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Abstract: A straight and an arc-shaped curtain are combined to enhance the aerodynamic performance
of the Savonius wind rotor. The straight-arc curtain is placed in front of the Savonius wind rotor to
reduce the negative moment on the convex blade and increase the positive moment on the concave
blade. The static and dynamic performances of the Savonius wind rotor with and without the curtain
are investigated based on the computational fluid dynamics method. The results show that the static
torque is higher with the curtain than without it at the same angle-of-attack. The maximum mean
power coefficient with the curtain is increased by about 50% compared with conventional Savonius
wind rotor. Additionally, the flow field around the rotor with the straight-arc curtain is presented,
and the flow control mechanics of the straight-arc curtain are discussed.

Keywords: Savonius wind rotor; aerodynamic performance; straight and arc-shaped curtain;
numerical simulation

1. Introduction

Over the past few years, owing to the rapid development of the world economy and the increasing
population, the demand for traditional energy sources-such as coal, oil, and natural gas has increased
dramatically, making traditional energy reserves increasingly scarce. This has gradually become an
important inhibiting factor for the sustainable development of society. Also, the excessive use of
traditional energy sources has produced severe environmental pollution. Therefore, it is necessary
to find renewable energy. As a renewable energy source, wind energy has many advantages. It is
inexhaustible, widely distributed, clean, and pollution-free. The rapid improvement and considerable
advancement of wind energy systems have made wind power an indispensable energy source [1,2].
Therefore, reasonable and efficient use of wind power is an effective way to ease the energy crisis.
Wind turbines, the most important part of wind power stations, have gradually attracted the interest
of many scholars.

According to the axis of rotation, wind turbines can be divided into two types: horizontal-axis wind
turbines (HAWTs) and vertical-axis wind turbines (VAWTs). HAWTs are well known to have higher
efficiency than VAWTs and have been mostly used for electricity production [3]. However, a HAWT
farm is land-consuming and needs to be connected with an integrated power system, which limits
its development to some extent. In contrast, VAWTs have lower installation and maintenance costs,
less wear on the moving parts, and are independent of the wind direction. These advantages make
their application more convenient and flexible [4–6]. Therefore, VAWT is considered as a better choice
for meeting the requirements of the distributed energy strategy. The Savonius wind rotor is a kind of
VAWT [7]. This rotor has a shape similar to an “S” and consists of two semi-cylindrical surfaces with a
small overlap between them. Its main advantages are as follows:
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• It has the ability to accept wind from any direction;
• It has good starting torque characteristics [8–10];
• It can be operated in a wide range of wind conditions;
• It has a simple and cheap construction as well as compact size;
• The electrical equipment of this wind rotor can be placed at ground level and have low noise

emission [11].

However, the power performance of Savonius wind rotors (Cp ≈ 15–19%) is rather low when
compared with that of wind rotors with a horizontal axis (Cp ≈ 45%) and a Darrieus-type wind rotor
with a vertical axis (Cp ≈ 35%) [12]. Therefore, it is necessary to improve the aerodynamic performance
of Savonius wind rotors.

In recent years, many studies have been carried out to improve the performance of Savonius
wind rotors. The improvement mainly relies on optimizing the basic design parameters of wind
rotors, changing the shape of wi nd rotor blades, or adding some deflectors. Fujisawa (1992) found
that the optimum size of the bucket overlap is around 15% of the size of the bucket chord by
experiment [13]. Fujisawa and Gotoh (1994) studied the aerodynamic performance of a Savonius wind
rotor by measuring the pressure distribution on the blade surfaces at various rotor angles and various
tip-speed ratios (TSRs) [14]. Kamoji and Kedare (2008) carried out wind tunnel tests of Savonius
wind rotor models in an open-jet wind tunnel to study the effect of the stage aspect ratio, the rotor
aspect ratio, and the number of stages on the wind energy utilization rate [15]. They found that the
performance of two stage and three stage rotors remains the same after increasing the stage aspect
ratio and the rotor aspect ratio by a factor of two and three, respectively. Gupta, Biswas and Sharma
(2008) studied the efficiency of a three-bucket Savonius-Darrieus wind turbine and a three-bucket
Savonius wind turbine [16]. They found that the combined turbine has a high power coefficient.
Altan and Atilgan (2008, 2010) used a curtain design to increase the performance of a conventional
Savonius wind rotor [1,2]. This curtain has been placed in front of the rotor, designed to prevent the
negative torque on the convex blade of the rotor, and experiments have been carried out to test its
performance. The results show that a significant increase can be achieved in the rotor performance
by means of the curtain design. Mahmoud et al. (2012) experimentally studied different geometries
on the performance of Savonius wind turbine in order to determine the most effective operation
parameters [17]. They found that the rotors without overlap ratio are better in operation than those
with overlap; the power coefficient increases with rising the aspect ratio; the two-blades rotor is more
efficient than the three and four ones. Wenehenubun, Saputra and Sutanto (2015) experimentally
investigated the effect of number of blades on the performance of the model of Savonius-type wind
turbine [18]. The results show that Savonius wind turbine with three blades has the best performance at
high tip speed ratio. The highest tip speed ratio is 0.555 for wind speed of 7 m/s. Tartuferi et al. (2015)
proposed two different approaches to enhance the performance: one is based on the development of
innovative airfoil-shaped blades, the other one concerns the use of a new curtain system, self-orienting
relative to the wind direction [19]. Both of the two methods work well. Lee and Lim (2016) studied the
performance and shape characteristics of a helical Savonius wind turbine at various helical angles [6].
The maximum power coefficient (about 0.15) occurred at the twist angle of 45◦, whereas it decreased
by 25.5% at 90◦ and 135◦. Regarding the torque coefficient values at various azimuths, they also
found that the peak-to-peak values in the profiles for 90◦ and 135◦ were less than those for 0◦ and 45◦.
Youssef et al. (2019) introduced an upstream deflector and downstream baffle around a Savonius wind
turbine and achieve a much higher power coefficient than the conventional Savonius turbine [20].

In the present study, a straight-arc curtain, placed in front of the Savonius wind rotor to improve
its aerodynamic performance, is tested. The static torque, mean torque coefficients, and mean power
coefficient are analyzed using numerical simulation.
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2. Principle of Increasing the Efficiency of the Straight-Arc Curtain

The conventional Savonius wind rotor consists of two semi-cylindrical surfaces with a small
overlap between them. When the wind flow to the wind rotor has a certain velocity, the torque on the
concave blade of the Savonius wind rotor is positive and the torque on the concave blade is negative.
It seems that the positive moment is higher than the negative one, so the rotor rotates in the direction
of the positive moment that forms on the concave blade. Below is a simple Figure illustrating the
operating principle of the conventional Savonius wind rotor (Figure 1).
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Figure 1. Working principle of the conventional Savonius wind rotor.

According to Figure 1, the existence of a negative moment inhibits the rotation of the rotor and
thus reduces its aerodynamic performance. Based on this condition, the straight-arc curtain, which is
arranged in front of the wind rotor, is designed to reduce the negative moment on the convex blade
and increase the wind speed around the concave blade so as to improve the aerodynamic performance
of the rotor. In addition, the curtain is used to change the direction of local oncoming flow and make
more flux drive the wind rotor. The working principle of the straight-arc curtain is shown in Figure 2.
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3. Numerical Simulation of the Straight-Arc Curtain

3.1. Geometric Model

Here, a conventional Savonius wind rotor model is adapted from [14]. The geometric parameters
and a schematic of the adopted model are shown in Figure 3. The present Savonius wind rotor with
two semi-cylinders blades is a conventional type wind rotor (Altan and Atilgan, 2008) [2]. Although
there are many other shapes of the blades, the semi-cylinders-type is always applied for its simple
shape and it is also easy to be made. The rotor model height (H) and diameter (D) are both 208 mm,
the diameter of the upper- and lower-blade end plates (D0) is 250 mm, the gap distance (e) is 16 mm,
and the overlap ratio (e/d) is about 0.15.
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Figure 3. Geometric parameters and schematic of the wind rotor.

According to the experimental data, the variation of the static torque coefficient is periodic,
the maximum value of the static torque is obtained at rotor angles in the range 40–45◦, and the
minimum value is obtained at rotor angles in the range 160–165◦ [15]. In addition, the wind rotor
exhibits a negative static torque coefficient at rotor angles in the range 150–165◦. Based on the above
analysis, four representative rotor angles (45◦, 90◦, 150◦, and 165◦) are selected to study the effect of the
straight-arc curtain on the static performance of the rotor.

The shape and the geometric parameters of the straight-arc curtain are shown in Figure 4.
Four geometric parameters are selected on the curtain arrangement: the length of the straight curtain
(L1), the length of the arc-shaped curtain (L2 = R·ϕ, R = 400 mm), and the curtain angles (α and
β). To investigate the effect of the length of the arc-shaped curtain and the curtain angles on the
aerodynamic performance of the rotor, the length of the straight curtain used in this study is fixed.
The arc-shaped curtain has three different lengths. In addition, the value of α is increased from 0◦ to
20◦ by 5◦ increments and β is increased from 0◦ to 45◦ in 15◦ steps. Detailed information on the curtain
parameters is given in Table 1. The simulated operating points are listed in Table 2.
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Figure 4. Shape and the geometric parameters of the straight-arc curtain (θ = 90◦).

Table 1. The parameters of the curtain.

Type of Curtain L1 (mm) R (mm) ϕ (rad) L2 (mm)

Curtain-a
340 400

π/6 210
Curtain-b π/4 314
Curtain-c π/3 419



Appl. Sci. 2020, 10, 7216 5 of 19

Table 2. List of simulated operating points of the numerical simulation.

Type of Curtain θ α β

No curtain

45◦, 60◦, 150◦, 165◦

- -

Curtain-a

10◦, 15◦, 20◦ 0◦, 15◦, 30◦Curtain-b

Curtain-c

3.2. Experimental Set-up

The experiments were carried out in the wind tunnel of the Harbin Institute of Technology in
China, which has a rectangle working test section that is 4 m wide, 3 m high and 25 m long. In the
working test section, the maximum wind velocity was 45 m/s, the turbulence intensity of the free
stream was less than 0.5%, and the non-uniformity of free-stream was less than 1%. In this study,
the oncoming flow in the tested cases was uniform and smooth, and the free-stream velocity was
8–10 m/s.

Hot-film probes (Dantec55P11) were used to measure the wind velocity, and the sampling
frequency was set to 1000 Hz. The wind rotor was made of steel sheet and the curtains were made of
plastic sheet. The torque force of the rotor model was measured by using a torque meter (LDN-08AE)
installed below the turbine model, which is shown in Figure 5, the sampling frequency was also set to
1000 Hz.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 19 

 

Table 1. The parameters of the curtain. 

Type of Curtain L1 (mm) R (mm) φ (rad) L2 (mm) 
Curtain-a 

340 400 
π/6 210 

Curtain-b π/4 314 
Curtain-c π/3 419 

Table 2. List of simulated operating points of the numerical simulation. 

Type of Curtain θ α β 
No curtain 

45°, 60°, 150°, 165° 

- - 
Curtain-a 

10°, 15°, 20° 0°, 15°, 30° Curtain-b 
Curtain-c 

3.2. Experimental Set-Up 

The experiments were carried out in the wind tunnel of the Harbin Institute of Technology in 
China, which has a rectangle working test section that is 4 m wide, 3 m high and 25 m long. In the 
working test section, the maximum wind velocity was 45 m/s, the turbulence intensity of the free 
stream was less than 0.5%, and the non-uniformity of free-stream was less than 1%. In this study, the 
oncoming flow in the tested cases was uniform and smooth, and the free-stream velocity was 8–10 
m/s.  

Hot-film probes (Dantec55P11) were used to measure the wind velocity, and the sampling 
frequency was set to 1000 Hz. The wind rotor was made of steel sheet and the curtains were made of 
plastic sheet. The torque force of the rotor model was measured by using a torque meter (LDN-08AE) 
installed below the turbine model, which is shown in Figure 5, the sampling frequency was also set 
to 1000 Hz.  

  

(a) (b) 

Figure 5. (a) wind rotor and the curtain; (b) torque meter. 

3.3. Numerical Simulation Method 

3.3.1. Computational Domain of the Numerical Simulation 

The computational domain is built using the ANSYS Design Modeler and it has to be large 
enough so that the boundaries are far from the turbine rotor. The calculation domain without and 
with the straight-arc curtain have some differences. The former includes two parts: one is a fixed zone 
and the other is a rotating zone. The latter includes three parts: The first part is a fixed zone, the 
second is a rotating zone, and the third is a curtain zone. In addition, several tests are performed to 
achieve the optimal domain shown in Figure 6. The size of the calculation domain is designed as 20D 
× 40D (D is the wind rotor diameter), the rotating zone has a diameter equivalent to 1.20 times the 
rotor diameter, and the curtain region has four times the diameter of the rotating zone. 
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3.3. Numerical Simulation Method

3.3.1. Computational Domain of the Numerical Simulation

The computational domain is built using the ANSYS Design Modeler and it has to be large enough
so that the boundaries are far from the turbine rotor. The calculation domain without and with the
straight-arc curtain have some differences. The former includes two parts: one is a fixed zone and the
other is a rotating zone. The latter includes three parts: The first part is a fixed zone, the second is a
rotating zone, and the third is a curtain zone. In addition, several tests are performed to achieve the
optimal domain shown in Figure 6. The size of the calculation domain is designed as 20D × 40D (D is
the wind rotor diameter), the rotating zone has a diameter equivalent to 1.20 times the rotor diameter,
and the curtain region has four times the diameter of the rotating zone.



Appl. Sci. 2020, 10, 7216 6 of 19

Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 19 

 

The boundary conditions at the top and bottom of the domain are defined as symmetry. For the 
boundary condition of the inlet, the inlet is defined as a free-stream velocity entrance. On the surface 
of the curtain and the rotor, non-slip wall conditions are considered, and the common surface 
between the two zones is considered as an interface. The definition of the boundary conditions is 
shown in Figure 6. 

  
(a) (b) 

 
(c) 

Figure 6. (a) Calculation domain without the curtain; (b) calculation domain with the curtain; (c) the 
calculation domain with the curtain. 

3.3.2. Mesh Generation 

The computational domain is divided into a quadrilateral and a triangular grid. The fixed zone 
is composed of a quadrilateral grid. The rotating zone and the curtain zone are composed of 
triangular elements, which have a better ability to adapt to complex geometries. The grid around the 
wind rotor and the curtain are refined to improve the accuracy of the numerical simulation. In 
addition, a boundary layer with 10 levels of quadrangular cells is imposed on the wind rotor blade 
to ensure a value of y+ lower than 1, which is required by turbulence models. The grid is shown in 
Figure 7. 
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calculation domain with the curtain.

The boundary conditions at the top and bottom of the domain are defined as symmetry. For the
boundary condition of the inlet, the inlet is defined as a free-stream velocity entrance. On the surface
of the curtain and the rotor, non-slip wall conditions are considered, and the common surface between
the two zones is considered as an interface. The definition of the boundary conditions is shown in
Figure 6.

3.3.2. Mesh Generation

The computational domain is divided into a quadrilateral and a triangular grid. The fixed zone is
composed of a quadrilateral grid. The rotating zone and the curtain zone are composed of triangular
elements, which have a better ability to adapt to complex geometries. The grid around the wind
rotor and the curtain are refined to improve the accuracy of the numerical simulation. In addition,
a boundary layer with 10 levels of quadrangular cells is imposed on the wind rotor blade to ensure a
value of y+ lower than 1, which is required by turbulence models. The grid is shown in Figure 7.
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3.3.3. Solver Settings and Turbulence Model

ANSYS FLUENT is used to perform the numerical simulation. The momentum-conservation
equation and the continuity equation are divided into algebraic equations using second-order up-wind
interpolation. The SIMPLEC (Semi Implicit Linked Equations Consistent) algorithm is used to couple
the pressure and velocity calculations. In order to deduce the link between the pressure and velocity in
the calculation domain, we implemented a second-order upwind Scheme. A very small time step used
in the calculation was 10−5 s, which makes sure that the CFL number is less than 1.0. The least-squares
cell-based scheme was applied to manipulate the gradient. The sliding mesh method was used to
mimic the rotation of the rotor, and the blades were rotated with the given frequency.

The most widely used turbulence viscosity model with good accuracy is Wilcox’s K-ωmodel. It is
successfully employed to give highly accurate predictions of flow separation under adverse pressure
gradients by the implementation of transport effects in the formulation of eddy viscosity [21]. The K-ω
shear-stress transport (SST) turbulence model can provide highly accurate boundary layers simulation
when investigating the flow field around the wind rotor. The K-ω SST model is suitable when
considering the sub-layer of the boundary layer. In addition, Akwa et al. (2012) and El-Askary et al.
(2015) found that the SST k-ω turbulence model is capable of simulating Savonius rotor [22,23].
Therefore, the K-ω SST turbulence model is used for the numerical simulation.

3.3.4. Validation of the Numerical Simulation Method

The feasibility of the numerical simulation method is always validated through a comparison
between the numerical results and the experimental data. In the grid independence test, the angle-of-
attack is set to 60◦ and the wind velocity is set to 10 m/s. The model is calculated with different grids
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until the value of the static torque coefficient does not change significantly. The results are shown in
Figure 8. The static torque coefficient Cst of a wind turbine is defined by:

Cst =
Ts

0.5ρV2AR
, (1)

In Equation (1), Ts is the net aerodynamic torque acting on the rotor, V the free-stream wind
velocity, u the angular velocity vector, R the rotor radius, and A the the swept area (A = HD, H is the
rotor height, D = 2R).

The tip-speed ratio TSR and power coefficient Cp is defined as:

TSR =
ωR
V

, (2)

Cp =
P

0.5ρV3A
, (3)

where ω is the angular velocity; P is the extracted power.
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Figure 8. Variation of the static torque coefficient (Cst) with different refinement levels.

The specifics of the grid number are shown in Table 3. Note that the value Error at the last row of
Table 3 represents the deviation of the calculated static torque coefficient (Cst) with the experimental
value (0.28). In Figure 8 and Table 3, there is little change in the static torque coefficient when the grid
number is higher than 274,076 and the Error is lower than 5%. Therefore, the dynamic performance
of the model with refinement level 6 is adopted to perform the numerical simulation. A comparison
between the numerical results and the experimental data is shown in Figure 9.

Table 3. Grid independence test.

Refinement Level Number of Elements U(m/s) Cst Error (%)

1 136,865

10

0.3921 40.04
2 154,238 0.3480 24.29
3 181,511 0.3271 16.82
4 196,688 0.2995 6.964
5 245,974 0.2939 4.964
6 274,076 0.2928 4.571
7 317,048 0.2930 4.642
8 332,802 0.2929 4.607

Experimental results 0.28 0
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Figure 9 shows that the mean power coefficients are related to the TSR as well as the wind velocity,
and the numerical results compare very well with the experimental results. When the wind velocity is
8 m/s, the numerical simulation gives a maximum Cp of 0.191, corresponding to TSR ≈ 0.8, while that
from the experimental data is found to be about 0.178, corresponding to a TSR approximately equal to
0.78. When the wind velocity is 10 m/s, the maximum value of Cp from the numerical simulation is
found to be about 0.202, while that from the experimental data is found to be about 0.187. The deviation
between the numerical results and the experimental data is very small. Therefore, the choices of
turbulence model, method, and algorithm used for the numerical analysis are appropriate. Then,
the same numerical simulation method is used to explore the effect of this straight-arc curtain on the
aerodynamic performance of the wind rotor.

4. Results and Discussion

4.1. Static Performance

When the rotor position is θ = 45◦, the static torque coefficient (Cst) of the traditional Savonius
wind rotor is about 0.32. The Cst values of the wind rotor with the straight–arc curtain obtained from
the numerical analysis are shown in Figure 10.
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Figure 11 shows that Curtain-c has a better performance than Curtain-a and Curtain-b under the 
same conditions. The maximum Cst values obtained for Curtain-a, Curtain-b, and Curtain-c are 0.421, 
0.454, and 0.479, respectively. The maximum Cst value obtained for Curtain-c is about 50% higher 
than that of the rotor without the curtain. 
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Figure 10. Static torque coefficients of (a) Curtain-a, (b) Curtain-b and (c) Curtain-c (θ = 45◦).

The results show that straight-arc curtains with different parameters can improve the Cst value of
the wind rotor, and the extent of the enhancement relies on the geometric parameters of the straight-arc
curtain. The Cst values obtained for Curtain-a, Curtain-b, and Curtain-c when α = 10◦ are higher than
those obtained when α = 15◦ and α = 20◦. This indicates that the best angle for the straight curtain is
10◦. When α is fixed, Curtain-a with β = 15◦ has better performance than Curtain-a with β = 0◦ and
β = 30◦, and Curtain-b and Curtain-c with β = 0◦ have better performance than both curtains with
β = 15◦ and β = 30◦. Therefore, the best angle for the arc-shaped curtain of Curtain-a is 15◦, and the
best angle for the arc-shaped curtain of Curtain-b and Curtain-c is 0◦. This result indicates that the
effects of the angle and the length of the arc-shaped curtain on the performance of the rotor are not
independent. Only when the angle and the length have their optimal values can the wind rotor have
the best aerodynamic performance.

The Cst values obtained for Curtain-a, Curtain-b, and Curtain-c when the curtain angle α is 10◦

are shown in Figure 11.
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Figure 11. Static torque coefficients for different curtains (θ = 45◦).

Figure 11 shows that Curtain-c has a better performance than Curtain-a and Curtain-b under the
same conditions. The maximum Cst values obtained for Curtain-a, Curtain-b, and Curtain-c are 0.421,
0.454, and 0.479, respectively. The maximum Cst value obtained for Curtain-c is about 50% higher than
that of the rotor without the curtain.

When the rotor position is θ = 60◦, the Cst value of the traditional Savonius wind rotor is about
0.28. The Cst values of the wind rotor with the straight-arc curtain obtained from the numerical analysis
are shown in Figure 12.
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Figure 12. Static torque coefficients of (a) Curtain-a, (b) Curtain-b and (c) Curtain-c (θ = 60◦).

Figure 12 shows that the Cst values of the rotor with the curtain are always higher than 0.28,
which indicates that all of the straight-arc curtains can effectively improve the static performance of the
rotor. It can also be seen that the variation trend of Cst for the rotor with the curtain angle is similar
in the three Figures. The highest Cst values for the three curtain groups are found at around α = 15◦

and β = 0◦ and the lowest ones at around α = 20◦ and β = 30◦. This indicates that the best angle for
the arc-shaped curtains of Curtain-a, Curtain-b, and Curtain-c is 0◦ and the best angle for the straight
curtains of Curtain-a, Curtain-b, and Curtain-c is 15◦.

The Cst values obtained for Curtain-a, Curtain-b, and Curtain-c for a curtain angle α of 15◦ are
shown in Figure 13.
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As can be seen from Figure 13, Curtain-c still has a better performance than Curtain-a and
Curtain-b under the same conditions. The maximum Cst values obtained for Curtain-a, Curtain-b,
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and Curtain-c are 0.415, 0.487, and 0.544 respectively. The maximum Cst obtained for Curtain-c is
about 90% higher than that of the rotor without the curtain.

When the rotor position is θ = 150◦, the Cst value of the traditional Savonius wind rotor is about
0.0. The Cst values of the wind rotor with the straight-arc curtain obtained from the numerical analysis
are shown in Figure 14.
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The results show that the Cst values of the rotor with the curtain are always higher than 0.0, 
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the concave blade so as to improve the static performance of the rotor. It also can be found that the 
rotor has the best performance with Curtain-a for curtain angles α= 15° and β = 30°, with Curtain-b 
for α = 15° and β = 30°, and with Curtain-c for α = 15° and β = 15°. This result once again indicates that 
the effects of the curtain angle and the length of the arc-shaped curtain on the performance of the 
rotor are not independent. 
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Figure 14. Static torque coefficients of (a) Curtain-a, (b) Curtain-b and (c) Curtain-c (θ = 150◦).

The results show that the Cst values of the rotor with the curtain are always higher than 0.0,
which indicates that all of the straight-arc curtains can effectively improve the positive moment of
the concave blade so as to improve the static performance of the rotor. It also can be found that the
rotor has the best performance with Curtain-a for curtain angles α= 15◦ and β = 30◦, with Curtain-b for
α = 15◦ and β = 30◦, and with Curtain-c for α = 15◦ and β = 15◦. This result once again indicates that
the effects of the curtain angle and the length of the arc-shaped curtain on the performance of the rotor
are not independent.

The Cst values obtained for Curtain-a, Curtain-b and Curtain-c for a curtain angle α of 15◦ are
shown in Figure 15.
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In Figure 15, Curtain-c still has a better performance than Curtain-a and Curtain-b under the same
conditions. The maximum Cst values obtained for Curtain-a, Curtain-b, and Curtain-c are 0.121, 0.132,
and 0.148, respectively.

When the rotor position is θ = 165◦, the Cst value of the traditional Savonius wind rotor is about
−0.13. The Cst values of the wind rotor with the straight-arc curtain obtained from the numerical
analysis are shown in Figure 16.
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The results show that the Cst values obtained for the different curtains are always positive, which
is not the case with the conventional rotor. This indicates that all of the straight-arc curtains can
effectively decrease the negative moment of the convex blade and increase the positive moment of the
concave blade. It can also be found that the best curtain angles for Curtain-a are α = 15◦ and β = 15◦

and for Curtain-b and Curtain-c are α = 15◦ and β = 0◦.
The Cst values obtained for Curtain-a, Curtain-b, and Curtain-c for a curtain angle α of 15◦ are

shown in Figure 17.
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Figure 17 shows that the Cst values obtained for Curtain-c from the numerical analysis are
higher than the experimental ones for Curtain-a, Curtain-b, and Curtain-c at the same curtain
angles. The maximum Cst values obtained for Curtain-a, Curtain-b, and Curtain-c are 0.081, 0.086,
and 0.101, respectively.

The above numerical analysis has shown that when the wind rotor is static, the straight-arc curtain
can provide a better static performance than that achieved without the curtain. The extent of the
enhancement is defined by the length of the arc-shaped curtain and the curtain angles. In addition,
the effects of the curtain angle and the length of the arc-shaped curtain on the performance of the rotor
are not independent. Only when the angle and the length have optimal values can the wind rotor have
the best aerodynamic performance. In all cases, the rotor with Curtain-c has the best performance.
Hence, Curtain-c with α = 15◦ and β = 15◦ is selected to explore the effect of the curtain on the dynamic
performance of the Savonius wind rotor.

4.2. Dynamic Performance

To explore the effect of Curtain-c on the dynamic performance of the rotor, the same numerical
method as that described in Section 4.1 is used to calculate the mean power coefficients of the wind
rotor with and without Curtain-c. Then, the changes in the mean power with the TSR are used for
their comparison. The numerical results are shown in Figure 18.
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Figure 18 shows that the wind rotor with Curtain-c exhibits great improvement in the power
coefficients compared with the conventional Savonius wind rotor. The power coefficients increase with
increasing TSR up to a certain maximum value, beyond which they decrease with further increase in
the TSR. In addition, the variation of the power coefficient is similar at different Reynolds numbers.

The Figure also shows that the maximum mean power coefficient obtained with the wind rotor
with Curtain-c is about 0.303 at TSR = 0.8 and without curtains it is about 0.20 at TSR = 0.78 when the
wind velocity is 10 m/s. The maximum power coefficient of the rotor with Curtain-c is approximately
1.5 times higher than that of the rotor without curtain. The results prove that the straight-arc curtain
can effectively improve the dynamic performance of the rotor and increase the power coefficients.

4.3. Pressure and Velocity Contours Around the Rotor

Pressure contours generated from the numerical simulation of the wind rotor with and without
Curtain-c for two different angle-of-attacks are shown in Figure 19. In all cases, higher pressure values
are found at the concave blade of the Savonius rotor model. A negative pressure region develops from
the convex side of the blade. By comparing Figure 19a,b, it can be found that the pressure around
arrow 1 is significantly lower than the pressure around arrow 2. This means that placing Curtain-c
in front of the wind rotor can effectively weaken wind flow onto the convex blade and reduce the
pressure at the convex side of the convex blade so as to improve the positive static torque of the convex
blade. By comparing Figure 19c,d it can be found that the pressure around arrow 3 is significantly
higher than that around arrow 4 and the pressure around arrow 5 is significantly lower than that
around arrow 6. This means that Curtain-c can effectively promote the wind flow to the concave blade,
increase the pressure at the concave side of the concave blade, and reduce the pressure at the convex
side of the concave blade so as to improve the positive static torque of the concave blade. In addition,
it is noteworthy that the pressure around arrow 6 is higher than that around arrow 4 and the pressure
around arrow 3 is higher than that around arrow 5. This result can be used to explain why the Cst
value of the wind rotor without the curtain is negative whereas with Curtain-c it is positive when the
wind position is 165◦.
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Figure 19. Pressure contours of the wind rotor with Curtain-c at (a) θ = 45◦, (c) θ = 45◦and without
Curtain-c at (b) θ = 165◦, (d) θ = 165◦.

The velocity contours generated from the numerical simulation of the wind rotor with and without
Curtain-c when the wind position is 45◦ are shown in Figure 20a–d. The first thing that can be noticed
in all the Figures is the recirculation zone on the convex side (arrow 1) of the convex blade. This means
that Curtain-c can change the direction of the wind and prevent wind flow to the convex blade so
as to reduce the negative torque on the convex blade. Another result present in the wind rotor with
Curtain-c is the wind velocity around the wind blades, which is increased in area 3. The velocity
increase in this area suggests that the positive contribution of the concave and convex blades to the
overall torque is significantly increased. In addition, it should be noted that Curtain-c can harvest
more of the wind that flows to the wind rotor.
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Figure 20. Comparison of the velocity contours for the wind rotor (a) with Curtain-c, (b) without the
curtain and their corresponding local images (c,d) at θ = 45◦.

Velocity contours of the wind rotor with and without Curtain-c when the wind position is 165◦

are shown in Figure 21.
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Figure 21. Comparison of the velocity contours for the wind rotor (a) with Curtain-c, (b) without the
curtain and their corresponding local images (c,d) at θ = 165◦.
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By comparing Figure 21a,b, it can be found that Curtain-c can effectively prevent wind flow to
the concave blade (area 1 and area 2). This can reduce the negative torque on the convex side of the
concave blade. By comparing Figure 21c,d, it can be found that Curtain-c can effectively increase the
wind velocity around the concave side (area 3) of the convex blade and the concave side (area 5) of the
concave blade. The velocity increase in this area suggests that the positive contribution of the concave
and convex blades to the overall torque is significantly increased.

5. Conclusions

In this study, the aerodynamic performance of the Savonius wind rotor without and with the
straight-arc curtain is calculated by numerical simulations. The aim of these numerical simulations is
to investigate the enhancement in the performance of the Savonius wind rotor by the arrangement of
the straight-arc curtain placed in front of the wind rotor. The following conclusions can be drawn from
the present study.

(1) When the wind rotor is static, the straight-arc curtain can provide better static performance than
without the curtain. The static torque values of the rotor with the curtain are always positive,
which is not the case with the conventional wind rotor. In all cases, Curtain-c has the best
enhancement effect.

(2) In terms of the power coefficient, the wind rotor with Curtain-c is superior to the wind rotor
without the curtain. The Cpmax value of the wind rotor is increased by about 30.3% by arranging
Curtain-c in front of the rotor.

(3) The curtain is a wind-energy harvester device, which can increase the wind flow and wind
velocity around the wind rotor, thus improving the aerodynamic performance of the wind rotor.

(4) The curtain can prevent wind flow to the convex blade and increase the positive contribution of
the concave and convex blades to the overall torque.
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