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Abstract: Much work has been devoted to the investigation and understanding of the flow-induced
vibrations of twin cylinders vibrating individually (e.g., vortex-induced vibration and wake-induced
galloping), but little has been devoted to coupled twin cylinders with synchronous galloping. The
primary objective of this work is to investigate the aerodynamic forcing characteristics of coupled twin
cylinders in cross flow and explore their effects on synchronous galloping. Pressure measurements
were performed on a stationary section model of twin cylinders with various cylinder center-to-center
distances from 2.5 to 11 diameters. Pressure distributions, reduced frequencies and total aerodynamic
forces of the cylinders are analyzed. The results show that the flow around twin cylinders shows two
typical patterns with different spacing, and the critical spacing for the two patterns at wind incidence
angles of 0◦ and 9◦ is in the range of 3.8D~4.3D and 3.5D~3.8D, respectively. For cylinder spacings
below the critical value, vortex shedding of the upstream cylinder is suppressed by the downstream
cylinder. In particular, at wind incidence angles of 9◦, the wake flow of the upstream cylinder flows
rapidly near the top edge and impacts on the inlet edge of the downstream cylinder, which causes a
negative and positive pressure region, respectively. As a result, the total lift force of twin cylinders
comes to a peak while the total drag force jumps to a higher value. Moreover, there is a sharp drop of
total lift coefficient for α = 9–12◦, indicating the potential galloping instability. Finally, numerical
simulations were performed for the visualization of the two flow patterns.

Keywords: twin cylinders; interference effects; pressure measurement; wake-induced vibrations;
synchronous galloping; wind tunnel tests

1. Introduction

Bridge hangers in suspension bridges are commonly deployed in pairs or groups
with close spacing [1], and the aerodynamic behavior of closely spaced cylinders becomes
very complex and is considerably different from that of a single isolated one as a result of
the interference effects. Severe wind-induced vibrations have been observed on several
well-known suspension bridges including the Akashi-Kaikyo Bridge in Japan [2], the Great
Belt East Bridge in Denmark [3], and the Xihoumen Bridge in China [4]. Excessive wind-
induced vibrations raise concerns about the fatigue life at both ends of the hangers and
other structural members and can also cause visual discomfort for drivers.

The study of the aerodynamic performance of twin cylinders in cross flow is a topic of
both fundamental and practical importance [5–7]. The aerodynamic behavior of flexible
cylinders as a result of wind actions can be dramatically altered by their proximity to
neighboring structures [8–11]. Slender, identical, and parallel cylinders such as bundled
overhead conductors, heat exchange tubers, hangers of suspension bridges, and chimney
stack groups are particularly sensitive to wake interference effects, which are associated
with fatigue damage or catastrophic failure [12,13]. Aerodynamic interference between
two cylinders may induce flow separation, shear-layer development, reattachment, gap
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flow switching, vortex impingement, and quasi-periodic vortices, involving most of the
generic flow features associated with various structures [14]. Flow around twin cylinders
provides an excellent model for gaining insight into the underlying flow physics around
multiple structures and has attracted wide attention [7,15–19].

There are three arrangements for parallel twin cylinders: tandem arrangement, side-
by-side arrangement and stagger arrangement. The effects of aerodynamic interactions
on cylinders are significantly different for the three arrangements. For instance, the down-
stream cylinder is sucked by the upstream cylinder when twin cylinders are arranged in
tandem closely, while it may suffer strong vibration when they are arranged in stagger with
a certain relative position, which can lead to disastrous results on engineering structures.
Previous studies have focused on multiple aerodynamic instabilities of the downstream
cylinder such as vortex-induced vibration (VIV) [20], wake induced galloping [21–24], and
a combination of them [25]. Instability may occur on both cylinders in a tandem arrange-
ment with a small spacing (W/D < 3.2) at a low Reynolds number [26]. Additionally, the
vibration amplitude of one cylinder is sensitive to the spacing between the two cylinders
and whether one of them is fixed or not. For the downstream cylinder, strong vibration
results in particular cases for staggered arrangement [27].

It is worth mentioning that flow-induced vibration can also occur on two rigidly cou-
pled identical circular cylinders in tandem, staggered and side-by-side arrangements [25,28].
Zhao [25] studied the synchronous vibration of coupled twin cylinders in the cross-flow
direction at a low Reynolds number, and found that the gap between the two cylinders
has a significant effect on the response. For a tandem arrangement, the lock-in regime
of the reduced velocity for VIV is very different from that of a single cylinder; for a side-
by-side arrangement, there is a specific phenomenon that the combination of VIV and
galloping emerges at a certain range of spacing and reduced velocity. The VIV of two
rigidly coupled circular cylinders of different diameters at low Reynolds numbers has also
been investigated by researchers [20]. Setting a small gap between the two cylinders is
an effective measure to mitigate the vibration by reducing the vibration amplitude and
narrowing the lock-in regime. Kim and Kim [21] investigated the characteristics of wake
galloping for two parallel/unparallel circular cylinders via wind tunnel tests at a Reynolds
number of 2.0 × 105. The unparallel disposition of two cylinders was effective to reduce
wake galloping phenomena caused by unsynchronized motion along the cylinder with
varying gap spacing. That study proposed a new method of vibration control for adjacent
cylinders.

Flow around twin cylinders arranged in tandem is extremely complex due to the
aerodynamic or hydrodynamic interaction, and the flow characteristics are of great prac-
tical importance for determining the flow-induced behaviors of cylinders [29,30]. Flow
characteristics are mainly dependent on the characteristics (turbulence and incident angle)
of incoming flow and the arrangement of cylinders. Researchers [9,31,32] classified the
relative position of the downstream cylinder as three typical regions: proximity interference
region, wake interference region, and region of no-interference. Meanwhile, flow regimes
of the three patterns have been comprehensively studied via numerical simulations and
experiments in the last several decades [10,14]. Previous research indicated that critical
spacing values for the three typical regions are mainly dependent on the turbulence and
incidence angle of flow [14]. When the Reynolds number is in the subcritical range, wake
interference takes place in tandem and slightly staggered cylinders whose spacing exceeds
a critical value of 3.5D–4.0D [33]. In this case, the downstream cylinder wake is greatly
affected by the upstream cylinder but not vice versa, thus the upstream cylinder is assumed
to behave like a single isolated cylinder. The upstream cylinder flow is influenced slightly
through a feedback mechanism by the downstream cylinder with the spacing at least up
to 8D (with a reduced St and increased aerodynamic coefficients compared to those of an
isolated cylinder) [34,35]. In addition, researchers [36,37] have discovered two completely
distinct flow characteristics in laminar and turbulent regimes. Mizushima and Suehiro [38]
studied the flow around twin tandem cylinders by both direct numerical calculation and
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numerical simulation. The results showed there was a critical Reynolds number for the
transition from steady symmetric flow to an oscillatory flow, and also a certain range of
the gap spacing where physical quantities (such as aerodynamic coefficients and Strowhal
number) show an abrupt change. Moreover, the transition of flow regime is also connected
with the flow incidence angle in the high subcritical range of the Reynolds number, and
the critical incidence angle of transition is dependent on the Reynolds number and spacing
of the cylinders [37].

Pressure measurement is a familiar efficient method for the study of structural wind
engineering and has been widely used in previous investigations on the aerodynamic
characteristics of twin cylinders [39–41]. As an essential aerodynamic parameter, the
distribution and pulsation of pressure are sensitive to the surface roughness [42], Reynolds
number, flow incidence angle, diameter ratio [43], and arrangement of the cylinders [14,44].
Igarashi [45] tested the pressure on two tandem identical cylinders at a Reynolds number
range of subcritical values. Vortex shedding was detected from the upstream cylinder in
a certain spacing near 3.5D, with a sharp peak of pressure pulsation emerging at θ = 40◦

(where θ is the angle on the circumference taken from the front stagnation point on a
cylinder) of the downstream cylinder. This location and magnitude remained unchanged
up to the spacing of 7D, and the vortex-shedding frequency increased with rising flow
velocity. Similar conclusions have been found by Arie et al. [46]: the RMS (Root-Mean-
Square) surface pressure was much higher for the downstream cylinder than for the
upstream cylinder at the spacing of 4D and the Reynolds number of 1.57 × 105, and a
distinct peak of RMS pressure was observed at θ = 50◦ of the downstream cylinder. In
addition, the RMS lift and drag of the cylinders were heavily dependent on the spacing,
and were much larger for the downstream cylinder than for the upstream cylinder at the
spacing ranging from 2D to 7D. Researchers [47] also paid many efforts to study the effects
of flow incidence angle on the flow characteristics and aerodynamic characteristics of
parallel twin cylinders. Gu et al. [48] classified three different pressure distribution patterns
on the downstream cylinder and observed two switching processes for the wind incidence
angle varying from 0◦ (in tandem) to 90◦ (in side-by-side) at high subcritical Reynolds
numbers. A high level of asymmetric distribution of fluctuating pressure was detected at a
high subcritical Reynolds number. The pressure pattern around the downstream cylinder
may switch between two patterns at the critical wind incidence angle. This switching will
create a step change of lift force on the downstream cylinder. However, for a supercritical
Reynolds number, things will change. Effects of aerodynamic interference on the fluctuating
pressures of twin circular cylinders of various wind incidence angles become weaker at
the supercritical Reynolds number than those at the subcritical one [27]. Furthermore,
mean pressures on downstream cylinders at the supercritical Reynolds number have very
different features from those at the subcritical one.

Previous studies were mainly devoted to studying the aerodynamic characteristics
and the ensuing vibrations of two twin cylinders that are not coupled. In other words, the
two cylinders respond independently to wind and wake excitations. However, serious syn-
chronous vibrations of twin coupled cylinders still exist in several engineering structures,
such as bundled conductors [5], linked buildings [49], twin hangers or cables in bridges [28].
Unfortunately, to the authors’ knowledge, the vibration mechanism for coupled twin cylin-
ders seems to be less understood. In the previous study by the authors [28], it is shown
that the coupled twin cylinders suffered from wake-induced vibrations at certain spacings
and ranges of wind attack angles. The purpose of this work is to describe the aerodynamic
forcing characteristics and flow patterns of coupled parallel twin circular cylinders through
wind tunnel tests and numerical simulations. Pressure measurements were performed on
a stationary section model with a series of cylinder spacings and wind incidence angles.
Based on the pressure data, mean and fluctuating wind pressure distributions, reduced
frequencies and aerodynamic forces of the cylinders are obtained and analyzed. In addi-
tion, numerical simulations were performed for flow visualization. Moreover, the exciting
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mechanism of synchronous vibrations for the coupled twin cylinders is also discussed from
the point of view of aerodynamic forces.

2. Experimental Apparatus
2.1. Description of Stationary Model

In order to study the wake-induced vibration mechanism of parallel twin circular cylin-
ders associated with engineering structures, wind tunnel tests for pressure measurement
were performed to investigate flow characteristics around the cylinders.

Based on a prototype of hangers in suspension bridges [28], the section model of
cylinders used for surface pressure measurements was made of polymethyl methacrylate
and each cylinder had a diameter of 88 mm. The length of both cylinders was 1.54 m,
resulting in an aspect ratio of 17.5 for the section model. Two identical rectangle plates
are installed on the two ends of the model to weaken the end effect. In order to reduce
measuring error, surface pressure measurements were performed at four rings along the
model length. Each cross section consists of 24 pressure taps installed circumferentially
and spaced uniformly. Azimuth angle θ for pressure taps started from 0◦ at the upstream
point in streamwise direction and increased in an anti-clockwise direction with a gradient
of 15◦. The layout of surface pressure taps on the section model is shown in Figure 1. Both
cylinders were rigidly attached to a rectangular wood plate in each end, and the coupled
twin model kept stationary both in along-wind and crosswind directions. The cylinder
spacing W (Figure 2) was adjustable, and the spacing ratios W/D were 2.5, 3.0, 3.5, 3.8, 4.3,
6.5, 8.7 and 11 (D is the cylinder diameter). As a comparison task, the surface pressure of a
single circular cylinder in the same condition was also measured in the tests. The surface
pressure is measured by using pressure scanning instruments DTC net. Pressure signals at
different azimuth angles of both cylinders under test were recorded simultaneously. Tests
were performed at a flow velocity of 18 m/s with various wind incidence angles. Figure 2
illustrates the flow incidence angle α and the corresponding aerodynamic force coefficients.
The corresponding Reynolds number is 1.084 × 105. Wind velocity was collected by a
Cobra probe.
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Figure 2. Relative position of twin cylinders and definition of force coefficients.

Tests were conducted in the high-speed working section of a closed-circuit-type wind
tunnel at the College of Civil Engineering of Hunan University. The high-speed test section
is 3.0 m wide and 2.5 m high where the turbulence intensity of wind velocity above 2 m/s is
less than 0.5%. Limited to the facilities of the wind tunnel, the section model was installed
close to one side wall in the tunnel, and a wind deflector was installed in the other end of
the model (as shown in Figure 3) to ensure the good quality of the incoming flow. The wind
velocity of the incoming flow was measured by a cobra probe, which was placed in front of
the sectional model with a sufficient distance to ensure the measurement precision. Figure 3
shows the layout of the section model and apparatus for surface pressure measurement in
the wind tunnel.
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2.2. Data Processing Method

The instant surface pressure at azimuth angle θ was measured and denoted by p(θ, i),
thus the instant pressure coefficient Cp(θ, i) can be determined as:

Cp(θ, i) =
p(θ, i)− P∞

1
2 ρU2

(1)

where P∞ refers to the static pressure of incoming flow; ρ represents the density of air; U is
the flow velocity. As the pressure is synchronously measured, the integration of surface
pressure for each cross section gives their lift coefficients and drag coefficient as follows:

CL(i) = 1
2

∫ 2π
0 Cp(θ, i) sin θdθ

CD(i) = 1
2

∫ 2π
0 Cp(θ, i) cos θdθ

(2)

3. Results and Discussion
3.1. Time–Mean Pressure

Experimental results of time–mean pressure distribution on twin cylinders for various
cylinder spacings at α = 0◦ and α = 9◦ are shown in Figures 4 and 5, respectively. According
to Figure 4a, it is shown that the upstream cylinder has an obvious different mean pressure
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distribution compared to the single isolated case, especially at 60◦ < θ < 300◦. The mean
pressure coefficient of upstream cylinders increases at various spacings compared to that
of the single isolated one due to the aerodynamic interaction. At W/D > 3.8, the mean
pressure of the upstream cylinder has an almost constant value of −1, while at W/D ≤ 3.8,
mean pressure increases with an increase in W/D at 60◦ < θ < 300◦ and reaches a maximum
value at W/D = 3.8. The mean pressure coefficient of the upstream cylinder is −0.86 and
−0.69 at W/D = 2.5 and 3.8, respectively. Overall, no apparent changes in the characteristics
of mean pressure distribution were observed.
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cylinder; (b) downstream cylinder.

Compared to the upstream cylinder, the downstream cylinder has a more obvious
variation of pressure distribution with respect to various spacings. According to Figure 4b,
there are two different flow regimes around the twin cylinders with various spacings, and
the critical spacing for these two regimes is in the range of 3.8D~4.3D. When W/D > 3.8,
the mean pressure distribution of the downstream changes to another pattern compared
to that at W/D ≤ 3.8. Due to the shelter of the upstream cylinder, the mean pressure
coefficient of the front stagnation point is significantly smaller than that of the upstream
cylinder, but increases with increasing W/D. At W/D > 3.8, the mean pressure coefficient
of the downstream cylinder has a peak value at the front stagnation point. There are two
symmetrical peaks on the pressure distribution curve at θ = 75◦ and θ = 285◦, which are
caused by the shear layers of the upstream cylinder, which attaches to the surface of the
downstream cylinder. The mean pressure coefficient of the upstream cylinder is −1.02 and
0.22 at W/D = 2.5 and 11, respectively. At W/D = 6.5, the mean pressure coefficient at the
stagnation point is 0. It is worth mentioning that at W/D ≤ 3.8, the mean pressure of the
downstream cylinder at the front stagnation point is almost equal to the pressure of the
upstream cylinder at θ = 180◦, indicating that there is no obvious flow in the gap of the
twin cylinders.
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Figure 5 indicates that the flow around cylinders shows two completely different
patterns with various spacings at α = 9◦, and the critical spacing is in the range of 3.5D~3.8D.
For the upstream cylinder, the mean pressure distribution at different spacings falls in
the range between those at 3.5D and 3.8D, which is distinctly different from the pressure
distribution of the upstream cylinder in tandem. At θ = 180◦, the mean pressure coefficient
reaches a maximum value of −0.79 when W/D = 3.5, and the pressure distribution on the
trailing edge of the cylinder is almost constant. Meanwhile, the mean pressure coefficient
reaches a minimum value of −1.27 when W/D = 3.8, and the minimum value is smaller than
that of the single isolated cylinder, which illustrates that the gap flow between cylinders has
a significant influence on the upstream cylinder at α = 9◦. With the increase in spacing, the
pressure distribution of the upstream cylinder asymptotically approaches that of the single
cylinder, indicating that the influence of the downstream cylinder is gradually weakening.

According to Figure 5b, the mean pressure distribution of the downstream cylinder
fluctuates violently versus spacing. When W/D ≤ 3.5, due to the shelter of the upstream
cylinder, the maximum wind pressure coefficient does not emerge at the front stagnation
point, but emerges nearly at the position where θ = 15◦. The pressure distribution versus θ
is asymmetrical, and the mean pressure coefficient reaches a minimum value of −2.2 at
θ = 315◦. In this case, the wake flow of the upstream cylinder flows rapidly near the top
edge and impacts on the inlet edge of the downstream cylinder, which causes a negative
and positive pressure region near the corresponding edge regions, respectively. This feature
of pressure distribution provides a good explanation for the lift peak of the section model
at α = 9◦ in the study of Wen et al. [28]. When W/D > 3.5, the interference becomes
weaker and the maximum mean pressure coefficient appears at the front stagnation point.
The pressure distribution is symmetrical along the circumference, and the mean pressure
coefficient at 135◦ < θ < 210◦ is almost constant near a value of −0.53. The minimum mean
pressure appears both at θ = 75◦ and θ = 270◦, and the absolute value of the mean pressure
increases with rising W.

3.2. Fluctuating Pressure

The fluctuating pressure distribution of cylinders at α = 0◦ is illustrated in Figure 6.
According to the curve shapes, there exist two distinct flow patterns while the cylinder
spacing varies, which is consistent with the results of mean pressure distribution. For
the upstream cylinder, when W/D ≤ 3.8, the fluctuating pressure coefficient is almost
constant with respect to θ and they are all less than 0.07. This is because the shear layer
separated from the upstream cylinder is reattached to the downstream cylinder, with vortex
shedding suppressed. However, at W/D > 3.8, the fluctuating pressures change drastically
with respect to θ and show two obvious peaks at θ = 75◦ and θ = 285◦, respectively. This
indicates that the shear layer of the upstream cylinder is separated at θ = 75◦ and θ = 285◦

and vortex shedding occurs.
For the downstream cylinder, the fluctuating pressure varies violently at various

spacings and displays obvious symmetry with respect to θ. One can see that the magni-
tude of the fluctuating pressure at a cylinder spacing of 4.3D is greatly larger than other
spacings. In order to facilitate the description, only the fluctuating pressure distribution
at θ = 0◦~180◦ is discussed in the following. At W/D > 3.8, there are two peaks of the
fluctuating pressure, with one peak at θ = 30◦~60◦ and another nearly at θ = 110◦. The
first peak is due to the vortex generated from the upstream cylinder impacting on the
downstream cylinder, resulting in a maximum value of Cp’ = 0.8, while the peak value
decreases with rising spacing, indicating that the eddy energy and the impact are gradually
weakened. The second peak is due to the point of vortex shedding for the downstream
cylinder. When W/D ≤ 3.8, there are also two peaks: the first peak is nearly at θ = 70◦, and
the second peak is nearly at θ = 110◦. The first peak is due to the reattachment of the shear
layer separated by the upstream cylinder, and the second peak is due to the point of vortex
shedding for the downstream cylinder. To sum up, the corresponding position for the first
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peak of fluctuating pressure on the downstream cylinder varies with W, while that for the
second peak is invariant.
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Figure 6. Distributions of fluctuating pressure coefficients on cylinders at α = 0◦: (a) upstream
cylinder; (b) downstream cylinder.

Figure 7 shows the fluctuating pressure distribution of cylinders at α = 9◦. The curve
shapes in Figure 7 indicate that there exist two distinct flow patterns while the spacing
varies, and the critical spacing is in the range of 3.5D~3.8D. For the upstream cylinder,
the fluctuating pressure distribution is similar to that at α = 0◦, but the critical spacing
changes. At W/D ≤ 3.5, the fluctuating wind pressure almost keeps constant with a small
value less than 0.05. When W/D > 3.8, the fluctuating pressure distribution is similar to
that of a single cylinder, and there are two prominent peaks at the separation points. For
W/D = 3.8, the fluctuating pressure fluctuates drastically versus θ with multiple peaks,
and the maximum fluctuating pressure coefficient Cp’ = 0.45. It may be concluded that the
critical spacing is about 3.8D.
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Figure 7. Distributions of fluctuating pressure coefficients on cylinders at α = 9◦: (a) upstream
cylinder; (b) downstream cylinder.

For the downstream cylinder, the fluctuating pressure distribution is obviously dif-
ferent from that at α = 0◦, and the fluctuating pressure distribution is not symmetrical
versus θ. Such an asymmetrical distribution is peculiar to the twin cylinders with staggered
arrangement [47]. At W/D ≤ 3.5, the fluctuating wind pressure almost keeps constant at
θ = 0◦~180◦ with a small value less than 0.1. The fluctuating pressure coefficient starts to
increase gradually versus θ and reaches a maximum value at θ = 280◦. This may be due
to the reattachment of the shear layer produced by the upstream cylinder, resulting in an
increase in the fluctuating pressure coefficient [27]. When W/D > 3.5, four peaks can be
seen from the curves of fluctuating pressure distribution, and the maximum peak is nearly
at θ = 300◦. At W/D = 3.8, the peak reaches a maximum value of 1.05. This peak may be
due to the impact effect of the vortex shedding generated from the upstream cylinder. The
specific flow pattern and peak formation under this condition need to be further studied
by means of fluid visualization.
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A great deal of research has been conducted on the distribution of the parallel twin
cylinder pressure at α = 0◦ with various Reynolds numbers. The distributions of both
time–mean and fluctuating pressure have been given by researchers [34]. The results in
this study are qualitatively or quantitatively consistent with those in the previous study
mentioned above. In addition, the results of the time–mean pressure distribution at α = 9◦

are consistent with those obtained by Gu and Sun [47] under high sub-critical Reynolds
numbers in the trends.

3.3. Spectral Analysis

Spectral analysis is an effective method for further study of the flow regime. Power
spectra of lift for the twin cylinders with various spacings at α = 9◦ are shown in Figure 8,
in which the horizontal coordinate represents the reduced frequency St = fD/U (where f
denotes frequency, D is the diameter of the cylinder and U denotes the wind velocity of
incoming flow). Lift coefficients of cylinders are obtained by Equation (2) in Section 2.2.
At W/D ≤ 3.5, although the spectrum curve of the upstream cylinder has a peak, the
corresponding value is very small (notice that the ordinate range of the spectrum map is
different). In this case, the vortex shedding of the upstream cylinder is suppressed by the
downstream cylinder, and the dominant frequency is caused by the alternate separation
of shear layers from the upstream cylinder. The dominant frequency of the downstream
cylinder is caused by the vortex shedding from the downstream cylinder, and it decreases
with the rising spacing. When W/D > 3.5, the peak values of cylinders rapidly increase,
indicating that obvious vortex shedding is starting to be produced by the upstream cylinder.
Meanwhile, the dominant frequencies of both the cylinders all jump to 0.18, and then
gradually increase to 0.2 with increasing spacing. In other words, the flow regimes around
twin cylinders are almost consistent with that of a single cylinder at large spacings. To sum
up, the flow around twin cylinders presents two different patterns with various spacings in
this study. This conclusion is consistent with that of the analysis for pressure distribution
in the above.

3.4. Aerodynamic Forces

For the coupled twin cylinders, the total aerodynamic forces of twin cylinders are
more helpful for the study of the exciting mechanism of synchronous vibration, compared
with those of the individual cylinders. Figure 9 shows the total drag coefficient of twin
cylinders with various spacings. It is shown that the shelter effect of the upstream cylinder
on the downstream cylinder weakens with rising α, leading to an increase in the total drag
force of the twin cylinders. The total drag force comes to an almost stable value when the
spacing reaches 8.7D, and the value is nearly twice as large as that of a single cylinder [50].
At W/D ≤ 3.5, the total drag coefficient at α = 0◦ is about 0.8, less than that of a single
cylinder. In this case, the downstream cylinder is sucked by the upstream cylinder, thus the
drag force of the downstream cylinder is negative. This conclusion is consistent with the
results shown in Figure 4b. In addition, the total drag coefficient jumps to a higher value
nearly at α = 9◦, which is coursed by the impact effect of the wake flow from the upstream
cylinder on the downstream cylinder mentioned in Section 3.1. When W/D > 4.3, the total
drag coefficient at α = 0◦ is about 1.25, a little larger than that of a single cylinder. In other
words, the drag force of the downstream cylinder is positive in this case. In addition, it
is worth mentioning that the total drag coefficient has a decreasing trend when the wind
incidence angle is larger than 15◦ at W/D ≥ 8.7.
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Figure 9. Drag coefficients of coupled twin cylinders with various spacings.

Figure 10 shows the total lift coefficient of twin cylinders at various spacings. At
W/D ≤ 3.5, the total drag coefficient comes to a peak nearly at α = 9◦ with a maximum
value of 1.29 at W/D = 3. In this case, the wake flow of the upstream cylinder flows rapidly
near the top edge of the downstream cylinder, which causes a negative pressure region near
the corresponding edge region. As a result, the lift force of the downstream cylinder reaches
a large value, and the total lift of coupled twin cylinders comes to a peak. Furthermore,
there is a sharp drop in the total lift coefficient in the range of 9◦ < α < 12◦. This may lead to
aeroelastic instability when the flow velocity increases to a critical value. Additionally, this
can be a valid explanation for the galloping of several engineering structures [25,28]. When
W/D > 3.8, on the whole, the variation trends of total lift coefficient versus α for various
spacings are largely consistent with no dramatic changes. In addition, the effect of flow
incidence angle on the total lift coefficient of the twin cylinders decreases with increasing
spacing. When W/D = 11, the total lift coefficient remains almost unchanged with a value
of 0 with increasing α.
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Figure 10. Lift coefficients of coupled twin cylinders with various spacings.

4. Flow Visualization

In order to better understand the flow characteristics and wake interference between
two cylinders, two-dimensional fluid computations using CFD (computational fluid dy-
namics) technology were also performed to visualize the flow regimes around cylinders.
RANS (Reynolds Averaged Navier–Stokes) and LES (Large Eddy Simulation) are two most
popular methods in CFD simulation. In recent decades, they have been widely used in the
simulation of flow around cylinders, and the efficiency of them has been verified by many
previous studies [29]. By contrast, RANS is much less computationally intensive than
LES and is sufficient to describe the nature of the problem in this study. Therefore, RANS
equations were chosen and solved with the SST k-ω turbulence model in this study [8,51].
Before formal simulation, a mesh convergence test for the numerical model was carried
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out on a single circular cylinder (as shown in Appendix A). The computational domain
used for the numerical model with a height of 45D and width of 68D was discretized
by about 250,000 cells, and the mesh near cylinders is shown in Figure 11. Furthermore,
to validate both the present experimental and numerical method, the results of a single
circular cylinder are compared with the data of other literatures in Table 1. It can be seen
that the present results are in agreement with the literature to a certain extent, especially
those of the experiment. Nevertheless, the drag coefficient by numerical simulation of this
paper is about 16~25% smaller than those of the experiments, while the corresponding
numerical result of [52] is about 13~27% smaller than the experiment results. Present
Strouhal numbers (St) also agree well with those of the previous papers. To sum up, errors
in this paper can be generally accepted.
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Table 1. Results comparison of a single cylinder.

Reynolds Number Case CD CL St

1.08 × 105 Present experiment 1.14 0.02 0.20
1.08 × 105 Present numerical simulation 0.92 0.00 0.21
1.10 × 105 Experiment of Schewe [50] 1.10 - 0.20
1.40 × 105 Experiment of Cantwell [53] 1.24 - 0.18

1.40 × 105 Numerical simulation of Tutar and
Holdø [52] 1.40 - 0.18

According to the discussion in Section 3, there are two typical flow patterns for twin
cylinders both in tandem and staggered arrangements with various spacings. Therefore,
two typical spacings of 2.5D and 4.3D are selected for numerical computation. Figure 12
shows the velocity contours for twin cylinders arranged in tandem. It can be seen that the
flow regime around the twin cylinders shows two typical patterns. For W/D = 2.5, both
shear layers from the upstream cylinder symmetrically reattached to the downstream one,
and as outlined above, flow velocity is very low in the gap between cylinders. Meanwhile,
the vortex formation of the downstream cylinder is not identifiable. In the other flow
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pattern, for W/D = 4.3, small vortices were formed in the space between the cylinders and
convected toward the downstream cylinder. In this case, evident vortices are formed in the
wake of the downstream cylinder, indicating that the interference effect of the upstream
cylinder is weak when compared with the other pattern.
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Figure 12. Velocity contours for twin cylinders arranged in tandem: (a) W/D = 2.5; (b) W/D = 4.3.

When twin cylinders are placed in a staggered arrangement, things become different.
It is worth mentioning that in numerical simulation, the total lift coefficient of the twin
cylinders at W/D = 2.5 comes to a peak at α = 10◦, differing from the experiment result that
the total lift coefficient comes to a peak at α = 9◦. This difference may be caused by the large
gradient of 3◦ for the wind incidence angle in the wind tunnel test. To make better sense
of the distinct flow pattern at the critical angle, the velocity contours for twin cylinders
arranged in a staggered arrangement at α = 10◦ are shown (Figure 13) and discussed in this
paper. At W/D = 2.5, the vortex formation of the downstream cylinder is identifiable, while
the vortex shedding of the upstream cylinder is completely suppressed by the downstream
one. In this case, as discussed in Section 3, the wake flow of the upstream cylinder flows
rapidly near the top edge and impacts on the inlet edge of the downstream cylinder, which
leads to a positive lift and drag, respectively. When W/D = 4.3, the interference becomes
weaker and apparent vortexes are generated from both the twin cylinders. Nevertheless, the
vortex street is asymmetrical on account of the staggered arrangement. In general, the flow
visualization agrees well with the results of pressure measurement in this paper. In addition
to the flow-induced vibrations of twin cylinders, the conclusions drawn above could also
be useful for evaluating the wind pressures on structures with multiple cylinders [54–56].
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5. Conclusions

The aerodynamic forcing characteristics of coupled twin circular cylinders were in-
vestigated experimentally to study the synchronous galloping. Pressure measurements
were performed on a stationary section model with a series of cylinder spacings and wind
incidence angles. Based on the pressure data, mean and fluctuating pressure distributions,
reduced frequencies and total aerodynamic forces of the cylinders are discussed. More-
over, numerical simulations were performed for flow visualization. The conclusions are
summarized as follows:
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(1) The flow around twin cylinders shows two distinct patterns with various spacings,
and the corresponding critical spacings at wind incidence angles of 0◦ and 9◦ are in the
range of 3.8D~4.3D and 3.5D~3.8D, respectively.

(2) When W/D is greater than the critical value, regular vortex shedding will be
generated from the upstream cylinder and the vortexes impact upon the downstream
cylinder. In consequence, large fluctuating pressure on the downstream cylinder is induced,
while the fluctuation decreases with increasing W/D. When W/D is smaller than the critical
value, the vortex shedding of the upstream cylinder is suppressed by the downstream
cylinder: the symmetric region between the twin cylinders is almost static at a wind
incidence angle of 0◦; a negative pressure region emerges on the top edge of the downstream
cylinder and the pressure distribution is asymmetrical at a wind incidence angle of 9◦.

(3) When 2.5 ≤ W/D ≤ 3.5, there is a critical wind incidence angle near 9◦. In this case,
the wake flow of the upstream cylinder flows rapidly near the top edge and impacts on the
inlet edge of the downstream cylinder, which causes a negative and positive pressure region
near the corresponding edge regions, respectively. Hence, the lift force of the downstream
cylinder comes to a peak while the drag force jumps to a higher value. In consequence, the
total lift force of the twin cylinders comes to a peak while the total drag force jumps to a
higher value. Furthermore, there is a sharp drop in the total lift coefficient in the range
of 9◦ < α < 12◦, and this may lead to aeroelastic instability of the coupled twin cylinders
when the flow velocity increases to a critical value. Therefore, these cases (i.e., 9◦ < α < 12◦

while 2.5 ≤ W/D ≤ 3.5) should be carefully checked in engineering applications involving
avoiding aeroelastic instability.

Author Contributions: Conceptualization, X.H.; methodology, C.W. and Q.W.; software, C.W.;
validation, X.H. and Z.H.; investigation, C.W., Z.H. and Q.W.; writing—original draft preparation,
C.W.; writing—review and editing, X.H. All authors have read and agreed to the published version
of the manuscript.

Funding: This study is sponsored by the National Science Foundation for Distinguished Young
Scholars of China (No. 52025082), the National Science Foundation of China (No. 51422806), and
the Hunan Provincial Innovation Foundation for Postgraduate, China (No. CX20190288), which are
greatly acknowledged.

Acknowledgments: The help from Qi-lin Wu, former graduate student, is also appreciated for
conducting wind tunnel tests.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The mesh convergence test of the CFD model is carried out on a single cylinder before
the numerical simulation of twin cylinders. In the test, mesh quality is mainly evaluated
through the dimensionless height of the first layer mesh (namely y+) [8] close to the cylinder.
Calculation results of the single cylinder with different numbers of mesh are shown in the
following Table A1. According to the results shown in Table A1, the numerical result of a
single cylinder is very sensitive to y+ (or numbers of mesh) of the model, and a convergence
is reached when y+ comes to a value smaller than 0.8. Hence, the condition of y+ < 0.8 is
adopted in the formal simulation of twin cylinders in this study.

Table A1. Numerical results of a single cylinder with different numbers of mesh.

y+ Number of Mesh CD CL St

y+ < 10 4.2 × 104 1.40 0.00 0.22
y+ < 3 7.6 × 104 1.13 0.00 0.20

y+ < 1.5 1.1 × 105 0.95 0.00 0.21
y+ < 0.8 1.4 × 105 0.94 0.00 0.21
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