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Abstract: A Savonius wind turbine is one of the simplest vertical-axis turbines. Several researchers have been
attracted to it because of its simple structure, low noise, appropriate torque, and independence from wind
direction. SR3345 and SR5050 blade profiles will be investigated for their effects on the performance of Savonius
wind turbines. First, the fabricated wind turbine is placed in front of an open circuit wind tunnel with a velocity
of 6 m/s. Furthermore, governing relationships are used to calculate power and torque coefficients as well as
tip speed. In this study, the power and torque coefficients of the turbine are compared with the two profiles
considered based on overlap ratios between 0 and 0.3. Despite its increased stability, the central shaft reduced
the power coefficient of the turbine. For blade SR3345, the best performance occurs at tip speed ratios of less
than 1, while for blade SR5050, the best performance occurs at higher tip speed ratios. Both blades SR3345 and
SR5050 achieve the highest power coefficients at overlap ratios of 0 and 0.18 when a central shaft is present.

Keywords: Savonius wind turbine; rotational speed; overlap ratio; power coefficients; torque
coefficients; tip speed ratio

1. Introduction

Engineers are studying alternative energy sources and their applications in order to develop
alternative energy sources as a result of the excessive use of fossil fuels and the growing demand for
energy. It has become increasingly popular to use wind power as a clean and accessible source of
energy in recent years [1,2]. A vertical-axis wind turbine (VAWT) is more efficient at low speeds than
horizontal-axis wind turbines (HAWTs) [3]. It has therefore been the focus of many researchers to
design and optimize wind turbines for regions with low wind speeds in order to maximize the use
of wind energy. As a result of the high number of geometric variables involved in turbomachinery,
optimization problems are advantageous for obtaining the best performance [4,5]. Due to its
simplified design, the Savonius wind turbine is one of the most important VAWTs. It is also
important to note that Savonius wind turbines are independent of wind direction and have automatic
start-up at low wind speeds, both of which are important performance parameters As a consequence,
numerous studies have been conducted to examine the performance of the Savonius wind turbine as
one of the most important turbomachines [6-10]. Below are some examples of Savonius wind turbine
applications.

It is reported that Alexander and Holownia [11] added end plates to the turbine design in order
to examine the effects of the aspect, overlap, and gap ratios on the performance of the turbine in a
wind tunnel. Avonius turbines with two blades outperformed 3- and 4-bladed designs when aspect
and overlap ratios were increased. Aspect and overlap ratios were tested by Roth [12] and optimal
values were calculated as 0.77 and 0.22, respectively. It should be noted, however, that Modi et al.
[13] also reported values of 0.77 and 0.25 for the same parameters. According to Fujisawa [14], the
effects of flow and overlap ratio on wind turbine performance were studied. The results indicated
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that an overlap ratio of 0.15 improved the static torque performance of the wind turbine. Using
numerical and experimental methods, Fujisawa [15] examined numerically and experimentally the
effect of flow behavior around Savonius blades at various overlap ratios in another study. According
to the study, the overlap coefficient is directly related to flow sensitivity and the formation of vortices
near the blades. Furthermore, it was found that increasing the rate of flow passing through the
overlap distance increased the pressure on the concave surface of the returning blade, and decreasing
the vortex width increased the torque. To prevent air escape from the blades, Altan et al. [16]
considered two plates above and beneath the blades and concluded that larger plates offer better
performance. Okulov and Van Kuik [17] propose that the maximum power coefficient is theoretically
0.593 for any wind machine. The Betz limit [18] can only be reached when the wind velocity over the
blade is one-third of the free-flow wind speed.

With two cylindrical blades, Savonius wind turbines achieve a maximum power coefficient of
0.31 [19]. Many researchers have studied the effects of different parameters on the performance of
turbines since then. Consequently, Simonds et al. [20] designed a Savonius wind turbine that
incorporates the blades and achieves a maximum power ratio of 0.14 with a tip speed ratio of 0.7.
According to Kamoji et al. [21], a modified Savonius blade with an overlap ratio of zero and an aspect
ratio of 0.5 produced the maximum power coefficient of 0.21 at a specific wind speed when it was
subjected to an examination of the effects of overlap ratio, aspect ratio, and Reynolds number on
Savonius blade performance. The numerous studies on the effect of blade shape on turbine
performance suggest that elliptical blades can increase the power coefficient of the turbine by up to
10.7% compared to cylindrical blades [22].

Based on numerical analysis, Alom et al. [23] proposed an elliptical geometry for the blades. As
a result of their study, they demonstrated that cylindrical blades improved turbine efficiency by
18.18% at a given overlap ratio and speed. As compared to conventional wind turbines, Savonius
turbine blades feature elliptical blades. Drag is the primary factor affecting Savonius blades. The
blades begin to rotate as soon as the wind collides with their concave segment due to the greater drag
force experienced by the concave segment. It is, however, the negative blade torque that is responsible
for the low efficiency of this type of turbine. As a result, Mari et al. [24] presented three elliptical
designs to replace the circular ones and conducted numerical calculations, resulting in an increase of
21.5% in the power coefficient. Savonius wind turbine performance is affected by the optimum
overlap ratio. At an overlap ratio of zero, Damak et al. [25] constructed two types of experimental
and theoretical helical blades for the Savonius turbine and obtained a power coefficient of 0.2 at a tip
speed ratio of almost 0.87. Tartuferi et al. [26] improved the Savonius wind turbine by proposing a
novel design for the blade airfoils and employing a deflector as an accessory. Due to its aerodynamic
thickness and cross-section, this blade geometry is the only one with a variable thickness along the
camber line, allowing the high and low-pressure regions to change simultaneously.

Even though some experimental and numerical research has been conducted on the performance
of Savonius wind turbines, little is known about how geometrical parameters affect wind turbine
performance. Specifically, the literature review summarized above suggests a lack of research on the
effect of overlap ratio on Savonius wind turbines with and without shaft rotors. The air will flow in
all directions when the wind pounds the Savonius wind turbine’s rotor. As a result, the rotor shaft
can influence the performance of a turbine. This study is intended to investigate the effect of a shaft
rotor on the performance of Savonius wind turbines with two different blade profiles at variable
overlap ratios. This can affect wind generator power output. In order to measure the performance of
Savonius wind turbines, power, and torque coefficients, as well as tip speed ratio, can be used. A
conventional wind turbine was used as a benchmark for calculating flow characteristics, and
experimental results were used to validate the results. Finally, the experimental test with the
modified wind turbine revealed that the wind turbine with a shaft rotor achieved the highest power
coefficient for both SR3345 and SR5050 blades at overlap ratios of 0 and 0.18, respectively.
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2. Geometric Data

Savonius wind turbine includes a central shaft for torque transmission and two attached twisted
blades, designed using Solidworks. Using a 3D printer, the turbine blades were manufactured from
PLA (Polylactic Acid) with a diameter of 300 mm and a height of 300 mm. By keeping the extruded
plastic warm, the 3D structure of the turbine shape is manufactured using a 3D printer’s robotic
heating bed (Quantum Generous Pro). The Quantum Generous Pro printer has an accuracy of 50
microns, and its largest dimensions are 300 mm in x, 250 mm in y, and 300 mm in z. Also, the layer
thickness in 3D printing is set to 200 microns. Table 1 and Figure 1 illustrate the dimensions and
operating parameters of the model and the 3D wind turbine model used in the test rig. By blocking
the flow of air out of the upper and lower turbines, a concave blade is intended to generate greater
force.

As a first step in setting up the experimental conditions, the turbine was positioned in the center
of the test section, and variable wind speeds were adjusted. For accurate measurement of turbine
performance at different torques, an optical tachometer was preferred over a dynamic tachometer.
The turbine torque was calculated dynamically. By securing the blades with end plates, their
efficiency is increased. Additionally, the diameter of the end plates should be 10% greater than the
total length of the two blades. Based on this suggestion, the end plate diameter was calculated. A
more substantial thickness was considered for the lower plate (10 mm) than for the upper plate (5
mm). To investigate the effect of overlap in practice, the location of the blades on the plates was
designed so that they could be effortlessly removed and installed at their specific positions using nuts
and bolts. A laser cutting machine was used to cut plexiglass of the thicknesses outlined previously.
This was due to the number of holes in the secured plates and their requirements for high accuracy.
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Figure 1. (a) Schematic view of the parameters of the Savonius wind turbine with a semicircular blade,
(b) important parameters in defining the overlap ratio for the shaftless turbine blade and (c) for the
turbine blade with a shaft.

Table 1. Geometric parameters of the Savonius rotor.

Geometric parameters Value
End plate (Do) 330 mm
Rotor diameter (D) 300 mm
Rotor height (h) 300 mm
Number of blades 2
Overlap ratio 0

Aspect ratio 1
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3. Problem description

To explore the effect of overlap ratio on the performance of the Savonius wind turbine with or
without a rotor shaft, this study examines two different blade profiles (SR3345 & SR5050) in a two-
bladed Savonius wind turbine. Savonius VAWTs’ power is influenced significantly by the overlap
ratio. Because the double-bladed Savonius turbine offers the best efficiency, this study examined
Savonius wind turbines as a case study. Simulated and designed 3D models of the SR3345 and SR5050
airfoils and defined their dimensions and distinctive camber lines.

The following equations were used for the calculation of the power and torque coefficients,
denoted by C, and Cr, respectively. The power coefficient is defined as the ratio of the power
generated by the wind turbine (Pw) to the power available in the wind (Pa):

B ol
L 2 pnpUr? )

Which should never exceed a value of 59.3% according to Betz’s law [18]. Which w represents
the rotational speed of the turbine, T the power generated by the turbine, p the air density, U the
velocity of the free flow colliding the turbine blades, and & and D respectively show the height and
diameter of the turbine. Similarly, the torque coefficient is defined as the ratio of the generated torque
(T) to the theoretical torque (Tw):
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where As is the vertically projected area of the blade, calculated by hxD, where d is the diameter of
each blade.
The tip speed ratio (a) is also defined as:

k:@:w_d (3)
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Based on the rotational speed and diameter of each blade, it is possible to calculate the speed of
the blade at its tip. As a result, the speed of the wind turbine is proportional to the operating point at
which the maximum amount of power is generated. Aspect ratio refers to the ratio of the height of
the turbine blades to the diameter of the turbine.

As shown in Figure 1a, in the case where the blades diverge along the direction perpendicular
to the curvature line at the connection point, the overlap ratio (6=e/d) is defined as the ratio of the
spacing of the blades along this direction (¢) to the length of the blade cord. Turbine torque, top
rotational speed, automatic startup speed, and turbine power are all highly dependent on this ratio.
In Figure 1b,c, the critical parameters that affect the performance of a wind turbine with and without
a shaft are shown.

4. Experimental setup

Tests of the Savonius wind turbines were conducted under realistic conditions, such as low flow
disturbances, in order to evaluate the accuracy of the experimental results. For these experiments, the
open-circuit wind tunnel at Shiraz University of Technology was used. The tunnel and testing
chamber measured 800x300x240 mm and 300x60x60 mm, respectively.

Figures 2a,b illustrate the experimental setup for the Savonius wind turbine study. It is possible
to adjust the fluid velocity of the test chamber up to 40 m/s. For realistic operating conditions, the
turbine can be placed outside the test chamber at a certain distance from the outlet, as shown in Figure
2b. Based on velocity measurements at specific locations, the distance between the outlet and turbine
is selected to achieve optimal velocity. Vibrations and applied torques should be minimized when
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designing the power transmission system. Design decisions are influenced greatly by the material
and diameter of the main shaft, the length of the bases, the ball bearings, and the connecting flanges.
Figure 2c illustrates how these factors are considered in the design process.
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Figure 2. (a) Schematic of the tunnel at Shiraz University of Technology, (b) placement of the turbine
in front of the windtunnel outlet, and (c) Close up of the power transmission system.

5. Experimental validation and error analysis

A mathematical problem generally involves one or more constants, some of which are derived
from approximate solutions to other mathematical problems. As a result of the representation of these
numbers, errors may propagate during arithmetic operations. Doubts regarding a result’s validity
are described as uncertainty. Measurement uncertainties serve as indicators of measurement quality.
Consequently, an estimation of the real values can only be considered complete if it is accompanied
by uncertainty. When reporting the results of a physical quantity, it is necessary to provide
quantitative notes regarding the quality of the measurement results.

dx dy
propagation law [27]. Based on the equations presented and the errors regarding the specifications
of the measurement devices, parameter errors can now be calculated. The measured parameters and
errors are presented in Table 2. Variables /1, D, and R are measured with a precision of 1 mm, and
other variables are calculated according to their respective catalogs.

. aF\? aF\? )
Uncertainty (of) can be expressed by o = (—) 0,2 +( ) .0,,2 according to the error

Table 2. Precision of measurements of variables.

Variable h(m) D(@m) ov(m/s) M(kg) S(kg) R(m) w(rad/s)
Measurement error 0.001  0.001 0.2 0.005 0.005 0.001 0.0105

Where ox and oy are the uncertainties in variables x and y. In this way, based on oy, uncertainty
for power and torque coefficient be determined as follows:
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A coefficient error can be accurately determined by obtaining the equations for the power and
torque coefficients, implicit differentiation, and substitution of the measured values.

The results of a conventional wind turbine are compared with the experimental data presented
by Hadi Ali [28] to evaluate the accuracy and validity of the data. Below is a comparison of the power
coefficient and torque coefficient of conventional Savonius wind turbines.

In Figure 3a,b, the power and torque coefficients are shown as a function of the tip speed ratio.
In terms of the power coefficient, the maximum and average relative errors are 5.68% and 1.95%,
respectively, and for the torque coefficient, the maximum and average relative errors are 7.93% and
3.44%, respectively. Results in the model being able to predict the flow conditions in an appropriate
manner. There is a slight difference between the results at low tip speed ratios, approximately less
than 0.55. Consequently, friction has an even more notable effect on device performance at low tip
speed ratios. The present power and torque coefficient may, in some cases, be lower than the
experimental one due to some losses in the testing process.

0.3 0.5
= Experimental data by Hadi Ali [28] = Experimental data by Hadi Ali [28]
 Present experimental results 0.45 1 * Present experimental results
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Figure 3. Comparison of the experimental results of (a) power and (b) torque coefficient with the
experimental data by Hadi Ali [28].

6. Results and discussions

In order to determine the characteristics of the Savonius wind turbine, a series of experimental
tests were conducted to examine the effects of the overlap ratio on the performance of the Savonius
wind turbine with and without a shaft for the SR3345 and SR5050 rotors. Furthermore, we discuss
the effects of mounting a rotor shaft at the center of a Savonius wind turbine on its overall
performance.

6.1. Savonius wind turbine with a shaft rotor

The center of the plates was placed with a shaft in order to investigate the effect of placing a
shaft at the center of the plates on turbine performance. As a result of the inclusion of the shaft in the
center of the turbine, air behavior is complicated, and the turbine’s strength and stability are
increased.

The main challenge associated with the performance of a Savonius wind turbine is the
management of its power and torque coefficients [29,30]. A comparison of the performance of the
Savonius wind turbine equipped with blades of SR3345 and a shaft rotor at overlap ratios of 0 to 0.3
is presented in Figure 4a,b. In the experiment test with the zero-overlap ratio, the tip speed ratio and
the power coefficient ranged from 0.5 to 1.3 and 0.14 to 0.26, respectively.

According to Figure 4a, the power coefficient increases initially and then decreases as the tip
speed ratio increases. At an overlap ratio of 0 and a tip speed ratio of 0.9 to 1, the maximum power
coefficient (Cp=0.26) occurs. As a result of increasing the overlap ratio and the distance between the
two blades, the drag force acting upon the blades is reduced, resulting in a smaller amount of wind
energy being absorbed by the turbine. Further, the negative pressure behind the wind turbine causes
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an inverse pressure gradient, which separates the flow and generates vortices, thereby reducing the
turbine’s performance.

Increasing the overlap ratio will reduce the rotational speed of the wind turbine, so the high tip
speed ratio and maximum power coefficient will decrease at lower tip speed ratios for a given overlap
ratio, which will result in a reduction in the rotational speed ratios, so, at an overlap ratio of 0.3, the
maximum power coefficient (Cp=0.16) occurs at a tip speed ratio of 0.6. In the experiment test, raising
the load at a wind speed of 6 m/s started to enhance the rotational speed, causing the tip speed ratio
to decline from its highest value to its lowest value.

According to Figure 4b, increasing the load increases the torque coefficient and decreases the tip
speed ratio. The torque coefficient does, however, experience a slight decrease at overlap ratios of
0.18 and 0.3 after reaching its peak value. With an overlap ratio of 0 and a tip speed ratio of 0.52, the
torque coefficient peaks at approximately 0.45. The torque coefficient decreases as the overlap ratio
increases at a given tip speed ratio.
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Figure 4. Effects of overlap ratio on the (a) power and (b) torque coefficient of the Savonius wind
turbine equipped with blade of SR3345 and a shaft rotor at overlap ratios of 0 to 0.3 with a step size
of 0.06.

Variations of the power and torque coefficient against the tip speed ratio for the Savnius wind
turbine equipped with SR5050 profile blade and a shaft rotor at overlap ratios of 0 to 0.3 with a step
size of 0.06 are plotted in Figure 5a and 5b, respectively.

It can be seen in Figure 5a that decreasing the tip speed ratio and increasing the load results in a
somewhat linear behavior. Once the power coefficient reaches its peak, a declining trend is observed.
A comparison of overlap ratios between 0 and 0.3 with a step size of 0.06 reveals that although the
overlap ratio does not significantly impact the turbine’s performance, increasing the overlap ratio up
to 0.18 increases the maximum power coefficient, such that the power coefficient reaches a value of
0.25 when the overlap ratio is roughly 0.18 and the tip speed ratio is approximately 1. When the
overlap ratio is increased beyond 0.18, the maximum power coefficient decreases to almost 0.02. As
a result, the highest power coefficient is not achieved at an overlap ratio of 0, as is the case for SR3345
blades. Also, the power coefficient assumes similar values at overlap ratios of 0.06 to 0.18, which leads
to a maximum power coefficient at the end of this range, similar to reports suggesting that cylindrical
blades have a maximum power ratio between 0.18 and 0.24.

In contrast, no significant changes in the torque coefficient are observed when the overlap
coefficient ranges from 0 to 0.18. Furthermore, the maximum torque coefficient is almost 0.41 at
overlaps of 0 to 0.24 and tip speed ratios of 0.26 to 0.43. The smallest value is 0.15 when the overlap
ratio is zero (Figure 5b).
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Figure 5. Effects of overlap ratio on the (a) power and (b) torque coefficient of the Savonius wind
turbine equipped with blade of SR5050 and a shaft rotor at overlap ratios of 0 to 0.3 with a step size
of 0.06.

6.2. Savonius wind turbine without a shaft rotor

This section examines the performance of the Savonius wind turbine, which consists of two types
of blades and end plates. The same analysis can be conducted in this case, except for the removal of
the central shaft, which decreases the strength of the turbine and allows the air to behave more
predictably.

Figure 6a shows the power coefficients for the aforementioned overlap ratios at different tip
speed ratios for the SR3345 rotor without a shaft. As compared to the previous case (Figure 4a) at
high tip speed ratios, the power coefficient increases significantly. As the ratio decreases, however,
the power coefficient decreases to values close to a wind turbine equipped with a shaft rotor. This
suggests that the shaft’s impact is substantially reduced to negligible levels as the wind turbine’s load
increases and the rotational speed declines. As the overlap ratio increases, both with and without a
shaft, the power coefficient is closer to that of wind turbines equipped with SR3345 rotors. As a result,
it can be concluded that the power coefficient is not significantly affected by mounting a shaft rotor
at a high overlap ratio.

Figure 6b illustrates torque coefficients for tip speed ratios of 0.1, 0.06, 0.12, 0.18, 0.24, and 30.
The highest torque coefficient of 0.453 corresponds to zero overlap ratios at a tip speed ratio of 0.58.
Further, as the overlap ratio increases, the range of tip speed ratios and the maximum torque
coefficient decrease, indicating that the turbine has a lower performance range. A comparison of
Figures 6b and 4b clearly illustrate that removing the turbine’s central shaft does not decrease its
torque coefficient after reaching its maximum value at an overlap ratio of 0.18, which indicates that
the torque ratio is continuously increasing.
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Figure 6. Variations of (a) the power and (b) the torque coefficient of the Savonius wind turbine
equipped with blade of SR3345 without a shaft rotor at overlap ratios of 0 to 0.3 with a step size of
0.06.

Figure 7a illustrates the effect of demounting a rotor shaft on the power coefficient of the blade
of the SR5050. A rotor shaft also plays a significant role in determining the maximum power
coefficient of a wind turbine. With a rotor shaft overlap of zero, the highest power coefficient for the
wind turbine is approximately 0.26, which occurs at tip speed ratios between 1 and 1.2. A decrease in
the power coefficient becomes negligible below a tip speed ratio of 0.8 as the overlap ratio increases.

Up to a tip speed ratio of 0.9, the torque coefficient is higher at an overlap ratio of zero than at
other ratios. As shown in Figure 7b, however, as the tip speed ratio decreases and the overlap ratio
increases, the torque coefficient continues to increase until it reaches its peak (CT7=0.427) at A=0.3.
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Figure 7. Variations of (a) the power and (b) the torque coefficient of the Savonius wind turbine
equipped with blade of SR5050 without a shaft rotor at overlap ratios of 0 to 0.3 with a step size of
0.06.

7. Conclusions

An experimental study was conducted using a Savonius wind turbine under different conditions
(with and without a shaft) in order to determine the impact of geometric parameters on wind turbine
performance. An extensive range of effective parameters has been taken into account in this study.
This model has been validated against wind tunnel data published in the literature for turbines with
shafts first, and then without shafts to determine the optimum overlap ratio. It may be helpful for
designers to improve the efficiency of Savonius wind turbines by describing some important
geometrical parameters, as the development of a Savonius wind turbine is a very challenging
undertaking. In this study, the objective was to evaluate the effect of mounting a rotor shaft and
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overlap ratio on the performance of a Savoius wind turbine. Overall, the present study can be

summarized as follows:

e At a tip speed ratio broader than 1.06, blade SR5050 achieved a maximum power coefficient of
approximately 0.263. In contrast, blade type SR3345 achieved a maximum power coefficient of
0.293 at a tip speed ratio of less than 1.06.

e  The power coefficient of both blade types is reduced when a shaft rotor is added at the center of
the turbine as a barrier.

e Inblade SR 3345, when tip speed ratios were less than 1, and overlap ratios were zero, maximum
power coefficients were 0.254; whereas, in blade SR5050, the maximum power coefficient was
0.247 when tip speed ratios were higher than 1, and overlap ratios were approximately 0.18. Due
to the larger curvature of the blades and shaft rotor, the wind turbine behaves similarly to those
with cylindrical blades.

e  The results indicate deterioration of the turbine performance and more intense effects of using
the shaft.
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