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Fluid-structure interactions (FSI) play a crucial role in the design, construction, service
and maintenance of many engineering applications, e.g., aircraft, towers, pipes, offshore
platforms and long-span bridges. The old Tacoma Narrows Bridge (1940) is probably one
of the most infamous examples of serious accidents due to the action of FSI. Aircraft wings
and wind-turbine blades can break because of FSI-induced oscillations. To alleviate or
eliminate these unfavorable effects, FSI must be dealt with in ocean, coastal, offshore and
marine engineering to design safe and sustainable engineering structures. In addition,
the act of wind on plants and its resultant wind-induced motions are an example of FSI
in nature.

To meet the objectives of progress and innovation in FSI in various scenarios of
engineering applications and control schemes, this book includes 15 research studies and
collects the most recent and cutting-edge developments on these relevant issues. The topics
cover different areas associated with FSI, including wind loads [1-3], flow control [4-9],
energy harvesting [10], buffeting and flutter [11,12], complex flow characteristics [13],
train-bridge interactions [14] and the application of neural networks in related fields [15].
In summary, these complementary contributions in this publication provide a volume of
recent knowledge in the growing field of FSI.
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Abstract: A method of assessing equivalent static wind loads that can represent all the real ultimate
states of a high-rise building and towering structure has still not been fully determined in wind
engineering. Based on random vibration theory, the wind-induced response and equivalent static
wind loading of high-rise buildings and towering structures are investigated using the vibration
decomposition method. Firstly, the structural wind-induced mean response, background response,
resonant response and background and resonant coupled response are studied in the time and
frequency domains. Secondly, a new gust load factor (GLF) assessment method suitable for wind-
induced displacement, bending moment and shear force response at any height of the structure is
proposed, and a typical high-rise building is used as an example for comparison with the previous
research results, in order to verify the effectiveness of the method in this paper. The results show the
following: for high-rise buildings and towering structures, the percentage of the coupled components
in the total pulsation response is less than 2%, and the influence can be ignored; the GLF based on
bending moment (MGLF) and the GLF based on shear force (QGLF) increase significantly with height,
and the traditional GLF methods underestimate the maximum wind effects.

Keywords: time domain method; frequency domain method; background and resonance coupled
components; wind induced dynamic responses; equivalent static wind load

1. Introduction

Wind load is one of the loads that must be considered in engineering design. For
highly flexible, low-damping and light-mass structures, such as high-rise buildings [1,2],
bridges [3,4], circular cylinder structures [5,6], wind turbines [7-9], railway catenary [10],
cables [11,12] and transmission towers [13], the wind vibration responses are very sensitive
and highly susceptible to wind vibration disasters, and determining their wind vibration
response and equivalent wind load is one of the core problems of structural wind engi-
neering. Furthermore, the structural wind-induced response is the basis for the study
of equivalent static wind loads. In the past, the wind loads of structures were mainly
determined directly by anemometers. In the 1960s, Davenport AG [14,15] first introduced
random vibration theory into the analysis of the along-wind vibration response of high-rise
buildings, divided the structure’s total pulsation response into background and resonance
components, and proposed the gust load factor method (GLF) based on the first-order
displacement response, in order to calculate the equivalent static wind load of the structure.
Zhang Xiangting [16] argued that the equivalent pulsating wind load on the structure
could instead be assessed by the inertial force of the first-order pulsating displacement
response, and then proposed the inertial wind load method (IWL), which had been adopted
into the Chinese code. Kasperski et al. [17,18] proposed an accurate assessment method
for the structural background response of low-rise buildings with high stiffness, named
the load-response correlation (LRC) method. Zhou Yin et al. [19,20] proposed the basal
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moment array wind load factor (MGLF) method, which is characteristic of the advantages
of LRC and IWL, and has been adopted by the American code. Subsequently, equivalent
static wind load assessment methods were proposed by Holmes, Gu Ming, Xie Zhuangn-
ing, Lin Yongjun, Ke Shitang and others [21-29]. The above-mentioned methods all take
the responses at key locations, such as peak displacement and peak internal force, as the
equivalent value, without considering other locations. However, with the development of
building shape and height, considerations of only the first-order vibration mode cannot
guarantee the security of the structure. On the other hand, with progress in the theory
of the wind vibration response calculation, not only the higher-order mode of the wind
vibration but also the background and resonant coupling components can be taken into
consideration, so there is still a need to investigate the equivalent static wind loads.

The main research methods of structural wind-induced response studies include
theoretical analysis, field measurements, wind tunnel experiments and numerical simu-
lations [1,2,5,7,30], and the theoretical analysis can be classified into two types: the time
domain method and the frequency domain method. The advantage of the time domain
method is that it has a wide range of applications, given its ability to obtain the dynamic
response of the displacement, bending moment and shear force, and it can take into account
the influence of material’s nonlinearity, but the disadvantage is its time-consuming method
of calculation. The advantage of the frequency domain method is that the concept is clear
and the computational cost is small; the disadvantage is that it cannot consider nonlinear
problems. In fact, with the development of computer hardware and frequency-domain
computational theory, the disadvantages of the time domain method are gradually being
overcome, and the results of the frequency domain method are becoming more and more
accurate. Gu Ming et al. [31] proposed an along-wind vibration response analysis method
that takes the higher-order modes and inter-modal coupling terms into consideration, and
it is based on non-constant load tests performed in the frequency domain. Li Shouke
et al. [32] derived a refined assessment method for wind-induced response, considering
background, resonance, and background-resonance coupling components, which is based
on the combination of the modal acceleration method and the principle of stochastic dy-
namics two-input single-output system. Zou Lianghao et al. [33] proposed a simplified
assessment method for the wind vibration response of high-rise buildings, considering
the second-order mode in conjunction with the Chinese code. Zhang Junfeng et al. [34]
analyzed the division of the background and resonant wind responses in the time domain,
and established a method to calculate the background and resonant coupling components
in the time domain.

This paper presents a method for calculating the background component, the reso-
nance component, and the background and resonance coupled component of the wind-
driven vibration response of a structure in the time and frequency domains, and presents
an equivalent static wind load assessment method for any location on the structure. The
method combines the advantages of the traditional MGLF method and the IWL method.
The equivalent static wind load at each position of the structure is obtained directly from
the wind-induced displacement, the bending moment, and the shear force response at that
position, instead of considering the response at a specific position, so that the equivalent
static wind load at any position of the structure can be obtained accurately and the result
can be more reasonable. The accuracy of the method is also verified using a high-rise
building as an example. The work of this paper provides a reference for the study of
equivalent static wind load.

2. Refinement of Structural Wind-Induced Response Assessment Method

For a multi-degree-of-freedom structure, the basic equation of motion under wind
load is

[M]Y (z,t) + [C]Y (2, t) + [K]Y(z,t) = P(z,1) 1)
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where [M], [C] and [K] are the mass matrix, damping matrix and stiffness matrix of the
structure, respectively, P(z, t) is the pulsating wind load time course at node z, and Y(z,t),
Y(z,t) and Y(z, t) are the acceleration time course, velocity time course and total pulsating
displacement time course, respectively.

Decoupling the above structural dynamic equilibrium equations yields N mutually
independent equations expressed by generalized coordinates. The normalization of the
vibration mode in relation to mass gives the following equations:

(1) + 28w (1) + wiq;(t) = Fi(t) @
N
Y(z,t) =Y ¢i(2)q;(t) 3)
=1
N
Fi(t) = Y Pz, t)¢ji = cho 2) A (zi)u(z, t)gji @

i=1

where g;(f) is the jth modal generalized coordinate time course, {; is the jth modal damping
ratio, wj is the jth modal natural vibration angular frequency, Fj(f) is the jth modal general-
ized load, ¢j; is the vibration displacement component of the ith node of the jth vibration
mode, p is the air density, generally taken as 1.25 kg/m3, Cp is the quasi-constant wind
pressure coefficient, A; is the windward area of the ith node, U(z;) is the average wind
speed of incoming flow at height z;, and u(z;, t) is the time course of incoming pulsating
wind speed at height z;.

2.1. The Full Three-Component Expressions in the Frequency Domain

The average response of a high-rise building under wind loads is

H
7(z) :/0 P(z"i(z,2')dZ (5)

where P(z’) is the average wind load at height z’, and i(z, z’) is the influence function (in-
cluding the influence of displacement, bending moment and shear force), which represents
the response generated at position z when a unit load is applied at position z” [23].

The frequency domain method is mostly used for the analysis of the structural wind
vibration response, given its advantages of clear physical concepts and speed. When the
wind speed at one spatial point reaches a maximum, it usually does not reach a maximum
at another point in a certain range at the same time. Therefore there is a certain spatial
correlation between the wind speeds at two points in the space [35]. From Equation (4), the
structure’s generalized wind load mutual spectrum Sg;r;(f) can be expressed as:

N N
Sriri(f) = Y. Y ;1> Co> AUk A{U R xR 7/ Syie () Sur (f) (6)
==

where Ry, Ry are the horizontal and vertical coherence function, U; is the average wind
speed at the ith node, and S,;(f) is the pulsating wind speed spectrum.

According to Equation (2), if the generalized wind load mutual spectrum Spipj(f)
is known, then the total pulsation response spectrum Sy(f) of the modal generalized
coordinates q; can be expressed as Equation (7), and then using the modal superposition
principle (Equation (3)), the response spectrum S,;(f) at node i of the structure can be
obtained, as in Equation (8).

N
) =Y Srir;(f)H; (f)H;(f) ?)
=
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where Hi(f) is the kth modal complex frequency response function, and H]* (f) is the
conjugate of H;(f). The response spectra of the bending moment and shear force can be
obtained by replacing the vibration displacement ¢ in Equation (8) with bending moment
or shear force.

ori= (/Om }Syi(f)‘df)l/z (10)

The total pulsation response ¢; can be calculated according to Equation (10), and
it contains three components: the background component ¢, the resonance component
og, and the background-resonance coupling component opr. Because of the complicated
nature of the calculation for o7, researchers often choose to determine each component,
and then calculate o1 according to Equation (11). The expressions for each component are
as follows.

ori= (0% + 0% + 0pr;)"? (11)

172
0 = gu(/ / / // (x1,21, f)p(x2, 22, )i (Zzlzl)(erZZ)dxldxzdzlede) (12)

1/2
ORi = gr (/ )3 Z ¢jiwiSrire () [Hf (f) — k*”Hk (f) - klz}df> (13)

j=1k=1

172
0BRi = 20BR (/ ) E ‘P]zQDkISF]Fk(f)[k* Hi (f) + 5 H*(f) - ksz}df> (14)

j=1k=1
P21 p(a, 2, f) = (0CoUn) () (32) RaRxSu(f) (15)
gr = /2In(fiT) +0.5772/1/2In(f1T) (16)
P8R = 03g/ (CBOR) 17)

where p(x1,21, f)p(x2, 22, f) is the pulsating wind pressure mutual spectrum at the struc-
ture’s surface points (x1, z1) and (x2, z), gu is the peak wind speed factor, generally taken
as 3.5, gr is the peak factor of the resonant response, and ppr is the background resonant
coupled response mutual relationship number [32].

The above equation is the full three-component expression of the structural wind
response in the frequency domain, and it can be seen that the expressions for o and opr
are quite complicated, and are not convenient for engineering applications. As high and
flexible structures such as high-rise buildings and towering structures have a sparse natural
frequency, the wind vibration response of such structures is mainly related to the first
few modes, so the simplification of the calculation of such buildings can be carried out by
ignoring the contribution of the coupling term between each structural vibration mode
and the coupling terms of background and resonance. At this point, the total pulsation
response of the structure can be expressed via the following equation.

" 1/2
or = (0’123 + 20’%) (18)
j
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2.2. The Full Three-Component Expressions in Time Domain

Y(z,t) can be obtained by the direct solution of the above dynamic equilibrium equa-
tion. From the concept and development of the background and resonant responses, it
is known that the background and resonant responses can be calculated by the follow-
ing equation:

Ys(z 1) = P(z,1)/[K] 20)

Yr(z,t) = Y(z,t) — Yg(z,1) (21)

After obtaining the Y(z,t), Yg(z,t) and Yg(z,t), the variances of the respective re-
sponses 0%,0% and (7122 can be calculated. It is important to note that there must also be
coupling effects in the vicinity of the structural natural frequency, since both Yg(z, t) and
Yr(z, t) contain components of this frequency [34].

O'BRZO’TZ-*U%*O’IZQ (22)

So far, the assessment methods for the structural background component, resonance
component and background-resonance coupling component in the time domain wind
response have been elaborated. The time domain calculation can directly give a dynamic
response, such as displacement, bending moment and shear force.

2.3. Comparison of Time—~Frequency Domain Results for the Full Three Components

In this section, the wind-induced vibration response of a single-pole lightning rod
structure will be studied to compare the frequency domain method and time domain
method. The study will include displacement, bending moment and shear force. A
lightning rod is a typical towering structure with a small natural frequency and significant
wind-induced vibration effect, which often causes engineering accidents [36]. The physical
parameters of the lightning rod investigated in this section are: total height 60 m, tower
tip height 2 m, tower height 58 m. It is composed of seven sections of variable-thickness
thin-walled steel pipe, with a diameter from 1.5 m tapered to 0.15 m, a wall thickness from
16 mm tapered to 5 mm; the material is Q345 steel, and the steel pipes are connected by
plug-in adder flange. The steel pipe size is shown in Figure 1b. The simulation was carried
out in the ANSYS finite element software, using Beam188 unit, and each of the lower six
sections of steel pipe were divided into five units; each upper section was equivalent to
1 unit, and a total of 31 units were used in the model. In order to simplify the calculation,
it does not include the tip of the tower, and does not consider the overlap areas between
the steel pipes; the steel cylinder is only the interface connection and rigid connection.
The five orders of vibration pattern for structure X-direction are shown in Figure 1c, with
frequencies of 0.75, 2.09, 4.31, 7.46 and 11.66 Hz. Only the along-wind wind-induced
response is analyzed in the simulation.

The lightning rod operates in a Class B site with a basic wind speed Ujp = 35.8 m/s,
wind profile power index a = 0.15, turbulence I1o = 0.14, and air density p = 1.25 kg/m°.
The section drag coefficient Cp takes the value of 0.6 according to the load code [37], the
Davenport wind spectrum was considered in this case, and the Davenport coherence
function exponential decay coefficient is Cz = 7, Cx = 8. The harmonic superposition
method is used to simulate the pulsating wind load time course, and the other parameters
are selected according to the specifications. Rayleigh damping is used for the simulation
and the modal damping ratio is taken as ¢ = 0.01.
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Figure 1. Geometry parameters and the FE model of the lightning rod.

Figure 2 shows the curve of the displacements, bending moments and shear forces
(01, o and o, respectively), obtained by the frequency domain method and the time
domain method, as well as the percentage of the coupled components in the total pulsation
response obtained by the time domain method. As shown in the picture, the o values
obtained from the frequency domain and time domain methods are in good agreement,
and the deviations in the displacement of the tower tip, the base bending moment and the
base shear force are all within 1.5%. As regards the displacement and bending moment
responses, the background response obtained by the frequency domain method is smaller,
and the resonance response is larger, than those obtained by the time domain method. The
percentage of ogR in the total pulsation response for each variable is less than 2%, so the
effect of neglecting ogr on the total pulsation response is small.
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Figure 2. Comparison of time/frequency domain results and the percentage of coupling components.
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3. The Assessment Method for the Equivalent Static Wind Load of Arbitrary
Structural Response

Theoretical Analysis

As in previous studies, for high-rise buildings and towering structures, this paper still
assumes that the equivalent static wind load on the structure is equal to the product of the
mean wind load and the gust load factor, which can be expressed as follows:

D(z) = GLF(z) - P(z) (23)

. or(z) 05(2)> | & ogi(z)’ 2
GLF(z) =1+ ) _1+$ e +Zl_; " =1+ ,/Gp(z) +ZGR1 (24)

1/2
g“</ / / / / (x1,21, f (xz,zz,f)i(z,zl)i(z,zz)dxldxzdzldzzdf> (25)
H A
ogj(z) = /0 Pri(2')i(z,2")dz' (26)
Pri(z) = m(z)(27f;) ovrji(z)
i\ 12

:gR<SFj(fj)4Tj) 9j(2) @7

N N o A\ 12
= &R (k);l Z);l Pixip*Co® Al AilUIRx Rz /Su(f)Su (f,-)%) ¢i(2)

where ﬁRj(z) is the jth order modal resonant equivalent wind load at height z of the
structure, and its value is equal to the inertia force caused by the jth order modal resonant
displacement [38].

The background response ¢(z) and resonant response ¢ (z) can be obtained accord-
ing to Equations (25) and (26), respectively, and then bringing them into the GLF expression
(Equation (24)) can give the expressions of the Gp(z) and Ggr(z) at any position on the
structure.

The background gust load factor Gp(z) of the structure’s response when under wind
load at any location is

Gal) =25
gB\/fo S S pCer 21, ) p(xa, 22, )i(2,21)i(2, 20)dxydxadzi dzod f
: 28)
Iy P(2)ilz,2')dz!
_ 2851 H"* s >
f(?Z’ZlY i(z,7 dz’+f 22i(z,2")dz! / 1) Kz (w2 AFTx(f) P
|Kz (a2, f)|*= /Z /Z 2125Rz(21, 22, f )iz, 21)i(2, 22)dz1dzy
+/ / 2{25R (21,22, f )iz, 21)i(2, 22)dz1dzy
(29)

+/ / 2925R7(21, 22, f )iz, 21)i(2, 22)dz1dzy

+/ / 2425 R (21, 22, f)i(z,21)i(z, 22)dz1dzo
Jz Jz

Following the method of GLF based on displacement (DGLF), Davenport [15] defined
the integral term in the structural force spectrum with respect to height z as a vertical joint
receiver function. To make the above expression formally identical to the DGLF method,
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this paper also draws on this idea, and defines the integral term with respect to height z as
a new function (Equation (29)), but the difference is that we use four integral terms.

The jth order modal resonant gust wind load factor Gg;j(z) of the structure, in terms of
all responses at any location under wind load, is

ogj(2) _ fOH pRj(Z')i(z,z’)dz’
7(z) ijF(Z’)i(Z,Z’)dZ'

(30)

— N2
sotoow 7 (7) i
According to Equations (28) and (30), Gg(z) and Gr(z) can be determined by the height
z and the influence function i(z, z’).

4. Example and Analysis

Yin Zhou [20] used a high-rise building as an example to illustrate the correctness of
their proposed method of basal bending moment gust wind load factor (MGLF). In the
following, the GLF, Gp and Gg; of the same structure are calculated according to the method
given in this paper. The physical parameters of the structure are: dimensions H x W x D =
200 x 50 x 40 m, natural frequency f1 = 0.22 Hz; damping ratio ¢ = 0.01; first order vibration
mode ¢1(2) = (z/H)P; mass distribution m(z) = mo(1 — A(z/H)); mg = 5.5 x 10° kg/m; section
drag coefficient Cp = 1.3. The wind environment parameters are: fundamental wind speed
Uy = 30 m/s; wind profile power index a= 0.15; and turbulence Iy = 0.2, while the
wind spectrum type is Davenport wind spectrum, and the coherence function parameter
Cx = Cz =11.5. The following four operating conditions are obtained by adjusting the
values of the vibration index p and the mass discount factor A, respectively (Table 1).

Table 1. The values of the parameters for the four working conditions [20].

Condition Vibration Index Mass Discount Factor A
1 1.0 0.0
2 1.6 0.0
3 1.0 0.2
4 1.6 0.2

Zhou Yin (2001) calculated the values of GLF, Gg and Gg; via the DGLF method
proposed by Davenport, as well as the QGLF method, and the MGLF method, which was
proposed by him. The DGLF method directly takes the first-order vibration mode as linear,
i.e., the vibration index B = 1 (of course, the DGLF method can also obtain results when
B # 1), but the DGLF method itself cannot consider the mass discount of the structure
along with the height. Therefore, Zhou could only derive the result of one of the above four
conditions using the DGLF method. The MGLF method also divides the structure or into
two parts: the op is calculated directly based on the wind load and influence function, and
the oy is calculated by the indirect method, which distinguishes the influence of g and A, so
the results of the four conditions are different. The results are presented in reference [20].

According to Equations (24), (28) and (29), the GLF, Gg and Gg; values at arbitrary
positions are calculated, and when the height is taken as 0 or H, the GLF, Gg and Gg;
values at these positions can also be obtained—the results are shown in Table 2. The
values in parentheses are the results relative to the results of Zhou Yin [20]. It can be
seen that the GLF values of the base bending moments obtained by the method proposed
in this paper are identical to those obtained by Zhou Yin [20]. The values of base shear
force GLF and top displacement GLF deviate slightly, but the maximum deviation is only
0.6%, meaning they are consistent with each other. The expressions of the basal bending

10
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moment GLF and top displacement GLF obtained according to the method of this paper are
identical to those of Zhou Yin [20]. The deviations in the result may be caused by numerical
integration. Due to the different values derived for the respective integration step and the
upper integration limit when numerical integration is performed, the integration results
will be somewhat deviant. The specific values of these parameters are not given by Zhou
Yin [20]. The first-order frequency of this high-rise building is f1 = 0.22 Hz; the trapezoidal
integration formula is used in this paper for the numerical integration calculation, and
the frequency integration step is df = 1/1000 Hz, while the upper integration limit is
fmax = 6 Hz. Other values are also taken (fyiax = 1 Hz, 3 Hz and 9 Hz; df = 1/500 Hz
and 1/2000 Hz) for verification to ensure the calculation’s accuracy. The results show
that the resulting Gg decreases slightly when df = 1/500 Hz compared to df = 1/1000 Hz,
but it remains unchanged when df = 1/2000 Hz, and the resulting Gg decreases slightly
when fyrax = 1 Hz and 3 Hz, compared to fyiax = 6 Hz, while it remains unchanged
when fyiax = 9 Hz, which indicates that the df and fyj4x used in the numerical integration
are reasonable.

Table 2. GLF of feature locations obtained in this paper.

Top Displacement Basal Bend Moment Basal Shear Force
Condition Gyp Gyr DGLF GmB GMR MGLF GoB Gor QGLF
1 0.6520 0.9761 2.1738 0.6520 0.9761 2.1738 0.6560 0.8275 2.0560
(1.000) (0.998) (0.999) (1.000) (1.000) (1.000) (0.994) (1.002) (1.000)
0.6520 0.9532 2.1549 0.6560 0.7460 1.9934
2 0-6591 10302 22230 (1.000) (1.000) (1.000) (0.994) (1.003) (0.999)
0.6520 0.9761 2.1738 0.6560 0.8438 2.0688
3 0-6520 09761 21738 (1.000) (1.000) (1.000) (0.994) (1.001) (0.999)
0.6520 0.9589 2.1596 0.6560 0.7612 2.0049
4 0-6591 10302 22230 (1.000) (1.000) (1.000) (0.994) (1.002) (1.000)

The values of the GLF of the tip displacement and its components Gyg and Gyg,
obtained under the four working conditions, are the results for condition 1. Since the effects
of B and A can all be considered when calculating the displacement response using the
method in this paper, different results can be obtained under each of the four conditions,
and because of that, the results under conditions 2, 3 and 4 will not be compared.

From Table 2, it can be seen that under each working condition, the top displacement
GLF is not less than the base bending moment GLF, with a maximum deviation of about
3.1%, and the base bending moment GLF is greater than the base shear force GLF, with a
maximum deviation of 7.5%. The oy values of the base bending moment and shear force
are obtained directly from the load and influence function (Equation (25)), which does
not contain parameters  and A; therefore, the bending moment and shear force Gg are
not affected by § and A, and Gg is constant under all four conditions. Further, the base
bending moment Gg is slightly smaller than the base shear force Gg, since the displacement
influence function is obtained according to the assumption of the first-order vibration mode,
and Gyp increases with the increase of B. Since the oy values of the base bending moment
and shear force are obtained according to the resonant displacement inertia force Pr(z')
and the influence function (Equation (26)), and Pr (z') contains the effects of  and A, the
or response of each condition is not same, and both Gg values decrease with the increase in
B. For the displacement of o, although both Pg(z’) and the influence function contain the
parameters B and A, the parameter A can be removed, so Gyr is not affected by parameter
A, and only increases with the increase in B. The Gyr decreases with the increase in 8, but
remains unchanged or increases when A increases from 0 to 0.2, which is mainly because A
can be approximately removed when f = 1. When only the first-order vibration mode is
considered, the Ggr of base shear force decreases with the increase in 8, and increases with
the increase in A.

11
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Taking the above high-rise building as an example, the GLF values of each response
at any position of the structure under different working conditions are obtained, and the
different MGLF values and QGLF values relative to DGLF for each working condition are
given in terms of DGLF values. The results are shown in Figure 3.

200

150

E 100
I ¥ 4
e MGLF Con QGLF MGLF Con QGLF
= 1 o 50 === 1 ===
40 - 2 > . 2
3 == A 3 A
4 g3 * 4
ol— ) 0+—— f T T 1
1.95 240 2.55 270 -0.08 0.00 0.08 0.16 0.24
GLF Difference compared to DGLF(%)

Figure 3. GLF values obtained by the method in this paper and their difference rates.

From Figure 3, it can be seen that with the increase in building height, the MGLF and
QGLF corresponding to the four working conditions increase significantly, and the DGLF
remains unchanged along the height. This is mainly because this paper uses the influence
function based on the first-order vibration mode to calculate the DGLF, so the total pulsation
response and the average response are in the form of the first-order vibration mode, and
for MGLF and QGLF, the increase rate increases with the increase in g and decreases with
the increase in A. Under the same working conditions, the MGLF is larger than both the
QGLF and the DGLF, and only the value of DGLF at the basal level is larger (slightly) than
the MGLF, but the deviation is within 3%. Therefore, if DGLF and QGLF are used as the
equivalent wind load in the structural design, the moment response of the structure may
be underestimated; however, the use of the MGLF value for the equivalent wind load
calculation is more important, because the design of the structure is biased towards safety,
which is corroborated by the popular idea of using the bending moment as the control
parameter for towering structures. Under the same working conditions, the basal QGLF
value is the smallest, but as the building’s height increases, the QGLF value gradually
increases, and when the height is above 100 m, the QGLF under each working condition
is greater than the DGLF. As the building’s height increases, the difference between the
MGLF and QGLF gradually decreases, until the tops tend to be equal, and the MGLF is
greater than the DGLF. Until the top is reached, the difference between the MGLF value
and the DGLF value gradually increases, and the maximum deviation between the MGLF
and QGLF is about 22%, compared with DGLF. The position of maximum deviation is the
top of the structure, so the wind effect of the structure will be seriously underestimated
when the wind load design is based only on the base moment GLF.

5. Conclusions

This paper presents an assessment method for the equivalent static wind load based
on random vibration theory and quasi-steady aerodynamic theory, and investigated a
method for analyzing the background response, the resonant response, and the coupling
components between these two responses, to wind vibration in the time domain and the
frequency domain. The main conclusions are as follows:

(1) The displacement and bending moment responses obtained by the time domain
and frequency domain methods are in good agreement, and the deviation in the base shear
force response of the structure is slightly increased. However, the deviation in the total
pulsation response is within 1.5%, and the percentage of opR in the total pulsation response
of each response is within 2%, so the influence of neglecting oBR on the total pulsation
response is small;
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(2) The MGLF and QGLF obtained by the new assessment method in this paper increase
significantly with height, while the traditional GLF methods underestimate the maximum
wind effects. The DGLF is constant as the height increases, and the MGLF at the top of the
structure is about 22% larger than the DGLF. At this time, if only the DGLF or the base
location MGLF values are considered, the wind effect of the structure will be seriously
underestimated. The DGLF, MGLF and QGLF values increase as the 8 increases, and the
MGLF and QGLF values decrease as the A increases;

(3) The differences between the GLF obtained in this paper and the traditional gust load
factor method are compared through the case of a high-rise building, and the validity of this
paper’s method is verified. The GLF assessment method of this paper considers the higher-
order vibration pattern of the structure and the whole wind-induced response, including
displacement, bending moments and shear forces. It has a wide range of applications.
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Abstract: Train speed is increasing due to the development of high-speed railway technology. How-
ever, high-speed trains generate more noise and discomfort for residents, enclosed housing for sound
emission alleviation is needed to further reduce noise. Because these enclosed housings for sound
emission alleviation restrain the air flow, strong and complicated aerodynamic pressures are gener-
ated inside the housing for sound emission alleviation when a train passes through at a high speed.
This train-induced aerodynamic pressure, particularly its dynamic characteristics, is a key parameter
in structural design. In the present study, the train-induced unsteady aerodynamic pressure in an
enclosed housing for sound emission alleviation is simulated using the dynamic mesh method, and
the dynamic characteristics of the aerodynamic pressure are investigated. The simulation results show
that when the train is running in the enclosed housing for sound emission alleviation, the unsteady
aerodynamic pressure is complicated and aperiodic, and after the train leaves the housing for sound
emission alleviation, the aerodynamic pressure reverts to periodic decay curves. Two new terms, the
duration of the extreme aerodynamic pressure and the pressure change rate, are proposed to evaluate
the dynamic characteristics when the train passes through the barrier. The dominant frequency and
decay rate are adopted to express the dynamic characteristics after the train exits. When the train
runs in the enclosed housing for sound emission alleviation, the longest durations of the positive
and negative extreme aerodynamic pressures are in the middle section, and the maximum change
rate of aerodynamic pressure occurs at the entrance area. After the train exits the housing for sound
emission alleviation, the pressure amplitude at the central region is always higher than those close to
the entrance/exit. The dominant frequency of the aerodynamic pressure is identified and explained
using wave propagation theory, the decay rate of the aerodynamic pressure at all sections is close.

Keywords: high-speed train; enclosed housing for sound emission alleviation; pressure wave;
unsteady aerodynamic pressure; load patterns

1. Introduction

In recent decades, the vigorous development of high-speed railway technology has
promoted an increase in train speed. When the train runs at high speed, it generates more
vibrational and aerodynamic noise and discomforts the residents living close to the railway
lines. To improve residential comfort, various housings for sound emission alleviation have
been invented and installed on high-speed railway lines.

Traditional housings for sound emission alleviation are mainly vertical or curved
open-style barriers. They are simple, easy to install and cost-effective structures. However,
when high-speed trains pass through residential areas or villages, the noise reduction
effectiveness of these traditional housings for sound emission alleviation is insufficient. In
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recent years, enclosed housings for sound emission alleviation have been proposed and are
becoming increasingly popular because of their good noise reduction performance.

However, because the housings for sound emission alleviation restrain the air flow,
when a train passes through at a high speed, strong and complicated aerodynamic pressures
are generated in the housing for sound emission alleviation. The aerodynamic pressure
can cause structural failure. For instance, housings for sound emission alleviation installed
on the Cologne-Frankfurt line in Germany were damaged due to train-induced transient
pressures in 2003 [1]. Therefore, to ensure the operational safety of railway lines, the
transient pressure on housing for sound emission alleviation caused by a running train has
been a key factor for the structural design of housing for sound emission alleviation.

Many researchers have investigated the transient pressure on traditional housing
for sound emission alleviation caused by running trains. Baker et al. [2] conducted an
experiment on a moving model train rig using a 1/25 scale moving model device and
measured the transient wind loads on the housing for sound emission alleviation, bridges,
station canopies and trestle platforms caused by three different shapes of train models with
different nose types. Lii et al. [3] and Xiong et al. [4] carried out field measurements and
investigated the influence of the train speed, distances between the train and housing for
sound emission alleviation, train types, and train marshaling length on the aerodynamic
characteristics of the train-induced aerodynamic pressure on the housing for sound emis-
sion alleviation in the Datong-Xi’an and Beijing-Shanghai high-speed railway lines. They
found that higher train speed and shorter distance increase the wind load acting on the
housing for sound emission alleviation, the wind load becomes more sensitive to train
speed when the distance is shorter, the time intervals of the peak-to-peak pressure on the
housing for sound emission alleviation gradually decrease when the train speed increases,
and the peak-to-peak pressure on the inner surface of the housing for sound emission
alleviation becomes lower at higher monitoring points, while that on the outer surface
becomes higher. Soper et al. [5] also conducted a series of field experiments to assess the
pressure loads acting on housing for sound emission alleviation. They found that the train
type has a great influence on the pressure fluctuations acting on the housing for sound
emission alleviation and noted that the wind load caused different types of traffic moving
on the railway should be taken into consideration.

For enclosed housing for sound emission alleviation, studies on the aerodynamic
characteristics of train-induced aerodynamic pressure are rare. As the enclosed housing for
sound emission alleviation is similar to a tunnel, the research achievements in the field of
tunnel aerodynamics should be instructive for enclosed housing for sound emission allevia-
tion. Many researchers have studied the train-induced aerodynamic pressure inside tunnels
through field measurements, dynamic model experiments, and numerical simulations.

Kikuchi et al. [6], Fukuda et al. [7], Liu et al. [8-10], and Ko et al. [11] studied the
aerodynamic pressure on a tunnel wall during the passage of trains using field measure-
ments. Kikuchi et al. [6] investigated the wayside low-frequency noise on a tunnel portal
created by passing the tunnel of a high-speed train. Their results indicated that the main
components of low-frequency noise at the portal of the tunnel are pulsed micro pressure
waves and continuous pressure waves. Fukuda et al. [7] investigated the distortion process
of a pressure wave. They found that the compression wavefront becomes steep in the
early stage and flattened in the later stage of propagation in the tunnel. Liu et al. [8]
conducted a series of real vehicle tests on EMUs passing through the tunnel, analyzing
pressure changes on the wall of the tunnel, the train wind in the tunnel, and the micro
pressure waves at the tunnel entrance with different train speeds. They concluded that the
three-dimensional effect of the tunnel entrance is obvious, and when the train is running
at 200 km/h, the wind speed caused by the train exceeds the safe wind speed for the
human body. Liu et al. [9] studied the influence law of train speed on pressure change,
airflow velocity, and micro pressure waves. They found that the pressure change amplitude,
airflow velocity, and micro pressure waves are proportional to the square of the train speed,
the train speed and the cube of the train speed, respectively. Liu et al. [10] studied the
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interior pressure variations in high-speed trains passing through tunnels and found that
the amplitude and duration of the initial compression effect on the train are independent
of the tunnel length when a tunnel is longer than a certain length. Ko et al. [11] measured
aerodynamic pressures in tunnels caused by passing high-speed trains and found that
the pressure peaks were approximately proportional to the square of the train speed and
decreased as the cross-sectional area of the tunnel increased. Field measurement is a direct
and reliable method. Through field measurements, a researcher obtained the original data
for the train-induced aerodynamic pressure inside tunnels.

Dynamic model experiments are also a reliable method used to investigate the aerody-
namic pressure inside tunnels. lida et al. [12] investigated the characteristics of the pressure
wave and the generation process of micro pressure waves by model experiments. The
relationship between the amplitude of a micro pressure wave and train speed was obtained.
Bellenoue et al. [13] used a 1/77 scale test rig and simulated the first compression wave
when a high-speed train enters a tunnel. The experimental results were verified through
field observations carried out in the framework of the European Union research project
TRANSAERO. Bellenoue and Kageyama [13] investigated the effects of the train/tunnel
blockage ratio, the shape of the train nose and the geometry of the entrance hood on
the pressure gradient of the compression wave generated by a high-speed train using
moving model experiments. They reported that reducing the blocking rate can reduce the
amplitude and pressure gradient of the compression wave and that increasing the nose
length of the train can reduce the pressure gradient, but these actions have little effect on
the amplitude of the pressure wave. Winslow et al. [14] carried out a 1/127 scale moving
model experiment to investigate the effect of a scarfed portal on the compression wave
generated by a train entering a tunnel. The results showed that optimizing the slope value
at the oblique entrance of a tunnel can reduce the pressure gradient by up to 15%. Their
results revealed that with the distance from the tunnel entrance, the compression wave
becomes a plane wave after it has propagated four times the tunnel diameter inside the
tunnel. Iida et al. [15] analyzed the compression wave generated by a train entering a
tunnel by performing a model experiment and found that an opening on the sidewall or
roof of the tunnel entrance hood can reduce the pressure gradient of the compression wave
generated by the entering train. A scaled moving model experiment was conducted to
investigate the characteristics of pressure waves induced by entering a high-speed train
tunnel [16]. The results revealed that pressure peaks were affected by the train speed and
the nose shape; in addition, the initial pressure peak increased slightly with the length
of the train. Doi et al. [17] developed a 1/30 scale moving model experimental facility to
analyze pressure waves generated by high-speed trains passing through a tunnel. The
experimental results agreed well with the field measurements. Heine et al. [18] investigated
the effect of tunnel hoods on the pressure waves inside tunnels and concluded that tunnel
hoods reduced the pressure gradient by approximately 44%. Yang et al. [19] developed a
large-scale ratio of a 1/8 moving model rig that can accelerate a training model to an actual
Mach number to achieve an experimental simulation of a train passing through a tunnel
or two trains intersecting in a tunnel. Zhang et al. [20] used a 1:20 scale moving model to
study the pressures acting on train and tunnel surfaces as well as the effects of train speeds
on these surfaces. They found that the pressure amplitude values on the surfaces of trains
and tunnels and the micro pressure waves increased sharply with increasing train speed.

With the development of computer technology, numerical simulations have become
increasingly popular and reliable. Ozawa et al. [21] simulated the transient flow field and
compression wave induced by a high-speed train moving into a tunnel and found that
the pressure gradient of the compression wave was related to the train position, the train
shape and the tunnel cross-section. Kwon et al. [22] proposed a hybrid dimension method
to investigate train-induced tunnel aerodynamics and greatly improved the calculation
efficiency. Li et al. [23] obtained the magnitude of the pressure variation on both tunnels and
trains when the train passed the tunnel through a numerical simulation. They concluded
that the aerodynamic pressure on both the tunnel and train was approximately proportional
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to the square of the train speed. Uystepruyst et al. [24] investigated the effects of the
shape, cross-section and length of the hood on the temporal gradient of the pressure wave
generated by a high-speed train entering a tunnel. Chu et al. [25] simulated train-induced
aerodynamic pressure in tunnels and found that the maximum and minimum pressures
and force coefficients depended on the tunnel length, train length, train speed, and blockage
ratio. Rabani et al. [26] concluded that the blockage ratio and train speed were the two
main factors affecting the first pressure wave generated when a train enters a tunnel.
Liu et al. [27] and Zhou et al. [28] numerically simulated the transient wind load generated
by a train passing through a tunnel. Liu et al. [27] found that the pressure waves exhibit
good one-dimensional characteristics during propagation in the tunnel. Zhou et al. [28]
obtained the pressure change of the train and the tunnel and investigated the flow field
around the train.

The above literature review shows that many previous studies have focused on the
aerodynamic characteristics of train-induced aerodynamic pressure in tunnels. They help
to better understand the aerodynamic characteristics of an enclosed housing for sound
emission alleviation when a train passes through. However, because tunnels are rigid
structures and are insensitive to dynamic loads, few previous studies have focused on the
dynamic characteristics of wind loads. Enclosed housings for sound emission alleviation
are always made of steel and are much more flexible and sensitive to dynamic loads. The
dynamic characteristics of train-induced aerodynamic pressure on an enclosed housing for
sound emission alleviation can act as control factors for the structural design. Consequently,
in the present study, the unsteady aerodynamic pressure inside an enclosed housing for
sound emission alleviation is numerically simulated when a CRH380 train passes through
and exits at a speed of 350 km/h. The dynamic characteristics of the aerodynamic pressure
are discussed in terms of wave propagation, impact effect, extreme pressure, duration of
extreme pressure, dominant frequency and decay rate.

2. Numerical Methodology
2.1. Geometry

The present study numerically investigates the unsteady aerodynamic pressure of an
enclosed housing for sound emission alleviation when a high-speed train passes through.
CFD simulations are conducted using ANSYS Fluent software. A geometric model of a
high-speed train is simplified as shown in Figure 1a. The details of the train, such as the
pantograph, bogies, and wheels, are ignored. As the most common trains, the train model
consists of eight coaches, including the head and tail coaches, and six intermediate coaches,
with a total length (L7) of 203 m and a width (W) and height (H) of 3.38 m and 3.7 m,
respectively. Figure 1b shows the geometry of the enclosed housing for sound emission
alleviation. The model is the preliminary design of a project in a high-speed railway line.
The length of the enclosed housing for sound emission alleviation is 840 m, the radius
of the cross-section is 6.913 m, the height is 9.637 m, the track spacing is 5.0 m and the
cross-sectional area of the enclosed housing for sound emission alleviation is 110.5 m?. A
universal beam (H 500 x 300 x 12 x 25) is set up every two meters inside the housing for
sound emission alleviation.
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Figure 1. Computational models and surface meshes. (a) Train model. (b) Enclosed housing for

sound emission alleviation.

2.2. Computational Domain and Mesh

Figure 2 shows the overview and cross-section of the computational domain. The
computational domain is (550 m + 840 m + 550 m) x 50 m x 50 m in volume and consists of
three parts: the two acceleration domains at both ends with a length of 550 m (148.6 H) and
the housing for sound emission alleviation domain at the center with a length (Lg) of 840 m.
The boundary conditions of the computational domain are defined as shown in Figure 2a.
The bottom surface is ground and set as a no-slip solid wall, while the other five surfaces
are atmospheric condition and set as outlets with zero pressure [26,29]. The surfaces of the
train body and the housing for sound emission alleviation are set as no-slip solid walls.
The entire computational model uses a hybrid grid of tetrahedral unstructured grids and
prismatic grids. In addition, the meshes on the train body and wall of the housing for
sound emission alleviation are refined to improve the calculation accuracy.

To avoid the mesh size effect, a grid independence study was conducted before the
formal simulations. Two different meshes with different numbers of cells were divided
into two groups: coarse meshes (24 million) and fine meshes (32 million). Figure 3 shows
the representative results obtained with the two meshes. When a train travels through the
enclosed housing for sound emission alleviation at a speed of 350 km/h, the peak-to-peak
aerodynamic pressure at the measuring point located at 52 is 1900.6 Pa and 1849.1 Pa for
the two meshes, respectively, and the difference is 2.7%; the mesh is independent of the
simulation results. Therefore, the coarse mesh (24 million) is used as the calculation mesh
in this paper.

The time step is set as 0.002 s, which is smaller than the 0.0025 s used in Yang et al. [30],
and the 0.005 s used in Li et al. [31]. The FVM was selected to discretize the computational
domain. The second-order upwind scheme was chosen to discretize the convection and
diffusion terms. The second-order implicit scheme was chosen to discretize the time
derivative. SIMPLE was chosen as the pressure velocity coupling treatment, which was
used by Ferziger and Peric [32], and the convection term applied the second-order upwind
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form. The Re = 4.4 x 107, the y+ around the train surface is approximately 350 and the
CFL number is 2. The calculation of each case needs 168 h using 20 x 24 CPUs for

parallel calculations.

Pressure outle
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Figure 2. Overview and cross-section of the computational domain. (a) Overview of the computa-
tional domain. (b) Cross-section of the computational domain.
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Figure 3. Pressure curves with different mesh resolutions.
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Stationary region

The dynamic mesh technique is utilized to simulate the movement of the train
model [33-35]. There are three dynamic mesh update methods in FLUENT: smoothing,
layering, and remeshing. In the present study, the layering method is adopted to implement
the moving train relative to the housing for sound emission alleviation. The computational
domain is divided into a stationary region and a moving region, as shown in Figure 4. The
train and its surroundings are in the moving region, in which the mesh moves with the
train. The movement of the train and its surrounding mesh is defined by a profile file. The
outside is a stationary region containing the housing for sound emission alleviation. When
the train moves forward, the dynamic layering method adds layers of cells in the field
behind the moving region and deletes those in front of the moving region. The two regions
exchange flow field information through the interface.

Sound barrier Interface
region——

Figure 4. Schematic diagram of the dynamic layering method.

During the simulations, the train model starts to speed up with an acceleration of
48.61 m/s? at the location of —250 m (the entrance of the housing for sound emission
alleviation is at the location of 0 m) and reaches the design speed at the location of
—152.78 m, —152.78 m before the head coach enters the housing for sound emission alle-
viation, then passes through the housing for sound emission alleviation with a constant
speed of 350 km/h, and finally exits the housing for sound emission alleviation. Figure 5
shows the speed strategy of the train model.

400 . .

! |
[ Entrance Exit

350
300 |-
250 |-

Speed/(km/h)

150 |-
100

I
i
|
|
|

200 | 1
|
|

50 :

|
1

0 1 1 1 1
-400 0 400 800 1200

Computation domain horizontal coordinates/m
Figure 5. The speed strategy of the train model.

2.3. Numerical Method

When passing through the enclosed housing for sound emission alleviation, the
train disturbs the surrounding air and generates strong wind. In the housing for sound
emission alleviation, the air is strongly confined by the walls of the housing for sound
emission alleviation and the train body; therefore, the flow field is three-dimensional,
unsteady, viscous, compressible and turbulent. In the present study, the RANS method
proved effective in simulating the flow field around a moving train [36-38], and the
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RNG k-¢ turbulent model was used to simulate the flow field, similar to Liu et al. [10],
Yang et al. [30] and Huang et al. [39]. The number of iteration steps for each time step is
preset to 50 steps [29,40-42], and the residual is set to 10~°. This approach considers the
influence of vortex factors and low Reynolds number effects in a turbulent flow and adds an
extra term to the € equation of the standard k-e model to effectively improve the accuracy.
The governing equations are presented as below [25,43]:

Continuity Equation:

dp , dpwi) _
E + axi =0 (1)
Momentum Equation:
d(pu;) e) . a e) ou; au] 2 duy o]
ot + BTC/_(Puzu]) +Pg512 + [V(ax] + 5= 9% (51]87961)} + aTC]( pulu ) (2

where u and 1’ refer to the mean velocity and the pulsating velocity, respectively; p
represents the air density; p is the static pressure; —pul’.u} is the gradient of Reynolds
stress, based on Boussinesq assumption:

o ou; | dup 2 iy
_pulu] yt( +ax) §(pk+7‘ta)5'1 (3)

where yi; is the turbulent viscosity coefficient, as a function of turbulent kinetic energy k

and turbulent dissipation rate coefficient &:

k2
Ht = Cy (4)

The transport equation of the RNG k-¢ turbulence model is similar to the standard k-¢
model. Turbulent kinetic energy (k) equation and dissipation rate (¢) equation are:

0 J 0 Meff Ok

g(Pk) a (pku) ax]( ay Tx]) +Gk pe YM (5)
d d 0  Meff O¢ € . &

(Pf) + —(peu )= ax]( . aTc]) + clsEGk CZsP? (6)

where pi, ¢ is the effective dynamic viscosity equal to the sum of the molecular and turbulent
viscosities, Gy represents the turbulent energy generated by the laminar velocity gradient,
the model parameters:Cy, = 1.42, C3, is calculated as follows:

C;l ( 77/770)
1+ Bi?

where Cy, = 1.68, 179 = 4.38, B = 0.012, = Sk/¢, S is the skewness factor of turbulent velocity.

Coe=Coc + @)

2.4. Layout of Measurement Points

The unsteady aerodynamic pressure generated by a high-speed train passing through
and exiting the enclosed housing for sound emission alleviation was measured by setting
pressure monitoring points on the wall of the housing for sound emission alleviation.
Figure 6 shows the layout of the monitoring points. The monitoring points were symmetri-
cally set at eleven cross-sections, referred to as S1 to S11, along the longitudinal direction,
as shown in Figure 6a. Since the train model was assumed to move from the left side to
the right side, section S1 is located at the entrance, and section S11 is located at the exit.
The monitoring cross-section was refined at the middle of the housing for sound emission
alleviation. There are five measuring points at each monitoring cross-section, as shown in
Figure 6b.
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Figure 6. Measuring point distribution on the enclosed housing for sound emission alleviation.
(a) Schematic diagram of the overall monitoring cross-sectional arrangement. (b) Layout of the
measuring points on a monitoring cross-section.

3. Validation

To validate the effectiveness of the numerical simulation method, the motion model
measurement conducted by Kim et al. [44] was calculated using the above numerical
simulation method [45,46], as shown in Figure 7. For detailed information on the tests,
please refer to the literature of Kim et al. [44]. Figure 8 compares the numerical and
experimental pressure coefficients of PT1, PT2, PT3 and PT4, which are 8.5 m, 15.5 m,
23.5m and 30.5 m away from the tunnel inlet, respectively. The pressure coefficient is

defined as:
P

= 0.5p02

where P is the experimental or numerical aerodynamic pressure, v is the train speed and p
is the air density.

Cp ®)
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Figure 7. Schematic diagram of the numerical simulation calculation model.
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Figure 8. Comparison of Cp variations between the numerical simulation and the experimental
results. (a) PT1. (b) PT2. (c) PT3. (d) PT4.

Figure 9 compares u/Ut max variations between the numerical simulation and the

experimental results of VI1 and VT2, which are 0.5 m and 38.5 m away from the tunnel inlet,
respectively. Ut vax is set to as 3.0 m/s. The comparison results show that the numerical
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calculation and the experimental results are in good agreement. Although the train speed
of the validation case is much lower than that of the current work, the comparison results
indicate that the numerical method adopted in this research is accurate to simulate the
moving object-induced aerodynamic pressure and unsteady flow inside a tunnel structure.
In addition, Liu et al. [45] and Izadi et al. [46] had used a similar method to simulate the
aerodynamic pressure inside tunnels and obtained reasonable results. It indicates that the
numerical method adopted in this research is accurate for obtaining the main characteristics
of the flow field and aerodynamic pressure fluctuation when a high-speed train passes the
housing for sound emission alleviation.
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Figure 9. Comparison of u/Ut pax between the numerical and the experimental results. (a) VT1. (b) VT2.

4. Results and Discussion

The flow field is simulated using the given method when the train passes through the
enclosed housing for sound emission alleviation at a speed of 350 km/h. The time history
of the pressure on sections S1, S3, 56, S9 and S11 is monitored and shown in Figure 10.
When the aerodynamic pressure is a pushing action, the aerodynamic pressure is defined
as positive; conversely, when the aerodynamic pressure is a suction action, the pressure is
defined as negative.
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Figure 10. Time history of aerodynamic pressure on measuring points.
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The pressure curves show that all sections suffer both positive and negative aerody-
namic pressures. The extreme pressures and variation tendencies are different in different
sections depending on the distance away from the entrance. In the same section, the
pressure curves share a similar tendency; in particular, the pressure curves are very close
when the aerodynamic pressure is close to 0 Pa. Meanwhile, the pressure amplitudes at the
near-train side are always higher than those at the far-train side when extreme pressure
appears. These results indicate that most of the time, the wind flow inside the housing for
sound emission alleviation has one-dimensional characteristics; however, when extreme
pressure appears, the wind flow should have a three-dimensional structure. These aerody-
namic pressure characteristics on the enclosed housing for sound emission alleviation are
similar to those for tunnels reported by Liu et al. [10]. However, as most enclosed housings
for sound emission alleviation are made of steel structures and their stiffness is much lower
than that of tunnels, they are more sensitive to train-induced wind loads, and consequently,
the characteristics of the train-induced wind load are more important for the structural
design of enclosed housing for sound emission alleviation.

Figure 10 shows that the aerodynamic pressure on the housing for sound emission
alleviation is much more complicated than normal dynamic loads. The aerodynamic
pressure is not a periodic wave and always rapidly increases or decreases. Therefore, the
amplitude and frequency spectra are not enough to describe the dynamic characteristics of
the aerodynamic pressure, and the impact effects should be considered. In the following
sections, the dynamic characteristics of the aerodynamic pressure will be discussed in
terms of wave propagation, impact effects, extreme pressure, duration of extreme pressure,
dominant frequency and decay rate.

4.1. Wave Propagation

The aerodynamics inside the enclosed housing for sound emission alleviation are
similar to those of tunnels [47,48]. When the train approaches the entrance of the enclosed
housing for sound emission alleviation, the train head induces a compression wave, and
the train rear motivates an expansion wave. Both compression and expansion waves
propagate inside the housing for sound emission alleviation and reflect at both ends in
sound velocity. The variation in aerodynamic pressure depends on the wave propagation.
Figure 11 shows the details of the propagation of the aerodynamic pressure wave of P3 on
section S9 when the train passes through. The black dotted line represents the position of
the measuring point on the housing for sound emission alleviation wall, the red solid line
(marked by Ty) is the running trajectory of the train head, the green dotted line (marked
by TR) is the running trajectory of the train rear, the blue solid lines (marked by Cy)
present the propagation trajectory of the compression waves, and the blue dotted lines
(marked by Eyy) are the propagation trajectory of the expansion waves. The results show
that a compression wave is generated at the instant the train head enters the housing for
sound emission alleviation and then propagates inside the housing for sound emission
alleviation at sound velocity. When the compression wave reaches section S9 at t1, the
monitored aerodynamic pressure first rapidly and then steadily increases. When the train
tail enters the housing for sound emission alleviation, an expansion wave is generated
and propagates inside the housing for sound emission alleviation at the sound velocity.
When the expansion wave reaches S9 at t,, the aerodynamic pressure begins to rapidly
decrease. When the compression and expansion waves propagate to the exit of the housing
for sound emission alleviation, they are reflected back as expansion and compression waves,
respectively. At instant t3, the reflected expansion wave reaches S9, and the aerodynamic
pressure continues to rapidly decrease. At instant t,, the reflected compression wave
reaches S9, the aerodynamic pressure increases. When the train head passes section S9 at
t5, the aerodynamic pressure decreases. After that, multiple compression and expansion
waves are transmitted to section S6, and the pressure increases and decreases accordingly.
The transmission of the aerodynamic pressure waves in the enclosed housing for sound
emission alleviation is also consistent with those in tunnels, as reported by Liu et al. [47]
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and Ji et al. [48]. Figure 12 shows the pressure distribution on the wall of the housing for
sound emission alleviation when t = 6 s. The video of the train transition with pressure
shown is given in the attachment.
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Figure 11. Pressure variations of P3 on the housing for sound emission alleviation section S9 and the
propagation process of the pressure waves when the train passing through the housing for sound
emission alleviation: (a) Time history of wind pressure of P3 at S9; (b) Propagation process of the
pressure waves (The black dotted line in (b) represents the test section of (a), the red solid line is the
running trajectory of the train head, marked by Ty; the green dotted line is the running trajectory of
the train rear, marked by Tg; the blue solid lines present the propagation trajectory of the compression
waves, marked by Cyy; and the blue dotted lines are the propagation trajectory of the expansion
waves, marked by Eyy).
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Figure 12. The pressure distribution on the wall of the housing for sound emission alleviation when t =6's.

4.2. Extreme Pressure, Duration of Extreme Pressure and Impact Effects

As enclosed housings for sound emission alleviations are always made of steel struc-
tures, the extreme aerodynamic pressure, duration of the extreme pressure, and impact
effects are key factors for the structural design. The extreme pressures are defined as
the maximum positive or negative pressure acting on each section when the train passes
through at a speed of 350 km/h. Table 1 shows the distributions of the positive extreme
value, negative extreme value, and peak-to-peak aerodynamic pressure in the longitudinal
direction. Ppmax is the positive-extreme pressure, P;;.x is the negative-extreme pressure,
and the peak-to-peak pressure is the absolute difference of Ppyax and Pumax (Ppmax = Prmax)-
The results show that the extreme pressures are almost symmetrical against section S6, the
middle section. The extreme aerodynamic pressure at the central region is always higher
than those close to the entrance/exit. In particular, the negative extreme pressure drastically
increases in the range of 150 m to 350 m from the entrance/exit and reaches —2153 Pa at
the middle section, more than two times higher than that at the entrance/exit sections.
Different from the negative peak, the positive extreme pressure gradually increases from
the entrance/exit to the middle section and reaches the maximum value of 1298 Pa at the
middle section. The maximum peak-to-peak pressure is calculated as 3451 Pa.

Table 1. Distribution of the extreme pressure in the longitudinal direction of the housing for sound
emission alleviation.

Sections Ppimax (Pa) Pmax (Pa) Peak-to-Peak (Pa)
1 1090 —1020 2110
2 1047 —1088 2135
3 1145 —1607 2752
4 1237 —2076 3312
5 1285 —2111 3396
6 1298 —2153 3451
7 1277 —2023 3300
8 1227 —1963 3190
9 1170 —1212 2382
10 944 —909 1853
11 799 —936 17

The time history of the train-induced aerodynamic pressure in Figure 10 shows the
variation of the aerodynamic pressure is very complicated. It is hard to calculate the
wind-induced response using this wind load. In the present study, an ideal model of
the aerodynamic pressure is proposed using the duration, T;, and the change rate of
aerodynamic pressure, P and Ppmax and Py, as Figure 13 shows.
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The duration T} is defined as the time when the aerodynamic pressure is higher than
85% of extreme pressure and the extreme pressure appears:

Ti = T2[o 50 — T 085 )

where T'1 |0<85Pmax is the first instant when the pressure reaches 0.85Pmax before the extreme
pressure, TZ\OAS5 P is the first instant when the pressure reaches 0.85Pmax after the extreme
pressure, and Ppax represents both positive and negative extreme pressures.

The change rate of aerodynamic pressure P:

Py — Py,
tip — tip

P= (10)
where Pj, and Py, are the aerodynamic pressures at two adjacent inflection points, t;;, and
t;p are the corresponding instants. In addition, the absolute difference, | P;;,—P;, |, should
be higher than 0.5Ppmax-

Table 2 summarizes the T; and maximum P of monitoring point P3 on sections S1, S3,
S6, 59, and S11. The sections close to both ends have shorter durations. The middle section
56 has the longest duration of the positive and negative extreme aerodynamic pressures.
They are 1.41 s and 1.04 s, respectively. Section S1, at the entrance of the enclosed housing
for sound emission alleviation, has the highest positive and negative pressure change rate.
They are 9.881 kPa/s and —10.415 kPa/s, respectively. In the other sections, the pressure
change rate is relatively close, and the average values are calculated as 5.4 kPa/s and
—5.9kPa/s.

Table 2. The duration of the extreme pressure and the pressure change rate at different sections.

P pmax Pumax
Sections = —

Ty (s) P (kPa/s) Ty (s) P (kPa/s)
s1 0.222 9.881 0.154 ~10.415
S3 1.379 3.288 0.347 —5.488
S6 1.410 5.780 1.041 —6.569
S9 1.059 6.227 0.719 —5.842
S11 0.356 6.366 0.526 —5.609
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Figure 14 compares the ideal aerodynamic pressure of the sections S1, S3, S6, S9 and
S11. It shows that the ideal aerodynamic pressures under different sections are significantly
different. They are much simpler than the original ones and can be adopted to simulate the
structural responses of the housing for sound emission alleviation. However, whether the
parameters in the ideal model are reasonable or not needs further study.
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Figure 14. Ideal aerodynamic pressure at different sections. (a) S1. (b) S3. (c) S6. (d) S9. (e) S11.

As previously noted, when extreme pressures appear, the circumferential distribution
of the aerodynamic pressure has obvious no uniformity characteristics. To reveal the
circumferential distribution characteristics, the aerodynamic pressure on sections S1 and S6
at the instant when positive /negative extreme pressures appear is investigated and shown
in Figures 15 and 16. The baseline values in Figure 15a,b are set as 700 Pa and —600 Pa,
respectively. The values in Figure 16a,b are set as 800 Pa and —1300 Pa, respectively. The
results confirm that the pressure distribution at both sections S1 and S6 is asymmetrical in
the circumferential direction. The pressure at the near side is always higher than that at
the far side. However, the circumferential distribution of the aerodynamic pressure at both
sections is different.
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Figure 16. Pressure distribution on S6 when extreme pressure appears.

In section S1, aerodynamic pressure keeps decreasing from the near side to the far
side. In particular, the positive and negative pressures on the near side are 37.97% and
39.73% higher than those on the far side, respectively. However, in section S6, the highest
aerodynamic pressure appears at the top point P3. The positive and negative extreme
pressures at P3 are 45.2% and 46.1% higher than those on the far side, respectively. This
obvious no uniformity of the aerodynamic pressure should be carefully considered during
the structural design of an enclosed housing for sound emission alleviation.

4.3. Dominant Frequency and Decay Rate of the Aerodynamic Pressure after the Train Exits

After the train exits the enclosed housing for sound emission alleviation, as the
pressure wave continues to propagate inside the housing for sound emission alleviation, the
aerodynamic pressure does not immediately revert to zero but remains varying. Figure 17
shows the pressure curves of P3 on sections after the train traverses the exit of the housing
for sound emission alleviation. The results show that the pressure curves, in particular
at the central sections, become periodic waves, and the amplitude gradually decreases,
similar to the free vibration decay curves. In addition, the pressure wave is much more
periodic, and its amplitude is much higher in the central region than that close to both ends.
These characteristics are different from those when the train is passing inside the housing
for sound emission alleviation. Consequently, the dominant frequency and decay rate of
the pressure curves are analyzed as follows.

The dominant frequency of the aerodynamic pressure at the monitoring points in
each section is obtained through spectral analyses. Figure 18 shows the calculated power
spectrum density curves of the pressure of P3 on sections after the train traverses the exit
of the housing for sound emission alleviation from 14.3-45 s and the sampling frequency is
500 Hz. In all sections, the dominant frequency is equal to 0.2 Hz. In fact, the dominant
frequency can be theoretically derived using the propagation law of the pressure wave.
When a compression wave reaches the monitoring point, the pressure reaches a positive
extreme value; then, the expansion wave is reflected to be an expansion wave at one end
of the housing for sound emission alleviation. When the expansion wave reaches the
monitoring point, the extreme pressure is negative. After that, the expansion wave is
reflected to be a compression wave again at another end of the housing for sound emission
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alleviation. When the new compression wave reaches the monitoring point, the pressure
reaches the next positive extreme value. During this cycle, both compression and expansion
waves travel the entire housing for sound emission alleviation once under the sound
velocity. Consequently, the dominant frequency can be expressed as:

f= % —02Hz a1

where s the length of the housing for sound emission alleviation and v is the sound velocity.
This formula is the same as that proposed by Liu et al. [47] in tunnel aerodynamics.
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Figure 17. Pressure curves of different measuring points for the train passing through the housing
for sound emission alleviation. (a) S1. (b) S3. (c) S6. (d) S9. (e) S11.
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Figure 18. Pressure curves of different measuring points for the train passing through the housing
for sound emission alleviation. (a) S1. (b) S3. (c) S6. (d) S9. (e) S11.

During the propagation, the strength of the aerodynamic pressure decreases due to
the friction and refection effects. This dynamic process is important for the structure design.
In order to evaluate the attenuation characteristic, the decay rate & of the aerodynamic
pressure is defined as [49]:

Ak

Akt

§ =In( (12)
where Ay is a pressure extreme in the process of pressure decay, Ak, is the next pressure
extreme after a cycle. The definition of the decay rate of the aerodynamic pressure is similar
to that of a damped free vibration.

Figure 19 shows the pressure extremes envelope and the decay rate of the aerodynamic
pressure fitted using Equation (11). The decay rate of the aerodynamic pressure on all
sections is close, and the average decay rate is calculated as 0.262. The highest decay rate is
0.277 in the middle section. Both decay rate and the dominant frequency are key parameters
for the structural design of the enclosed housing for sound emission alleviation because
they are necessary when the engineer evaluates the fatigue life.
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Figure 19. Pressure wave attenuations of different sections. (a) S1. (b) S3. (c) S6. (d) S9. (e) S11.

5. Conclusions

Consequently, in the present study, the unsteady aerodynamic pressure inside an
enclosed noise barrier is numerically simulated when a CRH380 train [29] passes through
and exits at a speed of 350 km/h by using the dynamic mesh method. The numerical
method is firstly validated by comparing the numerical results with experimental results
using a benchmark case. Then, the dynamic characteristics of the aerodynamic pressure
are discussed in terms of wave propagation, impact effect, extreme pressure, duration of
extreme pressure, dominant frequency and decay rate. The results show that the original
reason for the variation of the aerodynamic pressure is the wave propagation process inside
the noise barrier, similar to those inside of a tunnel. The extreme aerodynamic pressure
at the central region is always higher, and the maximum peak-to-peak pressure reaches
3451 Pa. An ideal model of aerodynamic pressure of enclosed noise barriers is proposed
using the duration of the extreme aerodynamic pressure and the pressure change rate,
which is a cost-effective model for structure design. After the train exits the housing for
sound emission alleviation, the aerodynamic pressure reverts to periodic decay curves. The
dominant frequency and decay rate are proposed to express the dynamic characteristics.
The main conclusions are summarized as follows:
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References

(1) The unsteady aerodynamic pressure is complicated and aperiodic when the train is
running in the enclosed housing for sound emission alleviation. The reasons for the
variation in the aerodynamic pressure are clearly caused by the propagation of the
aerodynamic pressure wave, similar to that in a tunnel.

(2) The extreme aerodynamic pressure at the central region is always higher than those
close to the entrance and exit. In particular, negative and positive extreme pressures
appearing in the middle section are —2153 Pa and 1298 Pa, respectively. The maximum
peak-to-peak pressure is 3451 Pa.

(3) To further quantify the dynamic characteristics of the train-induced aerodynamic
pressure on the housing for sound emission alleviation, an ideal model of aerodynamic
pressure is proposed using the duration of the extreme aerodynamic pressure and
the pressure change rate. The longest duration of the extreme aerodynamic pressure
appears in the middle section, and the highest pressure change rate occurs at the
entrance section. In other sections, the pressure change rate is relatively close. The
ideal model is much simpler than the original aerodynamic pressure and can be
adopted to calculate the structural responses of the housing for sound emission
alleviation. The rationality of the parameters in the ideal model needs further studies.

(4) For the special enclosed housing for sound emission alleviation, the longest durations
of the positive and negative extreme aerodynamic pressures are calculated as 1.41 s
and 1.04 s, respectively. The highest positive and negative pressure change rates are
calculated as 9.881 kPa/s and —10.415 kPa/s, respectively. In other sections, the
average pressure change rate is calculated as 5.4 kPa/s and —5.9 kPa/s.

(5) After the train exits the housing for sound emission alleviation, the aerodynamic
pressure reverts to periodic decay curves. The pressure amplitude at the central
region is always higher than those close to the entrance/exit. To better understand
the aerodynamic pressure in this process, the dominant frequency and decay rate are
proposed to express the dynamic characteristics. For the special enclosed housing for
sound emission alleviation, the dominant frequency is identified as 0.2 Hz, and the
decay rate is calculated as 0.262.
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Abstract: To investigate the aerodynamic characteristics of a twin-box girder in turbulent incoming
flow, we carried out wind tunnel tests, including two aerodynamic interferences: leading body-
height grid, and leading circular cylinder. In this study, the pressure distribution and the mean
and fluctuating aerodynamic forces with the two interferences are compared with bare deck in
detail to investigate the relationship between aerodynamic characteristics and the incoming flow
characteristics (including Reynolds number and turbulence intensity). The experimental results
reveal that, owing to the body-height flow characteristics around the deck interfered with by the
body-height grid, the disturbed aerodynamic characteristics of the twin-box girder differ considerably
from those of the bare twin-box girder. At the upstream girder, due to the vortex emerging from the
body-height grid breaking the separation bubble, pressure plateaus in the upper and lower surface
are eliminated. In addition, the turbulence generated by the body-height grid reduces the Reynolds
number sensitivity of the twin-box girder. At a relatively high Reynolds number, the fluctuating
forces are mainly dominated by turbulence intensity, and the time-averaged forces show almost no
change under high turbulence intensity. At a low Reynolds number, the time-averaged forces change
significantly with the turbulence intensity. Moreover, at a low Reynolds number, the wake of the
leading cylinder effectively forces the boundary layer to transition to turbulence, which reduces the
Reynolds number sensitivity of the mean aerodynamic forces and breaks the separation bubbles.
Additionally, the fluctuating drag force and the fluctuating lift force are insensitive to the diameter
and the spacing ratio.

Keywords: aerodynamic forces; pressure distribution; turbulence intensity; twin-box girder

1. Introduction

In recent decades, super-long-span bridges have been largely designed using the
sharp-edged twin-box girder, due to its superior aerodynamic stability, including the
Xihoumen Bridge (main span, 1650 m), the Shanghai Yangtze River Bridge (main span,
730 m), and the Stonecutters” Cable-Stayed Bridge (main span, 1018 m). It is generally
acknowledged that the stability of super-long-span bridges is an important indicator that
represents the safety of the structures. Super-long-span bridges are often built at sea,
where gales often occur, and the aerodynamic forces generated by wind-induced response
cannot be neglected. Moreover, the shedding vortices around the box girder induce the
vibration behavior, e.g., vortex-induced vibration (VIV). Therefore, the investigation of
the aerodynamic performance of the bridge structures by wind tunnel experiment [1-4] or
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numerical simulation [5-8] is necessary in the pre-research stage of bridge construction.
However, the wind tunnel experiments usually examine the bridge section model under
uniform inflow conditions, and the aerodynamic characteristics obtained under these
conditions are used to represent the aerodynamic characteristics of the bridge, which
cannot completely accommodate the dynamic complexity of the structures in the real
engineering application environment. The bridge structure is not simply affected by
uniform inflow in a natural environment, and the turbulent components usually exist in the
incoming flow. For instance, the incoming flow may pass through other structures to reach
the bridge deck, so the flow around the windward side of the bridge structure is in the wake
of other structures, and is usually unstable, with a large fluctuation velocity component.
Therefore, it is necessary to study the flow characteristics of the bridge structure under
different incoming flow characteristics.

Recently, the effect of the turbulent components of incoming flow on the aerodynamic
performance of bluff bridge sections has fascinated many researchers, and triggered many
experimental investigations to discern the effects of the incoming flow characteristics on
the bridge. Zhou et al. [9] investigated the effects of the vertical turbulence intensity of
incoming flow on the aerodynamic performance of a bridge. The authors claimed that the
increase in the vertical turbulence intensity of the incoming flow increases the torsional fre-
quency, and the critical flutter wind speed decreases when the vertical turbulence intensity
is 2.84%. Hunt et al. [10] and Sarwar et al. [11] pointed out that the incoming flow with the
fluctuation component of long-span bridges is nonlinear with the structural motion, and
the turbulence components of incoming flow (such as turbulence intensity and turbulence
scale) play a vital role in controlling the aerodynamic characteristics of bridges. Scanlan
and Liu [12] experimentally investigated the flutter derivatives of a bridge deck based on
the turbulent components of incoming flow, and a new theory was developed, which takes
the turbulent components in the incoming flow into account. Haan and Kareem [13] inves-
tigated the effects of turbulence on the aero-elastic and self-excited forces of a rectangular
prism via experiments. Since turbulence is highly heterogeneous and anisotropic, the self-
excited pressure fluctuation, self-excited force, and flutter derivative of a stationary prism
are strongly affected by the turbulence. The authors also pointed out that the streamwise
position would shift with the increase in turbulence intensity; however, the pressure am-
plitudes would decrease with a larger turbulence scale. Meanwhile, Matsumoto et al. [14]
showed that turbulence can adversely affect the flutter performance of bridges based
on experimental results. In recent years, a lot of theoretical models have been devel-
oped to evaluate the effects of turbulence on the aerodynamic characteristics of bridges.
Chen et al. [15,16] proposed a time-domain approach to predict the aerodynamic response
of bridges, and a nonlinear theoretical model was established to analyze the effects of
turbulence on the self-excited forces and the flutter performance. Wu and Kareem [17]
summarized the latest developments in aerodynamics and aero-elasticity of bluff bodies by
turbulent winds. The development of theoretical models of the effects of turbulence on the
aerodynamic characteristics of bluff bodies is beneficial in efforts to effectively solve the
problem of aerodynamic nonlinear response induced by turbulence. However, to our best
knowledge, there is still no effective theoretical model to explain the relationship between
the characteristics of incoming flow and the aerodynamic performance of the twin-box
girder, because the aerodynamic characteristics of the twin-box girder are highly nonlinear
in turbulent flow.

The main objective of this study is to experimentally investigate the influence of dif-
ferent cutting-edge aerodynamic interference methods on the aerodynamic characteristics
of a twin-box girder. In the present work, the Xihoumen Suspension Bridge is adopted
as a prototype of a twin-box girder to investigate. The turbulence intensity I is adopted
to indicate the strength of incoming flow fluctuation, and the aerodynamic characteris-
tics of long-span bridges are generally sensitive to the Reynolds number [18]. Therefore,
the comprehensive influence of turbulence intensity and the Reynolds number on the
aerodynamic characteristics of the twin-box girder is investigated. The remainder of this
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paper is organized as follows: In Section 2, the experimental method and geometric details
of the twin-box girder are presented. In Section 3, the experimental results of different
aerodynamic interferences are described and discussed in detail, including the surface
pressure distributions and the time-averaged and fluctuating aerodynamic forces. Finally,
conclusions are presented in Section 4.

2. Experimental Setup

The experiments were conducted in a closed-loop wind tunnel (SMC-WT1, Harbin
Institute of Technology, Harbin, China). With screens and honeycomb installed before the
inlet of the test section, the turbulence intensity was less than 0.4% over the speed range of
4-25 m/s. In the test section, the size of the cross-section was 505 mm x 505 mm.

In this study, the Reynolds number (Re) is the ratio of inertial forces to viscous forces,
which is an important dimensionless quantity in fluid mechanics, and is defined as:

Re= "7, 1)

where p is the density of the fluid; U is the incoming flow velocity; H is the central height
of the twin-box girder, which is adopted as the characteristic length; and y is the dynamic
viscosity of the fluid. Since the present work was conducted in a conventional atmospheric
boundary layer wind tunnel, the variation in the Reynolds number was achieved by
adjusting the wind speed.

The turbulence intensity is an effective indicator that is associated with the turbulent
kinetic energy (TKE), and it can be written as:

\/% (u/xz + u/yz + u/ZZ)
= —_—— 2
VU + Uy + U
where u/ %, 1’ yz, and 1,2 are the root mean square of the turbulence velocity fluctuations in
the x, y, and z directions, respectively, Uy, Uy, and U, are the mean velocity in the x, y, and

z directions, respectively, 1’ is the root mean square of the turbulence velocity fluctuations,
and U is the mean velocity.

I=

all =

2

2.1. Section Model Geometrical Information and Surface Pressure Measurements

The detailed geometrical information of the prototype bridge deck is shown in Figure 1.
The twin-box girder has two parallel box girders with a gap of length L = 6 m and width
B =36m, and the center height of the deck H = 3.51 m. The spanwise length of the
section model is Ls = 480 mm, and the geometric scale ratio of the section model is 1:120.
Figure 2a shows a 3D sketch of the twin-box girder used in the present study. To obtain
the surface pressure distributions, 46 pressure taps with a 0.5 mm radius were installed
in the slice, which is 230 mm away from the right end of the bridge deck, as shown in
Figure 2b. It should be noted that the experiments on the twin-box girder were stationary
in this paper.

Corner E Corner G
Corner A 36 (8) Corner C
1z 2 12 6(L) 15 1
12 2%, | ] 7
o | g
W
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| I L% 12\ | 5|

\ Corner B A\Comer B Corner H \ Corner D

Figure 1. Geometric information of the twin-box girder (unit: m).
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Figure 2. Schematic diagrams of the section model: (a) 3D sketch of the twin-box girder, and
(b) spanwise location of the pressure tap (unit: mm).

The distribution of these taps around the section circumference is illustrated in
Figure 3. The pressure taps are connected to three pressure scanners (DSA3217, 16 channels
for each scanner) with a measuring range of +2.5 kPa by using connecting tubes (indepen-
dent polyvinyl chloride (PVC) tubes, internal diameter of 1 mm) with a full length of 500 mm.
This system is adopted to measure and record the instantaneous pressure distributions.

Bu

23©
R

Figure 3. Location of the pressure taps in the section circumference.

The Scanivalve system monitors the surface pressure data at a sampling rate of
312.5 Hz, and the time length of one sampling period is 32 s. Based on the correction
algorithm [19], the distortion effects brought by the connecting tubes—such as amplifi-
cation factor and phase shift [20]—are quite small and negligible in the surface pressure
measurements of this study. The time-averaged pressure coefficient C, can be calculated
by nondimensionalization of the time-averaged pressure p;;, which can be written as:

Pm
Cp=1">5, 3
! %PuirUgo
1 /T
pu=7 (pi= )it @

where p; denotes the instantaneous pressure, p« is the pressure of the free stream, p,;, is
the density of air, U is the flow velocity of the free stream, and T is the sample period.

In the present study, the Reynolds number is high (Re > 5 x 10%); hence, the boundary
layer around the solid structure becomes turbulent and the pressure drag force dominates
the skin drag force [21]. Thus, the pressure drag force is the dominant component of total
drag, and the skin friction drag can be neglected.

Once the instantaneous pressure distributions are obtained, the corresponding aero-
dynamic forces of the bridge girder can be calculated by standard integration, which can
be expressed as follows:

Fp = [ Puds, ®)
F = /Pzi ds;, (6)
Fu= [ Piids, )

where P; is the pressure force, P,; and P,; are the pressure force components along the
x and z directions, respectively, ds; denotes the element area, and {; is the moment arm.
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It should be noted that, when the gap exists, the pressure forces at pressure taps 9-11 and
32-34 should be considered.

The drag force coefficient Cp, the lift force coefficient C;, and the moment force
coefficient C,, are defined as:

Fp
Cp=-——2 | 8
o %pairuz%oHLs ®

F
CL=——7-—, 9
" TparUZBL, ©

Fn1
Cpn=+——"7"—, 10
" %Pairuc%oBst (0

where Fp, F1, and F;, are the drag, lift, and moment forces, respectively, and B is the width
of the twin-box girder.

Then, the six effective indicators that represent the aerodynamic characteristics of
the bridge girder can be obtained, including the mean drag force coefficients (Cp yean),
the fluctuating drag force coefficients (Cp ,;5), the mean lift force coefficients (Cp. yeqn), the
fluctuating lift force coefficients (Cy, ;5), the mean moment force coefficients (Cy; ean), and
the fluctuating moment force coefficients (Cy; yius). It should be noted that the root mean
square of the specific value is adopted to represent the fluctuation.

2.2. Aerodynamic Interference Measurements
2.2.1. Leading Body-Height Grid Aerodynamic Interference

For the practical bridge structures, there exist some other structures at the upstream—for
example, in the event that two bridges are close together. It is necessary to investigate
the effects of the incompletely developed turbulence from the upstream body on the
aerodynamic dynamic characteristics of the bridge. Based on the above consideration,
for generality, the turbulence generated by the leading body-height grid is adopted to
simulate the wake of the upstream body. With different body-height grids installed at the
same height as the section bridge deck at the flow inlet, the turbulence intensity of the
incoming flow in the model height range is affected by the geometry of the body-height
grid. Therefore, the flow around the windward side of the bridge deck is changed from
laminar flow to turbulent flow, with different-sized vortices generated by the interference
of the body-height grid. Figure 4 shows the sketch view of the locations of the section
model in the test section and the body-height grid in the flow inlet, while Figure 5 presents
the detailed geometry of fourteen body-height grids (body-height grids I-XIV).

>

Figure 4. Sketch view of the section model in the test section and the body-height grid in the flow inlet.
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Figure 5. (a-n) The detailed geometry of the body-height grids I-XIV, respectively (unit: mm).

2.2.2. Leading Circular Cylinder Aerodynamic Interference

The handrail is an important accessory of the bridge structure, which is usually
composed of cylinders, and the cylinders disturb the incoming flow characteristics to
change the boundary layer of the box girder. Therefore, with different smooth cylinders
(diameters of 3 mm, 4 mm, 5 mm, and 6 mm) installed in front of the essential flow areas
of the model (upper edge, middle upper region, leading edge, middle lower region, and
lower edge), the effects of different flow characteristics of essential flow regions around the
section model on the surface pressure distribution and aerodynamic response of the bridge
deck were investigated, and Figure 6 shows the location of cylinders in front of the bridge
deck with different spacing ratios. The spacing ratio ¢ is defined as the ratio of the distance
S between the trailing edge of the cylinder and the frontal surface of the twin-box girder
to the diameter of cylinder D, e = S/D. The spacing ratios used in this study were 2, 3, 4,
and 5.

Figure 6. The sketch views of the leading circular cylinder and the twin-box girder (D is the diameter
of the circular cylinder).

2.3. Turbulence Intensity Measurement

The turbulence intensity of incoming flow is measured by the Cobra Probe system
(including Series 100 Cobra Probe, cabling, and TFI Device Control software). The Cobra
Probe is composed of a multi-hole pressure probe, and is able to reconstruct the velocity
components along the x, y, and z directions from pressure data. In the present work, the
sampling frequency was set as 2 kHz. The Cobra Probe was placed at positions 1, 2 and
3 (see Figure 7) to measure the spread of the turbulent flow. In the present study, the
turbulent properties at position 3 were adopted to characterize the incoming flow.
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Figure 7. Locations of the Cobra Probe.

3. Results and Discussions
3.1. Undisturbed Surface Pressure Distribution and Aerodynamic Forces

To analyze the effects of the aerodynamic interference methods mentioned above, the
aerodynamic characteristics of the bare twin-box girder were experimentally investigated,
and the important aerodynamic parameters (including the surface pressure distribution
and the aerodynamic forces) were obtained. Figure 8 gives the distribution of the mean
pressure coefficient on the surface of the twin-box girder at different Reynolds numbers.
At Re = 6.13 x 103, the profile of the surface pressure indicates that the pressure of the
upstream girder reaches a peak near the windward corner A, because the incoming flow
passes through the windward slope on the upper surface and the incoming flow is affected
by the forward pressure gradient, which enhances the flow speed and promotes the
continuous increase in suction. After the windward corner, the flow velocity gradually
decreases, and the negative pressure also decreases. It should be noted that a short-term
pressure plateau is formed after the windward corner on the upper surface of the upstream
girder at low Reynolds numbers (e.g., Re = 6.13 x 10°), but this pressure plateau will
disappear at high Reynolds numbers. The pressure plateau is formed by the separation
bubble, because the internal and external fluids of the separation bubble are relatively
stable; thus, the pressure in the separation bubble is almost identical. Moreover, the
endpoint of the pressure platform could be regarded as the reattachment point. Figure 8
also shows that the amplitude of the surface pressure increases with the Reynolds number,
and the pressure on the lower surface of downstream girder has a common tendency to
decrease first and then increase at different Reynolds numbers.
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Figure 8. The mean surface pressure distribution of the twin-box girder at different Re: (a) the
pressure surface distribution of the upper surface, and (b) the pressure surface distribution of the
lower surface.

Figure 9 shows the mean and fluctuating aerodynamic force coefficients of the twin-
box girder at various Reynolds numbers. The aerodynamic force coefficients show a
significant change in the Reynolds number range adopted in this study. With the increase
in the Reynolds number, the time-averaged drag force coefficient and the fluctuating drag
force coefficient both decrease, and the rate of decrease first increases and then decreases;
moreover, the maximum rate of decrease is achieved at Re = 9.21 x 103, while the time-
averaged lift force coefficient significantly increases first and then flattens with the increase
in the Reynolds number. With the Re rising, the time-averaged moment force coefficient
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first increases rapidly, and then decreases. The fluctuating lift force coefficient and the
fluctuating moment force coefficient show a similar tendency to the fluctuating drag
coefficient with increasing Re.
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Figure 9. (a—c) The time-averaged drag force coefficient, time-averaged lift force coefficient, and
time-averaged moment coefficient at different Reynolds numbers, respectively. (d—f) The fluctuating
drag force coefficient, fluctuating lift force coefficient, and fluctuating moment coefficient at different

Reynolds numbers, respectively.

3.2. Modulation of Surface Pressure Distribution by Leading Body-Height Grids

First, the surface pressure distributions with the aerodynamic interference of the
leading body-height grid were compared with those of the bare twin-box girder, as shown
in Figure 10, and the effects of turbulence generated by different body-height grids on the
surface pressure distribution were evaluated and analyzed.
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Figure 10. Comparisons of the time-averaged surface pressure distribution of the twin-box girder
with body-height grid interference and bare deck.

Figure 10 clearly shows that the turbulence intensity, which is an important character-
istic of incoming flow, has a significant influence on the time-averaged surface pressure
distribution. Compared with the surface pressure distribution of the bare deck, the charac-
teristic of the pressure distribution with the body-height grid aerodynamic interference
changed a lot at low Reynolds numbers (Re < 1.0 x 10%), because the boundary layer tran-
sitioned to the turbulent boundary layer. At low turbulence intensity (I = 3.57-5.15%), the
amplitude of the pressure peak was enhanced. It is also noteworthy that, at the upstream
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girder, the pressure plateaus (appearing in the undisturbed surface pressure distribution) in
the upper and lower surfaces were eliminated, because the vortices generated by the body-
height grid broke the separation bubbles, and the laminar boundary layer was transformed
into turbulence, which cannot maintain a stable pressure to form the separation bubbles.
At moderate turbulence intensity (I = 16.9-18.3%), the negative pressures are enhanced
when x/0.5B > —0.7, indicating that the high turbulence intensity contains more energy
to strengthen the flow velocity around the box girder. When the turbulence intensity is
further increased (I = 27.9-31.4%), the negative pressures are also increased.

Figure 11 shows the time-averaged surface pressure distribution at different Reynolds
numbers when the turbulence intensities are close. It is clearly shown that the turbulence
intensity can effectively eliminate the Reynolds number sensitivity of pressure distribution,
because the properties of the turbulent boundary layer are dominated by the turbulence
intensity of the incoming flows.
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Figure 11. The time-averaged surface pressure distributions of the twin-box girder with body-height
grid interference at different Reynolds numbers when turbulence intensities are close.

3.3. Modulation of Surface Pressure Distribution by Leading Circular Cylinders

Second, the time-averaged pressure distributions with cylinder interference were
compared with the undisturbed pressure distribution. Figure 12 shows the mean surface
pressure distributions with circular cylinder interference (D = 3 mm) at various spacing
ratios. As shown in Figure 12, the turbulence generated by the wake of the circular cylinder
significantly influences the time-averaged surface pressure distribution at the upstream
girder, and the pressure plateaus formed by the separation bubbles are broken by the
cylinder wake.
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Figure 12. Comparisons of the time-averaged surface pressure distribution of the twin-box girder
with circular cylinder interference and bare deck.
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Moreover, Figure 12 also shows that the surface pressure on the upper and lower
surfaces of the downstream girder exhibit opposite distribution characteristics. The upper
surface pressure distribution shows that the negative pressure on the upper surface is lower
than the undisturbed pressure at first, and then is higher than the original pressure at the
same Reynolds number level. This may be because the flow velocity on the upper surface
decreases after passing through the cylinder; however, continuous filling of the surrounding
unaffected fluid enhances the flow velocity. The absolute value of minimum pressure on
the lower surface is always less than the undisturbed pressure, which demonstrates that the
cylinder located in front of the lower surface limits the velocity of the whole lower surface.

The time-averaged surface pressure distributions at different Reynolds numbers
are shown in Figure 13. As shown in Figures 12 and 13, it is clear that the pressure
distribution at the twin-box girder is insensitive to the spacing ratio and the diameter of the
cylinder. Meanwhile, it should be noted that the surface pressure distribution with circular
cylinder interference on the downstream girder presents slight Reynolds number sensitivity,
indicating that the vortices generated by the flow passing through the leading circular
cylinders fully enforce the turbulence on the boundary layer around the twin-box girder.
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Figure 13. The time-averaged surface pressure distributions of the twin-box girder with circular
cylinder interference at different Reynolds numbers with the same spacing ratio.

3.4. Modulation of Aerodynamic Forces by Leading Body-Height Grids

Figure 14 shows the distribution of the mean and fluctuating aerodynamic force co-
efficients in the phase plane of the Reynolds number and turbulence intensity, and the
aerodynamic forces show strong sensitivity to the Reynolds number and turbulence intensity.

As shown in Figure 14a, the distribution of the time-averaged drag force coefficient
shows different characteristics at different turbulence intensities. At low turbulence in-
tensity (I < 5%), the Cp pean is sensitive to the Reynolds number when Re < 1.0 x 10%.
Moreover, the hypotenuse of the contour at the corner indicates that the turbulence intensity
can reduce the Reynolds number effects of Cp jyean. When the Reynolds number is further
increased, the Cp jean sShows slight Reynolds number sensitivity, which is consistent with
the bare deck (see Figure 9a). At moderate turbulence intensity (5% < I < 20%), the Cp yean
is enhanced, and the Cp s, presents slight Reynolds number dependence. It should be
noted that there exists a lock-up region of Cp jeqan. At high turbulence intensity (I > 20%),
the Cp jean is further promoted, and is only associated with the turbulence intensity.

The time-averaged lift force coefficient shows strong sensitivity to the turbulence
intensity when Re < 1.0 x 10* (see Figure 14b), and with the increase in turbulence
intensity, the lift force is enhanced, which implies that the strength of turbulent flow can
effectively promote the lift force. Meanwhile, at Re > 1e4, the lift force is insensitive to
both Reynolds number and turbulence intensity, because the boundary layer transitions to
full turbulence.
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Figure 14. (a—c) The distributions of the time-averaged drag, lift, and moment, respectively, in the phase plane of Reynolds
number and turbulence intensity. (d—f) The distributions of the fluctuating drag, lift, and moment, respectively, in the phase
plane of Reynolds number and turbulence intensity.

As for the fluctuating forces, Cp s and C, ;s show different distribution characteris-
tics. At low turbulence intensity (I < 2.5%), Cp ;s shows Reynolds number dependence at
low Re, i.e., Re < 1.0 x 10*. With the increase in turbulence intensity, the Cp ;s is enhanced
by the strong fluctuating component of incoming flow, and the Reynolds number sensitivity
of the Cp ;5 is eliminated (see Figure 14d). However, the C; ,,,;s depends on the Reynolds
number and turbulence intensity, because the increase in Re or turbulence intensity can
enhance the vertical fluctuating force.

As shown in Figure 14c,f, when Re < 1.0 x 10* and turbulence intensity I < 12.5%,
the mean moment force coefficient increases significantly with the turbulence intensity,
which may be due to the increase in the vertical and horizontal fluctuating velocity of the
flow field caused by the turbulence. However, in other regions, the mean moment force
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coefficient does not show strong turbulence intensity sensitivity, because the turbulence
mainly affects and increases the horizontal and vertical velocities, but has a small impact
on the moment force. The fluctuating moment force coefficient and the fluctuating lift force
coefficient exhibit similar trends, indicating that the fluctuating lift force is the dominant
component of the fluctuating moment force.

3.5. Modulation of Aerodynamic Forces by Leading Circular Cylinders

Figures 15-20 show the mean and fluctuating aerodynamic force coefficients of the
twin-box girder under the aerodynamic interference by leading circular cylinders at dif-
ferent spacing ratios. Figure 15 shows that the time-averaged drag force coefficient of
the twin-box girder with cylinder interference decreased significantly compared with the
original force coefficient without interference, because the shedding vortices in the wake of
the circular cylinder destroyed the original laminar boundary layers; hence, the laminar
boundary layers transition to turbulence at the windward corner, and the turbulent bound-
ary layers can be maintained throughout the girder section. Thus, the boundary layer
is composed of many small vortices, which effectively reduce the contact area between
the fluid boundary layer and the twin-box girder, leading to a decrease in the friction
between the turbulent boundary layer and the model. Meanwhile, when the vortices
contact the girder, the velocity direction is generally opposite to the incoming flow. In this
way, the vortices generate a force that is opposite to the streamwise direction, and the force
generated by the interaction between the vortices and the girder reduces the total drag
force of the bridge deck. Meanwhile, when the diameter of the cylinder is 3 mm, it clearly
shows that the time-averaged drag force coefficient exhibits a periodic trend at different
locations from the model, as shown in Figure 15, which indicates that the vortex scale is
closer to the diameter. In addition, the time-averaged drag force with cylinder interference
at low Re achieves a similar characteristic of undisturbed drag force at high Re.
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Figure 15. (a—d) The relationship between the time-averaged drag force coefficient and the Reynolds
number at different spacing ratios and cylinder diameters.
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Figure 17. (a-d) The relationship between the time-averaged lift force coefficient and the Reynolds
number at different spacing ratios and cylinder diameters.
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Figure 20. (a-d) The relationship between the fluctuating moment force coefficient and the Reynolds
number at different spacing ratios and cylinder diameters.

Figure 16 shows that the fluctuating drag force coefficient of the twin-box girder with
cylinder interference is much smaller than that of the twin-box girder without interference
atRe < 9.0 x 10%. Moreover, the fluctuating drag force is insensitive to the Reynolds num-
ber, and the disturbed fluctuating drag force at low Re is closer to that of the undisturbed
fluctuating force at high Re. Furthermore, the fluctuating drag force is independent of the
spacing ratio e.

Figure 17 shows that the time-averaged lift force coefficient of the girder with cylin-
der interference also decreased sharply compared with that of the bare twin-box girder.
It should be noted that with the increase in distance between the cylinder and the twin-box
girder, the Cy, 00y sShows less sensitivity to the Reynolds number, because the turbulence
in the wake of cylinder has been fully developed, which causes the boundary layer of the
body surface to transition to turbulence. When the cylinder is close to the twin-box girder,
the wake of the cylinder cannot fully develop into turbulence to change the boundary
layer, which explains why the Reynolds number effect still exists. In conclusion, when
the spacing ratio € > 2, the turbulence generated by the wake of the cylinder effectively
eliminates the Reynolds number effects on the time-averaged lift force.

Figure 18 shows that the fluctuating lift force coefficient of the twin-box girder with
cylinder interference is independent of the Reynolds number and spacing ratio e. Moreover,
the fluctuating lift force is much smaller than that of the undisturbed force at Re < 9.0 x 10%.
This may be because the vertical pulsation component in the cylindrical wake is very small
and the turbulence generated by the cylinder suppresses the vortex shedding of the twin-
box girder to reduce the fluctuation of the lift force.

Compared with the undisturbed time-averaged moment force, Figure 19 shows that
the mean moment force coefficient with cylinder interference is large, and is dependent
on spacing ratio and diameter. With the decrease in diameter, the time-averaged moment
force coefficient Cy; yean is slightly enhanced. Meanwhile, with the increase in the spacing
ratio, the absolute value of C; ueqn decreases gradually. When the spacing ratio € = 5, the
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Cii mean is smaller than the undisturbed mean moment force. This indicates that the fully
developed turbulence wake generated by a large spacing ratio can effectively suppress the
time-averaged moment force.

Figure 20 shows the fluctuating moment force coefficient Cy; 15 of the twin-box girder
with cylinder interference. At Re < 9.0 x 103, the interfered Cy,; yms is greater than the
undisturbed Cy; s. When the spacing ratio € < 3, the C;;, ;s is insensitive to the diameter,
and the C;, s decreases slightly with the increase in the Reynolds number.

4. Conclusions

In the present work, the effects of two cutting-edge aerodynamic interference measures
on the pressure distribution and aerodynamic force of a twin-box girder were investigated.
We used the leading body-height grid and leading circular cylinder to increase the tur-
bulence intensity of the incoming flow. The flows gained more energy before reaching
the separation point, and the entrainment rate of the flow was enhanced, which not only
affects the separation bubbles and reattachment points, but also changes the characteristics
of the boundary layer. The conclusions are summarized as follows:

(1)  The leading body-height grid generates the turbulent incoming flow, which effectively
breaks the separation bubbles and the flow reattachment, and the laminar boundary
layer in the undisturbed case at low Re is forced to transition to turbulent flow.
Moreover, the characteristics of surface pressure distribution with body-height grid
interference are similar to those of bare deck at high Re;

(2) The Reynolds number sensitivity of time-averaged drag force decreases with the
increase in turbulence intensity, and the Cp ;¢0,, is dominated by the turbulence inten-
sity. While the Cy, 0 and Cyy; ynean are dependent on the Re and turbulence intensity
at low Re, at high Re, the Cp. 01 and Cyy; jean are insensitive to the Re and turbulence
intensity. The fluctuating drag force Cp ;s depends on the turbulence intensity, and
is insensitive to the Reynolds number, while the Cy ;s and C; s are related to both
turbulence intensity and the Reynolds number. In addition, the characteristics of
Cr yms and Cy; rs are similar, indicating that the Cy ;s is the dominant component of
the Cy yins;

(3)  The coherent turbulence generated by the leading circular cylinders effectively changes
the boundary layer of the twin-box girder. The Reynolds number sensitivity of surface
pressure distribution is reduced by the interference of cylinders, and it is insensitive to
the diameter and the spacing ratio. Moreover, the separation bubbles are also broken
by the wake of the cylinder;

(4) The time-averaged drag force Cp yeqn is significantly reduced by the interference of
the leading cylinder, and its Reynolds number sensitivity is diminished. Moreover,
the time-averaged lift force Cy. eq, With cylinder interference is drastically decreased,
and it is also insensitive to the Reynolds number. With the increase in the spacing
ratio, the time-averaged moment force Cy; ynean is weakened, and its Reynolds number
sensitivity is reduced. In addition, the fluctuating drag force Cp s and lift force
Cr yms are both insensitive to the Re, the spacing ratio, and the diameter, while the
fluctuating moment force is closely related to these three parameters.
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Abstract: In this study, we employed a four-hole cobra probe to measure the wake characteristics
of a rec-tangular bridge tower model in a wind tunnel. The scale of the model was 1:30, and the
Reynolds number varied from 1.38 x 10° to 2.27 x 10° by changing the yaw angle. A measurement
plane with 9 x 19 measurement points was horizontally set at the middle height behind the model.
The wake characteristics of the test model without control, i.e., the baseline case, was first tested
in the yaw angle range from 0° to 90°; then, four kinds of passive jet control cases were tested to
study their control effects on the bridge tower wake. To evaluate the wake characteristics, three
main aspects, i.e., mean velocity, turbulence intensity, and velocity frequency, were investigated. The
meas-urement results indicate that the passive jet control method can achieve an effect in suppressing
the turbulence of the wake but can slightly modify the mean velocity distribution. The dominant
frequency distribution region was eliminated when the yaw angle was small but slightly expanded at
a large angle. The differences between cases show a trend that the larger the suction coefficient is, the
better the control effects are.

Keywords: passive jet control; tower wake characteristics; cobra probe

1. Introduction

The cable system bridge is the most widely used large-span bridge system. With the
increasing requirement of the span, a growing number of extra-large cable system bridges
have come into service, and the wind resistance performance is the primary limitation to
the span of the bridge. As the bridge span grows, the wind effect appears more complex,
and unprecedented wind-induced phenomena could occur. The wake flow characteristics
of bridge towers is an interesting research branch that could lead to the oscillation of the
cable behind the tower. For cable-stayed bridges, some parts are under the influence of the
tower wake, particularly the long stay cable. In suspender bridges, the suspenders near the
tower are wholly in the influence region of the tower wake. The oscillation motion of these
suspenders is much more complex due to the unstable wake flow.

The characteristics of cylinder wake have been sufficiently investigated. Knisely [1]
reviewed and further researched the Strouhal numbers of the wake of rectangular cylinders;
Norberg [2] also investigated the wake frequencies by using a hot wire. Shimada and Ishi-
hara [3] used a two-layer k-e¢ model to numerically study the aerodynamic characteristics
of an infinite-length rectangular cylinder and gained a great agreement in the distribution
of mean pressure, but the fluctuating pressure distribution was underestimated compared
with the real model. Assi et al. [4] investigated the wake-induced vibration (WIV) of tandem
circular cylinders and considered the vibration as a consequence of the interaction between the
wake and the structure, which differs from vortex-induced vibration (VIV). The experiment
confirmed the wake displacement theory proposed by Zdravkovich [5]. Carmo et al. [6]
performed a numerical study on the phenomenon of WIV to a cylinder at a low Reynolds
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number (Re). Bearman [7] reviewed the research of circular cylinder wakes, regarding wake-
induced vibration as a form of VIV. The downstream cylinder is under the collective effect
of vortex shedding from both upstream structures and itself. Wang et al. [8] performed a
two-dimensional numerical simulation of two tandem cylinders at low Re flow and found
that the WIV phenomenon comes to aggravation when the size of the cylinder upstream is
larger than that downstream. Li et al. [9] conducted a wind tunnel test and a computational
fluid dynamics (CFD) simulation to investigate the WIV of the suspenders in wake of a bridge
tower. The experiment found that the suspender in the wake of the tower would carry out an
elliptical orbit motion at a specific wind speed when the frequency of the wake fits the natural
frequency of the suspenders. In another part, a tower with four corners cut decreases the RMS
aerodynamic coefficient and facilitates the suppression of the WIV of suspenders.

On the other hand, many studies have been conducted to investigate the suppression
of VIV of cylinders. A technology based on suction and jet flow was confirmed to be
effective. Amitay et al. [10,11] modified the aerodynamic characteristics of cylinders by
using fluidic actuators. The closed recirculating flow regimes generated by jet flow could
be equivalent to a virtual surface which can modify the characteristics of aerodynamics.
Crook et al. [12] used synthetic jets to delay the separation point on cylinders, with the
jet placed near the separation line. Many relevant studies were performed in the 21st
century [13-15] that also indicated that the turbulence of wake also can be decreased, and
even the vortex street could be eliminated. Hao Feng et al. [16,17] investigated the mode
of wake by proper orthogonal decomposition, as the synthetic jet is applied to control the
vortex shedding. The particle image velocimetry (PIV) results show that a synthetic jet
could generate a vortex pair further downstream, and the proper orthogonal decomposition
(POD) analysis indicates that this vortex pair, together with the vorticity shear layers near
the cylinder, forms the vortex structures further downstream. Chen et al. [18] performed
an experimental investigation on the suction-based flow control method, investigated the
pressure distribution on the surface of a circular cylinder with suction slits, and found
that the steady suction method exhibits excellent control effectiveness and can distinctly
suppress the VIV, the amplitudes of cylinder vibrations, fluctuating pressure coefficients
and lift coefficients of the circular cylinder model. They also applied PIV for further
study [19], and the results show that the separation points on the test model in the PIV
measurement plane are pushed further downstream, and the wake closure length also
varies significantly along the span-wise direction of the test model for the cases with the
suction flow control. Chen et al. [20,21] first proposed a passive jet apparatus, performed an
experimental and numerical study to investigate a passive control method that has passive
windward suction and a leeward jet over a circular cylinder, and found that the mean drag
and the dynamic wind loads acting on the cylinder are suppressed. This apparatus could
manipulate the shedding process of the wake vortices, and the jets could modify the wake
stability by displacing the region of absolute instability further downstream. This method
was also investigated by Zhang et al. [22] to apply to a bridge girder to control the flow
separation. Chen et al. [23] further developed the passive jet method on a rectangular
cylinder, taking a tower column as a prototype. The passive jet also has adequate control
effects on the aerodynamic forces acting on the column.

The WIV of suspenders was found to be caused by the vortices from the bridge
tower shedding into the tower wake [9,24]. Therefore, in this paper, we aim to further
apply this passive jet apparatus to the bridge tower to modify the characteristics of the
wake. We conducted an experiment to measure the time histories of wind speed at each
measurement point. The experiment setup is introduced in Section 2, the results of tower
wake characteristics are shown in Section 3, and finally, a discussion and conclusions are
presented in Section 4.

2. Experimental Setup

The experiment was conducted in a closed-circuit boundary layer wind tunnel affiliated
with the Joint Laboratory of Wind Tunnel and Wave Flume (Joint Lab WTWEF), Harbin Institute
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of Technology. The wind tunnel contains two test sections. The size (width x height x length)
of the larger one is 6.0 m x 3.6 m x 50 m, and the smaller one is 40 m X 3.0 m x 25 m.
Our experiment was performed in the small section, where the wind speed can be adjusted
continuously from 3 m/s to 30 m/s, the turbulence intensity of incoming wind speed is no
more than 0.46%. The small section equips two turntable systems and a three-dimensional
automated traverse measurement system.

2.1. Bridge Tower Model

The bridge tower model was designed using the Xihoumen Bridge as prototype, which
is a steel box girder suspension bridge with a main span of 1650 m, located in Zhejiang
Province, China. The prototype bridge tower is an overhead gantry type, which can be
simplified as two separate independent rectangle cross-section bridge towers when only
the wake flow of tower is investigated. We investigate only one tower model, without
considering the interaction of the wake of two towers. The cross-section of the model is
a 283 mm (B) x 217 mm (D) rectangle, with a side length of 23 mm square corner cut at
each corner, and the scale ratio is set to 1:30, as shown in Figure 1. The data presented
in this paper correspond to dimensionless distances of B = 283 mm and D =217 mm in
cross-wind and along-wind directions. The height of the column model is 2.9 m, and thus,
the remaining 0.1 m to the ceiling can spare space for the clamp device. The model is
assembled with thick planks, which provide enough stiffness to limit deformation. The
surface of the model is flat and glossy by polishing. A jack system, mounted between the
tower model and ceiling, firmly immobilizes the model. The tower model always maintains
rigidity and keeps static during the experiment. At the bottom of the tower model, a 20 mm
thick wooden turn plate is arranged to adjust the yaw angle to the incoming flow when the
jack system is inoperative.

Bridge Tower Model

Figure 1. Schematic diagram of test layout.

The yaw angle of model « is set from 0 degrees to 90 degrees, with an interval of 10°.
The blocking ratio of the model varies by the yaw angle, reaching a minimum of 5.4% when
the yaw angle is 0° and a maximum of 8.9% when the yaw angle is 50°.

2.2. Passive Jet Rings

The present study adopts four kinds of passive jet rings to take control of the tower wake
flow, which refers to the design in Chen et al. [23]. The ring is an annular flow channel with
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slits made by a 1 mm thick plastic plate, as Figure 2 shows. The top view of the ring is a
rounded rectangular box, of which the outer size is 323 mm x 257 mm, with a 43 mm radius
rounded corner in each corner, and the inner size is 283 mm x 217 mm; thus, it can closely
fit the tower model. The intermediate part of 18 mm thickness, considering the thickness of
the plate, constitutes the hollow flow channel. The height of the passive jet ring is 100 mm.
Several rectangular slits are distributed around the side walls of the ring. The major differences
between these four categories of jet ring are the size and the distribution of these slits. The
size of slits in the first and third categories is 80 mm x 30 mm, and that in the second and
fourth categories is 60 mm x 30 mm. For the first category, there are nine and seven slits on
each long and short side, respectively, and for the second category, there are seven and five
slits. For the third and fourth categories, the slits of the first and second categories on the long
side are sealed, seven and five slits are distributed on each short side, respectively, and no slits
are arranged on the long side. The clear spacing between two slits on each side is 30 mm. All
the slits adopt axisymmetric distribution on both two principal axes.

(a) Category 1 (b) Category 2

Figure 2. Passive jet ring structure schematic diagram.
In this study, we calculate the dimensionless coefficient of suction (Chen et al., 2015):

Co = Ssuc _ hd(nasina + ny, cos )
S HI — H(asina+bcosa)

where Sg is the summary area of the suction slits on one passive jet ring projection to
the plane perpendicular to the direction of flow; I = asin « + bcos « is the total projection
length of the ring perpendicular to the incoming flow; H is the height of the passive jet ring;
h is the length of the suction slit; 4 is the width of the suction slit; 2 and b are the length
of the long and short side of the ring, respectively; 11, and 1y, are the number of the slits
distributed on each long and short side, respectively, and « is the yaw angle of the ring.

2.3. Experiment Details and Measurement Point Arrangement

In this experiment, a four-hole pressure probe (Series 100 Cobra Probe, Turbulent Flow
Instrumentation Pty Ltd., Victoria, Australia) was used to measure the characteristics of
the bridge tower wake flow. There are 172 measurement points in the zone of tower wake,
distributed on a 2.4 m x 1.8 m horizontal plane 1.5 m above the ground (half of the wind
tunnel section height), as shown in Figure 1. In this plane, nine rows perpendicular to
the incoming flow distribute at the interval of 300 mm, and nineteen columns parallel to
the incoming flow distribute at the interval of 100 mm. The middle measurement point
in the first row is 200 mm away from the back of the tower model. Taking the same scale
ratio as the tower model, the realistic locations of four suspenders behind the bridge tower
correspond to the middle points in rows 3, 5, 7, and 9. The measurement points distribution

60



Appl. Sci. 2022, 12, 4691

can be seen in Figure 3. At each measurement point, the sampling frequency is 625 Hz, and
the sampling time is 20 s.
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Figure 3. Measurement points arrangement sketch map.

The cobra probe is fixed on the bracket on the three-dimensional traverse measurement
system, with its probe head straight towards the incoming flow. The traverse measurement
system has a built-in coordinate system, by which we can precisely change the position of
the probe. It also has a jack system to firmly fix the whole traverse measurement system
when data are collected. The position of the probe is changed to the measurement points
mentioned above one by one during the experiment. The incoming wind speed Uy is set to
10 m/s, corresponding to the range of Reynolds numbers (Re = pUpL/u, where p is the air
density, u is the dynamic viscosity coefficient of air, L is the projection length of the tower
cross-section) from 1.38 x 10° to 2.27 x 10°, which varies by the projection length (L = Bsin
« + Dcos &) when the yaw angle a changes. As the yaw angle changes, the corresponding
positions of the suspenders vary, revolving the same degrees around the bridge tower. The
locations of the first four imaginary suspenders behind the tower are labeled Al to A4.
When the yaw angle continues to increase, the imaginary suspenders behind the other side
tower come into the wake zone of the tower model, the locations of which are labeled B1
to B4. There are five test conditions in this study, recorded as Case 0—Case 4. Case 0 is
the baseline condition, in which only a tower model is tested, without passive jet control.
Case 1-Case 4, corresponding to the category of the passive jet ring from 1 to 4, respectively,
are controlled conditions, in which fourteen passive jet rings are installed on the tower
model, distributed at the interval of 100 mm. The ring in the middle is installed 1.5 m from
the ground, the same height as the probe. The yaw angle changes from 0 to 90 in Case 0
to Case 2, and from 0 to 30 in Case 3 to Case 4, because few suction slits work at a large
angle in Case 3 and 4. The test conditions are shown in Table 1, and the value of suction
coefficients at different yaw angles in each case are listed in Table 2.

Table 1. Test conditions of the experiment.

Designation Type of Passive Jet Ring Slits Number at Long Side Slits Number at Short Side Length of Slits

Case 0
Case 1
Case 2
Case 3
Case 4

without control
Category 1
Category 2
Category 3
Category 4

9 7 80 mm
7 5 60 mm
0 7 80 mm
0 5 60 mm
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Table 2. Suction coefficients for each case in the experiment.

Yaw

0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
Angle
Case 1 0.654 0.656 0.658 0.660 0.661 0.663 0.664 0.665 0.667 0.669
Case 2 0.350 0.357 0.363 0.367 0.371 0.374 0.378 0.381 0.385 0.390
Case 3 0.654 0.535 0.449 0.379 - - - - - -
Case 4 0.350 0.287 0.240 0.203 - - - - - -

Wind yaw angle a = 0°

Q o

= 4 Wind yaw angle « = 30°

2

4

3. Results and Discussions
3.1. Mean Velocity Distribution

The cobra probe has a natural property called the acceptance ratio. The wind speed
data are collected only when the local wind speed is in the range from 2 to 50 m/s;
moreover, the direction of the speed vector is contained by the front cone with a 45-degree
half-angle [25]. Data history would be placed as zero when the acceptance condition is not
satisfied. Zero data history is rejected when the mean velocity distribution is calculated.
Only u and v velocity components are taken into consideration due to the two-dimensional
model, and the velocity is expressed in non-dimensional form as the local wind speed
divides the incoming wind speed. The fourth-order spline interpolation is adopted for each
measurement point.

Figure 4 shows the mean dimensionless speed (LI/ L)) distribution in each test condition,
where the black arrows refer to the local wind velocity vector. The general distribution trend
of wind velocity is almost the same, and it can be divided into three regions. A low-value
zone is located near the position (0, 0), which can be regarded as the low-speed region. This
region is created due to the bridge tower shielding effects and the recirculation zone. Due to
the limitation of the cobra probe, the mean velocity is always downstream, which is not tally
with the fact; thus, the low-speed region is defined as the location where the data acceptance
ratio (the proportion of non-zero data) of the probe is less than 50%. A slow diffusion region
is located downstream of the low-speed region, where the speed is approximately half of the
incoming wind speed. The high-speed region is distributed on two sides of the Y-axis, where
the mean speed is almost not affected by the bridge tower model.

Wind yaw angle a = 20°

6 8 0 2 4 6 8 0 2 4 6 8

.X‘}/B
(a). Case 0

Figure 4. Cont.
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Wind yaw angle a = 0° Wind yaw angle a = 30°

A

Qo 4 8 0 2 4 6

(b). Case 1

Wind yaw angle a = 0° " Wind yaw angle o = 10°

g 8

8
Wind yaw angle o = 30°

0 2 4 6 8,0 2 4 6 8
(d). Case 3 (e). Case 4

Figure 4. Dimensionless mean speed (U/Uy) distribution of tower wake.

The non-dimensional area (S1/BD) of the low-speed region is shown in Figure 5, where
Sy is the area where the data acceptance ratio is less than 50% in the tower wake. In Case 0,
there is a notable minimum area at 10 degrees equal to 0.386, and the second minimum area is
equal to 0.503 at 80 degrees. This indicates that the low-speed area of the rectangular column
with corner cuts minimizes not at the position perpendicular to the incoming flow, but at
the position of little degree rotation. In Case 1 and Case 2, the low-speed region extends
downstream compared with Case 0, every 0-90 degrees; in Case 3 and Case 4, an obvious
expanding low-speed region can be observed at 10 and 20 degrees. These phenomena can
be explicated by the previous study (Chen et al., 2015), where the PIV results show that the
wake vortex is pushed by jet flow and stretched, which would induce the expansion of the
low-speed region.
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Figure 5. Dimensionless area of low-speed region.
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To show the distribution of the velocity on the Y-axis, Figure 6 adopts the velocity of
measurement points in the final row (X/B = 8.48) in different cases. The trend of velocity is
consistent in all cases. The distribution on the Y-axis shows the shape of a saddle, and the
velocity increases first and then decreases as the yaw angle increases. It can be indicated
that the passive jet ring significantly modifies the velocity in the near wake but slightly
changes the velocity distribution further downstream.
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Figure 6. Dimensionless speed distribution at X/B = 8.48.

3.2. Turbulence Intensity Distribution

The turbulence intensity distribution in the wake region is achieved. To the mea-
surement points with zero data, the zeros are rejected in the calculation, the same as
velocity. The processing method may lead to some deviation from the true value when the
acceptance ratio is low.
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The fourth-order spline interpolation is also used to gain the final distribution. Figure 7
shows the distribution of the turbulence intensity distribution. All pictures reveal a universal
distribution mode in the tower wake. A core area of the turbulence is located at the back of
the tower model, which possesses a high turbulence intensity attaining about 60%. Then,
a diffusion zone of the turbulence appears downstream, where the turbulence generally
decreases, and the width of the zone increases. Two main differences between uncontrolled
and controlled cases must be noticed. First, the core zone of turbulence is enlarged in some
controlled cases. The explanation for this phenomenon is that the low-speed region is enlarged
in controlled cases as shown in the velocity part, which directly leads to this consequence.
Second, there is a low turbulence region inside the core zone in some controlled cases, which
may be due to the jet flow from the passive jet ring, as the jet flow would suppress the
shedding vortex at the back of the tower model.
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Figure 7. Turbulence intensity distribution of tower wake.
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Turbulence intensity (%)

Turbulence intensity (%)

301

251

20

To quantitatively compare the turbulence intensity, Figure 8 shows the turbulence inten-
sity distribution in the row at X/B = 8.48, where the turbulence is totally diffused, and the
acceptance ratio is 100%; thus, the deviation can be averted. At 0 degrees, Case 3 shows the
best control effect, the peak value reduces by 19.3%, and the width of the wake decreases evi-
dently; other cases show more or fewer control effects. At 10 and 20 degrees, all cases control
the turbulence effectively. Case 3 and Case 4 attain the best consequence, which reduces 32.5%
and 30.2% at 10 degrees and 17.9% and 20.7% at 20 degrees, respectively. When the yaw angle
comes to 30 degrees, Case 3 has no control effect but amplifies the peak value for 7.4%, while
Case 1 gains the best effect for a 32.5% reduction. The suction coefficient and flow transmission
loss can elucidate this variation trend rationally. When the yaw angle is small (0-20 degrees),
the differences in the suction coefficients between Cases 1 and 2 and Cases 3 and 4 are small,
but the flow would leak from the side slits in Cases 1 and 2, which induces the abating of
the jet flow. Hence, Cases 3 and 4 perform better in small yaw angles. As the yaw angle
continuously increases, Cases 1 and 2 obtain larger suction coefficients than Cases 3 and 4; on
the other hand, because each side functions as a suction or jet wall, no conception of leakage
would exist, so Cases 1 and 2 can perform better at a large yaw angle. This is the reason that
Cases 3 and 4 are only conducted at 0-30 degrees. A similar phenomenon also appears in
the study of the application to a circular cylinder (Chen et al., 2015), where five pairs of slits
perform better in wind fluctuating load suppression than 13 pairs of slits. At40-90 degrees,
Cases 1 and 2 gain a control effect in most degrees, and generally, Case 1 performs better.
Case 1 attains the control reduction of [34.1, 26.8, 27.7, 30.2, 0.8, 27.0] percent at 40-90 degrees
and Case 2 attains the control reduction of [6.6, 15.9, 10.9, 19.7, —18.5, 18.0] percent. Notably,
at 80 degrees, Cases 1 and 2 have no control effects—Case 2 even has a negative reduction.
The turbulence of Case 0 has an obvious decrease at 80 degrees, which needs to be further
explained. The general tendency indicates that Case 1 would have considerable control effects
in different yaw angles because the suction coefficient of Case 1 is the largest. The larger the
suction coefficient, the better control effects.
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Figure 8. Turbulence intensity distribution at X/B = 8.48.

3.3. Dominant Frequency Distribution

Here, we processed the wind speed time history data to gain the power spectrum
density. In this part, if there is zero data history, this is also taken into consideration, which
means the total length of time history data is the same. We gathered the dominant frequen-
cies of the spectrum in all measurement points, then transformed them into dimensionless
frequencies (Strouhal number, St = fsL/ Uy, where f; is the shedding frequency, i.e., the
dominant frequency in the wake). The distribution of dimensionless frequencies is obtained,
as shown in Figure 9. To eliminate interference from dominant frequencies with small peak
values, and for the comparison between cases, a threshold value of power spectral density
(PSD) was set. Only the frequencies whose peak value was over the threshold value were
counted, and the remaining zones were filled with zeros. If no PSD threshold was set,
there is always a dominant frequency anywhere in the wake field, no matter how weak
the energy level corresponding to that frequency. The threshold value of PSD in Figure 9
is set as 0.5. In this figure, most St numbers of wake in each case are uniform, but some
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divergences are mostly located in the middle of wake, especially in Case 0. Comparing the
cases, we can find that divergences decline in Cases 1 and 2; especially in Case 1, the St
numbers are almost uniform, and the distribution appears clean.
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Figure 9. Dimensionless dominant frequency (fD/Uy) distribution of tower wake.

In Cases 3 and 4, the distribution region shrinks to 0 and 10 degrees. For a better comparison
of the area change in the distribution region, Figure 10 shows the dimensionless area (S /BD) of
the region in each case. The threshold value of PSD is also set as 0.5. Two trends in different
sections of the yaw angle appear. When the yaw angle is small (010 degrees), Cases 1, 3, and
4 all reveal a great control effect. Cases 14 attain [36.0, —47.2, 59.1, 50.6] and [63.3, 26.9, 78.0,
61.9] percent reduction of area in 0 and 10 degrees, respectively. However, when the yaw angle
increases, the area expands, where Case 1 shows the least expansion, except at 80 degrees, with
no more than 4% of the area expanding. As in the turbulence intensity distribution, a drop of
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the area appears at 80 degrees in Case 0, which causes the amplification of the negative control
effects of all cases at 80 degrees. Case 2 has the same trend of the area variation by degrees
as Case 1, but the effect is worse—29% amplification of area is the maximum at 30 degrees,
without considering 80 degrees. Cases 1 and 3 have larger suction coefficients, so these cases
perform better than others. If only a small yaw angle is taken into consideration, Case 3 would
be recommended, because the position of the suspenders would come out of the wake region at
large yaw angles. For engineering applications, Case 1 would be better for various yaw angles.
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Figure 10. Area of PSD > 0.5 dominant frequency distribution region.

4. Conclusions

In the present study, the characteristics of the wake of a bridge tower were tested with a
four-hole cobra probe using the traverse system moving to each measurement point one by
one. The cross-section of the tower model is rectangular with corner cuts, and the yaw angle
was thus set from 0 to 90 degrees. Overall, the wake region is a diffusion zone, the width
increases downstream, and a low-speed region is located at the near back of the tower. As
the yaw angle increases, the area of the low-speed region first increases and then decreases,
and the maximum appears at 50 degrees. The performance of the cobra probe is evidently
restrained in the low-speed region because the acceptance ratio would be extremely low, and
deviation is not avoidable. However, the ratio would rapidly reach 100% out of that region.
Four controlled cases were set for comparison of the effects of modification in the wake of
the model. Two of them were tested at 0-90 degrees, with suction and jet slits distributed on
four sides, and the rest were designed for small yaw angles, with slits only distributed on
the windward and leeward sides. The suction coefficients of Cases 1 and 2 vary in a small
region, from [0.65, 0.35] to [0.67, 0.39], respectively, when the yaw angle changes. The suction
coefficients of Cases 3 and 4 sharply decrease when the degree increases. The experimental
results indicate that passive jet flow would enlarge the low-speed region; however, velocity
distribution further downstream has no significant change. For the turbulence of the wake,
the passive jet control method shows the control effects in several cases, where the peak value
is suppressed and the width of the high turbulence region is also limited. An imperative
trend should be noted: the higher the suction coefficient is, the better the control effects are.
From the frequency results, we can conclude that the passive jet method, in some cases, can
conspicuously shrink the area of the dominant frequency distribution region with a small yaw
angle. However, this conclusion cannot fit the situation with a large yaw angle. The influence
of the flow transmission loss is also reflected in the difference between Cases 1 and 3 or Cases 2
and 4. The jet slits distributed at the profile would cause the leak of flow, thus weakening the
control effects, but it can contribute to keeping the suction coefficient at a steady level when
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the yaw angle grows, and thus, a control effect on the turbulence can be maintained. Whether
the side jet slits are adopted must take actual demand into consideration.

Similar passive jet rings have been proven to have a good control effect on the aero-
dynamic force of the bridge tower itself and can effectively suppress the vortex-induced
vibration of the bridge tower [23]. In this study, we mainly focused on the effects of the
passive jet method on wake characteristics. The results show that the passive jet can change
the velocity, turbulence, and main frequency characteristics in the wake region of the bridge
tower. It has been proven that the passive jet rings for the bridge tower will effectively
control both the around flow field and the wake flow region; however, the control capability
on the WIV of the suspenders remains to be further investigated for practical engineering.
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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-w.

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

V-u=0 1)

1
%+V~(UU):—EVP-‘:-V'(UVU)—V”L‘ )
where U and P are the averaged velocity and pressure, respectively; p shows air den-
sity and v refers to eddy viscosity; 7 is the Reynolds stress which can be expressed as
T = vi(0u;/9xj + du;/0x;) — 2/3pkd;; and 4y; is the Kronecker delta.

According to [18,19], the control equations of SST k—w are expressed as follows:
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where p = 1.225 kg/m?; k is turbulent kinetic energy; w is the dissipation rate of turbu-
lent kinetic energy; u; is the velocity component and subscripts i, j = x, y, z; Gy, is the
term of turbulent kinetic energy generation caused by the velocity gradient; I'y and I',
are the convection terms for k and w, respectively; Yy and Y;, are the effective diffusion

terms of k and w caused by turbulence, respectively; and D,, is the cross-convection term

1 9k dw
(Do =2(1— Fl)pasza—cha—xj )

The coefficient of eddy viscosity v; can be obtained by:
k

V= max(ajw, QF) ©®)
) vk 500v
F, = tanh(argj), arg, = max(ZO.ngy, o ) (6)

where () is the absolute value of vorticity, F, is a function that is one for boundary-layer
flows and zero for free shear layers, and a; = 0.31 is the empirical coefficient.

The transition from the k—w model near the wall to the k—&¢ model far from the wall is
controlled by mixed function Fy:

F; = tanh(arg}) @)
vk 5001/). 4000k
0.09wy” y2w *’ CDyy?
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arg; = min(max(2

CDyy = max(200u,2 ) ©)
where y is the distance to the next surface, v; is the eddy viscosity, and CDy, is the positive
portion of the cross-diffusion term. Model coefficient o, 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
issetas 1.0 x 107 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 x 107%,1.0 x 107%, and 1.0 x 107 s are tested.
Atlast, 1.0 x 10~ 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, dp/9n = 0) and the Reynolds number is 6.0 x 10%, which
is consistent with that in [22]. At the outlet boundary, a zero static pressure is adopted
(p = po = 1.013 x 10°, du/9n = 0). Two lateral boundaries are defined as a symmetry
boundary condition (v = 0, du/dn = 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, dp/dn = 0) is applied
to surfaces of the cylinder and the wind turbines, where 7 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 () 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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\ ) W=0.1m

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:

__h
Ca=1 /2pU2W (10)
___h
G= 1/20U2W (1
_ LW
St="3 12)

where F; and F) are the drag and lift forces of the cylinder, respectively; fs 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 CZRMS 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 Cell _
Schemes Numbers y* (Max) 5/W Ca CFMS 5t
G1 1.1 x 10° 0.66 4 %1075 1.43 0.69 0.136
G2 1.3 x 10° 0.52 4 %1075 1.41 0.63 0.136
G3 1.7 x 10° 0.55 4x10°° 1.42 0.61 0.136
G4 2.4 x 10° 0.57 4%x10°5 1.47 0.78 0.134
G5 3.0 x 10° 0.61 4 %1075 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 5.4 is the relative
error of C;. As shown in Table 2, the drag coefficient C; 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 5.4 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 f;(::‘\i iI’ersevmus Re o ClR MS S Sea
Experimental results:
[24] 1.76 x 10° 2.05 - 0.122 2.93%
[26,27] 2.14 x 10* 2.1 - 0.132 5.24%
[28] 220 x 10* 2.09 0.95 0.123 4.78%
Simulation results:
[22] 6.0 x 10* 2.26 1.52 0.132 11.9%
[25] 1.9 x 10* 2.37 1.37 0.122 16.0%
[29] 22 x 104 2.26 1.60 0.136 11.9%
Present simulation results: 6.0 x 10* 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 6, which represents the angle of rotation
of the wind turbines. Two wind turbines rotate inward relative to the square cylinder. V;
is the rotation speed of the wind turbines and f; 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 f;, 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 RO R1 R2 R3 R4 R5 Ré6 R7 RS
Vi/fs - 0 0.2 0.4 0.6 0.8 1 2 3 4
Vi (r/s) - 0 238 475 7.13 9.50 11.88 2376  35.64  47.52

Table 4. Stationary test cases.

Cases Plain S1 S2 S3 S4
] - 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 6 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 6 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 V; /f; is
less than 1 while Figure 6b shows the cases when V/f, is equal to or larger than 1.
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Figure 6. Mean pressure coefficients around the cylinder for the nine rotating cases and the plain
cylinder: (a) Vi /fs <1; (b) Vi /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 f;. As shown
in Figure 6b, the suction on the two sides has an obvious reduction when the wind turbine
rotation speed increases from fs (R5) to 2fs (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

Cy, CIRMS ,and S; 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.

Cell

+ - RMS
Case Numbers y*(Max) SIW Cq C St
Plain 2.0 x 10% 14 2 x 1074 1.9 1.29 0.123
cylinder
S1 24 % 10° 0.41 4x10°° 1.26 0.19 0.144
S2 2.4 x 10° 0.43 4x107° 1.24 0.12 0.145
S3 2.4 x 10° 0.44 4 %1075 1.35 0.21 0.141
S4 24 % 10° 0.59 4x10°5 1.48 0.43 0.143
200
—o— C4
—o— Cfms
—-0— St
__ 150
X
()
(o)
8 100
Q
N
g
50
0
plain S1 S2 S3 S4

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
C,4 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, C; is reduced 37.7% compared to the plain cylinder when 6 is
45° (52), which is the most significant for all cases. The lowest suction on the leeward face
shown in Figure 5 contributes to the lowest C; of S2. The variation in CZRMS is similar to
that of C; and the RMS lift coefficients has a 90.7% reduction when @ is 45° (S2). That is to
say, the fluctuation of C; was suppressed effectively. There is still a drop of 66.7% of CRMS
compared with the plain cylinder when 6 is 135° (54). Figure 8a,b presents the comparison
of time history of Cl for S2 and S4. The red curve represents the time history of CI of the
plain cylinder and the black curves represent the time history of the typical cases. It can be
found that the fluctuation of CI for S2 has a greater inhibition than S4.
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Figure 8. Comparison of time history of CI: (a) S2; (b) 54; (c) R1; (d) R6; (e) RS.

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 S; can be calculated by f;W/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 0 is 45° (52).
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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

Cy, CIRMS, and S; 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
(C;) than the plain cylinder. Compared with the plain cylinder, when the rotation speed is
0.2fs (R1), C, 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
fs. When the rotation speed increases to 2fs (R6), the drop rate of C; again increases to
34.2%. Similarly, all cases of the square cylinder with rotating corner wind turbines have
lower C,RMS than the plain cylinder. As rotation speed increases, the variation in the drop
rate of CIRMS is similar to that of C4, but the reduction in CIRMS is more significant than
C;. Compared with the plain cylinder, CZRMS of the cylinder with corner wind turbines
dramatically decreases by about 86.0% as the wind turbine rotation speed is 0.2fs(R1) and
the drop rate becomes 71.3% when the rotating speed increases to 2fs (R6). When the
rotation speed is 4f5(R8), both C; and CIRMS have the least reduction. It is worth noting that
even though C; and CIRMS have a significant reduction when the wind turbine has a rotating
speed of 0.2f; and 2f;, 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 CI of R1, R6, and
R8. It can be found that the fluctuation of CI of R1 is smallest, which corresponds to the
largest drop rate of C,RMS of R1. Figure 8d,e shows that the fluctuation of CI 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 Nu(r:rfllalers y*(Max) SIW C4 CRMS St

Plain cylinder 2.0 x 10* 1.4 2x 1074 1.99 1.29 0.123
RO (52) 2.4 x 10° 0.43 4x107° 1.24 0.12 0.145
R1 2.4 x 10° 0.46 4%107° 1.31 0.18 0.142

R2 2.4 x 10° 0.49 4%x107° 1.34 0.25 0.142

R3 2.4 x 10° 0.53 4 %1073 1.37 0.33 0.147

R4 2.4 x 10° 0.50 4x107° 1.39 0.52 0.127

R5 2.4 % 10° 0.57 4x107° 1.47 0.78 0.134

R6 2.4 x 10° 0.46 4x107°° 1.31 0.37 0.114

R7 2.4 x 10° 0.51 4x107° 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 V;/f; less than 1 and Figure 11b shows
the cases with V;/fs equal to or larger than 1. For Strouhal number (S;) 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 (R6).

plain cylinder (Murakami et al. 1999) == plain cylinder (Murakami et al. 1999)
RO 104 — RS
R1 R6
R2 e (R7
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R4 10
W
10
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Figure 11. Power spectra of lift forces for the nine rotating cases and plain cylinder: (a) V;/f; < 1;
(b) Vi/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 54 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 Cy, 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 C;.

10—

(e ®

Figure 12. Time-averaged pressure coefficient distribution: (a) plain cylinder; (b) S2; () 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 0 is 45° (52) compared with the plain cylinder and S4. Therefore, lower Cy
and CRMS for 52 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 Cy
compared with the plain cylinder, as presented.

1

s <

0o s e

(e) €3]

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 52 and S4. When 6 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 C, in the structure.

86



Appl. Sci. 2022, 12,3515

Figure 14. Normalized time-averaged vorticity distributions: (a) plain cylinder; (b) S2; (c) S4; (d) R1;
(e) Re6; (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
CIRMS , 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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Figure 15. Cont.
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(d)

Figure 15. Normalized instantaneous vorticity distributions during one period: (a) plain cylinder;
(b) S2; (c) R1; (d) Ré6.

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 Ré6 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 CIRMS of R1 and R6 can be observed. On
the contrary, the wake recirculation zone of RS 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 RS 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
(ClRMS) of R6 is significantly lower than that of the plain cylinder. As for R1, when the
rotation speed is 0.2fs, the normalized instantaneous vorticity distribution during one
period, shown in Figure 15¢, 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
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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 C IRMS and C; 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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Abstract: A 2D numerical simulation was conducted to investigate the effect of an extended rigid
trailing edge fringe with a flapping motion on the S833 airfoil and its wake flow field, as an analogy
of an owl’s wing. This study aims to characterize the influence of the extended flapping fringe on
the aerodynamic performance and the wake flow characteristics downstream of the airfoil. The
length (L) and flapping frequencies (f,) of the fringe are the key parameters that dominate the impact
on the airfoil and the flow field, given that the oscillation angular amplitude is fixed at 5°. The
simulation results demonstrated that the airfoil with an extended fringe of 10% of the chord at a
flapping frequency of f, = 110 Hz showed a substantial effect on the pressure distribution on the
airfoil and the flow characteristics downstream of the airfoil. An irregular vortex street was predicted
downstream, thus causing attenuations of the vorticities, and shorter streamwise gaps between each
pair of vortices. The extended flapping fringe at a lower frequency than the natural shedding vortex
frequency can effectively break the large vortex structure up into smaller scales, thus leading to an
accelerated attenuation of vorticities in the wake.

Keywords: flapping fringe; CFD simulation; vortex attenuation; aerodynamics enhancement

1. Introduction

For decades, the quiet flight of owls has drawn interest from researchers in the aerody-
namic and aeroacoustics fields. Owl-wing-inspired modifications on either leading-edge
or trailing-edge designs have attracted plenty of research interest aiming to improve the
aerodynamic performance and/or, in the meanwhile, suppress the aerodynamic noise from
airfoils or turbine/fan blades. Multiple bio-inspired airfoil designs have been evaluated, in-
cluding the trailing-edge or leading-edge serrations, trailing-edge flaplets, flapping wings,
the compliant surface, and the flexible trailing-edge fringe, etc. [1-9]. It has been found
that the soft trailing edge fringe can attenuate the primary noise source generated from the
trailing edge through the modification of the coherent scattering mechanism. Consequently,
aeroacoustic noise above 2 kHz can be effectively attenuated by the compliant surface
covered by the down feathers through a bypass dissipation mechanism [10,11]. In the
last decade, the use of an owl-wing-inspired trailing edge design as a passive control
approach for an airfoil model to minimize drag and improve lift coefficients has gained
attention [12-16].

The brush-like trailing edge has been utilized as the trailing edge extension to reduce
both the narrowband bluntness noise and broadband turbulent boundary-layer trailing-
edge noise, as it contains the characteristics of both porosity and flexibility as the natural
fringe [17-21]. A remarkable noise reduction was observed for an airfoil with a flexible
trailing edge equipped to the suction side of the airfoil experimentally [21]. The attachment
of flaplets on the trailing edge of an airfoil has clearly shown reductions in tonal noise,
primarily resulting from the generation of small-scale vortices by the flaplets [22].

Recently, Murayama et al. (2021) carried out an experiment to study the effects of
flexible flaps with various gaps on the aerodynamic characteristics of a fixed-wing [23].
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The results indicated that the adjustable flaps enabled the suppression of the large-scale
vortex shedding, and thus, reduced the fluctuation of aerodynamic forces. This finding
is consistent with our experimental findings of an airfoil with soft feathers installed on
the trailing edge [24]. Our previous experiment demonstrated that the real bird feather
enabled the large-scale vortex to break up into small-scale turbulence. It is illustrated that
the vibrating porous feather fringe produces a significant vertical velocity in the flow field
around the trailing edge. As a result, it suppressed the leading-edge vortices approaching
the flexible tail, and accelerated the shedding vortices” dissipation. Additionally, Yu et al.
(2020) performed computational fluid dynamics (CFD) simulations on an airfoil with an
extended trailing-edge fringe [25]. The effects of the fringe lengths and flapping frequencies
on shedding vortices have been investigated. The flapping behavior with a certain length
and frequency can attenuate the strength of the vortices, and improve the aerodynamics in
terms of reducing the drag coefficients, and increasing the lift coefficients. The abovemen-
tioned studies aimed at improving the aerodynamics of an airfoil, and reducing the noise.
The flapping trailing edge fringe can be applied to wind turbine blades and airplanes to
improve noise reduction from the aerodynamic perspective.

In this study, to leverage the influence of the extended flapping trailing edge fringe
on the aerodynamic performance of the airfoil, CFD simulations are performed for the
5833 airfoil with an extended flapping trailing edge fringe. This numerical simulation
model is different from our previous experimental study. First, the experimental model
was equipped with real feathers at the trailing edge of the airfoil as a passive flow control
without any controlled flapping motion. Due to the complexity of the real feather struc-
ture, the porosity, and the biological material properties, such numerical studies haven’t
been conducted yet. In this work, a simplified bare fringe without any porosity in a 2D
fashion, together with specific flapping motions working as an active control, is adopted
in the numerical modeling. In the simulation, three fringe lengths (L.) at four different
flapping frequencies (f,) are evaluated thoroughly. The analysis focuses on the flapping-
induced changes on the Q-criterion and velocity distributions within the flow field, and the
aerodynamic pressure distributions over the airfoil.

2. Materials and Methods
2.1. Computational Model

The NREL's S833 airfoil has been extensively used to design wind turbine blades [26].
However, with the rapid development of wind farms, noise emission has become a signifi-
cant issue. The ultimate goal of this study is to explore a novel airfoil design to reduce the
noise generation associated with the shedding vortices from wind turbine blades. Thus, the
5833 airfoil is selected to investigate the aerodynamic interactions between the vortex shed-
ding in the wake and the flapping fringe installed at the trailing edge. Two-dimensional
CFD simulations are performed for the airfoil model. The dimensions and boundary
conditions applied in simulations are shown schematically in Figure 1.

The rectangular area of the outside domain is 20C by 10C (C: the chord length of
the airfoil), with 5C from the inlet to the leading-edge of the airfoil. The flow boundary
conditions applied in the simulation are adopted from the parameters in our previous
experimental study [24]. The upstream velocity is set at 6 m/s, and the density and viscosity
of the air are assumed as 1.23 kg/m? and 1.84 x 1072 Pa s, respectively, to match the air
property at room temperature. This boundary condition corresponds to a Reynolds number
(Re) of 40,000, which is the same as the Re number evaluated in the experiment. This
Re number falls within the range of the Re number of owls’ flight. The outlet boundary
condition is defined as zero static pressure, and surfaces on the airfoil, as well as the top
and bottom walls, are defined as non-slip wall conditions. The airfoil’s angle of attack
is set at 9 degrees, which is also consistent with the experimental study [24]. The fringe
length (L.) ranges from 8% to 12% of the chord, with a step increment of 2%. The flapping
frequency (f.) ranges from 80 Hz to 170 Hz, with a step increment of 30 Hz. The initial
fe is determined as the shedding vortex frequency (f) of the baseline bare airfoil model,
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which is 140 Hz, obtained via the power spectral density analysis of the velocity in the
downstream wake [25]. The dynamic motion of the trailing edge fringe can be expressed as
0 = Asin(27ft), where A is the amplitude flapping angle (A = 5°). The connection point of
the flapping motion is fixed at the tip of the trailing edge.

Inlet:
u=6m/s
v=0

p =1.23 kg/m3

n=184x10"5Pas

— y: | No-slip wall: u = 0 and v = 0 |
7l
— Chord Iibng\h (©:01m
] = x| |y [Oute:
i 0 = Asin(2nft) = | P=0Pa
—
|—]
] No-slipwall: u =0andv =0
5C 15C

Figure 1. The 2-dimensional computational domain and boundary conditions for the CFD simulation.
C: chord length of the airfoil; u: velocity in the x-direction; v: velocity in the y-direction; p: density
of the fluid; p: viscosity of the fluid; P: pressure; #: dynamic motion of the trailing edge fringe;
A: amplitude of the flapping angle and set at 5 degrees; f: frequency of the flapping motion.

2.2. CFD Simulations

In this work, three fringe lengths at four different flapping frequencies of the extended
fringe were evaluated. These variables resulted in 12 simulation cases, and a bare airfoil
model was also simulated as the baseline case. Simulations were performed using the CFD
software Cradle SC/Tetra 2021 (Dayton, OH, USA). The computational software solves
the N-S equations by using the finite volume method with hybrid computational grids,
wherein hexahedral grids were generated as prism layers around the airfoil to capture the
boundary layer behavior, and tetrahedral grids were generated in the rest of the region. A
local mesh refinement technique (grids become coarser along the downstream direction)
was adopted to resolve the flow around the flapping fringes installed at the trailing edge to
save computational effort.

The turbulence model LKE K-KL-w was adopted to evaluate the turbulence region
over the airfoil. This model is one of the Reynolds-Averaged Navier-Stokes (RANS)-based
approaches to predict the transitional flow [25,27,28]. In the LKE model, the energy of the
disturbances in the pre-transitional region of a boundary layer is expressed as “Laminar
Kinetic Energy”, whereas the turbulence energy is defined as k, and the transport equation
of KL is solved with two equations of the fully turbulent model. The flow over the airfoil is
governed by the Navier-Stokes equation for two-dimensional, viscous, incompressible flow.
The continuity equation and the Reynolds-averaged N-S equations can be expressed as:

o(pu;) _
Ay 6
D(pw) o(P) 2  (a(m) om)) -
TR TES B T ”(a(xj) * B(xi)> — puju; ©)

where 7 and j are coordinate indices; u is the velocity; x is the flow direction; p is the density
of the fluid; y is the dynamic viscosity of the fluid.

The dynamic motion of the fringe was fulfilled using the stretching mesh technique, as
it enables the expansion and shrinking of the mesh elements to accommodate the movement
of the solid boundary, which can avoid the pressure or velocity discontinuity/fluctuations
at interfaces [25]. The CFD simulation, in terms of the turbulence model, grid sensitivity,
and the dynamic moving mesh technique, has been validated statically by comparing
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static lift and drag coefficients with experiments, and dynamically, by comparing pressure
contours for an oscillatory plunging motion of an airfoil with the literature reported in our
previous study [25].

The numerical simulations were performed on a computational cluster containing
3.4 GHz AMD Phenom II X4 965 Quad-cores and 8 GB RAMs. Each case was run with
32 processors. In the current study, a total physical time period of 1.5 s of the flow was
simulated with a time step of 5 x 1075 s. The mean computational time for each simulation
case was about 23 h.

3. Results and Discussion

The impact of the extended flapping fringe on the airfoil’s aerodynamics were studied
primarily through the alterations in the distribution of the Q-criterion, velocities in the flow
field, and pressure coefficients over the airfoil model. The variable Q-criterion quantifying
the swirling vortex strength is defined as

1] /ou\? a0\ 2 ou v
Qz{(m) *(ay”‘ayax ©
where 1 is the instantaneous velocity in the x-direction, and v is the instantaneous velocity
in the y-direction.

3.1. Effect of the Flapping Motion on the Q-Criterion and Velocity Distributions

The instantaneous (at t = 1 s) and time-averaged Q-criterion and velocity distributions
with streamlines of the bare airfoil model (baseline) are presented in Figure 2. The quasi-
steady-state of the simulation was reached by checking the periodicity of the flow field.
The vortices were shed evenly in the wake, with an identical magnitude of the Q-criterion
for each pair, indicating typical Karman vortex street characteristics. The time-averaged
Q-criterion shows very weak vortices downstream in the wake. It implies that the rotational
direction of two vortices for each pair was opposite, and thus, after averaging, the opposite
vorticities counteracts the magnitude of the Q-criterion. A separation bubble was predicted
around the middle section on the upper surface of the airfoil, as shown in the instantaneous
velocity distribution panel in Figure 2. In the time-averaged flow field, the detachment and
reattachment point for the separation bubble can be clearly identified by the streamlines
surrounding the circulation region. The separation bubble has a length of about 25% of
the chord. In fact, the shedding vortices downstream of the airfoil were initiated by the
separation bubble.

The Q-criterion (around the airfoil and in the wake) and velocity distributions for the
airfoil model with the fringe length of 8% of the chord at four different f, are presented
in Figures 3-5. The large-scale vortices initiated over the upper surface of the airfoil were
broken up into smaller scale vortices compared to the shed vortices of the bare airfoil model.
The flapping motion at the flapping frequency of 80 Hz creates an irregular pattern of
vortices compared to the cases with higher frequencies (110-170 Hz), as shown in Figure 3.
The time-averaged Q-criterion distributions demonstrate an accelerated decay of vortices by
the extended fringe with a low flapping frequency (80 Hz), resulting from the unstructured
small-scale vortices being shed irregularly. This observation might be induced by the
velocity “offset effect” between induced vortices and the shed vortices from upstream. With
the increased flapping frequency, the vortices decayed slowly. This might be attributed
to the fact that the contribution from the flapping fringe to the overall swirling strength
becomes more dominant with the increased flapping frequency.
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Figure 2. The simulated instantaneous (time = 1 s) and time-averaged Q-criterion and velocity
distributions with streamline of the bare airfoil model.

In the downstream wake, the airfoil model with f, = 110, 140, or 170 Hz shows evenly
shed vortices, as shown in Figure 4. The increased flapping frequency seems to shorten the
gap between each pair of vortices, which is directly correlated to the flapping frequency of
the fringe. From the comparison of the four flapping frequencies, it is suggested that when
the flapping frequency f, is 60 Hz (40%) lower than f (natural vortex shedding frequency of
the bare airfoil model, 140 Hz), the regular vortex shedding is interfered with, and results
in an irregular vortex distribution with non-uniform scales and shorter gaps between each
pair. As can be observed, the flapping trailing edge fringe with f, = 80 and 100 Hz alters the
coherent structure of the large-scale vortices in the wake, and at the same time, reduces the
vorticity in the flow field (Figure 4).

However, it is difficult to differentiate the influence of the fringe tip position (fringe tip
at the top or bottom positions) on the distribution of the Q-criterion. Thus, the instantaneous
and time-averaged flow fields around the airfoil were plotted to illustrate the effects of
the flapping fringe on the flow field, as shown in Figure 5. The flapping motion induces
movement of the separation bubble towards the leading edge of the airfoil for all cases
(Figure 5). The existence of the separation bubble caused fluctuated pressure forces on
the upper surface, reflecting the unstable pressure distribution over the airfoil model, as
shown in Figure 6. Higher flapping frequencies tend to increase the velocity over the top
surface of the airfoil, and, as a consequence, it results in a decrease in the aerodynamic
pressure. Subsequently, the pressure drop could lead to an increase in the lift coefficient,
and a decrease in drag coefficient. It is indicated that the pressure acting on the top surface
tends to be small when the flapping fringe tip is at the bottom position, in contrast to that
when the fringe tip is at the top position.
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Figure 3. Q-criterion distributions around the airfoil model with the fringe length of 8% chord at
different flapping frequencies. Left column: instantaneous Q-criterion distributions at the fringe tip
moved to the top; Middle column: instantaneous Q-criterion distributions at the fringe tip moved to

the bottom; Right column: time-averaged Q-criterion distribution.
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Figure 4. Instantaneous Q-criterion distributions in the wake of the airfoil model with the fringe

length of 8% chord at different flapping frequencies att=1.5s.
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Figure 5. The velocity distribution around the airfoil model with the fringe length of 8% chord at
different flapping frequencies. Left column: instantaneous velocity distributions when the fringe
tip moved to the top; Middle column: instantaneous Q-criterion distributions when the fringe tip
moved to the bottom; Right column: time-averaged Q-criterion distribution.
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Figure 6. Pressure coefficient distribution over the airfoil model with the fringe length of 8% chord at
four flapping frequencies.
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The pressure coefficient distributions over the airfoil model with the fringe length of
8%C at four flapping frequencies are compared, as shown in Figure 6. The instantaneous
pressure coefficient distribution shows a significant fluctuation corresponding to the shed-
ding vortex over the upper surface as compared to the averaged pressure distribution over
the baseline airfoil model. An obvious phase difference of the pressure oscillations can
be observed between the case with the fringe tip at the bottom position and that with the
fringe tip at the top position. The phase difference is more complicated in the region of
the separation bubble compared to the region downstream of the separation bubble. By
comparing the time-averaged pressure distributions, one can observe that higher flapping
frequencies tend to move the separation bubble forward (towards the leading ledge). The
distance from the leading edge to the take-off point of the separation bubble decreases from
33%C to 24%C as the flapping frequency increases from 80 Hz to 170 Hz. The separation
bubble length is about 22%C, 25%C, 20%C, and 20%C for the case of f, = 80 Hz, f, = 110 Hz,
fe = 140 Hz, and f, = 170 Hz, respectively. Overall, higher flapping frequencies tend to
generate a lower time-averaged pressure coefficient over the upper surface, which would
result in an increase in the lift coefficient.

Figures 7-10 present the instantaneous Q-criterion distribution over the airfoil, the Q-
criterion distribution in the wake, the velocity, and the pressure coefficient distributions over
the airfoil model, respectively, with the fringe length of 10% at different flapping frequencies.
Figures 11-14 present the instantaneous Q-criterion distribution over the airfoil, the Q-
criterion in the wake, the velocity, and the pressure coefficient distributions over the airfoil
model, respectively, with the fringe length of 12% chord at various flapping frequencies.
Similarly, the vortex shedding characteristics are similar to the airfoil model with the
fringe length of 8% chord. The flapping motion with a relatively lower f, (<140 Hz) can
break the large-scale vortex into small-scale vortices at the trailing edge, and, subsequently,
alter the coherent structure of the vortex shedding. The irregularly shed vortices and
the increased gap between each pair of vortices for cases with a lower f, accelerated the
vortex decay compared to those with a higher f.. As the flapping frequency goes up to
170 Hz, the shedding frequency of the vortex is dominated by the flapping motion, which
results in a regulated pattern of the shedding vortices. The time-averaged Q-criterion
distributions show that the resultant time-averaged vortex strength has been elevated by
the flapping fringe. It is indicated that the extended flapping fringe did not always facilitate
the reduction of vorticity; conversely, it could promote the vortex domination in the wake,
its interaction with the blunt trailing edge, and, possibly, the consequent noise emission
from the trailing edge of the airfoil.

With the increased fringe length, the scale of the vortex became smaller, as shown in
Figures 7 and 11. Correspondingly, the overall Q-criterion distribution over the top surface
of the airfoil is decreased, as presented in Figures 8 and 12. These alterations in the flow
field around the airfoil led to a decrease in the pressure coefficient over the upper surface
of the airfoil model, as shown in Figures 10 and 14. Compared with the flapping frequency,
the effect of the fringe length is less significant in terms of slight changes in both the vortex
strength and the pressure distribution.

3.2. Effect of the Extended Flapping Fringe on the Lift and Drag Coefficients

The extended flapping trailing edge fringe not only reduced the swirling strength in the
wake of the airfoil, but also decreased the drag coefficient, and increased the lift coefficient,
surprisingly, as shown in Figure 15. It should be noted that in the integration calculation
of the lift and drag, only the pressure distribution over the airfoil surface, excluding the
trailing edge fringe, was considered. The drag coefficient essentially decreased with the
increase in fringe length, and always decreased with the increase in flapping frequency,
whereas the lift coefficient was essentially proportional to these two factors. The airfoil
model with L, = 12%C and f, = 170 Hz generated the minimum drag coefficient, i.e., 22.5%
lower than the baseline, and the maximum lift coefficient, i.e., 63.2% higher than the
baseline, as can be observed in Figure 15. However, this combination would not alleviate
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the swirling strength of vortices shedding in the wake. For this case, the flapping fringe
serves more like a propeller tail, such as the tail of a fish, and thus, reduces the drag, and
improves the lift. The drag coefficients of the models with f, = 80 Hz are slightly lower
than that of the baseline model, whereas the lift coefficients are elevated dramatically. An
fe = 140 Hz, which is the natural shedding frequency for the bare airfoil, did not generate
drastically different results. The difference in the lift and drag generation due to the fringe
length is the minimum for this case.
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Figure 7. Q-criterion distributions around the airfoil model with the fringe length of 10% chord at
different flapping frequencies.
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Figure 8. Instantaneous Q-criterion distributions in the wake of the airfoil model with the fringe
length of 10% chord at different flapping frequencies at t =1.5 s.

101



Appl. Sci. 2022, 12, 444

Fringe length: 10% chord
Fringe tip at bottom Fringe tip at top Time-averaged

'+ 80 Hz

f:

110 Hz

f:

140 Hz

f:

170 Hz

f:

Figure 9. The velocity distribution around the airfoil model with the fringe length of 10% chord at
different flapping frequencies.
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Figure 13. The velocity distribution around the airfoil model with the fringe length of 12% chord at
different flapping frequencies.
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In summary, the effects of the fringe length and flapping frequency on the vortex wake
and aerodynamic performance are investigated numerically. It is found that a favorable
fe should be determined according to the nature shedding frequency, f, of the bare airfoil
model. The structure of the shedding vortices or their strength would be either maintained
or elevated by the vibration of the fringe at a higher f, (>f). A higher flapping frequency
(fe) tends to serve as a booster, rather than a disturber, to increase the local velocity at the
trailing edge, resulting in the elevation of the swirling strength, and a shrinking of the
dimension of vortices. However, most importantly, a lower f, was able to destruct the
shedding vortices’ coherent structure due to the disruption of the fringe on the original
shedding pattern from the bare airfoil. Consequently, the swirling strength of vortices
became weak, and the irregular distribution made it easy to dissipate.

3.3. Limitation of the Current Study

There are several limitations of this study. First, a RANS turbulence model was used to
conduct the simulation. This would cause less accurate simulation results on the structure
of shedding vortices. Due to the lack of comparable experimental data, direct validation of
the simulation results could not be made, but, qualitatively, the predicted vortex reduction
is similar to what we observed in our previous experiment [24]. In addition, to simplify
the computational effort, a 2D model geometry was used, and thus, the span-wise porosity
effect of feather fringes, as used in the experiment, could not be studied. To improve the
understanding, 3D simulations on porous fringes attached at the trailing edge will be
investigated in future work. To better mimic the feather fringe of an owl’s wing, a soft
material with a biological property should be adopted as well. The flapping motion will
then be determined by the fluid-structure interaction as a passive flow control.

4. Conclusions

The airfoil S833 equipped with an extended flapping fringe is used to investigate the
effects of two factors, i.e., the trailing fringe length and the flapping frequency, on the
vortex shedding characteristics and the aerodynamic performance of the airfoil. The ex-
tended fringe with a flapping frequency significantly below the natural shedding frequency
(~140 Hz), such as 80 Hz, can alter the coherence structure. Likewise, an irregular vortex
structure in the wake can be generated, and thus, cause decrements in the swirling strength,
and faster decay of the vortices. The flapping motion can decrease the pressure coefficient
over the upper surface of the airfoil, leading to increases in the lift coefficient about 40%
relative to the bare airfoil model. Out of the cases in the present study, the model with
Le = 0.01 m (10% of the airfoil chord) at a flapping frequency of f, = 110 Hz outperforms
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other cases, and shows an overall substantially better aerodynamic performance of the
airfoil, as well as more favorable vortex characteristics downstream of the airfoil. In spite of
the limitations of the study, we can observe the aerodynamic benefits of using an extended
flapping fringe at the trailing edge. The pressure alteration around the airfoil would poten-
tially reduce the noise generation for wind turbines especially, which will be studied in our
future work as well.
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Abstract: In the present paper, the computational fluid dynamics (CFD) numerical simulation
was utilized to investigate the effectiveness of the transverse traveling wave wall (TWW) method
with the expectation of inhibiting the vortex shedding from a fixed circular cylinder. We mainly
focused on the variations of four kinds of wave propagation directions, five different maximum wave
amplitudes and ten different wave velocities for suppressing vortices shedding and aerodynamic
forces. The aerodynamic coefficients and vortex structures under different propagation directions,
wave amplitudes, wave numbers and wave velocities were investigated in detail. The results
demonstrate that the alternate wake behind the cylinder can be effectively eliminated resorting to
the “Downstream” propagating TWW. The mean drag coefficient is positively associated with wave
velocity. Drag and lift coefficients remain relatively stable at different wave amplitudes. When
the velocity ratio (wave velocity divided by incoming velocity) is 1.5, the lift coefficient fluctuation
decreases to the minimum. In contrast, the optimal combination of control parameters under the
present Reynolds number is concluded with “Downstream” propagating direction, maximum wave
amplitude ratio of 0.02, and velocity ratio of 1.5.

Keywords: flow control; traveling wave wall; circular cylinder; numerical simulation; CFD

1. Introduction

Fluid flow around a cylinder is a universal phenomenon in engineering practice, i.e.,
heat exchanger tubes, marine cables, high-rises, and civil engineering structures. Vortex
shedding behind bluff cylinders is the cause of vortex-induced vibration (VIV) which can
result in structural damage under certain unfavorable conditions. In addition, there have
been a variety of investigations about vortex-induced vibration from different perspectives
in recent years [1,2]. Eliminating the alternating shedding vortices in the cylinder wake
and suppressing the cylinder vibration are of important significance.

Fluid has a huge influence on bluff body structures, and there are many relative
research [3-5]. Studies on flow control of bluff body have specified a new orientation
for the flow control problems, and they have gained more and more concerns in recent
years. Controlling methods can be mainly divided into two types: passive control and
active control. Passive flow control could change the flow conditions to achieve the goal
of flow control without consuming any external energy [6-10]. Another flow control
method is active flow control, which requires external energy infused into the flow field.
Moreover, active flow control could introduce the proper perturbation to change the
inner flow mode. Several active flow control methods have been investigated to suppress
vibration as well as improve aerodynamic performance, i.e., drag reduction, using wall
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vibration [11,12], suction and injection [13-16], momentum injection [17-20], bionic control
method of traveling wave wall, etc.

The TWW is one of the bionic based flow control methods and it has been developing
rapidly in recent years. The boundary layer near the rigid wall comes into existence when
the viscous fluid flows pass the wall. However, making the cylinder surface to be flexible
or movable may help to weaken the boundary layer.

The “fluid roller bearing” (FRB) effects of the axisymmetric TWW was used by Yang
and Wu [21] to sharp into a series of vortex rings. The main flow was separated from
the near-wall flow accompanied by friction drag and pressure drag significantly reduced.
Wau et al. [22] carried out a numerical simulation to find out the proper parameter (wave
amplitude, wavelength and ratio of wave velocity to incoming velocity) for the FRB effects
on infinite and finite two-dimensional TWW. Large flow separation was eliminated after
applying TWW on airfoils, and the vortex shedding of streamline airfoils with a large
wind attack angle was restrained to provide more lift. Wu et al. [23] proposed a transverse
traveling wave (TTW) control method to manipulate the unsteady flow around a circular
cylinder at Re = 500. A fluid FRB was introduced in this method, and the vortex shedding
was eliminated because the global flow remained attached to the surface. Xu et al. [24]
simulated the rear section of a cylinder with TWW, and the cylinder was elastically mounted
with two degrees of freedom. The simulation took fixed wave amplitude, wave number and
ratio of wave velocity to incoming velocity. In addition, the whole process was completely
simulated starting with flow around the fixed cylinder, to the oscillating cylinder, and
finally to the oscillating cylinder with TWW.

In the present paper, TWW was placed on the rear section of a fixed cylinder, and
the CFD numerical simulation was adapted to investigate the influencing factors for sup-
pressing the cylinder oscillating wake. The TWW was activated when the alternating
shedding vortex behind the fixed circular could be stably observed in the present numerical
simulation. There are several steps we need to comply with as per control variate technique.
Firstly, fixed velocity ratio and maximum wave amplitude were used to measure the control
effect of four kinds of TWW propagation direction for suppressing the oscillating wake.
Then, the most effective propagation direction was selected, based on which we forward
studying the controlling effectiveness of 5 different wave amplitudes, 4 different wave
numbers and 10 different wave velocities. The control effect under various influencing
factors was elaborated by comparing the characteristic values, aerodynamic force time
histories and the wake flow patterns.

2. Numerical Model and Validation
2.1. Governing Equations and TWW

The governing equations of two-dimensional incompressible flow in a Cartesian
coordinate system can be written as follows.

aui o
o = (1)

Iu; Ju;  1adp Kazui

ot Mox T Tpax T pax?

@

where u; is the velocity components, i.e., u; is the velocity component at the inline flow
direction and u; is the velocity component at the cross-flow direction, i denotes the
kinematic viscosity coefficient, p is the fluid density, and p denotes the pressure in flow field.

As shown in Figure 1, The transverse traveling wave at the rear section of cylinder
was established, i.e., the transverse traveling wave can propagate from both point B and C
to point A at the same time.
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Figure 1. Schematic of fixed circular cylinder with TWW.

The origin O is positioned at the center of the plane polar coordinate system (r, 6), and
the wave equations of the TWW can be written as,

x = rcosf
y = rsinf ,—n/2<0<m/2 3)
r = 1o+ A(l) cos[k(l — ct)]
ALo<i<a
A(l) = A A<SI<(N-1)A @)

wherer, = D/2 is the radius of the standard circular cylinder without any traveling wave,
D is the diameter of the cylinder, A() is the vibration amplitude of each point on the TWW,
k = 27t/ A is the wave number, [ is the arc length from point A on the cylinder rear edge
to any point P on the TWW), ¢ is the wave velocity, f is the time, A is the wave length, A is
the maximum wave amplitude, N is the wave number in 1/4 circle. In the first wave, the
amplitude increases linearly from 0; In the end wave, the amplitude decreases linearly to 0,
while other intermediate waves have the same amplitude as the complete waveform, as
shown in Equation (4). The TWW connect smoothly with the non-moving cylinder surface
in this configuration.

2.2. Computational Domain and Boundary Conditions

Figure 2 shows the grid distribution and the computational domain. The computa-
tional domain is a rectangle area with a length of 60D and a width of 40D, and the center of
the cylinder is at the coordinate origin. The cylinder diameter is 0.12 m. The upstream inlet
is 20D ahead of the coordinate origin, and the downstream outlet is 40D after the coordinate
origin. The distances between either of the upside and downside and the coordinate origin
are 20D. Unstructured grid is adopted to discretize the computational domain into four
layers. The grids in the regions with large gradients of flow parameters are locally refined,
i.e., the region near cylinder surface and wake region. The geometric model and meshing
are performed by pre-processing software ICEM.

The boundary conditions are set up as follows, the inlet is set as the velocity-inlet with
a uniform velocity U, the outlet is set as the pressure-outlet with the relative pressure of 0,
the upper and lower sides are set as the symmetry boundary, and the cylinder surface is set
as the no-slip wall.

The numerical calculations are carried out with a Reynold number of 4.1 x 10%, and the
turbulence flow is calculated by SST k-cw model. SIMPLE algorithm is adopted to calculate
the coupling between the pressure and velocity fields. The pressure interpolation format is
set as “Standard”. The second-order upwind scheme is used for the momentum discretizing
because of its accuracy and stability. During the solution process, the convergence residual
standard of continuity equation is 1.0 x 107°, and the convergence residual standard of
momentum equation and turbulence parameters is 3.0 x 1077,
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Figure 2. Grid distribution and computational domain near the cylinder surface.

The CFD general software Fluent is used to calculate the flow around a fixed cylinder.
Firstly, the governing Equations (1) and (2) are solved to obtain the flow characteristics
around the cylinder, and then the aerodynamic coefficient of the cylinder is obtained. When
the amplitude of the aerodynamic coefficient is stable (t = 1.8 s), TWW is activated. The
wave Equation (3) of traveling wave is solved by User Defined Function (UDF) in Fluent,
and the radial velocity at any point P in Figure 1 can be obtained according to Equation (3),
and then the radial velocity is decomposed into the x direction velocity and the y direction
velocity. The DEFINE_GRID_MOTION macro of UDF is used to assign the velocity for all
grid points on the rear semi-cylindrical surface, and the motion of cylinder surface grids
are realized by the dynamic mesh technique. When the grids are updated to the specified
position, the flow field is calculated to converge with this shape as the boundary, and then
the calculation of the next time step begins. This loop calculation ends until the TWW
achieves a significant wake control effect.

2.3. Validity Investigation

The grid and time step independence verification were carried out because the mesh
size and the time step determine the accuracy of CFD computational results. The com-
parisons of the global parameters for the grid and time step independences studies are
shown in Tables 1 and 2. In the tables, N, is the number of nodes for 1/4 circle, N, is
the total number of the mesh, and At is the time step. The global parameters include the
fluctuating lift coefficient Cj, the mean drag coefficient Cy, the fluctuating drag coefficient
C;, the Strouhal number S, and the minimum, mean and maximum values y;in, y+ and
Vinaxs Tespectively. In order to guarantee the correctness of the turbulence simulation re-
sults and sufficient amount of mesh in the viscous sublayer, the y;},,, should be less than
11.63 which is the demarcation point between the log-law region and the viscous sublayer
recommended by Versteeg and Malalasekera [25].

Table 1. Comparisons of the global parameters for the grid independence study.

N Niesn At(s) Cq C:;l Cll St y:m‘n y* y:.nax

100 82,456 25x 1074 1.0999  0.0873  0.8329 0267 0745 8331 16.232
150 92,304 25x107* 1.3675 0.0949 0.9927 0249 0442 5589 11.405
200 101,504 2.5x 1074 1.3420 0.0884 0.9702 0243 0334 4.116 8.389
250 111,600 2.5 x10~* 1.2674  0.0812  0.9211 0243 0247 3.187  6.902
300 120,594 25x1074 1.2224  0.0822 0.8956 0243  0.184 2580 5.750
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Table 2. Comparisons of the global parameters for the time step independence study.

’

At (s) N, Nyesh Cy C, G St
1.0 x 1073 250 111,600 1.1433 0.0591 0.7928 0.226
5.0x107* 250 111,600 1.2378 0.0745 0.9003 0.237
25x107% 250 111,600 1.2674 0.0812 0.9211 0.243
1.0 x 107* 250 111,600 1.2819 0.0853 0.9351 0.243
Through comparison and analyzation of the global parameter results, N = 250
and At = 2.5 x 107* s were adopted in the final results discussion. Current results

accompanied with some previous simulation and experimental results [26-36] for the flow
around a single cylinder are shown in Figure 3. The mean drag coefficient C, versus
Reynolds is shown in Figure 3a, and it can be observed that C; is very close to previous
results at similar Re range. The S; in the previous 3D flow experiment is less than that in
this paper at similar Re range. In the present 2D numerical simulation, the computational
domain height is extraordinarily small, so the 3D flow in spanwise direction cannot be
fully developed. Thus, the present S; results are closer to the 2D flow results [28,34,35], as
shown in Figure 3b. From the previous comparison, it can be concluded that the present
numerical model and grids are reliable and have good reference value for further research
of TWW flow control.
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Figure 3. Comparisons of aerodynamic coefficient and the Strouhal number with previous results.
(a) C, versus Re. (b) S; versus Re.

3. Results and Discussion
3.1. Influence of Different Propagation Directions

The control effectiveness of 4 types of TWW propagation should be considered
first. The four propagation directions include the “Downstream”, the “Upstream”, the
“Corotating-Clockwise” and the “Corotating-Counterclockwise”, as shown in Figure 4.
During calculation process, the effects of the TWW propagation directions are considered
under fixed velocity ratio c/Ux = 2.0, wave number N = 4, and maximum wave
amplitude A/D = 0.02. This numerical simulation begins with the flow around a fixed
cylinder (FR). The TWW is activated to control the flow field after the flow field is brought
into stability with alternating shedding vortices. The aerodynamic coefficients and vortex
shedding patterns before and after activating the TWW could serve as a good measurement
for the control effect of TWW control method.
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Figure 4. Four types of propagation direction of TWW. (a) Downstream. (b) Upstream. (c) Corotating-
Clockwise. (d) Corotating-Counterclockwise.

The time histories of lift and drag coefficient for the TWW cylinder with the four
different propagation directions are shown in Figure 5. When t < 1.8 s, TWW was
not activated, the result of FR was obtained. When t > 1.8 s, TWW was activated, the
suppression effect of TWW on the vortex shedding and wake under the four different
propagation directions can be obtained.

Figure 5 shows that the lift coefficient fluctuation reduces dramatically only when
traveling wave propagates in the downstream direction. It indicates that the TWW propa-
gating downstream has the effect of eliminating Vortex Street. In addition, the mean drag
coefficient decreases at this propagation direction, while the fluctuating drag coefficient
increases dramatically, as shown in Figure 5a. Figure 5b shows that the fluctuating lift
coefficient and mean drag coefficient increase significantly when traveling wave propagates
in the upstream direction. It illustrates that the traveling wave propagating upstream
enhances the wake behind the cylinder. The drag coefficient fluctuation increases, and
the mean lift coefficient varies significantly when traveling wave co-propagates along the
cylinder rear surface. When traveling wave Co-rotates clockwise, the mean lift coefficient
increases significantly to a positive value, as shown in Figure 5c. When traveling wave
Co-rotates counterclockwise, the mean lift coefficient decreases significantly to a negative
value, as shown in Figure 5d. It indicates that there is a negative pressure zone on the
upper or lower surface with these two propagation directions, and the oscillating wake of
traveling wave cylinder cannot be eliminated.
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Figure 5. Lift and drag coefficient time history curves under various propagation directions.
(a) Downstream. (b) Upstream. (c) Corotating-Clockwise. (d) Corotating-Counterclockwise.

The mean value reflects the variant characteristics within a period, and the fluctuation
value (root-mean-square, RMS) reflects the discrete degree of the variant. Before activating
the TWW, the mean lift coefficient C; approximates 0 and Cj is 0.921, the mean drag
coefficient C4 is 1.267 and C}, is 0.081. The time history curves of lift and drag coefficients
for uncontrolled cylinder are taken for reference in the following parts to measure the
influence of different control parameters on the control effect. Figure 6 shows the lift
and drag coefficients characteristics with different traveling wave propagation directions,
while the dashed curves inside the same figure demonstrate the results of the standard
circular cylinder. As shown in Figure 6a, C; approaches to 0 for “Downstream” and
“Upstream” propagation direction, while the C; increases dramatically to 3.917 and —4.057
for co-propagations. For the “Downstream” propagation, the Cj approaches to 0, which
indicates that the cylinder oscillating wake is eliminated by TWW. For the “Upstream”
propagation, Cj increases dramatically to 1.825. In addition, C; for the co-propagations
is close to that of the standard circular cylinder. These illustrate that the other three
propagations are not able to suppress the cylinder wake vortex except “Downstream”.
Figure 6b shows that the fluctuating drag coefficients C}; vary between 0.172 and 0.763
in various propagation directions, and all of them are larger than that of the standard
circular cylinder, which means that TWW leads to a larger amplitude fluctuating drag. For
“Downstream” propagation, C4 decreases dramatically to —0.152, meaning the cylinder
is subjected to reverse thrust due to TWW. For “Upstream” propagation, C; increases
dramatically to 2.809, i.e., the inline flow drag increases dramatically. The C, of other two
propagation directions equal to 0.905 and 0.902, respectively, which are slightly lower than
the standard circular cylinder. Compared with the standard circular cylinder results, C; and
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C, of “Downstream” propagation decreases by 99.48% and 112%, respectively. It illustrates
the cylinder wake oscillation in FR stage can be eliminated by the TWW propagating
downstream.
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Figure 6. Characteristic values of lift and drag coefficient for different propagation directions.
(a) C] & C;. (b) C}; & Cy.

The vorticity contours surrounding TWW cylinder with “Downstream” propagation
are shown in Figure 7. In the interval t < 1.8 s, the traveling wave was not activated,
and the vortex sheds from both side of the cylinder alternately, as shown in Figure 7a.
Figure 7b shows that the TWW activated shortly has little effects, and the separated free
shear layer still rolls into vortices. Form Figure 7c-g, as time advanced, the control effect
of TWW became more obvious, and the vortex street appeared in uncontrolled cylinder
was eliminated. The shear layer detaches from the cylinder surface, and then enters the
wake region without rolling into vortices due to the “fluid roller bearing” (FRB) effect of
TWW, and the vorticity is distributed steadily and symmetrically in the cylinder wake
region, which means that the TWW cut off the energy source for generating vortex. When
t = 297 s, the TWW eliminates oscillating wakes of the cylinder successfully.

In addition to the “Downstream” propagation, the rest three kinds of propagations
are less effective in eliminating the cylinder oscillating wake, which can be seen from
the vorticity contours obtained after activating TWW, as shown in Figures 8 and 9. In
Figure 8, the vortices in the wake formed by FR are replaced by stronger vortices, so
that the fluctuating lift coefficient and the mean drag coefficient increase dramatically.
In Figure 9, an overall downward vortex street is formed in the cylinder wake region
because of the “Corotating-Clockwise” traveling wave. In addition, the wake for the
“Corotating-Counterclockwise” traveling wave induces an overall upward vortex street,
which is opposite to that in Figure 9. For both clockwise and counterclockwise propagation
directions, the TWW is activated at the same time (f = 1.8 s), and the initial state of the
flow field controlled by the TWW propagating in the two directions is exactly the same.
If the clockwise and counterclockwise TWWs are activated at opposite phases of the lift
coefficient oscillations, it is expected to obtain a mirror-symmetrical flow field and exactly
equal aerodynamic results. The choice of TWW activating phase is an important reason for
the slight difference in the aerodynamic statistic values of the circular cylinder with the
two different propagation directions of TWW, as shown in Figure 6.

3.2. Influence of Different Wave Amplitudes

The “Downstream” propagation direction is therefore selected as the base to study the
influence of traveling wave amplitude, the fixed TWW velocity ratio ¢/ U is taken as 2.0,
and the wave number per quarter circle is taken as 4. The aerodynamic coefficients and
vortex shedding pattern after activating TWW are chosen to access the control effectiveness.
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The lift and drag coefficient time histories for given A/D of 0.01, 0.02, 0.03, 0.04, and
0.05 are shown in Figure 10. The TWW is activated at t = 0 throughout the following
calculation process. The mean lift coefficient decreases slightly, and the fluctuating lift
coefficient remains almost the same. With an increase of wave amplitude, the fluctuating
drag coefficient increases significantly and the mean drag coefficient decreases to negative
values. It can be found that the lift coefficient is less affected by wave amplitude, but wave
amplitude has significant influence on drag coefficient, as shown in Figure 10.

(a)

(d)

(8)

Figure 7. The contour of vorticity when wave startsatt = 1.8s. (a)t=1.80s. (b)t=1.96s. (c)
t=216s.(d)t=231s.(e)t=246s. (f)t =2.615.(g)t =2.97s.

Figure 11 shows the lift and drag coefficient characteristics under different wave am-
plitudes, including the mean and RMS values of lift and drag coefficients. Form Figure 11a,
with the increase of A/D, C; decreases slightly, which is smaller than the standard circular
cylinder result. Overall, there is less difference in C; compared to that in standard cylinder.
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When amplitude ratio A/D = 0.02, C; dramatically decreases to 0.005 and reaches the
minimum, which drops by 99.48% from that of standard circular cylinder. When A/D
increases from 0.02 to 0.05, C] shows a slightly increasing trend. Cj equals to 0.012 at
A/D = 0.05, which dropped by 98.7% from that of standard circular cylinder. In Fig-
ure 11b, with the increase of A/D, C,; decreases from —0.010 to —0.456, and C,’i increases
from 0.085 to 0.385, which is almost 4.7 times the standard circular cylinder result. It's
easily observed that different wave amplitudes have little impact on C] and C;. However,
C/; and C4 change obviously as A/ D increases from 0.01 to 0.05. To make TWW perform an
ideal functionality in eliminating the aerodynamic forces, A/D = 0.02 should be chosen,
which can eliminate lift without extra significant drag oscillation.

(b)

2

-10
10

2
6
-10

-2

-10

(e)

Figure 8. The vorticity contours of TWW cylinder with “Upstream” propagation. (a) f = 2.16 s.
(b)t=231s.(c)t=246s. (d)t=2.61s.(e)t=297s.
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Figure 9. The vorticity contours of TWW cylinder with “Corotating-Clockwise” propagation.
(@a)t=2.16s.(b)t=2.31s.(c)t=2.46s. (d)t=2.61s. (e)t =2.97s.

3.3. Influence of Different Wave Numbers

In this part of simulation, the wave number is, respectively, set as 3, 4, 5 and 6 in rear
section of 1/4 cylinder. As TWW propagated downstream, the amplitude ratio A/ D equals
to 0.02 and the velocity ratio c/ U equals to 2.0. The lift and drag coefficient time histories
under different wave numbers are shown in Figure 12. The results indicate that the TWW
with different wave numbers can suppress the cylinder wake. On the other hand, the mean
and fluctuating lift coefficients keep almost unchanged with the increase in wave number.
In the meantime, as wave number changes from 3 to 6, there is little change in fluctuating
drag coefficient, while the mean drag coefficient decreases to negative values.

119



Appl. Sci. 2022, 12, 3433

-12 : : : : : : :
0 0.1 02 03 04 05 06 0.7 038
£(s)
(e)

Figure 10. Lift and drag coefficients of TWW cylinder under various wave amplitudes. (a) A/D=0.01.
(b) A/D=0.02. (c) A/D =0.03. (d) A/D = 0.04. (e) A/D=0.05.
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Figure 11. Characteristic values of lift and drag coefficient under different wave amplitudes.
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Figure 12. Lift and drag coefficients under different wave numbers. (a) N =3. (b) N =4. (¢c) N =5.
(d)N =6.

Figure 13 shows the characteristic values of lift and drag coefficient under differ-
ent wave numbers, including the mean and RMS values of lift and drag coefficient. In
Figure 13a, with the increase in N, C; decreases slightly from —0.019 to —0.039. C] almost
hardly changes, whose values are between 0 and 0.01. It is observed that the fluctuating
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lift coefficient has been tremendously suppressed, however, different wave numbers have
little impact on fluctuating lift coefficient after activating TWW, in comparison with the
standard circular cylinder. Figure 13b shows that Cy4 decreases to negative values and C}
changes from 0.166 to 0.195 with the increase in N. It indicates that the cylinder’s reverse
thrust increases gradually with the increase of N, and the wave number has some effect
on Cy.
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Figure 13. Characteristic values of lift and drag coefficient under different wave numbers. (a) Cj & C;.
(b) C; & C,.

3.4. Influence of Different Wave Velocities

The “Downstream” propagation direction of TWW is selected to further study the
effect of wave velocity. The wave number is set as 4, and the amplitude ratio A/Dis0.02.
Figure 14 shows the lift and drag coefficient time histories under given velocity ratios of 0.5,
1.0,1.5,2.0,25,3.0,3.5,4.0,4.5, and 5.0. From the results of the lift coefficient fluctuation,
the cylinder wake is suppressed in different degrees, but the fluctuation of lift coefficient
increases slightly after ¢ /U > 2. The mean lift coefficient decreases to negative values as
¢/ U increases. With the increase in wave velocity, the mean drag coefficient decreases
dramatically but the fluctuating drag coefficient increases gradually, as shown in Figure 14.

Figure 15 shows the characteristic value analysis of lift and drag coefficients under
different wave velocities, including the mean and RMS values of lift and drag coefficients.
In Figure 15a, with the increase of ¢/Uc, G changes from a result larger than that of
standard circular cylinder to a result less than that of standard circular cylinder. As for the
overall time, C; has little difference with that of standard circular cylinder in the range of
the whole velocity ratios. As ¢/ U increases from 0.5 to 1.5, C; decreases dramatically from
0.115 to 0.003. In addition, C,/ reaches the minimum at ¢/Uy = 1.5, whose value decreases
by 99.63% than that of standard circular cylinder. C] increases slightly from 0.005 to 0.036
as ¢/ Uy increases from 2.0 to 5.0. In addition, C; equals to 0.036 at ¢/ U, = 5.0, which
achieves 96.09% reduction from the result of standard circular cylinder. In Figure 15b, with
the increase of ¢/ Ux, C; decreases from 0.761 (60.04% of standard cylinder) to —1.8774, and
C}, increases from 0.014 to 1.037 (almost 12.8 times the result of standard circular cylinder).
From the analysis results above, it is indicated that the velocity ratio c/Us = 1.51is
the optimal wave velocity for TWW flow control with respect to the control effect and
energy input.
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Figure 15. Characteristic values of lift and drag coefficient under different wave velocities. (a) Cl/ & C;.
(b) C:i & Cy.

4. Conclusions

In the present research, the CFD numerical simulation was employed to investigate
the oscillating wake of flow around a fixed cylinder with the traveling wave wall at a high
Reynolds number. The influence factors of TWW flow control method were investigated,
i.e., the TWW propagation direction, wave amplitude, wave number and wave velocity.
The main conclusions are as follows.

The TWW with “Downstream” propagation direction can successfully eliminate the
alternating shedding vortex behind the cylinder under the condition of ¢/Usx = 2.0,
and C] of TWW cylinder decreases by 99.48% from that of standard circular cylinder. The
TWW cylinder in “Upstream” propagation direction enhances the cylinder wake. Neither
“Corotating-Clockwise” nor “Corotating-Counterclockwise” could eliminate the cylinder
oscillating wake.

Wave amplitude should be taken as 0.02D to obtain the optimal control effect. At the
wave amplitude ratio A/ D of 0.02, Cj decreases dramatically to 0.005. When A/D increases
from 0.02 to 0.05, C; increases slightly, while C; dropped by 98.7% from the result of standard
circular cylinder at A/D = 0.05. With the increase in A/D, C,; decreases from —0.010 to
—0.456, and C}; increases to almost 4.7 times the result of standard circular cylinder.

Wave number N has relatively slighter effect on lift and drag coefficients. The a, CZ’
and C show little changes with the increase of wave number N. C,; is less than 0, and the
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absolute value of C,; increases as wave number N increases, which indicates that the reverse
thrust applied to the cylinder increases gradually with the increase in wave number N.

The fluctuating lift coefficient CZ’ reaches the minimum at ¢/Us = 1.5, which drops
by 99.63% from the result of standard cylinder. When ¢/Ue = 2.0 ~ 5.0, C] takes a
slow increasing tendency and increases to 3.91% of the result of standard circular cylin-
der. With the increase of ¢/ U, C; decreases gradually and finally approaches to zero at
¢/Us = 1.5. However, C}; increases gradually with increasing ¢/ U and finally reaches
to about 12.8 times the result of standard circular cylinder at ¢/ Us = 5.0. Considering the
control effect and energy input under the Reynolds number in this study, c¢/Usx = 1.51s
the optimal wave velocity for TWW flow control in this paper.
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Abstract: In this paper, the entire process of the flow around a fixed square cylinder and the moving
surface boundary-layer control (MSBC) at a low Reynolds number was numerically simulated. Two
small rotating circular cylinders were located in each of the two rear corners of the square cylinder,
respectively, to transfer momentum into the near wake behind the square cylinder. The rotations of
the two circular cylinders were realized via dynamic mesh technology, when the two-dimensional
incompressible Navier-Stokes equations for the flow around the square cylinder were solved. We
analyzed the effects of different rotation directions, wind angles 6, and velocity ratios k (the ratio of
the tangential velocity of the rotating cylinder to the incoming flow velocity) on the wake of flow
around a square cylinder to evaluate the control effectiveness of the MSBC method. In the present
work, the aerodynamic forces, the pressure distributions, and the wake patterns of the square cylinder
are discussed in detail. The results show that the high suction areas near the surfaces of the rotating
cylinders can delay or prevent the separation of the shear layer, reduce the wake width, achieve drag
reduction, and eliminate the alternating vortex shedding. For a wind angle of 0°, the inward rotation
of the small circular cylinders is the optimal arrangement to manipulate the wake vortex street behind
the square cylinder, and k = 2 is the optimal velocity ratio between the control effectiveness and
external energy consumption.

Keywords: wake control; drag reduction; MSBC; square cylinder; numerical simulation

1. Introduction

The development of complex structures has led to the construction of structures with
reduced stiffness, such as large-span bridges and high-rise buildings, and wind-induced
forces have become the main controlling factors in the design of these types of structures.
The suppression of vortex shedding can lead to the lessening of the unsteady forces acting
on the bluff bodies, thus resulting in less wind-induced vibrations. In terms of the flow
field, the flow control changes the fluid-induced loads by altering the turbulence structures
and the flow characteristics, whereupon the purpose of suppressing structural vibrations
is achieved. The flow control may be accomplished by manipulating the boundary-layer
separation or the structure of the shear layer in the wake.

A passive flow control does not consume external energy to realize its control purpose [1-4].
Laima et al. [5] and Chen et al. [6] studied the turbulence vortex structures, vortex-induced
vibration characteristics, and passive flow control methods of the twin-box-girder bridge
section model through wind tunnel tests. From the perspective of vortex dynamics,
Gao et al. [7] presented a selective review of recent progress on the mechanism of VIV
(vortex-induced vibration) occurred in long-span bridges and proposed several passive
and active flow control methods to manipulate the surrounding flow patterns around the
girder. Li et al. [8] and Chen et al. [9] studied the wind-induced vibration characteristics
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and wind-rain excitation mechanism of cylindrical cable structure by wind tunnel test and
numerical simulation, which laid a foundation for the development of new flow control
methods. To realize the control purpose, an active flow control channels the external
energy into the flow field and injects the proper perturbation so that it may interact with
the inner mode of the flow. Unlike the wall vibration, the bubble method, injection and
suction [10-12], or the traveling wave wall [13-15], the moving surface boundary-layer
control (MSBC) method is another type of active flow control.

The passive wake control behind a circular cylinder in a uniform flow for a Reynolds
number (hereafter denoted as Re) ranging from 80 to 300 has been studied by Kubo et al. [16].
In their study, the vortex street behind the main cylinder still existed; however, the fluctuat-
ing lift and the form drag on the main cylinder significantly and monotonously decreased
when Re increased from 80 to 300. Hwang and Yang [17] placed two splitter plates with
the same length as the cylinder diameter along the horizontal centerline on the upstream
and downstream of the cylinder and analyzed the aerodynamic forces and vortex shedding
modes of the cylinder by adjusting the distances between the two plates and the cylinder.
The study found that the maximum value of drag reduction was achieved 38.6% at a
certain set of gap ratios. Assi et al. [18] investigated the suppression of cross-flow and
in-line vortex-induced vibrations of a circular cylinder with a low combined mass-and-
damping parameter of up to 0.014 by using two-dimensional control plates. The results
showed that the maximum drag reduction was approximately 38% and occurred when
using parallel plates. Koca and Geng [19,20] revealed the relationship between aerody-
namic performance and vortex shedding from suction surface and wake of different types
of wind turbine blades at a low Reynolds number by using the wind tunnel test, which
provided a theoretical basis for further flow control research. In order to improve the
aerodynamic performance and power output of wind turbine blades, Geng et al. [21,22]
and Koca et al. [23] achieved the purpose of suppressing or eliminating laminar separation
bubbles and reducing aerodynamic force by changing the surface roughness and arranging
flexible membrane material at appropriate positions on the suction surface or on both
suction and pressure surfaces of wind turbine blades. Bayramoglu and Geng [24] replaced
the flexible membrane material with piezoelectric material, which can achieve the dual
purpose of flow control and energy harvesting. Malekzadeh and Sohankar [25] used a
numerical simulation method to study the reduction effect of the aerodynamic forces and
heat transfer of a control plate on a square cylinder at Re = 50 — 200 based on the width of
the square cylinder (W). This study shows that the optimum position and width for the
control plate are a distance of 3W away from the cylinder and a width of 0.5W at Re = 160,
where the cylinder drag and the total drag (cylinder and plate) have a reduction of 86%
and 37%, respectively, and the rms lift and drag coefficients on the cylinder have a 92%
and 90% reduction compared to that of an isolated cylinder. Blowing and suction are
also an effective way to control the wake of bluff bodies. Turhal and Cuhadaroglu [26]
investigated some aerodynamic parameters of the flow around perforated-surface square,
horizontal, and diagonal cylinders at three different Reynolds numbers in a wind tunnel.
The experimental results showed that the surface injections through the top-rear, rear, and
all surfaces of a diagonal square cylinder reduce the drag coefficient for all the Reynolds
numbers, while the injection through all surfaces only reduces the drag coefficient of a
horizontal square cylinder. Sohankar et al. [27] numerically investigated the effects of uni-
form suction and blowing through the surfaces of a square cylinder on the vortex shedding,
wake flow, and heat transfer at low Reynolds numbers. The results show that the lift and
drag fluctuations for the optimum configuration decay, and the maximum reduction on the
drag force are 61%, 67%, and 72% for Re = 70, 100, 150, and respectively. Chen et al. [28] and
Gao et al. [29] realized the passive jet flow control by attaching hollow opening pipes on
the cylinder surface and opening a slit in the middle of the cylinder section. Both methods
have achieved the purpose of suppressing or delaying the alternating shedding vortices in
the wake of the cylinder.
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Based on the wind tunnel tests, the theoretical prediction, and the flow visualization,
Munshi et al. [30] applied the MSBC to two-dimensional rectangular prisms to achieve
drag reduction and suppression of flow-induced vibrations. The results indicated that
the existence of the MSBC effectively eliminated the vortex resonance and galloping-type
instabilities and that the maximum momentum injection corresponding to a velocity ratio
of 3 was sufficient to delay boundary-layer separation and to achieve a minimum drag
condition. On the basis of the existing research methods, Munshi et al. [31] conducted
numerical simulations and analyzed the drag of two-dimensional flat plates and rectangular
prisms with MSBC. Both the numerical and the flow visualization results showed narrowing
of the wake as the momentum injection increased, leading to eventual suppression of the
vortex shedding. Kubo et al. [32] studied the suppression of the aerodynamic response
of square-sectioned tall structures with MSBC. The results of their study clearly showed
that the boundary-layer control through the use of rotating cylinders at the leading edges
of a two-dimensional square prism were effective in suppressing the vortex-excited and
galloping oscillations. The rotor length and its position on the structure were the main
factors affecting the effectiveness of MSBC. Kubo et al. [33] conducted extensive wind
tunnel experiments to study the role of the MSBC in the suppression of torsional flutter of
a shallow rectangular prism, which was one of the typical fundamental configurations of
bridge deck sections. The results that they obtained from measurements of surface pressure
distributions and aeroelastic vibration responses showed that the proposed boundary-layer
control method through momentum injection was effective in suppressing the torsional
flutter of a shallow rectangular prism. Modi and Deshpande [34] conducted wind tunnel
tests to study the aerodynamics of a cubic structure in the presence of MSBC, using rotating
circular cylindrical elements at the two adjacent vertical edges. The results revealed the
significant effect of the MSBC, which changes the height of the boundary-layer separation
and reattachment, thus affecting the fluid dynamical parameters.

The moving surface boundary-layer control (MSBC) is also called angular momentum
injection. Through numerical simulation, Patnaik and Wei [35] proposed an angular
momentum injection strategy to control the wake dynamics and turbulence behind a fixed
square cylinder at Re = 200. This study observed a new zone formation of a recirculation-
free zone (RFZ) behind the cylinder at { = 1.25. With the increase of angular momentum
injection, the zones of absolute and convective instabilities (AIZ and CIZ) are diminished,
and the recirculation-free zone is enhanced. Finally, the wake turbulence is completely
suppressed at { = 1.5. Muddada and Patnaik [36] compared the wake characteristics
of a flow past an isolated circular cylinder, with momentum injection in the subcritical
Re range. The numerical flow visualization through streaklines and streamlines clearly
demonstrated the effectiveness of the rotating-type actuators in modifying the turbulent
vortex structures. As the ratio of the momentum input became higher, the flow tended
to be smoother. Mittal [37] investigated the flow past a bluff body with two rotating
control cylinders using two-dimensional numerical simulation. When the control cylinders
rotated with a high speed, in a manner that the tip speed was five times the free-stream
speed, the flow at Re = 100 reached a steady state. For Re = 104, although the flow
remained unsteady, the wake was much more organized and narrower compared to the
one without control. Korkischko and Meneghini [38] verified the efficiency of the MSBC in
suppressing vortex-induced vibrations (VIV); the flow control results in a mean drag of
almost 60% compared to that of the plain cylinder, reduction at U./U = 5. The wake is
highly organized and narrower compared to the one observed in cylinders without control.

In the present work, the entire process involving the flow around a fixed square
cylinder and the MSBC was numerically simulated. The present numerical simulation
started from the flow around a fixed square cylinder; when the alternating vortex shedding
appeared and became stable, the MSBC was then activated to control the wake. Two small
rotating circular cylinders were employed, which were located in the rear corners of the
square cylinder, similar to Patnaik and Wei [35], to achieve momentum injection into the
flow field. In this work, we mainly study the control effectiveness of the rotation direction
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of the small circular cylinders, the wind angle, and the velocity ratio on the oscillating
wake of the square cylinder. The aerodynamic force time histories and their statistics, the
mean pressure distribution, and the vortex shedding pattern were studied to demonstrate
the control effectiveness of the MSBC for different influencing factors and to explain the
mechanism of the MSBC flow control method.

2. Numerical Calculation Model
2.1. Governing Equations of the Fluid Flow

For a two-dimensional incompressible flow, the governing equations, including the
continuity equation and the Navier—Stokes equation, in the Cartesian coordinate system
can be written as:

au,‘ o
o Y @

ou; du;  1dp EE)zu,-

§+u]aijcj7 0 0x; pasz'

@

where 1; is the velocity components in the 7 direction, p is the fluid density, y is the kinematic
viscosity coefficient, and p is the pressure in the flow field.

2.2. Numerical Model and Solution Setting

The computational domain is a rectangular region of 40L x 20L, where the side length
of the square cylinder L = 0.054 m; the center of the square cylinder is located at the
origin of the coordinates, as shown in Figure 1. The distances from the upstream inlet,
the downstream outlet, and the two sides to the cylinder center are 10L, 30L, and 10L,
respectively. The selection of the above size parameters of the computational domain refers
to the research results of Sohankar et al. [39] and Cheng et al. [40]. It meets the requirement
that the blocking ratio is less than or equal to 5%, and the distance of 30L from model
to outlet can ensure the full development of the downstream flow of the square cylinder.
Two rotating circular cylinders with a diameter of D are set on the rear corners of the
square cylinder, and the distance between the rotating cylinders and the square cylinder is
represented by h. The upper and lower sides of the square cylinder are tangential to the
two circular cylinder surfaces.

10L

/D

©0)

L Rotating Cylinders

L

10L

10L 30L

Figure 1. Schematic diagram of physical model and computational domain.

The computational domain is discretized using unstructured grids and is divided into
two regions, namely Zone 1 and Zone 2, as shown in Figure 2. Zone 1 is the region around
the two circular cylinders where the circular grids can rotate with the circular cylinders.
The remaining region is Zone 2, and the fixed grids near the square cylinder surface are
locally refined. The interface between the rotation grid (Zone 1) and fixed grid (Zone 2) is
set as a slip boundary.
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Figure 2. Computational mesh arrangement and domain partition, (a) Computational mesh,
(b) Computational domain partition and local refined mesh.

The wind angle, rotation directions of the two circular cylinders, and arrangement of
the pressure monitoring points for 1/D = 1/4 and D/L = 0.3 are shown in Figure 3. The
rotation directions of the two circular cylinders were designed as in the following three
schemes: rotating in the downstream direction, rotating in the upstream direction, and co-
rotating in the clockwise direction; each of the three schemes is represented in Figure 3a—c,
respectively. The wind angle 6 is defined as in the following: when the direction of the
incoming airflow and the x-axis are the same, the wind angle is set to 0°, and the flow along
the clockwise direction is considered as the positive direction. When the wind angle is 0,
the two rotating circular cylinders are placed at the two rear corners of the square cylinder.
A total of 32 monitoring points were arranged on the model surface, out of which 18 points
were evenly arranged on the straight edges of the square cylinder, and 7 points were evenly
located on the quarter arc of each rotating circular cylinder. The main purpose is to obtain
the pressure distribution characteristics on each straight edge of the square cylinder and on
the two quarter arcs tangent to the surface of the square cylinder. In the calculation process,
the pressure coefficient of each point was monitored to reveal the underlying mechanism
of the MSBC method for manipulating the wake behind the square cylinder.
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Figure 3. Wind angle, rotation direction and pressure monitoring point layout (h/D = 1/4,

D/L = 0.3), (a) Inward rotation, (b) Outward rotation, (c) Clockwise co-rotation.

The velocity ratio k (k = U,/ Ux) is the ratio of the tangential velocity of the rotating
circular cylinder surface U, to the uniform incoming velocity Ue. The velocity ratio was
adjusted by changing the rotation speed of the small cylinders, while the incoming airflow
remained fixed. When k = 0, the two small circular cylinders were stationary; as the
velocity ratio became higher, the momentum that the small cylinders delivered to the flow
field became greater.

The flow direction was from the left to the right, and the following boundary conditions
were set. The left side was a velocity inlet with a uniform velocity Ue of 0.054 m/s; the
right side was a pressure outlet, where the relative pressure was set to 0; and the upper
and lower sides were set as symmetry boundaries. In addition, the square cylinder and
the rotating circular cylinder surfaces were set as no-slip walls, and the interfaces between
Zone 1 and Zone 2 were set as slip boundaries. The rotation of the circular cylinder and the
surrounding mesh was realized through a dynamic mesh technique.

The numerical simulations were carried out at Re = 200, and the laminar model was
employed. The finite volume method (FVM) was used to discrete the flow field around
a square cylinder. The SIMPLE algorithm was used for the calculation of the coupling
between the pressure and the velocity fields. The format of the pressure interpolation was
selected to be ‘Standard’. The second-order upwind scheme was utilized for the momentum
discretization because of its stability and veracity. The time steps were changed according
to the numerical simulation conditions. At the beginning, the dimensionless time step was
set to 0.05. When the flow became fully developed and the vortex shedding occurred in the
wake of the square cylinder, the MSBC became activated; then, the dimensionless time step
was automatically reduced to 0.01.

2.3. Validity Investigation

The square cylinder with 6 = 0" and k = 0 is defined as the ‘standard square cylinder’,
whereas the square cylinder without rotating cylinder is referred to as a ‘single square
cylinder’. First, a mesh independence study was conducted in order to quantify the effect
of mesh density on computational results. Simulations of flow around the single square
cylinder were then performed at Re = 200 using four different mesh densities as listed in
Table 1, where N¢, Nyesp,, and Nyjo 405 represent, respectively, the node number on each side
length of the square cylinder, the total number of grids, and nodes in the computational
domain. The minimum grid size of each side of the single square cylinder /,,;,, = L/ N,
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and the grids grow into the computational domain with each side of the square cylinder as
source and the growth rate of 1.04, and the maximum grid size [;5x = 0.4L. The comparison
shown in Table 1 includes the fluctuation of lift coefficient (C;/), the mean and fluctuation of
drag coefficient (C4, C/), and the Strouhal number (S;). As shown in Table 1, as the mesh
density increases, the C;/ and S; of different mesh schemes do not change significantly,
and both C; and C;/ show a decreasing trend. The differences in highlighted aerodynamic
coefficients C; and C;/ between the normal (Scheme 3) and dense (Scheme 4) meshes are
0.6 % and 4.2 %, and that between the coarse (Scheme 2) and dense (Scheme 4) meshes are
2.3 % and 12.8 %. Therefore, the normal mesh of ‘Scheme 3’ is appropriate in the following
simulations of this study.

Table 1. Effect of mesh refinement on the calculation result of the flow around a single square cylinder
at Re = 200.

Mesh Density N, Nuesi Nuodes Ca c, G St
Scheme 1, coarsest 40 30,344 15,387 1.523 0.024 0.446 0.146
Scheme 2, coarse 55 36,208 18,349 1.489 0.022 0.404 0.148
Scheme 3, normal 70 42,092 21,323 1.465 0.020 0.373 0.148
Scheme 4, dense 85 48,590 24,602 1.456 0.019 0.358 0.149

Then, the mesh independent results of flow around the single square cylinder are
compared with the existing research results to verify the accuracy of numerical simulation,
and the results from the flow around the standard square cylinder are compared with those
from the single square cylinder. The minimum grid size, growth ratio, and maximum grid
size of each side of the standard square cylinder and the surfaces of the two rotating small
cylinders are kept consistent with the parameters of the ‘Scheme 3’ meshing scheme of the
single square cylinder. Figure 4 shows the time histories of the lift and drag coefficients of
the single and standard square cylinders. The dimensionless lift coefficient by a spectral
analysis is converted to the Strouhal number (S;). The dimensionless time is t* = tUs /L.
The alternating shedding vortex wake is the main cause of the periodic variation in the lift
and drag coefficients, as shown in Figure 5. The figure shows the vorticity contours in the
z direction (perpendicular to the x-o-y plane). The red color in the figure represents the
positive vorticity of counterclockwise rotation, and the blue color represents the negative
vorticity of clockwise rotation. The comparison between the results from the present
numerical simulation and the experimental and numerical results from other previous
work is presented in Table 2. The statistical results of aerodynamic parameters in the Table 2
are analyzed by using the time histories of lift and drag coefficients in the time period of
t* = 80 ~ 150, shown in Figure 4a. In the subsequent calculation cases, all pressure and
aerodynamic coefficient time histories are calculated to the amplitude stable state, and the
results of at least five vortex shedding characteristic periods are taken for statistical analysis.
The simulation results of the aerodynamic forces and the Strouhal number are consistent
with the previous results, and it indicates that the present grid accuracy, time step, and
numerical settings can accurately capture the characteristics of the flow around a square
cylinder. The mean drag coefficient C; = 1.015 of the standard square cylinder is 30.7%
lower than that of the single square cylinder, the fluctuation drag coefficient C;/ = 0.0128
is 36.0% lower than that of the single square cylinder, and the fluctuation lift coefficient
Cy7 = 0.324 is 13.1% lower than that of the single square cylinder. The Strouhal number
of the standard square cylinder (S; = 0.15) is slightly higher than that of the single square
cylinder. It is shown that a small change in the shape of the rear corner of the square
cylinder can effectively reduce the aerodynamic force. However, the vortex shedding
frequency will be slightly increased. In the following sections, the numerical results will be
compared with the results of the flow around the standard square cylinder.
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Figure 4. Comparisons of results of flow around a standard square cylinder and a single square
cylinder, (a) Time histories of lift and drag coefficients, (b) Spectral analysis of C;.

Figure 5. Vortex shedding in the wake of a standard square cylinder and a single square cylinder,
(a) Standard square cylinder, (b) Single square cylinder.

Table 2. Comparison of the force coefficients statistics and Strouhal number of flow around a single

square cylinder at Re = 200.

Investigation Cy C;j C,, St
Okajima [41], Experimental 1.45 - - 0.14~0.148
Sohankar et al. [39], Numerical, 2D 1.462 - 0.377 0.15
Cheng et al. [40], Numerical, 2D 1.45 - 0.372 0.15
Jan and Sheu [42], Numerical, 2D - - - 0.148
Abograis and Alshayji [43], Numerical, 2D 1.488 0.027 0.332 0.153
Present, Numerical, 2D (N, = 70) 1.465 0.020 0.373 0.148

3. Results and Discussion
3.1. Analysis of Influence of D/ L and h/D Parameters

The diameter (D) of the small rotating circular cylinders and the spacing () between
the rotating circular cylinders and the controlled square cylinder are important parameters
that affect the control effect on the wake of the square cylinder. When wind angle 6 =
0°, velocity ratio k = 2, and the rotation direction of the circular cylinders is fixed to
‘inward’ rotation, as shown in Figure 3a, the influences of D/L and /D on the statistical
values and frequency characteristics of the aerodynamic coefficients of the square cylinder
are mainly analyzed. The two dimensionless parameters Ec, = (C;/ — C; /)/C; and
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Ec, = (Cq — C4_ )/ Cy are defined, which represent the relative variation in the RMS value
of the lift coefficient and the mean value of the drag coefficient, respectively. These two
parameters are used to evaluate the control effectiveness of the MSBC on the wake of flow
around the square cylinder and determine the optimal parameters of the D/L and //D.
When Ec, and Ec, are close to 1.0, the suppression effect on the wake is optimal. In contrast,
when Ec, and Ec, are close to 0, no control exists.

Figure 6 shows the aerodynamic statistical parameters and Strouhal number (S; and
St ¢) of flow around the uncontrolled (k = 0) and controlled (k = 2) square cylinder versus
D/L =0.05 ~ 0.4 when /D = 1/4, together with the control effectiveness. The specific
values corresponding to Figure 6 are shown in Table 3, where the aerodynamic statistical
parameters include the RMS value of the lift coefficient (C;/ and C; /), the mean value of
the drag coefficient (Cy and Cy ), and the RMS value of the drag coefficient (C;/ and Cy /).
For different D/L cases, the centers of the rotating circular cylinders can ensure that the
side extended lines of the square cylinder are tangent to the circumference of the rotating
circular cylinders. For the uncontrolled standard square cylinder, C;/ is slowly decreased by
8%, Cy4 and C,/ are decreased by 29% and 50%, respectively, while S; is kept unchanged at
0.15 with the increase of D/ L from 0.05 to 0.4. When there are two nonrotating cylinders at
the corners of the square cylinder, it is equivalent to the rounded treatment of the leeward
sharp corners of the square cylinder. This has less influence on the fluctuation degree of the
lift coefficient in the cross-flow direction and vortex shedding frequency but can reduce
mean value and fluctuation of the drag coefficient in the along-wind direction.
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Figure 6. Statistical values of lift and drag coefficients, Strouhal number, and control effects under
different D /L values, (a) Statistical values of C;, C4, and Sy, (b) Control effects of C;, Cy.
Table 3. Lift and drag coefficient statistics, Strouhal number, and control effects of flow around an
uncontrolled (k = 0) and controlled (k = 2) square cylinder with #/D = 1/4.
k=0 k=2
DIL , , / - '
G c, St Cr . Ca. Cyec St e Ec, (%) Ec, (%)
0.05 0.3466 1.2873 0.0186 0.15 0.2584 1.2255 0.0141 0.1625 25.45 4.80
0.1 0.3433 1.2274 0.0180 0.15 0.1063 1.0828 0.0051 0.1786 69.04 11.78
0.2 0.3309 1.1159 0.0155 0.15 0.0306 0.9144 0.0012 0.1961 90.75 18.06
0.3 0.3238 1.0145 0.0128 0.15 0.0089 0.7927 0.0008 0.2000 97.25 21.86
0.4 0.3189 0.9091 0.0093 0.15 0.0018 0.7027 0.0011 0.1832 99.44 22.70

When the two circular cylinders are rotating, the C; ./, C4 ., and C;_ ./ of the controlled
square cylinder are lower than those of the uncontrolled square cylinder, whereas the S; ¢
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of the controlled square cylinder is higher than that of the uncontrolled square cylinder.
With the increasing D/ L, the control effect Ec, on the RMS value of the lift coefficient is
gradually increased from 25.45% to 99.44%, and the control effect Ec , on the mean value
of the drag coefficient is gradually increased from 4.8% to 22.7%. When D/L = 0.3, the
RMS value of drag coefficient plummets to its minimum value, which is 93.7% lower than
that of the uncontrolled square cylinder, and the Ec, and Ec, at this time are 97.25% and
21.86%, respectively. When D/L = 0.05 ~ 0.3, the S . is gradually increased from 0.1625
to 0.2; in turn, when the D /L is increased to 0.4, the S;  is decreased slightly to 0.1832. It
can be seen that the rotating circular cylinders play the role of controlling the wake of the
square cylinder. The mean value of the drag coefficient can be reduced by up to 22.7%, and
the fluctuations of the lift and drag coefficients are basically completely suppressed, while
the vortex shedding frequency in the wake of the square cylinder is increased from 8.3%
to 33.3%.

When D/L = 0.3, the aerodynamic statistical parameters, Strouhal number (S; and
St ¢), and control effectiveness of flow around the uncontrolled (k = 0) and controlled
(k = 2) square cylinder versus //D, the range of which varies from 1/8 to 3/8 with an
interval of 1/16, are shown in the Figure 7 and Table 4. With gradually increasing /D,
the C;/ of the uncontrolled square cylinder does not change significantly between 0.3226
and 0.3388, and the S; is also kept unchanged at 0.15, while C; and C,/ are decreased by
13% and 23%, respectively. When k = 2, the C; ./ and C, . of the controlled square cylinder
are gradually increased with increase of /1/D, and the corresponding control effects of
Ec, and Ec, are gradually decreased with the increasing 1/D. The C; ./ of controlled
square cylinder changes from 0.0006 to 0.0039, which is about 5.2% to 26% of the results of
uncontrolled square cylinder, and the S; . of controlled square cylinder is between 0.18 and
0.2, which is still greater than the result of the uncontrolled square cylinder.
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Figure 7. Statistical values of lift and drag coefficients, Strouhal number, and control effects under
different i/ D values, (a) Statistical values of C;, C4, and Sy, (b) Control effects of C;, Cj.
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Table 4. Lift and drag coefficient statistics, Strouhal number, and control effects of flow around an

uncontrolled (k = 0) and controlled (k = 2) square cylinder with D/L = 0.3.

k=0 k=2
DI/L , - , , - /
G Cs (o St C . Ca. Cye St ¢ Ec, (%)  Ec, (%)

1/8 0.3388 1.0956 0.0150 0.15 0.0009 0.7770 0.0039 0.18 99.73 29.08
3/16 0.3318 1.0534 0.0140 0.15 0.0032 0.7870 0.0020 0.20 99.04 25.29
1/4 0.3238 1.0145 0.0128 0.15 0.0089 07927 0.0008 0.20 97.25 21.86
5/16 0.3226 0.9821 0.0121 0.15 0.0181 0.7996 0.0013 0.20 94.39 18.58
3/8 0.3254 0.9524 0.0115 0.15 0.0314 0.8026 0.0006 0.18 90.35 15.73

Through comparative analysis, we can see that the smaller the spacing (/) between the
rotating circular cylinders and the square cylinder, the better the control effect of the MSBC
method on the wake of the square cylinder. As the spacing ratio /1/ D decreases from 3/8 to
1/8, the results of Ec, and Ec, are increased by 9.38% and 13.35%, respectively, which are
less than the increasing extents of Ec, and Ec, with increase of D/L and are especially far
less than the increasing extent of 73.99% for Ec,, as shown in Table 2. It can be seen that the
influence of the diameter of the rotating circular cylinders on the control effect of the wake
of the square cylinder is greater than the influence of the variation of the spacing between
the rotating circular cylinders and the square cylinder on the control effect.

Compared with the control effects of D/L = 0.3and /D = 1/4, when D/ L continues
to increase from 0.3 to 0.4, the improvements of the control effects Ec, and Ec, of the
controlled square cylinder are not obvious, only increased by 2.19% and 0.84%. As the /D
is decreased from 1/4 to 1/8 continually, the E¢, is only increased from 97.25% to 99.73%,
and the Ec, is only increased by 7.22% at the same time. On the contrary, the fluctuation
of the drag coefficient C; ./ is increased from 6.3% to its maximum of 26% of C,/ for the
uncontrolled standard square cylinder. From the above analysis, it can be concluded that
D/L = 0.3 and /D = 1/4 are the better combination of the parameters to achieve a better
control effect on the wake of flow around the square cylinder.

3.2. Detailed Results and Analysis of D/L = 03 and h/D =1/4

The present numerical simulation starts from the flow around a fixed square cylinder;
when the alternating vortex shedding street has been formed behind the square cylinder,
the MSBC becomes activated. The rotation directions of the circular cylinders include the
following three forms: inward rotation, outward rotation, and clockwise co-rotating, as
shown in Figure 3. The wind angle range was 0" ~ 180" and the angle interval was 30°. For
the inward rotation case, an extra wind angle of 15° was added. The velocity ratio range was
0 ~ 4.0. The aerodynamic coefficients of the square cylinder under different wind angles
and velocity ratios were calculated. Then, the statistical and frequency characteristics of the
aerodynamic coefficients were obtained. In the following sections, the pressure coefficient
and the vortex shedding mode are also presented.

3.2.1. Aerodynamic Statistics and Frequency Characteristics

Figures 8-10 show the variations in the lift and drag coefficient statistics of the square
cylinder for the wind angle (¢) and the velocity ratio (k) for each of the three rotation
directions, respectively. The results include the mean value C; and the fluctuating value C;/
of the lift coefficient, as well as the mean value C; and the fluctuating value C,/ of the drag
coefficient. When k > 0, the small rotating cylinders transfer the momentum into the flow
field. The results for k = 0 given in the abovementioned figures correspond to the results
from the flow around a standard square cylinder. As shown in Figure 8a, when = 0" and
8 = 180", the square cylinder is symmetrically placed in the flow direction. Therefore, the
value of C; is near zero for different k values at these two wind angles. When 15" < 8 < 90
and k > 0, the absolute value of C; is greater than the absolute value of C; when k = 0.
When 6 = 15" and k = 4, the value of C; increases 5.36 times compared with its value when
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k = 0. When 6 > 120°, the values of C; are similar among them for various k values. As
illustrated in Figure 8b, when 0 < 60" and k > 0, C;/ is lower than the value of C;/ when
k = 0. It may be observed that for smaller wind angles, the rate of decrease of C;/ becomes
more obvious. The alternate shedding vortex behind the square cylinder is responsible
for the lift coefficient fluctuation; the results show that the vortex shedding of the square
cylinder should be suppressed at small wind angles. When k = 4 and 6 increases from 0
to 15°, C; decreases by 98% and 87%, respectively, compared with the value of C;/ when
k = 0. When 8 = 60" and k = 4, the value of C/ is slightly higher than the value of C;/
when k = 2. This instance suggests that the increment of momentum that is transferred to
the flow field may lead to the diminution of the control effect. When 8 > 60°, C;/ increases
with the increase in k; this means that the MSBC is involved in the enhancement of the
wake. As shown in Figure 8c, the variation of Cy at k = 0 is similar to that of C;7 at k = 0 in
Figure 8b. When k = 4 and 6 increases from 0" to 15~ and then increases to 30°, the values
of C; decrease by 36%, 54%, and 47%, respectively, compared with the value of C; when
k = 0. When 6 = 60°, the value of C, at k = 2 decreases to the lowest point. When 6 = 90
and 6 = 120, the values of C; at k = 4 are 1.94 and 1.38 times the values of C; when k = 0,
respectively. When 6 = 150" and k > 0, the values of C; are near the value that corresponds
to k = 0. When 6 = 180°, the values of Cy at k = 2, 4 increase by 37% and 44%, respectively.
As shown in Figure 8d, when 6 > 30°, C4/ increases with the increase in k, and the change
is similar to the results when k = 0. When 6 = 15°, the values of C,/ for k > 0 can decrease
by 25% compared to the value of C;/ for k = 0.
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Figure 8. Aerodynamic coefficient statistics of the square cylinder for the wind angles (6) and the
velocity ratios (k) under inward rotation, (a) Cj, (b) Cy, (c) Cy4, (d) Cy/.
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Through the above analysis, it may be observed that the control method may help to
improve the wake stability of a square cylinder when 6 < 60", and it is unfavorable to the
stability of the wake for the remaining wind angles. The control effect on the oscillating
wake of the square cylinder is optimal when § = 0°. When § = 15, this particular control
method resulted in a great decrease in Cyand a great increase in C; of the square cylinder.
From this viewpoint, the optimum effect of ‘drag reduction and lift increment’ is achieved
at this particular wind angle.

In Figure 9, the variation of the statistical parameters of the aerodynamic forces with
wind angles is similar for k = 2 and k = 4; the difference lies only in terms of the individual
angle. When k = 0, the aerodynamic parameters of the square cylinder (outward rotation)
are consistent with the results in Figure 8. When = 0, the values of C; for different k
values are near 0; however, the value of C;/ increases from 0.32 atk = 0 t0 0.97 at k = 4. In
a similar manner, the mean and fluctuating values of the drag coefficient have increased
significantly, thus suggesting that the momentum generated by the rotating cylinder leads
to a more intense vortex shedding in the wake of the square cylinder. When 6 = 30" and
8 = 60", C; is not equal to 0, and C;/, C4, and Cy/ present growth trends as the k value
incrementally increases; this illustrates that the wake vortex pattern has changed, and the
MSBC presents an effect of ‘lift and drag increment’. When § = 90” and k = 4, C/ and Cy/
increase slightly compared with their values when k = 0. C; remains unchanged, and C,
slightly decreases. This indicates that the momentum injection does not improve the flow
structure. When = 120" and 8 = 1507, C; increases significantly with the increase in k;
however, C;/, C4, and C4/ present a significantly decreasing trend. This suggests that the
oscillating wake of the square cylinder has been suppressed and that the MSBC presents
an effect of ‘drag reduction and lift increment’. When 6 = 120" and k = 4, Ed decreases
by 90% compared with the value of C,y when k = 0, and C,/ decreases by 60%; therefore,
the “drag reduction’ effect is obvious. In addition, the value of C; becomes six times higher
than the value of C; when k = 0, whereas C;/ decreases by 75%; thus, the ‘lift increment’
effect is obvious. When 6 = 180°, @ increases slightly with the increase in k; the values
of the remaining parameters do not present significant differences with their respective
values when k = 0. The results show that the MSBC method has no obvious effect on the
oscillating wake for this particular wind direction.
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Figure 9. Aerodynamic coefficient statistics of the square cylinder for the wind angles (0) and the
velocity ratios (k) under outward rotation, (a) C;, (b) Cy/, (c) Cy, (d) Cy.

As shown in Figure 10, when k > 0, the aerodynamic statistics of the square cylinder
present a similar change for different wind angles. With the increase in k from 0 to 4, the
momentum of the rotation that the circular cylinders transfer to the flow field gradually
increases. When 6 = 0°, C; increases from 0 to 1.6, and C;/ increases approximately by 100%;
C, remains almost unchanged, whereas Cy/ slightly increases. When = 30" and § = 60,
C; atk = 4 increases to 2.1 and 1.1, respectively, whereas C;/ decreases by 36% and 90%,
respectively. This reveals that the oscillating wake of the square cylinder can be suppressed
to different levels for these particular two wind angles. Although the fluctuation of the lift
coefficient has been eliminated, the mean of the lift coefficient has increased. Simultaneously,
the value of Cy decreased by 54% and 58% for § = 30" and 6 = 60, respectively. The values
of Cy7 at § = 30° slightly decrease with the increase in k, whereas Cy/ at = 60° decreases
by 87%. When 6 = 900, Cir atk = 2 and k = 4 decreases to 0; this reveals that the alternate
shedding vortices in the wake of the square cylinder have been eliminated. When 6 = 120
and 8 = 150", C; still presents a growth trend, whereas the remaining statistical parameters
present lower values than their corresponding values when k = 0; therefore, the input of
momentum presents an effect of ‘drag reduction and lift increment’. When 8 = 180", C,
presents a negative increment, whereas the remaining statistics present higher values than
their corresponding values when k = 0. This demonstrates that the input of momentum
causes the wake vortex shedding to become enhanced in this particular wind direction.
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Figure 10. Aerodynamic coefficient statistics of the square cylinder for the wind angles () and the
velocity ratios (k) under co-rotation, (a) C;, (b) Cy/, (c) Cy4, (d) Cy.

Figures 11-13 show the dimensionless amplitude spectra of the lift coefficients of
the square cylinder for different velocity ratios and different wind angles for the cases
of inward rotation, outward rotation, and clockwise co-rotation, respectively. The two
horizontal axes represent the wind angle and the Strouhal number, respectively; the vertical
axis represents the amplitude of the fast Fourier transform (FFT). The control effect of the
MSBC method on the oscillating wake of the square cylinder can be observed through the
maximum amplitude for different k values; simultaneously, the high harmonics with small
amplitudes caused by the input of momentum can be observed, as well. When the circular
cylinders start to rotate, the amplitude of certain spectral analysis curves decreases, or the
peak disappears completely. This shows that the alternate shedding vortex street of the
square cylinder wake is suppressed or eliminated under this wind direction.
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Figure 11. Amplitude spectra of Strouhal number under different wind angles with the change of

velocity ratios (inward rotation), (a) k = 0, (b) k = 2, (c) k = 4.
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The corresponding Strouhal numbers of the peak values of each curve in Figures 11-13
were calculated and are shown in Figure 14. As can be seen from Figure 14a, the values
of the vortex shedding frequency of the square cylinder are close to each other for k = 2
and k = 4, when the corner circular cylinders rotate inward. When 6 = 0°, S; is near 0; the
main reason for this is that the alternate shedding vortex has been completely eliminated.
When 6 = 30" ~ 90", the vortex shedding frequency is greater than that at k = 0, whereas
when 6 = 120" ~ 180°, the vortex shedding frequency is lower than that at k = 0. When
the circular cylinders rotate outward, the MSBC method cannot eliminate the wake vortex
street behind the square cylinder in the entire range of the wind angles. As shown in
Figure 14b, when 6 = 30" ~ 90°, the vortex shedding frequency is lower than that at k = 0.
For the remaining wind angles, the values of the vortex shedding frequency are higher than
their corresponding values at k = 0. As illustrated in Figure 14c, when 6 = 60° and k = 4,
St is equal to 0; this means that the wake vortex street behind the square cylinder has been
entirely eliminated. In addition, when 6 = 90", k = 2, and k = 4, the wake vortex street is
eliminated, as well, and the MSBC method presents an improved flow control effect.
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Figure 14. Variation of Strouhal number for the velocity ratios and the wind angles under different
rotation modes, (a) Inward rotation, (b) Outward rotation, (c) Clockwise co-rotation.

3.2.2. The Mean Pressure Distribution Characteristics

Figures 15-17 show the distribution characteristics of the mean pressure coefficients
around the square cylinder for different rotation modes, different k values, and wind angles
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6. Figure 15 shows the distribution of the mean pressure coefficient on the surface of the
square cylinder at each wind angle, when the cylinder rotates inward. According to the
analysis results in Figure 8, the oscillating wake of the square cylinder is suppressed to a
different level when 6 < 30°. Therefore, the corresponding mean pressure distributions
on the surface of the square cylinder at k = 1 ~ 4 are illustrated in detail in Figure 15a—c.
For the remaining wind angles, only the results for k = 2 and k = 4 are presented, as
shown in Figure 15d-h. When 6 = 0, the mean pressure coefficient around the square
cylinder is symmetrically distributed. At the windward side of the square cylinder is the
flow stagnation zone, resulting in a positive pressure zone on the windward side, and the
positive wind pressure reaches its maximum value at point No. 1. The flow separates
from the leading edge corner of the square cylinder into the wake region and develops to
an alternating shedding vortex street, thus leading to higher negative pressures at points
No. 4 and 30. The measuring points No. 9-15 and 19-25 are located around the rotating
circular cylinders, and points No. 16-18 are located on the surface of the leeward side
between the two circular cylinders. Compared with the mean pressures when k = 0, when
the small cylinder begins to rotate, the mean pressures of the measuring points No. 9-25
have changed significantly; however, there are small differences among the mean pressures
at the remaining measuring points. This suggests that the circular cylinder rotation has a
small effect on the upstream flow of the square cylinder. The negative pressure coefficients
on the two small circular cylinders increase with the incremental increase in k. Owing
to the suction generated by the negative pressure, the shear layers that have separated
from the leading edge attach to the upper and lower sides of the square cylinder, and
steadily flow into the downstream without vortex formation. The controlled wake has a
narrow width and results in drag reduction. When the wind angle gradually increases,
the stagnation point moves along the clockwise direction from point No. 1, and the mean
pressure distribution becomes asymmetrical. When the wind angle increases from 15
to 60°, the suction from the upper rotating cylinder is larger than that of the lower one.
The mean negative pressure distribution of the lower rotating cylinder presents a small
difference between k = 2 and k = 0, whereas the suction of the upper rotating cylinder
at k = 2 has increased significantly. When 6 = 90°, the difference of the peak negative
pressures between two rotating cylinders has decreased, with a slightly lower negative
pressure for the lower cylinder. As shown in Figure 15f-g, the stagnation point moves near
the upper rotating cylinder, thus resulting in a reduction of the peak suction on the upper
rotating cylinder. When 6 = 180°, the stagnation zone is located in the region between
the two rotating cylinders, and the mean pressure on the surface of the square cylinder
presents a symmetrical distribution. The peak values of the negative pressures appear at
points No. 9 and 25 in the flow separation zone.
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Figure 15. Mean pressure distribution varies with wind angles and velocity ratios (inward rotation),
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Figure 16 shows the mean pressure distribution for different k and 6 values when
the cylinder rotates outward. When 6 = 0, the negative pressure of measuring points
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No. 9-15 and No. 19-25 near the two small circular cylinders obviously increase. The mean
pressure coefficient is asymmetrically distributed as the wind angle increases. The peak
negative pressures of the lower rotating circular cylinder are higher than those of the upper
circular cylinder when 6 = 30" ~ 60°. When 8 = 90°, the peak negative pressures of the
two small rotation circular cylinders are similar; however, they are still asymmetrically
distributed. When 6 = 120" ~ 150°, the stagnation point moves to the vicinity of the
upper circular cylinder, thus resulting in a significant decrease in the negative pressure,
whereas the negative pressure of the lower rotating circular cylinder increases significantly
and reaches its maximum value at § = 150°. The stagnation point is located between the
two rotating circular cylinders at § = 180°; the peak of the negative pressure appears in
measuring points No. 10 and 24, and the mean pressure distribution on the surface of the
square cylinder presents a symmetrical state, as well.
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Figure 16. Mean pressure distribution varies with wind angles and velocity ratios (outward rotation),
(@)0=0",()d=30,(c)0=60,(d)8 =90, ()8 =120, (f) § = 150", (g) 6 = 180 .

As shown in Figure 17a, the square cylinder position is symmetrical with respect
to the incoming flow at § = 0. However, the two small circular cylinders rotate with
the same direction (co-rotation), resulting in an asymmetrical distribution of the mean
pressure coefficient on the square cylinder surface and to a similar negative pressure on the
measuring points near the small circular cylinders. The negative pressure around the upper
rotating circular cylinder is significantly higher than that of the lower rotating circular
cylinder at 6 = 30" ~ 60°. The upper circular cylinder is located at the flow separation
zone at = 90°, and the rotating direction is consistent with the flow acceleration direction,
which can lead to a higher negative pressure on the upper circular cylinder. The analysis
results in Figure 10 show that the wake vortex street of the square cylinder is eliminated
in this particular wind angle. When 6 = 120° ~ 150°, the peak of the negative pressure
on the surface of the upper cylinder gradually decreases, owing to the stagnation zone.
While the lower circular cylinder is in the flow separation zone, the peak of the negative
pressure significantly increases. When @ = 180, the rotating direction of the upper small
circular cylinder is opposite to the flow direction of the separated shear layer, thus resulting
in the decrease in the negative pressure on its surface. However, the rotating direction
of the lower cylinder is consistent with the shear layer flow direction, which leads to an
increment of negative pressure and to an asymmetrical distribution of the mean pressure.
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Therefore, the fluctuation of the lift and drag coefficients increases when k > 0, as well, as
shown in Figure 10.
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Figure 17. Mean pressure distribution varies with wind angles and velocity ratios (co-rotation),
(@)0=0,()0=30,(c)0=60",(d)0 =90, (e) 0 =120, (f) 6 = 150", (g) 6 = 180 .

3.2.3. Aerodynamic Time History Analysis

This section presents the lift and drag coefficient evolutions of the square cylinder
during the entire numerical simulation process, starting from the flow around the fixed
square cylinder (simplified as ‘FR’) up to the MSBC stage. The time histories of the
aerodynamic coefficients are compared before and after the rotation of the small circular
cylinders. Figures 18 and 19 present the time histories of the lift and drag coefficients of
the square cylinder for inward rotation and different k values when the wind angle is 0"
and 15, respectively. At these two wind angles, the MSBC plays an important role in
suppressing the oscillating wake. In Figure 18a,b, each time history during the interval
of 0 < t < 100 s indicates the lift and drag coefficients of the ‘FR’ stage. After the small
circular cylinders have started to rotate at > 100 s, the mean drag coefficient Ed decreases
from 1.015 to 0.9, and the fluctuation of the lift coefficient decreases at k = 1, as well, as
shown in Figure 18a; however, the vortex street in the wake of the square cylinder has
not been completely eliminated in this case. With the increase in the rotating speed of the
small circular cylinders, the input of momentum to the flow field gradually increases, as
well. When k = 2, the fluctuation of the lift coefficient seems to have been eliminated,
and C, further decreases to 0.8. In Figure 18c,d, the MSBC was initialized from the fully
developed flow at t > 150 s. When k = 3, the time history of the lift coefficient has the form
of an almost straight line, without fluctuations, which indicates that the MSBC method
completely eliminates the oscillating wake of the square cylinder. The C, further decreases
to 0.71, and the fluctuation of the drag coefficient decreases accordingly. When k = 4,
C continues to decrease to 0.65, which indicates that the drag coefficient decreases as k
increases; however, the fluctuation of the lift and drag coefficient is larger than that for
k = 3. This suggests that the case of k = 2 can be regarded as the optimal choice of the
MSBC method, in terms of the control effect and the external energy consumed.

When t > 200 s, the square cylinder activates the MSBC from the fully developed flow
when the wind angle is 15, as shown in Figure 19. With the increase in k from 1 to 4, the
fluctuation value C/ of the lift coefficient decreases significantly, whereas C; increases from
0.29 to 1.54. The drag coefficient éd decreases to 0.87 at k = 4, which corresponds to a 54.2%
decrease compared to of its value when k = 0. It may be observed that the fluctuation of the
lift and drag coefficients decreases with the increase in the input of momentum, whereas
the mean of the lift coefficient increases, and the mean of the drag coefficient decreases.
The MSBC plays an important role in the decrease in the mean of the drag force and in the
increment of the mean lift force.
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Figure 18. Lift and drag coefficient time histories of the square cylinder with different velocity ratios
at® =0 (inward rotation), (a) k =1, (b) k = 2, (c) k = 3, (d) k = 4.
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Figure 19. Lift and drag coefficient time histories of the square cylinder with different velocity ratios
at® =15 (inward rotation), (a) k =1, (b) k = 2, (¢) k = 3, (d) k = 4.
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Figure 20 shows the comparative analysis of time histories of the lift and drag coeffi-
cients for inward rotation and 6 = 0" when MSBC becomes activated at different times. The
simulation is divided into two cases. In the first case, the small circular cylinders are not
rotating, and the square cylinder is at the ‘FR’ stage at 0 < t < 100 s; when the alternating
vortex shedding was steady; the MSBC became activated at t = 100 s with k = 1.5. In the
second case, the MSBC becomes activated for k = 1.5 to inject the momentum into the flow
field from t = 0 s. Although the activation time of the MSBC is different, the two cases
have the same control effect on the lift and drag forces of the square cylinder. Only a small
phase difference can be found in the comparison of the lift coefficient.
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Figure 20. Comparisons of lift and drag coefficient time histories of the square cylinder while starting
MSBC at different time under # = 0" and inward rotation, (a) C;, (b) Cy.

Figures 21 and 22 show the lift and drag coefficient evolutions of the square cylinder for
outward rotation and different k values when the wind angle is 30" and 1207, respectively.
In Figure 21, it may be observed that the fluctuation of the lift coefficient increases with the
increase in k when 6 = 30" and # > 200 s; the mean and the fluctuation of the drag coefficient
increases with the increase in k, as well. This indicates that the input of momentum that has
been generated by the MSBC method enhances the vortex shedding energy in the wake of
the square cylinder. Figure 22 shows that the MSBC has an effect of ‘drag reduction and lift
increment’ at § = 120°. The mean and the fluctuation of the drag coefficient decrease with
the increase in the value of k after the small circular cylinders start to rotate. Simultaneously,
the mean of the lift coefficient increases with the increase in k, and the fluctuation of the lift
coefficient decreases with the increase in k, although it still exists when k = 4. This shows
that the wake vortex shedding of the square cylinder has not been completely eliminated;
however, the eddy energy has decreased significantly. Similar conclusions can be drawn
from the peak value of the amplitude spectra in Figure 12c.
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Figure 21. Lift and drag coefficient time histories of the square cylinder with different velocity ratios
at§ = 30" (outward rotation), (a) k = 2, (b) k = 4.
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Figure 22. Lift and drag coefficient time histories of the square cylinder with different velocity ratios
atf = 120" (outward rotation), (a) k = 2, (b) k = 4.

Figures 23 and 24 show the time histories of the lift and drag coefficients of the square
cylinder with clockwise co-rotation and different k values when the wind angle is 60° and
90", respectively. As shown in Figure 23, the mean and the fluctuation of the drag coefficient
significantly decrease; the mean of the lift coefficient increases, and the fluctuation level
is still high when 6 = 60" and k = 2. This indicates that the wake vortex shedding of
the square cylinder is still in existence. With the increase in the momentum input, the
mean of the drag coefficient continues to decrease, and the mean of the lift coefficient
increases when k = 4; however, the fluctuation has been significantly reduced. This
suggests that the wake vortex street of the square cylinder was suppressed; however, it was
not entirely eliminated. As shown in Figure 24, as k further increases, the mean and the
fluctuation of the drag coefficient of the square cylinder present a small change; however,
the mean of the lift coefficient increases gradually, and the fluctuation of the lift coefficient
significantly decreases when 6 = 90°. This suggests that the oscillating wake of the square
cylinder is effectively suppressed. High-frequency parts of the lift and drag coefficients are
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irrelevant to the vortex frequency, which corresponds to the rotation frequency of the small
circular cylinders.
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Figure 23. Lift and drag coefficient time histories of the square cylinder with different velocity ratios
at® = 60" (co-rotation), (a) k = 2, (b) k = 4.
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Figure 24. Lift and drag coefficient time histories of the square cylinder with different velocity ratios
at§ = 90" (co-rotation), (a) k = 2, (b) k = 4.

3.2.4. Wake Vortex Structure

The momentum injection of the MSBC method affects the vortex characteristics of the
flow field, and the different vortex structures and shedding modes are directly related to
the aerodynamic forces of the square cylinder. In order to demonstrate the control effect of
the MSBC method on the flow field around the square cylinder, in this study, we present the
vortex wake of the square cylinder with representative wind angles for different rotation
modes. Figure 25 shows the vorticity contours of the flow field around the square cylinder
at different k values for inward rotation and wind angles of 0" and 15°. In Figure 25a, when
k = 0, the shear layers separate from the leading edge corner of the square cylinder and
enter into the wake region; then, they immediately curl and develop into an alternating
shedding vortex street, which causes the fluctuation of the lift and drag coefficients. When
k = 1, the rotating cylinder begins to transfer momentum into the flow field; however, the
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wake vortex street still exists. Two quasi-stable small vortex structures are formed near the
two small circular cylinders at the leeward side of the square cylinder, and they lead to the
shear layer separating from the leading edge corner, which rolls up to a slightly farther
downstream location. This reduces the lift coefficient by 80%. As the k value increases, the
separated shear layer rolls up farther downstream, and the vorticity intensity and scale
slightly decrease. Two small symmetric stable vortices on the leeward side of the square
cylinder have gradually stretched, thus preventing the interaction between the upper and
lower shear layers. When k = 4, the large-scale alternate shedding vortex street in the
square cylinder wake has been completely eliminated by the small-scale vortices induced
by the two rotating cylinders, and the shear layer has not rolled up in the computational
domain again. Obviously, for this rotation direction and wind angle, the momentum
injected into the flow field by the small cylinders delays the separation of the shear layer
and narrows the wake region. It finally eliminates the wake vortex street and forms a
symmetrical stable vortex structure in the wake of a steady flow. Figure 25b shows that the
vortex near the square cylinder wake is stable and develops into the alternate shedding
vortex slightly farther downstream with the increase in k when § = 15" The fluctuation of
the lift coefficient is significantly reduced, as well; however, the vortex street has not been
completely eliminated at k = 4. The vortex street presents an inclined downward direction,
which is the main cause of the increase in the mean lift coefficient. This is consistent with
the results shown in Figure 8a.

@ ()

Figure 25. Vorticity contours in the wake of the square cylinder under inward rotation mode,
(@0=0,(b)o=15".

For the case of inward rotation mode and 8 = 0°, the velocity contours and streamlines
in the near wake of the square cylinder with different velocity ratios are shown in Figure 26,
which can clearly show the close-up view around the region of rotating cylinders. In order
to compare the results of different cases more clearly, the upper limit value of the velocity
in the legend of each subgraph is consistent, which is the maximum speed in the flow field
when k = 0.

In Figure 26a, a large-scale vortex is generated in the upper region of the near wake
immediately adjacent to the leeward side of the square cylinder, and the lift coefficient of
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the square cylinder reaches a positive maximum value at this time. The streamline at the
downstream of the main vortex is obviously curved, indicating that the Karman vortex
street with alternating shedding exists in the wake of the square cylinder. When k = 1, it
can be seen from Figure 26b that the flow velocity around the small cylinders is increased,
and the rotating cylinders started to inject momentum into the wake. At this time, there
are still shedding main vortices and obviously curved streamlines in the square cylinder
wake. Compared with Figure 26a, the low-velocity region in the wake begins to narrow,
the scale of the main vortex is decreased, and the distance between the vortex center and
the square cylinder is increased. The influence of the main vortex on the square cylinder
begins to weaken, and the fluctuation of the lift coefficient is reduced to a certain extent,
which is consistent with the result in Figure 18a. When k = 2, 3, as the velocity ratio
increases gradually, the velocity around the small cylinders is increased gradually, and the
momentum injected into the wake field is also increased gradually, as shown in Figure 26¢,d.
Meanwhile, two symmetrical small vortices appear in the near wake region of the square
cylinder, and the alternating shedding main vortices are pushed farther downstream. The
scale and energy of the main vortices are gradually decreased, and the fluctuation of the
corresponding lift coefficient is also reduced significantly, as shown in Figure 18b,c.

As shown in Figure 26e, the small circle cylinders rotating with high velocity ratio of
k = 4 inject more momentum to the wake. The high momentum is mainly concentrated in
the near wake range of one time of the side length of the square cylinder and symmetrically
distributed on both sides of the centerline of the square cylinder wake. There is a pair
of stable and symmetrical small vortices between the high-momentum region and the
upper and lower shear layers separated from the corners of the leading edge of the square
cylinder. The low-velocity region of the square cylinder wake becomes narrower, the
separated shear layers are no longer curled, and the main vortex have entirely disappeared.
The streamlines are symmetrically distributed on both sides of the wake centerline and
became more and more straight as they move downstream. At this time, the fluctuation
of the lift coefficient has disappeared, and the mean value of the drag coefficient is also
decreased to its minimum. It can be seen that MSBC achieves the purpose of completely
eliminating the alternating shedding vortices by inputting high momentum into the wake
of the square cylinder.

(9 (d)

Figure 26. Cont.
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(e)

Figure 26. Velocity contours and streamlines in the near wake of the square cylinder under inward
rotation mode and # = 0", (@) k =0, (b) k=1, (c) k =2, (d) k = 3, (e) k = 4.

Figure 27 shows the vorticity contours of the flow field around the square cylinder
for different k values, with an outward rotation, and for wind angles of 30° and 120°. The
momentum injected by the rotating cylinders significantly influences the wake field at
6 =30". When k = 2 and k = 4, vortices of different scales appear in the flow field, and the
vortex shedding patterns are very complex. As shown in Figure 27a, the vortex shedding
pattern is obviously different from the regular vortex shedding model when k = 0; the
drastic change in the shedding mode and the vortex scale cause a significant increase in the
lift and drag coefficients. As shown in Figure 27b, the two small rotation cylinders on the
upper side of the square cylinder cannot control the shear layer that has separated from
lower side. When k = 4, the vortex street still exists, and the entire vortex street presents
an inclined downward direction. This leads to a positive mean value of the lift coefficient,
which increases with the increase in k.

Figure 28 shows the vorticity contours of the flow field around the square cylinder for
different k values, with clockwise co-rotation, and for wind angles of 60" and 90°. When
8 = 60°, the evolution process of the flow field around the square cylinder for various k
values is similar to that of Figure 27b, and the vortex shedding mode presents an effect of
‘drag reduction and lift increment” at this moment. The vortex near the square cylinder
wake is stable, and the vortex street is formed farther downstream, when k = 4. Therefore,
the fluctuation of the lift coefficient is significantly reduced, as well. Figure 28b shows that
when the small circular cylinders do not rotate, the stable ‘2S5 mode is formed in the square
cylinder wake. The shear layer near square cylinder wake is stable and rolls up to a slightly
farther downstream location when k = 2. At this time, the vortex has not been eliminated;
however, the fluctuation value of the lift coefficient has decreased by 90% compared with
that when k = 0. When k = 4, the mean of the lift coefficient is positive, and it increases
with the increase in k value because of the overall downward deflection of the steady wake.
At this point, the alternating shedding vortex in the wake of the square cylinder has been
completely eliminated because the two small circular cylinders are both on the upper side
of the square cylinder, and they rotate downstream together; this has a strong suction effect
on the upper shear layer. Therefore, the shear layer that separated from lower side of the
square cylinder is unable to curl into a vortex, and the wake presents an overall downward
deflection, which leads to the increase in the mean of the lift coefficient. This is a newly
discovered control mode, that is, when rotating cylinders are arranged on one side of the
structure, the control effectiveness can also be achieved. For example, only one side of a
long-span bridge deck is used for vehicle traffic, and the other side can be equipped with
multiple rotating devices, such as vertical axis wind turbines placed horizontally, which
can control the wake of the bridge deck while collecting wind energy.
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Figure 27. Vorticity contours in the wake of the square cylinder under outward rotation mode,
(@)8 =30, (b) 6 =120".

Figure 28. Vorticity contours in the wake of the square cylinder under co-rotation mode, (a) 8 = 60°,
(b)6=90".

4. Conclusions

In this study, the computational fluid dynamics (CFD) numerical simulation was
employed for the study of the MSBC effect on the oscillating wake of a square cylinder. We
conducted a numerical simulation of the entire process, from the flow around a fixed square
cylinder to the oscillating wake controlled via the MSBC, and the conclusions obtained
from the study are as follows:

For the inward rotation mode and wind angles of § < 60", the MSBC method plays an
important role in suppressing the oscillating wake of the square cylinder; the effectiveness
of the control in suppressing the wake was more obvious when the wind angle was smaller.
In the other wind direction, the MSBC method was detrimental to the wake stability of
the square cylinder. The fluctuation value of the lift coefficient decreased by 98%, and the
mean value of the drag coefficient decreased by 36% when 6 = 0” and k = 4. In this case,
the elimination of the oscillation wake of the square cylinder produced the best effect. In
terms of control effectiveness and the external energy consumed, the velocity ratio k = 2
can be regarded as the optimal choice of the MSBC control method at Re = 200.

For the outward rotation mode and when 6 = 120" and 150°, the effect of suppressing
oscillating wake of the square cylinder continuously improved with the increase in k. In
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other wind directions, the momentum input that was generated by the rotating cylinders
plays an important role in enhancing the wake of the square cylinder.

For the clockwise co-rotation and when 6 = 0° and 180°, the momentum input of the
rotating circular cylinders was unfavorable to the wake stability of the square cylinder.
In other wind directions, the oscillating wake of the square cylinder was suppressed to
different levels. Among them, the effect of eliminating the oscillation wake of the square
cylinder was most obvious for wind angles of 60" and 90°.

The high suction region on the surface of the rotating circular cylinders can prevent
streamline bending, delay the separation of the shear layer, and form a narrow wake
region, which transforms the unsteady flow in the wake of the square cylinder into an
approximately steady flow. This leads to the decrease in the mean of the drag coefficient
and the fluctuation of the lift coefficient; thus, suppressing the flow-induced vibration of
the square cylinder can be achieved.
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