
the generator placed at the tower bottom, enabling to rotate at quite low wind speeds [2]. The Savonius turbine rotates
due to the drag force, which is the difference between positive and negative moments occurring on the blades. The
turbine consists of two to three blades and when it is viewed from the above, it forms an 5 letter [3]. The use of Savonius
turbines for generating power is still rare because of its lower efficiency compared to other turbine efficiencies [4].

Some researchers have been improving the performance of the Savonius turbine such as adding the fins on the turbine
blades, varying the blades number, installing external overlap [5]. The additional concentrator has also been investigated
in order to reduce the negative moment of the rotor and increase the speed of the rotor [6]. Moreover, the effect of
concentration ratios has also been studied in order to obtain the optimal design concentrator.

Based on the theory, the size of the power generated from the turbine is strongly influenced by the swept area and
wind speed and it can be calculated from the following equation [7]:

P:%prCPW (1)
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Where P is the power, p is the wind/air density, V is the wind velocity, A, is the swept area, and C,, is the power
coefficient.

D: rotor diameter
d: blade diameter
— H: blade height

D r: blade radius

—r—y

Figure 1: Schematic Diagram of the Savonius Turbine

Tip speed ratio (T,,) is the ratio between the tangential speed of the tip of a blade and the actual wind velocity. The
tangential speed of the blade tip has capricious nominal values in accordance with the wind speed. T}, can be calculated
using the following equation;

7, ="
Te0v

where D is the rotor diameter, and n represents the rotor rotation. The swept area of the Savonius wind turbine can be
calculated from the dimensions of the rotor.

The aspect ratio () is the ratio of the height to the turbine rotor diameter [8].

A, =DH 3)
a=H/D @)

Power coefficient is a parameter to determine the performance of the wind turbine. Generally, power coefficients for
modern horizontal-axis turbines have values ranging from 04 to 0.5, which are close to 70-80% of the Betz limits [9].

Each type of turbine rotors has a different power coefficient. The following graph shows the variations of Tsr and
rotor power coefficient values for a wide range of wind turbines.

Astan Online Journals (www .ajouronline com) 344




Asian Journal of Applied Sciences (ISSN: 2321 — 0893)
Volume 05 — Issue 02, April 2017

$Cp  Betz 599 limits

Figure 2: Diagram of Cp-Tsr for Several Types of the Turbine [10]

2. EXPERIMENTAL SET UP

The schematic diagram of the experimental set up is shown in Figure 3. It consists of Savonius rotor blades, a
concentrator, a vertical shaft, bearings, and a generator (model PMG 165-0.05KW/300RPM).

Savonius Exit of wind
"Wf\ | Arfow roanel
N -

HHHHH

T

Figure 3: The schematic diagram of the experimental set up
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The tests were carried out using an open wind tunnel and performed at low wind speeds ranging from 2 m/s to 5 m/s.
The wind speed was measured using a digital anemometer HT-81, while the rotating speed of the rotor was measured
using a digital laser tachometer DT-2234C". Current and voltage outputs of the generator were measured using a digital
multitester DT-9205A.

The Savonius wind turbine was tested with a wind concentrator. The wind concentrator ratios were 1:1 (without
concentrator), 2:1(C11), 3:1(C21) and 6:1(C31), see Figure 4. The ratio of the wind concentrator is defined as the
comparison of input air area and the output air area of the wind concentrator (a/h), see Figure 4(d). The variations of the
Savonius blade diameter employed are 6 cm, 12 ¢m and 18 ¢m, see Figure 5. Furthermore, in this study, the effect of
blade number is also assessed to determine its influences on the turbine performance. The numbers of the blade used
were 2,3 and 4, see Figure 6. However, the blade variations were only applied for the Savonius rotor with a diameter of
18 cm.

an o

(b) (d)

Figure 4: Wind Concentrator Design; (a) C11, (b) C21, (¢) C31, (d) concentrator ratio (a/b)

(a) (b) (©)

Figure 5: Variation of Blade Diameter; (a) 6 cm, (b) 12 ¢m, and (c¢) 18 cm
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Figure 6: Variation of the Blade Number for the Rotor Diameter of 18 cm; (a) 2 Blades, (b) 3 Blades, and (c) 4
Blades

Several cases were tested against the wind velocities to obtain the rotational rotor speed, and output voltage and
current of the generator. All cases are coded and described in Table 1.

Table 1 Code of Tested Cases.

Code Concentrator Concentrator Blade Blade number
usage ratio diameter (cm)
C0d1852 No 1:1 18 2
C11d1882 Yes 2:1 18 2
C21d1882 Yes 3:1 18 2
C31d1882 Yes 6:1 18 2
C31d1853 Yes 6:1 18 3
C31d18584 Yes 6:1 18 4
C31d12582 Yes 6:1 12 2
C31d652 Yes 6:1 6 2

3. RISULTS AND DISCUSSION

The results of the experiments are presented in the form of graphs. In the preliminary experiments, three cases were
tested under the same conditions at the wind velocities ranging from 2 m/s to 5 m/s. The wind speed, rotor rotation, and
power were observed and measured. The experimental C, and T, are shown in Figure 7. C,, is calculated using equation (1),
while P is also equal to VI, V is the voltage and [ is the current, V and 7 were directly measured in the experiments using the
digital multimeter. The experimental power coefficient, Cp, increases with the tip speed ratio. This trend is found for all
cases; however, as shown in Figure 7, the C, values are touching each other. Some data points show that using
concentrator even decreases the C, when T, is less than 0.6, while at T, of more than 0.6, increasing the concentrator
ratio increases the power coefficient. Therefore, the effect of the concentrator ratio on the power coefficient needs to be
explored further or it is advised that working with a concentrator to run a Savonius wind turbine should use T, of higher
than 0.6.

Meanwhile, the rotor speed increases due to the wind concentrator. The possible reason for that is because the
wind concentrator acts as a device that eliminates the negative force on the turbine rotor. Furthermore, the wind
concentrator also increases the wind velocity to hit the blade. As a result, the wind force pushes the blade stronger
than without the wind concentrator [11]. The higher Cp results in better wind turbine performances. In this study, the
best performance of the Savonius wind turbine is obtained with the wind concentrator ratio of 6:1.
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Figure 7: Cp versus T for Various Concentrator Ratios

Figure 8 shows the effect of wind concentrator on the rotor speed. The rotor speed depends on the wind velocity. As the
wind velocity increases, the rotor rotation elevates. One interesting thing in Figure 8 is the effect of the blade number on the
rotor speed. Increasing the number of the blade even decreases the rotor speed. The turbine with two blades results in higher
rotor speed than that of more than 2 blades.

200
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-] 50
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o 1 2 3 &4 5 6 7 8
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Figure 8: Effect of the Blade Number on the Rotor Rotation

Similar to the rotor speed, the power also increases with the increase in the wind velocity, see Figure 9. As the number of
the blade is increased, the power of the turbine even declines. In Figure 8, although the rotor rotation decreases with the
blade number, but the rotor rotation is still higher than that of the wind turbine without a concentrator. Meanwhile, in Figure
9, the turbine with 3 and 4 blades results in the lower power than that of the turbine without a wind concentrator. Then this is
not suggested to use blades of more than 2 when the turbine is equipped with a wind concentrator.

Figure 10 shows the decreased C, with the blade number. The C,, of the 3 and 4 blades is lower than that of 2 blades.
However, all C, increase with T,,. The existing wind concentrator, just for the 2 blades, improves the rotor speed,
turbine power, and power coefficient.
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Figure 9: Effect of the Blade Number on the Turbine Power
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Figure 10: Effect of the Blade Number on the Power Coefficient

The second part of the study is to determine the effect of the blade diameter on the turbine performance. Figure 11
shows the effect of the blade diameter on the rotor speed. All rotors in Figure 11 were equipped with a wind concentrator
having an aspect ratio of 6:1. The effect of the blade diameter on the rotor speed is not clear. Rotor blades with a
diameter of 6 cm result in a higher rotor speed than the rotor blades with a diameter of 12 ¢m, but lower than the rotor
blades with a diameter of 18 ¢cm. Hence, this needs a further comprehensive research.

Figure 12 presents the effect of the blade diameter on the turbine power. Similar to the rotor speed, the effect of the
blade diameter does not show a clear effect. The biggest blade diameter results in the lowest power; while the smallest
blade diameter gives the power that locates between the power of the 12 cm blade diameter and 18 cm blade diameter.
Nevertheless, from Figures 11 to 13, the rotor with a blade diameter of 12 ¢m gives the best performance. Therefore, it is
recommended to be implemented with a wind concentrator ratio of 6: 1.
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Figure 11: Effect of the Blade Diameter on the Rotor Rotation
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Figure 12: Effect of the Blade Diameter on the Turbine Power
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Figure 13: Effect of the Blade Diameter on the Power Coefficient

4. CONCLUSION

The concentrator serves to increase the wind velocity; consequently, the addition of the concentrator elevates the
speed of rotor rotation, the turbine power, and the power coefficient. The wind turbine with two blades produces a stable
rotation, thus it provides the best performance compared to the three and four blades. The use of 12 ¢m blade diameter is
the most suitable wind turbine with a concentrator ratio of 6:1.
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ABSTRACT— Savonius turbine is a type of vertical-axis wind turbines. The turbine
has a potential to be developed as it has a simple construction and is suitable for
low wind speeds. However, the turbine is still rarely used because of the low
efficiency of the turbine compared to other turbines. The low efficiency of the
turbine is due to the negative moment. Some efforts have been done to reduce the
negative moment such as by adding a wind concentrator. The wind concentrator
can steer the incoming wind toward the turbine blades that generate positive
moments, consequently, the generated power increases. The aim of this research
is to determine the effect of the number and diameter of the Savonius blade wind
turbine with an additional concentrator. The concentrator had a concentration ratio
of 6:1 and it was tested at the lower wind speeds of 2-5 m/s. The result shows
that adding a wind concentrator can increase the rotational speed of the rotor,
power coefficient, and the turbine power. The Savonius turbine with two blades
has the best performance compared to the three and four blades. The Savonius
blade wind turbine with the rotor diameter of 12 cm is the best Savonius turbine
for the concentration ratio of 6:1. Keywords— Savonius wind turbine,
concentrators, concentration ratio, power coefficient

1. INTRODUCTION The wind is the environmentally friendly energy and is grouped
into renewable energy. Thus it is potential to reduce our dependency on fossil fuel
energies. The utilization of wind energy for generating power increases from year
to year. A device that can be used to convert wind energy into useful energy is the
wind turbine. Based on the direction of the axis orientation [1], the wind turbine
can be divided into horizontal and vertical axis wind turbines. Savonius turbine is
one type of vertical-axis wind turbines. Savonius turbine has some advantages
such as simple blade shape, enabling to capture any wind direction, allowing the
generator placed at the tower bottom, enabling to rotate at quite low wind speeds
[2]. The Savonius turbine rotates due to the drag force, which is the difference
between positive and negative moments occurring on the blades. The turbine
consists of two to three blades and when it is viewed from the above, it forms an S
letter [3]. The use of Savonius turbines for generating power is still rare because of
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its lower efficiency compared to other turbine efficiencies [4]. Some researchers
have been improving the performance of the Savonius turbine such as adding the
fins on the turbine blades, varying the blades number, installing external overlap
[5]. The additional concentrator has also been investigated in order to reduce the
negative moment of the rotor and increase the speed of the rotor [6]. Moreover,
the effect of concentration ratios has also been studied in order to obtain the
optimal design concentrator. Based on the theory, the size of the power generated
from the turbine is strongly influenced by the swept area and wind speed and it
can be calculated from the following equation [7]: P ? ?AsCpV3 1 2 (1) Where P is
the power, p is the wind/air density, V is the wind velocity, As is the swept area,
and Cp is the power coefficient. Figure 1: Schematic Diagram of the Savonius
Turbine Tip speed ratio (Tsr) is the ratio between the tangential speed of the tip of
a blade and the actual wind velocity. The tangential speed of the blade tip has
capricious nominal values in accordance with the wind speed. Tsr can be
calculated using the following_equation; Tsr ? ?6D0Vn (2) where D is the rotor
diameter,_ and n represents the rotor rotation. The swept area of the Savonius
wind turbine can be calculated from the dimensions of the rotor. The aspect ratio
(a) is the ratio of the height to the turbine rotor diameter [8]. As? DH??H /D
(3) (4) Power coefficient is a parameter to determine the performance of the wind
turbine. Generally, power coefficients for modern horizontal-axis turbines have
values ranging from 0.4 to 0.5, which are close to 70-80% of the Betz limits [9].
Each type of turbine rotors has a different power coefficient. The following graph
shows the variations of Tsr and rotor power coefficient values for a wide range of
wind turbines. Figure 2: Diagram of Cp-Tsr for Several Types of the Turbine [10] 2.
EXPERIMENTAL SET UP The schematic diagram of the experimental set up is
shown in Figure 3. It consists of Savonius rotor blades, a concentrator, a vertical
shaft, bearings, and a generator (model PMG 165-0.05KW/300RPM). Figure 3: The
schematic diagram of the experimental set up The tests were carried out using an
open wind tunnel and performed at low wind speeds ranging from 2 m/s to 5 m/s.
The wind speed was measured using a digital anemometer HT-81, while the
rotating speed of the rotor was measured using a digital laser tachometer DT-
2234C+. Current and voltage outputs of the generator were measured using a
digital multitester DT-9205A. The Savonius wind turbine was tested with a wind
concentrator. The wind concentrator ratios were 1:1 (without concentrator),
2:1(C11), 3:1(C21) and 6:1(C31), see Figure 4. The ratio of the wind concentrator
is defined as the comparison of input air area and the output air area of the wind
concentrator (a/b), see Figure 4(d). The variations of the Savonius blade diameter
employed are 6 cm, 12 cm and 18 cm, see Figure 5. Furthermore, in this study,
the effect of blade number is also assessed to determine its influences on the
turbine performance. The numbers of the blade used were 2, 3 and 4, see Figure
6. However, the blade variations were only applied for the Savonius rotor with a
diameter of 18 cm. Figure 4: Wind Concentrator Design; (a) C11, (b) C21, (c) C31,
(d) concentrator ratio (a/b) Figure 5: Variation of Blade Diameter; (a) 6 cm, (b) 12
cm, and (c) 18 cm Figure 6: Variation of the Blade Number for the Rotor Diameter
of 18 cm; (a) 2 Blades, (b) 3 Blades, and (c) 4 Blades Several cases were tested
against the wind velocities to obtain the rotational rotor speed, and output voltage
and current of the generator. All cases are coded and described in Table 1. Table 1
Code of Tested Cases. Code Concentrator Concentrator Blade Blade number usage
ratio diameter (cm) C0d18S2 C11d18S2 C21d18S2 C31d18S2 C31d18S3
C31d18S4 C31d12S2 C31d6S2 No1:1Yes2:1Yes3:1Yes6:1Yes6:1Yes
6:1Yes6:1Yes6:1181818181818126222234223.RISULTS AND
DISCUSSION The results of the experiments are presented in the form of graphs.
In the preliminary experiments, three cases were tested under the same conditions
at the wind velocities ranging from 2 m/s to 5 m/s. The wind speed, rotor rotation,
and power were observed and measured. The experimental Cp and Tsr are shown
in Figure 7. Cp is calculated using equation (1), while P is also equal to VI, V is the
voltage and I is the current, V and I were directly measured in the experiments
using the digital multimeter. The experimental power coefficient, Cp, increases with
the tip speed ratio. This trend is found for all cases; however, as shown in Figure 7,
the Cp values are touching each other. Some data points show that using
concentrator even decreases the Cp when Tsr is less than 0.6, while at Tsr of more
than 0.6, increasing the concentrator ratio increases the power coefficient.
Therefore, the effect of the concentrator ratio on the power coefficient needs to be
explored further or it is advised that working with a concentrator to run a Savonius
wind turbine should use Tsr of higher than 0.6. Meanwhile, the rotor speed
increases due to the wind concentrator. The possible reason for that is because the
wind concentrator acts as a device that eliminates the negative force on the
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turbine rotor. Furthermore, the wind concentrator also increases the wind velocity
to hit the blade. As a result, the wind force pushes the blade stronger than without
the wind concentrator [11]. The higher Cp results in better wind turbine
performances. In this study, the best performance of the Savonius wind turbine is
obtained with the wind concentrator ratio of 6:1. Figure 7: Cp versus TSR for
Various Concentrator Ratios Figure 8 shows the effect of wind concentrator on the
rotor speed. The rotor speed depends on the wind velocity. As the wind velocity
increases, the rotor rotation elevates. One interesting thing in Figure 8 is the effect
of the blade number on the rotor speed. Increasing the number of the blade even
decreases the rotor speed. The turbine with two blades results in higher rotor
speed than that of more than 2 blades. Figure 8: Effect of the Blade Number on
the Rotor Rotation Similar to the rotor speed, the power also increases with the
increase in the wind velocity, see Figure 9. As the number of the blade is
increased, the power of the turbine even declines. In Figure 8, although the rotor
rotation decreases with the blade number, but the rotor rotation is still higher than
that of the wind turbine without a concentrator. Meanwhile, in Figure 9, the turbine
with 3 and 4 blades results in the lower power than that of the turbine without a
wind concentrator. Then this is not suggested to use blades of more than 2 when
the turbine is equipped with a wind concentrator. Figure 10 shows the decreased
Cp with the blade number. The Cp of the 3 and 4 blades is lower than that of 2
blades. However, all Cp increase with Tsr. The existing wind concentrator, just for
the 2 blades, improves the rotor speed, turbine power, and power coefficient.
Figure 9: Effect of the Blade Number on the Turbine Power Figure 10: Effect of the
Blade Number on the Power Coefficient The second part of the study is to
determine the effect of the blade diameter on the turbine performance. Figure 11
shows the effect of the blade diameter on the rotor speed. All rotors in Figure 11
were equipped with a wind concentrator having an aspect ratio of 6:1. The effect of
the blade diameter on the rotor speed is not clear. Rotor blades with a diameter of
6 cm result in a higher rotor speed than the rotor blades with a diameter of 12 cm,
but lower than the rotor blades with a diameter of 18 cm. Hence, this needs a
further comprehensive research. Figure 12 presents the effect of the blade
diameter on the turbine power. Similar to the rotor speed, the effect of the blade
diameter does not show a clear effect. The biggest blade diameter results in the
lowest power; while the smallest blade diameter gives the power that locates
between the power of the 12 cm blade diameter and 18 cm blade diameter.
Nevertheless, from Figures 11 to 13, the rotor with a blade diameter of 12 cm
gives the best performance. Therefore, it is recommended to be implemented with
a wind concentrator ratio of 6: 1. Figure 11: Effect of the Blade Diameter on the
Rotor Rotation Figure 12: Effect of the Blade Diameter on the Turbine Power Figure
13: Effect of the Blade Diameter on the Power Coefficient 4. CONCLUSION The
concentrator serves to increase the wind velocity; consequently, the addition of the
concentrator elevates the speed of rotor rotation, the turbine power, and the power
coefficient. The wind turbine with two blades produces a stable rotation, thus it
provides the best performance compared to the three and four blades. The use of
12 cm blade diameter is the most suitable wind turbine with a concentrator ratio of
6:1. 5. ACKNOWLEDGEMENT This research is funded by the competitive research
grant provided by the Ministry of Research, Technology and Higher Education with
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