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Laboratory experiments were conducted to investigate the cross-flow (CF) vortex-induced vibration (VIV) suppression effec-
tiveness of an inclined flexible cylinder by using control rods. 4 control rods with a diameter of 0.25D (where D is the diameter of
the main cylinder) and outer wall distance between the control rod and the main cylinder of 0.50D were attached to the main
cylinder. +e uniform flow was simulated by towing the cylinder models along a water tank. +e corresponding flow velocity
ranged from 0.05 to 1.00m/s with an interval of 0.05m/s. Two inclination angle cases (a � 0° and 45°) were selected in the
experiment.+e inclination angle a referred to the angle between the main cylinder axis and the plane orthogonal to the oncoming
flow. +e experimental results indicate that the control rods can effectively mitigate the CF VIV responses, such as the bending
strain, displacement amplitude, dominant frequency, and dominant mode, of both the vertical (a � 0°) and inclined (a � 45°)
flexible cylinders. +e suppression effectiveness of the control rods on the 45° inclined cylinder is as good as that on the vertical
cylinder, and the average suppressing efficiency of the control rods is even better on the 45° inclined cylinder.

1. Introduction

Vortex-induced vibration (VIV) of long flexible cylinder
structures, such as marine risers, free spanning pipelines,
and cables, is a complicated fluid-structure interaction (FSI)
phenomenon in offshore engineering. +e periodic forces
caused by vortex shedding behind a bluff body may lead to
serious structural damage and fatigue. A considerable
number of researchers have investigated the mechanism and
characteristics of cylinders subjected to VIV, which can be
found in several comprehensive reviews [1–4]. Moreover,
how to alleviate or control this kind of oscillation is one of
the most challenging topics in industry and academia.
Several representative devices and methods for VIV sup-
pression have been proposed during the past few decades
[5–23].

In general, to suppress the VIV is to prevent the oc-
currence of “lock-in” when the vortex shedding frequency is
close to the dominant response frequency of the structure.

Popular methods for reducing VIV can be divided into two
major types: positive control and passive control.+e former
one needs to rely on external energy to interfere with the
flow field around the structure and disrupt the vortex
shedding, e.g., a sound excitation or suction, while the
passive control method is to deform the configuration of the
bluff-body altering the roughness or implementing extra
devices without the input of external energy. Several typical
passive control devices, such as helical strakes [10–16] and
control rods [17–23], have been widely recognized and
applied in practical engineering situations. +ey show su-
periorities in both economic cost and VIV suppression
effectiveness.

Among these devices, the control rods, which refer to
smaller pipes or tubes attached around the main structure,
can mitigate the lift force and vibration amplitude to a great
extent by disturbing the flow field around the main cylinder.
Meanwhile, the control rods will not increase the drag force
and are easy to implement. Several geometrical parameters
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are vital to the suppression efficiency of the control rods,
e.g., the diameter ratio of the control rod and main cylinder
(d/D, where d is the diameter of the control rod and D is the
diameter of the main cylinder), the number of control rods,
and the spacing distance between the control rods and the
main cylinder. Lee et al. [17] experimentally studied the
suppression effectiveness of drag force by an upstream small
control rod through varying the diameter ratio (d/D) and
centre-to-centre distance of the control and main cylinder S,
and when d/D was 0.233 and S/D was 1.833, the drag di-
minished by approximately 25% at Reynolds number of
20000.Wu et al. [19] carried out a series of experimental tests
of VIV reduction of a flexible cylinder mounted with 4
control rods, and they found that the control rods could
work well in mitigating the VIV response of the flexible
cylinder. Silva-Ortega et al. [20] used arrangements of
a circular array of 2, 4, and 8 control rods, respectively, to
alleviate the VIV of the main cylinder and proved that the
composition of 8 control rods mitigated the maximum
oscillation amplitude by approximately 99% at Re �

5000–50000. Numerous numerical simulations were con-
ducted to further investigate the suppression effectiveness of
control rods. Zhang et al. [21] performed two-dimensional
simulations of flow around two tandem cylinders of unequal
diameter and found that the mean drag and lift on the
downstream cylinder could be reduced with the diameter
ratio d/D � 0.30 and 0.50. Zhu and Yao [22] established CFD
models of a cylinder with multiple control rods around and
found that the arrangement of the circular array of 9 control
rods could reach remarkable suppression effectiveness when
d/D � 0.15 and S/D � 0.60. Zhu et al. [23] also numerically
investigated the suppression effectiveness of 2 control rods
by arranging them behind the main cylinder and found that
the VIV of the main cylinder can be reduced by approxi-
mately 89% at a certain range of Reynolds numbers.

As is well known, the control rods can effectively al-
leviate the VIV response of the main cylinder. However,
most previous research works were carried out under
situations that the axis of the main cylinder is perpen-
dicular to the direction of oncoming flow. In real engi-
neering applications, the existence of inclination angle,
a (where a is the angle between the main cylinder axis and
the plane orthogonal to the oncoming flow), can cause
secondary flow, leading to an even more comprehensive
flow field interference phenomenon. Xu et al. [16] pointed
out that the inclination angle has a significant influence on
the suppression efficiency of another common and suc-
cessful VIV suppression device, helical strakes. +e VIV
suppression effectiveness of helical strakes deteriorated
with the increase of inclination angle. +e strakes could
even show negative suppression efficiency and enhanced
the vibration of the inclined flexible cylinder with a � 45°.
Based on the fact mentioned above, a series of experimental
tests were designed and carried out in a towing tank to
investigate the suppression effectiveness of control rods on
the inclined flexible cylinder.+e purpose of this paper is to
experimentally check whether the control rods could
achieve equivalent or even better suppression effectiveness
with the vertical case when a large inclination angle exists.

2. Experimental Setup

+e main cylinder model, which was made of a long copper
pipe, covered with a smooth silicone tube, was 16.0mm in
diameter and 5.60m in length. +e corresponding aspect
ratio, L/D (where L is the cylinder length), was 350.0. +e
mass per unit length of the main cylinder model was
0.3821 kg/m. +e mass ratio (m∗) of the main cylinder,
which is defined as the structural mass upon the mass of
displaced fluid, was 1.90. Major physical parameters of the
main cylinder are listed in Table 1.

+e aim of current experimental tests is to investigate the
influence of inclination angle on the suppression effectiveness
of the control rods rather than the optimized configuration of
the control rods. Hence, a spatial arrangement of 4 control
rods, as shown in Figure 1, was selected in the experiment,
which has been demonstrated to be feasible in a flexible riser’s
VIV reduction [18, 19]. +e control rods were distributed as
a circular array around the main cylinder, with a diameter
ratio of d/D � 0.25 and outer wall distance of S � 0.50D. Our
previous research pointed out that the VIV on a 45° inclined
cylinder is not totally equivalent to the VIV of the vertical
cylinder induced by the projection component of oncoming
flow velocity in the direction perpendicular to the cylinder’s
axis [16]. Hence, 45° is an important angle to investigate the
characteristics of a VIV suppression device on the inclined
cylinder.

Annular supporting devices were distributed along the
main cylinder to fixate the control rods (see Figure 2(a)) and
avoid movement and deformation caused by the VIV of the
control rod itself. Figure 2(b) and 2(c) gives an overview of the
layout of measurement points on the main cylinder. From the
cross section view of the main cylinder, two sets of strain
gauges were attached to the inner copper pipe to measure the
bending strain responses in the cross-flow (CF) and in-line
(IL) directions, respectively. Along the main cylinder, there
were seven measurement points corresponding to fourteen
sets of strain gauges. During the tests, the strains were col-
lected at a frequency of 100Hz. Figure 3 presents the sketch of
the experimental setup. +e experimental device was
mounted on the towing carriage with given inclination angles
(a � 0° and 45°).+e cylinder model was connected to this test
device by universal joints, which can provide a pinned-pinned
boundary condition. +e cylinder was allowed to oscillate in
the CF and IL directions but was restrained from rotating. In
addition, the axial tension of 450N was adjusted on the
cylinder model by the pulley, spring, and tensioner positioned
on the supporting frame. +e load cell was to monitor the
axial tension on the cylindermodel. Two guide planes were set
at both ends of the cylinder to eliminate the boundary effect.
+e supporting rig was towed by a carriage at a uniform
velocity, which ranged from 0.05m/s to 1.0m/s with an in-
terval of 0.05m/s. More details about the supporting system
can be found in [16, 24].

After gaining the strain signals at seven measurement
points, a modal analysis method, which has been successfully
used in the experiments of flexible cylinders undergoing vortex
shedding [25–28], was applied to reconstruct the displacement
responses in our tests. +e displacement of the main cylinder
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Table 1: Physical parameters of the main cylinder with control rods.
Outer diameter, D 0.016m
Total length, L 5.60m
Bending sti�ness, EI 17.45Nm2

Axial tension, T 450N
Mass of the main cylinder per unit length, ms 0.3821 kg/m
Mass ratio, m∗ 1.90
Aspect ratio, L/D 350
Number of control rods 4
Number of supporting device 9

y
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Figure 1: Schematic diagram of the main cylinder with 4 control rods.
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Figure 2: Flexible cylinder model used in the experiment. (a) Main cylinder with control rods, (b) cross section view of the main cylinder,
and (c) strain gauges’ positions along the main cylinder.
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can be assumed as the result of multimode superposition, and
the CF displacement can be noted as

y(z, t) � 
∞

n�1
wn(t)φn(z), z ∈ [0, L], (1)

where y(z, t) is the time-varying displacement in the CF
direction, z represents the coordinate along the axis of the
main cylinder, while n is the order of vibration modes, and
wn(t) and φn(z) denote the modal weight and modal shape,
respectively. +e pinned-pinned boundary condition was
applied in the experiment, and the modal shape function can
be written as

φn(z) � sin
nπz

L
, z ∈ [0, L]. (2)

Combining the relation between curvature and strain, we
can finally put the formula as

AW � B, (3)
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(4)

where R is the outer radius of the copper pipe in the main
cylinder model. Adopting a least square method to solve the
formula in Equation (3), we can further obtain the value of
the modal weight function, and then the spatial displace-
ment information. +e modal analysis method has been
proven to be a practical way for attaining the displacement
on flexible risers subjected to VIV [25–28].

3. Results and Discussion

3.1. VIV Suppression of the Vertical Flexible Cylinder (a � 0°).
+e strain responses of the smooth cylinder without and
with control rods under a perpendicular condition (α � 0°)
are investigated. Figure 4 gives an example of the time
history of measured strain signals at seven measurement
points during 20–50 s and the corresponding spectra which
were obtained by the fast Fourier transform (FFT).+e flow
velocity is 0.60m/s for this case. +e top and bottom graphs
show the experimental results of the smooth cylinder and
the main cylinder attached with 4 control rods, re-
spectively. It can be observed that the maximum CF strain
of the vertical smooth cylinder is up to approximately
220 με. +e strain signals at the middle part of the smooth
cylinder model (G4 and G5) are weaker than those on other
measurement points. In the spectral plot, the CF response
frequency of the smooth cylinder mainly includes two
peaks. +e lower component is approximately 6.2Hz, while
the higher component is nearly 18.8Hz. +e latter is three
times the former. A similar trend was also found in the
experimental study of a vertical flexible cylinder un-
dergoing vortex shedding by Song et al. [28]. For the main
cylinder attached with control rods, the strain responses
present distinct mitigation.+emaximum strain amplitude
at different measurement points is restrained to approxi-
mately 69 με. Also, the strain response at the middle lo-
cation (G4) is considerably lower than that at other
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Figure 3: Sketch of the experimental setup.
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Figure 4: Strain response characteristic of the vertical �exible cylinder (α � 0°) without and with control rods undergoing vortex shedding at
U � 0.60m/s (the �rst column presents time history of strain signals ((a), (c)) and the second column presents response spectra ((b), (d))).

Shock and Vibration 5



measurement points. Moreover, the frequency spectra only
exist one peak, and the higher harmonic component dis-
appears. �e dominant frequency slightly decreases to
approximately 4.4 Hz. �ese experimental results indicate
that the control rods can work e�ectively in alleviating the
CF strain response and reducing dominant frequency of the
vertical �exible cylinder. Similar �ndings were observed in
the experimental tests of Wu et al. [18, 19].

Figure 5 demonstrates the time history and spatial
distribution of the vertical �exible cylinders at U � 0.60m/s.

�e �rst column graph presents the time-varying dis-
placement at the measurement points during 20–50 s, the
second column graph shows the spatial distribution of
displacement along the cylinder. It is clear that the peak
value in the time-varying displacement curves of the
smooth cylinder can be as high as approximately 3.0D. It is
known that standing wave and traveling wave behaviors are
two important di�erences between the VIV responses of
elastically mounted rigid cylinders and �exible ones and
show that the VIV response of �exible cylinders is more
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Figure 5: Displacement response characteristic of the vertical �exible cylinder (α � 0°) without and with control rods undergoing vortex
shedding at U � 0.60m/s (the �rst column presents the time history of the nondimensional displacement ((a), (c)), the second column
presents the spanwise evolutions of the RMS displacements ((b), (d))).
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complicated due to the response varying along the span.
�e response of the smooth cylinder in Figure 5 appears as
a combination of traveling wave and standing wave, and
the asymmetry of the distribution is observed, which can
be attributed to the composition of adjacent vibration
modes. �e maximum root-mean-square (RMS) ampli-
tude can reach a value of approximately 1.40D, and the
vibration is dominated by the 2nd mode. For the main
cylinder equipped with 4 control rods, the maximum
displacement amplitude at seven measurement points
declines to a lower level of approximately 1.70D, occurring
at locations G2 and G6 while the valley is at the middle
point G4. Meanwhile, the curve in the spatial distribution
plot is obviously not close to zero which indicates that the
overall response is a combination of standing wave and
traveling wave behaviors, and the peak value of the RMS
dimensionless displacement declines to 0.80D as well. In
addition, the CF vibration is dominated by the 2nd mode.
�e experiment results above give convincing proof that
the control rods can e�ectively mitigate the displacement
responses of the vertical �exible cylinder in the CF di-
rection, which are consistent with previous experimental
and numerical studies [19, 20, 23].

Figure 6 shows the maximum RMS dimensionless CF
displacement of the vertical cylinder without and with
control rods versus the reduced velocity. �e reduced
velocity herein is calculated by Vr � U/f1D, where f1 is the
fundamental frequency of the main cylinder in still water.
For the smooth cylinder, the peak value can reach ap-
proximately 1.60D when Vr � 12.5. �e CF vibration
amplitude valleys appear in the mode transition region. In
comparison, the corresponding data on the cylinder with
control rods fall to a lower level overall. WhenVr ≤ 6.26, the
displacement of the suppressed cylinder is close to that of
the smooth cylinder, meaning that the VIV reduction by
using control rods for the main cylinder oscillation dis-
placement is extremely weak. With the increasing of re-
duced velocity, the suppression e�ectiveness of control
rods becomes more and more notable, and the peak value
of vibration amplitude for the main cylinder attached with
control rods is beneath 1.0D. Moreover, the max RMS
amplitude of the suppressed cylinder is restrained to nearly
zero when Vr ≥ 20. A similar trend was also found in
suppressing VIV experiments of a �exible cylinder with 4
control rods by Wu et al. [18, 19].

Figure 7 shows the suppression e¤ciency of the control
rods for the vertical cylinder subjected to VIV. Herein, the
suppression e¤ciency is calculated as follows:

η �
y−ycr
y

× 100%, (5)

where y and ycr denote the CF displacement amplitude on
the cylinder without and with control rods, respectively. It
can be observed that the suppression e¤ciency of control
rods �uctuates approximately 40% when Vr ≤ 15 and keeps
going up as the reduced velocity increases. �e suppression
e¤ciency maintains approximately 90% when the reduced
velocity is over 20. In addition, the average e¤ciency is
approximately 60.2%, which indicates that the control rods

can e�ectively mitigate the CF VIV response of the vertical
cylinder.

Figure 8 shows the dominant frequencies and dominant
modes of both the smooth cylinder and suppressed cylinder
with respect to the reduced velocity. �e grey dotted line
corresponds to the Strouhal number of a �xed rigid cylinder.
It can be observed from Figure 8(a) that for the smooth
cylinder, the CF dominant frequency grows linearly with the
reduced velocity. A similar trend is also observed in the
variation of dominant frequency on the suppressed cylinder,
while the data of the suppressed cylinder are slightly lower
than that of the smooth cylinder, indicating that the exis-
tence of control rods can signi�cantly suppress the dominant
frequency of the vertical cylinder. In addition, the dominant
mode of the smooth cylinder gradually increases from the
�rst-order to third-order with the increasing reduced ve-
locity (Figure 8(b)). For the main cylinder with the control
rods, the dominant mode shares a similar trend and ap-
proximate values with those of the smooth cylinder at all
range of the reduced velocity. �is phenomenon indicates
that the suppressing e�ectiveness of control rods on the
dominant vibration mode of the vertical cylinder is in-
signi�cant, which is coincident with the previous experiment
result of Wu et al. [18, 19].

3.2.VIVSuppression of the InclinedFlexibleCylinder (α� 45°).
Figure 9 presents an example of the time-varying strain
response and corresponding spectra for the inclined cylinder
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with α � 45°. To conduct the comparison with the vertical
case, U � 0.85m/s is selected. �e vertical projected com-
ponent of the �ow velocity (U cos α) is approximately
0.60m/s, which is equal to the �ow velocity in the experi-
ment of the vertical cylinder. It can be found that the
maximum CF strain of the inclined smooth cylinder can
reach approximately 206 με. In addition, the strain ampli-
tude at the middle measurement point G4 is obviously lower
than other points and the maximum value appears at lo-
cations G2 and G6. �e dominant frequency of the inclined
smooth cylinder is 5.76Hz, which corresponds to the 2nd
mode. At the same time, a higher harmonic component of
approximately 18.1Hz is motivated as well. In contrast, the
strain and response spectra of the inclined cylinder �tted
with control rods are obviously di�erent. �e peak value of
the strain at measurement points is remarkably suppressed
to approximately 45με, which is an even more satisfying
suppressing e�ectiveness compared to that of the vertical
cylinder �tted with control rods. Meanwhile, the response
spectra become relatively broadbanded with one lower peak
value (4.53Hz) by using the control rods for VIV reduction
of the inclined cylinder. �is phenomenon indicates that the
regular vortex shedding of the 45° inclined cylinder is ob-
viously disrupted. �ese �ndings are very meaningful, since
previous studies have shown that the VIV suppression ef-
fectiveness of helical strakes will deteriorate as the in-
clination angle increases, and the helical strakes can even
reversely enhance the vibration on the inclined �exible
cylinder at 45° inclination [16]. However, the results we
present above prove the VIV suppressing reliability of
control rods for the inclined �exible cylinder with a large
inclination angle.

Figure 10 shows the displacement response characteristic
of the 45° inclined cylinders both without and with control
rods. For the inclined smooth cylinder, it can be observed
that the amplitude of the time-varying displacement re-
sponses is approximately 2.7D and is observed at mea-
surement points G2 and G6, while the displacement
amplitude at themiddle measurement point G4 is the lowest.
�e distribution curve of the maximum RMS displacement

of the inclined smooth cylinder illustrates that the CF VIV
response is dominated by the 2nd mode. In contrast, the
time-varying displacement response of the 45° inclined
suppressed cylinder shows obvious declination, and the peak
value of CF RMS displacement falls to approximately 1.15D.
From the spatial distribution plot, it can also be seen that the
distribution curve of the max RMS displacement transfers to
a smooth parabola, indicating that the vibration is domi-
nated by the 1st mode. �ese results above prove the
adaptability of multiple control rods on suppressing the CF
vibration displacement of the 45° inclined cylinder.

Figure 11 shows the maximum RMS CF displacements
of the smooth and suppressed cylinders versus the reduced
velocity for the 45° inclined case. For the inclined smooth
cylinder, the maxima of the RMS CF displacements is
nearly 1.48D at Vr � 10.62. �e counterpart of the cylinder
with control rods maintains around a lower level. �e peak
value of CF displacement of the suppressed cylinder
reaches approximately 0.57D. Additionally, in terms of the
suppression e¤ciency of the multiple control rods, Fig-
ure 12 shows that the e¤ciency of control rods for the 45°
inclined cylinder appears to be less �uctuating compared
with the vertical cylinder, ranging from 37.6% to 82.3%.
No negative e¤ciency is observed, and the average sup-
pression e¤ciency can reach up to 67.3%, which is slightly
better compared with that of the vertical cylinder, as
shown in Figure 7. �is result further proves that the
inclination of the main body has no negative in�uence on
the VIV suppression e�ectiveness of control rods, and the
control rods can e�ectively mitigate the CF VIV response
on the �exible cylinder with a large inclination angle. �e
performance of control rods for VIV reduction of an
inclined cylinder is obviously di�erent from that of helical
strakes in [16]. It was pointed out that the combined
actions from the axial �ow component and the axial
whirling motions result in worse VIV reduction e�ec-
tiveness of the helical strakes as the increasing inclination
angle [16]. However, when the control rods are �tted with
the main cylinder, the axial �ow cannot whirl along the
axis of the cylinder. Hence, the di�erence of the helical
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Figure 8: Dominant frequencies (a) and dominant modes (b) of the main vertical �exible cylinder with control rods versus the reduced
velocity.
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strakes and control rods for VIV suppression of an in-
clined cylinder is attributed to the in�uence of the axial
�ow.

Figure 13 shows that variations of the dominant fre-
quency and dominant mode of the inclined cylinder (α �
45°) versus the reduced velocity. �e dominant frequency
of the inclined smooth cylinder keeps going up with the
reduced velocity. �e counterpart of the inclined sup-
pressed cylinder shows a similar variation trend but the
corresponding data of the suppressed cylinder are slightly
lower. �is is in accordance with the situation in the

vertical test condition, and it indicates that multiple
control rods have a positive e�ect in mitigating the CF
vibration dominant frequency of the inclined cylinder.
Furthermore, the CF dominant modes of both the smooth
and suppressed cylinders share comparable data and
range from the 1st to 3rd mode. �e distinction between
the two counterparts at the same reduced velocity is in-
signi�cant, which is in line with the experimental results
on vertical cylinders. �is indicates that the control rods
have little in�uence on the CF dominant mode of the 45°
inclined main cylinder.
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Figure 10: Displacement response characteristic of the inclined �exible cylinder (α � 45°) without and with control rods undergoing vortex
shedding at U � 0.85m/s (the �rst column presents the time history of the nondimensional displacement ((a), (c)), the second column
presents the spanwise evolutions of the RMS displacements ((b), (d))).
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4. Conclusions

�e VIV suppression e�ectiveness of control rods on the
inclined �exible cylinder is experimentally studied in this
paper. �e cylinder models without and with control rods
were towed in the towing tank at two inclination angle cases
(a � 0° and 45°). It is found that the control rods can ef-
fectively alleviate the CF VIV response of the vertical �exible
cylinder. By attaching the control rods, the peak value of CF
strain for the main vertical cylinder decreases from 220 με to
approximately 69 με, and themultiple frequency phenomena

disappears. �ese trends indicate that the control rods can
e�ectively suppress the VIV, which is consistent with pre-
vious studies of Wu et al. [18, 19]. �e VIV suppression
e�ectiveness of the control rods is not sensitive to the in-
clination angle of themain cylinder, and the control rods still
keep remarkable performance in suppressing the CF VIV
responses on the 45° inclined �exible cylinder. �e sup-
pression e�ectiveness is similar with that of the vertical
cylinder. In addition, the average suppression e¤ciency of
the control rods can reach 67.3% on the inclined cylinder,
which is higher than the counterpart on the vertical cylinder.
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+ese findings are important to the practical engineering
since previous study [16] has found that the VIV suppression
effect of another widely used device, helical strake, will
deteriorate and even enhance the vibration as the inclination
angle increases to 45°.

In addition, more comprehensive and systematic
studies should be done in subsequent work. +e ar-
rangements of control rods and the inclination angles can
be refined, to further investigate the general law of the
suppression effectiveness and optimized configuration of
the control rods on the inclined flexible cylinder subjected
to VIV.
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