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Abstract: To investigate the vortex-induced vibration (VIV) characteristics of two rectangular cylin-
ders with a width-to-depth ratio of 5:1 in a tandem arrangement, sectional model wind tunnel tests
that measure vibration responses and pressure distributions simultaneously were adopted. The ratio
of the spacing between the cylinders to its width is 1.2. The analyses were performed considering VIV
responses as well as the distribution characteristics of mean and rms pressure coefficients. Addition-
ally, the time-frequency domain statistical parameters like correlation and contribution coefficients,
phase lags between distributed and general vortex excited forces (VEFs), and amplitudes of VEF
coefficients at predominant frequencies were calculated to analyze the physical VIV mechanism of
two 5:1 rectangular cylinders in tandem. This study indicates that the influence of incidence angles
on the dynamic responses is notable; the contribution of the distributed VEFs acting on the trailing
surface of the upstream cylinder and the leading surface of the downstream one is significant to VIVs
of the cylinders from wind pressure distribution characteristics and correlation analyses.

Keywords: 5:1 rectangular cylinders in tandem; sectional model testing; pressure measurement
testing; VIV behavior; correlation analysis

1. Introduction

The aerodynamic interference of square and rectangular columns has attracted consid-
erable scientific interest in the wind engineering field since the sections are very common
in sharp-edged bluff bodies. Therefore, a lot of research was carried out to investigate the
mean force coefficients, surface pressure coefficients, and Strouhal numbers, as well as
the surface pressure coherence and cross-spectrum of square or rectangular columns [1-3].
In addition, Shimada and Ishihara (2002) analyzed the aerodynamic characteristics of
rectangular cylinders with aspect ratios varying from 0.8 to 8.0 using a modified two-layer
k-e model in CFD simulations, and the results indicate that aspect ratios play an important
role in the flow regime of rectangular cylinders [4]. Furthermore, to deeply investigate the
aerodynamic performance of the bluff bodies, a benchmark on the aerodynamics of a rectan-
gular 5:1 cylinder (BARC) was launched in 2008. The span-wise correlation of the pressure
and aerodynamic forces on BARC and the impact of incidence angles, Reynolds-number
sensitivity, as well as turbulence intensity of free-flow were analyzed using numerical
simulations and wind tunnel tests [5-15]. Additionally, a very detailed overview of previ-
ous research was presented by Bruno et al. (2014) [16]. These studies can provide useful
information on the aerodynamic behavior of rectangular cylinders in tandem with the
present paper.

However, the above pieces of research were confined to single rectangular cylinders.
As we know, the aerodynamic performance of twin rectangular cylinders plays an im-
portant guiding role in the analysis of wind-induced behavior of twin-deck sections in
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bridge aerodynamics. The studies of a group of rectangular (or square) cylinders in a
tandem arrangement have been carried out in a lot of studies, that is, through wind tunnel
experiments [17-21] and numerical simulations [22-29]. Moreover, the research on vor-
tex dynamics of square cylinders placed in a staggered arrangement was carried out by
Chatterjee and Biswas (2015) [30]. However, less research is focused on the vortex-induced
vibration (VIV) behavior of twin rectangular cylinders, though this type of wind-induced
phenomenon of twin-deck sections is of extensive concern in the wind engineering field,
especially in bridge aerodynamics. In previous research [31], we analyzed the pressure and
force distribution on a twin in-line arrangement of twin 5:1 rectangular sections at different
gaps. A proper orthogonal decomposition (POD) technique was adopted to analyze the
fluctuating wind pressure field around the cylinders under wind velocities corresponding
to the maximum VIV amplitudes; the results indicated that the gap distance has a critically
important impact on the VIV behavior of twin rectangular cylinders. In addition, POD
analysis indicates that the first mode is dominant to the VIVs of the downstream cylinder,
while the second mode is closely related to the VIVs of the upstream one.

In the present study, the VIV behavior of two 5:1 rectangular cylinders in tandem is
further studied. The VIV responses, mean and rms pressure distributions, as well as the
correlation between distributed and general vortex-excited forces (VEFs) are analyzed. This
study can provide some useful information on the analysis of aerodynamic interference of
parallel bridges.

2. Wind Tunnel Tests

The sectional model vibration and pressure measurement tests were conducted in uni-
form flow, and the turbulence intensity was less than 0.4% without turbulence-generating
devices. Each cylinder was supported separately by eight coil springs that permit both
heaving and torsional oscillations, and the stiffness of the springs as well as their spacings
were designed to simulate the natural frequencies of vibration. The sketch of the testing
model is depicted in Figure 1. The VIV responses were obtained through vibration mea-
surement tests within a certain inflow velocity range. Pressures around the cylinders were
measured using the DSM3000 Scanivalve system (Scanivalve Corporation, Washington,
DC, USA). A sampling frequency of 300 Hz and a sampling interval of 40 s was adopted to
collect data.

End plates

Spring or
upporting bar

Figure 1. Sketch of testing apparatus.

In the tests, each cylinder is 1.7 m in length; the width-to-depth ratio (W /D) of each
model is 5:1, that is, W equals 300 mm and D equals 60 mm. The Reynolds numbers are
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defined as Re = UB/v, where U is the wind velocity and v is the kinematic viscosity. The
Reynolds numbers are 5.9 x 10* (U =29m/s), 7.3 x 10* (U =3.6 m/s), and 1.0 x 10°
(U =5.0m/s), respectively. Since the blockage ratio defined by the ratio between the height
of the model to that of the wind tunnel test section is only 2.4%, no blockage correction
was applied. The stiffness of the models is provided by longitudinal and transverse
beams, which are covered by plate skins to simulate the appearance. The cylinders are
characterized by sharp edges and smooth surfaces. For each model, 54 pressure taps were
installed along the middle line to collect the pressure of its position. The fundamental
bending and torsional natural frequencies are 3.997 and 8.221 Hz, and the corresponding
damping ratios are 0.42% and 0.38%, respectively. The distributions of pressure taps and
internal constitutions of each model are depicted in Figure 2.
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Figure 2. Model configuration and internal constitutions.

3. Results of Wind Tunnel Tests
3.1. VIV Responses under Different Angles of Incidence

The dynamic tests of twin rectangular cylinders were conducted at three angles of
incidence, that is, 0°, +3°, and —3°. The positive angle of incidence is defined as the inflow
pointing at the bottom surface of the cylinder and vice versa. The spacing between them is
1.2 times the section width, which is the most unfavorable case according to our previous
wind tunnel tests with various spacings [31]. The results of bending and torsional VIV
responses are taken as the square root two times the rms values and are presented in
Figure 3. The reduced wind velocities are defined as U/f,B and U/fB for heaving and
torsional VIVs, where U is the wind velocity and f, and f; are the natural frequency for
heaving and torsional vibrations, respectively.
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Figure 3. VIV responses of the twin rectangular cylinders under different angles of incidence.
(a) vertical VIV responses; (b) torsional VIV responses.

As shown from the heaving VIV responses of both cylinders, the starting wind veloci-
ties of both cylinders are identical for 0°, +3°, and —3° angles of incidence. The vibration
amplitude is the largest at —3° for both cylinders. For the upstream cylinder (abbreviated
as UC), the length of the lock-in region, the vibration amplitude, and the wind speed with
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the maximum response are the smallest at the null angle of incidence. The maximum
amplitude decreases by 14% compared with that at —3°. For the downstream cylinder
(abbreviated as DC), the lock-in region and the wind speed with the maximum response
are identical for 0° and —3°. However, the velocities become lower for +3°, and the VIV
amplitude reaches the minimum value, which decreases by 11% compared with that at —3°.

The lock-in regions for torsional VIVs are identical for both cylinders. There are
two lock-in regions at 0° and —3°, that is, the range of U/fB = 1.30-1.70 (the first lock-in
region) and U/f{B = 1.86-2.07 (the second lock-in region). However, only a single lock-in
region occurs at the +3° angle of incidence, which corresponds to the second one of the
other two angles of incidence. For UC, the maximum VIV amplitudes reached in the first
lock-in region are 0.35° and 0.44° at 0° and —3° angles of incidence, respectively, which
are larger than that at +3°. The maximum VIV amplitudes reached in the second lock-in
region are 0.14°, 0.1°, and 0.22° at 0°, —3°, and +3° angles of incidence, respectively. For
DC, the peak amplitude in the first VIV region is 0.57° at the —3° incidence angle, which is
approximately 1.7 times the value at the null angle of incidence (0.33°). However, for the
second lock-in region, the maximum vibration amplitude of 0.64° is reached at 0° and is
approximately 1.8 times the value of the —3° angle of incidence (0.36°), while it is only half
the value of the +3° angle of incidence (1.24°).

As the results indicate, the effect of the incidence angle on VIV performance is complex.
Generally, the bending VIV response is unfavorable at —3° for both UC and DC. The
torsional VIV response for UC is larger at 0° and —3°, while a general trend can hardly be
observed for DC.

3.2. Results of Pressure Measurement

The pressure data are measured at the steady-state flow, and the turbulence intensity is
less than 0.4%. During the pressure measurement testing, both upstream and downstream
cylinders are free to oscillate in the flow. The tests were performed at the null angle of
incidence and under discrete wind velocities corresponding to different VIVs. Three typical
wind velocities were set during pressure measurement, that is, the wind speed of 2.9 m/s
(U/fyB = 2.42) with the maximum bending VIVs and 3.6 m/s (U/f;B = 1.46) and 5.0 m/s
(U/f;B = 2.03) with the peak torsional VIVs of the first and second lock-in regions. The
mean and fluctuating pressure coefficients are defined as the time-average and rms values
of the pressure data, respectively. The mean pressure coefficient distributions around the
upstream and downstream cylinders are shown in Figure 4. According to our research,
the pressure on the windward and leeward side faces has a minor effect on both bending
and torsional VIVs. Therefore, the results only present the pressure distributions along the
upper and lower surfaces of UC and DC; they are shown in Figures 4 and 5. The pressure
measurements of the present study have been validated by comparing the aerostatic
coefficients with the results from previous researchers [31,32].

As the results show, the mean pressure coefficient (Cp) distributions along the upper
surface are similar to those on the lower surface for both cylinders, whereas the absolute
Cp values on the lower surface are smaller than the upper surface. Since the pressure was
measured when the cylinders were experiencing vortex-induced vibrations, the reason why
the upper and lower surface pressures obtained at the null angle of incidence took different
values is explained. For UC, the C, values remain constant in the position X/W < 0.5,
while the absolute values decrease steeply in the position X/W > 0.5 on both upper and
lower surfaces. Additionally, the values in the region of X/W < 0.4 decreases as the wind
speed increases; however, the trend is the opposite in the region of X/W > 0.4. Comparing
the results under three wind velocities, the absolute value of C, on the upper surface is
smaller in the range of X/W < 0.54 for U = 5.0 m/s, while for X/W > 0.62, the value is at a
minimum for U = 2.9 m/s. For DC, the difference between the C, values is relatively minor
and can be neglected compared with that of UC.
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Figure 4. Mean pressure distributions of UC and DC. (a) the results of UC; (b) the results of DC.
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Figure 5. Fluctuating pressure distributions of UC and DC. (a) the results of UC; (b) the results of DC.

As for the fluctuating pressure coefficients (C},) on the upper and lower surfaces of the
cylinders, the distributions are similar for U = 3.6 and 5.0 m/s. However, the values are
larger under U = 3.6 m/s for UC, while the results are larger under U = 5.0 m/s for DC.
The C;, distributions under U = 2.9 m/s are dramatically different from that of U = 3.6 and
5.0 m/s. For UC, the values along the upper surface and in the range of X/W < 0.7 along
the lower surface are larger for U = 2.9 m/s compared with the other two velocities. The
C,, distributions on the upper surface show symmetry about the centerline for U =2.9 m/s.
However, the values along the lower surface increase in the range of 0.46 < X/W < 0.8
and decrease in 0.8 < X/W < 1.0, which is similar to the trend under U = 3.6 and 5.0 m/s.
Nevertheless, there still exists some difference between them; for U = 2.9 m/s, the values
first increase steadily and then experience a comparatively sharp decrease in the leading
region, and the maximum value is observed at the location of X/W = 0.46; meanwhile, the
C;, values remain steady in this region for U = 3.6 and 5.0 m/s.

For DC, the C;, values decline on the lower surface for U = 2.9 m/s, and the maximum
value moves in the flow direction as compared with that of U = 3.6 and 5.0 m/s. The C,,
values decrease steadily along the trailing surface for all three velocities. The distributions
on the lower surfaces at U = 2.9 m/s show some similarity with the results under the other
two velocities; meanwhile, the values for U = 2.9 m/s are relatively larger in most regions.
Above all, the results indicate that the dynamic pressure measurements should be carried
out under corresponding wind velocities in order to investigate the pressure field when
rectangular cylinders in tandem undergo different types of VIVs.
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4. Correlation Analysis

In the analysis of the VIV mechanism of a streamlined closed-box girder section, Hu
et al. (2018) carried out synchronized measurements of dynamic responses, pressure, and
force of the girder section and probed the correlation between the distributed aerodynamic
forces and the general vortex-excited forces (VEFs) [33]. In that research, the distributed
aerodynamic forces were directly obtained, without subtracting the mean components and
projecting to the VEF direction (as depicted in the following flowchart in Figure 6). The
same procedure is also employed in the pieces of research by Guo et al. (2012) and Guan
etal. (2014) [34,35]. However, the correlation analyses ignored the fact that the aerodynamic
forces are vectors in nature, and the results cannot reflect the contribution of the distributed
pressure directly. For instance, the pressure on the side surfaces of rectangular cylinders has
no contribution to the fluctuating lift acting on the cylinder when it is subjected to vertical
VIVs, while the correlation values between them are not null obviously. To solve this
problem, the distributed and general VEFs, which actually excite the VIVs of the cylinders,
are directly obtained in the present study. The general and distributed VEFs are defined as
follows: the pressure of each sampling point is multiplied by its tributary area to obtain the
distributed aerodynamic forces. According to many previous pieces of research, the mean
components contribute to the static wind forces acting on the cylinders. However, the VIVs
are caused by the fluctuating wind pressure acting on the cylinders. Therefore, the mean
components should not be involved in the analysis. Since the mean values are not related to
the motion of the cylinders, the fluctuating aerodynamic forces are obtained after the mean
components are subtracted from the original ones. After that, the modified aerodynamic
forces are projected to the lift force direction to obtain the distributed vortex-excited lift
time histories. Similarly, the procedure is applied to the fluctuating pressure data to obtain
the distributed vortex-excited moment time histories. Furthermore, the general VEFs are
defined by integrating the distributed VEFs over the whole surface. A flowchart of the
calculation process of the distributed and general VEFs is shown in Figure 6.

s R

Wind pressure
- J

Integrate over its tributary area

s R

Aerodynamic force

- J

Subtract the mean component

s R
Fluctuating
aerodynamic force

- J
Project to VEF direction

' Y

Distributed VEF

\ J
Integrate over the whole surface

s R

General VEF
- J

Figure 6. Flowchart of the calculation process of distributed and general VEFs.

The correlation between the distributed and general VEFs is analyzed using time-
frequency domain statistical parameters as correlation and contribution coefficients and
phase lags between the distributed and general VEFs, which are amplitudes of VEF coeffi-
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cients at predominant frequencies. The correlation between the distributed VEFs acting on
the i pressure tap and the general VEFs on the whole cylinder is defined as follows:

Cor(Fi(t),F(t)) = m v

where o (F;(t)) and ¢(F(t)) denote the standard deviation of the distributed VEF at the
ith pressure tap (F;(t)) and the general VEF (F(t)), respectively. Cov(F;(t), F(t)) is the
covariance between them. The values of |Cor(F;(t), F(t))| satisfy 0 < |Cor(F;(t), F(t))] < 1;
in particular, a value of unity represents perfect coherence, and the value of zero indicates
two completely unrelated VEFs. For a non-null value, it means a certain level of coherence.
The phase lags between distributed and general VEFs are obtained from the cross-spectrum
analysis. The phase lag of zero degrees represents a perfect in-phase relation, and 90 degrees
indicates no correlation, while 180 degrees means out-of-phase [36,37]. The results of the
correlation coefficients for UC and DC are presented in Figures 7 and 8, respectively,
and the results of the phase lags between the distributed and general VEFs are shown in
Figures 9 and 10.
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(b)U=3.6m/s;(c) U=5.0m/s.
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As the results indicate, the correlation coefficients of UC are the largest in the trailing
half region on both upper and lower surfaces, and the observation is more apparent for
U =3.6 and 5.0 m/s. For DC, the positive correlation between the distributed and general
VEFs is more pronounced in the leading region for U = 3.6 and 5.0 m/s. However, for
U =2.9m/s, the correlation coefficient of the upper surface is positive for DC, while the
values are mainly negative in most regions of the lower surface.

For the phase lags between the distributed and general VEFs, the values are relatively
smaller on the trailing surface of UC. The results at U = 2.9 and 3.6 m/s are similar in
distributions, with the exception of some local regions. For DC, the values of phase lags on
the leading surface are relatively smaller compared with other regions, and this observation
is apparent, especially for U = 3.6 and 5.0 m/s. However, it needs to be pointed out that
some exception exists in the phase lags on the upper surface for U = 2.9 m/s. Above all, the
results further validate the conclusion that the distributed VEFs on the trailing surface of
UC and the leading surface of DC are more closely related to the VIVs of the cylinders. In
addition, this conclusion is also in line with our previous POD analysis [31].

The contribution of distributed VEFs on the general one depends not only on the
amplitude of distributed VEFs but the correlation coefficient between them. The ratio
between the rms values of the distributed VEFs and the general VEFs reflects the amplitude
contribution of local VEF at each pressure tap, while the correlation coefficient reflects the
correlation levels between them. The contribution coefficient is defined as the product of
these parameters and expressed as follows:

C(Fi(t)) = Cor(Fi(t), F(t)) - —=rax 2)

The results of VEF contribution coefficients for upstream and downstream cylinders
are presented in Figures 11 and 12, respectively.
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Figure 12. VEF contribution coefficient for testing point of DC. (a) U =29 m/s; (b) U =3.6 m/s;
(c)U=5.0m/s.
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As depicted in the figures, the contribution coefficient distributions of UC and DC are
basically similar for the correlation coefficients, and the values are the maximum in the
trailing half surface of UC and the leading half surface of DC. However, the distributions of
the contribution coefficients are more smooth compared with Figures 8 and 9. Furthermore,
the contributions of the distributed VEFs acting on the upper surface are more pronounced
than those on the lower surface for most cases. This indicates that some difference in the
flow structure on the upper and lower surfaces during VIVs of the cylinders exists. This
conclusion is in line with the fluctuating pressure distributions (Figure 5) and our previous
POD analysis [31].

The VEF coefficient amplitude at a predominant frequency (or natural vibration
frequency) can be obtained from Fourier transformation, and it corresponds to the self-
excited component in VEFs.

Fip = = F{R()} ©

where F;p is the amplitude of the distributed VEFs at predominant frequency, N is the
signal length of the distributed VEFs, and F{} is the operation of Fourier transformation.

The results of VEF coefficient amplitudes at predominant frequencies for upstream
and downstream cylinders are depicted in Figures 13 and 14, respectively.

As shown in the figures, the distributions of VEF coefficient amplitudes at predominant
frequencies (Fp) show similarities to Figures 12 and 13 for U = 3.6 and 5.0 m/s. Also, the
values are relatively larger on the trailing half surface of UC and the leading half surface
of DC. However, for U = 2.9 m/s, the difference between the distributions of Fp and
Figures 12 and 13 is great. That is, for UC, the Fp distributions are symmetric around the
centerline of the lower surface; there are two bumps on the upper surface, and the largest
values are observed around the position of X/W = [0.54, 0.88]. For DC, the Fp values on
the lower surface are smaller than that on the upper surface. The variation of Fp in the
region of X/W = 0.23~0.83 on the upper surface is not that significant as compared with
other regions, while the variation of Fp in the range of 0.38 < X/W < 1.0 on the lower
surface remains stable. The following observations can be reached from the comparison as
follows: the vortex-excited forces in torsional VIVs of twin rectangular cylinders are mainly
predominant by the self-excited components, while the contribution of the self-excited
components is relatively smaller for the bending VIVs of the twin rectangular cylinders.
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Figure 14. VEF coefficient amplitudes at a predominant frequency for DC. (a) U = 2.9 m/s;
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5. Conclusions

The vortex-induced vibration performance, the pressure distributions, and the VIV

mechanism for twin rectangular cylinders with a width-to-depth ratio of 5:1 in tandem
arrangement are analyzed in this paper. The spacing between them is 1.2 times the width
of one section. The main conclusions can be reached as follows:

@

@)

®)

The results of dynamic tests indicate that the VIV performance of two 5:1 rectangular
cylinders in tandem is different at three incidence angles. Generally, the vertical VIV
response is unfavorable at the —3° angle of incidence. However, the torsional VIVs of
the upstream body are more significant at 0° and —3°, while the general trend for the
torsional VIV behavior of the downstream cylinder can hardly be obtained.

The pressure measurements show that the mean and fluctuating pressure distributions
of the cylinders under vertical VIVs are different from the results under torsional VIVs.
Pressure measurements should be conducted under corresponding wind velocities to
analyze the pressure field of twin rectangular cylinders when they undergo VIVs.
The correlation analysis using time-frequency domain statistical parameters indicates
that the contribution of distributed vortex-excited forces is significant in the region of
the trailing surface of the upstream cylinder and the leading surface of the downstream
cylinder.
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