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have been performed to enhance the power characteristic of this turbine. In this field,
a lot of innovative augmentation techniques have been implemented to improve the
rotor performance, such as deflector plates, nozzles, guide vanes, windshields, and
curtain plates. This paper reviews the most recent and effective power augmentation
systems for the Savonius wind rotor in order to provide the researchers with a
comprehensive view of current augmentation techniques. It is found that the
augmentation systems contributed to the power coefficient enhancement for the
conventional and modified Savonius rotors. The proposed designs used to overcome
the negative torque created on the returning blade.
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1. Introduction

From the beginning of life, human societies have been based on sunlight power, whether in a
direct form such as sun radiations or indirect forms such as wind and hydro energies. Nevertheless,
with the progress of civilization, fossil fuels, in particular, have become the more common sources of
energy until the early 1970s because of the ease of transport and processing [1]. After the 1970s,
energy from renewable resources such as solar radiation, hydropower, wind and biomass energies
are starting to take dominion over the energy sectors due to the depletion of the conventional fuel
resources. Globalization has become a key factor in the increase of the energy demand. As the
demand increase, higher supply of energy is required [2]. Due to the barriers of using conventional
resources such as outdoor air quality and the other environment pollutions, in addition to the high
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price of extracting and refining fossil fuels, great efforts are made in respect of the use of renewable
energy resources [3]. Wind energy is one of the most important and effective sources of sustainable
energy due to its availability and simplicity. It has evolved into a booming global business. Operating
costs of wind turbines fell in a dramatic way over the last decade, moving closer to those of
conventional energy resources [4].

The output energy from wind turbines depends usually on the geographical location,
meteorological conditions, and type of turbine [5]. Wind turbines can be classified based on their
rotational axis orientation, with respect to the wind direction. In this case, there are two types of
wind turbines; vertical axis wind turbine (VAWT) and horizontal axis wind turbine (HAWT) [6]. HAWT
is the most widespread type of wind turbines due to their high efficiency. Nevertheless, VAWT has
featured over HAWT such as lower in construction and maintenance costs, lower noise level, and
independent of the wind direction [7]. They can potentially be built to a far larger size than HAWT.
For instance, floating VAWT hundreds of meters in diameter where the entire vessel rotates can
eliminate the need for a large and expensive bearing. These features make them convenient for
small-scale applications [8]. VAWT can be further classified based on turbine rotor designs. For
example, Savonius type and Darrieus type [9]. Darrieus type has higher efficiency than Savonius, but
they produce high stresses over the turbine blades. However, the Savonius type has shown a better
starting torque than Darrieus at low wind speed.

Savonius type VAWT is a small, cheap, and simple turbine invented in 1925 by Sigurd Savonius.
Generally, this type of turbines is depending on the drag theory of operation and commonly used in
low wind speed regions [10]. Savonius type is composed of two vertical half cylinders as shown in
Figure 1, which produces low noise level compared to the other types of wind turbines. That's
because it works at a low tip speed ratio [8]. However, it suffers from low efficiency, which is an
important area to improve. For efficiency enhancement, numerical and experimental studies were
carried out based upon the improvement of the Savonius wind turbine. These studies included
modifications on the blade profile [11-16], rotor stages [17, 18], and number of blades [19, 20].

Beside those modifications, several studies employ the augmentation techniques that can
enhance the performance of the Savonius rotor. The present review aims to compile those
techniques which are used to reduce the negatives of the Savonius rotor.
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Fig. 1. Conventional Savonius rotor
2. Power Augmentation Devices
The Savonius wind rotor is not so efficient. The performance of the rotor can be enhanced by
using external geometries which called “power augmenters”. Different geometries were proposed in

the previous studies such as deflector plates, windshields, guide vanes, nozzles, etc. The main goal of
using those geometries is to decrease the drag force of the returning blade which the wind pressure
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generates a negative torque. Furthermore, the drag force will be increased on the advancing blade
and the local acceleration of the blade also will be increased. These methods show a valuable result
in increasing the starting characteristics of the rotor as well as the coefficient of power.

2.1 Deflector Plates

Straight or curved plates are placed in front of the returning blades in order to reduce the wind
resistance. The performance of the Savonius rotor has been increased by installing a flow deflecting
plate as Ogawa et al., [21] reported. They performed wind tunnel experiments for a Savonius rotor
with an overlap ratio of 0.2 and a deflector plate with adjustable angles as shown in Figure 2. They
found that the rotor gains a 27% enhancement in terms of power coefficient when the angle of the
plate adjusted to an angle of 30 degrees as shown in Figure 3. With the same procedure, a set of
experiments has been performed with a two- combined deflector plates on a shape of V as shown in
Figure 4, by modifying the angle between the two plates in a range between 5 and 45 degrees. The
results showed that the rotor gains a 20% improvement in its power [22]. The effect of the V-shaped
deflector on the performance of Counter-Rotating Savonius was also studied by Etemadeasl et al.,
[23]. The results showed that the power coefficient increases by a percentage of 80%.

Fig. 2. Configuration of Savonius rotor
and a deflecting plate [21]
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Fig. 3. Effect of the deflector angle on the power

coefficient [21]
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Fig. 4. V-shaped deflector [22]

In the recent past, Mohamed et al., [24] carried out a numerical study on the two and three-
bladed Savonius rotor with a straight plate wind deflector. They found that the self-starting capability
increased for both configurations with a positive static torque at all angles. Moreover, the coefficient
of power was relatively increased by 27.3% and 27.5% respectively for the two and three-bladed
rotor as shown in Figure 5. With the same procedure, a numerical study on an optimized shape of
the Savonius rotor with one doubly-curved deflector has been performed by He et al., [25]. They
conclude that the power coefficient increased by a percentage of 95% when the deflector was
covered half of the returning-blade. In the same field, Youssef et al., [26] proposed a novel technique
by introducing a baffle on the advancing blade and a deflector on the returning blade as shown in
Figure 6. The numerical results showed that the novel technique was able to double the power
coefficient from 0.24 to 0.47.
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Fig. 5. Performance of the optimized configuration: a: three blades, b: two blades [24]
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Fig. 6. The baffle/deflector system [26]

An experimental study was carried out by Golech et al., [27] on the effect of the deflector plate
on the performance of the multi-stage Savnius rotor. The results concluded that the deflector plate
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increased the power coefficient by 42%, 31% and 17% for two stages O phase shift, 90 phase shift,
and three-stages Savonius rotor respectively. Kailash et al., [28] conducted an experimental study
on the effect of two deflector plates on the performance of the Savonius wind rotor. The test was
also performed to determine the optimum position of the deflector plate for various designs as
shown in Figure 7. The results suggested that two deflector plates, which placed upstream to the
wind flow, increase the power coefficient to 35%.
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Fig. 7. Different arrangements of the two deflector plates studied by Kailash
etal., [28]

The effect of two deflector plates was also studied by Roy et al., [29]. They performed an
experimental study on a modified Bach-type Savonius rotor with deflectors as shown in Figure 8. The
deflectors were positioned ahead of the advancing blade in an angular position between 0° and 30°
by a step of 10°, where the angular position of the other plate was fixed at 40°. The results showed
that the newly developed rotor with deflectors placed at (a = 40°, and B = 10°) has shown
improvement of 32.3% in terms of power coefficient.
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Fig. 8. New developed Savonius rotor under oriented jet [29]
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Chen et al., [30] studied the effect of wind deflectors on a parallel matrix system of Savonius
rotors. The results showed that the performance of the system was increased by 16% when the
deflector system was used. Mosbahi et al., [31] proposed a novel deflector system consisting of a
single straight blade with a NACA 0020 airfoil as shown in Figure 9. The new system was able to
enhance the performance of the Savonius rotor by 12%.

Fig. 9. Deflector system proposed by
Mosbahi et al., [31]

2.2 Windshields

Windshields are used as a negative torque reducer, and to increase the generated power form
the Savonius wind rotor. These shields are commonly installed in front of the returning blades in
order to minimize the drag force on it. Alexander and Holowina [32] conducted an experimental
study in order to investigate the effect of adding end plates and windshields on the performance of
the conventional Savonius rotor. They observed that the shield system increases the output power
by 35.3%.

Computational CFD simulations were performed by Yonghai et al., [33] on the windshield designs
by introducing two parameters, i.e. Camber-X and Camber-Y (Figure 10). The results concluded that
the new design of the windshield can improve the efficiency of the traditional Savonius rotor.

A different style of windshields was investigated by Emmanuel and Jun [34] by using six-blades
Savonius wind rotors. The aim of their study was to explore ways which can improve the efficiency
of the Savonius rotor by reducing the drag force of the returning blades. The results showed that the
Savonius rotor with six-blades without shield have low efficiency, but still higher than the standard
rotor. A power coefficient of 0.4 was reached by using shields.

A new passive-pitch shield was proposed by Tian et al., [35]. The new system consisted of two
plates that could adjust its pitch angle according to the wind trend. The performance of the Savonius
rotor using the passive-pitch shield was found to be 46.32% more.
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Fig. 10. Savonius rotor with windshield [33]
2.3 Curtain Plates

Curtain plates are a set of plates which fixed in front of the wind turbine in order to prevent the
negative torque on the convex side of the rotor. Altan and Atilgan [36—38], proposed a novel design
consisting of two plates. The top point of the first plate and the bottom point of the second plate are
fixed as shown in Figure 11, while the other sides of the plates are designed as adjustable for any
required angle. Experiments with various angles were performed in a wind tunnel. The results
showed an improvement in the extracted power by 16% when a curtain with (a =45 degrees and 3
=15 degrees) was used. A curtain with three plates was proposed by El-Askary et al., [39]. They
performed a numerical investigation on three new designs based on Altan and Atilgan [38] design by
fixed the upper plate at angle to 15 degrees as shown in Figure 12. The idea behind the extra plate is
to direct the wind to the concave side on the other surface of the same blade, reducing the negative
torque while enhancing the positive torque created. The numerical results showed that design (c)
gave a maximum Cp of around 0.52.which increased by around 62% compared to conventional rotor.
However, it was noticed that a strong vortex shedding generated around the new designs which may
generate a high noise.

b ounain plate

Fixed points

a curtain plate

v,

Fig. 11. Design of the curtain arrangement placed in front of
the Savonius wind rotor [36]

77



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 60, Issue 1 (2019) 71-84

4.7R

End Plate of Rotor

Upper Plate

5.7R

Lower Plate

Fig. 12. Three different designs to control the wind direction proposed by El-Askary et
al., [39]

In the same field, Tartuferi et al.,, [40] redesigned the two plate curtain system to make it
dependent on the wind direction as shown in Figure 13. The new proposed design consists of two
aerodynamic appendages, partially enclosing the Savonius rotor. The first part is the lower conveyor
which is lying alongside the blade with the concave side, whereas, the second part is adjusted to the
returning blade with the convex side. The function of this system is to reduce the dynamic pressure
on the returning blade which caused by the incoming flow. Both parts were joined to hinges which
made the system self-align relative to the direction of the incoming flow. The results showed a 20%
improvement in the extracted power. The effect of the curtain width was also studied by Yowono et
al., [41] using a single curtain. They found that the relative size of the curtain (width of the
curtain/diameter of the Savonius turbine) can affect the performance of the rotor.
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Fig. 13. Sketch of the new conveyor deflector curtain system,
self-orienting relative to the wind direction [40]
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2.4 Guide Vanes

Guide vanes are one of the additional devices. Their function is to direct the upstream wind onto
the advancing blade and prevent the wind from flowing onto the returning blade resulting in reducing
the negative torque on the rotor [42]. Different styles and designs were proposed in the previous
studies with different applications. In order to improve the performance of the Savonius rotor, Tang
et al., [43] designed a novel type of Guide vane with six plates as shown in Figure 14. The new design
is supposed to improve the coefficient of power by increasing the wind speed on the advancing blade
and, reducing the wind resistance on the returning blade by adjusting the wind direction. The
numerical simulation of the novel design showed more than 50% improvement in terms of power
compared to the conventional Savonius. Sun et al., [44] conducted also a numerical simulation for
the guide vane with six blades, but with a different plate shape as shown in Figure 15. The results
showed that the new design contributes to reducing the negative torque hence increasing the
efficiency. Tjahjana et al., [45] tested the Savonius rotor at various slope angles of the guide vane
system. They found that the optimum slope angle is to be 60°.
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Salem et al., [46] tested a three blade Savonius rotor instead of two blades in order to study the
effect of guide vane on the rotor. They proposed four designs of guide vanes as shown in Figure 16.
The experimental results showed that the guide vanes affects the performance of the rotor by
increasing the coefficient of power up to 65.89% compared to the rotor without guide vane when
they used basic design plus 45°.
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2.5 Nozzles

The main idea behind the use of nozzle is to enlarge the wind speed before it hits the rotor blades
and so reduce the negative torque of the rotor. The convergent nozzle was used by Shikha et al., [47]
in order to investigate its effect on the two, four and six-blade rotor. They proposed a different
dimension of the design, the main design is shown in Figure 17. The nozzle concentrator is positioned
at the upwind and comprises of two straight plates to direct the wind flow to the rotor surface. The
results showed that the performance was affected by two main factors; the number of blades and
the nozzle dimensions. The six-bladed rotor was the most efficient with 55 cm long nozzles.

Fig. 17. A six-bladed rotor with a
convergent nozzle [47]

Elbatran et al., [48] proposed six novel systems of ducted nozzle to increase the rotor efficiency.
The schematic diagram of the main design is shown in Figure 18. The numerical results showed that
the new designs contributed to increase the velocity, increase the pressure difference to allow more

flow to pass through the turbine, reduce the negative torque of the returning blade and finally
enhance the extracted power.
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Fig. 18. Schematic diagram of special duct configuration

surrounding Savonius runner: (a) isometric (b) side view (c)
top view [48]

Another design was proposed by Mohammadi et al., [49] as shown in Figure 19. The results

showed a full agreement with Elbatran et al., [48] outcomes. The extracted power was three times
more than the conventional rotor without nozzle.
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Fig. 19. Nozzle and Savonius rotor [49]

3. Conclusions

Vertical axis wind turbines are a valuable source for small-scale electricity production. Low
efficiency, negative static torque, and self-starting problems are the main negatives of the Savonius
wind rotor. Power augmentation devices showed an effective solution to overcome those negatives.
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This review makes an endeavor to analyze the effect of power devices on the Savonius wind rotor.
The main findings are below.

Vi.

The external power devices aimed to increase the power, static torque, and improve self-
starting capability.

The efficiency of the Savonius wind rotor is low due to the negative static torque on the
returning blade. The external devices overcome this negative torque by controlling the wind
direction in a way that prevents the air from hitting the convex side of the returning blade
which improved the efficiency of the rotor.

The combination of the number of blades and the dimension of the external device can affect
the performance of the rotor. Rotors with six blades performed better than two and four
blades when the same dimension of the nozzle was used.

Two-stage rotor with null phase shift performed better than the same rotor with phase shift
and better than the three-stage rotor when a deflector blade was used.

The main drawback of power augmentation devices was that the Savonius rotor becomes
highly dependent on the wind direction. Moreover, the design became more complex.

Most of the studies are performed to investigate the effect of the deflector plates on the
aerodynamics of the Savonius rotor. This has left potential scope to investigate the generated
noise when such techniques were used.
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