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ABSTRACT

The wake-induced vibration (WIV) presents significant challenges to the structural integrity of multi-cylinder configurations. To effectively
alleviate this problem, a numerical simulation is conducted to assess the effect of an active control technique that uses two jets located at the
shoulder region of a cylinder to suppress WIV in two-degree-of-freedom. The equations of motion for the WIV response are solved using the
Newmark-f method. The Newmark-f method is employed to solve the equations of motion governing the WIV response. Three kinds of
angular position (ff) on WIV suppression are investigated in detail, including 30°, 60°, and 90°. The angular position f is defined as the angle
between the injection angle and the horizontal line. When the angular position (f) is 30°, the maximum cross-flow amplitude ratio (CFAR)
is reduced from 0.9 (uncontrolled) to 0.5 (f=30°), a reduction of approximately 44%. On the contrary, the maximum CFARs remain
approximately 1.0 for the case 3 (f =60°) and case 4 (ff = 90°). Especially for the case 4, the cylinder showed the galloping response after the
upper branch region. Since the jets are positioned on the vibration cylinder shoulders, the vortexes caused by the jets are opposite to the main
vortexes induced by the cylinder. As a consequence, the jets shred the main vortexes in the wake of the cylinder, which leads to the driving
force of the vibration reduction. Therefore, the cylinder’s WIV amplitude is significantly suppressed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0209230

I. INTRODUCTION

The application of multi-cylinder structures is widespread across
various engineering fields, encompassing cable-bearing bridges featur-
ing parallel cables, clusters of marine risers, chimney clusters, and cool-
ing tower clusters. Flow field between multi-cylinder structures can
cause flow-induced vibrations (FIV). In particular, downstream of the
cylinders, there are various forms of wake-induced vibration (WIV)
including wake vortex-induced vibration (VIV), galloping, and flut-
ter."” Among them, the VIV problems in marine risers have attracted
attention. With the number of cylinder increment, flow interaction
effects including wake interaction, proximity interaction, and their
combination will occur. When the cylinders are positioned close to
each other, these effects result in alterations in the attributes of the FIV
response exhibited by the cylinders. In addition, the interaction of cyl-

riser groups, it has become more important to explore the cylindrical
VIV suppression in the wake field."”

VIV suppression methods are currently a highly researched and
prominent topic. The primary elements consist of methods for con-
trolling vibrations, both actively and passively.” * The implementation
of active control approaches necessitates the provision of power input,
as they rely on external energy sources to manipulate the flow and mit-
igate VIV. In contrast, passive control techniques do not require exter-
nal power as they primarily rely on the geometry modifications of the
structure to dampen or suppress VIV. Passive controls are simple to
operate and cost-effective to control.”'’ Wang et al. conducted
research on the impact of a bionic surface resembling a colossal cactus
for VIV suppression. In their study, the influence of different height
ratios of the bionic surface for sixth ribs cases has been discussed."
Passive turbulence control experiments of circular obstacles are carried
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inders makes the flow field more complex, leading to a potentially
more intense vibration response.” To alleviate the vibrations in the
wake field and further improve the structural reliability of the marine

out by Chang et al. using surface roughness in a steady flow.'” Ozkan
Gokturk et al. conducted an experimental study where they altered the
flow characteristics around a circular cylinder in shallow water by
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incorporating a porous outer cylinder. Their findings indicate that aug-
menting the porosity of the outer cylinder led to a diminished impact
on the inner cylinder."” Among the various devices used to dampen
vibrations, helical strakes are widely employed. The use of spiral col-
umns has been experimentally proven to effectively minimize fatigue
damage.'*'"” Sun et al.'® adopted a flexible fishtail-like fairing as an
FIV suppression, which has shown effectiveness in VIV suppression.
In Ref. 17, tandem cylindrical VIV with flow-shape elastic mounting is
simulated. The findings indicate that in numerous instances analyzed,
there is a tendency for galloping response to manifest, resulting in sig-
nificant oscillation magnitudes.

However, the effects of passive control techniques are often lim-
ited to a narrow range of conditions. On the other hand, optimal out-
comes can be attained by flexibly adjusting the active control."® The
numerical investigation, conducted by Mazzilli and Sanche,”” aims to
address the instability issue of a riser by developing an optimal control
system that incorporates a linear quadratic regulator. This system is
designed to stabilize the high-intensity oscillations experienced by a
steel-catenary riser subjected to VIV. The vortex vibration of a cylinder
is manipulated by Wan through the utilization of heat sources. The
cylinder, which is elastically mounted and subjected to heating, experi-
ences flow in alignment with the thermally induced buoyancy direc-
tion. They find that by increasing the Richardson number increment,
it is possible to decrease the amplitude of VIV.”” Lou et al. proposed
the utilization of a Simulink co-simulation-based adaptive fuzzy sliding
mode controller for actively controlling the VIV of the riser.”" Xie
et al. supposed a scheme and VIV of a cylinder accompanied by an
appended filament, utilizing a penalty immersed boundary method.””
Chizfahm presented a stability assessment for the VIV of a sphere and
proposes a method to control VIV using base bleed actuation, which is
beneficial to VIV suppression.”

Among the various active control techniques, using jets to sup-
press VIV is an effective method that has been widely investigated. It is
feasible to manipulate the fluid dynamics around bluff bodies through
the induction of a secondary flow (suction and blowing). In References
24 and 25, a numerical study is performed to evaluate the efficiency of
an active control technique employing a duo of air jets situated at the
shoulder regions of a circular cylinder for mitigating vortex-induced
vibrations (VIV). To suppress the VIV, the air vortexes and bubbles
effectively delay the vortex formation. In addition, they also study the
effect of injection velocity on VIV. Kim and Choi examined the disper-
sion of flow pressure around a circular obstruction within a given
range. At the lower and upper surfaces of the obstacle, the distributed
force is found by the suction and blowing from the slots placed. The
conditions that yield the highest drag reduction are identified.”” A
study is carried out by Wang et al. to numerically investigate the utili-
zation of a pair of synthetic jets for active VIV control on a circular cyl-
inder.”” The active locking technique is less effective in suppressing
VIV than the traditional eddy intensity reduction technique. In practi-
cal engineering applications, most of them are arrays of multiple col-
umns arranged in series. Although the upstream cylinders block the
impact of the flow, the shedding vortex will act on the surface of the
downstream cylinders, thus enhancing the vibration of the down-
stream cylinders. Wang et al. first studied the wake-induced vibrations
of three tandem semi-circular cylinders and found three wake interfer-
ence patterns, which provided significant reference for this study.”®
Tang et al. investigated the effect of radius ratio on the motion of
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tandem cylinders. As the radius ratio increases, the motion of the
downstream cylinder transitions from VIV to galloping.”” Dongyang
et al. found that placing a tuned NES parameters (mass, nonlinear stiff-
ness, and damping) in tandem cylinders can also provide good sup-
pression effects.”” Xu et al covered the surface of two tandem
cylinders with helical strakes and found that the downstream cylinder
may experience more severe fatigue damage in the cross-flow and in-
line directions.”’

To reduce the WIV responses for a circular cylinder, this paper
explores the application of a dual water jet for active control. In the fol-
lowing sections, the problem description and setup are given in Sec. II.
Section IIT presents the introduction of the computational model and
approach. The outcomes concerning the WIV response, vortex shed-
ding, and trajectories of the circular cylinder are discussed in Sec. IV.
Section V describes the vibration suppression mechanism of the jets.

Il. PROBLEM DESCRIPTION

In order to observe the influence of the jet on the WIV for the cir-
cular cylinder, the two-degree-of-freedom (2-DOF) WIV model with a
pair of water jets is established as shown in Fig. 1. The model includes
a stationary circular cylinder (left side) and a vibration circular cylinder
(right side). The circular cylinder can vibrate freely in both the axial
and transverse directions, while the oscillatory system consists of linear
springs supporting the suspended cylinder along with damping within
the system. Therefore, the oscillator can be described as a system con-
sisting of a mass-spring-damper with two-degree-of-freedom
(2-DOF). The oscillatory system parameters for numerical simulation
are given in Table 1.7

As shown in Fig. 2, this paper involves the immersion of two cyl-
inders in a uniform water flow. The water jets, symmetrically posi-
tioned on both shoulders of the vibrating cylinder and centered
around the rear stagnation point, are implemented. Each water jet uni-
formly injects with a steady velocity, covering a 2 mm width of the sur-
face of the cylinder. This paper discusses the response of four cases at
different velocities, and those cases are angular positions (f5) of 30°,
60°, and 90° and uncontrolled.”* The angular position is defined as the
angle between the injection angle and the horizontal line. Four cases
are applied to understand the influence of the water jet. Case 0 means
isolated cylinder, case 1 means the downstream smooth cylinder, case
2 means the downstream cylinder with f=30°, case 3 means the
downstream cylinder with ff = 60°, and case 4 means the downstream
cylinder with = 90°. In addition, according to research of Zhu et al,
Ujet/ Upn is chosen 3.2 Uje represents the injection velocity of the water
jets, and Uy, represents the velocity of the ocean current.

Flow

Y — .
Ui Sess \
x

.~ .

Stationary cylinder

Oscillating cylinder

FIG. 1. Schematic of the 2-DOF wake-induced vibration model with a pair of jets.
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TABLE 1. VIV system parameters.

Denomination Symbol Value
Cylinder diameter D (m) 0.1
Mass-ratio m* 2.6
Added mass coefficient Cadd 1.0
Natural frequency in water fa (Hz) 0.4
Spring stiffness K (N/m) 179
Damping ratio ¢ 0.005
Width of Jet H (mm) 2
Angular position p () 30, 60, 90

lll. NUMERICAL METHOD
A. Vibration equations and Newmark-p method

A mathematical model for the flow-induced motion (FIM) sys-
tem is presented in this section. In this section, a mathematical model
for the flow-induced motion (FIM) system is introduced. To depict the
dynamics of the circular cylinder, a hybrid mass-spring-damper oscil-
lator model (refer to Fig. 1) is employed.”” The equation describing the
motion in both the X and Y directions, considering two degrees of free-
dom, is as follows:

m+Ciota X +Kx = Fiuiax(t), M
mj}+ctotal)./+Ky = Fﬂuid,y(t)a (2)

where m, x, y, Fauidx(t), and Fuua,y (t) are the circular cylinder mass,
the displacement, and the fluid force in X and Y directions, respec-
tively. Crotal=C1otal (2\/m-K) is the total damping.

For this work, the solution to the mass-spring-damper oscillator
model is obtained by employing the Newmark- method. The adopted
method has been extensively utilized in the field of structural dynamics
to tackle the mathematical representation given by Egs. (1) and
(2).”%" The Newmark-f method has been adopted in our previous
research, and in this paper, we have updated the writing errors.
Consider cross-flow vibration as an example, the Newmark-f method
can express the displacement, y, velocity, y, and acceleration, ¥, in the
formulated manner as

Flow

= Upn
—

FIG. 2. Circular cylinder schematic with jets.
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where the time level is denoted by the subscript t or t 4+ At in this
method. The adjustable weighting constants, y and f3, have been stud-
ied in Refs. 38 and 39. In the Newmark-§ method discussed here, the
values chosen for y and f are 0.5 and 0.25, respectively. These values
guarantee both unconditional stability and second-order accuracy for
non-dissipative linear systems.

Considering Eq. (2) at time ¢ + At, we have

My actCrotal Vipa HK yerar = Fﬂuid,y(t)t+At~ (6)
The substitution of Egs. (3)-(5) in Eq. (6) gives

[R]ytJrAt:[FL (7)

where

1 Y
M+ ——
B At? +[)’At

_ 1 1 . 1 .
[F] = Fﬂu,‘,j,y(t)wm + |:W Yt +Wyr + <ﬁ - 1)yf:| M

7 7 . i .
LA ~ _1)A oral)-
The resolution of Egs. (4), (5), and (7) is facilitated by computer
algorithms that have been previously employed in our earlier

research.”’ Further details regarding the specific implementation of
this methodology are not provided in this discussion.

K]l =K+ Crotals (8a)

B. Two-way FSI simulation

VIV is a typical FSI (fluid-structure interaction) problem. The
numerical simulation procedure for VIV in this study involves two
components: resolving fluid forces and addressing the motion equa-
tion. In general, the simulation flow chart is presented in Fig. 3. The
governing equations and computational domains have been exten-
sively addressed in our previous research,” so are not provided here.
The numerical method is briefly introduced as follows:

(1) The foundation of motion simulation lies in acquiring fluid
force. For this study, the CFD software Fluent was utilized with
the RANS (Reynolds-averaged Navier-Stokes) equations and
SST (shear stress transport) k-o turbulence model to obtain
results.*""*

(2) The UDF (user-defined functions) module enables bidirectional
communication between fluid force and circular cylinder
motion. By employing the Newmark-f method, a second-order
linear differential equation [Eqs. (1) and (2)] is solved. The
UDF module integrates C+-+ computer algorithms to compute
various parameters such as the current vibration velocity V and
displacement. These values are then utilized to update the posi-
tion of the cylinder within Fluent by modifying the grid based
on displacement information.
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C. Computational Domain and Grid

Figure 4 shows the computational domain including the VIV sys-
tem. The computational domain extends 20 times the cylinder diame-
ter in the lateral direction and 40 times in the longitudinal direction.
As shown in Fig. 4, two cylinders of the same size are set up in the
computational domain; the left side remains constant, while the right
side exhibits vibration. The core area for the motion of the vibrating
cylinder (right side one) is achieved by using the layering method
(dynamic grid method). This involves dividing the slideway into two
sections, A and B, which are strategically positioned along both the
cross-flow and in-flow directions of the vibration cylinder.

Four boundary conditions, namely, inlet (velocity-inlet), sidewall,
outlet (pressure-outlet), and cylinder-wall (no-slip wall), are set. The
boundary layer is set on two cylinders to improve the accuracy. In
Fig. 5, the global grid uses a quadrilateral design scheme. In general,
the hydrodynamic environment around the cylinder is complex. The
mutual coupling of water jets and vortices further increases the com-
plexity of the flow field around the cylinder. In order to accurately sim-
ulate the flow field around the cylinder, the prism layer is applied to
the wall of the cylinder and jets. The growth rate is 1.2 and prism layer
is 16. Based on the requirements of the SST k- turbulence model, the
value of dimensionless wall distance (y+) should be less than 1.
Therefore, the height of the first layer mesh is 8 x 10”7 m. The grooves
are located at the two shoulders of the vibration cylinder. The grooves

mj;+ Clolal.}} + Ky :Kﬂuid,y(t)

ARTICLE pubs.aip.org/aip/pof

UDF module

Mechanical vibration equation
( A second order linear differential equation )

mx + G X + Kx =Kpyig x ()

FIG. 3. Two-way FSI simulation process
for VIV with mass-spring-damper system.

are the key to achieving the jet flow, so the grid near grooves is opti-
mized (Fig. 6).

D. Numerical method validation

Since there are no practical experiments and numerical examples
that fit perfectly with this study, the results of Jauvtis and Kang are
chosen as a benchmark example to test the numerical method."” **
The precision of the numerical model has been verified against the pre-
vious results for the vibration of a smooth cylinder. The VIV response
region is characterized by three branches, namely, the initial branch,
upper branch, and lower branch. In the initial and upper branches,
even if there is a small non-overlap, the present outcome exhibits
resemblance to findings from other studies. The amplitude ratio in the
current study is slightly higher than that of Kang’s study in the lower
branch. The magnitude of the observed amplitude ratio slightly
exceeds that reported by Kang in the lower branch. In the VIV
response region, the numerical method can clearly show the three
branches. Therefore, the numerical method in this paper is acceptable.
In the region where VIV response occurs, the three branches are effec-
tively displayed using the numerical method. As such, this paper’s
numerical method is deemed appropriate.

Time records for the cross-flow amplitude ratio (CFAR) and tra-
jectory for two tandem cylinders are given in Fig. 7. The angular posi-
tion is 60°, and the reduced velocity is 7.0. The amplitude ratio

Wall
IZD Slideway A :
rl: Sub-Domain [
s Slideway B O Slideway B gl 2 FIG. 4. Computational domain
=) 2 O 2 = p
Stationary Oscillating
[ Cylinder Cylinder
I:D Slideway A :>
40D Stationary Domain [
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without control undergoes regular sinusoidal fluctuation, and the max-
imum CFAR and trajectory reach 1.3 and 0.13, respectively. The insta-
bility of the fluctuation arises when the cylinder is fitted with a pair of
water jets. In general, compared to the no jet control, the CFAR is
decreased to 0.5. It indicates that the water jets influence the VIV.
Furthermore, the range of vibration trajectory has been reduced under
the water jet control.

L6 T T T T T T

& ) Jauvtis et al.(2004) Re=1000-15000
A _@* [0 Kangetal.(2019) Re=5800-40800
L4r o A Kang etal.(2019) Re=13050-91800 | |
A Curretn Sutdy Re=8000-60000
12F o * i
1 *5
L & |
2T AA X x
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<" 0 O pax
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FIG. 6. Comparison of the numerical results from the current study and the experi-
mental results from Jauvtis and Williamson and Kang et al. for the VIV amplitudes
atmx =2.6 and & = 0.005.
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FIG. 5. Global grid, local grid near the cyl-
inder, and boundary layer grid near the
grooves.

IV. RESULTS AND DISCUSSION
A. VIV amplitude and frequency responses

Figure 8 shows the CFARs (A) = A/D) for the isolated cylinder
(case 0), downstream smooth cylinder (case 1), and downstream cylin-
der of jet at Uj/ Uy, = 3 with diffident angular positions (case 2, 30°,
case 3, 60°, and case 4, 90°). The data are derived from the average val-
ues of A} over the last ten cycles of the time historical curves. In Fig. 8,
the identification of VIV response regions typically involves the utiliza-
tion of four branches, namely, the initial branch, upper branch, lower
branch, and desynchronization. Figure 9 is about vortex shedding fre-
quency ratios (fy* = f/fu.water)> and the determination of vortex shed-
ding frequency can be achieved by employing the fast Fourier
transform (FFT). The lock-in phenomenon occurs when the vortex
shedding frequency is close to the natural frequency. The occurrence
of the lock-in phenomenon arises when the natural frequency closely
aligns with the vortex shedding frequency.

In the region of the initial branch, cases 0—4 can be identified by
their distinct characteristics of having low frequency ratios and ampli-
tude ratios. The frequency ratios of vortex shedding in the cases are
below 1.0, and the frequency ratio of case 2 is higher. The CFARs are
less than 0.6. The frequency ratios of vortex shedding and all cases
increase with the reduced velocity increment. Under U" = 4, compared
with case 1, the reduction in the frequency ratio of vortex shedding
and case 2 is observed.

For the upper branch region, the CFARs of all cases begin to
increase more rapidly than the initial branch until they reach the peak.
The CFAR of case 0 is higher, and its peak value is 1.5. The maximum
CFAR for case 2 is about 0.5, and it is about 0.9 for case 1, which is
reduced by 44% compared with that of case 1. On the contrary, the
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FIG. 7. VIV suppression for tandem cylinders using a pair of water jets (# =60°): CFAR (A,*) and trajectory (A, A) (Ux =7.0).

maximum CFARs are about 1.0 in cases 3 and 4, which exhibit a slight
increase in comparison with case 1. The frequency ratios of vortex
shedding in cases 1-4 exhibit a gradual increase, eventually surpassing
the value of 1.0. The frequency ratio of vortex shedding in case 0
remains stable at approximately 1.0 and does not exhibit a significant
increase with an increase in velocity ratio.

In the lower branch region, all cases are present in a state of sta-
bility within the lock-in region. The VIV responses exhibit a contrast-
ing pattern of high amplitude ratio and high frequency ratio compared
to the initial branch region. The amplitude ratio of case 2 is lower, and
the stability of the CFAR remains at approximately 0.3, exhibiting a
reduction of around 67% compared to case 1’s maximum CFAR.
Meanwhile, the CFAR of case 3 is approximately 0.4, exhibiting a sig-
nificant reduction of 56% compared to case 1 under the same condi-
tions. However, case 4 shows galloping phenomenon, and the
amplitude rapidly increases with reduced velocity increment. The fre-
quency ratios of vortex shedding in case 2 remain consistent at approx-
imately St=0.2, while the CFARs also exhibit stability. When the
vortex shedding frequency coincides with the natural frequency, the
cylinder experiences resonance, which has also been interpreted by
some scholars as a lock-in phenomenon.””® Then, the vibration will
be enhanced, and the amplitude will be increased. The vortex shedding
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FIG. 8. Comparison of the amplitude responses of the circular cylinders.

frequency ratios of case 4 are about 1, corresponding to the natural fre-
quency. Thus, amplitude ratio of case 4 is significantly higher than the
other conditions.

In the region of desynchronization, all cases exhibit VIV
responses with a low amplitude ratio, except for case 4. This indicates
that the high Reynolds number region effectively suppresses the ampli-
tude responses. The frequency ratios of vortex shedding in cases 0-3
are high, while case 4 is lower.

B. VIV responses and vortex shedding patterns
in different branches

1. Initial branch

To further gain the fluid dynamics of WIV using a pair of jets,
the analysis is extended to include the amplitude ratio of cross-flow,
lift coefficient, and patterns of vortex. About certain kinds of different
cases, four typical reduced velocities (U* =4, 7, 11, and 14) have been
chosen for further analysis of the VIV responses. Figure 10 shows the
cylinder VIV responses (cases 1, 2, 3, and 4) under U* =4 in the initial
branch. In addition, Fig. 11 shows the vortex patterns. When U* =4
(Fig. 10), the maximum CFAR is approximately 0.3 in case 1. The
maximum CFAR is only less than 0.2 in case 2. The maximum case 3
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25+ ‘

FIG. 9. Comparison of the frequency responses of the circular cylinders.
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FIG. 10. The time histories of VIV responses of the cylinders (Ux = 4.0).
is about 0.5, and it is higher than without control (case 1). In addition, jet disturbs the inner side of the shear layer, resulting in the formation
the CFAR in case 4 shows an unstable vibration response. Here, the lift of a new vortex in the opposite direction to the nearby vortex, destroy-
coefficient is only used to describe the trend. The lift coefficient and ing the original vortex shedding. In addition, as the jet is deflected
cross-flow amplitude exhibit consistent dominant frequencies. The lift downstream by the incoming flow, a pair of vortexes are generated on
coefficient exhibits dominant frequencies for cases 1-4, which are either side of the jet. The different vortex patterns associated with spe-

0.29297,0.421 14, 0.408 94, and 0.274 66 Hz, respectively. The vortexes cific VIV or FIM (flow-induced motion) regimes have been named as
generated by the stationary cylinder (left side one) are attached to the the S mode or P mode, where S and P stand for a single and pairs of
surface of the vibrating cylinder for cases 2 and 3, as depicted in vortices shed in one cycle. The vortex patterns observed in all instances
Fig. 11. The surface of the vibrating cylinder receives vortex shedding exhibit 2P modes, with the exception of case 1 (without control).
from the stationary cylinder for cases 1 and 4. As shown in figure, the There are two pair vortexes behind the cylinder, between 0 and 0.3 m.
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FIG. 11. The vortex patterns of the cylinders (Ux =4.0).

The cylinder sequentially sheds two vortexes from its rear, and the vor-
texes in each pair rotate in opposite directions. In addition, there are two
vortexes behind the cylinder for case 1, its vortex patterns of 2S mode.
Notably, the vortex is no longer covering the cylinder walls for case 4.

2. Upper branch

In the upper branch, Fig. 12 illustrates the temporal evolution of
VIV exhibited by the cylinder (cases 1, 2, 3, and 4) under U =7. In
addition, the vortex patterns are depicted in Fig. 13. When U*=7.0,
the maximum amplitudes of ratio cross-flow for cases 1, 3, and 4 are
about 1.0. The maximum CFAR for case 2 is approximately 0.4, exhib-
iting a significant reduction of 60% compared to case 1. It is

noteworthy that case 1 shows an unstable amplitude ratio at the 40s
moment, and case 3 shows an unstable amplitude ratio at the 40 and
60s moment. The CFARs in all cases exhibit elevated values in the
upper region when compared to the initial region, respectively. The lift
coefficient in case 1 exhibits a dominant frequency of 0.952 15 Hz,
while the CFAR demonstrates a dominant frequency of 0.463 87 Hz.
However, the dominant frequency of the lift coefficient and CFAR for
cases 2—4 is similar, with values of 0.549 32, 0.543 21, and 0.5249 Hz.
In Fig. 13, the vortex pattern is the 2P mode for all cases. This phe-
nomenon is caused by the number of shedding vortexes increasing with
the higher flow rate in one cycle so that the 25 mode becomes 2P mode.
In addition, because of the water jet, the position of the vortex shedding
is shifted to a position farther away on both sides of the cylinder.
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FIG. 12. The time histories of VIV responses of the cylinders (Ux =7.0).

3. Lower branch

In the lower branch, Fig. 14 illustrates the VIV responses for the
cylinder (cases 1, 2, 3, and 4) under U” = 11. In addition, Fig. 15 shows
the vortex patterns. When U” = 11 (Fig. 14), the maximum CFAR for
case 1 is about 1.5, that is, the higher velocity leads to an increase in
the amplitude of the cylindrical vibration compared to the upper
branch. The maximum CFAR for case 2 is approximately 0.3, which is
reduced by 75% compared with case 1, and the jets provide significant
suppression of cylindrical wake vibrations. The maximum CFAR for

case 3 is approximately 1.0, which is decreased by 33% in comparison
with case 1. However, it is 2.0 for case 4, which is increased by 33%
compared with case 1, and this indicates that the 90° jet in the lower
branch promotes cylindrical vibration. The lift coefficient and CFAR
for case 2 exhibit a consistent dominant frequency of 0.848 39 Hz.
However, the dominant frequency of the lift coefficient and CFAR in
cases 1, 3, and 4 is not constant, and the dominant frequency values of
the CFAR are bigger than the lift coefficient, respectively. The domi-
nant frequency of the CFAR for cases 1, 3, and 4 is about 0.5, 0.683 59,
and 0.402 83 Hz, respectively. All cases except case 4 exhibit vortex
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FIG. 13. The vortex patterns of the cylinders (Ux = 7.0).

patterns in the 2P mode in Fig. 15, with two pairs of vortices located at
a significant distance from the cylinder. In addition, as the cylinder
amplitude is large, this results in a long vortex stroke for the cylinder
shedding. With U" increasing, among the cylinder of case 4 sheds
more vortexes, the vortex pattern is the 4P mode. The increase in the
number of vortices can be one of the reasons for the increase in the lift
coefficient. Thus, the 90° jet in the lower branch promotes cylindrical
vibration.

4. Desynchronization

In desynchronization, Fig. 16 illustrates the VIV responses of the
cylinder (cases 1, 2, 3, and 4) under U" = 14. In addition, Fig. 17 shows
the vortex patterns. When U* = 14, for case 1, the curve of the CFAR

is quickly convergence and stable, and the maximum CFAR is approx-
imately 0.8. Cylindrical vibrations become unstable for cases 2 and 3.
The maximum CFAR is more than 2.0 for case 4, which is increased
by 50% compared with case 1. This indicates that the 90° jet promotes
cylindrical vibrations in desynchronization. The lift coefficient and
CFAR exhibit distinct dominant frequencies in cases 1, 3, and 4.
However, the lift coefficient and CFAR for case 2 exhibit a consistent
dominant frequency of 1.0864 Hz. Case 2 has the lowest vibration
amplitude but the highest vibration frequency. In Fig. 17, the distribu-
tion of high velocity flow areas has similar characteristics in cases 1-3.
The vortex patterns for all cases are 2P mode. However, the amplitude
of the 90° jet cylinder in the high flow velocity region is greater than
that in case 1. The vortex pattern of the case 4 is 4P. It can be observed
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FIG. 14. The time histories of VIV responses of the cylinders (Ux = 11.0).

by the vortices at the same location in the wake that the vortex in case
4 is stronger than the other cases. In addition, four examples are shown
in Fig. 17 where the vortex shedding wakes all become longer in
desynchronization. The lift coefficient and CFAR for case 2 exhibit a
consistent dominant frequency of 1.0864 Hz.

C. Trajectories in different branches

Figure 18 shows the vibration trajectories of the circular cylinder
(cases 0, 1, 2, 3, and 4) under U" = 4.0, 7.0, 11.0, and 14.0. For case 0,

the vibration trajectory is the one-shaped trajectory. Compared to case
0, case 1 is an uncontrolled cylindrical vibration trajectory in the wake.
The cylinder trajectory expands in the in-flow direction, and the vibra-
tions in the cross-flow direction become chaotic, which suggests that a
more intense VIV response in the wake flow appears. The vibration
trajectories of all cases exhibit the one-shaped trajectories under
U*=4.0. With the reduced velocity increment, there is an initial
increase, followed by a subsequent decrease in the range of motion
trajectory for case 1. Under U"=7.0, 11, and 14, the ranges of vibra-
tion trajectory for case 2 are (-0.04m < A, < 0.04m; —0.03m < A,
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FIG. 15. The vortex patterns of the cylinders (Ux = 11.0).

< 0.06m), (-0.05m < A, < 0.05m; -0.05m < A, < 0.05m), and
(-0.06m < A, < 0.09m; —0.09m < A, < 0.06 m), respectively. All
reduced velocities of case 2 are dot-shaped except U = 4.0. Compared
to the cylindrical vibration response in case 1, the cylindrical amplitude
ratio is significantly smaller and the cylindrical vibration response is
suppressed. For case 3 under U"=7.0, 11, and 14, the range of vibra-
tion trajectory is (-0.07m < A, < 0.09m; 0.01m <A, < 0.06m),
(-0.1m <Ay < 0.1m; 0.05m < A, < 0.16m), and (-0.14m < A,
< 0.11m; 0.09m < A, < 0.25m), respectively. The vibration trajec-
tory shows an obvious one-shaped trajectory for case 4. Compared to
the cylindrical vibration response in case 1, the cylindrical amplitude

ratios at U" = 11.0 and U" = 14.0 are significantly bigger and the cylin-
drical vibration response is not suppressed.

V. VIBRATION SUPPRESSION MECHANISM
A. Pressure distribution on the cylinders

Following the above-mentioned discussion, a comprehensive
analysis is provided to elucidate the impact of cylinders equipped with
jets on the VIV responses. Nevertheless, additional analysis is required
to examine the impact of the jet on the VIV response. In Fig. 19, the
pressure contours surrounding the fixed and vibrating cylinders are
shown. As an example, for U" = 7.0, pressure contours are given for
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FIG. 16. The time histories of VIV responses of the cylinder with different number of the grooves (Ux = 14.0).

cases 1, 2, 3, and 4, when the cylinder is located at the upper limit of
the cross-flow vibration. The cylinders of cases 1 and 4 have very simi-
lar pressure distributions. On the right side of the vibration cylinder
are large low-pressure areas; among them, the low-pressure area of
case 4 is lager. Between two cylinders have high-pressure areas. For
cases 2 and 3, the right side of the vibration cylinders is smaller low-
pressure areas compared with case 1.

The injection momentum from the jet to the cylinder boundary
layer and shear layer in cases 2 and 3 results in a reduction of length
and width for the low-pressure areas located behind the vibration

cylinder. On the other hand, in case 4, it can be observed that the area
of low pressure behind the vibrating cylinder is expanded, suggesting
that injection has an adverse impact under these circumstances.
Hence, the utilization of jet control proves to be more efficient in mini-
mizing drag and lift for the cylinder when it is positioned at smaller
angles.

In conjunction with polar Fig. 20, pressure distributions on the
cylinders about cases 2 and 4 are given when the cylinders are located
at the upper limit of the cross-flow vibration. At this point, the motion
direction of the cylinders is upward along the cross-flow. For case 4, a
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FIG. 17. The vortex patterns of the cylinders (Ux = 14.0).

low-pressure area still exists behind the jet (polar coordinates are 30°—
90°), and there is a high-pressure area in the 180°-270° range.
Therefore, there is a large pressure difference around the cylinder dur-
ing the upward movement phase, which provides the impetus for the
upward movement of the cylinders, resulting in a relatively high ampli-
tude of vibration. In contrast, for case 2, the red line around the cylin-
der is fuller, which provides a smaller pressure difference in the
direction of motion, resulting in less driving force.

B. Flow structure around the cylinders

The main reason for vortex shedding is the large-scale boundary
layer separation. The aim is to further investigate the suppression

mechanism of cylindrical wake vibration using the jet. During fluid
flow, vortices and shear layers are formed when the flow velocity
exceeds a certain critical velocity. When the alternating vortices and
shear layers interact with the surface of the structure, vibration of the
structure will be generated. It has been shown that the vortices shed by
the upstream cylinder will gradually merge into the vortices around
the downstream cylinder and thus significantly enhance the vibration
of the downstream cylinder.”**"” When the cylinder approaches the
limited point and the middle point, the velocity and vorticity contours
at U"=7.0 and f = 30° are given in Fig. 21. After the separation of the
boundary layer, a vortex with low pressure will be generated in the
wake of the cylinder. Due to the occurrence of boundary layer separa-
tion on both the upper and lower walls of the cylinder, two vortexes

Phys. Fluids 36, 067111 (2024); doi: 10.1063/5.0209230
Published under an exclusive license by AIP Publishing

36, 067111-14

10:96:€0 20 JOqWISNON 8Z


pubs.aip.org/aip/phf

Physics of Fluids

A (m)

A (m)

A m)

Am)

A (m)

ARTICLE

pubs.aip.org/aip/pof

FIG. 18. The 2-DOF trajectories of the cylinders.

Case 0 U*=4.0 Case 0 Case 0 U*=11.0 Case 0 U*=14.0
0.1 01 0.1 01
0.05] 0.05 0.05] 0.05
0 >0 >0 >0 ~
-0.05| -0.05| -0.05 -0.05}
01 01 01 0.1
-0.15 -0.15' a -0.15 0.1
0.1 -0.05 0 005 01 0.15 <01 -0.05 0 0.05 01 0.15 0.1 -0.05 0 0.05 0.1 0.15 -0.1 -0.05 0 0.05 01 0.15
A (m) A (m) A, (m) A (m)
Case |  U*=4.0 Casel  U*=7.0 Case 1 U*=110 Casel U*=14.0
01 0.1 0 01
005 0.05 005 005
B £ 0 2
0 > o >0
0,05 005 R -0.05
01 0.1 21 01
013 =015 Y] 0.05 0 005 01 015 01
<01 0.05 0 005 01 0.15 <01 -0.05 0 005 0.1 0.15 h h 0.1 -0.05 0 005 0.1 015
Am) A m) A, (m) A (m)
Case2  U*=4.0 Case2  U*=7.0 Case2  U*=11.0 Case2  U*=14.0
0.1 01 0.1 0.1
005 005 0.0 0.05]
o ‘ E E E
< 0 < 9 >0
2003 005 -0.05 -0.05]
0.1 01 0.1 01
015 : = 01 015 - 01
01 -0.05 0 0.05 0.1 0.15 01 0.05 0 005 01 0.15 0.1 0.05 0 005 0.1 015 0.1 2005 0 005 0.1 015
A(m) Am) A (m) A (m)
Case3  U*=4.0 Case3  U*=7.0 Case3  U*=11.0 Case3  U*=14.0
0.1 0.1 0.1 0.1
005 0.03] 0.03] 0,03
E B E
0 >0 >0 >0
-0.05} -0.05] =005 -0.05]
0.1 0.1 0.1 <01
015 015 015 015
01 005 0 00s 01 015 o1 005 0 00s 01 015 0.05 0 005 01 015 02 0
A\lm) A‘ilﬂ) A (m)
0.2 025
S ()
Cased  U*=4.0 Case 4 (7 02
015 '|.
01 o1 N 015
0.1 \
005 0.05 \\"" \~ ol
5 5| \ LN
005 A AN
_ _ AN L s
g E AR
0 > 0 > or \ \w‘ \1’\ > 0
A
005t 'A‘Mé‘““ 20
003 005 A\‘”‘)""“'A '( 01
a fi b
il .
A (KA -0.15!
0.1 01 /)Olquhv,
015 ‘ " )
ARV 02
p’\‘-a"t’
01 <01 02 0.
01 005 0 005 01 015 o1 0050 00s 01 0.1s 0 005 01 015 02 025 0
A\{m) A‘(n\) Ax (m)

Phys. Fluids 36, 067111 (2024); doi: 10.1063/5.0209230
Published under an exclusive license by AIP Publishing

36, 067111-15

10:96:€0 20 JOqWISNON 8Z


pubs.aip.org/aip/phf

Physics of Fluids

. . . . 1 . . . . 1
_04-05 0 05

ARTICLE pubs.aip.org/aip/pof

04

Case 2 Pressure

16,6667
02 333333
10

233333
-36.6667

-63.3333
-76.6667

-02

—T T

FIG. 19. The pressure contours around the cylinders (Ux = 7.0).

will be shed in opposite directions. As can be seen from the figure, the
size of the vortexes distributed behind the vibrating cylinder is all
small. For the single cylinder, the same phenomenon was found by
Zhu et al”* and Wang et al”’ Generally, vortex generation is

RN Case 2
0 — Case 4

180

Direction
of motion

21

High Pressure

2
D e
FIG. 20. Pressure distribution on the cylinders in the upward journey (case 2:
S =30° and case 4: f=90°).

unavoidable, so breaking up large vortices is the main form of suppres-
sion VIV. Thus, the jet shreds the large shedding vortexes and thus
reduce the vortex effect on the cylinders.

In Fig. 22, due to the jet being implemented on the up shoulder
of the vibration cylinder, the vortex (blue area) generated by the jet is
opposite to the big vortex (red area) near itself. Similarly, the jet on the
down shoulder works in the same way. Figure 22 is a schematic dia-
gram of the structure where vortex shedding occurs around the cylin-
ders. As the jet shreds the large vortex behind the cylinder, it results in
a reduction of the cylinder driving force vibration, leading to the cylin-
der in the wake being significantly suppressed.

VI. CONCLUSIONS

This work studies an active vibration suppression method with
jets for the cylinder. A series of simulations in conjunction with the
Newmark-f§ method are carried out to research the vibration response
of a two-degree-of-freedom cylinder. The simulation results are veri-
fied by comparing them with other studies. The WIV characteristics
for four different conditions (uncontrolled, ff=30°, f=60°, and
 =190°) are discussed in detail. The main conclusions are as follows:

(1) When the reduced velocity U ranges from 2 to 15, the ampli-
tude response can be categorized into the initial branch, the
upper branch, the lower branch, and the desynchronization
region. The maximum CFAR decreases from 0.9 (case 1, uncon-
trolled) to 0.5 (case 2, f=30°), a decrease of approximately
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FIG. 21. Velocity and vorticity contours around the cylinder when approaching the highest point and the middle point (U« = 7.0).

44%. This indicates that the jets with f=30° are effective in
reducing WIV amplitudes. On the contrary, the maximum
CFARs are approximately 1.0 in case 3 (f=60°) and case 4
(f=90°), which are slightly higher than case 1 (uncontrolled).
Of course, the response of case 3 is suppressed in the lower
branch region. For case 4, after the upper branch, the cylinder
enters the galloping response. At this moment, the jets have the
effect of promoting vibration.

(2) The response of the cylinder’s WIV is significantly suppressed
when the jet angle f§ is 30° (case 2). The WIV frequency of case
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FIG. 22. Schematic diagrams of vortex shedding structure around the cylinders.

2 is close to the shedding frequency of vortexes, and the cross-
flow amplitude is relatively low and stable. However, the WIV
frequencies of cases 1, 3, and 4 are closer to the natural
frequency.

(3) The vortex pattern of case 1 (uncontrolled) switches from 2S to
2P as the reduced velocity increases. The vortex pattern (2P) of
case 2 (f=30°) and case 3 (f=60°) remains unchanged. As
the reduced velocity increases, the vortex pattern of case 4
(p=190°) switches from 2P to 4P.

(4) Compared to the pressure contour of case 1 (uncontrolled) and
case 4 (f=90°), the area of low-pressure vortexes around case
2 (f=30°) and case 3 (f =60°) is smaller. Especially for case 2,
the pressure curve around the cylinder is fuller, which results in
less pressure difference in the direction of motion. Therefore,
the driving force of cylinder vibration is smaller. The cylinder’s
response is significantly diminished. Due to jets set on the
vibration cylinder, the vortexes generated by the jet are opposite
to big vortexes near itself. Therefore, the water jet shreds the
large vortex behind the cylinder, which results in the driving
force of the cylinder vibration reducing and significant suppres-
sion of the cylinder in the wake.

The control effect of active suppression on vibration is indeed
ideal, but there is still a lot of progress to be made in the technology of
realizing vibration control by water jets. In general, the velocity of the
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ocean current is not constant in the marine environment. Different
water jet velocities are suitable for different current environments.
Therefore, an adaptive water jet control system can be studied. The
main direction of parameter selection can refer to the ocean current
velocity, the vibration direction, the angle of the jet, and so on.
Adaptive feedback system is an ideal research direction in the future.
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