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Abstract

Flow-Induced Vibration (FIV) in oscillatory flow represents a complex fluid—structure interaction that remains
insufficiently explored, particularly for two-degree-of-freedom (2-DoF) systems allowing coupled inline and cross-
flow motion. Previous studies have primarily focused on steady flows or limited parameter ranges, leaving a significant
knowledge gap in understanding dynamic responses influenced by both reduced velocity (Uz) and Keulegan—Carpenter
(KC) numbers. This study aims to numerically investigate the vibration characteristics of a 2-DoF circular cylinder
subjected to oscillatory flow, emphasizing the coupling mechanism between the two motion directions under varying
Ur and KC values. The research employed a numerical approach based on the Direct Forcing Immersed Boundary
(DFIB) method integrated with Navier—Stokes solvers and structural motion equations. Simulations were conducted
for KC values of 5-20 and Uy ranges between 5-35. The temporal integration was performed using the third-order
Adams—Bashforth schemes to ensure accuracy and stability. The results reveal that lock-in phenomena occur within
specific UR ranges for each KC value, with resonance peaks identified at U = 5 for KC =5, U, = 10 for KC = 10,
Ug = 15 for KC = 15, and U, = 20 for KC = 20. Increasing KC values amplify the interaction between flow and
structural responses, producing multi-mode vibrations and nonlinear coupling between inline and transverse motions.
Furthermore, galloping phenomena were detected at higher UR, indicating a transition from vortex-induced vibration
to hydrodynamic instability. These findings contribute to a deeper understanding of FIV dynamics in oscillatory
environments, offering insights for optimizing offshore structure design and wave energy harvesting devices.

Keywords: Direct forcing immersed boundary; flow-induced vibration; Keulegan—Carpenter number; oscillatory
flow; two-degree-of-freedom

Abstrak

Getaran akibat aliran (Flow-Induced Vibration / FIV) pada aliran osilasi merupakan fenomena interaksi fluida-struktur
yang kompleks dan masih belum banyak diteliti, terutama pada sistem dua derajat kebebasan (2-DoF) yang
memungkinkan terjadinya gerak gabungan antara arah in-line dan cross-flow. Penelitian sebelumnya sebagian besar
difokuskan pada kondisi aliran tunak atau parameter terbatas, sehingga masih terdapat kesenjangan pengetahuan dalam
memahami respon dinamis yang dipengaruhi oleh kecepatan tereduksi (Reduced Velocity, Up) dan angka Keulegan—
Carpenter (KC). Penelitian ini bertujuan untuk mengkaji secara numerik karakteristik getaran silinder 2-DoF yang
dikenai aliran osilasi, dengan penekanan pada mekanisme kopling antara dua arah gerak pada variasi nilai U, dan KC.
Metode penelitian dilakukan secara numerik menggunakan pendekatan Direct Forcing Immersed Boundary (DFIB)
yang terintegrasi dengan penyelesaian persamaan Navier—Stokes dan persamaan gerak struktur. Simulasi dilakukan
untuk nilai KC antara 5 hingga 20 dan Uy, antara 5 hingga 35. Integrasi waktu menggunakan skema Adams—Bashforth
orde tiga dan metode Dormand—Prince untuk menjaga stabilitas serta akurasi perhitungan. Hasil simulasi menunjukkan
bahwa fenomena lock-in terjadi pada rentang Uy tertentu untuk setiap nilai KC, dengan puncak resonansi pada Ui = 5
untuk KC =5, UR =10 untuk KC =10, U = 15 untuk KC = 15, dan Uy = 20 untuk KC = 20. Peningkatan nilai KC
menghasilkan penguatan interaksi antara fluida dan struktur yang memicu getaran multi-mode dan kopling nonlinier
antara gerak in-line dan cross-flow. Selain itu, fenomena galloping juga ditemukan pada Uy yang lebih tinggi,
menunjukkan adanya transisi dari getaran akibat pusaran menuju ketidakstabilan hidrodinamik. Penelitian ini
memberikan kontribusi terhadap pemahaman yang lebih mendalam mengenai dinamika FIV pada aliran osilasi, serta
menawarkan wawasan untuk optimalisasi desain struktur lepas pantai dan sistem pemanen energi gelombang yang
lebih efisien.

Kata kunci: Dua derajat kebebasan; getaran akibat aliran; keulegan—carpenter; metode DFIB; aliran osilasi
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1. Introduction

Flow-Induced Vibration (FIV) is a fundamental and complex fluid-structure interaction phenomenon, whereby
periodic vortex shedding around a rigid body triggers oscillations in the structure. Conventional FIV research has largely
focused on steady flow, which has successfully mapped dynamic response characteristics, such as lock-in phenomena,
mode transitions, and energy transfer mechanisms. However, in practical marine and offshore engineering applications,
structures are often subjected to oscillatory flow loads, such as those induced by waves. Oscillatory flow introduces
additional complexity where FIV characteristics depend not only on the reduced velocity U, but also on the Keulegan-
Carpenter (KC) number, which quantifies the ratio between the amplitude of fluid particle displacement and the diameter
of the structure. The interaction between the Uy and KC parameters creates rich and nonlinear fluid-structure dynamics
that have not been fully mapped, particularly for two-degree-of-freedom (2-DoF) systems that allow simultaneous
transverse and inline motion.

Advances in computational methods have enabled increasingly accurate VIV simulations. Sun et al. [1] developed
a mechanical model and a specialized finite element method to study rotational VIV in an eccentric cylinder at low
Reynolds numbers (Re=100), revealing a significant rotational response of up to 36.7° and a “lock-in” phenomenon. For
cases with wall boundaries, Wen et al. [2] advanced Smoothed Particle Hydrodynamics (SPH) modeling enhanced with
particle addition and wave damping algorithms to robustly simulate VIV of cylinders near walls.

In flexible structures, Liyuan et al. [3] combined the finite element method for structures with a 2D fluid solver
(Fluent) coupled via a user-defined function (UDF) program to simulate VIV in deep-sea risers, revealing nonlinear
features such as multi-frequency and multi-modal vibrations. Meanwhile, Li et al. [4] investigated VIV in a rotating
cylinder near a wall, concluding that the wall effect dominates the vibration response and that rotational motion amplifies
this effect.

Experimental studies continue to validate VIV cases. Jang et al. [5] explored the tandem cylinder pendulum system
(PSTC) and found that the dynamic response of VIV is influenced by geometric configurations, such as the shape of the
upstream cylinder and the distance between cylinders. Hu et al. [6-7] conducted a comprehensive experimental study on
rough risers in tandem and side-by-side configurations, revealing the coupling mechanism between interference effects
and surface roughness. They found that roughness can weaken the amplitude response of the downstream riser and widen
the lock-in region on the upstream riser under certain conditions.

The “VIV forever” phenomenon, where oscillation resonance occurs at all reduced velocities even with high
structural damping, was confirmed through water channel experiments and reduced-order models (ROM) [8]. Another
study by Qin et al. [9] focused on frequency lock-in in hydrofoils, showing that the lock-in frequency range narrows with
increasing mass ratio and initial angle of attack.

The use of VIV for energy harvesting is a rapidly developing field. Several studies have proposed innovative
concepts to improve efficiency. One of these is the use of a non-linear pendulum to excite the cylinder auto parametrically,
achieving higher oscillation amplitudes in the lock-in region for energy harvesting [10]. Hybrid approaches have also
been introduced, such as that proposed by Huang et al. [11], which combines VIV and galloping on a bluff body with a
specific angle of attack, resulting in an increase in output voltage of up to 153.5% compared to conventional galloping
harvesters.

On the other hand, devices that combine vibration suppression and energy harvesting have also been developed. Li

et al. [12] proposed an electromagnetic Nonlinear Energy Sink (NES) that can simultaneously dampen vibrations and
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harvest energy from VIV. Fan et al. [13] investigated D-shaped prisms for VIVACE devices, finding that the angle of
attack affects the vibration response and that energy conversion efficiency can reach a maximum of 11.75%.

In addition to harvesting energy, controlling and damping destructive VIV is also very important. Liu et al. [14]
investigated the effectiveness of NES optimized with Particle Swarm Optimization (PSO) to suppress wind-vortex
vibrations in deep-sea jacket pipes, analyzing the influence of parameters and installation positions. Basta et al. [15]
evaluated linear vibration absorbers to control nonlinear VIV in airfoil structures during the lock-in phase, demonstrating
high sensitivity of the frequency response to absorber parameters. Other aerodynamic strategies, such as the use of vortex
isolation plates with varying opening ratios on bridges, have also been shown to be effective in suppressing torsional and
heaving VIV [16].

Several studies have examined VIV under complex flow conditions. Islam et al. [17] explored energy harvesting
from simple cylindrical VIV using a piezoelectric translator, analyzing power output against variations in reduced velocity
and resistance. Li et al. [18] investigated VIV in a flexible riser carrying severe slug flow, finding that its VIV
characteristics were significantly different from those of a riser with straight flow, including multi-mode responses
triggered by slug flow. Research by Huang et al. [19] focused on modeling fluid forces and VIV characteristics in
cylinders in oscillatory flow with non-zero average velocity, testing the applicability of the Morison equation model, and
revealing various response regimes based on the KC number.

Based on previous research, it has been identified that most numerical studies of oscillatory flow are often limited
to specific Reynolds numbers or focus on 1-DoF systems. Meanwhile, experimental research on 2-DoF systems under
these conditions faces significant technical and cost constraints. Therefore, comprehensive VIV behavior of 2-DoF
systems under simultaneous variations of reduced velocity (Ug) and KC number parameters over a wide range remains
largely unexplored. Therefore, this study conducts a systematic numerical investigation of the 2-DoF vibration response
(inline and cross-flow) of a cylinder traversed by an oscillatory flow with variations in U, and KC. This study aims to
analyze the fluid-structure interaction mechanism underlying lock-in at various combinations of Uy and KC at Re=100,
as well as to identify and explain the unique characteristics that arise from the coupling between inline and cross-flow
motion in an oscillatory flow environment. The findings from this research are expected to provide a more in-depth and

predictive understanding for the design of more reliable offshore structures and wave energy harvesting systems.

2. Material and Method
2.1. Numerical Method

The method described in this section was implemented using a numerical code written in Fortran. This code was
designed to address both fluid flow and structural dynamic motion. It consists of three primary modules: pre-processing,
solver, and post-processing. These modules were integrated into a single program, enabling mesh generation during the
pre-processing stage, the solution of fluid and structural dynamics in the solver stage, and the storage of computed results
into files during the post-processing stage. A previous study validated both the numerical method and the Fortran code
adopted here, and included a comprehensive mesh-independence study to ensure solution accuracy [20-21].

A key relation employed to ensure mass conservation is the continuity equation. For incompressible fluids in a two-

dimensional domain, this equation is expressed mathematically as Equation (1).

V-u=0 (1)
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The momentum equation serves as a fundamental relation to enforce the conservation of fluid momentum. Within

Eulerian grid-based formulations, under the assumption of incompressibility, this equation is expressed as Equation (2).

du Vp 1
—+(u V)u——7+ﬁ

2u+f 2
pr V2u + (2)

To determine the initial acceleration corresponding to the first intermediate velocity, the convective and diffusive

terms in the momentum equation must be combined. This is achieved by summing these terms as expressed in Equation

(3).

Ju* 1
—=—u-V)u+—V? 3
Jat (U Vu Re " ®)

The first intermediate velocity is obtained by applying temporal integration to Eq. (3), using the third-order Adams—

Bashforth scheme explicitly, as defined in Equation (4).

23 16 5
=" A [_ n __ n-—1 n-2 4
u u” + At 12 a 12a +—12a (4)

In this formulation, the temporal increment At is applied in computing the first intermediate velocity (u*). The
computation accounts for the rate of change of u* at the current time step (a™), the preceding step (a™™?1), and the step
prior to that (a™2). Since this first intermediate velocity does not yet satisfy the divergence-free condition, the Poisson

equation, given in Equation (5), is subsequently solved to obtain the pressure and thus determine the second intermediate

velocity.
V . u* V2pn+1
= (5)
t p
The second intermediate velocity, u**, is obtained through the application of Equation (6).
*k * At v (6)
u’t=u" ——Vp
p

Following the solution of Equation (6), the Direct Forcing Immersed Boundary (DFIB) method is applied to
determine the velocity at the next time step, u™*1, by introducing a virtual force term, as illustrated in Figure 1. This is

carried out through the incorporation of Equation (7) into the momentum equation.
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Figure 1. Discrete cell of the DFIB method on a cartesian mesh

Within the DFIB framework, the term f™*+1) denotes the virtual force incorporated into the momentum equation to
represent the influence of the numerical forcing term. The solid-body velocity vector, u, specifies the velocity of the
solid boundary inside the fluid domain, while the solid-body function, n, identifies whether a given point lies within a

solid or fluid region. The velocity u** is then advanced to u™*V through Equation (8), which defines the integration of
the virtual force into the momentum equation.

uttlt = g™ 4 Aefntl 8)

The transverse motion of the cylinders is described by a separate differential equation, presented in Equation (9) ,
which characterizes their dynamic response. This equation is applied following the completion of the fluid simulation.

d®x 4nldx  4m? 2Cp
o —x =2
dt? = Uy dt  (Ug)? Tm*

)
d’y An{dy 4n* = 2C,

de? U_Rdt (UR)zy_nm*

The drag and lift force coefficients, C, and C;, are the dimensionless representations of the drag and lift forces,
respectively, as defined in Equations (10) and (11).

R [ feav
o= ([ v

(10)
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T
b= puzp2?
(11)
. 2F,
L™= puz D2

To perform the temporal integration for determining the velocity and displacement of the cylinder, the Adam-Bashforth-

Moulton is employed. In this approach, the function evaluations at each stage are computed using the set of equations
provided in Equations (12) and (13).

dx™t dx" 2y d2x" " d2x"?
E =E +EAt 23@ —16F +5W
(12)
n+1 n n-1
x*1 =x”+iAt 5d—x +8d—x _&
12 dt dt dt
d n+1 d t 1 dz n dz n—1 dz n-2
D (232 —162 Y 4522
dt dt 12 dt? dt? dt?
(13)

1 dyTH-l dyn dyn—l
n+1 — yt —A _7 - 2
AT t<5dt T8 T @

2.2. Computational Domain

Figure 2 illustrates the computational domain employed for simulating flow past a circular cylinder. The domain
has a rectangular configuration with dimensions of 50D x 50D, where D denotes the cylinder diameter. The cylinder is
positioned 25D from the left boundary, and the flow is modeled in two dimensions. The figure highlights the placement
of the computational domain within a region characterized by relatively uniform oscillatory flow.

50D

A open boundary
Y
A u = U, sin(2nft) _ u = Up, sin(2rft)
b v=0 x v=20
Y open boundary

Figure 2. Computational domain of the numerical study
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An axisymmetric boundary condition was imposed on both the upper and lower boundaries of the computational
domain. To accurately capture the flow dynamics, a Dirichlet velocity boundary condition was prescribed at the left
boundary, defined as the inlet, with specified values appropriate to the simulation setup. At the right boundary, an open

boundary condition was applied, designating it as the outlet.

3. Results and Discussion

This section presents and analyzes the numerical results obtained from simulations of the two-degree-of-freedom
(2-DoF) flow-induced vibration (FIV) of a circular cylinder subjected to oscillatory flow. The discussion is organized to
illustrate the dynamic behavior of the cylinder under varying Keulegan—Carpenter (KC) numbers and reduced velocity
(UR) values. The first part discusses the time history of drag and lift force coefficient namely, € and C;, for various KC
values. The second part examines the time-history responses of in-line and transverse displacements for several KC values
to identify the occurrence of lock-in phenomena and vibration characteristics. The third part focuses on the variation of
maximum vibration amplitude with respect to UR for different KC numbers, highlighting the transition from Vortex-
Induced Vibration (VIV) to galloping behavior. Galloping is characterized by a progressive increase in vibration
amplitude accompanied by a decrease in vibration frequency as the reduced velocity (Ug) increases. Through this
organization, both temporal and parametric effects on the structural response are comprehensively discussed to elucidate

the coupling mechanisms between the flow and the structure.

3.1. Time History of Force Coefficient for Various KC Number

Figure 3 shows the time history of drag force (€Cp) and lift force (C;) at four KC values. Based on Figure 3, it can
be analyzed that variations in the KC number significantly affect the characteristics of the drag coefficient (Cp) and lift
coefficient (€;) in oscillatory flow around a circular cylinder. At KC=5, the drag coefficient reaches its highest value with
a relatively sinusoidal signal shape, indicating the dominance of inertial forces where vortices have not yet fully formed
and interact directly with the cylinder during the return flow cycle. Meanwhile, the lift coefficient in this condition shows
a very low amplitude with random fluctuations, indicating the absence of regular vortex shedding as shown in Figure
4(a). As KC increases to 10, the amplitude of €, decreases significantly accompanied by waveform distortion, while C;,
shows a dramatic increase with the emergence of clear periodic components, reflecting a critical transition to the regime
of asymmetric vortex formation as depicted in Figure 4(b).

At higher KC values (15 and 20), the downward trend in €, due to the decrease in value of the oscillatory flow
acceleration, marked by increasingly distorted and non-sinusoidal waveforms. On the other hand, the lift coefficient
reaches its maximum value in this KC range with large-amplitude periodic signals, Fig. (4c) and (4d) confirming the full
development of stable vortex shedding phenomena. Overall, the data show a transition of the flow regime from vortex
shedding (KC=5) to full vortex shedding (KC=15-20). The main technical implication lies in the need for special
consideration of medium-high KC conditions (10-20) in offshore structure design, where large periodic lift forces have
the potential to trigger critical VIV for fatigue analysis. These findings emphasize the importance of using specific
oscillatory flow hydrodynamic coefficients in the Morison Equation, given the inaccuracies that may arise when using

steady flow coefficients.
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Figure 3. Time history of drag force coefficient (Cp) and lift force coefficient (C,) for various KC values
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Figure 4. Instantaneous vorticity field (w) for (a) KC=5; (b) KC=10; (c) KC=15 and (d) KC=20
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3.2. Time History of Cylinder Displacements for Various KC Number

Figure 5 exhibits the dynamic response of a cylinder subjected to oscillatory flow at Keulegan—Carpenter (KC) =5
for the range 5 < Uy < 35. The objective is to analyze the displacement patterns in the in-line (x*) and transverse (y*)
directions, as well as the interaction between the two, using a comparative approach between Uy values. The data analyzed
are time series of vibration responses induced by oscillatory flow, which are shown in Figure 5.

For KC=5, the vibration displacement on both axes is relatively small compared to cases with larger KC values, and
the response pattern changes in line with the increase in Ug. In general, there is an increase in transverse displacement
(y*) with a peak value at the beginning of the range, then decreasing for higher Ugvalues. The in-line vibration
displacement response (x*) is relatively more moderate throughout the range, without dramatic displacement spikes, so
that the oscillation tends to dominate the transverse component at low KC. This observation can be seen from the shape
and displacement in the time domain in each graph.

The displacement y*reaches its maximum value in the initial U, range (Ug = 5). Its magnitude is on the order of
5x1072 (non-dimensional), reflecting a dominant cross-flow response even though KC is small. A relatively narrow and
localized lock-in region is detected around Ug. In this zone, the y*response is more periodic and the displacement
increases over time until it reaches a maximum value that is maintained over time, indicating synchronization between
the structural frequency and the frequency of the oscillatory flow excitation. The relationship between displacement and
Uy at KC =5 does not show a strong upper/lower bifurcation typical of steady flow VIV; the pattern is more similar to a
relatively narrow single resonant peak. At high U, (U > 15), a galloping phenomenon occurs where the y*displacement

decreases after lock-in and then increases relatively small but with a larger period and frequency response.
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Figure 5. Time history of vibration displacement of a cylinder induced by oscillatory flow at KC number equal to 5

for various reduced velocity for (a) in-line and (b) transverse directions
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The displacement response x*is much greater than the response y*in lock-in. In-line oscillations tend to dominate
over transverse oscillations at KC = 5 due to the more dominant influence of flow compared to vortex shedding, which is
not visible, and there is insignificant asymmetry at KC = 5. At high Uy, there is no slight increase in the response x*as
seen in the response y*.

The phase relationship between x*and y* during the resonant region approaches a phase difference of approximately
+90°, consistent with a pattern indicating strong dynamic coupling between degrees of freedom in lock-in conditions.

Outside of lock-in, the phase changes more freely and the coupling pattern weakens.
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Figure 6. Time history of vibration displacement of a cylinder induced by oscillatory flow at KC number equal to

10 for various reduced velocity for (a) in-line and (b) transverse directions

The time history of dynamics response of the cylinder subjected to the oscillatory flow at KC=10 depicted in Figure
6. At KC = 10, the structural response shows significant displacement variation with increasing Ug. In general, the x*
response is more dominant than y*. The x*response has a small magnitude in the range Ui = 5, then spikes and reaches
a peak value around U, = 10, before decreasing again at higher Uy. In contrast, the y*response shows more complex
oscillations with displacement variations over time and there are indications of a beating phenomenon in the y*response.

The maximum x*response is achieved at U, = 10, with relatively stable oscillations, indicating a strong lock-in
phenomenon. In this range, the x*response frequency is locked to the flow oscillation frequency, resulting in a regular
response. The lock-in width at KC = 10 has the same pattern as KC =5, indicating that KC further strengthens transverse
oscillations. The displacement vs. U curve pattern shows indications of “upper branch” and “lower branch” branching,

although not as classic as the VIV pattern in steady flow. The y* response has a larger displacement compared to x* at
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Ur =5, where the y*motion dominates the system. However, when Ugis in the lock-in region (U, = 10), the x*
displacement shows a pattern of correlation with the y* motion, where both responses have maximum displacement values
in the lock-in region. The phase relationship between x* and y* at U, = 10 has a phase difference approaching 180°.
These results confirm that at KC = 10, the x* and y*responses are stronger in the lock-in region, resonance amplification
occurs, and vortex shedding phenomena are observed at KC=10, indicated by stronger transverse vibration responses

compared to when KC=5.
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Figure 7. Time history of vibration displacement of a cylinder induced by oscillatory flow at KC number equal to

15 for various reduced velocity for (a) in-line and (b) transverse directions

Based on the analysis of Figure 7, time history displacement at KC = 15, it can be observed that the dynamic response
of cylinders x*and y*shows significant dependence on variations in Ug. At low Uy values (Ug = 5), the vibration
displacement in both directions is relatively small, with an x*dynamic response that is almost undetectable, indicating
that the oscillation flow at that U, value is not sufficient to trigger a significant structural response. There is a slight
anomaly in the y*response where there is a decrease in the displacement of the y*response from the Ugrange of 5 to 10.
As Ugincreases, there is a noticeable growth in the displacement of x*, with the peak displacement of in-line and
transverse reaching around U, = 15. This indicates the occurrence of the lock-in phenomenon, where the vortex shedding
frequency synchronizes with the natural frequency of the structure, allowing for optimal energy transfer from the flow to
the cylinder.

After the peak value occurs at Up = 15, the vibration displacement gradually decreases as Uy increases. At Uz = 20,

the decrease in x*and y* becomes clearly visible, while the x* response remains significant compared to y*even though
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it tends to decrease. When Uy, reaches 20, the dynamic responses of x*and y*return to very low levels, while the dynamic
response of x*is still observable, albeit with greatly reduced intensity. This pattern indicates that the system has exited
the lock-in region, where the vortex shedding frequency is no longer synchronous with the natural frequency of the
structure.

In general, for KC = 15, the dynamic response x* is consistently greater than the dynamic response y* across almost
the entire Uy range, indicating the dominance of drag and inertia forces in moving the cylinder in the direction of flow.
In addition, the shape of the vibration signal under lock-in conditions (Ur = 15) shows high stability and periodicity,

indicating the occurrence of controlled resonance.
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Figure 8. Time history of vibration displacement of a cylinder induced by oscillatory flow at KC number equal to

20 for various reduced velocity for (a) in-line and (b) transverse directions

Based on the analysis of Figure 8. Time History Vibration at KC = 20, it can be observed that the dynamic response
of cylinders x*and y*shows a significant dependence on variations in Ug. At low Ugvalues (U, = 5), the x*vibration
displacement is undetectable, indicating that the oscillation flow at that U, value is not sufficient to trigger a meaningful
structural response. There is an anomaly in the y*response where a beating phenomenon occurs at Ui 5 and 10. As Uy
increases, there is insignificant growth in the displacement of x*, with the peak displacement in-line and transverse being
achieved at U, = 20. This indicates the occurrence of the lock-in phenomenon, where the vortex shedding frequency is
synchronized with the natural frequency of the structure, so that the transfer of energy from the flow to the cylinder is
optimal.

After the peak value occurred at U, = 20, the vibration displacement experienced a significant reduction from U, =
20 to Ui = 25. However, from Uy = 25 to Ui = 35, the vibration displacement did not experience a significant

reduction. At Uy = 20, the decrease in x*and y** becomes clearly visible, while the x*response remains significant
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compared to y*even though it tends to decrease. When Uy reaches 25, the dynamic responses of x* and y™* return to very
low levels, while the dynamic response of x*can still be observed, albeit with greatly reduced intensity. This pattern
indicates that the system has exited the lock-in region, where the vortex shedding frequency is no longer synchronous
with the natural frequency of the structure.

In general, for KC = 20, the dynamic response x*is consistently greater than the dynamic response y* across almost
the entire Uy range, indicating the dominance of drag and inertia forces in moving the cylinder in the direction of flow.
In addition, the shape of the x*graph under lock-in conditions (Ur = 20) shows high stability and periodicity, indicating
controlled resonance. However, there is a difference in the pattern of the y* response, where there is more than one peak
displacement value of y*, namely at U = 10 and U, = 20, which indicates a significant vortex shedding effect at KC =
20.

VIV is produced, unlike in steady flow conditions, when the vortex shedding frequency matches the natural frequency
of the structure (a phenomenon also known as lock-in) [1], [3], [20-21]. However, in oscillatory flow, the frequency due
to oscillation of the incoming flow is the main determinant of the VIV regime. Resonant amplification and large vibration
amplitudes follow when the imposed oscillatory frequency approaches the natural frequency of the structure. As the rate
of the external vibration is already known and controlled, the beginnings of VIV in oscillatory flow are easier to predict
than in the steady-flow context where the shedding of vortex arises by the flow field in a dynamic fashion. As a result,
the VIV behavior in the case of oscillatory flow conditions is more predictable due to the direct relationship between the
frequency of the excitation of the flowing system and the structural response.

In theory transverse vibrations are not expected to occur in oscillatory flow when KC numbers are low (KC < 10) [22-
23], since the most common type of vortices generated by the flow field do not affect the flow structure at all in their net
effect (see Figure 4). In this case, the hydrodynamic excitation across the flow is usually insignificant. However, with an
elastically mounted cylinder, small asymmetries in the instantaneous velocity field may enhanced through fluid structure

interaction. This way, transverse vibrations can still be measured at relatively low KC values.

3.3. Maximum Displacement of The Cylinder Subjected To Oscillatory Flow

Figure 9 represents the fundamental relationship between Reduced Velocity (Ug) and the structural response of a
cylinder immersed in an oscillatory flow. Specifically, the graph depicts the maximum displacement value of the cylinder
in the direction transverse to the flow (y,,4.), for four variations of the KC number (KC =5, 10, 15, and 20). The objective
is to identify vibration amplification characteristics, determine lock-in (frequency locking), and understand the influence
of fluid-structure interaction in various flow regimes, all of which are critical information for the design and reliability
analysis of offshore structures.

At KC =5 (Figure 9 (a)), the response is dominated by a single displacement peak at Up = 5, which then decreases
sharply. However, when Uy increases further, the displacement no longer decreases but instead grows gradually until
Ur =~ 60. This phenomenon indicates galloping, which is hydrodynamic instability that develops continuously as speed
increases, unlike pure VIV patterns where the displacement is limited to the lock-in region.

At KC =10 (Figure 9 (b)), the pattern becomes more complex with two main peaks. The first peak appears at Uz = 5,
while the second, larger peak occurs at U, = 10. After this secondary peak, the displacement decreases, then gradually
increases again at high Ug. The presence of two peaks indicates a combination of synchronization (lock-in) as the primary

peak and the vortex shedding effect that produces the secondary peak.
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At KC =15 (Figure 9 (c)), the displacement y*max is much greater than the previous KC, with two significant peaks:
asmall peak at U, = 5 and a sharp main peak at U, = 15. After this peak, the transverse response weakens dramatically.

This confirms that synchronization at U, = 15 becomes dominant, and the vortex shedding effect widens the response

range.
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Figure 9. Maximum vibration displacement in transverse direction induced by oscillatory flow at (a. KC=5; b.
KC=10; c. KC=15; and d. KC=20

At KC = 20 (Figure 8d), the pattern again shows several peaks, namely at U = 5,10,and 20. The displacement is
not as high as KC =15, but it is clear that increasing KC enriches the interaction mechanism, with more than one vibration
mode being excited. As with KC =10 and 15, the primary peaks are associated with synchronization (lock-in), while the

secondary peaks originate from vortex shedding interactions that amplify oscillations at specific Uy values.

3.4. Conclusion

This study numerically investigated the two-degree-of-freedom (2-DoF) flow-induced vibration (FIV) response of a
circular cylinder subjected to oscillatory flow, focusing on the interaction between reduced velocity (UR) and Keulegan—
Carpenter (KC) numbers. The simulation results demonstrated that both parameters strongly influence vibration
characteristics, including amplitude, frequency, and coupling between in-line and cross-flow motions.

For each KC value, a distinct lock-in region was identified, where the structural vibration frequency synchronized
with the oscillatory flow excitation. The peak dynamic response occurred at U =5, 10, 15, and 20 for KC =5, 10, 15,
and 20, respectively. As KC increased, the vibration pattern evolved from single-frequency to multi-mode behavior,
accompanied by nonlinear coupling effects and phase shifts between the two motion directions. At higher Uy values, a

galloping phenomenon was observed, indicating a transition from VIV to hydrodynamic instability.
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The current results should be furthered in future research by researching on the impacts of different Reynolds number,
mass ratios, the degree of structural damping, and non-harmonic or non-regular flows caused by waves would bring more
insightful results on the actual ocean phenomenon. Furthermore, the fluid structure interaction model could be coupled
with energy extraction mechanisms (i.e. power take-off (PTO) systems) to allow analysis onto the energy-harvesting
performance of the fluid-structure interaction model in various KC and relative velocity (Ug) regimes. It is also advisable
that experimental validation in controlled oscillatory flow facilities be carried out to further confirm the numerical
predictions as well as to adjust the modeling assumptions. The implication of the research is applicable in terms of both
structural safety and renewable energy usage. The results, explain the combined effect of KC and Uy on vibration regimes,
lock-in behavior, and galloping transition, help to enhance the prediction of fatigue loads on offshore risers, mooring lines
and submerged cylindrical components. Moreover, knowledge of these flow induced vibration properties (KC-Ug
coupling parameters) can be used in designing and optimization of oscillatory-flow-based energy-harvesting systems,

which can facilitate better harvesting of marine renewable energy in a more efficient and predictable manner.
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