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ABSTRACT

Cylindrical Floating Production Storage and Offloading (CFPSO) units show broad prospects in deep-sea oil and
gas development due to their cost-effectiveness and adaptability, with their operational safety heavily reliant on
motion and load performance. Existing research has primarily focused on wave-only conditions and fully coupled
environments, while systematic analysis of the load amplification mechanisms under typical wave—current
coupling remains lacking. To address this, this study simulates the motion responses of a CFPSO under wave-only
and wave-current coupling conditions. The results show that the current's steady resistance shifts the structure's
equilibrium position and selectively amplifies the motion and load dynamics. The ratio of current velocity to
wave celerity (Uc/C) is a key parameter for quantifying this amplification effect. The amplification mechanisms
differ for various motion directions due to changes in the flow field. The dynamic amplification of heave is
directly related to intense random pressure fluctuations induced by complex vortex shedding near the bottom.
This study provides a theoretical basis for the structural design and safety assessment of CFPSOs under complex

sea conditions.

1. Introduction

Floating Production Storage and Offloading (FPSO) units are critical
infrastructure for deep-sea oil and gas development, as their operational
stability significantly impacts the safety and efficiency of oil field op-
erations (Zhuang et al., 2022). Among various FPSO configurations, the
cylindrical FPSO (CFPSO) is a novel floating platform type (Afriana,
2011; Amin et al., 2022). It offers advantages such as simple structural
design, high internal space utilization, and the ability to orient envi-
ronmental loads without complex turret mooring systems, thereby
reducing construction costs and demonstrating strong engineering po-
tential. However, CFPSOs face hydrodynamic challenges, particularly
because their inherent heave period often aligns with common wave
periods, leading to pronounced heave motion responses that affect
platform performance (Hong et al., 2011; Ji et al., 2019).

Throughout the lifecycle of an FPSO, waves and currents are the
primary environmental loads. In real sea conditions, they often interact,
forming complex wave-current coupling fields (Dutta and Afzal, 2024).
This coupling effect is not a simple superposition of wave and current
forces but involves nonlinear interactions that alter wave propagation
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characteristics and flow field structures. For example, it can cause
changes in wave height and wavelength, enhance flow separation, and
significantly influence the overall loads on the platform. Experimental
studies by Li et al. (2024) revealed that wave-current coupling induces
low-frequency phase shifts and energy redistribution, increasing surge
motion by approximately 30%. Deng et al. (2022a,b) observed that
wave-current coupling amplifies heave and roll motions markedly, with
quasi-lock-in phenomena caused by vortex shedding from the bottom.
These nonlinear effects can exceed the predictions of traditional design
methods, posing serious threats to platform safety and structural
integrity. Therefore, investigating the amplification mechanisms of
wave-current coupling on CFPSO motions and loads is crucial for
improving the design reliability and operational safety of such
platforms.

In marine engineering, significant understanding has been achieved
regarding the dynamic responses of other structures under wave-only
and wave-current coupled conditions. For instance, P Wang et al.
(2024); W Wang et al. (2024); compared the slamming characteristics of
hourglass-shaped and cylindrical floaters using CFD simulations. They
found that variations in wave period intensify slamming severity, with a
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pressure peak increase of approximately 25%, highlighting the modu-
lating effect of wave parameters on nonlinear responses. Similarly, Kong
et al. (2025) applied the IDDES method to a floating turbine, demon-
strating that increasing the wave period from 0.8 s to 1.2 s amplifies
power coefficient fluctuations by about 25%, underscoring parametric
sensitivity. Under wave-current coupling, the response of other struc-
tures becomes more complex. Ni et al. (2025) derived steady-state so-
lutions for wave-current interactions via CFD, revealing significant
influences of wave-current angle, wave steepness, and relative water
depth on wavelength and wave height. When wave steepness exceeds
0.05, nonlinear effects intensify, leading to wave amplification and er-
rors in linear theory predictions. Zhou et al. (2022) systematically
analyzed the heave response of a horizontal floating cylinder under
varying wave periods and current velocities. They observed that
increasing wave periods reduce vibration amplitudes, while current
variations can induce resonance, significantly amplifying motion re-
sponses. Li et al. (2023) investigated a Floating Offshore Wind Turbine
(FOWT) platform, noting that enlarging the wave-current angle from
0° to 90° increases transverse motion and enhances Vortex-Induced
Motion (VIM). Interactions between wave parameters and current ve-
locities may raise the interaction factor above 1.35. Similarly, W Li et al.
(2025); S Li et al.,, 2025 numerically simulated an FOWT under
wave-current coupling, finding that waves suppress VIM by shifting the
dominant force frequency to the wave frequency, while currents amplify
wave dynamics and increase wave loads.

Focusing on FPSOs, research on their dynamic characteristics under
wave-only conditions has revealed specific risks. Yang et al. (2025)
developed a semi-analytical model for an FPSO with a damping plate,
showing that geometric parameters and dissipation coefficients signifi-
cantly affect heave motion and wave loads. Increasing the damping plate
radius amplifies wave loads but suppresses resonance, while dissipation
coefficients mitigate nonlinear abruptness at resonant frequencies,
enhancing computational stability. Cui et al. (2025) employed 3D po-
tential flow simulations to study a cylindrical FPSO with ring slots,
demonstrating that slot geometry modulates heave and pitch perfor-
mance. Specific parameter combinations can trigger parametric reso-
nance, amplifying pitch motion by up to 120.98%. Their work
emphasizes the importance of time-varying restoring stiffness in
capturing nonlinear coupling and identifies resonance risks when wave
periods approach the system's natural period. Studies have been con-
ducted to investigate the slamming pressure and dynamic response of
cylindrical FPSOs under wave-current coupling conditions. Yu et al.
(2025) found that increased current velocity shortens the effective wave
period, enhances wave run-up and dynamic pressure, and results in
coupled responses significantly exceeding linear superposition. Experi-
mental studies, such as Deng et al. (2022a,b), observed notable motion
amplification across all six degrees of freedom under wave-current
conditions, particularly in cross-flow motion due to VIM. Li et al.
(2024) conducted wave tank tests, revealing that wave-current coupling
induces low-frequency phase shifts and energy redistribution, increasing
surge motion by approximately 30%. Additionally, Huo et al. (2023)
validated via CFD that wave-current coupling can suppress or enhance
VIM, with vortex visualization elucidating energy dissipation
mechanisms.

Despite these advancements, current research has significant limi-
tations. Most studies, parameter analyses often fix wave spectra or
current speeds, failing to systematically vary wave periods and currents
as independent variables to quantify their interactions, and lack
comprehensive parameter space scanning. Mechanistic understanding is
insufficient, as nonlinear dynamics and parameter coupling effects are
not deeply explored. Therefore, for CFPSOs, there is an urgent need to
use parametric CFD simulations and experiments to systematically study
the quantitative impact of different wave periods and current speeds on
wave-current coupling amplification effects. Moreover, revealing the
underlying mechanisms, particularly from the perspective of flow field
evolution to explain the physical roots of motion and load amplification
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remains underdeveloped.

This study employs CFD methods to investigate the amplification
effects of wave-current coupling on the motion and loads of an FPSO.
Based on the open-source framework OpenFOAM, it integrates a
buoyancy-modified k-omega SST turbulence model and a self-developed
six-degree-of-freedom motion module to numerically simulate the
structure's motions and loads. The research analyzes and presents the
motion and load responses of the FPSO, quantifies amplification effects,
and elucidates the generating mechanisms through detailed flow field
analysis. This work provides theoretical support and data references for
the hydrodynamic characteristics of FPSOs under complex coupled sea
conditions, offering key insights for structural design.

2. Numerical methods

A high-fidelity numerical model was developed to simulate the hy-
drodynamic response of a cylindrical FPSO under complex wave-current
interactions. The simulations were performed using an incompressible
two-phase flow CFD solver, naoe-FOAM-SJTU (Zhao et al., 2020; Wang
and Wan, 2018; Wang et al., 2019), which is built upon the open-source
CFD platform OpenFOAM. The six-degree-of-freedom (6-DOF) motion
responses are calculated using an in-house developed rigid body motion
solver. The mooring system dynamics are simulated using a spring
model (Liu and Wan, 2013). The free surface is captured by the Volume
of Fluid (VOF) method (Hirt and Nichols, 1981), while turbulence effects
are modeled using the buoyancy-modified k- SST (Menter, 1994) tur-
bulence model. For effective wave boundary conditions, the relaxation
zone technique is implemented through the wave2foam toolbox to
ensure numerical stability in wave generation and absorption (Higuera
et al., 2013). A uniform current condition is superimposed throughout
the flow field to reproduce combined wave-current scenarios.

2.1. Governing equations and turbulence model

This study employs the standard k-omega SST turbulence model
proposed by Menter (2003) to close the Reynolds-Averaged Navier--
Stokes (RANS) equations. The model demonstrates good predictive ac-
curacy for near-wall flows and free shear flows, making it widely used in
engineering calculations and scientific simulations. However, when
applied to two-phase flow simulations involving wave-current in-
teractions, the standard k-omega SST model faces a significant issue: at
the gas-liquid interface, the sharp density variation leads to a sharp in-
crease in the velocity gradient, which in turn causes an unphysical rise in
turbulent kinetic energy and turbulent viscosity. This abnormal increase
results in excessive numerical dissipation, manifested as unrealistic
damping of wave amplitude, where the attenuation exceeds actual
physical conditions, seriously compromising simulation accuracy.

To address this drawback, following the approach of Van Maele and
Merci (2006), a buoyancy correction term based on the Standard
Gradient Diffusion Hypothesis (SGDH) is introduced into the turbulent
kinetic energy (TKE) transport equation to properly account for the ef-
fect of abrupt density changes at the two-phase interface on turbulence
characteristics. This modification effectively suppresses the unphysical
growth of turbulence quantities near the interface, thereby improving
the simulation results under wave-current coupling conditions. Based on
the above considerations, the turbulent kinetic energy equation used
after incorporating the buoyancy modification into the standard
k-omega SST model is presented as follows:

opk dpuyk 0 ok| .

s 0%, 7% p(v+0kvl)o—xj =pPy + G, — pp ok (@D)
Jo Jdwo 0 do] vy 5 Ou2 0k d®

il % % {(ervat)aXJ _th_ﬁw +2(1-F) o 0% % 2



M. Lietal
Gy= — g ©)

_ alk
"~ max(a; 0, SF,)’

4

Vi

where, Equation (1) is referred to as the buoyancy-corrected Turbulent
Kinetic Energy Transport Equation; Equation (2) is the transport equa-
tion for the turbulent dissipation rate Omega. v the fluid kinematic
viscosity, v; is the turbulent kinematic viscosity, F; is the first blending
function. ", f, 6, 6w, w2, y are constants in the turbulence model. S is
the mean strain rate of the flow velocity; F, is the second blending
function; a; is a model constant. o, is a scalar constant that determines
the degree of buoyancy correction; when dealing with two-phase flow of
water and air, its value is typically taken as 0.85.

2.2. Numerical wave-current generation and absorption

The wave2foam toolbox (Jacobsen et al., 2012) utilizes a relaxation
zone-based numerical method for the generation of waves and currents.
This approach establishes relaxation zones within specific regions of the
fluid computational domain. Through a relaxation function, the flow
field variables, namely velocity and free-surface elevation, are gradually
adjusted towards target values of the wave-current field determined by
theoretical wave models. This process facilitates the gradual formation
and propagation of the desired waves and currents within the compu-
tational domain. Compared to methods such as piston-type or flap-type
wavemakers, which require mesh movement or internal momentum
sources, the relaxation zone method offers simpler implementation,
eliminates the need for mesh deformation, allows for convenient simu-
lation of complex environments involving combined waves and cur-
rents, and provides good numerical stability.

In numerical wave tanks, the computational domain is finite. If the
outlet boundary is left untreated, waves propagating to the boundary
will reflect. These reflected waves re-enter the computational domain
and interfere with the flow field results, making wave absorption at the
outlet essential. The wave2foam toolbox also employs relaxation zones
for wave absorption. Specifically, an absorption relaxation zone is
defined near the domain outlet, and an artificial damping source term is
added to the momentum equations within this zone. This damping term
suppresses the wave motion, causing the wave energy entering the zone
to be gradually dissipated. As a result, the wave height and velocity
decay smoothly to zero, effectively mitigating wave reflection. The co-
ordinated use of relaxation zones at the inlet and outlet collectively
ensures the accuracy and stability of wave-current simulations within
the numerical wave tank (Higuera et al., 2012).

Under combined wave-current conditions, the water particle veloc-
ities at the inlet boundary of the computational domain can be obtained
by the linear superposition of the analytical solution from wave poten-
tial theory and the steady current velocity. This study focuses on first-
order Stokes regular waves, assuming unidirectional wave propaga-
tion. With reference to the still water level, the surface elevation equa-
tion and water particle velocity expressions for regular waves are given
as follows:

H
=5 cos(kx — ot + ¢) 5)
In this study, the current direction is consistent with the wave
propagation direction. Therefore, the horizontal velocity component is
obtained by superimposing the wave-induced velocity and the steady
current velocity:
7H cosh k(z + d)

Horizontal velocity : u=—

T simhka COS(kx =0t +0) + Uamen  (6)
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H sinh
Vertical velocity : w= #H sinh k(z + d)

T sinh kd sin(kx — ot + @) (V2

where, H is the wave height. T is the wave period. k is the wave number.
d is the water depth. w is the wave angular frequency (w = 2z/T). tis the
current time. 7 is the surface elevation at the corresponding time. t¢yrrent
the current velocity.

3. Numerical step
3.1. Geometry and computational domain

The geometric model used in this study is a cylindrical FPSO unit
based on a 1:60 scale ratio. The geometry of the numerical model is
shown in Fig. 1. The principal dimensions and mass properties of the
model are summarized in Table 1. The cylindrical hull has a diameter of
1.45 m and a draft of 0.367 m at model scale, resulting in a depth-to-
draft ratio of approximately 2.04. The corresponding full-scale
displacement is about 145.5 kt. The main body of the model is cylin-
drical, and its bottom edge is designed with serrated heave plates to
enhance motion stability. Fig. 1(b) provides a bottom view of the model,
clearly illustrating the bottom structure, which includes a smooth cen-
tral region and three surrounding heave plates with serrated edges. Two
of these heave plates are shown in a trimmed configuration.

A horizontal stiff mooring system was employed to restrain the cy-
lindrical FPSO in this study. The mooring system consists of four evenly
distributed mooring lines, arranged to satisfy symmetry requirements.
Table 2 details the fairlead and anchor point coordinates, unstretched
length, extended length under pretension, and axial stiffness for each
mooring line. The configuration of the mooring system is illustrated in
Fig. 2. To maintain consistency with experimental data and focus on the
main motion response under wave-current interactions, the dynamic
drag force and gravity effects of the mooring lines are neglected. This
simplified approach is widely applicable for motion performance anal-
ysis of deep-water floating structures.

This study employs a simplified linear spring model for the mooring
system, which omits the dynamic damping and nonlinear catenary
restoring effects of the mooring lines. We acknowledge that this
simplification has known limitations. As shown in the comparative study
by Kim et al. (2013), the linear spring method cannot fully capture the
additional damping from mooring lines or complex coupled stiffness
effects, such as surge-pitch coupling. These limitations are particularly
relevant when predicting very low-frequency dynamics or precise mean
offsets, especially if the mooring system represents a significant portion
of the total mass. However, the same study by Kim et al. (2013) also
indicates that when the mooring system's influence on wave-frequency
dynamics is relatively small, the difference in motion predictions be-
tween the linear spring method and a high-fidelity nonlinear finite
element method is minimal. This finding supports the use of the
simplified model for analyzing dominant wave-frequency responses.

The primary objective of this work is to clarify the fundamental
wave-current interaction mechanisms that control wave-frequency
motion and load amplification of the bare hull. For this purpose, using
a simplified mooring system is a well-established approach. It allows us
to directly attribute the observed amplification effects to changes in the
flow field and vortex dynamics around the hull, rather than to complex
mooring line behavior. Therefore, given our focus on wave-frequency
mechanisms driven by hull-flow interaction, the chosen simplified
mooring model is appropriate and sufficient for this investigation.

This study employs a numerical wave tank with dimensions of 30 m
in length, 16 m in width, and 7.25 m in height. The water depth is set at
5.25 m, satisfying deep-water wave conditions, with the specific
configuration shown in Fig. 2. For wave simulation, the relaxation zone
method is adopted for wave generation and absorption. The wave gen-
eration zone is 6 m long, and the wave absorption zone is 13 m long. The
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Fig. 1. Geometric model of the FPSO (a) Side view; (b) Bottom view; (c) Perspective view.

Table 1

The principal dimensions and mass properties of the model.
Parameter Symbol Model Scale Full Scale
Diameter D 1.45m 87.0m
Draft T 0.367 m 22.0m
Depth H 0.75m 45.0 m
Displacement A 674.7 kg 145,466.8 t
Vertical Center of Gravity (from base) KG 0.354 m 21.25m
Radius of gyration (Roll/pitch) kyy 0.497 m 29.8 m
Radius of gyration (yaw) Kz 0.605 m 36.3m
Heave Plate Thickness T, 0.042m 2.5m

computational domain employs a velocity inlet boundary condition at
the inlet, where both wave and current conditions are prescribed. The
outlet is set as a pressure outlet with zero static pressure to allow free
outflow. The top boundary is defined as an atmospheric pressure
boundary. The two side boundaries are defined as symmetry planes to
simulate an infinitely wide domain. The computational domain for
wave-current coupled conditions remains consistent with that of the
pure wave scenario.

Regarding mesh generation, Fig. 3 displays the grid distribution on
the XOY and YOZ planes, as well as the surface mesh on the FPSO. To
accurately capture the boundary layer effects under wave-current in-
teractions, a boundary layer grid technology was implemented. The
height of the first grid layer was set at 0.001 m. This configuration
ensured that the dimensionless wall distance (y+) remained within the
optimal range of 30-100 throughout the simulation. The total grid count
reached approximately 5.3 million for the wave-only condition and 5.39
million for the combined wave-current condition, meeting the accuracy
requirements for different working conditions.

3.2. Grid independence study

To ensure the reliability and accuracy of the simulation, a grid in-
dependence study was carried out using three sets of grids with coarse,
medium, and fine densities. The coarse grid size was set to 1.2 times that
of the medium grid, while the fine grid size was 0.8 times that of the
medium grid. The corresponding grid numbers were 2.97 million, 5.39

Table 2
The mooring configuration.

million, and 9.11 million, respectively. Fig. 4 presents a comparison of
the time history curves of surge, heave, and pitch motion responses
under the three grid sizes. The results show that motion responses under
all grid densities exhibit consistent periodic variation patterns, with only
minor differences in amplitude. This indicates that the numerical results
are insensitive to grid density, confirming grid independence.

Table 3 lists the mean values of surge, heave, and pitch motion re-
sponses for different grid numbers. The difference in the mean surge
response between the fine and medium grids is only 1.1%, and the dif-
ference in the mean pitch response is 0.2%. These small deviations
indicate that further grid refinement has limited influence on the results,
demonstrating good convergence. The mean heave offset is very small,
about 0.1% of the model diameter. The differences seen between grids
are within the expected numerical error for such a small value, and the
results show a clear converging trend. This indicates the grid resolution
is sufficient to determine this static position. The main purpose of the
grid study is to verify the reliability of the dynamic motion responses,
which are the focus of this paper. The convergence of these motion
amplitudes has been confirmed. Since the forces that cause the motions
are integrals of pressure on the hull, the convergence of the motions
strongly suggests that the key features of the underlying pressure field,
especially those driving the motion, are also resolved well by the chosen

Fig. 2. Computational domain.

Line number Location X (m) Y (m) Z (m) Length under Pretension(m) Length (m) Stiffness (kN/m)
Linel Anchor Point 0.518 —0.518 0 3.24 2.5 0.121
fairlead 2.816 —2.816 0 3.24 2.5 0.121
Line2 Anchor Point 0.518 0.518 0 3.24 2.5 0.121
fairlead 2.816 2.816 0 3.24 2.5 0.121
Line3 Anchor Point —0.518 0.518 0 3.24 2.5 0.121
fairlead —2.816 2.816 0 3.24 2.5 0.121
Line4 Anchor Point —0.518 —0.518 0 3.24 2.5 0.121
fairlead —2.816 —2.816 0 3.24 2.5 0.121
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Fig. 3. Computational mesh (a) Overview on x-z plane (y = 0); (b) Overview on x-y plane (z = 0); (c) Magnified view on FPSO.

Fig. 4. Comparison between different mesh resolutions (a)Surge; (b) Heave; (c) Pitch.

Table 3

Parameters in mesh convergence study.
Item Cell number Surge (m) Heave (m) Pitch (°)
Coarse 2,972,637 5.215 0.009 —0.948
Medium 5,390,581 5.366 0.003 —-0.919
Fine 9,110,859 5.430 0.002 -0.917

grid. Considering both computational accuracy and efficiency, the me-
dium grid was selected for subsequent numerical simulations. This
choice ensures reasonable computational speed while maintaining result
accuracy.

3.3. Validation against experimental data

To validate the accuracy of the numerical model, a systematic
comparison was carried out between the numerical results and corre-
sponding experimental data under seven wave periods: 7s, 10s, 12s, 14s,
16s, 18s, and 20s. The experimental data used for CFD validation in this

study were obtained from a dedicated model test campaign. The tests
were conducted in the SJTU Towing Tank. Fig. 5 presents a comparison
of the Response Amplitude Operators (RAOs) for surge, heave, and pitch
motions obtained from the numerical simulations and model tests.

The results show that the RAO curves from the numerical calcula-
tions agree well with the experimental measurements in both trend and
magnitude across all wave periods. In particular, the response ampli-
tudes match closely between the numerical and experimental data. The
deviations are small under each wave period, indicating that the nu-
merical model can effectively capture the actual motion characteristics.

Based on the consistent agreement observed across the seven wave
conditions, it is concluded that the numerical method used in this study
provides reliable predictions of the structural motions. This validates the
reliability of the numerical model and supports its use in subsequent
analyses.

3.4. Simulation matrix

A total of 14 numerical simulation cases, as detailed in Table 4, were
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Fig. 5. Comparison between numerical simulation results and experimental results.

designed in this study to systematically investigate the hydrodynamic
responses of a cylindrical FPSO under pure wave, and wave-current
coupling conditions. The focus was placed on the effect of wave-
current coupling on the structural motions. The case setup is described
as follows. For each of the five different wave periods, corresponding
pure wave cases and wave-current coupled cases were constructed. The
wave height was consistently set to 0.05 m at model scale across all wave
cases to ensure consistent wave conditions. A current velocity of 0.2 m/s
(equivalent to 1.5492 m/s at full scale), which represents the maximum
speed encountered under conventional conditions in the South China
Sea, was adopted in the wave-current coupling cases to enable a
meaningful comparison of structural responses under combined envi-
ronmental loading. To examine the gradient effect of current velocity,
two lower speeds (0.1 m/s and 0.05 m/s) were added for the 14s wave
period. These correspond to 50% and 25% of the original 0.2 m/s con-
dition, forming a velocity series that clarifies how amplification initiates
and scales with current speed. The selected speeds also represent typical
low-to-moderate currents, extending the practical relevance of the
study. To further examine the influence of current velocity variation on
the coupling effect, additional wave-current cases under low and me-
dium current velocities were added for selected wave periods. These
cases help evaluate the impact of current velocity on the coupling

Table 4
An Typical load conditions in model test.

behavior. Overall, the case matrix systematically covers both pure wave
and wave-current coupling conditions across a range of wave periods
and current velocities, forming a comprehensive parametric framework
for investigating their coupled effects. This setup allows a multi-
perspective analysis of the potential dynamic amplification phenome-
non and its underlying mechanisms during wave-current interactions.

4. Results and discussion
4.1. Wave-current coupling effects across different wave periods

The motion responses of an FPSO are of critical importance as they
directly impact its structural safety, operational efficiency, and station-
keeping system design. In this study, the influence of wave-current
coupling is analyzed in terms of its effect on both the mean position
and the dynamic oscillatory response of the structure. The alteration of
the dynamic response is quantitatively assessed. This assessment is
performed by calculating the relative change (expressed as a percent-
age) in the response amplitude from the pure wave condition to the
wave-current condition, under identical wave parameters. Figs. 6, 7 and
8 compares the motion responses of a cylindrical FPSO under pure wave
conditions and wave-current coupling conditions across different wave

Case number Case Current velocity(m/s) Wave height (m) Wave period (s)
Model Scale Full Scale Model Scale Full Scale Model Scale Full Scale

1 COW10 / / 0.05 3 1.2910 10
2 COwW12 / / 0.05 3 1.5492 12
3 COW14 / / 0.05 3 1.8074 14
4 COwW16 / / 0.05 3 2.0656 16
5 COwW18 / / 0.05 3 2.3238 18
6 COW20 / / 0.05 3 2.5820 20
7 C2W10 0.2 1.5492 0.05 3 1.2910 10
8 C2w12 0.2 1.5492 0.05 3 1.5492 12
9 C2W14 0.2 1.5492 0.05 3 1.8074 14
10 C2W16 0.2 1.5492 0.05 3 2.0656 16
11 C2w18 0.2 1.5492 0.05 3 2.3238 18
12 C2W20 0.2 1.5492 0.05 3 2.5820 20
13 Clw14 0.1 0.7746 0.05 3 1.8074 14
14 CO5W14 0.05 0.3873 0.05 3 1.8074 14
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periods, focusing on surge, heave, and pitch motions, including both the
mean values and amplitudes. Within the investigated parameter range,
the variation trends of motion amplitudes with wave period are broadly
similar under both wave-only and wave-current conditions. However,
the introduction of a uniform current has a non-negligible quantitative
impact. It induces a significant, velocity-dependent mean drift force
(manifested as offsets in the mean values) and substantially alters the
motion amplitudes. This indicates that the incident waves serve as the
primary energy source exciting the periodic oscillation of the FPSO,
determining the fundamental frequency characteristics and overall
trend of the response. In contrast, the superimposed steady current
systematically modifies the equilibrium position via a constant drag
force and quantitatively modulates the oscillation amplitudes by
altering the surrounding flow field and vortex dynamics.

In terms of surge motion, as the wave period increases, the variation
of motion amplitude with wave period is not very pronounced in both
conditions. Under most wave periods, the surge amplitude in the wave-
current condition is higher than that in the pure wave condition. As
shown in Fig. 9, at wave periods of 10 s and 16 s, the amplitudes increase
by 15.3% and 11.9%, respectively. However, the actual surge responses
under these two periods are relatively small in magnitude. In contrast, at
a wave period of 14 s, where the surge response is more significant, the
amplitude increases by only 2%. These results indicate that the current
has a noticeable amplifying effect on the wave-induced surge motion,
and this amplification exhibits nonlinear characteristics with varying
wave periods. Regarding the mean surge motion, due to the steady
current force, the equilibrium position of the surge motion shifts
significantly forward by 3.9 m to 4.5 m in the wave-current condition.
The magnitude of this offset remains consistent across different wave
periods, highlighting the considerable influence of current on the mean
position of the structure.

For the heave motion, the difference in amplitude between the two
conditions is generally within 5%, except at wave periods of 12 s and 14
s. At these periods, the heave amplitude increases by approximately
42.8% and 17.5%, respectively, under the wave-current condition. This
suggests that the effect of current on heave motion is selective and more
pronounced only at specific wave periods. Regarding the mean heave
position, a downward offset of 0.03 m to 0.08 m in the heave equilib-
rium position occurred. This is attributed to flow separation induced by
the presence of the current, which alters the flow structure beneath the
platform and generates an additional downward force on the structure.

For the pitch motion, the amplitude under the wave-current condi-
tion is higher than that under the wave-only condition across all periods.
The amplification is most significant near the natural period of pitch
(around 16 s), which may indicate dynamic amplification due to fluid-
structure interaction, where the amplitude increases by 99.4%. Addi-
tionally, the mean pitch angle shows a negative offset between 0.5° and
1.0° under the wave-current condition. This is caused by the yaw
moment induced by the current, demonstrating that the current also has
a steady influence on the attitude of the structure.

Analysis of the environmental loads acting on a FPSO unit is crucial
as these loads directly determine the structural strength requirements
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and the design safety of the mooring system. Fig. 10 presents a
comparative analysis of the mean values and amplitudes of the wave
forces and mooring forces on a cylindrical FPSO under wave-only and
wave-current coupling conditions across different wave periods.

In terms of wave force, the absolute value of the mean horizontal
wave force under the combined wave-current condition is significantly
larger than that under the pure wave condition. This is primarily
because the measured total horizontal force includes a steady load
component induced by the current. This component shifts the mean
wave force in the negative direction by approximately 15,000 kN,
resulting in an increase in the absolute value of the mean horizontal
wave force. Regarding the amplitude of the wave force, the influence of
the current shows clear period dependence. When the wave period is less
than 14 s, the wave force amplitude is generally amplified. In contrast,
when the wave period exceeds 14 s, the amplitude is suppressed. These
observations indicate that the current not only introduces a steady load
component but also nonlinearly modulates the amplitude characteristics
of the dynamic wave load, reflecting the complex mechanism of wave-
current interaction.

Regarding the mooring force, the steady-state force generated by the
current acting on the hull is ultimately balanced by the mooring system.
As a result, the mean mooring force under the combined wave-current
condition increases significantly. This increase is primarily due to the
larger mean surge motion induced by the current, reflecting the
persistent influence of the current load on the static equilibrium of the
system. In terms of the amplitude of the mooring force, the current
suppresses its fluctuation, indicating that the current becomes the
dominant factor affecting the dynamic variation of the mooring force.
Under the influence of current, the distribution of wave energy is
altered. As shown in Fig. 11, this significantly reduces the overall energy
of mooring forces in the low-frequency band (e.g., at ®; = 0.0077 Hz).
Consequently, the large-amplitude slow-drift motion of the floating
body is suppressed, leading to a more stable dynamic response of the
mooring system.

4.2. Mechanism analysis of wave period influence

To investigate the wave-current coupling effects on the motion and
load response of a cylindrical FPSO, this study compares the flow field
structures under different wave periods. The aim is to reveal the un-
derlying flow characteristics and physical mechanisms. The observed
mechanistic differences can be explained by the key dimensionless
parameter, the velocity ratio Uc/C (Sumer, 2006). The wave celerity C is
positively correlated with the wave period T (C  T). Thus, for a constant
current velocity Uc, a shorter wave period leads to a larger Uc/C ratio,
indicating a more significant influence of the current.

A significant motion amplification was observed under the wave
period of 16s, which is close to the structure's natural period. However,
the load amplification induced by wave-current coupling is relatively
limited. In this case, the higher wave celerity C results in a lower Uc/C
ratio (Uc/C < 0.25), indicating that the flow field is dominated by wave-
induced oscillations. Flow field analysis in Fig. 12 also shows that under

Fig. 6. Statistical characteristics of surge motion under different wave periods (a) amplitude value; (b) mean value (Results for wave-only condition, Uc = 0 m/s;

results for wave-current condition, Uc = 0.2 m/s).
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Fig. 7. Statistical characteristics of heave motion under different wave periods (a) amplitude value; (b) mean value (Results for wave-only condition, Uc = 0 m/s;

results for wave-current condition, Uc = 0.2 m/s).

Fig. 8. Statistical characteristics of pitch motion under different wave periods (a) amplitude value; (b) mean value (Results for wave-only condition, Uc = 0 m/s;

results for wave-current condition, Uc = 0.2 m/s).

Fig. 9. Amplitude difference of motion under different wave periods (a) Surge; (b) Heave; (c)Pitch.

pure wave action, resonance has already generated a strong oscillatory
flow with high velocities around the structure. After introducing the
current, wave-current coupling induces noticeable low-velocity regions
near the bottom and wake of the structure. Nevertheless, the overall flow
pattern remains governed by wave motion. The underlying mechanism
is that under resonance conditions, the energy input from waves is
dominant. The nonlinear superposition effect contributed by the current
as an additional energy source is relatively weak. As a result, the flow
field's energy scale and structure are not fundamentally altered, leading
to limited load amplification.

Conversely, under the wave period of 14s, which is a non-resonant
period, wave-current coupling induces a more prominent amplifica-
tion of heave motion and load. The flow characteristics for this case are

distinctly different from those of the 16s period. Under wave action
alone, the flow kinetic energy is relatively weak due to the deviation
from the structural natural period. The introduction of the current
markedly alters the flow structure, generating large transient high-
velocity zones beneath and around the structure, with velocities sub-
stantially higher than in the wave-only case, as demonstrated in Fig. 13.
The underlying mechanism lies in the decreased wave celerity C at the
shorter wave period. Although the Uc/C ratio remains small and waves
still dominate the overall flow, the increase in Uc/C enhances the
contribution of the current to the nonlinear coupling process. This
strengthened nonlinear superposition effect significantly raises flow
kinetic energy and asymmetry. As a result, although the absolute heave
response under waves alone is smaller than in the 16-s resonant case, the
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Fig. 10. Statistical characteristics of load under different wave periods (a) horizontal mooring force; (b) horizontal wave force (Results for wave-only condition, Uc

= 0 m/s; results for wave-current condition, Uc = 0.2 m/s).

Fig. 11. Spectral analysis of the horizontal mooring force (wave periods
= 16s).

Fig. 12. Comparison of Velocity Fields under Wave Condition and Coupled
Wave-Current Condition (Wave periods = 16s).

relative amplification of heave motion in the 14-s case is greater. This
leads to more severe instantaneous wave loads in the time domain

Fig. 13. Comparison of Velocity Fields under Wave Condition and Coupled
Wave-Current Condition (Wave periods = 14s).

compared to the resonant condition.

The non-monotonic trend of heave amplification, with a peak at T =
12s, suggests that the Uc/C ratio alone is not sufficient to predict the
response. The maximum amplification likely occurs at an optimum
coupling condition, where the wave period allows the current-modified
vortex shedding from the heave plates to achieve a phase-lock that most
constructively excites the heave mode.

Furthermore, wave-current coupling causes constant mean position
offsets of the structure, including a forward shift in surge, sinking in
heave, and a negative pitch angle. This steady-state phenomenon orig-
inates from the disruption of flow field symmetry around the structure.
Flow contour plots clearly show that the current causes a persistent low-
velocity zone in the wake and a significant velocity reduction at the
bottom of the cylinder FPSO. As illustrated in Figs. 14 and 15, the
physical mechanism is as follows: the wake low-velocity zone creates a
pressure difference, generating a viscous pressure resistance in the di-
rection of the current; the low-velocity zone at the bottom leads to a
pressure reduction, causing a downward suction force; meanwhile, the
point of action of the current force is below the center of rotation,
creating an overturning moment. The combined forces and moments
generated by this steady-state component of the flow field directly lead
to the shift in the structure's equilibrium position.

This study further conducted a comparative analysis of the mid-
longitudinal vorticity fields under wave-only and wave-current
coupled conditions. Taking the 16-s wave period case as an example,
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Fig. 14. Comparison of Velocity Fields Wave Condition and Coupled Wave-Current Condition (Wave periods = 16s).

Fig. 15. Comparison of Velocity Fields Wave Condition and Coupled Wave-Current Condition (Wave periods = 16s).

Fig. 16 reveals significant structural differences between the vorticity
fields under wave-only and wave-current coupled conditions. Under
wave-only conditions, the vorticity generated by structural motion is
primarily concentrated near the cylinder bottom and the heave plate. In
contrast, under wave-current coupled conditions, the presence of
background flow leads to a clear accumulation of negative vorticity at
the cylinder bottom. Simultaneously, the current continuously trans-
ports vorticity downstream, resulting in a much wider distribution of
vorticity in the wake region compared to the wave-only case. This
significantly enhances the complexity of the flow field and the intensity
of vortex motion, thereby amplifying the heave and surge motions of the
structure.

4.3. Wave-current coupling effects across different current velocity

Fig. 17 compares the surge, heave, and pitch motion responses of a
cylindrical FPSO under a 14-s wave period and different current veloc-
ities, focusing on variations in the mean and amplitude of each motion.
As the current velocity increases, the mean surge increases significantly
from 1.01 m to 5.80 m, a rise of over four times, indicating notable
horizontal drift of the FPSO due to steady drag force induced by the
current. The surge amplitude also shows an increasing trend, further
demonstrating that wave-current coupling amplifies the horizontal
motion. For pitch motion, the mean value changes from —0.30° to
—0.92°, suggesting that the current exerts a continuous bow-down
moment on the hull, likely due to asymmetric pressure distribution
around the structure. The pitch amplitude increases from 1.17° to 2.56°,
arise of about twofold, indicating that the current significantly enhances

Fig. 16. Comparison of Vorticity Contour between Wave Condition and Coupled Wave-Current Condition (Wave periods = 16s).
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Fig. 17. Statistical characteristics of motion under different current velocities (a) surge motion; (b) heave motion; (c) pitch motion.

the rotational response, with more pronounced dynamic amplification
at higher current velocities. The mean heave slightly decreases from
0.071 m to 0.001 m, implying limited influence of the current on the
vertical stationary position. However, the heave amplitude increases
from 2.61 m to 2.91 m, and the standard deviation rises from 0.77 to
0.97. This shows that although the mean position remains stable, both
the magnitude and randomness of the dynamic motion increase with
current velocity, resulting in a more complex motion response.

In summary, increased current velocity systematically influences the
FPSO's motion. Horizontal motion is dominated by current-induced
static offset, while rotational and vertical motions exhibit amplified
dynamic components and enhanced randomness.

Fig. 18 compares the mean values and amplitudes of the wave forces
and mooring forces on a cylindrical FPSO under pure wave and wave-
current coupled conditions, using a 14-s wave period and different
current velocities. For the horizontal wave force, the mean value in-
creases sharply from 7665.77 kN under the no-current condition to
24,940.29 kN under the high-current condition, an increase of more

11

than two times. This indicates that the wave force includes a significant
steady-state component induced by the current. A higher current ve-
locity leads to a greater sustained horizontal thrust on the hull. The
amplitude also rises from 56,232.12 kN to 67,199.77 kN, showing that
the current not only introduces a static load but also nonlinearly am-
plifies the dynamic wave load by altering the relative motion between
the waves and the structure.

The horizontal mooring force shows a similar trend to the horizontal
wave force. To balance the large horizontal thrust acting on the struc-
ture, the mooring system must provide a greater reaction force. As a
result, the mean mooring force also increases significantly with current
velocity. In contrast, the fluctuating component of the mooring force
decreases as the current velocity increases. This finding supports the
previous analysis: the current alters the energy distribution of the wave
forces, thereby significantly suppressing the low-frequency components
in the mooring force. As the current velocity strengthens, this suppres-
sive effect becomes more pronounced. The dynamic response of the
mooring system becomes more stable, and the overall system behavior
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Fig. 18. Statistical characteristics of load under different current velocities (a) horizontal mooring force; (b) horizontal wave force.

transitions toward being predominantly governed by the current load.

The preceding analysis focuses on the amplitude of the motions and
loads, defined as the peak-to-peak value during steady-state response.
To provide a more robust quantification of the dynamic fluctuation in-
tensity and to assess the change in signal randomness with current ve-
locity, we have further computed the standard deviation of the key
responses. As shown in Fig. 17, the standard deviation of the heave
motion increases markedly with the current velocity, rising from 0.77 m
to 0.97 m. This trend is consistent with the observed increase in heave
amplitude. More importantly, the standard deviation more clearly re-
veals that increasing the current velocity not only enlarges the typical
oscillatory range but also systematically intensifies the random fluctu-
ation component of the motion. Similarly, the standard deviation of the
pitch motion exhibits a definitive increasing trend. These findings sup-
port the conclusion that a uniform current exacerbates the unsteadiness
and asymmetry of the flow field, thereby enhancing the stochastic dy-
namic characteristics of the motion responses.

4.4. Mechanism investigation of the current velocity effect

To deeply investigate the mechanism behind the amplification ef-
fects of current velocity on the motion and loads of a cylindrical FPSO,
this study compares and analyzes the flow field structures under
different current velocities. The aim is to reveal the underlying flow
characteristics and physical mechanisms. To support quantitative anal-
ysis, five measurement points are set up, as shown in Fig. 19. The mean
pressure and pressure amplitude at these points are compared across
four working conditions, in order to validate the variation patterns of the
flow field properties.

Fig. 20 illustrates the instantaneous flow fields at a certain moment
under different current velocities. Under zero flow velocity, the velocity
field is uniform, and the fluid is nearly stationary, with no macroscopic
flow observed. As a result, there is no significant kinetic energy or ve-
locity gradient. At low flow velocity, a distinct velocity distribution

12

Fig. 19. Locations of the pressure probes.

begins to appear. The fluid accelerates as it passes around the structure,
forming a low-speed wake region behind the structure that is not yet
fully developed. At this stage, a velocity gradient exists but remains
relatively weak. As the incoming flow velocity increases, the accelera-
tion effect around the structure becomes more pronounced, leading to a
stronger velocity contrast in the wake region.

The amplification of surge motion is primarily dominated by pres-
sure drag. Fig. 18 presents a comparison of the differential pressure drag
under four different flow velocities. At low flow velocity, the motion is
driven by a stable pressure difference between the high-speed region in
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Fig. 20. Comparison of velocity fields under different current velocities (a)
COW14; (b) CO5W14; (c) C1W14; (d) C2W14.

front of the structure and the low-speed wake region behind it. In this
case, the amplification effect remains relatively linear. Under high flow
velocity, however, the amplification increases nonlinearly. This is
because both the extent and intensity of the low-pressure region in the
wake increase significantly. As a result, the pressure drag no longer
grows simply with the square of the flow velocity, but exhibits a stronger

Ocean Engineering 358 (2026) 125861

amplification, leading to a notable increase in the dynamic amplitude of
the surge motion.

The amplification of the pitch motion originates from the asymmetry
in the velocity distribution over the upper and lower surfaces of the
structure. This asymmetry induces a pressure difference, which gener-
ates a moment. As shown in Fig. 21, pressure data from five measuring
points at the bottom of the structure are provided. A comparison of the
pressures at probel and probe3 indicates that this asymmetry is rela-
tively weak under low flow velocity. At high flow velocity, however,
flow separation at the bottom becomes more intense, while the flow over
the top remains relatively smooth. This spatial asymmetry in the ve-
locity field is significantly amplified, leading to a substantial increase in
both the steady bow-down moment and its fluctuating component. As a
result, both the static offset and dynamic amplitude of the pitch motion
are markedly amplified.

The amplification of heave motion is primarily dominated by pres-
sure fluctuations at the bottom of the structure. The mean heave
displacement changes little, because the variation in flow velocity
generates only a small average lift force. However, the amplification of
its dynamic amplitude is distinct—it depends not on a steady velocity
difference, but on instantaneous fluctuations in the velocity field. As also
reflected by the comparison of pressure amplitudes at the bottom
measurement points probel to probe5 in Fig. 22, the velocity field below
the structure becomes highly complex and unsteady under high flow
conditions. This translates directly into intense and random pressure
fluctuations acting on the bottom surface. As the flow velocity increases,
both the intensity and frequency of the velocity fluctuations beneath the
structure rise, leading to a significant amplification in the randomness
and amplitude of the heave motion. This mechanism is fundamentally
different from those governing surge and pitch amplification.

This study further compares and analyzes the evolution of the
vorticity field along the centerline plane under different current veloc-
ities. Fig. 23 shows the instantaneous vorticity fields at a certain moment

Fig. 21. Comparison of pressure mean for probes (a) COW14; (b) CO5W14; (c) C1W14; (d) C2W14.
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Fig. 22. Comparison of pressure amplitude for probes (a) COW14; (b) CO5W14; (c) C1W14; (d) C2W14.

Fig. 23. Comparison of vorticity fields under different current velocities (a) COW14; (b) CO5W14; (c) C1W14; (d) C2W14.

under the four working conditions.

The amplification of surge motion shows distinct characteristics at
different flow velocities. Under zero flow velocity, there is no significant
flow separation, and surge is mainly induced by wave forces, with
minimal mean offset. As flow velocity begins, small-scale vortices start
to form at the stern, leading to the initial development of pressure drag.
This results in an observable steady drift in surge. With a further increase
in flow velocity, flow separation evolves from being localized to large-
scale vortex shedding. This transition causes the pressure drag to in-
crease nonlinearly rather than linearly, leading to a disproportionate
amplification in the mean surge displacement.

14

The amplification of pitch motion strongly depends on the influence
of flow velocity on the spatial structure of vortices. Fig. 24 provides
direct evidence of this relationship, comparing the vortex evolution over
a 14-s wave period with and without a 0.2 m/s current. The wave-only
condition (Uc = 0 m/s) corresponds to a low-flow-velocity state, where
the vortices near the bottom are weak and small in scale. These vortices
generate only a limited bow-down moment, resulting in a minor pitch
response. In contrast, the high-flow-velocity condition (Uc = 0.2 m/s)
produces a significant increase in vortex intensity and scale, accompa-
nied by more pronounced asymmetry. As a result, the steady mean pitch
increases with flow velocity, while the dynamic response is amplified
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Fig. 24. 3D vortex structures over one wave period (T = 14 s) under wave-only (a-d, Uc = 0 m/s) and wave-current (e-h, Uc = 0.2 m/s) conditions.

even more noticeably. This is because the unsteady and asymmetric
vortex shedding generates stronger wave-induced moments, whose
excitation frequency and energy increase with flow velocity, leading to a
multiplied amplification in pitch amplitude at higher flow velocities.
The dynamic amplification of heave motion exhibits unique sensi-
tivity to flow velocity. Its mean value is governed by static equilibrium
and is therefore hardly affected by flow velocity. However, the ampli-
fication of its dynamic response shows a highly nonlinear relationship
with flow velocity. At low velocity, the weak bottom vortices cause little
disturbance to the vertical pressure field, and heave motion is domi-
nated primarily by wave frequency. Similarly, Fig. 24 demonstrates that
moderate to high flow velocities trigger large-scale vortex shedding at
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the bottom, leading to intense local pressure pulses. Each strong vortex
shedding acts like an instantaneous vertical impact. As the flow velocity
increases, the intensity, frequency, and randomness of these impacts rise
significantly. Consequently, beyond a certain velocity threshold, the
complexity and randomness of the heave motion are markedly ampli-
fied, reflected in a substantial increase in standard deviation and
amplitude.

5. Conclusion

This study employs the open-source CFD software OpenFOAM to
systematically simulate the motion and load responses of a cylindrical
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FPSO under various wave periods and current velocities. By comparing
coupled wave-current conditions with wave-only conditions, the
amplification effects are quantified. Furthermore, the patterns and un-
derlying physical mechanisms of these effects are revealed from the
perspective of flow field evolution. The main conclusions are as follows.

(1) The motion and load responses of the CFPSO are primarily
excited by the incident waves, which determine the basic
response frequency and trend. Under wave-current coupling, the
superimposed current introduces significant quantitative modi-
fications. Its influence is characterized by introducing significant
steady-state components and nonlinearly modulating dynamic
components. The steady drag force from the current causes
notable changes in the structure's mean position, such as a for-
ward offset in surge and a negative bias in pitch. It also directly
increases the mean wave force and mooring load. Concurrently,
through nonlinear interaction with waves, the current selectively
amplifies (especially at non-resonant periods) or suppresses (e.g.,
fluctuations in mooring force) the dynamic amplitudes of motion
and load. This effect varies nonlinearly with wave period and
current velocity.

The wave period determines the dominant mechanism of the
wave-current coupling effect, and the current-to-wave velocity
ratio (Uc/C) is a key dimensionless parameter. Under conditions
close to the structure's natural period (e.g., T = 16 s), the motion
response is dominated by wave energy, and the additional
nonlinear amplification from the current is relatively weak. In
contrast, at non-resonant periods (e.g., T = 14 s), the increased
Uc/C value enhances the current's contribution to flow field ki-
netic energy and asymmetry. The nonlinear superposition effect
becomes more prominent, potentially leading to more significant
instantaneous heave motion amplification and load response than
under resonant conditions.

The amplification mechanisms differ fundamentally for various
motion directions, rooted in changes in the flow field structure.
Surge amplification is primarily driven by a steady pressure dif-
ference resistance caused by the current. Pitch amplification
originates from an asymmetric velocity distribution, which cre-
ates steady and dynamic moments. In contrast, the dynamic
amplification of heave is directly related to intense, random
pressure fluctuations induced by complex vortex shedding near
the bottom. As the current velocity increases, the development in
intensity, scale, and asymmetry of the wake vortex system is the
fundamental physical reason for the nonlinear amplification of
surge and pitch responses and the increased randomness of heave
motion.

2

3

The ultimate motion and load response are not determined by the
Uc/C ratio alone, but rather by its interplay with the structure's inherent
hydrodynamic properties. To develop more comprehensive design
guidelines, future research is needed to systematically explore a wider
Uc/C parameter space. Such work would fully map the response sensi-
tivities and identify potential thresholds for transitions between
different flow-dominance regimes.
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