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Abstract: To improve the power-extraction performance of the Savonius vertical-axis wind turbine (S-VAWT), additional 
cylinders, which are used to control the fluid flow around the wind turbine blade, were introduced into the blade design. In 
contrast to the traditional numerical method, a mathematical model in the form of a dynamical system was used in this study. 
A numerical calculation program that could effectively solve the equations of wind-induced rotation of S-VAWT was 
developed, and combined with the Taguchi experimental method to investigate the influence of additional cylinders on the 
power-extraction characteristics of the S-VAWT. The results showed that the additional cylinders have a significant impact on 
the power-extraction performance of the S-VAWT. At 4-m/s wind speed, the average power coefficient of the S-VAWT with 
additional cylinders is 15% higher than that of the conventional S-VAWT. After construction of the wind turbine prototype and 
power-extraction tests, the results showed that compared with a conventional S-VAWT, the output power was 29% higher for 
the S-VAWT with additional cylinders under the same particular conditions.

Key words: Additional cylinders; Taguchi experimental method; Savonius vertical-axis wind turbine (S-VAWT); Average 
power coefficient; Wind-induced rotation

1 Introduction 

Development and utilization of clean renewable 
energy can effectively alleviate the energy shortage 
caused by depleting fossil fuels, as well as reduce pol‐
lution caused by fuel combustion (Ostos et al., 2019; 
Zhao et al., 2019; Tjahjana et al., 2021). Wind energy 
is a clean renewable energy source that is widely used 
in power production in many countries around the 
world, due to its ability to produce large volumes of 
energy and its lack of pollution (Ghoneam et al., 2021). 
The wind turbine is a device that converts wind energy 
into electrical energy. According to the relative posi‐
tion of the rotating axis and the incoming wind speed, 
wind turbines can be divided into horizontal-axis wind 

turbines (HAWTs) (Wang et al., 2015; Li et al., 2018) 
and vertical-axis wind turbines (VAWTs) (Saha et al., 
2008; Manatbayev et al., 2021; Sun and Zhou, 2022). 
In comparison to HAWTs, VAWTs have the advan‐
tages of no yaw, insensitivity to incoming flow di‐
rection, and low noise (Jiang et al., 2007; Shaheen 
et al., 2015; Yin et al., 2017; Sun et al., 2021). The 
Savonius vertical-axis wind turbine (S-VAWT) is 
a typical VAWT structure which has attracted more 
and more attention due to its superior self-starting 
performance and low manufacturing costs (Nobile 
et al., 2014; Celik et al., 2020). However, the S-VAWT 
has low wind-energy utilization efficiency, which 
severely hinders its prospects for development and 
application.

To improve the wind-energy utilization efficiency 
of the S-VAWT, El Baz et al. (2015) installed a baffle 
downstream of the S-VAWT and studied the influence 
of baffle-position parameters on the performance of 
the turbine. The simulation results showed that the 
baffle improved the aerodynamic performance of the 
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wind turbine, and the maximum power coefficient of 
the turbine reached 0.3. Takao et al. (2009) studied the 
effect of a row of arc guide plates on the performance 
of wind turbines through wind tunnel experiments and 
concluded that an optimized arc guide plate improved 
the power-extraction efficiency of a wind turbine by 
1.8 times. Irabu and Roy (2007) designed a current-
guiding box to improve the rotational speed and out‐
put power of a wind turbine at low wind speed. They 
concluded that the wind turbine was able to obtain the 
maximum rotational speed and power coefficient at 
a 0.43 area ratio of the inlet and outlet of the guiding 
box. Pope et al. (2010) uniformly installed curved 
guide vanes in the outer ring of the S-VAWT. The re‐
sults showed that this structure not only increased the 
stability of wind turbine operation in strong wind but 
also the aerodynamic performance of wind turbines at 
a low tip-speed ratio. Nimvari et al. (2020) studied the 
influence of porous-media deflectors on the power-
extraction performance of wind turbines and found 
that the power coefficient of the wind turbine could 
be increased by 10% by using the porous-medium 
deflector.

By analyzing the above literature, we can con‐
clude that installing a flow-control structure outside 
an S-VAWT can improve its aerodynamic performance. 
Nevertheless, this approach requires more resources 
when the entire power-generation unit is operational, 
and reduces the practical applicability of the turbine. 
Therefore, in this study, we incorporated the additional 
cylinders into the wind turbine blade design, and the 
vortex generated by the additional cylinders was em‐
ployed to control the fluid flow around the wind tur‐
bine blade in order to improve the power-extraction 

performance of the S-VAWT. In addition, the angular 
velocity was fixed in advance when studying the rota‐
tion of the wind turbine in most published research 
literature (Almohammadi et al., 2013; Qasemi and 
Azadani, 2020), but the rotation of the wind turbine is 
caused by the wind according to the actual situation. 
Therefore, when analyzing the power-extraction per‐
formance of an S-VAWT with additional cylinders, we 
considered the operation progress of the wind turbine, 
which reaches a stable state under the interaction be‐
tween the fluid flow and wind turbine. We developed 
a numerical calculation program that could effectively 
solve the wind-induced rotation of S-VAWTs, and com‐
bined it with the Taguchi experimental method to opti‐
mize the parameters of the additional cylinders. The 
results of this research provide effective guidance for 
the development of the S-VAWT with higher power-
extraction efficiency and a more compact structure.

2 Physical model and parameter definitions 

Compared with a three-blade S-VAWT, a two-
blade S-VAWT has higher wind-energy utilization ef‐
ficiency (Saha et al., 2008). Therefore, we selected an 
S-VAWT with two blades and a semi-cylindrical shape 
for research in this study; the top view of the turbine 
is shown in Fig. 1a. R is the rotation radius of the 
wind turbine, d is the inner diameter of a blade, and 
dt is the outer diameter of a blade. According to Akwa 
et al. (2012) and Ebrahimpour et al. (2019), the maxi‐
mum power coefficient is obtained when the overlap 
ratio is 0.2, so we set it to 0.2. To improve the power-
extraction performance of the conventional S-VAWT, 

Fig. 1  Top view of wind turbine structure of a conventional S-VAWT (a) and an S-VAWT with additional cylinders (b). φ 
is the center shaft diameter; e is the overlap distance
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we introduced additional cylinders into the wind tur‐
bine blade design, as shown in Fig. 1b. Two cylinders 
of the same size were added inside the rotating struc‐
ture of the wind turbine. Point O is the rotation center 
of the wind turbine, point A is the blade center, point 
B is the intersection point of the line passing O and A 
points and the circle with a radius of R, and point C is 
the center of the additional cylinder. The relative posi‐
tion relationship between the additional cylinders and 
the S-VAWT was determined using the structural pa‐
rameters r and α. r denotes the diameter of the circle 
centered on point A. α represents the angle between 
AC and AB, that is, the turning angle of the center C 
relative to AB. D represents the diameter of the addi‐
tional cylinder. The details of the geometric param‐
eters of the conventional S-VAWT are summarized in 
Table 1.

Specifically, the rotational speed of the wind tur‐
bine in this work was determined by the aerodynamic 
force on the blade. Fig. S1 of the electronic supple‐
mentary materials (ESM) shows the operation dia‐
gram of the S-VAWT with additional cylinders. Under 
the action of the left flow, the wind turbine produces 
a counterclockwise torque and starts to operate with 
angular velocity θ̇. Based on Newton’s second law, 
the governing equation of wind-induced rotation of 
the modified S-VAWT is derived as follows:

Jθ̈ +Cθ̇ =Q, (1)

where J is the inertia moment of the wind turbine, C 
is the load coefficient and represents the damping gen‐
erated during the operation of the wind turbine, which 
is fixed at 0.0015 kg·m2/s in this study, θ is the azi‐
muth angle, θ̈ is the angular acceleration, and Q is the 
aerodynamic torque generated by the wind turbine 

during rotation processing. According to Gan (2021), 
Q can be calculated by the following equation:

Q =Fd Ra, (2)

where Fd is the resultant force of the pressure differ‐
ence on both sides of the blades, and Ra is the distance 
between the rotation center O and the action point of 
the resultant force. Thus, the power extracted from the 
wind by the turbine can be obtained:

P =Qθ̇. (3)

In order to compare the aerodynamic character‐
istics of the S-VAWT with additional cylinders under 
different conditions, the torque coefficient (Cm), power 
coefficient (CP), and average power coefficient (C̄P) 
are defined as:

Cm =
Q

ρR2 HV 2
, (4)

CP =
P

ρRHV 3
, (5)

C̄P =
1
T ∫

t

t + T

CP dt, (6)

where ρ is the air density; V is the incoming wind 
speed; H is the length of the wind turbine; t is the rota‐
tion time; T is the rotation period of the wind turbine 
after reaching a stable angular velocity and T=2π/θ̇T, 
where θ̇T donates the average angular velocity during T.

3 Numerical method and validation 

3.1 Numerical method for solving wind-induced 
rotation S-VAWT

In this study, the designed wind turbine was 
mainly used to capture low-speed wind energy. The 
incoming wind speed was fixed at V=4 m/s. The 
Reynolds number (Re) of the wind turbine can be 
calculated by:

Re =
ρVd
μ

, (7)

where ρ =1.225 kg/m3; d is the characteristic length, 
which is the single-blade diameter in this case, and d=

Table 1  Characteristic parameters of a wind turbine

Parameter
Blade number

Blade outer diameter, dt (m)

Blade inner diameter, d (m)

Wind turbine radius, R (m)

Length, H (m)

Overlap distance, e (m)

Center shaft diameter, φ (m)

Overlap ratio, a=(e−φ)/d

Inertia moment, J (kg·m2)

Value
2

0.104

0.1

0.1

0.15

0.027

0.007

0.2

0.003426
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0.1 m; μ is the kinematic viscosity of the fluid, and μ=
1.48×10−5 Pa·s. After calculation, Re=3.32×104. Accord‐
ing to Oliveira et al. (2001), when Re>2300, the state 
of fluid will transform into turbulence. Therefore, the 
fluid-control equations for the area around the wind 
turbine are unsteady Reynolds-averaged Navier-Stokes 
(URANS) equations:

¶ūi

¶xi

= 0, (8)

¶ūi

¶t
+
¶
xj

(
- -----
uiuj )=-

1
ρ
¶p̄
¶xi

+
¶
xj

é

ë

ê
êê
ê
ν ( ¶ūi

¶xj

+
¶ūj

¶xi )ùûúúúú +
¶
xj

( - - -----
u′iu′j )  (9)

where ūi and ūj are the average components of velocity 
vectors; u′i and u′j are the fluctuation components of 
velocity; ν is the fluid kinematic viscosity; p̄ is the 
average pressure; -- -----

u′iu′j represents the Reynolds stress. 

According to Shaheen et al. (2015), shear stress trans‐
fer (SST) k-ω is more accurate in solving VAWT tur‐
bulence problems compared to k- ε. Therefore, we 
selected SST k-ω for numerical simulation. The con‐
trol equations for the SST k-ω model are shown in 
Eqs. (S1) and (S2) of the ESM.

In order to solve Eq. (1), the second-order cen‐
tral difference method is used to discrete Eq. (1). The 
angular velocity and angular acceleration of the wind 
turbine at a certain time t are:

θ̇ t =
θ t +Dt - θ t -Dt

2Dt
 (10)

θ̈ t =
θ t -Dt + θ t +Dt - 2θ t

D2t
. (11)

Eqs. (10) and (11) are introduced into Eq. (1), 
and the calculation equation of the azimuth angle with 
time can be obtained as Eq. (S3). The weak coupling 
method was used to solve the flow field of the wind-
induced rotation of S-VAWT. The control equations 
(Eqs. (8) and (9)) were solved by Fluent 6.3. The cou‐
pling of pressure and velocity was decoupled by the 
SIMPLE (semi-implicit method for pressure-linked 
equation) algorithm. The momentum, pressure, turbu‐
lent kinetic energy, and turbulent dissipation rate were 
solved by the second-order upwind. The control equa‐
tion (Eq. (S3)) was coupled to the fluid solver through 
the user-defined function (UDF) for the synchronous 

solution. Wind-induced rotation of wind turbines was 
realized by dynamic mesh technology. After initial‐
ization of the solution program, the control equations 
(Eqs. (8), (9), and (S3)) were solved successively 
until the wind turbine generated a stable periodic rota‐
tion. The specific solution process is shown in Fig. S2 
of the ESM. It should be noted that the accuracy and 
effectiveness of the numerical model of the wind-
induced rotation were verified in detail in the pub‐
lished work of the research group (Zhu and Tian, 2019), 
and the investigation of the sensitivity of the numeri‐
cal results to grid density and the iteration time step is 
shown in Section S1 of the ESM.

3.2 Grid generation and boundary conditions

Fig. 2 shows the grid division and boundary con‐
ditions of the computational domain for the S-VAWT 
numerical simulation. The computational domain was 
divided by triangular meshes, including the internal 
rotation domain and the external stationary domain. 
Based on Almohammadi et al. (2013), we set the left 
side of the calculation domain to 20R away from the 
rotor shaft of the wind turbine, and applied the velocity-
inlet boundary condition. We set the right side of the 
calculation domain to 40R away from the rotor shaft 
of the wind turbine, and applied the pressure-outlet 
boundary condition. In order to avoid the influence of 
the wall effect on the aerodynamic performance of the 
wind turbine, we set the upper and lower boundaries 
of the calculation domain to 20R away from the rotor 
shaft of the wind turbine, and applied symmetric bound‐
ary conditions. The blade surface had a non-slip wall 
boundary condition. In order to ensure that the flow 
details around the blade could be captured during the 
rotation of the wind turbine, 20 structured mesh bound‐
ary layers were used around the blade surface (Zhu 
and Tian, 2019). Based on the NASA y+ calculator, 
the grid height of the first layer was set to 0.01d, and 
the growth rate was set to 1.05 so that the y+ was main‐
tained near 1.0 during the calculation process.

4 Taguchi experimental design and analysis 

4.1 Taguchi experimental design

Taguchi experimental design is a design optimi‐
zation method for high efficiency and low cost, which 
was proposed by Genichi Taguchi, and is often used 
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to solve engineering problems (Qasemi and Azadani, 
2020). According to Celik et al. (2020), the Taguchi 
experiment does not list all possible parameter combi‐
nations, but only requires specific parameters to be 
arranged, which can significantly reduce the computa‐
tional resources required. Therefore, we combined 
Taguchi design and numerical simulation to optimize 
the position of additional cylinders. The optimized fac‐
tors and levels are shown in Table 2.

Meanwhile, Table 3 shows a mixed orthogonal 
experiment table for L18(6

1 32) with three factors for 
D, α, and r. D and r had three levels, while α had six 
levels. The average power coefficient of the stable 
rotation wind turbines was selected as the optimi‐
zation objective. According to Qasemi and Azadani 
(2020), the greater the signal-to-noise (S/N) ratio, the 
greater the average power coefficient of the wind tur‐
bine, and thus the better the performance of the wind 
turbine. Therefore, the larger the S/N ratio, the better 

the evaluation scheme. The S/N ratio calculation equa‐
tion is:

S/N =-10lg ( 1
n∑

i = 1

n 1
y2

i )  (12)

where n is the number of samples, and yi is the statis‐
tical sample, namely the average power coefficient 
according to Eq. (6).

4.2 Analysis of Taguchi results

We carried out simulation calculations for 18 cases 
(Table 3). Table 4 gives the inertia moment (J), average 
power coefficient (C̄P), S/N ratio, and the increment 
(INCR) of the average power coefficient relative to 
the conventional S-VAWT when the additional cyl‐
inders are in different positions. It can be seen that 
the greater the C̄P was, the greater the S/N ratio. 
The maximum S/N ratio was −12.6690, which cor‐
responds to Case 4. The minimum S/N ratio was 
−17.8878, which corresponds to Case 3. Meanwhile, 
the average power coefficients of Cases 4 and 3 were 
0.232567 and 0.127529, respectively. Compared with 
the conventional S-VAWT, the average power coef‐
ficients of Cases 4 and 3 were about 15% and −37% 
higher, respectively, which indicated that the position 
of the additional cylinders has a significant influence 
on the aerodynamic performance of the wind turbine. 

Table 2  Optimized factors and levels

Level

1

2

3

4

5

6

D (mm)

10

20

30

r (mm)

20

40

60

α (°)

0

45

90

135

270

315

Fig. 2  Computational domain and mesh structure
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The wind-energy utilization efficiency of the wind tur‐
bine can thus be improved by selecting the appropri‐
ate position for additional cylinders.

In order to determine the effect degree of each 
factor on the average power coefficient of the wind 
turbine, the following two dimensionless parameters 
are defined:

Gji =
S/N j1 + S/N j2 + + S/N ji

i
 (13)

E =max{Gj1  }Gj2  Gji -min{Gj1 }Gj2  Gji 

(14)

where j represents the factors of the Taguchi experi‐
ment, j=D, r, α. i represents the number of Taguchi 
experiment levels. When j=α, i=6. When j=D, r, i=3. 
Gji represents the mean S/N ratio of each factor. E 
represents the effect degree of each factor on the av‐
erage power coefficient of the wind turbine, which is 
defined as the difference between the maximum mean 
S/N ratio and the minimum mean S/N ratio. There‐
fore, Gji and E of each factor are calculated accord‐
ing to Eqs. (13) and (14), as shown in Table 5.

We used Minitab 19.0 to analyze the mean S/N 
ratios of various factors at different levels (Mohana‐
vel and Ravichandran, 2022). The analysis results are 
shown in Fig. 3. It can be observed that the mean S/N 
ratio of α first increased and then decreased, and then 
continued to increase as the placement angle became 
steeper. When α=315°, the wind turbine had better 
aerodynamic performance. When α=135°, the average 
power coefficient of the wind turbine was the lowest. 
The mean S/N ratio of D decreased as the diameter of 
the additional cylinder widened. When D=10 mm, the 
aerodynamic performance of the wind turbine was the 
best. The mean S/N ratio of r first increased and then 
decreased as the level rose. When r=40 mm, the mean 
S/N ratio was at its maximum.

Using the information in Table 5, the effect de‐
gree E of each factor on the average power coefficient 
of the wind turbine can be obtained, as shown in Fig. 4. 
It can be seen that the values of E of α, D, and r are 
1.77, 2.54, and 0.86, respectively. Therefore, the effect 
degrees of the above three factors on the average power 
coefficient of the wind turbines are ranked as D>α>r. 
The results show that D has the greatest influence on 

Table 5  Mean S/N ratio Gji of each factor

Level

1

2

3

4

5

6

E

Gji

α (°)

−14.63

−14.10

−13.69

−14.83

−14.04

−13.07

1.77

D (mm)

−13.08

−13.48

−15.62

2.54

r (mm)

−13.80

−13.76

−14.62

0.86

Table 3  Mixed orthogonal experiment array for L18(6
1 32)

Case No.
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

α (°)
0
0
0

45
45
45
90
90
90
135
135
135
270
270
270
315
315
315

D (mm)
10
20
30
10
20
30
10
20
30
10
20
30
10
20
30
10
20
30

r (mm)
20
40
60
20
40
60
40
60
20
60
20
40
40
60
20
60
20
40

Table 4  Simulation results of Taguchi experiment

Case No.
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

J (kg·m²)
0.003924
0.006316
0.012355
0.003877
0.005945
0.011103
0.003825
0.005445
0.006655
0.003588
0.004364
0.005174
0.003825
0.005445
0.006655
0.004260
0.005260
0.009205

C̄P

0.230993
0.216700
0.127529
0.232567
0.220608
0.149655
0.222237
0.210541
0.188856
0.215407
0.189386
0.145992
0.210804
0.216272
0.172010
0.219776
0.219198
0.227507

S/N
−12.7280
−13.2828
−17.8878
−12.6690
−13.1276
−16.4982
−13.0637
−13.5333
−14.4774
−13.3348
−14.4530
−16.7134
−13.5224
−13.3000
−15.2889
−13.1604
−13.1833
−12.8601

INCR (%)
14.1010
7.0408

−37.0059
14.8785
8.9712

−26.0765
9.7759
3.9985

−6.7129
6.4022

−6.4511
−27.8859

4.1285
6.8294

−15.0341
8.5603
8.2747

12.3791
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the average power coefficient of the wind turbine, fol‐
lowed by α, and r has the least influence.

4.3 Performance comparison between S-VAWT 
with additional cylinders and conventional S-VAWT

To explore how the additional cylinders improve 
the energy utilization performance of the S-VAWT, the 
angular velocity, torque coefficient (Cm), power coeffi‐
cient (Cp), vorticity contours, and pressure contours of 
Case 4 (α=45°, D=10 mm, and r=20 mm) and the con‐
ventional S-VAWT are analyzed in detail below.

4.3.1　Influence on wind turbine angular velocity

Fig. 5 shows the angular velocity with time of 
Case 4 and a conventional S-VAWT. It is clear that 
the change trends of the two curves are roughly the 
same. However, the stable angular velocity of Case 4 
is 34.5 rad/s, while that of the conventional S-VAWT 

is slightly lower at 32.0 rad/s. The reason for this phe‐
nomenon is that after introducing the additional cylin‐
ders into the blade design of a conventional S-VAWT, 
the additional cylinders change the flow-field structure 
inside the conventional S-VAWT so that it has a higher 
stable angular velocity.

4.3.2　Influence on wind turbine torque coefficient 
and power coefficient

We used Eqs. (4) and (5) to draw the torque coef‐
ficient and power coefficient curves for Case 4 and 
a conventional S-VAWT in a stable rotation cycle, as 
shown in Fig. 6. In a rotation cycle, the torque coeffi‐
cients of the two wind turbines have the same varia‐
tion trend, and both reach their peak value when θ=
100° and θ=280°, as shown in Fig. 6a. However, the 
performance of Case 4 is significantly better than that 
of the conventional S-VAWT in the upwind region. 
When θ=100°, the maximum torque coefficient of 
Case 4 is 56.4%, which is 7.6% higher than that of the 
conventional S-VAWT. This means that the S-VAWT 
with additional cylinders has better aerodynamic per‐
formance at this azimuth. When the wind turbine op‐
erates in the downwind region, the torque coefficient 
of Case 4 is always slightly higher than that of the 
conventional S-VAWT. When θ=10° and θ=190°, the 
torque coefficient curves of the two wind turbines 
essentially coincide. In a rotation cycle, the average 
torque coefficient of Case 4 is 27.06%, which is about 
7% higher than that of the conventional S-VAWT.

Fig. 6b plots the power coefficient curves of 
both wind turbines for one cycle. It is evident that the 

Fig. 3  Mean S/N ratios of various factors at different levels

Fig. 5  Angular velocities with time of Case 4 and a 
conventional S-VAWT

Fig. 4  Effect degrees of different factors
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change trend of the power coefficient of the two wind 
turbines is similar. When θ=100° and θ=280°, the two 
wind turbines reach the power coefficient peaks. How‐
ever, when θ=100°, the power coefficient of Case 4 is 
48.38%, which is 15.85% higher than that of the con‐
ventional S-VAWT at the same azimuth. The power 
coefficient of Case 4 is always slightly higher than 

that of the conventional S-VAWT when the wind tur‐
bine operates in the downwind region. In a rotation 
cycle, the average power coefficient of Case 4 is 
23.26%, approximately 15% higher than that of the 
conventional S-VAWT.

4.3.3　Vorticity contours

In order to reveal the internal mechanism that im‐
proves the average power coefficient of the S-VAWT 
with additional cylinders, we plotted the vorticity con‐
tours at θ=10°, 100°, 190°, and 280° after the wind 
turbine reached a stable rotation cycle (Fig. 7). It can 
be seen that when θ=10° or 190°, the vortex distribu‐
tion of the two wind turbines is basically the same. 
This is also the reason why the torque coefficient 
curves of the two wind turbines are coincident at 
this azimuth, as shown in Fig. 6a. When θ=100° or 
280° , the shedding speed of the vortex which acts 
on the concave surface of the return blade is faster 
in Case 4, due to the influence of the additional cyl‐
inders; this causes greater differential pressure on 
both sides of the blade. Therefore, the power coef‐
ficient of the S-VAWT with additional cylinders is 
larger than that of the conventional S-VAWT at this 
azimuth.

4.3.4　Pressure contours

Fig. 8 shows the pressure contours of the two 
wind turbines after reaching a stable rotation cycle at 
θ=10°, 100°, 190°, and 280°. When θ=10° or 190°, 
there is a large area of high pressure on the concave 
surface of the forward blade and a large area of low 
pressure on its convex surface. For Case 4, when θ=
100°, the concave surface of the return blade has a 
larger high-pressure zone and the convex surface of the 
return blade has a larger low-pressure zone, resulting in 

Fig. 7  Comparison of vorticity contours between Case 4 (a) and a conventional S-VAWT (b) at θ=10°, 100°, 190°, and 280°

Fig. 6  Torque and power coefficients of a single cycle for 
Case 4 and a conventional S-VAWT: (a) torque coefficient 
(Cm); (b) power coefficient (Cp)
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a larger differential pressure on both sides of the 
blade and higher wind turbine torque. This is also 
the main reason why the average power coefficient of 
Case 4 is larger than that of the conventional S-VAWT. 
However, when θ=280° , the primary reason for the 
increase of the average power coefficient of Case 4 is 
that the concave surface of the forward blade has a 
larger high-pressure zone and its convex surface has 
a larger low-pressure zone.

5 Experimentation 

5.1 Experimental setup

Based on the results from numerical simulation, 
we fabricated an S-VAWT with additional cylinders 
(α=45°, D=10 mm, and r=20 mm) to test its output 
power at a wind speed of 4 m/s. The experimental de‐
vice is shown in Fig. 9. In order to obtain better man‐
ufacturing accuracy and surface quality, the S-VAWT 

Fig. 9  Experimental facility: (a) test rig; (b) data acquisition device; (c) conventional S-VAWT; (d) S-VAWT with 
additional cylinders

Fig. 8  Comparison of pressure contours between Case 4 (a) and a conventional S-VAWT (b) at θ=10°, 100°, 190°, and 280°
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with additional cylinders was made of polylactic acid 
(PLA) with a 3D printer (A5s, JGMAKER, China) 
which had printing dimensions of 305 mm (length)×
305 mm (width)×320 mm (height). For the prototype, 
the infill density was set to 100% and the layer height 
was set to 0.1 mm.

To facilitate measurement of the torque and an‐
gular velocity of the S-VAWT, the transmission shaft 
of the wind turbine was connected with the input 
shaft of the dynamic torque sensor (HDT-15, SEASON, 
China), which had a precision level of 0.3% FS (full 
scale) and a range of 0.1 N·m, through the coupling. 
Another coupling was used to connect the output shaft 
of the dynamic torque sensor with the electromagnetic 
generator, which had a load resistance of 10 kΩ. The 
electromagnetic generator and its supporting device 
were fixed on the aluminum test bench with hinged 
parts.

To obtain the appropriate experimental location, 
we used the following method to determine the ex‐
perimental position of the prototype: after the wind 
source was opened, the wind speed at a certain point 
was measured 10 times by an anemometer in front of 
the wind source, and the average value was taken. 
The measured results showed that the experimental 
position was 0.65 m from the front of the wind source 
and 1.05 m from the ground.

After determining the experimental position, we 
mounted the conventional S-VAWT and the S-VAWT 
with additional cylinders on the experimental platform. 
After the wind speed was stable, the wind turbine was 
adjusted to the same starting position as the numerical 
model, and the HDT15 dynamic torque sensor was 
used for data acquisition. The collected data was dis‐
played in Labview.

5.2 Experimental results

In order to ensure the repeatability of the experi‐
ment, we collected the torques and angular velocities 
of the conventional S-VAWT and Case 4 five times, 
for 300 s each time. The average value of the five 
collected angular velocities is shown in Fig. 10a. The 
starting time of the two wind turbines was basically 
the same, but the stable value of the angular velocity 
of Case 4 was higher than that of the conventional 
S-VAWT. We also found that after the two wind 
turbines ran for 50 s, the angular velocity reached 
a stable state. Therefore, we selected the average 
torque and average angular velocity values to calcu‐
late the output power of the conventional S-VAWT 

and Case 4 in the range of 200–300 s. As shown in 
Fig. 10b, the average angular velocity of the conven‐
tional S-VAWT was 28.7925 rad/s and the average 
torque was 0.000338 N·m. The average angular ve‐
locity of Case 4 was 34.0275 rad/s, and the average 
torque was 0.000370 N·m. The output power is the 
product of average angular velocity and average torque 
in the range of 200–300 s. After calculation, the out‐
put power was 0.00973 W and 0.01259 W for the con‐
ventional S-VAWT and Case 4, respectively, which 
indicates that the average output power of Case 4 
was about 29% higher than that of the conventional 
S-VAWT. This conclusion is consistent with the nu‐
merical calculation analysis.

6 Conclusions 

In order to improve the low-wind-energy utiliza‐
tion of the existing S-VAWT wind turbine design, we 

Fig. 10  Comparison of the conventional S-VAWT and Case 
4: (a) angular velocity; (b) average torque and average 
angular velocity in the range of 200–300 s
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introduced additional cylinders into the blade design. 
We developed a numerical calculation program that 
could effectively solve the wind-induced rotation of the 
S-VAWT and combined it with the Taguchi experimen‐
tal method in order to systematically analyze the influ‐
ence of additional cylinders on the power-extraction 
characteristics of the S-VAWT. Finally, based on the 
numerical simulation results, we made the wind tur‐
bine prototype and carried out a power-extraction ex‐
periment. The main conclusions are as follows:

1. Additional cylinders effectively improve the 
aerodynamic performance of S-VAWTs. When α=45°, 
D=10 mm, and r=20 mm, compared with the conven‐
tional S-VAWT, the average torque coefficient and 
average power coefficient of the S-VAWT with addi‐
tional cylinders are about 7% and 15% higher, respec‐
tively (when C is fixed at 0.0015 kg·m2/s).

2. The influence of three characteristic parame‐
ters of the S-VAWT with additional cylinders on the 
average power coefficient is ranked as D>α>r. This 
indicates that the cylindrical diameter has the greatest 
impact on the power-extraction performance of the 
wind turbine. Selecting smaller-diameter cylinders 
can improve the average power coefficient.

3. The main reason for the better average power 
coefficient of the S-VAWT with additional cylinders 
is that they accelerate the shedding speed of the vor‐
tex. This acts on the concave surface of the return 
blade, which leads to greater differential pressure on 
both sides of the blade.

4. Compared with a conventional S-VAWT, the 
output power was 29% higher for an S-VAWT with 
additional cylinders under the same particular condi‐
tions, which is consistent with the simulation results.
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