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Abstract: A preliminary study is carried out to investigate the aerodynamic characteristics of a
square cylinder with Savonius wind turbines and to explain the reason why this kind of structure
can suppress wind-induced vibrations. A series of computational fluid dynamics simulations are
performed for the square cylinders with stationary and rotating wind turbines at the cylinder corners.
The turbine orientation and the turbine rotation speed are two key factors that affect aerodynamic
characteristics of the cylinder for the stationary and rotating turbine cases, respectively. The numerical
simulation results show that the presence of either the stationary or rotating wind turbines has a
significant effect on wind forces acting on the square cylinder. For the stationary wind turbine cases,
the mean drag and fluctuating lift coefficients decrease by 37.7% and 90.7%, respectively, when the
turbine orientation angle is 45◦. For the rotating wind turbine cases, the mean drag and fluctuating
lift coefficients decrease by 34.2% and 86.0%, respectively, when the rotation speed is 0.2 times of
vortex shedding frequency. Wind turbines installed at the corners of the square cylinder not only
enhance structural safety but also exploit wind energy simultaneously.

Keywords: square cylinder; wind turbines; aerodynamic characteristics; vortex shedding

1. Introduction

Techniques to reduce wind-induced vibration of high-rise buildings have practical
significance for ensuring structure safety and occupant comfort. In general, there are two
traditional strategies, mechanical strategies and aerodynamic modifications, to reduce
wind-induced vibrations. The tuned mass damper (TMD) installed inside tall buildings
is one of the most effective mechanical strategies. In order to achieve an ideal vibration
control effect, the mass of the damper normally needs to reach about 0.5–3% of the building
mass. As a result, the damper not only occupies a large amount of building space, but also
requires a stronger structure system to support such a heavy device. Furthermore, aerody-
namic modification strategies, including rounding corners [1–3] and recessing corners [4–6],
have also been studied. Wind tunnel model testing results demonstrate that slotted corners
and chamfered corners can cause significant reductions in both along-wind and cross-wind
responses [7,8]. Drag forces on a cylinder can also be reduced by adding a splitter plate behind
it [9]. Although these strategies are very effective, they sacrifice the valuable space of tall
buildings for the sole purpose of reduction in wind loading and wind-induced vibrations.

To further achieve the purpose of reducing drag, many researchers use the moving
surface boundary layer control method (MSBC) to inject momentum into the flow field to
prevent the formation of boundary layers. In [10], experimental research was conducted
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on the aerodynamic characteristic of a square cylinder under the momentum injection
method. The results show that in the presence of MSBC, the drag of the square cylinder
is considerably reduced at all angles of attack. In research reported in [11], a rectangular
prism with two rotating cylinders was studied in a wind tunnel, and the effects of different
rotation speed and modes on the aerodynamic characteristic were analyzed. Previous
scholars mainly relied on the rotation of the small cylinder to inject momentum into the
flow field. We consider replacing the small cylinder with wind turbines to increase its
possibility and value in engineering applications.

Compared to the sole purpose of aerodynamic modification strategies to suppress
wind-induced vibrations of tall buildings described in previous studies, it is desirable
to develop effective aerodynamic devices for not only suppressing the wind-induced
vibrations but also harvesting wind energy. Extensive studies aimed at making wind
energy more efficient have also been carried out. The authors of [12] added two small
diameter cylindrical rods on both sides of the cylinder to significantly improve the efficiency
of a vortex-induced vibration energy collection system. Wind turbines have been installed
in various positions of tall buildings, such as rooftop and through opening and channel
between two buildings. The authors of [13] used the scale model to evaluate the wind
speed amplifications in the tunnels for wind-power generation through the installation of
wind turbines. To obtain optimal environmental benefits, the optimizing design of wind
turbines installed on the tall buildings is also discussed [14,15]. Because previous studies
have only focused on the energy-saving benefits of installing wind turbines on structures,
we consider that installation of the wind turbine at the corners of the square cylinder will
not only enhance structural safety but also exploit wind energy simultaneously.

This is a preliminary study to investigate the aerodynamic characteristics of a square
cylinder with Savonius wind turbines and attempts to explain the reason why this kind of
structure can suppress wind-induced vibrations. Numerical models, including numerical
method, computational configuration and mesh arrangement, grid size and time step
configuration, and simulation cases are illustrated in Section 2. Mean pressure coefficients,
force coefficient and vortex shedding, and flow pattern around the cylinders for both
stationary and rotating wind turbines are shown in Section 3. Finally, conclusions are
summarized in Section 4.

2. Numerical Simulation Configurations
2.1. Numerical Method

RANS [16–18] treats the vortices of different scales equally in the flow field and
smoothens the details of the temporal and spatial variations in pulsation motion through
average operation. The turbulence model we used is the SST k–ω.

The continuity equation and momentum equation for impressible flow are expressed as:

∇ ·U = 0 (1)

∂U
∂t

+∇ · (UU) = −1
ρ
∇P +∇ · (ν∇U)−∇ · τ (2)

where U and P are the averaged velocity and pressure, respectively; ρ shows air den-
sity and ν refers to eddy viscosity; τ is the Reynolds stress which can be expressed as
τij = νt(∂ui/∂xj + ∂uj/∂xi)− 2/3ρkδij and δij is the Kronecker delta.

According to [18,19], the control equations of SST k–ω are expressed as follows:

∂ρk
∂t

+ ui
∂ρk
∂xi

=
∂

∂xj

[
Γk

∂k
∂xj

]
+ Gk −Yk (3)

∂ρω

∂t
+ ui

∂ρkω

∂xi
=

∂

∂xj

[
Γω

∂ω

∂xj

]
+ Gω −Yω + Dω (4)
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where ρ = 1.225 kg/m3; k is turbulent kinetic energy; ω is the dissipation rate of turbu-
lent kinetic energy; ui is the velocity component and subscripts i, j = x, y, z; Gw is the
term of turbulent kinetic energy generation caused by the velocity gradient; Γk and Γω

are the convection terms for k and ω, respectively; Yk and Yw are the effective diffusion
terms of k and w caused by turbulence, respectively; and Dω is the cross-convection term

(Dω = 2(1− F1)ρσω2
1
ω

∂k
∂xj

∂ω

∂xj
).

The coefficient of eddy viscosity νt can be obtained by:

νt = a1
k

max(a1ω, ΩF2)
(5)

F2 = tanh(arg2
2), arg2 = max(2

√
k

0.09ωy
,

500ν

y2ω
) (6)

where Ω is the absolute value of vorticity, F2 is a function that is one for boundary-layer
flows and zero for free shear layers, and a1 = 0.31 is the empirical coefficient.

The transition from the k–ω model near the wall to the k–ε model far from the wall is
controlled by mixed function F1:

F1 = tanh(arg4
1) (7)

arg1 = min(max(2

√
k

0.09ωy
,

500ν

y2ω
);

4ρσω2k
CDkωy2 ) (8)

CDkω = max(2ρσω2
1
ω

∂k
∂xj

∂ω

∂xj
; 10−20) (9)

where y is the distance to the next surface, νt is the eddy viscosity, and CDkw is the positive
portion of the cross-diffusion term. Model coefficient σω2 is 0.856.

The open-source computational fluid dynamics package OpenFOAM is used for
numerical simulations in this study. The finite volume method is adopted to solve the
unsteady incompressible Navier–Stokes equation. The PIMPLE scheme is used to solve
the pressure–velocity coupling. The second order implicit scheme is selected for time
discretization. Gauss linear upwind scheme is used for spatial discretization. The time step
is set as 1.0 × 10−6 s. In terms of time step selection, to assess how the size of the time steps
may affect the results, three time steps of 2 × 10−5, 1.0 × 10−6, and 1.0 × 10−7 s are tested.
At last, 1.0× 10−6 s is selected to balance the simulation time and the result accuracy. For all
simulations, more than 1000 nondimensional time steps, corresponding to approximately
50 vortex-shedding cycles, which is much larger than the number of vortex-shedding cycles
adopted in the previous studies [20,21], are taken for assuring reliable results.

2.2. Computational Configuration and Mesh Arrangement

The 2D computational domain, 92 W long and 25 W wide, is illustrated in Figure 1a in
which the width (W) of the cross section is 0.1 m and the cylinder centroid is defined as the
origin of the coordinate. The lateral boundary is 12.5 W away from the cylinder centroid in
terms of the previous studies [22]. In order to allow flow redevelopment behind the wake
region, the distances between the cylinder centroid and the inlet and the outlet boundary
are 30.5 W and 61.5 W, respectively.
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Figure 1. Views of grids for a square cylinder with wind turbines at two leading corners: (a) Grid
distribution in x–y plane; (b) Grid surrounding square cylinder; (c) Grid surrounding upper wind
turbine; (d) Grid surrounding lower wind turbine.

As for the boundary conditions, a smooth flow condition with a wind speed of 9 m/s
is used at the inlet (u = 9m/s, ∂p/∂n = 0) and the Reynolds number is 6.0 × 104, which
is consistent with that in [22]. At the outlet boundary, a zero static pressure is adopted
(p = p0 = 1.013× 105, ∂u/∂n = 0). Two lateral boundaries are defined as a symmetry
boundary condition (v = 0, ∂u/∂n = 0), which is used to model zero-shear slip walls
in viscous flows. An empty condition is enforced on the top and bottom surfaces of
the computational domain, which is an ordinary method to solve the 2D problem in
OpenFOAM. Two vertical-axis wind turbines are installed at two leading corners of the
square cylinder and the nonslip wall boundary condition (ui = 0, ∂p/∂n = 0) is applied
to surfaces of the cylinder and the wind turbines, where n refers to the normal direction,
u and v represent the velocity components in x and y directions, respectively.

2.3. Grid Size and Time Step Configuration

The hybrid grid scheme is used for discretization, as shown in Figure 1. Because of
the geometric irregularity of the wind turbines, an unstructured grid is adopted around
the turbines in the vicinity of the cylinder. Structural meshes are used for the whole
computational domain except the region containing wind turbines. As shown in Figure 2,
the diameter of wind turbines is 5/100 W, d is 7/300 W, and e is 1/240 W, which leads to a
ratio (e/d) of 1/6. The height of the minimum grid (δ) is 0.004 mm, the maximum y+ values
for all cases is less than 1. The rotation of the wind turbine is implemented via the dynamic
grid model, and a pair of coupling interfaces is set between the rotating region and the
stationary region.
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Figure 2. Sketch of Savonius wind turbines.

In order to consider the influence of grid size on numerical simulations, five grids
(i.e., G1, G2, G3, G4, and G5) of the plain square cylinder with corner turbines are tested.
The drag, lift coefficients, and Strouhal number of the square cylinder obtained from the
five grid schemes are compared in Table 1. The mean drag, lift coefficients, and the Strouhal
number are defined as:

Cd =
Fd

1/2ρU2W
(10)

Cl =
Fl

1/2ρU2W
(11)

St =
fsW
U

(12)

where Fd and Fl are the drag and lift forces of the cylinder, respectively; f s is the vortex
shedding frequency; W is the width of the cross section; and U is the oncoming flow
velocity set at the inlet boundary condition. The specifications of the grids used are given
in Table 1 and wind turbine rotation speed is 11.88 rev/s. The Strouhal number and RMS
lift coefficients CRMS

l of G4 and G5 are identical. Considering accuracy and calculation
speed, G4 is selected as the final grid scheme.

Table 1. Grid schemes for grid independence tests.

Grid
Schemes

Cell
Numbers y+(Max) δ/W Cd CRMS

l St

G1 1.1 × 105 0.66 4 × 10−5 1.43 0.69 0.136
G2 1.3 × 105 0.52 4 × 10−5 1.41 0.63 0.136
G3 1.7 × 105 0.55 4 × 10−5 1.42 0.61 0.136
G4 2.4 × 105 0.57 4 × 10−5 1.47 0.78 0.134
G5 3.0 × 105 0.61 4 × 10−5 1.48 0.78 0.134

In addition, the simulation result of a plain cylinder without corner wind turbines is a
baseline case to compare to the cases with corner wind turbines. As shown in Figure 3, the
mean pressure coefficients on the four faces have favorable agreement with the results in
the previous studies [22,23]. Table 2 gives the comparisons of force coefficients between
previous studies and present numerical simulations. The definition of δcd is the relative
error of Cd. As shown in Table 2, the drag coefficient Cd for the plain cylinder is 1.99, which
agrees well with that of 2.05 for a square cylinder reported in [24]. The relative error δcd is
nearly 5% when compared with all the experimental results. The RMS lift coefficient for
the plain cylinder is 1.29, which matches well with the RMS lift coefficients of 1.37 for a
square cylinder reported in [25].
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Figure 3. Comparisons of mean pressure distribution between previous studies and present numerical
simulations.

Table 2. Comparisons of force coefficients between previous studies and present numerical simulations.

Data from Previous
Studies Re Cd CRMS

l St δcd

Experimental results:
[24] 1.76 × 105 2.05 - 0.122 2.93%

[26,27] 2.14 × 104 2.1 - 0.132 5.24%
[28] 2.20 × 104 2.09 0.95 0.123 4.78%

Simulation results:
[22] 6.0 × 104 2.26 1.52 0.132 11.9%
[25] 1.9 × 104 2.37 1.37 0.122 16.0%
[29] 2.2 × 104 2.26 1.60 0.136 11.9%

Present simulation results: 6.0 × 104 1.99 1.29 0.123 -

2.4. Simulation Cases

As shown in Figure 4, two types of simulation cases, stationary and rotating wind
turbines, are considered. For the stationary wind turbines, their orientation related to the
wind flow direction may have a significant effect on aerodynamic characteristics of the
cylinder. Similarly, for the rotating wind turbines, it is anticipated that the rotation speed of
the turbines is a key factor which affects the aerodynamic characteristics of the cylinder.
In order to study the effects of these two factors, 4 different orientations of the stationary
wind turbines and 9 different rotation speeds are studied, as shown in Tables 3 and 4. The
orientation of the stationary turbine is denoted by θ, which represents the angle of rotation
of the wind turbines. Two wind turbines rotate inward relative to the square cylinder. Vt
is the rotation speed of the wind turbines and fs is the vortex shedding frequency of the
square cylinder calculated according to Strouhal number of 0.132 for the square cylinder
provided by [22]. The rotation speed ranges from 0 to 4 times that of fs, and a rotation speed
of 0 refers to a stationary case. In this study, the turbine rotates independently from the
wind speed. According to [30], the rotation speed of the Savonius wind turbine is about
19.5 (r/s), which is closest to the rotation speed of R6. Thus, R6 is considered as an actual
case. In order to conduct a comparative study on the influence of different rotational speeds
on the aerodynamic characteristics of the square cylinder, we created 8 other working
conditions.
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Figure 4. Simulation cases: (a) Stationary cases; (b) Grid surrounding square cylinder.

Table 3. Rotating test cases.

Cases Plain R0 R1 R2 R3 R4 R5 R6 R7 R8

Vt/fs - 0 0.2 0.4 0.6 0.8 1 2 3 4
Vt (r/s) - 0 2.38 4.75 7.13 9.50 11.88 23.76 35.64 47.52

Table 4. Stationary test cases.

Cases Plain S1 S2 S3 S4

θ - 0◦ 45◦ 90◦ 135◦

3. Results and Discussions
3.1. Mean Pressure Coefficients
3.1.1. Stationary Wind Turbines at Cylinder Corners

Comparisons of mean pressure coefficients (Cp) around the cylinder surface among
the four cases with stationary wind turbines at the cylinder corners and the plain cylinder
are provided in Figure 5.

On the windward face, Cp at the stagnation point is approximately 1.0 for all cases.
Cp gradually decreases from the stagnation point to two corners and Cp on two side faces
are symmetrically distributed as expected. Because of the flow separation, the value of
Cp on two side faces is negative. Compared with the cases with turbines at corners, Cp
on the side faces of the plain cylinder has the lowest value. It means that the existence of
stationary wind turbines in the corners reduces the suction on the side faces. Furthermore,
Cp on the side faces has the largest value when θ is±45◦ (S2), which means that the suction
on the side faces of S2 is lower than the other cases.
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Figure 5. Mean pressure coefficients around the cylinder for the four stationary cases and plain cylinder.

On the leeward face, the suctions for cases with stationary wind turbines are signifi-
cantly lower than that of the plain cylinder. Similar to the observations on the side face,
the stationary wind turbines weaken the suction on the leeward face and it becomes more
obvious when θ is ±45◦, i.e., S2.

3.1.2. Rotating Wind Turbines at Cylinder Corners

Mean pressure coefficients (Cp) around the cylinder surfaces of nine rotating cases
and the plain cylinder are compared in Figure 6. Figure 6a presents the cases when Vt/fs is
less than 1 while Figure 6b shows the cases when Vt/fv is equal to or larger than 1.

Figure 6. Mean pressure coefficients around the cylinder for the nine rotating cases and the plain
cylinder: (a) Vt/fs < 1; (b) Vt/fs ≥ 1.

On the two side faces, Cp of the plain cylinder has the lowest value among the nine
cases. Therefore, the existence of rotating wind turbines in the corner reduces the suction
on the two side faces. As shown in Figure 6a, the suction on the two sides increases as the
rotation speed increases when the rotation speed of wind turbines is less than fs. As shown
in Figure 6b, the suction on the two sides has an obvious reduction when the wind turbine
rotation speed increases from f s (R5) to 2f s (R6). Lastly, the suction will not be lower than
R6 as the rotation speed further increases.

On the leeward face, the suction of cases with the rotating wind turbines is lower
than the plain cylinder. Similar to the observations on the side faces, it is believed that the
rotating wind turbine is able to weaken the suction on the leeward face. It is also noted
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that the suction on the leeward face has the lowest value, as shown in Figure 6b, when the
rotating speed is 2fs (R6).

3.2. Force Coefficients and Vortex Shedding Characteristics
3.2.1. Stationary Wind Turbines at Cylinder Corners

Cd, CRMS
l , and St of four stationary cases and the plain cylinder are listed in Table 5.

The percentage of the values relative to the plain cylinder is shown in Figure 7.

Table 5. Force coefficient for four stationary cases and plain cylinder.

Case Cell
Numbers y+(Max) δ/W Cd CRMS

l St

Plain
cylinder 2.0 × 104 1.4 2 × 10−4 1.99 1.29 0.123

S1 2.4 × 105 0.41 4 × 10−5 1.26 0.19 0.144
S2 2.4 × 105 0.43 4 × 10−5 1.24 0.12 0.145
S3 2.4 × 105 0.44 4 × 10−5 1.35 0.21 0.141
S4 2.4 × 105 0.59 4 × 10−5 1.48 0.43 0.143

Figure 7. Comparisons of RMS lift coefficients, mean drag coefficients, and Strouhal number for the
four stationary cases and plain cylinder.

As shown in Table 5 and Figure 7, four cases with stationary wind turbines have lower
Cd than the plain cylinder since the suction on the two sides and leeward face is lower than
the plain cylinder, as shown in Figure 5.

As shown in Figure 7, Cd is reduced 37.7% compared to the plain cylinder when θ is
45◦ (S2), which is the most significant for all cases. The lowest suction on the leeward face
shown in Figure 5 contributes to the lowest Cd of S2. The variation in CRMS

l is similar to
that of Cd and the RMS lift coefficients has a 90.7% reduction when θ is 45◦ (S2). That is to
say, the fluctuation of Cl was suppressed effectively. There is still a drop of 66.7% of CRMS

l
compared with the plain cylinder when θ is 135◦ (S4). Figure 8a,b presents the comparison
of time history of Cl for S2 and S4. The red curve represents the time history of Cl of the
plain cylinder and the black curves represent the time history of the typical cases. It can be
found that the fluctuation of Cl for S2 has a greater inhibition than S4.
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Figure 8. Comparison of time history of Cl: (a) S2; (b) S4; (c) R1; (d) R6; (e) R8.

Figure 9 illustrates the power spectrum of the lift force for the four stationary cases
and plain cylinder; the vortex shedding energy is represented by the peak value of the
spectrum. The frequency corresponding to the maximum value of the power spectrum is
the vortex shedding frequency, and then St can be calculated by fsW/U (W is the width
of the cylinder and U is the wind speed). As shown in Figure 9, the spectrum of the lift
coefficient of the plain cylinder fits well with that in [31]. Four stationary cases have a
much larger Strouhal number, approximately 20% larger than that of the plain cylinder.
The vortex shedding energy presented by the peak value of the spectrum of four stationary
cases is evidently smaller than that of the plain cylinder. Even though the stationary wind
turbines installed at two leading corners increase the frequency of vortex shedding of the
square cylinder, they can effectively reduce the energy of vortex shedding. Furthermore,
the vortex shedding energy of the cylinder with corner wind turbines exhibits the lowest
value when θ is 45◦ (S2).
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Figure 9. Power spectra of lift forces for the four stationary cases and plain cylinder.

3.2.2. Rotating Wind Turbines at Cylinder Corners

Cd, CRMS
l , and St of the nine rotating cases and the plain cylinder are listed in Table 6.

Ratios of these values to that for the plain cylinder are shown in Figure 10. All cases of
the square cylinder with rotating corner wind turbines have lower mean drag coefficients
(Cd) than the plain cylinder. Compared with the plain cylinder, when the rotation speed is
0.2f s (R1), Cd of the cylinder with wind turbines dramatically decreases by about 34.2%,
and then the drop rate gradually decreases as the rotating speed increases before reaching
f s. When the rotation speed increases to 2f s (R6), the drop rate of Cd again increases to
34.2%. Similarly, all cases of the square cylinder with rotating corner wind turbines have
lower CRMS

l than the plain cylinder. As rotation speed increases, the variation in the drop
rate of CRMS

l is similar to that of Cd, but the reduction in CRMS
l is more significant than

Cd. Compared with the plain cylinder, CRMS
l of the cylinder with corner wind turbines

dramatically decreases by about 86.0% as the wind turbine rotation speed is 0.2f s(R1) and
the drop rate becomes 71.3% when the rotating speed increases to 2f s (R6). When the
rotation speed is 4f s(R8), both Cd and CRMS

l have the least reduction. It is worth noting that
even though Cd and CRMS

l have a significant reduction when the wind turbine has a rotating
speed of 0.2fs and 2fs, it is still smaller than the reduction in the case with the stationary
wind turbines (R0). Figure 8c–e present the comparison of time history of Cl of R1, R6, and
R8. It can be found that the fluctuation of Cl of R1 is smallest, which corresponds to the
largest drop rate of CRMS

l of R1. Figure 8d,e shows that the fluctuation of Cl of R6 is also
effectively suppressed, but the effect of fluctuation inhibition of R8 is not obvious.

Table 6. Force coefficient for the nine rotating cases and plain cylinder.

Case Cell
Numbers y+(Max) δ/W Cd CRMS

l St

Plain cylinder 2.0 × 104 1.4 2 × 10−4 1.99 1.29 0.123
R0 (S2) 2.4 × 105 0.43 4 × 10−5 1.24 0.12 0.145

R1 2.4 × 105 0.46 4 × 10−5 1.31 0.18 0.142
R2 2.4 × 105 0.49 4 × 10−5 1.34 0.25 0.142
R3 2.4 × 105 0.53 4 × 10−5 1.37 0.33 0.147
R4 2.4 × 105 0.50 4 × 10−5 1.39 0.52 0.127
R5 2.4 × 105 0.57 4 × 10−5 1.47 0.78 0.134
R6 2.4 × 105 0.46 4 × 10−5 1.31 0.37 0.114
R7 2.4 × 105 0.51 4 × 10−5 1.45 0.58 0.129
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Figure 10. Comparisons of RMS lift coefficients, mean drag coefficients, and Strouhal number for the
nine rotating cases and the plain cylinder.

Figure 11 presents the power spectrum of the lift force for the nine rotating cases and
plain cylinder. Figure 11a refers to the cases with Vt/fs less than 1 and Figure 11b shows
the cases with Vt/fs equal to or larger than 1. For Strouhal number (St) shown in Figure 11,
all of the rotating cases have larger Strouhal numbers than the plain cylinder, except for
R6. The vortex shedding energy represented by the peak value of the spectrum of the nine
rotating cases is evidently smaller than that of the plain cylinder. Moreover, the vortex
shedding energy of the cylinder with corner wind turbines has the lowest value when the
wind turbine rotation speed is 2f s (R6).

Figure 11. Power spectra of lift forces for the nine rotating cases and plain cylinder: (a) Vt/fs < 1;
(b) Vt/fs ≥ 1.

3.3. Flow Pattern around the Cylinders

The considerable effects of stationary and rotating wind turbines on the aerodynamic
characteristics of a square cylinder are explained above. It can be found that there is a
significant difference between aerodynamic characteristics of a plain square cylinder and
a square cylinder with stationary or rotating wind turbines at the corners. To clarify the
related mechanism, the flow patterns are discussed in this section.

3.3.1. Stationary Wind Turbines at Cylinder Corners

Time−averaged pressure coefficient distribution around the plain cylinder and the
cylinder of the two stationary cases (S2 and S4) are shown in Figure 12a–c. As for the
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stationary cases, S2 has the best effect of drag reduction while S4 has the worst result, thus
the flow pattern of these two cases is discussed herein. As for S2, the pressure distribution
on the windward face is consistent with the plain cylinder, but the negative pressures
coefficient of 0.68 on the leeward face is much smaller than 1.4 of the plain cylinder, which
leads to a significant decrease in Cd, as presented in Figure 7. The time−averaged pressure
coefficient on the leeward face of S4 is about −0.84, leading to a 25.6% decrease in Cd.

Figure 12. Time-averaged pressure coefficient distribution: (a) plain cylinder; (b) S2; (c) S4; (d) R1;
(e) R6; (f) R8.

Time-averaged streamlines around the plain cylinder and the cylinder of the two
stationary cases (S2 and S4) are shown in Figure 13a–c. For the plain cylinder, two recircu-
lation zones beside the side faces and a pair of recirculation zones which are symmetrically
distributed in the near wake can be found. The color of the streamline represents the x
component of the velocity (U). It can be found that the wind flow has an increasing speed
effect at the corner. The length of the recirculation zones is defined as the length between
the plain cylinder center and the saddle point of the time-averaged streamtraces along the
centerline of the test models [15,32,33]. It has been reported that the drag coefficient is
inversely proportional to the length of the recirculation zones in studies on drag reduction
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for square cylinders with cut-corners at the front edges [4] and the bluff body fitted with a
splitter plate [34–37]. Less fluctuating lift coefficient can also be attributed to the elongated
wake recirculation zone [29,38,39]. Apparently, the wake recirculation zone is dramatically
elongated when θ is 45◦ (S2) compared with the plain cylinder and S4. Therefore, lower Cd
and CRMS

l for S2 shown in Table 5 can be inferred. By contrast, the elongation of the length
of the recirculation zone in S4 is shorter than S2, leading to only a 25.6% decrease in Cd
compared with the plain cylinder, as presented.

Figure 13. Time-averaged streamlines around the cylinder: (a) plain cylinder; (b) S2; (c) S4; (d) R1;
(e) R6; (f) R8.

The suction on the side faces and leeward face depends on the curvature of the sepa-
rated shear layer, the suction increases as the curvature of the separated shear increases [29].
Figure 14a–c shows the normalized time-averaged vorticity distributions of the plain cylin-
der and S2 and S4. When θ is 45◦ (S2), the contour of normalized time-averaged vorticity
distributions becomes thinner than that of the plain cylinder, which means the separated
shear layer has smaller curvature, resulting in the lower suction that is shown in Figure 5.
However, the contour of the normalized time-averaged vorticity distributions of the plain
cylinder is stubbier, which means the curvature of the separated layer of the plain cylinder
is larger. This may cause the increase in suction on the side faces and leeward faces of the
plain cylinder, which may further lead to the increase of Cd in the structure.
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Figure 14. Normalized time-averaged vorticity distributions: (a) plain cylinder; (b) S2; (c) S4; (d) R1;
(e) R6; (f) R8.

Compared with the instantaneous spanwise vorticity distributions of the plain cylinder
as shown in Figure 15a, the normalized instantaneous spanwise vorticity distributions
in one period of S2 in Figure 15b indicate that the stationary wind turbines push the
separated shear layer away and the vortices form farther downstream compared with the
plain cylinder, which weakens its interaction with the side faces [38,40–43]. The weaker
interaction causes a lower spectrum peak in the lift force spectrum in Figure 8 and lower
CRMS

l , as shown in Figure 7. Overall, the stationary wind turbines installed in the corner
can reduce the mean drag force and the fluctuation of lift remarkably.
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3.3.2. Rotating Wind Turbines at Cylinder Corner

Time-averaged pressure coefficient distributions of the three rotating cases are shown
in Figure 12d–f. (R1 and R6 have excellent effects of drag reduction while R8 has the worst
result). The pressure distributions on the windward face of R1 and R6 are consistent with the
plain cylinder, but R1 and R6 have lower negative pressure coefficients (0.7 and 0.65) on the
leeward face, leading to about a 35% decrease in drag coefficient, as presented in Table 6.

Time-averaged streamlines around the cylinder of the three rotating cases and the
plain cylinder are shown in Figure 13d–f. Apparently, compared with the plain cylinder, the
wake recirculation zones are dramatically elongated when the rotation speeds are 0.2fs(R1)
and 2fs(R6). Thus, 86.0% and 71.3% decrease in CRMS

l of R1 and R6 can be observed. On
the contrary, the wake recirculation zone of R8 is shorter than that of R6, which results in a
worse effect on drag reduction.

Figure 14d–f shows the normalized time-averaged vorticity distributions of R1, R6,
and R8. When the rotating speed is 2fs(R6), the contour of normalized time-averaged
vorticity distributions becomes more elongated than the plain cylinder, and the separated
shear layer has smaller curvature due to the lower suction, as shown in Figure 6. As for
R1, the situation is similar. However, the curvature of the separated shear layer of R8 is
distinctly larger, so the suction of R8 is greater than R1 and R6.

In Figure 15d, the symmetrical vortex shedding is observed in the normalized in-
stantaneous vorticity distributions during one period of R6. The typical Karman-type
vortex shedding is replaced by the symmetric shedding modes, which can lead to the large
suppression of lift fluctuations shown in Figure 9. That is why the RMS lift coefficient
(CRMS

l ) of R6 is significantly lower than that of the plain cylinder. As for R1, when the
rotation speed is 0.2f s, the normalized instantaneous vorticity distribution during one
period, shown in Figure 15c, is similar to S2, which means that R1 has a similar mechanism
of drag reduction as S2.

4. Concluding Remarks

This is a preliminary study to investigate the aerodynamic characteristics of a square
cylinder with Savonius wind turbines and to explain the reason why this kind of structure
can suppress wind-induced vibrations. The results indicate that the turbine orientation
and the turbine rotation speed are the key factors that affect aerodynamic characteristics
of the square cylinder. The numerical simulation results show that presence of either the



Appl. Sci. 2022, 12, 3515 18 of 20

stationary or the rotating wind turbines has a significant effect on wind forces acting on
the square cylinder. The stationary wind turbines and rotating wind turbines installed at
the leading corners can reduce both CRMS

l and Cd of the plain cylinder. For the stationary
wind turbine cases, when the turbine orientation angle is 45◦, the stationary wind turbines
push the separated shear layer away and the vortices form farther away from the square
cylinder compared with the plain cylinder, which weakens its interaction with the side faces,
thus causing 37.7% and 90.7% reduction in the mean drag and fluctuating lift coefficients,
respectively. For the rotating wind turbine cases, the mean drag and fluctuating lift
coefficients are reduced by 34.2% and 86.0%, respectively, when the rotation speed is
0.2 times of vortex shedding frequency. When the rotation speed is twice the vortex
shedding frequency, the typical Karman-type vortex shedding is replaced by the symmetric
shedding modes, which leads to a large suppression of lift fluctuations (71.3%) and mean
drag (34.2%).

This study investigated the effect of stationary or rotating Savonius wind turbines
with two blades on the aerodynamic characteristics of a square cylinder. For the next stage,
other Savonius wind turbines with more blades will be considered to investigate the effects
of blades on the aerodynamic performance of a square cylinder.
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