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Abstract

This paper presents a numerical investigation into the vortex-induced vibrations (VIV)
of a smooth and a marine-fouled circular cylinder with two degrees of freedom (2DOF),
subjected to a turbulent oscillatory flow. The study aims to elucidate the critical influence
of the Keulegan-Carpenter (KC) number of 5, 10, and 15 on the vibration response, lock-
in regime, frequency synchronization, trajectory patterns and vorticity. Simulations are
performed by solving the two-dimensional unsteady Reynolds-Averaged Navier-Stokes
(RANS) equations with the Shear Stress Transport (SST) k-w turbulence model in ANSYS
Fluent 2025 R1. An increase in the KC number leads to a significant broadening of the
lock-in region, an increase in maximum vibration amplitudes and their emergence at higher
reduced velocities. Another key finding is the consistent suppressive effect of biofouling
on cross-flow vibrations. The biofouled cylinder exhibits lower cross-flow amplitudes
across all KC numbers compared to the smooth cylinder, almost plateauing at around
1.0D for KC = 10 and 15, while the smooth cylinder reaches amplitudes of up to 1.8D and
a maximum in-line amplitude of 4.46D. These findings have critical implications for the
realistic fatigue life assessment and design of offshore marine structures, highlighting the
necessity of incorporating surface roughness effects into VIV prediction models.

Keywords: vortex-induced vibration; biofouling; oscillatory flow; lock-in; two-degrees-
of-freedom structure

1. Introduction

Slender offshore structures, such as risers, cables and supports, are subject to the hard
and soft marine growth [1], developing during regular operations of energy production
systems. Specific impacts on the weight of the structure and dynamic response due to
waves and currents depend on exact species settling on subsea objects, as discussed in [2].
According to [3], marine growth depends on the water depth significantly, varying from
mussels in proximity to the sea surface to hydroids, widely spread at depths below 110 m.
However, hard biofouling largely presented by barnacles remains a dominant problem [4]
for subsea structures at different depths, affecting the long-term functionality.

Vortex-induced vibration (VIV) of slender subsea structures is a known challenge
to their performance [5], characterized by displacement amplitudes, fluctuations of lift
and drag forces, vortex street type and vortex shedding frequency. The peak impact of
VIVs is observed during the lock-in of the vibration frequency at the level of the natural
frequency of the structure, linked to the proximity of the vortex shedding frequency and the
natural frequency. This phenomenon is discussed in comprehensive reviews by [6-8] and is
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related to observations of increased displacement and fluid force amplitudes, compromising
the safety of offshore operations. The lock-in condition poses a significant problem for
the design of offshore structures due to its sensitivity to multiple factors including, but
not limited to the expected flow type and velocity, mass, damping and aspect ratios of
the structure, surface roughness. The general recommendation from the VIV analysis,
according to [9], is to design structures before or after the lock-in region in the predicted
flow velocity range. Hard marine growth, altering the shape and dimensions of a structure,
adds more unpredictability in identifying conditions when a lock-in could be expected,
and this phenomenon requires new detailed studies looking into the structural behavior in
various flow types and with different biofouling scenarios.

A series of experimental studies on hard biofouling of slender structures in uniform
flows begins with the investigation by [10] into the regular pyramidal roughness with
Reynolds number ranging from 3500 to 35,000. It is found that the hard marine fouling re-
duces the majority of VIV characteristics, including the maximum displacement amplitude,
the lock-in range, the lift force coefficient, the mean and fluctuating drag coefficients. It is
also observed to reduce sizes of shed vortices and length of the recirculation zone behind
the cylindrical object.

Following these observations, the experimental study by [11] considers Reynolds num-
ber range from 7800 to 49,000 and compares aggregated and regular hard marine fouling.
In both cases, the study finds that maximum vibration amplitudes and lift coefficients are
smaller than for a smooth structure. This work also reports that a suppression of VIV can
be increased by reducing the biofouling coverage. Observations of [11] suggest that the
most impactful factors defining the VIV development with biofouling are the coverage
ratio and aggregation, while the flow incidence and the shape of a fouling element have a
lesser effect.

The authors of [12] extend these findings to tandem cylinders covered with hard
marine fouling, employing pyramid-like elements. The arrangement of smooth tandem
cylinders is selected to demonstrate both VIV and galloping for the downstream structure.
The distance between cylinders varies in this work from 3 to 7 diameters, while the up-
stream cylinder is assumed to be fixed. The marine fouling is observed to eliminate the
galloping and reduce the VIV part of the response of the downstream cylinder, which is
consistent with earlier studies for a single structure. The lift coefficient is shown to reduce
by about 33% for a fouled structure, and the maximum displacement amplitude reduces
to 35% of the amplitude developed by the smooth cylinder.

Following the consideration of tandem structures, the authors of [13] investigate effects
of the surface roughness on the flow field and flow-induced vibration characteristics for an
array of eight structures in uniform flow. In this work, the combined effect of the position
of downstream structures and surface roughness is observed at lower flow velocities,
so that vibration amplitudes are lower for tubes with a roughness compared to smooth
tubes. At the same time, at higher flow velocities, the study reports increased displacement
amplitudes of the tube bundle overall.

Approximately at the same time, the hard marine growth for a submarine cable is
evaluated in the experimental work by [14]. This research examines seven roughness
configurations and three flow conditions, including current-only, wave-only and combined
wave and current. The study reviews the homogeneous and non-homogeneous roughness
and identifies lower drag coefficients for the non-homogeneous cases. Similar flow condi-
tions are considered in the experiments by [15], involving varying the height and coverage
ratio of biofouling elements. In this work, the drag coefficient increases with the growing
roughness height and coverage ratio for the current-only conditions, while it is significantly
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less affected in the case of wave-only load. At the same time, the combined current and
wave conditions lead to effects similar to the current-only case.

Advancing understanding of the hard marine growth, dynamics a two degrees-of-
freedom (2DOF) structure, experiencing VIV, is evaluated by [16] in the series of towing
tank experiments. The Reynolds number varies in this research from 6400 to 52,000. As
a result of biofouling, the maximum displacement amplitude is reduced by 37% in the
in-line direction, and by 50% in the cross-flow direction. The hard marine fouling is
found to reduce the maximum lift coefficient and to significantly decrease the maximum
drag coefficient. The lock-in range is observed to also reduce in width in the reduced
velocity range, together with the reduction in the lower branch length, and the beginning
of the lower branch occurs earlier in the reduced velocity range. These effects manifest
at 33% coverage ratio of the fouling, and they are less pronounced when the coverage
ratio increases.

Negative effects of hard marine growth on energy harvesting devices are evaluated
in experimental studies by [17,18]. In [17], a hard marine growth reduces the energy
transfer ratio by 15-36% for a single rigid cylinder harvesting energy from VIV. The marine
fouling irregularity also is observed in this work to be less significant for the VIV response,
compared to the impact of the coverage ratio. The research by [18] compares energy
harvesting oscillators with one and two degrees of freedom for Reynolds number range
from 6400 to 52,000. The performance of 2DOF oscillators is found to decrease by 75%,
compared to the clean oscillator, while results for 1DOF oscillators are consistent with
previous findings.

In summary, these works provide a strong foundation for understanding the impacts
of hard biofouling on the dynamics of slender structures, however, the present state of the
art is limited to uniform steady flows and some types of waves, and the consideration of
2DOF structures is still rare. This makes investigations into dynamic and complex flows
for 2DOF rigid objects a promising yet unexplored research direction.

Modeling attempts to predict dynamics of a slender structure with hard marine growth
are also relatively limited. In [19], a finite element model is established in order to quantify
effects of hard marine fouling on flow-induced vibrations of pipelines conveying fluid, with
an application to heat exchangers. The paper considers a pulsating internal flow, different
external flow velocities and fouling levels from 0% to 60%, and uses fluid-solid coupling.
The study reports an increase in the wall load, structural displacement and acceleration
with increasing biofouling and with a growing inlet flow velocity. Another modeling
attempt is undertaken by [20], who propose a modeling approach for the dynamics of
a slender structure subjected to an external uniform flow through modification of the
Morison’s equation to account for marine fouling effects. Studies for similar offshore
structures subjected to marine growth include a modeling effort for a large-area flexible net
by [21], considering three possible scenarios of marine growth in irregular waves.

A related branch of studies focuses on the dynamics of structures covered with soft
organisms, and these investigations are very recent. Experiments with soft marine fouling
are conducted by [2] for a one degree-of-freedom (1DOF) structure, oscillating transversally
in a uniform flow of Reynolds number from 5500 to 55,000. Hydroid species are considered,
and it is found that the vibration amplitude with a soft marine growth is 10% lower than
with a hard marine growth. It is observed that displacement amplitudes and fluid force
coefficients decrease by 30—40% with partial soft marine fouling, while a full coverage
results in a further decrease by 8-17%.

Soft fouling with moss is studied by [22] with the coverage ratio from 0% to 60%. The
widest lock-in region is experienced by the structure with the coverage ratio of 30%. The
maximum cross-flow amplitude is lower with the moss overall than for a smooth structure,
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and is observed to occur later in the reduced velocity range. At the same time, the in-line
response becomes more significant with the soft marine fouling. Also, the study observes
changes from a 2S vortex shedding pattern to 2P and 2T pattern with the increase in the
coverage ratio.

Similar to hard marine fouling, the study by [23] analyses impacts of a soft marine
growth on energy harvesting based on VIV for a 1DOF oscillator working in the Reynolds
number range from 5500 to 55,000. Soft biofouling is found to reduce the harnessed power
by 59% and the energy transfer ratio by 62%. The subsequent study by [24] discusses
energy harvesting based on VIV of a circular 2DOF structure with soft fouling. This work
considers three coverage ratios of 33%, 67% and 100%, and it is found that the full coverage
of a 2DOF oscillator reduces the performance by 60%.

Soft marine fouling is also studied in [25,26] for aquaculture cages in regular and
irregular waves. In the latter study, effects of biofouling are found to be stronger in
irregular waves, where the surge (in-line) force amplitude is observed to increase by 160%,
while the sway (cross-flow) force reduces by 50%.

In addition to existing works on biofouling, the present research on VIV in oscillatory
flows covers rigid [27,28] and flexible [29,30] structures, including when also subjected to
the impact of internal flows [31,32]. Despite recent advances in experimental and modeling
research of VIV in oscillatory flows, biofouled structures have not been considered in
published studies yet.

The literature survey indicates a general lack of simulation attempts to look into
the VIV dynamics of single structures with biofouling in various conditions. There is a
visible lack of research into impacts of an oscillatory flow and other dynamic, nonuniform,
complex flows on the development of the lock-in condition of 2DOF rigid structures with a
hard or soft marine growth. The current study attempts to fill this gap by evaluating the
lock-in characteristics of a slender 2DOF structure with a hard marine growth in a turbulent
oscillatory flow with the 2D computational fluid dynamics approach, benchmarked with
published experimental data for a fouled structure. The study attempts to observe an
evolution of the lock-in state through three frequently encountered Keulegan—Carpenter
(KC) numbers of 5, 10 and 15, and to identify differences with the dynamics of a smooth
structure in the oscillatory flow.

The paper is organized in four sections. The Section 1 outlines major works in the
present state of the art of research on hard and soft marine fouling of slender structures.
The computational fluid dynamics model implemented in ANSYS Fluent 2025 R1 with
verification and validation is presented in the Section 2. The Section 3 provides simulation
results for the observed VIV lock-in condition in terms of displacement amplitudes, fre-
quency spectra, structural trajectories and vorticity contours. The Section 4 concludes the
research with the list of main findings.

2. Numerical Method
2.1. Problem Description

A 2DOF motion of a single smooth and fouled circular cylinder subjected to an
oscillatory flow of different KC numbers in a turbulent flow regime in two dimensions (2D)
is numerically investigated in the current work. The general schematic of the computational
domain is shown in Figure 1a. KC numbers of 5, 10 and 15 are considered, and structural
parameters are shown in Table 1, consistent with the experimental research [10]. The effect
of KC numbers on response amplitudes, the lock-in regime, frequency ratios, trajectories
and vorticity contours for the smooth and biofouled cylinders undergoing oscillations is
examined. The in-line and cross-flow natural frequencies of cylinders are kept constant.
Simulations are performed for Reynolds numbers ranging from 9251 to 92,505 for the
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considered KC numbers. The reduced velocity interval of 2-20 is chosen to observe the full
lock-in regime of a 2DOF rigid structure. Within this flow regime, vortex-induced vibration
is primarily governed by large-scale coherent vortex shedding, particularly in oscillatory
flow where the flow reversal constrains the growth of strong spanwise instabilities. The
structural response is therefore dominated by cross-sectional fluid-structure interaction
mechanisms that can be reasonably approximated using a 2D vibration model. This
approach is consistent with the objective of the present study, which focuses on the local
wake dynamics, lock-in behavior, and comparative response trends between smooth and
biofouled cylinders.

23D 40D

2mt
U(t) = U,,cos (?)

43D

(b) (©)

Figure 1. General schematic of the considered case: (a) schematic of the computational domain;
(b) mesh around the smooth cylinder; (c) mesh around the biofouled cylinder.

Table 1. Structural parameters for main simulations in the current work.

Parameter, Symbol Value and Units
Smooth cylinder diameter, D 0.065 m
Damping ratio, { 0.005

Mass ratio, m" 4.8

Natural frequency, f, 1.1Hz

Triangle height, 1 0.003 m

Triangle width, w 0.007 m
Number of biofouling elements, N 24

Marine fouling in this work is presented by triangular elements resembling simplified
barnacles in 2D with the height of 0.003 m, as given in Table 1. For a comparison, Table 2
shows some surface roughness heights and cylinder diameters in already published studies.
In this current work, the triangular elements are assumed to be uniformly distributed
around the cylinder similar to [10] even though marine fouling is non-uniform and ran-
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domly distributed. The triangular roughness elements in the current work are selected to
provide a controlled, repeatable, and parametrically well-defined representation of surface
fouling, enabling systematic investigation of how geometric protrusions modify response
amplitude, vortex formation, and wake dynamics. The model may not capture localized
flow interactions generated by clustered fouling, and the resulting wake structures may
remain more coherent than those observed in heavily fouled offshore conditions. While
this idealization does not replicate the detailed morphology of biological colonies, it cap-
tures the dominant hydrodynamic effects of biofouling, namely, enhanced flow separation,
disruption of vortex coherence, and modification of wake dynamics.

Table 2. Surface roughness heights and structural diameters in the literature.

Studies Surface Roughness Height, # (mm) Diameter of Cylinder, D (mm)
[33] 0.4 160-400
[34] 20, 40 400
[35] 1.9-19 76.2
[36] 0.28-2 100

2.2. Flow Model

The flow around a cylinder is simulated by solving the transient, incompressible 2D
Reynolds-Averaged Navier-Stokes (RANS) equation [37]. The mathematical formulation is

as follows: 3(o)
pui) _
axi - 0/ (1)
opm;) . 0 ( ==\ _0p 0T
ot + E)Tc]»(pulu] +puiuj) - ax; + ax] @

where p represents the mean pressure, i; means the average Cartesian components of the

velocity vector, pugu} are the Reynolds stresses, p is the density of the fluid, and Tj; is the
mean viscous stress vector components, as follows:

—_ (0w 9%
Tz]—?‘(ax]ﬂ‘axl)r ©)

where y denotes the dynamic viscosity.

The Shear Stress Transport (S5T) k-w turbulence model proposed by [38] is utilized to
approximate the eddy viscosity which is well known for its predictive capability in flows
experiencing adverse pressure gradients. The local eddy viscosity coefficient is computed
in this model using both k-w and k-¢ formulations, depending on the wall proximity.

The authors acknowledge that the use of a Reynolds-Averaged Navier-Stokes (RANS)
framework with the SST k-w turbulence model imposes inherent limitations on the res-
olution of unsteady wake dynamics associated with vortex-induced vibrations. By con-
struction, RANS models rely on time-averaged turbulence closures, which can lead to
smoothing of transient flow structures, attenuation of small-scale turbulence, and partial
suppression of peak unsteady force fluctuations. These effects are particularly relevant in
regimes characterized by a strong flow separation, energetic vortex shedding, and high
Reynolds numbers, such as those encountered during a lock-in. As a consequence, the SST
k-w model may under-predict instantaneous lift and drag force amplitudes and, therefore,
yield conservative estimates of peak in-line and cross-flow vibration amplitudes, especially
for smooth cylinders exhibiting a strong synchronization. In addition, the coherence and
strength of individual vortices in the near wake may be modified relative to higher-fidelity
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approaches such as Large Eddy Simulations (LES) or Direct Numerical Simulations (DNS).
These limitations should be taken into account when interpreting the absolute values of
oscillation amplitudes and force coefficients reported in this study. Nevertheless, it can
be emphasized that 2D RANS models are already used for this range of the Reynolds
number [39], and the primary objective of the present work is to investigate relative trends,
KC-dependent behavior, and comparative response modification due to biofouling. Since
both smooth and biofouled configurations are simulated within the same turbulence mod-
eling framework, the comparative conclusions regarding lock-in characteristics, amplitude
saturation, and wake disruption remain physically meaningful and robust. The dominant
large-scale vortex dynamics governing synchronization and response trends are reason-
ably captured within the SST k-w RANS approach. For applications requiring precise
quantitative prediction of peak vibration amplitudes or fatigue-relevant loads, fully three-
dimensional simulations employing scale-resolving turbulence models (e.g., LES or hybrid
RANS-LES methods) would be required and are identified as a natural extension of the
present work.

ANSYS Fluent 2025 R1 software is used for all simulations. Finite Volume Method
(FVM) is adopted in the software for the discretization of governing equations. The Green
Gauss Cell Based method discretizes gradients, while Second Order and Second Order
Upwind schemes are used for the pressure and momentum, respectively.

The PISO algorithm is employed in the current work following the study [40]. This
method is found to be more robust, delivering a fully coupled solution for pressure and
velocity at each time step while enforcing a divergence-free velocity field.

A User-Defined Function (UDF) controls the dynamic mesh to simulate each cylin-
der’s motion. Smoothing and remeshing techniques are applied to the dynamic mesh
cells. Initially, each cylinder is stationary in its equilibrium position in the origin of the
coordinate system.

The fluid velocity U(t) of the oscillatory flow is expressed as

27t
U(t) = umcos,(;f) (4)
where t is simulation time, and U,; and T are the amplitude and period of the oscillatory
flow velocity, respectively.

The KC number is determined based on the amplitude of the oscillatory flow velocity:

u,T
KC=—
C=—F )
The effective KC number is expressed as:
Uy T
KC,ff = %’ , 6)

where U, is the velocity of the fluid motion in the in-line direction relatively the cylinder.
The relative velocity of the fluid motion is defined as:

27Tt) aX @)

U,el(t) = umCOS<T — E

where X is the in-line displacement of the cylinder, and "% is the in-line velocity of the cylinder.
Finally, the Reynolds number of the oscillatory flow is as follows:
_ u,D

Re T (8)
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where v is the kinematic viscosity of the fluid.

2.3. Structural Model

The 2DOF circular cylinder with and without biofouling is assumed elastically
mounted, and its motion is simulated closely following the vibration model in the work [41]:

msX + cX + kX = Fy, 9)

msY +cY +kY = Fy, (10)

where m; denotes the structural mass per unit length, c is the damping coefficient per

unit length, k is the stiffness coefficient of the elastic support per unit length, Fx, Fy are

unsteady hydrodynamic forces acting in the in-line and transverse directions per unit length

produced by the oscillatory flow, and Y is the cross-flow displacement of the cylinder.
Equation (11) defines the mass ratio m™* of the circular cylinder:

ms

m* = , (11

mfd )
where )
D

Mgq = 1 p’ (12)

where m1¢,; represents the mass of the displaced fluid per unit length.

In the current study, the smooth and biofouled cylinders are assumed to have the
same mass ratio m*, damping coefficient c and stiffness coefficient k. So that, all observed
differences in the dynamical behavior of two structures arise from the difference in the
fluid forcing F, Fy, defined by geometrical shapes, as computed by the software for each
time step.

Equation (13) expresses the relation for determining the system’s reduced velocity U,

u’r‘ - an/ (13)
where f, is given by
1 | k
fn = 7 meff, (14)
where )
Meff = b pr + 15
eff = A+ ms. (15)

In the current work, the added mass coefficient C4 is taken as 1 for simplicity, according
to the classical hydrodynamic theory and common CFD practice.
The effective reduced velocity is defined as

o urel
Unyy = 715

(16)

2.4. Computational Domain and Boundary Conditions

The computational domain used in the current work spans 63D x 43D, as illustrated
in Figure 1la. The center of gravity of the cylinder at the beginning of the simulation is
located at 23D from the inlet, which is a velocity-inlet with oscillatory flow velocity U:

u(x =—-23D,y,t) = U,v(x = —23D,y,t) = 0. (17)
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The right boundary of the domain at x = 40D is the outlet, where a zero-gauge pressure is
prescribed, and convective (zero-gradient) conditions are applied for the velocity components:

p(x =40D,y,t) =0, a—u(x =40D,y,t) =0, a—v(x =40D,y,t) =0 (18)
ox ox
The top and bottom boundary are prescribed to be symmetry, following [42], such that
ou
v(x,y =21.5D,t) =0, @(x,y =215D,t) =0, (19)
Ju
%y

The no-slip condition is imposed on the surface of the cylinder.

v(x,y = —21.5D,t) =0, —(x,y = —21.5D,t) =0, (20)

2.5. Verification and Validation of the Numerical Model

The computational domain is discretized using an unstructured triangular mesh
similar to the work of [43]. The surface of the cylinder is designed to have an O-shaped
mesh with a finer grid resolution in order to capture the flow features in this region. To
ensure y* < 1, the first layer cell height of 0.000025 m is employed.

Mesh and time convergence studies are conducted to ensure the accuracy of results.
The mesh independence study is performed for a 1IDOF motion of a biofouled cylinder on
four different meshes using the same structural parameters, as outlined in [10] and Table 3.
Results for these studies are presented in Tables 3 and 4, with Grid 3 selected for further
simulations. Resolution of this mesh is demonstrated in Figure 1b,c for the smooth and
biofouled cylinders, respectively. Results in Table 4 allow selecting the time step size of
0.005 s to obtain solutions on this mesh.

Table 3. Mesh independence test results.

Grid Mlv:]sl;ln;}::iilgfes Biof(illlllirrlrg %li:rients Biofotllil(':lggh]til(v)efrnents U m Ay/D
Current study
Grid 1 60,751 0.458
Grds 7m0 24 0003 748 s
Grid 4 80,387 0.455
Published data
[10] - 24 0.003 7 48 0460
Table 4. Time step convergence test results.
Grid M?sing:ﬁflgfes Time Step Biofg;llill?g E:ients Biofml;ll‘iarlfgh]tll(;;ents Uy m’ Ay/D
Current study
Grid 3 74,750 0.01 0.471
Grid 3 74,750 0.005 24 0.003 7 4.8 0.453
Grid 3 74,750 0.004 0.457
Published data
[10] - 24 0.003 7 48 0.46

Further simulations are performed to validate the numerical model for 2DOF VIV of
an elastically mounted smooth circular cylinder using the same parameters as those of [44],
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as presented in Table 5. Figure 2 shows the response amplitudes obtained in the present
study and the numerical results of [44], and the presented results are in a good agreement.

Table 5. Parameters for validation test.

Number of
Grid Mesh Frequency, f, Mass Ratio,m~ Damping Ratio,{  Diameter, D
Volumes
Current study
Grid 3 74,750 0.4 Hz 2.6 0.0036 0.043
Published data
[44] 72,400 0.4Hz 2.6 0.0036 0.043
(a) 04
Q‘ © Xu et al., 2021
< 03} o o Present
I :
E o ©
i 0.2 O a
(-}
E o
p °
2 019 ¢
“:é o
0 1 1 L ? 1 O (]
2 4 6 8 10 12 14
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(d)a 1.5/ -
< = © Xu et al., 2021
< 8 o Present
= e
£ 1
=
g - 0
(-}

Z 05 - :
=| o
2
=) 8
G 0:; 1 1 1 1 1 8 a

2 4 6 8 10 12 14

Reduced velocity, Ur

Figure 2. Comparison of maximum displacement amplitudes with [44]: (a) in the in-line direction;
(b) in the cross-flow direction.

Also, the numerical model is validated against [45] for an elastically mounted smooth
2DOF cylinder in an oscillatory flow at a Re = 5000 and KC = 5 using a mass ratio and
damping ratio of 2 and 0, respectively, for a range of reduced velocities from 2-8. The
results presented in Figure 3 show good agreement with the published data.
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Figure 3. Comparison of maximum displacement amplitudes with [45]: (a) in the in-line direction;
(b) in the cross-flow direction.

3. Results

The current work investigates the effect of KC numbers on a single smooth and
biofouled cylinder with two degrees of freedom in an oscillatory flow. Effects of selected
KC numbers on the response amplitude, frequency ratios, lock-in, XY trajectories and
vorticity contours are presented below.

3.1. Response Amplitude and Frequency Ratios for KC = 5

Figures 4 and 5 illustrate maximum response amplitudes and frequency ratios for the
considered cylinders as a function of reduced velocity. Vibration amplitudes are calculated
from the time histories of cylinders’ displacements over 20 periods of oscillatory flow.
Vibration amplitudes are defined as Ay = M and A, = M The work [45]
defines the lock-in range of reduced velocity as the interval between the beginning reduced
velocity of the first lock-in peak and the ending reduced velocity of the last lock-in peak
when multiple peaks of a lock-in occur. For KC = 5, the lock-in range is found to be
2 < U, < 6. The observed lock-in range is narrow, as expected for low KC numbers, because
the limited flow reversal hinders the full development of organized vortex shedding
cycles. Experiments in [10,46] reveal a decrease in the cross-flow amplitude of a biofouled
cylinder compared to a smooth cylinder. Similarly, a substantial reduction in the cross-flow
amplitude at KC = 5 for the biofouled cylinder is observed at U, = 5 in the current work,
where lock-in occurs for both cylinders. According to [47], the transverse amplitude in the
“super-upper” branch can reach as high as 1.5D. A maximum cross-flow amplitude of 0.98D
is reached by the smooth cylinder at U, = 5 where the cross-flow vibration frequency (f,),
the structural natural frequency (f;) and frequency of the oscillatory flow (f;,) synchronize.
For the biofouled cylinder, the maximum cross-flow amplitude is significantly lower and
is observed earlier in the reduced velocity range at U, = 3. For both cylinders at KC = 5,
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the cross-flow vibration amplitude begins to cease from U, = 6, which is similar to the
observation made in [45].
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Figure 4. Maximum displacement amplitudes at KC = 5: (a) in the in-line direction; (b) in the
cross-flow direction.
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Figure 5. Frequency ratios of the cylinders at KC = 5: (a) fy/fn (b) fy/fw-

The in-line amplitude of the biofouled cylinder overall is observed to be higher than
that of the smooth cylinder. However, the maximum in-line amplitude of 1.4D at U, =5 is
recorded for the smooth cylinder where the lock-in occurs.

For KC =5 at 2 < U, < 3, the cross-flow displacement exceeds the in-line displacement.
However, beyond this reduced velocity, the in-line displacement becomes larger than the
cross-flow displacement, and the difference between the two increases with increasing
reduced velocity. This is consistent with the work of [48].

At KC =5, the oscillatory flow frequency matches the vibration frequency in the in-line
direction. A Fast Fourier Transform (FFT) is applied to analyze the frequency content of the
transverse vibration amplitude. For oscillatory flow, the oscillatory frequency is defined as
fw= % where T is the period of the oscillatory flow. In this current work, two transverse
vibration frequency (fy) ratios are defined in terms of the structural natural frequency (f;;)
and oscillatory flow frequency (f,,). Synchronization occurs at U, = 5 for both cylinders. The
cross-flow vibration frequency for the smooth cylinder is found to be a bit higher compared
to that of the biofouled cylinder, similar to [49], which could be linked to a higher effective
diameter of the biofouled cylinder [10].

Studies [50-52] reveal that, for pure oscillatory flow, the cross-flow vibration occurs
at frequencies that are integer multiples of the oscillatory flow frequencies. The work [18]
classifies the vibration mode based on the dominant frequency. The single-frequency mode
occurs when vibration matches the flow frequency, and the double-frequency mode occurs
when it is twice the flow frequency. In Figure 5b, a single frequency mode is observed for
both cylinders at U, = 5.
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Figure 6 illustrates the maximum effective reduced velocity and the effective KC
number for both cylinders as a function of reduced velocity. A key observation from this
figure is the sharp, single-step decrease in both Uy, and KC,s¢ occurring precisely at
U, = 6. This abrupt change is a direct consequence of the cylinder’s in-line motion falling
into a perfect synchronization with the oscillatory flow. At this specific reduced velocity, the
phase difference between the fluid velocity and the cylinder’s inline velocity approaches
zero. When the motions are in-phase, the relative velocity U,,; (Equation (7)), which is the
driving factor for vortex shedding, minimizes. This causes the sudden collapse of U,
and KC, . For KC =5, the limited flow excursion length means the system has a narrow
window of vulnerability to VIV. Once this specific in-line lock-in condition is met at U, = 6,
the vortex shedding mechanism is effectively “switched off,” leading to the cessation of
cross-flow vibrations beyond this point [45].
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Figure 6. Effective variables of the cylinders at KC = 5: (a) effective reduced velocity; (b) effective
KCey number.

3.2. Response Amplitude and Frequency Ratios for KC = 10

Figures 7 and 8 illustrate the response amplitudes and frequency ratios of the con-
sidered cylinders at KC = 10 as a function of reduced velocity. At KC = 10, the lock-in
occurs at 5 < U, < 10 with the maximum vibration amplitude experienced at U, = 10 for
the cross-flow direction. At U, =5, the lock-in occurs for the biofouled cylinder, and the
cross-flow vibration matches the natural frequency of the structure. At U, = 10, the lock-in
is still observed for both cylinders, and the cross-flow vibration frequency matches the
natural frequency of the structure and the oscillatory flow frequency. The lock-in regime
for KC = 10 is, therefore, slightly wider, compared to KC = 5.
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Figure 7. Maximum displacement amplitudes at KC = 10: (a) in the in-line direction; (b) in the
cross-flow direction.
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Figure 8. Frequency ratio of the cylinders at KC = 10: (a) f, /fu; (b) fy/fuw-

Compared to KC = 5, the vibration amplitudes at KC = 10 is much higher for both
cylinders with the smooth cylinder recording the maximum vibration amplitude of 1.54D.
The higher amplitudes compared to KC = 5 are expected. A larger KC number implies a
longer fluid particle excursion, allowing for the formation of stronger and more organized
vortex structures within each half-cycle. Stronger vortices impart greater impulsive forces
on the cylinder, leading to larger vibrations.

A drop in the cross-flow amplitude is observed for both cases at 5 < U, < 9. These
lowest amplitudes are due to the desynchronization of the cross-flow vibration amplitude
with the natural frequency of the structure. The cross-flow vibration ceases with the reduced
velocity exceeding 11 for all cases.

A trend, similar to KC =5, is also observed for KC = 10 for the in-line response
amplitude, where the largest in-line vibration amplitude belongs to the smooth cylinder.
The in-line vibration amplitude is also observed to increase with the KC number. For
KC =10 at 2 < U, < 5, the cross-flow displacement exceeds the in-line displacement.
However, beyond this reduced velocity, the in-line displacement becomes larger than the
cross-flow displacement, and the difference between the two grows with the increasing
reduced velocity.

For the considered cases, the cross-flow vibration frequency ratio, f,/f, stays close
to 1. At U, =5 and 10, the vibration frequency synchronizes with the natural frequency of
the structure. For the smooth cylinder, a single frequency mode occurs at U, = 10, while,
for the biofouled cylinder, a double frequency mode occurs at U, = 5, and then a single
frequency mode is further detected at U, = 10.

Figure 9 illustrates the effective reduced velocity and effective KC number as a function
of reduced velocity for KC = 10. It can be seen that for KC = 10, both the effective reduced
velocity and the effective KC number reach their minimum values at U, = 11. This explains
why the vibration of the cylinder in the cross-flow direction ceases from U, = 11.
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Figure 9. Effective variables at KC = 10: (a) effective reduced velocity; (b) effective KC number.

https:/ /doi.org/10.3390/fluids11020055


https://doi.org/10.3390/fluids11020055

Fluids 2026, 11, 55

15 of 26

(a)

(/.5

Frequency ratio,

Inline amplitude, A /D

i
N [ 5]

—

0.5

X

3.3. Response Amplitude and Frequency Ratios for KC = 15

Figures 10 and 11 show the vibration response amplitude and frequency ratios for the
considered cylinders at KC =15 as a function of reduced velocity. The maximum vibrating
amplitude for the smooth cylinder is higher compared to the biofouled cylinder. For
the smooth cylinder, the lock-in range is observed at 8 < U, < 15, and for the biofouled
cylinder, it is observed at 6 < U, < 15. From results for KC numbers of 5, 10 and 15, it is
possible to conclude that the vibration response amplitudes increase with the increasing KC
number. The largest cross-flow amplitude of 1.8D is recorded for KC = 15 for the smooth
cylinder, according to Figure 10b. It can be suggested that within the studied KC range
(10 and 15), the peak cross-flow amplitude of the biofouled cylinder tends to change very
little. While the roughness disrupts the vortex coherence, at high KC numbers, the flow
inertia is sufficient to overcome this stabilization to some extent, but the vibration amplitude
is capped well below that of the smooth cylinder. This has significant practical implications,
indicating that biofouling may set an upper limit on VIV amplitudes regardless of the
increasing flow severity. It is also worth noting that the cross-flow displacement frequency
is close to the natural frequency of the structure for all KC numbers, which aligns well with
findings of [28] for several KC numbers.
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Figure 10. Maximum displacement amplitudes at KC = 15: (a) in the in-line direction; (b) in the
cross-flow direction.
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Figure 11. Frequency ratio of the cylinders at KC = 15: (a) f, /fu; (b) fy/fu-

A drop in cross-flow amplitude is observed for both cases at 8 < U, < 13. These lowest
amplitudes result from a desynchronization of the cross-flow vibration amplitude with
the natural frequency of the structure. The cross-flow vibration ceases with the reduced
velocity exceeding 16 for all cases.

A maximum in-line amplitude of 4.46D at U, = 14 is experienced by the smooth
cylinder. For KC = 15 at 2 < U, < §, the cross-flow displacement exceeds the in-line
displacement. However, beyond this reduced velocity, the in-line displacement becomes
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larger than the cross-flow displacement, and the difference between them increases with
the increasing reduced velocity, similar to the previously considered KC numbers. The
overall comparison of maximum in-line and cross-flow amplitudes is shown in Table 6,
where both largest in-line and cross-flow values belong to KC = 15 for either cylinder.

Table 6. Summary of the maximum cross-flow and in-line amplitude for both cylinders at the
considered KC numbers.

KC=5 KCc=10 KC=15
Cases In-Line Cross-Flow In-Line Cross-Flow In-Line Cross-Flow
Smooth cylinder 1.4 0.98 3.08 1.53 4.46 1.8
Biofouled cylinder 1.32 0.26 2.57 0.96 3.6 1.01

At2 < U, <7, there appear to be no significant difference in frequencies of two cylin-
ders. However, as the reduced velocity increases from 8, a significant variation in the
frequencies of cylinders is observed. At U, = 8 and 15 for the smooth cylinder, the cross-
flow vibration frequency matches the natural frequency of the structure, while for the
biofouled cylinder, the cross-flow vibration synchronizes with the natural frequency of
the structure at U, = 6 and 15. A single frequency mode is observed for both cylinders at
u, = 15.

Figure 12 illustrates the effective reduced velocity and the effective KC number for
the smooth and biofouled cylinder at KC = 15. It can be observed from the figure that the
effective reduced velocity and KC number appear to be higher for the smooth cylinder than
for the biofouled cylinder. Both the effective reduced velocity and the effective KC number
reach their minimum values at U, = 16. This explains why the vibration of the cylinder in
the cross-flow direction ceases from U, = 16.
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Figure 12. Effective variables at KC = 15: (a) effective reduced velocity; (b) effective KC number.

3.4. XY Trajectories for KC Number = 5, 10 and 15

Figures 13-15 depict the XY trajectories of considered cases at some selected reduced
velocities for KC =5, 10 and 15, respectively. For KC =5 at 2 < U, < 5, figure-of-eight shape
is described by the motion of the cylinders. At U, =5, a ring like-shape is observed for both
cylinders, where the cross-flow vibration frequency, the frequency of the structure and the
oscillatory flow frequency synchronized.
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Figure 15. XY trajectories at KC =15: (a) U, =5, (b) U, =6, (c) U, =7, (d) U, =8, (e) U, =9, (f) U, =10.

For KC =10 at U, = 5, both cylinders exhibit a well-defined figure-of-eight pattern
which is classical for 2DOF VIV lock-in in oscillatory flow, where the vibration frequency
is synchronized with the structural natural frequency (f,/f,) and is also approximately
twice the flow frequency (f, /f), corresponding to a double-frequency mode.

At 6 < U, <9, the trajectories lose their organized structure, becoming irregular,
elongated, or multi-looped. The cylinder is transitioning between synchronization modes.
The fluid forces are fluctuating between these states, leading to a beat pattern or irregular
motion in the response.

At U, =10, a well-defined arc-like shape is described by the cylinders. This shape is
characteristic of a single-frequency mode, where the vibration frequency locks onto the
oscillatory flow frequency. The motion is dominated by a large in-line component, with
the cross-flow motion being nearly in-phase or with a small phase difference, resulting in
this curved, primarily horizontal path. Beyond U, = 10, the motion of the cylinder becomes
entirely in-line dominated.

For KC =15 at 6 < U, < 10, the motion of cylinders describes a well-defined figure-
of-eight shape. At U, = 15, a ring-like shape is described by both cylinders. The shape of
the ring for the smooth cylinder is more open compared to the biofouled cylinder. Beyond
U, = 16, the in-line motion dominates.

3.5. Vorticity Contours

Figures 16-19 show vorticity contours for the smooth and biofouled cylinders at
certain times within the flow at KC = 10 and 15.
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Figure 16. Vorticity magnitude contour for the biofouled cylinder at different stages of vibration cycle
for KC=10at U, =5at: (a) t =21.13s; (b) t =21.57 s; (c) t =22's; (d) t =22.47 s.

Figure 16 depicts the vortex shedding sequence for the biofouled cylinder at KC = 10
and U, = 5—a condition identified as a double-frequency mode lock-in for this configuration.
The sequence clearly shows the formation and subsequent shedding of a pair of vortices
(2P mode) within a single half-cycle of the oscillatory flow. The presence of biofouling
elements disrupts the smooth shear layer development, leading to an earlier detachment
of vortices. This premature shedding results in vortices that are somewhat weaker and
less coherent than those observed in the smooth cylinder case. This disrupted vortex
formation process is the primary flow-level reason for the suppressed cross-flow vibration
amplitudes observed for the biofouled cylinder, as weaker vortices impart lower impulsive

transverse forces.
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Figure 17. Vorticity magnitude contour for the smooth cylinder at different stages of vibration cycle
for KC=10at U, =10 at: (a) t =25.59 s; (b) t =26.05s; (c) t =26.53 s; (d) t =26.96 s.

Figure 17 shows the vorticity contour for the smooth cylinder at KC = 10 and U, = 10,
corresponding to its maximum amplitude single-frequency mode lock-in. Here, vortex
shedding is characterized by a classical, strong, and well-organized 25 mode (two single
vortices per cycle). The shear layers roll up into concentrated, high-strength vortices that
are shed in a symmetric and periodic fashion. The coherence and strength of these vortex
structures are directly responsible for the large, sustained cross-flow vibration amplitude
(1.54D) achieved by the smooth cylinder. The clean separation points on the smooth surface
allow for the full development of these powerful flow structures.
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Figure 18. Vorticity magnitude contour for the smooth cylinder at different stages of vibration cycle
for KC=15at U, =7 at: (a) t =32.66 s; (b) t =33.15; (c) t =33.63s; (d) t =34.12 s.

Figure 18 for the smooth cylinder at KC = 15 and U, = 7 (within its lock-in regime)
demonstrates the effect of increased KC number. The longer fluid excursion allows for the
formation of even larger and more intense vortex structures before flow reversal. The flow
is able to organize itself into a very strong and correlated pattern, efficiently transferring
energy to the cylinder.

https://doi.org/10.3390/fluids11020055


https://doi.org/10.3390/fluids11020055

Fluids 2026, 11, 55

22 of 26

Amplitude

(b)

(d)

Figure 19. Vorticity magnitude contour for the biofouled cylinder at different stages of vibration cycle
for KC=15at U, =15at: (a) t =32.87s; (b) t =33.34 s; (c) t =33.79 s; (d) t =34.25 s.

Figure 19 captures the biofouled cylinder at KC = 15 and U, = 15, a condition of
single-frequency mode lock-in. Despite the high KC number, which promotes strong vortex
formation, the biofouling elements continue to exert a dominant influence. The vorticity
field is significantly more disorganized compared to Figure 17. The wake is characterized by
multiple small-scale vortical structures and a less distinct, more diffuse shedding pattern.
This “scrambling” of the vortex street by the surface roughness prevents the build-up
of highly correlated fluid forces, thereby capping the vibration amplitude. Even with
sufficient flow energy (high KC), the biofouling effectively limits the organization of the
wake, resulting in the observed amplitude almost plateauing around 1.0D.
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3.6. Limitations, Perspectives and Practical Application

The current study has several inherent limitations, related to the numerical model set-
up. It is worth emphasizing that results of the present work are valid only for the studied
parameter range, specifically, for the selected Reynolds number of 9251-92,505, mass ratio
of 4.8 and damping ratio of 0.005, which are governing quantities for the VIV phenomenon.
Also, the investigation addresses only three Keulegan—Carpenter numbers. Findings from
the current study could be projected on other parameter ranges with caution only, and
would require additional simulations in majority of cases. The selected model approach
essentially simplifies a complex 3D fluid—-structure interaction phenomenon to a 2D space
and uses RANS equations—a move supported by the substantial validation with published
literature. Also, only uniform biofouling is taken into account in the present work, pre-
sented as triangular elements, following already published research, while the real fouling
is non-uniform in the majority of real situations.

Perspectives of future research, from the authors’ point of view, are strongly related
to vibrational effects observed for arrays of biofouled structures in uniform and various
complex flows. It would also be of benefit to the field of knowledge to investigate an impact
of differences in the mass ratio, damping ratio and natural frequency between smooth and
fouled structures on the vibrational response. The topic of VIV of objects with biofouling
could also be extended towards 3D simulations of structures with non-uniform fouling, in
order to cover ranges of structural and flow parameters, for which no experimental data
are available.

Building on results of the present study, it would be also interesting to check the
hypothesis about the upper limit of the peak cross-flow amplitude of a biofouled structure.
In the current work, at KC = 15, the smooth cylinder achieves a large cross-flow amplitude
of 1.8D, while the biofouled cylinder shows approximately 1.0D, which is similar to the
amplitude level at KC = 10. This indicates that the amplitude-limiting effect of biofouling
potentially reaches a saturation point, suggesting that roughness disrupts the coherence
and strength of vortex shedding, thereby imposing an upper limit on VIV amplitudes
regardless of an increasing flow severity. This observation requires additional checks of the
VIV response of a biofouled cylinder at higher KC numbers, so that it could be confirmed if
this is a significant pattern.

From the practical point of view of a subsea pipeline designer, results of this study
confirm widening of the lock-in ranges in both directions in terms of the reduced velocity of
the flow with the increase in the Keulegan—Carpenter number. This conclusion is valid for
both structures, and could facilitate the respective choice of safety factors for a similar case.
Also, a reasonable recommendation from the current analysis would be that designing
subsea structures at reduced velocities lower than the lock-in condition is preferable, due
to the onset of relatively large in-line displacement amplitudes in a post-lock-in range.
These amplitudes reach 1D at KC = 10 and exceed this value at KC = 15, which constitutes a
substantial fatigue load on the structure in an oscillatory flow.

4. Conclusions

This numerical study systematically investigates the two-degrees-of-freedom vortex-
induced vibrations of both smooth and biofouled circular cylinders subjected to oscillatory
flow, with a specific focus on the influence of the Keulegan-Carpenter number. By employ-
ing a validated RANS-based CFD model with the SST k-w turbulence model, the research
provides significant insights into the amplitude response, frequency synchronization, lock-
in regimes, and trajectory patterns for KC numbers of 5, 10, and 15 over a reduced velocity
range from 2 to 20.
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Results indicate that peak in-line displacement amplitudes consistently exceed peak
cross-flow displacement amplitudes for both structures, which is expected for the dynamics
of slender structures in an oscillatory flow. Another central finding is that marine biofouling,
modeled as triangular surface roughness, consistently suppresses the cross-flow vibration
amplitudes across all investigated KC numbers. At the same time, a closer look at the
in-line response suggests that, at the initial and concluding stages of the in-line lock-in,
and also at post-lock-in, in-line displacement amplitudes of a biofouled structure are larger
than in-line amplitudes of a bare structure. This creates a possibility of a more significant
fatigue accumulation for a biofouled structure, depending on exact flow velocities.

As the KC number increases from 5 to 15 in the current work, the lock-in regime
broadens significantly in the reduced velocity range. Concurrently, the maximum vibration
amplitudes increase with the KC number and also tend to occur at higher reduced velocities
within the lock-in range. It also should be noted that the maximum cross-flow displacement
at KC =5 for a biofouled structure is experienced very early in the reduced velocity range,
compared to the bare structure at KC = 5 and the biofouled structure at other KC numbers.
A peak cross-flow amplitude at U, = 3 is not usual for VIV development in general, as
the lock-in state is normally expected to occur at U, = 5 for uniform flow cases with a
bare structure.

Another interesting observation, related to KC numbers, is the near equality of peak
cross-flow displacement amplitudes, expected for a biofouled structure at KC = 10 and
KC =15. As mentioned in Section 3.6, this pattern requires further evidence to be collected
in future studies to confirm the range of amplitude stabilization in terms of the KC number
for a biofouled structure.

The XY trajectories of the cylinders serve as a clear visual indicator of the lock-in state
and frequency mode. Well-defined figure-of-eight shapes are observed during the lock-in in
the double-frequency mode while ring-like or arc-like shapes characterize the single-frequency
mode. Trajectories of the biofouled cylinder are often more irregular or constrained compared
to the smooth cylinder, reflecting the disruptive impact of surface roughness on the regularity
of vortex shedding, which is also supported by vorticity contours.

In summary, this work confirms that the presence of uniform biofouling substantially
changes the lock-in development patterns, compared to a bare structure in oscillatory flow,
which was not previously reported in the published literature, to the knowledge of the
Authors. These findings have critical implications for the design and integrity assessment
of offshore marine structures, such as risers, umbilicals and mooring lines, where biofouling
is inevitable. Current results underscore the necessity of accounting for a surface roughness
in predictive VIV models to avoid incorrect estimates of the fatigue life. Future work could
extend this analysis to three-dimensional simulations, different Reynolds numbers, and a
wider variety of biofouling morphology patterns.
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