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Abstract: Offshore pipelines of different diameters are often seen in piggyback arrangements in
close proximity. Under the effects of external flows, the pipelines may experience vibration. Reliable
prediction of the vibration amplitudes is important for the design and operation of these structures.
In the present study, the effect of the position angle (α) and gap ratio (G/D) of a piggyback pipeline
on the amplitude of 1DOF vortex-induced vibration (VIV) was investigated experimentally in a wind
tunnel. The diameter ratio d/D of the two cylinders was 0.5. Five position angles, namely, α = 0◦,
45◦, 90◦, 135◦, and 180◦, and six gap ratios at each angle, G/D = 0, 0.1, 0.2, 0.3, 0.4, 0.5, were tested.
It was found that both α and G/D affected the amplitude of vibrations significantly. For all gap
ratios, the amplitude of vibrations increased from α = 0◦ to α = 90◦ and then decreased to a minimum
value around α = 135◦. The maximum amplitude occurred around α = 90◦ when G/D = 0, and the
minimum occurred around α = 135◦, when G/D = 0.2–0.3. At other position angles, the vibration
amplitude was less sensitive to G/D, especially when the latter was between 0.1 and 0.4. These results
verified those obtained using numerical methods and are invaluable to engineers when designing
offshore piggyback pipelines.

Keywords: vortex-induced vibration; piggyback pipeline; position angle; cylinder gap ratio

1. Introduction

The offshore oil and gas industry extensively uses pipelines and risers for production
and transportation purposes. Under the effects of waves, sea currents, or combinations
of them, vortex shedding may occur. When the vortex shedding frequency is close to the
natural frequency of the pipelines and risers, resonance occurs. In this case, large-amplitude
pipeline vibrations are induced, normally termed as vortex-induced vibrations (VIVs). Due
to technical or sometimes economic considerations, offshore pipelines of different diameters
are often laid in bundles, i.e., two or more pipelines strapped together and treated as a
single pipe for installation purposes. The pipelines in the bundle can be in direct contact
with each other or be separated by a small gap. It is expected that the gap ratio G/D (where
G is the gap between the surfaces of the pipelines in the bundle and D is the diameter of
the primary pipeline) and the position angle α between the primary and the secondary
pipelines may change the flow structures around the primary pipeline and hence the
VIV characteristics of the whole bundle. Hereafter, the position angle α is defined as the
angle between the flow direction and the direction passing through the centers of the two
pipelines. The most common configuration of pipeline bundles in the oil and gas industry
comprises a larger pipeline (primary with a diameter D) and a smaller one (secondary with
a diameter d), arranged in piggyback configuration. The small one may be used for water
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injection or gas lift in order to increase production from the reservoir. It may also be used
for other technical requirements such as electronics and communications.

Extensive studies on cylinder bundles of unequal diameters have been conducted.
Igarashi [1] studied the flow characteristics around two tandem circular cylinders with a
diameter ratio d/D = 0.68. Depending on the gap ratio G/D, four flow regimes, namely,
complete separation, reattachment flows, bistable flows, and jumped flows, were classi-
fied. Zhao et al. [2] investigated the flow past two stationary piggyback pipelines with
d/D = 0.25, G/D = 0.05–1.0 and α = 0◦–180◦. Three shedding flow regimes were proposed
over α = 22.5◦–157.5◦, namely, single body, interactive vortex shedding, and separate wakes.
It was also found that the root-mean-square (RMS) lift coefficients on both the large and
small cylinders were strongly affected by α and G/D. The RMS lift coefficient generally
increased as G/D decreased. Since VIV is the direct result of the fluctuating lift force, it
is plausible to assume that an increase in RMS lift coefficient implies an increase in the
amplitude of vibration. Alam and Zhou [3] examined the Strouhal numbers (St), forces,
and flow structures around two tandem cylinders of different diameters for a fixed G/D
but varying d/D between 0.24 and 1, where St is defined as fsU/D, with fs being the vortex
shedding frequency and U the free stream velocity. Two distinct frequencies were detected
behind the downstream cylinder, one corresponding to the vortex shedding in the gap
and the other corresponding to the shedding from the downstream cylinder. Gao et al. [4]
studied the wake structures of a piggyback pipeline as a function of α (0◦ ≤ α ≤ 180◦).
The Reynolds number Re, gap ratio G/D, and diameter ratio d/D were 1200, 1.2, and 2/3,
respectively, where Re is defined as UD/ν, with ν being the dynamic viscosity of the
fluid. It was found that when α was changed from 0◦ to 90◦, the flow patterns changed
correspondingly from that of a single bluff body to two vortex streets. The inverse change
was observed when α was increased from 90◦ to 180◦. Cheng et al. [5] examined the effects
of gap distance between the pipeline and seabed, G/D, and d/D on the hydrodynamics a
piggyback pipeline with α = 90◦ in waves and currents in a wave flume. It was found that
when G/D > 0.6, the effects of G/D on the hydrodynamics were weakened.

For piggyback pipelines undergoing VIV, the wake structures and force characteristics
have also been studied by quite a number of researchers, e.g., Zdravkovich [6–8]. Medeiros
and Zdravkovich [9] tested various cylinder arrangements, namely, tandem, side-by-side,
and staggered with a diameter ratio d/D of 0.5. It was found that the vibration amplitude
is sensitive to G/D. For instance, the tandem configuration reached a peak vibration
amplitude of Amax/D ≈ 0.7 for G/D = 0.45, where Amax is the maximum vibration amplitude.
But when G/D was increased to 1.45, Amax/D = 2.7. The configuration that yielded
the maximum vibration amplitude corresponded to α = 90◦. The minimum amplitude
occurred at the staggered arrangement. This is expected as the small cylinder causes the
asymmetric vortices from the primary one, which results in weak vortex shedding and,
hence, small-amplitude VIV.

Zang et al. [10] investigated the VIV of piggyback pipelines and the flow structures
in the subcritical flow regime using particle image velocimetry (PIV). It was found that
for G/D ≥ 0.3, the effect of G/D was not apparent due to weak interaction between the
two pipelines. Zang and Gao [11] further experimentally studied the effects of d/D, G/D,
and α on the VIV responses of piggyback pipelines. The results showed that the VIV
amplitude was suppressed significantly for G/D = 0.25 and α = 90◦. Zhao and Yan [12]
studied two-degree-of-freedom (2DOF) VIV of two piggyback pipelines at Re = 250 for α in
the range of 0◦–180◦ with an increment of 22.5◦. It was found that the vibration frequency,
amplitude, and force coefficients were all sensitive to both α and d/D. Rehmanian et al. [13]
studied 2DOF VIV of two piggyback pipelines, with d/D = 0.1 for G/D = 0.1–0.4 and
α = 0◦–180◦. The mass ratio m* and the damping coefficient ζ of the bundle (in both the
in-line and the cross-flow directions) were 2.4 and 0.000863, respectively, which are the
same as those used by Khalak and Williamson [14] and Jauvtis and Williamson [15]. The
force coefficients of the cylinder bundle were also investigated at typical G/D and α. It
was found that the results, including vibration frequency components, VIV amplitudes,
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and force coefficients, were all very sensitive to both G/D and α. The maximum cross-
flow vibration amplitude occurred when α = 67.5◦ and G/D = 0.1, whereas the minimum
cross-flow and in-line vibration amplitudes occurred at α = 112.5◦, when G/D = 0.3. The
two-degree-of-freedom (2DOF) VIVs of two rigidly coupled cylinders were numerically
investigated at Re = 3.6 × 106 by Serta et al. [16] with d/D = 0.25; α = 0◦, 90◦, and 180◦; and
G/D = 0.1. To examine the effect of the gap ratio, another two values of G/D (0.25 and 0.5)
were also considered for α = 90◦. The results showed that the secondary cylinder enlarged
the lock-on region for all values of α. The largest and smallest amplitudes of vibrations
were found when α = 0◦ and 180◦, respectively. Janocha and Ong [17] studied the VIV of
piggyback pipelines located 0.2D above a horizontal wall for Re = 3.6 × 106 at d/D = 0.2;
G/D = 0.2; and α = 0◦, 90◦, and 180◦. The results of the largest and smallest amplitudes
were found to be similar to those by Serta et al. [16], though with smaller magnitudes due
to the wall effects. Chen and Wu [18] studied the 3DOF VIV of a piggyback pipeline at
Re = 100 for d/D = G/D = 0.2 and α = 0◦–180◦ with a 30◦ increment. Significant effects of α
on amplitudes were found. In a recent study by Gao et al. [19], 2DOF VIVs of two coupled
cylinders with unequal diameters were performed at Re = 20,000 to investigate the effects
of α, G/D, and d/D on VIV responses. The vortex shedding modes were also examined.

It needs to be noted that the aforementioned studies about the VIV of piggyback
pipelines of unequal diameters were mainly conducted using numerical methods. They
improved our understanding of the effects of d/D, G/D, and α on VIV amplitudes, hy-
drodynamic forces, and vortex shedding characteristics. Extensive experimental studies
on the VIVs of two equal-diameter cylinders of various arrangements (i.e., varying G/D
and α, mainly in tandem and side-by-side arrangements) have also been conducted previ-
ously, and various flow classifications have been proposed (e.g., [20–22]). However, the
experimental results on the VIVs of piggyback pipelines and the effects of α and G/D of
two unequal diameter cylinders are not very well documented in the literature [11]. As
mentioned earlier, the offshore piggyback pipelines are mainly concerned with unequal
diameter pipes at close proximity for various position angles. Reliable evaluation of the
maximum vibration amplitudes using experimental methods is crucial, not only to the safe
design and operation of these structures, but also to providing benchmarks for numerical
simulations. Ideally, systematic studies should be focused on VIV amplitudes, hydrody-
namic forces, and vortex structures for various scenarios (i.e., various d/D, G/D, and α).
However, these will involve complex experimental setup. In this study, the VIV of two
pipelines arranged rigidly in a piggyback configuration is investigated experimentally in a
wind tunnel at five different position angles (α = 0◦, 45◦, 90◦, 135◦, and 180◦) and six gap
ratios (G/D = 0–0.5). The main purpose is to examine the effects of G/D and α on the maxi-
mum vibration amplitudes for a fixed diameter ratio (d/D = 0.5), based on which the worst
scenarios can be identified and compared with those obtained using numerical methods.

2. Experimental Set Up

Experiments were conducted in the wind tunnel at The University of Western Australia.
The dimensions of the test section were 2.2 m (height) × 2.8 m (width) × 6 m (length).
The freestream turbulence intensity was less than 1%. The primary and the secondary
cylinders were made of polished aluminum with diameters D = 80 mm and d = 40 mm,
respectively (Figure 1). The length of the cylinders was L = 1600 mm, resulting in an aspect
ratio L/D = 20. The blockage ratio of the wind tunnel was less than 5%, which is below the
suggested value of 6% [23]. The two cylinders were attached to each other via two steel
threaded rods, one at either end. The rods passed through the centers of both cylinders,
with each cylinder being held securely using nuts and spring washers. The gap ratio G/D
between the two cylinders was adjustable, changing from 0 to 0.5. The position angle α
was also changeable, in the range of 0◦–180◦ with an increment of 45◦. Previous numerical
simulations (Rahmanian et al. [13]) showed that the occurrence angle of the maximum
amplitude may also depend on G/D. It would be too time-consuming to capture the critical
angles experimentally. Therefore, only some typical angles are examined in this study.
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The masses of the two cylinders were 3.235 kg and 1.120 kg, respectively. Two end plates
with dimensions of 7D × 7D were used to minimize the end effect of the cylinders. The
thickness of the end plate was 3 mm, with the four edges being sharpened at an angle of
45◦. They were fixed vertically at about 10 mm from the ends of the cylinder bundle. Four
steel springs, two at either end of the cylinder, suspended the cylinders approximately
1000 mm off the wind tunnel floor. The springs were selected based on their stiffness and
length. They must be stiff enough and long enough to remain in tension when measuring
the amplitude of vibrations. All four springs were of equal stiffness k (1680 N/m) and
equal original length (250 mm). The stiffness was measured by applying a known load to
the springs and measuring the subsequent deflection. Once the springs were attached to
the cylinder, the top and bottom springs were stretched to lengths of about 340 mm and
330 mm, respectively.
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Figure 1. Experimental setup. (a): Cylinder arrangements; (b) setup for the VIV tests.

The amplitude of vibrations was measured using a linear variable differential trans-
former (LVDT) laser, which was cantilevered off the frame’s vertical member. The vibration
signal was recorded at an interval of 5 ms using LabVIEW 7.1. The natural frequencies of
the single primary cylinder and the double cylinder system were obtained using free-decay
tests. Fast Fourier Transform (FFT) was then applied to the time series of the measured
signals, and the strong peak on the distribution corresponded to the natural frequencies,
which were 6.6 Hz and 5.7 Hz, respectively, for the single-cylinder and the double-cylinder
systems (Figure 2).

Experimental uncertainty for the mean velocity was inferred from the errors in the
Pitot-static tube, as well as the scatters observed by repeating the experiment a few times.
The uncertainty for U was about ±3%. The uncertainty for St depends on that of the mean
velocity and the vortex shedding frequency. The latter can be identified using the FFT
algorithm with a window size of 211. Its uncertainty depends on the sampling frequency
and the window size when performing FFT [24]. In the present study, the uncertainty of the
vortex shedding frequency was estimated to be about 3%. The uncertainty for the vibration
amplitude depended on the accuracy of the LVDT (3%), data sampling rate, the way that
the amplitude was evaluated, and the scatter observed in repeating the experiment, which
was about 4%. Using the above values and the method of error propagation [25–27], the
uncertainties for frequency ratio fs/fn and the vibration amplitude A were estimated to be
around 4.2% and 5.4%, respectively.
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Figure 2. Free-decay tests for the single and piggyback cylinders. (a) Example of the free-decay
vibration signal for the primary cylinder; (b) FFT of the vibration signals.

3. Results and Discussion
3.1. Single Cylinder with D = 80 mm

In order to validate the current experimental setup, the dynamic response of a single
cylinder was tested first. The response of the cylinder can be described in terms of the
vibration amplitude A/D versus the reduced velocity Vr, which is defined as U/ fnD. An
example of the vibration response at Re = 16,000 is shown in Figure 3. It can be seen that
the vibration took about 100 s to stabilize, after which the amplitude of vibration did not
change apparently. The vibrations were monitored, and when they stabilized, the signals
were recorded for about 120 s. The amplitudes of vibration were determined by averaging
the 10% highest readings in the time history of the vibration [28,29].
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Figure 3. Typical reading of the vibration time series from the LVDT. (a) Original reading; (b) a
zoom-in view to highlight the transition period (80–110 s).

The vortex shedding frequency fs at various reduced velocities was examined by
performing FFT on the velocity signals measured in the wake using a hot-wire probe.
Before the cylinder began to vibrate, vortex shedding from the cylinder was apparent, with
a peak frequency corresponding to St = 0.21, which agreed well with the consensus values
in the literature. After the cylinder began to vibrate, the energy spectrum peaked at the
natural frequency of the cylinder–spring system over the whole lock-on region. The peak
frequencies on the energy spectra at different reduced velocities were replotted as fs/ fn
versus Vr (Figure 4). Outside the lock-on region, fs/ fn increased linearly with Vr until
Vr = 5, i.e., fs

fn
= StVr [30]. Over the lock-on region, the ratio fs/ fn maintained a constant

value of 1 until Vr = 8.5. This frequency ratio in the lock-on region was apparently different
from those reported by Khalak and Williamson [14] and Franzini et al. [29] due to the high
mass ratio used in the present study.
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The vibration amplitude (A/D) for various Vr are shown and compared with those
obtained by Feng [31], Khalak and Williamson [14], and Franzini et al. [29] in Figure 5.
The maximum peak amplitude (Amax) occurred at Vr between 5 and 8, which is within
the consensus range reported by Sumer and Fredsoe [30]. The current results of A/D
show the highest value of 0.59 at Vr = 7. This agrees well with that of Feng [31] (Amax/D
= 0.57) due to comparable mass-damping parameters m∗ζs in these studies, where m*
(≡ m/m f , with m being the structure mass including the enclosed fluid mass and mf being
the displaced fluid mass) is the mass ratio and ζs is the structural damping factor, which
can be determined from the free-decay test, viz. ζs = ln(yn+1/yn)/2π, with yn+1 and yn
being the two consecutive vibration amplitudes [30]. The present mass ratio m* was 263,
while that of Feng’s [31] was 248. Therefore, the mass-damping parameter m∗ζs equals
0.26 for the current study and 0.255 for Feng [31].
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The VIV responses reported by Khalak and Williamson [14] and Franzini et al. [29]
depict a different scenario. This is because these tests were conducted in water, with mass-
damping parameters m∗ζs of 0.013 and 0.0125, respectively, which are significantly lower
than those of the current study and Feng’s study [31]. The overall amplitudes are higher
than those of the present study, and the peak values are Amax/D = 0.95 and 0.79, respectively,
occurring at Vr = 5.8. Three different branches can be identified, namely, the initial branch,
the upper branch, and the lower branch. Furthermore, Sarpkaya [32] proposed an empirical
formula to estimate the maximum amplitude through (A/D)/γ = 1.12× 0.35SG , where the
dimensionless mode factor γ is fixed at 1 for a rigid cylinder and the response parameter
SG can be estimated through SG = 2π3St2m∗ζs. By using the above relationships, the
maximum amplitude was estimated to be 0.57, which is in good agreement with the value
found in the present study (0.59). Overall, the above experimental results for a single
smooth cylinder verified the feasibility of the present experimental setup.
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3.2. Vibration Amplitude of the Piggyback Pipeline at Different G/D and α

In the present study, a total of 30 different cylinder arrangements were examined,
which included six different gap ratios at five different position angles. To normalize the
vibration amplitude, three characteristic length scales can be used, namely, the diameter D
of the primary cylinder; the projected diameter DProj, which is the vertical height between
the top and bottom of the cylinders; and the equivalent diameter Dequiv = D + d. However,
as DProj changes with gap ratio, this normalization results in individual configurations not
being comparable to one another. On the country, even though Dequiv is a constant value,
for most configurations except at α = 90◦, the vertical height of the piggyback pipelines
should be overestimated. Therefore, we used the diameter of the primary pipe D as the
characteristic length scale for the normalizations. For each of the above 30 configurations, a
plot of A/D versus Vr was obtained first. From this, the peak amplitude of vibration (Amax)
for each cylinder configuration, i.e., for a given α and G/D, could be identified. This peak
amplitude is of the most interest as it relates to the largest vibrations of the pipelines, and
hence the most potential damage to the system in terms of loading and fatigue.

Figure 6 compares the vibration amplitudes A/D of a single cylinder with those of the
piggyback cylinders at different values of α and G/D. Three distinct characteristics for the
piggyback cylinders were observed. Firstly, the magnitudes of Amax/D at α = 45◦ and 90◦ for
all gap ratios were larger than that of a single cylinder, while for other gap ratios, they were
smaller than that of the single cylinder, especially at α = 135◦. Secondly, compared with
the single-cylinder results, the width of the lock-on region for most values of α and G/D
was enlarged. This result seems consistent with that reported by Gao et al. [19]. Thirdly,
for all gap ratios, the onset of VIV at α = 0◦ and 90◦ occurred at a lower reduced velocity,
even smaller than that of the single cylinder, indicating that for these configurations, the
vortex shedding frequency increased and did not depend apparently on gap ratio. For
α = 45◦, the onset of VIV occurred at a fixed reduced velocity (Vr = 7) for G/D ≤ 0.4. When
G/D was increased to 0.5, VIV occurred earlier, indicating an increased vortex shedding
frequency for this gap ratio. For α = 135◦ and G/D = 0, the onset of VIV occurred at Vr = 8.5,
indicating a reduced vortex shedding frequency at this gap ratio. With the increase in
G/D, the shedding frequency increased, resulting in a reduced Vr for the onset of VIV. For
α = 180◦, the onset of VIV did not change with the gap ratio, occurring at about Vr ≈ 5.
This should be because the smaller cylinder was located in the recirculation region of the
larger one when G/D ≤ 0.5, and the onset of VIV resembled that of the single cylinder.

3.3. Effects of α on Amax for Given Values of G/D

Figure 7 shows the variation in the maximum amplitude Amax/D with α for various
G/D. These values correspond to the maxima shown in Figure 6. Using a spline function to
fit the measured data in Figure 7 so that the extrema can be resolved, the maximum Amax/D
occurred at around α = 80◦ when G/D = 0. As G/D was increased, the maximum value
of Amax/D for a given G/D decreased consistently over α = 75◦–90◦, with the minimum
occurring at G/D = 0.5 and α ≈ 90◦. The above trends around the peak locations were very
similar to those reported by Rahmanian et al. [13]. For example, Rahmanian et al. [13] found
that the maximum cross-flow vibration amplitude occurred at α ≈ 67.5◦ for G/D = 0.1.
This was the smallest gap ratio examined in that study due to restrictions in numerical
simulations. In addition, based on the fitted curves in Figure 7, the minimum values of
Amax/D for all gap ratios occurred around α ≈ 148◦–160◦, with G/D = 0.2–0.3. In general,
these minimum values were only about 1/3 of the maximum values occurring over α
= 75◦–90◦. Even though the occurring position angle was different from that reported
by Rahmanian et al. [13] who found that the minimum cross-flow vibration amplitudes
occurred at α = 112.5◦, both studies confirmed that G/D = 0.2–0.3 is the critical gap ratio for
the minimum value of Amax/D. It is also interesting to note that, as the gap ratio changed,
there were smaller variations in Amax/D at α = 0◦ and 180◦ than those at other position
angles, which were consistent with the results of Rahmanian et al. [13], even though the
magnitudes in the latter study were more than two times larger than those of the present



Fluids 2024, 9, 39 9 of 14

study due to the small mass ratio used in the former. The results shown in Figure 7 are also
supported by the numerical study of Wang and Cheng [33], where the effects of α on the
RMS lift coefficient of the primary cylinder were examined. It is fair to assume that, since
VIV is caused by a variation in lift, there exists a correlation between the amplitude of VIV
and the RMS lift coefficient. As the RMS lift coefficient increases, so does the amplitude of
vibrations. For the numerical simulations, the RMS lift coefficient increased from α = 0◦ to
a maximum value at α = 90◦ and was then followed by a decreasing trend. The results of
Wang and Cheng [33] serve to confirm those obtained here for the effect of α on Amax/D.
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Figure 6. Comparison of vibration amplitudes of a single cylinder with those for the two-cylinder
system at different gap ratios and position angles. (a) G/D = 0; (b) G/D = 0.1; (c) G/D = 0.2;
(d) G/D = 0.3; (e) G/D = 0.4; (f) G/D = 0.5.
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Figure 7. Maximum vibration amplitudes for different gap ratios (G/D = 0–0.5) at various position angles.

3.4. Effect of G/D on Amax for Given Values of α

Figure 8 shows the variations in Amax/D with G/D for given position angles. The VIV
response of the single cylinder is also included as a benchmark. It can be seen that the
vibration amplitude for the single cylinder was greater than those of all other piggyback
cylinders, except at α = 45◦ for G/D = 0–0.4 and at α = 90◦ for all gap ratios. Compared
with Figure 7, varying G/D has less of an effect on Amax/D than varying α.
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Figure 8. Maximum vibration amplitudes for different position angles (α = 0◦–180◦) at various gap
ratios. The arrow pointing to the ordinate indicates the value for the single cylinder.

When α = 0◦, there is no significant variation in Amax/D for any of the gap ratios.
This trend is consistent with that reported by Rahmanian et al. [13]. This may be due
to the symmetry of the cylinders with respect to the incoming flow. The amplitudes of
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vibrations for the piggyback pipeline at all gap ratios (Amax/D = 0.35–0.44) were smaller
than that of the single cylinder (Amax/D = 0.59), indicating that the presence of the secondary
cylinder reduces the amplitude of vibrations. In addition, for two stationary cylinders of
d/D = 2/3 with α = 0◦ and G/D = 0.367, Gao et al. [4] also found that the cylinder pair
behaved as a single bluff body. This gap ratio was within the critical value for a single-wake
mode shedding, as suggested by Zhao et al. [2]. The shedding from the smaller cylinder
was suppressed, and only shedding from the larger one could be identified. The upstream
smaller cylinder appeared to have little or no influence on the flow patterns behind the
downstream cylinder. However, this result is different from that when the two cylinders
as a bundle with G/D = 0.4 were free to vibrate [13], where vortex shedding from both
cylinders could be seen. During the process, when the cylinders oscillated, interaction
between the vortices shed from the cylinders was observed. However, it can also be seen
that the vortices generated by the smaller cylinder merged with those generated by the
larger one, resulting in only one dominant frequency in the wake, which did not depend
on the gap ratio (for G/D = 0.1–0.4).

When α = 45◦, the largest value of Amax/D occurred for G/D = 0, then decreased to
a relatively constant value throughout G/D = 0.1–0.4. The amplitude suddenly became
the smallest for G/D = 0.5, as, under this condition, there was a clear vertical opening
between the cylinders. The maximum amplitude for G/D = 0 could be due to fact that
the two cylinders behaved more as one equivalent large cylinder as air was forced to
flow around both cylinders. Once a gap was introduced, a sudden reduction was noticed
as it became possible for air to flow between the cylinders, which interfered with the
detached vortices from the top of the small cylinder and the bottom of the large one. The
interference of the vortices led to slightly less stable vortex shedding downstream of the
cylinders, resulting in a reduction in Amax/D. For G/D = 0.1–0.4, there was no clear vertical
opening between the cylinders. Therefore, Amax/D remains quite stable over these gap
ratios. For G/D = 0.5, the vertical gap was large, and the gap flow became apparent. The
PIV results of Gao et al. [4] showed that, for stationary cylinders at α = 45◦ and G/D = 0.367,
vortex shedding from the lower side of the smaller one was suppressed and vortices were
identified downstream of the cylinder bundle. However, when the cylinder bundle was
free to vibrate, Rahmanian et al. [13] found that, for G/D = 0.2, vortex shedding from the
small cylinder could be suppressed or strengthened depending on the moving direction.
Again, the vortices generated by the small cylinder merged with those generated by the
large one, forming a wake with only one dominant frequency for all gap ratios.

The largest values of Amax/D occurred at α = 90◦ for all gap ratios, and they were
larger than that of the single cylinder. This is because the pipeline bundle resembles that
of a single bluff body. Zhao et al. [2] found regular shedding downstream of the bundle
when G/D = 0.05. There was no shedding from the gap between the two cylinders, and the
gap flow was too weak to influence the shedding process. As the gap ratio was increased,
Amax/D decreased almost linearly. The reason for this reduction is that the pipeline bundle
behaves gradually, as two individual cylinders as vortices are likely to form from the top of
the large cylinder and from the bottom of the small cylinder, resulting in two independent
wakes. The aforementioned discussion is supported by Zhao et al. [2], who found that for
G/D = 0.1, in addition to the regular vortex shedding behind the two cylinders, vortices
were shed regularly from the gap between two cylinders at a non-dimensional period of
around 1.0. It was suggested that the shedding of the vortices from the gap was due to
the interactions of the shear layers from the bottom edge of the small cylinder and the
top edge of the large cylinder. At G/D = 0.3, Zhao et al. [2] found two vortex shedding
processes, one from the large cylinder and the other from the small one, which interact
with each other. This results in a steady decrease in Amax/D as G/D is increased. For two
stationary cylinders at d/D = 0.367, Gao et al. [4] found that the gap flow deflection can be
either toward the smaller cylinder, with a wider wake formed behind the larger cylinder
and a narrower wake behind the smaller cylinder, or vice versa, supporting the previous
results of Zdravkovich [6]. However, this phenomenon was not found by Zhao et al. [2].
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This could be because of the slight difference in the gap ratio between the two studies.
Rahmanian et al. [13] examined the flow characteristics around the cylinder bundle with
G/D = 0.1 and 0.2 and found apparent shedding around the small cylinder. For G/D = 0.1,
when the cylinders moved upwards, the shed vortices from the small cylinder were forced
into the back side of the large one, resulting in interactions between the vortices generated
by both cylinders. The interactions are also reflected by the high frequency oscillations
in the time history of the force coefficients. When the cylinders moved downwards, the
small cylinder was in the wake of the large one. As a result, there was no vortex shedding
from the small cylinder, resulting in smooth time histories of the force coefficients. Similar
results for G/D = 0.2 were found, except that the vortices from the small cylinder were not
as close to the large cylinder as in the case of G/D = 0.1, and vortex shedding from the
small cylinder appeared during the processes of both upward and downward movements.

When α was further increased to 135◦, the values of Amax/D were smaller than that
of the single cylinder for all gap ratios, with the largest amplitude occurring at G/D = 0.
This is because, at G/D = 0, the cylinders performed as a single body. As G/D was
increased, there was a drop in Amax/D, which reached a minimum value of 0.18 over
G/D = 0.2–0.3. As G/D increased further to 0.4 and 0.5, a minor increase in Amax/D became
evident. Gao et al. [4] found that when α = 135◦, vortex shedding in the wake of the bundle
was asymmetric and deflected towards the larger cylinder. In addition, even though the
deflected shedding from the large cylinder can be seen clearly, the shedding from the lower
side of the large cylinder was suppressed. This result is different from that at α = 45◦, where
vortices were formed in the shear layers generated by the outer surfaces of both cylinders.
This could be the reason that the magnitudes of Amax/D at α = 135◦ were only around half
of that at α = 45◦.

At α = 180◦, the magnitudes of Amax/D were still smaller than that of the single cylinder.
In general, changing the gap ratio did not have a significant effect on Amax/D, except for
G/D = 0.5, where an apparent decrease in Amax/D was observed. This trend is similar to
that at α = 0◦. This could be because both arrangements had the same projected diameter,
regardless of the gap ratio, and behaved as a single bluff body [4]. The addition of the
secondary cylinder at α = 180◦ made the pipeline streamlined, especially at G/D = 0.5, and
the smaller cylinder was totally engulfed in the wake of the larger one [6,29]. Gao et al. [4]
found that, for α = 180◦, the vortex formation length measured from the center of the large
cylinder was extended to x/D = 4, which is much larger than its counterpart at α = 0◦. Due
to the increase in vortex formation length, the interaction between the upper and lower
shear layers was delayed and weakened, resulting in a reduction in VIV amplitude [31].

4. Conclusions

The VIV responses of a piggyback pipeline were investigated experimentally in a
wind tunnel. Totally, 30 cases were considered, including six gap ratios and five position
angles. The present results demonstrate the sensitivity of the pipeline’s maximum vibration
amplitude to the position angles and the gap ratios so that the worst scenarios can be
identified. They can be used to verify those obtained using numerical methods. They are
also important for the design and operation of the offshore structures. However, it needs
to be noted that, to provide full understanding of the VIV amplitudes for various cases,
flow structures using PIV and hydrodynamic forces should be examined thoroughly in the
future. The major conclusions are summarized as follows:

1. The position angle and gap ratio have significant effects on the amplitude of VIV. The
maximum vibration amplitudes are higher in some configurations and lower in other
configurations than that experienced by a single cylinder.

2. The minimum amplitude of vibration occurs around α = 135◦ for a gap ratio G/D = 0.2–0.3.
The maximum amplitude of vibration occurs around α = 90◦ with G/D = 0 due to the
large equivalent diameter.

3. The effect of gap ratio on the amplitude of VIV is also dependent on the position angle.
Increasing the gap ratio generally reduces the amplitude of vibration, as the two
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cylinders behave less as one equivalent large cylinder and more as two independent
cylinders. This effect is more obvious at α = 45◦, 90◦, and 135◦ than at other angles.

4. The introduction of a clear vertical gap or opening can significantly disrupt vortex
shedding downstream, and, hence, reduce the amplitude of the VIV. This was noticed
for α = 45◦ and 90◦.
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