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Abstract

Nowadays, wind energy is considered one of the cleanest sources of energy, and the capacity of wind power plants is
growing around the world. In particular, the design and construction of small wind turbines have been the subject of
much research. This article deals with the Savonius wind turbine, a well-known vertical axis turbine. First, the
mechanical principles of operation of this type of wind turbine are explained. Then, the criteria for determining its
efficiency and performance, such as power and torque coefficients, are stated. The sequel discusses the geometric and
technical factors affecting its efficiency. These factors include the overlap ratio, number of blades, number of stages,
twist angle, shaft diameter, and the installation of end plates. The current paper can be helpful for those trying to
improve the performance of this type of turbine. In this regard, there are some proposed innovative designs to enhance
the performance of the Savonius turbine concerning experimental results and their numerical simulations. These designs
increase the maximum power coefficient to 38%, although they complicate the turbine structure. Some of these

innovative designs are also reviewed.
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1. Introduction

In recent decades, the use of renewable energy sources
has attracted the attention of many countries due to the
reduction of fossil resources, environmental
considerations, and  sustainable  development.
Meanwhile, wind energy is one of the most desirable
energy sources for electricity generation. According to
the GWR2019 report, the total capacity of the world's
wind farms has increased from 24 GW in 2001 to 651
GW in 2019 and will continue to grow.

Wind turbines are divided structurally into two
categories: the horizontal axis and the vertical axis.
Horizontal axis turbines are superior to vertical ones in
terms of efficiency, in other words, the amount of
mechanical wind energy absorption and its conversion
into rotational torque. However, they are compatible
with laminar flow. So, the use of these turbines
requires alignment of the turbine axis with the wind
direction. On the other hand, vertical axis turbines are
mainly employed on a small scale and are independent
of wind direction and flow stability. In addition, their
maintenance costs are lower compared to horizontal
ones due to installing a power converter near the
ground. These advantages, accompanied by lower
initial velocities, have led researchers to investigate,
design, manufacture, and optimize vertical-axis
turbines.

The vertical axis turbine assemblies are divided
into two categories: Darrieus and Savonius. The
Savonius turbines that are the subject of this article
have poorer efficiencies than the Darrieus type.
However, simple design, cheap construction, relatively
low operating speed, and low starting torque are some
of their advantages over the Darrieus. Moreover, high
negative torque and low power coefficient have led to
lots of research into Savonius turbines to increase their
efficiency, for instance, studying the aspect ratio, the
effect of the number of blades and changes in their
shape, and the multiplication and addition of walls.

Since the research to enhancethe efficiency of the
Savonius wind turbine is still ongoing, in this article,
while introducing the factors affecting the efficiency
of this type of turbine, we try to review the literature
conducted so far to clarify the design path of this type
of turbine for those who are interested.

2. Principles of operation of Savonius
turbine

As indicated in Figure 1, the Savonius turbine consists
of two semi-spherical blades connected to each other
by a metal shaft. The lower or forwarding blade is
concave in the direction of the wind. Therefore, the
incoming part of the wind creates a drag force on the
surface of this blade. The upper or returning blade is
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convex, and some of its parts face the wind. Because
the flow-facing surface of the returning blade is less
than that of the forwarding blade, the lower drag force
is greater than that of the other blade, resulting in
torque around the turbine shaft and causing the blades
to rotate in the specified direction.

Flow Convex
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Vi —

Figure 1. Schematic of Savonius turbine operation

Let V be the wind speed, p be the air density, and
A be the blade area. Then, the available power in the
wind is
1
Ry = 5 pAV? ey

As all this power can not be absorbed by the
turbine and converted into torque, the proper method
to determine the turbine’s efficiency is to define its
power coefficient, which is the ratio of power
extracted by the turbine to wind power,

Co = P P
PSR v @

Other factors are tip speed ratio and torque
coefficient:

/'{—Vt—wR
7 ?3)
o T T
"OT lpvzaR (4)

As can be seen in Figure 2, the power and the
torque coefficient reach their maximum at different tip
speed ratios. In most articles, the maximum power
coefficient is considered a measure of turbine
performance.
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Figure 2. Typical power and torque coefficient curves

3. Performance Affecting Factors

One of the primary geometric factors in Savonius's
design is the overlap ratio, which is the ratio of the
horizontal gap between the blades in the center of the
rotor to the rotor diameter. This gap improves the flow
circulation in the rotor and reduces the adverse effect
of vortices. Using the experimental results of [1] and
computational fluid dynamics of [2], the best overlap
ratio in conventional design is 0.15. The optimum
overlap ratio can increase performance to 9%.

The second design factor is the aspect ratio, which
is the ratio of the rotor's height to its diameter. The
effect of aspect ratio was investigated in [3], where
rotors with different aspect ratios of 0.48, 0.55, 0.64,
0.77, and 0.99, respectively, were examined in a wind
tunnel. Based on the measured power coefficients, the
best value for the aspect ratio was 0.77, which led to a
14% increase in performance in the studied cases. The
results are confirmed by [4].

The number of stages is another design factor. We
propose a two-stage configuration to adjust the effect
of negative torque observed in some rotor directions.
In this type of turbine, two Savonius rotors are placed
on top of each other at a 90-degree relative angle. The
numerical and experimental investigations of multi-
stage Savonius turbines showed that the performance
of the two-stage rotor is better than single and three-
stage ones [5-6].

Furthermore, the number of blades is a design
parameter investigated by researchers. Experimental
results [7-8] indicated that the two-blade rotor has
better performance, and increasing the number of
blades reduces the power coefficient. For example, the
three-blade turbine has a maximum power coefficient
of 9%-19% lower than the two-blade turbine.

One of the other aerodynamic approaches to
improve the Savonius turbine is to install two circular
end plates. Related research, such as [9], revealed that
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end plates could increase the maximum power
coefficient from 0.16 to 0.20. They should have a low
thickness to the rotor height and radios 10% larger
than the rotor radios. Otherwise, they will increase the
turbine inertia.

Twisted blades are continuous forms of multistage

blades introduced to enhance static torque conditions.
Their main factor is the twist angle. The effect of twist
angle on turbine performance has been quantified in
[10]. The results indicated that among twisted turbines
with twist angles 0°, 45°, 90°, and 135°, the 45-degree
twisted blade has the highest performance.
Moreover, one of the parameters studied in the
references was the diameter of the turbine shaft. In the
conventional type, the shaft is central, while there are
designs in which the turbine shaft is external. In the
conventional one, its diameter is critical because it can
block the flow inside the rotor. In a study based on
two-dimensional simulations [11], the optimal shaft
diameter was estimated as 0.2 of the optimal overlap.

In addition to conventional Savonius turbines with
optimized mentioned geometrical parameters, there
are some innovative designs. In this regard, optimizing
the blade profile, adding small blades, adding guiding
walls, and wusing Darrieus-Savonius  hybrid
configurations can be addressed. These enhanced
designs increase the maximum power coefficient to
38%. However, they cause structural complexity in
manufacturing and operations. So, regarding such
unconventional design, we should compromise
between performance and structural complexity.

4. Conclusions

In this paper, the Savonius vertical axis turbine and its
operating principles and performance measurement
quantities were introduced. Then, geometric factors
affecting the performance of the turbine, such as
overlap ratio, aspect ratio, number of blades, and their
twist angle, were studied by reviewing the references.
Also, we examined the most significant creative
designs for increasingthe efficiency of the Savonius
turbine. At best, these innovations improved
performance by 38%. However, they make the
simplicity of the Savonius turbine, which is its
strength, problematic because of adding structural
complexity.
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Nowadays, wind energy is considered one of the cleanest sources of energy, and the capacity of wind power plants is
growing around the world. In particular, the design and construction of small wind turbines have been the subject of
much research. This article deals with the Savonius wind turbine, a well-known vertical axis turbine. First, the
mechanical principles of operation of this type of wind turbine are explained. Then, the criteria for determining its
efficiency and performance, such as power and torque coefficients, are stated. The sequel discusses the geometric and
technical factors affecting its efficiency. These factors include the overlap ratio, number of blades, number of stages,
twist angle, shaft diameter, and the installation of end plates. The current paper can be helpful for those trying to
improve the performance of this type of turbine. In this regard, there are some proposed innovative designs to enhance
the performance of the Savonius turbine concerning experimental results and their numerical simulations. These designs
increase the maximum power coefficient to 38%, although they complicate the turbine structure. Some of these
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