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a b s t r a c t

The average power output of multiple Savonius wind turbines optimally arranged in a cluster is
improved significantly compared to that of an isolated turbine due to the coupling effect. Previous in-
vestigations focused on the influence of the configuration and the initial phase angles of Savonius tur-
bines operating at the same rotational speed in a cluster. This paper proposes to adopt the variable-speed
control method to improve the power output of a three-turbine cluster, and simultaneously avoid the
requirement for the accurate initial phase angle settings of the turbines. The Taguchi method is used to
optimize the configuration of the cluster. The distances between the centers of adjacent turbines (L1-2, L1-
3), the configuration angles (q1-2, q1-3), and the combination of rotational directions (RD) are taken as
Taguchi experimental factors. The optimal configuration of the cluster is determined to be L1-2 ¼ 2.0D, L1-
3 ¼ 2.4D, q1-2 ¼ 110�, q1-3 ¼ 110�, and RD ¼ (-,þ,-). The influence strength of the factors is ranked as
configuration angle, RD, and distance between turbines. In addition, the average power coefficient of the
turbines in the optimal cluster is 1.425 times that of an isolated turbine and the tip speed ratios of the
three turbines are 1.13, 1.14, and 1.09.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

As a type of vertical axis wind turbine (VAWT), the Savonius
wind turbine has attracted much attention in recent years because
of its simple structure, good self-starting performance and suit-
ability for small-scale power generation [1]. Many types of research
focused on the blade profile [2,3], blade number [4,5], overlap ratio
[6], aspect ratio [7], twisted blade [8,9], endplates [10], and stage
number [11,12], of an isolated Savonius wind turbine, to improve its
power coefficient (CP). The effects of deflectors [13,14] and
Savonius-Darrieus type turbine [15] on the performance of the
conventional Savonius turbine have also been studied. Recent in-
vestigations showed that Savonius turbines arranged reasonably in
a cluster or a farm can obtain a much higher power coefficient than
that of an isolated turbine due to the coupling enhancement effect
[16]. This is a special feature for Savonius turbine arrays, compared
with the widely used horizontal axis wind turbines.

A few experimental investigations have been conducted to
study the interaction effect between two Savonius turbines. For
example, the early study of Ogawa [17] measured the variations in
the total power output of two Savonius wind turbines by changing
the separation distance, phase angle, and rotational direction. Re-
sults showed that the average power output per turbine was 1.12
times that of an isolated turbine when the three parameters were
set at a suitable value. Golecha et al. [18] tested the performance of
two hydrokinetic Savonius turbines arranged in tandem, investi-
gating the influence of the distance between the two turbines. This
work indicated that the performance of one turbine is affected by
the other when the distance is within 8 times the radius of the
upstream turbine. On the other hand, Jang et al. [19] placed two
Savonius turbines side by side which was perpendicular to the
incoming flow, to investigate the influence of the rotational direc-
tion and distance between the turbines on power output. The re-
sults showed a 15% improvement in the average power coefficient
(CP) was achieved at a specific installation of two turbines. Shige-
tomi et al. [20] used particle image velocimetry to investigate the
flow field around an array of two Savonius wind turbines. They
indicated that the interaction mechanisms between the two tur-
bines are the Magnus effect and the periodic coupling of local flow.
Nag and Sarkar [21] experimentally studied the performance of two
Helical Savonius hydrokinetic turbines (HSHKTs), which are placed
similarly to Ref. [18]. An optimal distance of 4 times of diameter
(4D) between two turbines and made a comparison with CFD re-
sults is presented.

Computational Fluid Dynamic (CFD) is a powerful tool to
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conduct detailed investigations of flow fields. Therefore, many re-
searchers investigated the interaction effect and the complex un-
steady flow fields caused by the coupling effect among multiple
Savonius turbines by CFD methods. In addition, the three-turbine
cluster is the basic unit configuration for different arrays, so the
three-turbine cluster is often taken as a basis to study the coupling
effect and configuration design for an array of Savonius turbines.
For example, Shaheen et al. [22] used two-dimensional (2-D)
simulations to optimize the power output of a cluster of three co-
rotating Savonius turbines arranged in an isosceles triangle
configuration, inwhich the three turbines have a common tip speed
ratio (TSR) of 1. The simulated CP was improved by 34% compared
with their corresponding isolated turbine. In the following study,
Shaheen and Abdallah [23] placed this efficient three-turbine
cluster in wind turbine farms for two cases which included 9 and
27 turbines in total, and the power output reached 1.26 times and
1.37 times that of an isolated turbine. Zheng et al. [24] used 2-D
simulations and Genetic Algorithm to optimize the configuration
of a three-turbine cluster with the fixed rotational direction of the
center turbine. An up to 37% increase in CP was obtained for the
optimal cluster at a TSR of 0.8. El-Baz et al. [25] investigated the
performance of a three Savonius turbine cluster located in a specific
isosceles triangle with the same initial phase angle and speed, but
the rotational directions of turbines are different. An increase of up
to 44% in CP was obtained, compared with that of an isolated tur-
bine, and the evident performance improvement was attributed to
the high-speed flow accelerated by the favorable interaction be-
tween turbines. Nag and Sarkar [21] simulated three HSHKTs in
triangular and staggered formations and found better performance
in staggered formation than that in triangular formation. Other
configurations of a three-turbines cluster [26] or more turbines in
line arrays [16,27,28] were also investigated.

In the studiesmentioned above, the turbines in a cluster or array
all operate at the same rotational speed. For the constant-speed
Savonius turbine cluster or array, the initial phase angles of the
turbines play an important role in power enhancement and inter-
action, especially in close proximity. Sun et al. [29] have studied the
effect of initial phase angle and distance between turbines on the
performance of two-turbine and three-turbine clusters with the
same rotational speed. They reported that the CP of a side by side
two-turbine cluster with a difference of 90� of the initial phase
angle was approximately as high as twice that with an initial phase
difference of 0�. For an isosceles triangle cluster of three turbines,
the difference in CP could be up to 50% due to different combina-
tions of the initial phase angles. Therefore, the initial phase angle
should be taken into consideration both in the optimization of the
configuration of turbine arrays and in practice. However, an accu-
rate setting of the initial phase angles for all the turbines in arrays
or farms is difficult.

In this paper, the variable-speed control method is proposed to
make the Savonius turbines operate at their optimal power points.
Hence, the TSR and the initial phase angle do not need to be taken
into consideration in the optimization, which reduces the optimi-
zation variables evidently. In addition, the strict demand for initial
phase angles can also be avoided in practice. The Taguchi method is
used to optimize the configuration and rotational direction of a
cluster of three turbines by using the variable-speed control method.

2. Numerical method and validation

2.1. Turbine geometry and computational domain

A Savonius wind turbine model with a two-blade turbine is
selected as a verification example, as shown in Fig. 1(a). The turbine
833
has an overlap ratio of 0.1 and the experimental data can be found
in Ref. [30]. Table 1 lists the geometrical parameters of the turbine.
From the study of Ref. [5,7,30], it is known that the power coeffi-
cient of the vertical turbines is affected by their aspect ratios.
Because the computational cost of a three-dimensional (3-D) un-
steady simulation of a three-turbine cluster is much higher than
that of a 2-D unsteady simulation, the common practice in opti-
mizing turbine clusters is to conduct 2-D computations, as adopted
in Ref. [24]. In the present study, the 2-D numerical model is
adopted to facilitate optimizations.

Two parameters are used to verify the simulation model for the
Savonius wind turbine, i.e., the moment coefficient Cm (as defined
by Eq. (1)) and power coefficient CP (as defined by Eq. (2)) against
TSR (as shown in Eq. (3)) [31].

CT¼
T

0:5r,U2
in,A

(1)

CP ¼
T,u

0:5r,U3
in,A

(2)

TSR¼ u,D
2Uin

(3)

where T, u, Uin, D, and A are the torque, rotational speed, free-
stream velocity of the wind, turbine diameter and turbine swept
area, respectively.

The power coefficient ratio (f) is defined as Eq. (4) [32] to
describe the enhancement of the turbine in a cluster.

f ¼CP
�
CP; isolated turbine (4)

where CP is the power coefficient of an individual turbine in a
cluster and CP, isolated turbine is the power coefficient of the isolated
turbine.

The computational domain is divided into four sub-domains, as
shown in Fig. 1 (b). It includes the stationary Zone I (circling the
turbines), Zone II (surrounding the wake region of turbines), Zone
III (external region), and the rotational zones containing the tur-
bines. The conformal conditions are employed for the interfaces
between Zone I and II, as well as Zone II and III. For the interfaces
between the rotational zones and Zone I, the sliding mesh models
are adopted, as used in Ref. [33].

To prevent the blocking effect caused by the upper and lower
boundary and allow the wakes of the wind turbines to develop
sufficiently, the width of Zone III should be large [34]. For this
purpose, the upstream semicircular boundary, the upper and lower
boundary, whichmake up the inlet boundary, are all 15D away from
the central rotor, while the outlet boundary is set to be 30D
downstream away, which is similar to Ref. [22]. Zone II is scaled to
1/3 of Zone III, and the diameter of Zone I is set to be a value in a
range of 3D to 4D depending on the position of the three rotors.
2.2. Grid generation and independence test

The distribution of a high-quality mesh around the turbines is
shown in Fig. 2. The unstructured triangular grid is generated for
the whole fluid domain except for the boundary layer near the
turbine surfaces. Around the turbine surfaces, a structured quad-
rilateral grid of 16 layers is applied with a growth rate of 1.05, as
shown in Fig. 2(b). The thickness of the first layer grid is set to be
0.05 mm, to ensure that the yþ is close to 1 and the flow separation
phenomena can be captured [32]. Fig. 3 shows the y þ distribution
around the turbine, and its maximum value is less than 1.5, which



Fig. 1. The Sketch of the turbine (a) and computational domain (b).

Table 1
Geometrical parameters of the turbine.

Turbine geometry Value

Number of blades 2
Blade diameter d 0.5 [m]
Turbine diameter D 0.95 [m]
Overlap ratio s 0.1
Overlap distance e 50 [mm]
Blade thickness t 1 [mm]
Turbine height H 1 [m]

Fig. 3. The y þ value for the turbine at 4 ¼ 90� .
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meets the requirements of the k-u SST turbulence model.
The verification results of grid independence for an isolated

Savonius wind turbine are shown in Table 2. When the grid number
is over 130,000, the change in CP is around 1%. For fast simulations
with reasonable accuracy, the grid with a number of 130 k is chosen
for further simulations.

2.3. Computational models and numerical validation

Two-dimensional unsteady Reynolds-averaged Navier-Stokes
(RANS) equations are solved by ANSYS FLUENT with k-u SST tur-
bulence model. This turbulence model is widely used in numerical
simulations of Savonius turbines [24,26,35] because of its feasibility
in high adverse pressure gradient and dynamic stall at low TSR
conditions [36]. The X-velocity of 7 m/s is imposed at the inlet
boundary and static pressure of 0 at the outlet boundary. Turbu-
lence intensity and turbulent viscosity ratio are chosen to be 0.1%
and 10, respectively, for the inlet and outlet boundary. No-slip wall
Fig. 2. Grid distribution around the turbines (a
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condition is given on blade surfaces. In addition, other options are
selected as pressure-based formulation, coupled algorithm, and
second-order upwind scheme [37] in this calculation.

A comparison of CP between numerical calculations and exper-
imental data for an isolated turbine is shown in Fig. 4. It can be seen
that when the tip speed ratio is less than 0.9, the numerical results
fit the experimental data well. By contrast, the numerical results
overestimate CP to some extent, when the tip speed ratio is greater
than 0.9, due to the 3-D effects [34]. The numerical optimal tip
speed ratio (TSR) is 1.0 (14.737 rad/s) with a CP of 0.245 for the
) and the boundary layers of the blade (b).



Table 2
Grid independence test.

Refinement level Grid number CP Error

1 52 k 0.2497 8.9%
2 81 k 0.2449 6.8%
3 130 k 0.2310 0.7%
4 208 k 0.2332 1.7%
5 301 k 0.2293 0

Fig. 4. The comparison of power coefficient between numerical results and the
experimental data [30].

Table 3
Time step independence study.

Refinement level Time step (s) CP Error

1 0.005 0.2589 23.9%
2 0.002 0.3177 6.6%
3 0.001 0.3372 0.9%
4 0.0005 0.3402 0

Fig. 6. The optimal power curve for the isolated turbine.
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isolated wind turbine at a wind speed of 7 m/s. In addition, the
numerical CP curve at 5 m/s differs slightly from that at 7 m/s.
2.4. Time step independence

The time step for the unsteady simulations with a sliding
interface should not be larger than the time it takes to move a cell
characteristic size, as adopted in Ref. [32]. The time step is usually
determined by making the rotor move at a specific angle (i.e. 0.5�,
1�) for a turbine with a constant speed. For the present proposed
variable-speed turbine control cases, the rotational speed of each
Fig. 5. The efficient cluster suggested by Ref. [22].
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turbine is variable, so the time step independence is verified for the
configuration shown in Fig. 5. Four time steps are tested in simu-
lations, as listed in Table 3. Finally, the time step for level 3 is used in
the following simulations.
2.5. The variable-speed control method

The strategy of the variable-speed control method is used to
adjust the rotational speed of every turbine in a cluster, to make
them operate on the optimal power curve of the isolated turbine.
The optimal power curve can be obtained by two approaches: the
first is to obtain the curve bymodeling; the second is by simulation.
Because the size of the Savonius turbine is not very large, the in-
fluence of the Reynolds number might not be neglected, as shown
in Fig. 4. Therefore, the optimal power curve for the isolated turbine
in this study is obtained by computing the power output at
Fig. 7. The configuration of a designed cluster (L1-2 ¼ 1.2D, L1-3 ¼ 2.0D, q1-2 ¼ 110� , q1-
3 ¼ 110�) of Case 1 (a) and Case 2 (b).



Table 4
The power coefficients of two cases.

CP, 1 Rotational speed (rad/s) CP, 2 Rotational speed (rad/s) CP, 3 Rotational speed (rad/s) CP

Case 1 0.359 17.86 0.324 16.37 0.307 15.88 0.33
Case 2 0.372 17.82 0.317 16.39 0.305 15.84 0.331

Fig. 8. Power coefficient time history of Case 1.
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different TSR for every incoming flow velocity. The simulated
optimal power output curve is shown in Fig. 6.

The power outputs of the turbines in a close cluster are different.
This is because the incoming flow velocity for every turbine in a
cluster is different due to the complex flows. If the power output of
a turbine is above the optimal curve in Fig. 6, then the rotational
speed of the turbine should be increased to match the point on the
curve. The adjustment of the turbine speed is implemented by
programming a User Defined Function code embedded in the
Fluent software. In the present simulations, the speed adjustment
process for the turbines in the cluster is considered to be completed
when the changes in the rotational speed of the turbines are within
0.5 rad/s in the last 10 loops of speed adjustment. Actually, the final
adjustment of the speed is within 0.1 rad/s in most cases.
Fig. 9. Power coefficient time history of isolated turbine.

Fig. 10. Wind turbines configurations in a cluster.

Table 5
Factors and levels (Clockwise is -, anti-clockwise is þ).

Levels 1 2 3 4

Factors

A (L1-2) 1.2D 1.6D 2.0D 2.4D
B (L1-3) 1.2D 1.6D 2.0D 2.4D
C (q1-2) 30� 70� 110� 150�

D (q1-2) 30� 70� 110� 150�

E (RD) (-, -, -) (-, -, þ) (-, þ, þ) (-, þ, -)
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Fig. 11. The 16 designs of the Taguchi experiment.

Table 6
The power coefficients and S/N ratios of the 16 Runs.

No. L1-2 (m) L1-3 (m) q1-2 (�) q1-2 (�) RD CP, 1 CP, 2 CP, 3 CP S/N

Run 1 1.2 1.2 40 40 (-, -, -) 0.1526 0.1778 0.1472 0.1592 �15.96
Run 2 1.2 1.6 70 70 (-, -, þ) 0.2224 0.3043 0.3179 0.2815 �11.01
Run 3 1.2 2.0 110 110 (-, þ, þ) 0.3591 0.3241 0.3069 0.330 �9.63
Run 4 1.2 2.4 150 150 (-,þ, -) 0.2706 0.3585 0.2670 0.2987 �10.50
Run 5 1.6 1.2 70 110 (-, þ, -) 0.3487 0.3493 0.3034 0.3338 �9.53
Run 6 1.6 1.6 30 150 (-, þ, þ) 0.2642 0.2809 0.1874 0.2442 �12.25
Run 7 1.6 2.0 150 30 (-, -, þ) 0.2446 0.2356 0.1969 0.2257 �12.93
Run 8 1.6 2.4 110 70 (-, -, -) 0.3374 0.3349 0.3099 0.3274 �9.70
Run 9 2.0 1.2 110 150 (-, -, þ) 0.2596 0.3143 0.1838 0.2526 �11.95
Run 10 2.0 1.6 150 110 (-, -, -) 0.3241 0.3204 0.2655 0.3024 �10.39
Run 11 2.0 2.0 30 70 (-, þ, -) 0.3522 0.320 0.3081 0.3268 �9.72
Run 12 2.0 2.4 70 30 (-, þ, þ) 0.2443 0.3129 0.2707 0.2759 �11.19
Run 13 2.4 1.2 150 70 (-, þ, þ) 0.2401 0.2586 0.2906 0.2631 �11.60
Run 14 2.4 1.6 110 30 (-, þ, -) 0.3065 0.3170 0.2861 0.3032 �10.37
Run 15 2.4 2.0 70 150 (-, -, -) 0.2848 0.3729 0.2180 0.2919 �10.78
Run 16 2.4 2.4 30 110 (-, -, þ) 0.2524 0.2780 0.2466 0.2590 �11.63

Y. Chen, P. Guo, D. Zhang et al. Renewable Energy 193 (2022) 832e842
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Fig. 12. Velocity contours around turbines in Run 1 (a) and Run 5 (b).

Fig. 14. The mean S/N ratio distributions of the five factors.
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3. Results and discussion

3.1. Influence of the initial phase angle on the power of the turbine
cluster

In previous investigations on a cluster of Savonius turbines, the
initial phase angles for the turbines have been proved to be a crucial
factor in power output, especially for the closely located turbines.
The variable-speed control method is proposed to avoid the strict
demand for accurate setting of the phase angle for the turbine. In
this section, the influence of the initial phase angle on power
output is analyzed for those turbines adopting the variable-speed
control method. One configuration is designed as shown in Fig. 7.
For this configuration, the relative phase angles of 41-2 and 41-3
both are 0� in Fig. 7(a) and are 90� in Fig. 6(b). The definition of 41-2
and 41-3 are given in the table of Nomenclature at the end of this
paper. The simulated power coefficients (CP) of the three turbines in
Fig. 7(a) and (b), which are named Case 1 and 2, are listed in Table 4.
The turbines rotating clockwise are marked red, while those
rotating anti-clockwise are marked blue.

From Table 4, it can be seen that the average power coefficients
(CP) of the two cases have nearly the same value and are both
higher than that of the isolated turbine (CP ¼ 0.245), increasing by
nearly 35%. In addition, the CP of Case 1 differs from that of Case 2 to
Fig. 13. Turbulence kinetic energy contours ar
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be less than 0.5%. The maximum difference of the CP and rotational
speed between the corresponding turbines in the two cases is less
than 4%. By contrast, the phase angles of turbines at the same
rotational speed in a cluster have a greater influence on the per-
formance, resulting in a maximum difference of up to 50% in the
power output of a three-turbine cluster [29]. It can be deduced that
the simulation result of the proposed variable-speed control
ound turbines in Run 1 (a) and Run 5 (b).
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method is not affected by the setting of the initial phase angles.
It is interesting to see the variations in the time series of the

power coefficients of the turbines in the cluster. Because the fluc-
tuation behaviors of CP of the corresponding turbines in the two
cases are similar, only the time series of CP in Case 1 are shown in
Fig. 8. For comparison, the time series of CP of the isolated turbine is
shown in Fig. 9. The amplitudes of the turbines in the cluster differ
from each other considerably. The increase in the amplitude of T1 is
noticeable. This may be because T1 is located closely to T2 and also
in downstream of T2. By contrast, T3 has similar behavior to the
isolated turbine, although its power output increases by nearly
25.3% due to the proximity to T1. This phenomenon can be
explained by the fact that the influence of T1 is weakened due to
the large distance (2D) between T1 and T3. In addition, in this
condition, the power output of T3 is improved mainly from high-
speed gap flow in the blocking region between turbines.
3.2. Optimization of Savonius wind turbine cluster

The Taguchi method is an efficient tool to rank the factors in a
process and obtain the optimal factors and results [38]. It is also
used in the optimization of the shapes of the VAWT [39,40] and the
configuration of the VAWT cluster [41,42]. The Taguchi method is
applied in this paper to optimize a wind turbine cluster composed
of three wind turbines, with the rotational directions, separation
distances, and angles of the configuration as factors, and the power
output as the optimization objective.
3.2.1. Objective function
In this optimization, the corresponding loss function for the

objective of large-the-better (LTB) is defined as follows [43]:

LLTB ¼
1
n

Xn
1

"�
1
yi

�2
#

(5)

where n is the number of repeated experiments, (n equals 1 in this
work).

The signal-to-noise (S/N) ratio is calculated as a logarithmic
transformation of LLTB, as shown below:

S

,
N ¼ �10 log

"�
1
yi

�2
#

(6)

where yi represents the value of CP in this study.
As it can be seen in Eq. (6), maximizing CP can achieve the

maximum value of the S/N ratio.
Fig. 15. The position of the three turbines in the optimal clust
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3.2.2. Factors and levels
The configuration of the three turbine clusters is shown in

Fig. 10. T1 is placed at the origin of the coordinate system. Four
factors are chosen to determine the configuration. They are the
distance (L1-2) between the centers of T1 and T2, the angle (q1-2)
between L1-2 and the horizontal axis, the distance (L1-3) between
the centers of T1 and T3, and the angle (q1-3) between L1-3 and the
horizontal axis. In addition, the combination of the rotational di-
rection (RD) of the three turbines is also selected as a factor. The
rotational speed and initial phase angle of each turbine are not
considered as factors in the Taguchi method.

The levels of the five factors are listed in Table 5. The ranges of
L1-2 and L1-3 are determined by referring to the results of Ref. [22].
The results of Ref. [22] showed that when L1-2 and L1-3 are both
1.2D, the power outputs of three turbines increased evidently;
while the power outputs increase slightly when the distances are
2.4D apart. Therefore the range from 1.2D to 2.4D is selected for L1-2
and L1-3. In addition, the ranges of the angles of q1-2 and q1-3 are set
from 30� to 150�, to avoid placing the turbine in the downstream
region of another. The combination of rotational directions of the
T2 and T3 has four conditions, with the fixed rotational direction of
T1. Finally, an L16 (45) orthogonal array is chosen and the layouts of
the 16 designs of the cluster are displayed in Fig. 11.

3.2.3. Analysis of Taguchi experiment
Table 6 lists the power coefficients (CP, 1, CP, 2, CP, 3) of the three

turbines, the average power coefficient (CP) of the wind turbine
cluster, and the S/N ratio for the CFD results of the 16 designs. It can
be seen that Run 5 has the best CP (f ¼ 1.36), whereas the CP of Run
1 is the lowest in all the 16 cases (f¼ 0.65). The CP of Runs 1, 6, and 7
are lower than that of the isolated turbine but other CP are not. In
this round of design of experiment, the performance of the cluster
is improved in most cases, due to the coupling effect.

Because the difference in power output between Run 1 and Run
5 is the largest in the 16 cases, it is necessary to make a comparison
of the two velocity fields, which are shown in Fig. 12. The reason
that the CP of Run 1 is the lowest in all cases may be that the tur-
bines T2 and T3 are in the wake of T1 (Fig. 12(a)), which results in a
reduction of available wind energy to the downstream turbines, T2
and T3. Another important factor is rotational direction. In
Fig. 12(b), it can be seen that T1 and T2 are counter-rotating. In
addition, the high-speed gap flow between T1 and T2 is favorable to
push the advancing blades to generate positive torque. The turbines
in clusters of Runs 4, 11, and 14, which have the same rotational
direction as Run 5, all generate more power than the isolated tur-
bine. Fig. 13 shows the turbulence kinetic energy contours in the
flow fields of Runs 1 and 5. Obviously, the turbulence kinetic energy
er (a) and the power coefficient of the three turbines (b).



Fig. 16. The velocity contour of turbines in point 1 (a), point 2 (b), point3 (c), and the isolated turbine (d).

Fig. 17. The instantaneous value of power coefficient (CP) versus azimuthal angle
(0e360�) for three turbines in the optimal cluster and isolated turbine.

Fig. 18. The definition of wind direction (a) and the average power coefficient ratio
versus wind direction (b).
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around T2 and T3 in Run1 is much larger than that in Run5. This is
also an indicator that T2 and T3 in Run 1 are much influenced by T1
and a fraction of the energy of the flow is wasted into turbulence
kinetic energy.

From the above discussion, it is evident that the distances and
angles between the turbines, which determine the configuration of
the cluster, and the rotational direction all affect the power output
of the individual turbine in the cluster, due to the interactions
involving the gap flow in blocking region, wake flow, and favorable
pushing force. It is necessary to evaluate the influence of the three
parameters quantitatively, i.e. the distance, the angle, and the
840
rotational direction, on the power output of the turbines because
the unsteady flow is very complex.

For this purpose, the mean S/N ratio of the Taguchi method is
used to make this evaluation. The mean S/N ratios of five factors are
calculated by using the results in Table 6, and are shown in Fig. 14.
The mean S/N ratio is calculated in the following way. For example,
for Level 1 of Factor A (L1-2), the mean S/N ratio is the average of the
four S/N ratios of Factor A at Level 1. That is，S/N (A1) ¼ (S/N (Run
1) þ S/N (Run 2) þ S/N (Run 3) þ S/N (Run 4))/4 ¼ �11.775. The
range for every factor is labeled on the mean S/N ratio curves.

By carefully analyzing the results in Fig. 14, it can be observed:
first, the shapes of the curve of the mean S/N ratios for Factor A and
B are not similar, because the rotational direction of T1 is fixed in
the present investigations. From Fig. 11 it can be seen that the
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advancing blade of T1 is always on the side of T2 while the
returning blade is always on the side of T3. This makes the flow
field unsymmetrical. Second, the mean S/N values of Factor C and D
at their Level 1 and 4 are very low. This is because Level 1 of Factor C
and D corresponds to the configurations in which T2 and T3 are in
the downstream region of T1, while Level 4 of Factor C and D
represent that T1 is in the downstream region of T2 and T3. This
will reduce the power output of the cluster with an underlying
mechanism similar to Run 1. Third, the ranges labeled on the curves
in Fig. 14 represent the influence of factors on the power output of
thewind turbine cluster. The influence order of the five factors is q1-
3 > q1-2 > RD > L1-3 > L1-2, which means the influence of the
configuration angle weighs heavier than that of the combination of
rotational direction, and the distance is the least important
parameter.
3.2.4. The power output of the optimal cluster
The three-turbine cluster will have the maximum power output

when the five factors are at the levels with the maximum value of
mean S/N ratios, as used in Ref. [41]. Therefore, the optimal level
combination of the five factors is L1-2 ¼ 2.0D, L1-3 ¼ 2.4D, q1-
2 ¼ 110�, q1- 3 ¼ 110� and RD¼ (-,þ, -), as shown in Fig. 15(a). The CP,
1, CP, 2 and CP, 3 are 0.357, 0.365, and 0.325 when the TSRs of the T1,
T2, and T3 are 1.13,1.14, and 1.09, respectively; and CP for the cluster
is 0.349 (f ¼ 1.425). The time series of CP of the three turbines are
shown in Fig. 15(b). It is worth noticing that the peak value fluc-
tuation of CP of T1 almost disappears due to a large distance be-
tween T1 and T2.
3.3. Analysis of the flow fields of the optimal cluster

The flow fields of the optimal cluster at three instants are shown
in Fig. 16(a), (b), and (c). The three instants correspond to the times
when the power coefficients of the three turbines reach their peaks,
as labeled by Points 1, 2, and 3 in Fig. 15(b). The power coefficients
of the three turbines rank as T2 > T1 > T3, and the underlying
mechanism, similar to Run 5, has been explored. Indeed, the high-
speed gap flow in the blocking region between T1 and T2 pushes
their advancing blades to increase the torques of both T1 and T2. In
the meantime, the gulped incoming flow between T2 and T3 will
also increase the flow speed between T1 and T3. On the one hand,
this increased gap flow is beneficial to the torque generation of T3;
on the other hand, it will reduce the power output of T1 to some
extent. However, the gap flow between T1 and T2 is higher than
that between T1 and T3, as can be seen in Fig. 16. The net effect for
T1 is the rise of its torque. In addition, from the velocity fields, it can
be seen that the wake region of T1 is the largest, while that of T3 is
the smallest. The reason is supposed to be that more power is
extracted from the fluid by T1 than by T3. Similarly, the wake of T2
is larger than that of T3, because CP, 2 is larger than CP, 3, although T2
has a favorable fluid field to generate a high torque. Furthermore,
the fluctuation magnitude of CP, 1 is the largest, while that of CP, 3 is
the lowest, as shown in Fig. 15(b). From Fig. 16, it is clearly seen that
there are two high-speed gap flows surrounding T1 and they
oscillate due to the rotational of the blade, which is responsible for
the large fluctuation of CP, 1.

The polar chart of the power coefficients versus phase angle of
the three turbines in the optimal cluster and the isolated turbine is
shown in Fig. 17. The definition of the phase angle is shown in
Fig. 1(a) and the scale of CP in Fig. 17 is displayed on the right-hand
side to make it easy to identify. Although the shapes of the polar
charts of CP of the turbines in the cluster look similar to that of the
isolated turbine, the amplitudes are larger and there are some
distortions in the power coefficients due to the interactions
841
between turbines. This implies that the essential flow feature of the
Savonius turbine remains, but the transient flow field around every
turbine in the cluster is different from each other and from the
isolated turbine, due to the coupling effect.

The overall power output of the wind turbine cluster would be
affected by wind flow direction. For the present optimal cluster
configuration, the power coefficients were investigated in eight
wind directions to study the influence of flow directions. Fig. 18
shows the average power coefficient ratio (f) of the optimal tur-
bine cluster versus wind direction (g). It can be seen that there is a
range from �45� to 45� where the CP of this cluster is improved by
at least 30%more than that of the isolated turbine. The performance
of the cluster will deteriorate if the wind is in the y-direction.
Therefore, the optimal configuration of the present wind cluster is
more suitable for situations with prevailing wind directions.

4. Conclusion and future work

The present variable-speed control method provides an easy
strategy to improve the power output of a cluster of turbines. The
power output of a cluster of three variable-speed turbines is opti-
mized by using the Taguchi method. The optimal configuration and
rotational speeds of the three-turbine cluster are determined, and
the corresponding flow fields are studied in detail. Some conclu-
sions are summarized below:

(1) The proposed variable-speed control method to improve the
power output of the cluster of the turbines is not affected by
the initial phase angles of the turbines, despite the fact that
the initial phase angle is a crucial factor to influence the
power output of the cluster of turbines operating at the same
rotational speed.

(2) The CP of the optimal cluster is 0.349, which is increased by
42.5% than that of the isolated turbine. In addition, the tip
speed ratios for the three turbines are 1.13, 1.14, and 1.09,
which are different from each other due to the locally
different incoming flow fields.

(3) The influence strength order is ranked as the angle factor,
rotational direction factor, length factor. In addition, two
important combinations of the influential factors were
identified: the worst combination of the angle factors in
which one turbine is located in the wake of another turbine;
and the best combination of rotational directions in which
the advancing blades of three turbines are located in the
blocking region between adjacent turbines.

In future work, the improvement effect of the modified shape
and the aspect ratio of the Savonius turbine on the power output of
the turbines in the optimal configuration is worthy of further
investigation.
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Nomenclature

d Bucket diameter [m]
D Turbine diameter [m]
H Turbine height [m]
e Distance of overlap [mm]
t Turbine thickness [mm]
s Overlap ratio (e/d)
T1 Turbine 1 in a cluster (similar T2 and T3)
41 Angle between the flow and the line joining centers the

two buckets (similar 42 and 43)
41-2 Realtive phase angle between T1 and T2 (41-2 ¼ 41 -42)
41-3 Realtive phase angle between T1 and T3 (41-3 ¼ 41 -43)
q1-2 Angle between the line joining centers between T1 and

T2 and the incoming flow
q1-3 Angle between the line joining centers between T1 and

T3 and the incoming flow
L1-2 Distance of the centers between T1 and T2
L1-3 Distance of the centers between T1 and T3
RD Rotational direction of three turbines
Cm Average power coefficient of turbine
CP Power coefficient of a turbine
CP, 1 Power coefficient of T1 (similar CP, 2 and CP, 3)
CP Average power coefficient of a cluster
g Angle of wind direction
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