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ABSTRACT: A three-dimensional, two-way coupled fluid—structure interaction (FSI) numerical model
was established to investigate the hydrodynamic performance and wave-attenuation mechanism of a water-
ballasted single-ring floating breakwater with internal compartmentalization. The model couples the CFD
wave solver in OpenFOAM with its built-in six-degree-of-freedom rigid-body motion solver and the
dynamic mooring solver MoorDyn. It was validated against two benchmark cases comprising physical
wave-flume measurements and published numerical results. Four configurations—unballasted, single-
compartment, dual-compartment, and four-compartment—were compared under extreme irregular waves,
with different incident-wave headings considered for the compartmentalized configurations. The analysis
focused on wave transmission, transient mooring tension, and the combined effects of annular wave
scattering and ballast-water sloshing. The results demonstrate that the four-compartment configuration
provides the strongest wave attenuation, whereas the dual-compartment configuration achieves a better
balance between wave-attenuation performance and mooring-load distribution.

Keywords: Floating breakwater; Water ballast; Tuned liquid damper (TLD); Fluid-structure interaction
(FSI); Compartmentalization; Mooring tension

1. Introduction

Breakwaters play a critical role in protecting coastal and offshore facilities by reducing incident-wave
energy and creating sheltered waters. This protective function is becoming increasingly important as
floating infrastructure is increasingly deployed in exposed marine environments. Among emerging offshore
applications, floating photovoltaic (FPV) systems have attracted considerable attention due to their water-
cooling benefits and distinctive hydroelastic characteristics [1,2]. Previous studies have investigated their
power-generation performance, structural design, experimental evaluation, and panel-cooling mechanisms
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[3—6], while their substantial deployment potential in reservoirs and open marine environments has further
stimulated interest in offshore applications [7-9]. However, compared with installations in sheltered inland
waters, offshore floating facilities are exposed to more severe hydrodynamic conditions, under which wave-
induced forces and impulsive loads may threaten structural integrity, operational stability, and long-term
serviceability [10—12]. Floating breakwaters (FBWs) provide a flexible means of protecting such facilities,
particularly where the construction of fixed breakwaters is constrained by large water depths, unfavorable
seabed conditions, or environmental requirements [13—15]. Their modular construction, reloadability, and
limited disturbance to the seabed make them particularly attractive for deep-water and environmentally
sensitive sites.

The structural forms of FBWs have progressively evolved from conventional pontoons toward
geometrically modified, porous, and water-ballasted configurations [16]. Conventional pontoon- and box-
type FBWs attenuate waves mainly through reflection and are generally more effective when the incident
wavelength is short relative to the characteristic width of the structure [17,18]. Their attenuation
performance can deteriorate substantially under long-period waves, particularly when large rigid-body
motions increase wave transmission and mooring demand. To overcome this limitation, researchers have
proposed dual-pontoon configurations [19] and geometric, winged, or porous modifications designed to
enhance wave reflection and promote vortex-induced energy dissipation [20-22]. Tuned liquid damper
principles have also provided a new basis for controlling the dynamic responses of floating structures
through internal liquid motion [23,24]. Water-ballasted FBWs utilize internal sloshing and viscous
dissipation to convert and dissipate part of the incident-wave energy [25], while subsequent studies have
investigated the effects of structural shape, ballast-water depth, and internal baffles on wave attenuation
and sloshing suppression [26,27]. Nevertheless, existing studies have primarily focused on rectilinear box-
or [-shaped structures, individual ballast parameters, and regular-wave conditions. Systematic comparisons
among unballasted, single-, dual-, and four-compartment layouts within a closed annular structure remain
limited. Moreover, the heading-dependent three-dimensional interactions among external waves, internal
sloshing, rigid-body motion, and dynamic mooring loads have not been adequately clarified.

The hydrodynamic performance of FBWs has been investigated using analytical theory, physical
model testing, and numerical simulation [18-29]. Potential-flow and semi-analytical methods can
efficiently predict wave diffraction, radiation, reflection, and transmission under small-amplitude wave
assumptions. However, they cannot directly resolve viscous energy dissipation, turbulence, vortex shedding,
flow separation, or violent internal sloshing. Physical experiments provide direct measurements of wave
transmission, structural motion, and mooring forces, but facility dimensions, instrumentation, and
experimental costs often constrain the range of parameters investigated and the observation of internal flow
fields. Computational fluid dynamics and related high-fidelity numerical methods are better suited to
resolving nonlinear free-surface deformation, transient flow separation, and viscous energy dissipation
[30,31], although they require substantially greater computational resources.

Fluid-structure coupling strategies can be broadly classified into hydroelastic and rigid-body
approaches. Hydroelastic models simultaneously resolve hydrodynamic loading and structural stress—
deformation responses and are required when structural flexibility materially influences hydrodynamic
behavior. Rigid-body coupling, by contrast, neglects structural deformation and determines the six-degree-
of-freedom motion of the structure under external hydrodynamic loads. Tightly coupled CFD—six-degree-
of-freedom solvers provide an effective framework for predicting the global motions of floating offshore
structures [32]. Incorporating dynamic mooring models further enables the interactions among waves,
floating bodies, and restraining lines to be resolved [33-36]. Related CFD-multibody-dynamics,
hydroelastic-mooring, and OpenFOAM-based mooring-coupling studies have demonstrated that structural
flexibility, mooring stiffness, and dynamic damping can significantly influence the predicted hydrodynamic
response [37—40]. Because the present study focuses on global structural motion, ballast-water sloshing, wave
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transmission, and mooring response rather than local structural stress and deformation, the floating
breakwater is treated as a rigid body. A fully coupled fluid—structure interaction (FSI) framework is therefore
established in OpenFOAM by integrating the six-degree-of-freedom motion solver with MoorDyn [41-45].

Existing coupled numerical methods provide the capability to simulate wave—body—mooring interactions,
but the attenuation physics of internally compartmentalized, water-ballasted annular FBWs remains
insufficiently understood. In particular, the closed annular geometry produces three-dimensional scattering
and direction-dependent internal flow paths that differ fundamentally from those of conventional rectilinear
ballast tanks. The combined influences of compartment number and incident-wave heading on wave
transmission and mooring-load redistribution under extreme irregular waves remain unresolved. Accordingly,
this study establishes a three-dimensional, fully coupled fluid—structure interaction (FSI) framework that
incorporates the mooring system to investigate these effects in a water-ballasted single-ring FBW.

The remainder of this paper is organized as follows. Section 2 presents the governing equations and
the OpenFOAM—-MoorDyn coupling procedure. Section 3 validates the established model against physical
experimental measurements and published numerical results. Section 4 describes the computational setup
and examines the overall wave field and attenuation mechanisms. Section 5 compares the wave-
transmission and mooring-tension responses of the four compartmentalization configurations. Section 6
summarizes the principal conclusions and limitations.

2. Numerical Model
2.1. Governing Equations
2.1.1. Fluid Governing Equations

The flow field is simulated using waveFoam within the OpenFOAM framework. Wave generation and
absorption are implemented using the relaxation-zone approach described by Jacobsen et al. [46]. The
incompressible Reynolds-averaged Navier—Stokes equations are discretized using the finite-volume
method, and the air—water interface is captured using the volume-of-fluid method originally proposed by
Hirt and Nichols [47]. Equations (1)—(4) follow the standard two-phase incompressible flow formulation
adopted in OpenFOAM [47,48]. The continuity equation is expressed as:

V-U=0 (1)
where V is the spatial differential operator and U is the fluid-velocity vector.
The momentum equation is written as:

d(pU)
ot

+V - (pUU) =-Vp,+V - [uer(VU+ (VU)")] — (g-x)Vp +f, (2)

where p is the local mixture density; ¢ is time; UU 1is the dyadic product of the velocity vector and is
therefore a second-order tensor; Ps is the modified dynamic pressure with the hydrostatic contribution
removed; Uesr 1s the equivalent dynamic viscosity; g is the gravitational-acceleration vector; x is the

position vector; and f, is the volumetric surface-tension force vector.

Following the compressive VOF formulation implemented in OpenFOAM [47,48], an artificial
interface-compression term is introduced into the conventional volume-fraction transport equation to
reduce numerical diffusion and maintain a sharp air—water interface:

%+V-(aU)+V- [a(1—a)U,] =0 3)
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where @ represents the water phase volume fraction (¢ =1 in water, @ =0 in air). U, is the relative

compression velocity. The fluid density p is calculated via a weighted average based on the volume fraction:

P = OPvarer + (1 - a) Pair @

2.1.2. Structural Governing Equations

The six-degree-of-freedom motion response of the floating structure is calculated using OpenFOAM’s
built-in sixDoFRigidBodyMotion solver. Following the tightly coupled CFD—6DOF formulation described
by Dunbar et al. [32], the translational and rotational motions of the rigid body are governed by the Newton—
Euler equations, which express conservation of linear and angular momentum, respectively:

miii =F, 5)

Lo +o,X (Iimi) =M, (6)

where the subscript | denotes the index of the floating body. 7; and I; represent the mass and moment

of inertia matrix of the floating body, respectively; X; and ©; are the linear and angular accelerations
of the body’s center of mass. The total external force F, and total moment M, acting on the floating

body can be decomposed as follows:

Fiz/(—pl-l-‘r) N dS 4 Foppring + m:8 )
N

Mi — /r X (—pI —l— T) ‘ndS -l_ rmooring X Fmooring (®)
S

where the first term on the right side of the equations represents the hydrodynamic load, obtained by

integrating the normal pressure P and tangential viscous shear stress ¢ over the wetted surface S of

the floating body (I is the identity matrix, n is the surface normal vector). F,, is the nonlinear

ooring

restoring force of the mooring system; r and r are the moment arm vectors of the hydrodynamic

mooring
and mooring forces relative to the center of mass, respectively. Assuming the center of mass coincides with
the center of rotation, these lever arms define the rotational torque.

2.1.3. Mooring Line Governing Equations

The nonlinear dynamic response of the mooring system is simulated using MoorDyn [41,43].
Following its lumped-mass formulation [41], each continuous mooring line is discretized into a series of
elastic line segments connected by nodes, with half the mass of each adjacent segment assigned to the
shared node. The transient motion equation for any node i is:

(mi + ai)i;i =T,—T_ ,+C,—C,_,+W,+B,+ de,i + th,i Q)

where M; and @ are the lumped mass and hydrodynamic added mass of the node i; I; is the node
acceleration. T and C are the axial tension and internal damping forces of adjacent segments,
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respectively; w, and B, are the buoyant weight of the node and the vertical reaction force of the seabed,

respectively; F,,, and F,, arethe normal and tangential fluid drag components acting on the node.
The mooring line segments between adjacent nodes are treated as elastic units subjected solely to axial

tension [41]. When the segment’s instantaneous length L exceeds its unstressed initial length Lo, the

axial tension is given by Hooke’s law:

T EA

LY,

(Lj — L) (10)

where I is the scalar axial-tension magnitude; E is the elastic modulus of the material, 4 is the cross-

sectional area; T ; 1s the instantaneous length of the segment J; LO,j is its unstretched length, and
EA

0./

represents the axial stiffness of the mooring segment. When L; < Lo ;, assuming the cable possesses

no compressive resistance, the tension 1; = 0. The internal damping force accounts for energy dissipation

during dynamic stretching, which is proportional to the segment’s strain rate.

2.2. Coupling Algorithm

The mooring system is two-way coupled with OpenFOAM through a dedicated coupling interface. At
each coupling time step, OpenFOAM passes the displacement and velocity of the floating body to MoorDyn.
MoorDyn then calculates the instantaneous mooring forces and moments and returns them to the rigid-body
motion solver, where they are incorporated as external loads into the 6DOF equations of motion. This
process iterates within the time step, enabling the fully coordinated resolution of the fluid, structure, and
mooring systems (the coupling workflow is shown in Figure 1).

| MoorDyn mooring
| system model
1
1

OpenFOAM hydrodynamic solver (CFD)

1 1 I
I 1 I
1 1 1
I 1 1
1 N\ 1 I
I . . ! Floating body 4 Y
Floating bod tii 1 6DoF . 1 ; !
E ; oating (lln y nrg) lonlstt) vt“;r'(d . 0 . ! motion state(x, v) " MoorDyn coupling !
! ynamic mes )—‘> alculate fluid forces; ! | module (Lumped Mass !
| Calculate floating body motion state. ) i Mooring tension and '| Method)— First call: i
i i moments '| Initialize system; !
i _ i '[ Calculate mooring system | 1
' [ Free surface capturing i ( Update floating body state \[[| s¢ate; |
! (VOF method) i| and dynamic mesh— | Calculate mooring |
ano U 1
i i Upda'te position (x), ) ' tension and moments; !
! PISO inner loop ! velocity (v), acceleration i| Output system constraint |!
! (j iteration) ! (a); Update mesh. | forces. !
, ! N )
| : PIMPLE | |
et il ' loop ! |
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+
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converged?

Figure 1. Flowchart of the OpenFOAM-MoorDyn coupling procedure.

During the numerical solution, pressure—velocity coupling is handled using the PIMPLE algorithm,
which combines SIMPLE-type outer iterations with PISO-type pressure-correction loops. This approach
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improves convergence and numerical stability when relatively large time steps are employed, making it
suitable for transient fluid—structure interaction simulations involving substantial mesh deformation.

The temporal and spatial terms in the governing equations are discretized as follows. The temporal
derivative terms are discretized using a second-order implicit scheme, while the gradient terms are evaluated
using the Gauss linear scheme. Different discretization schemes are adopted for the convective terms: the
convective term in the momentum equation is discretized using the Gauss vanLeer second-order TVD scheme,
whereas that in the phase-fraction transport equation is discretized using the Gauss vanLeer second-order
TVD scheme. The Laplacian terms are discretized using the Gauss linear corrected scheme to account for
mesh non-orthogonality. Linear interpolation is applied to all field variables, and surface-normal gradients
are evaluated using a corrected scheme to reduce errors associated with mesh non-orthogonality.

To accommodate the large-amplitude motion of the floating body, a dynamic mesh method is employed
at the fluid—structure interface. The computational domain is divided into a fixed mesh region and a body-
fitted deforming mesh region. As the floating body undergoes translational and rotational motions, the
coordinates of the mesh nodes in the deforming region are updated at each time step according to the body
motion, allowing the mesh to deform smoothly while the fixed mesh region remains unchanged. This
procedure maintains mesh conformity between the fluid domain and the moving solid boundary throughout
the simulation.

3. Model Validation

To assess the accuracy and reliability of the three-dimensional fully coupled nonlinear numerical model
developed in this study, two complementary validation studies were conducted using physical wave-tank
experimental data and published numerical benchmark results.

3.1. Validation Against Physical Experiments

The physical model tests conducted by Yuan et al. (2025) [45] are adopted as the first benchmark
validation case. The tests were performed in a wave flume using a 1:60-scale rectangular water-ballasted
floating-breakwater model restrained by four catenary mooring lines. The geometry, principal dimensions,
and mooring arrangement of the physical model are illustrated in Figure 2. Regular waves with incident
heights ranging from 0.08 to 0.30 m and periods ranging from 1.0 to 2.0 s were generated to investigate
wave transmission, pitch motion, and mooring-tension response. The validation results presented in Figure
3 correspond specifically to a regular-wave condition with an incident wave height of 0.08 m and a wave
period of 1.5 s at model scale. The present numerical domain reproduces the principal model geometry,
water depth, mooring arrangement, wave-gauge locations, and validation wave condition adopted in the
physical experiments.

Based on the experimental setup shown in Figure 2, Figure 3 compares the key transient response time
histories obtained from numerical simulations and physical experiments under the regular-wave condition of
H=0.08m and T =1.5s at the model scale. The quantities examined include the weather-side and lee-

side wave elevations, the transient response of the primary load-bearing mooring line on the weather side,
and the pitch response of the breakwater. All subplots are presented over the same steady-state time interval
to facilitate direct comparison. No temporal stretching or amplitude scaling was applied to either dataset.
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Figure 2. Schematic of the experimental wave-flume setup, water-ballasted floating-breakwater model, wave-gauge arrangement,
and catenary mooring lines system.
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Figure 3. Comparison of numerical and experimental transient responses under the regular-wave condition of H = 0.08m
and T'=1.55. (a) Weather-side wave elevation; (b) Lee-side wave elevation; (¢) Weather-side mooring tension; (d) Pitch

motion response.

In Figure 3c, the plotted mooring quantity is the dynamic axial-tension increment, defined as
AT =T, —T,, where T, is the still-water pretension. Accordingly, positive values indicate an increase

above the initial pretension, whereas the small negative values indicate that the instantaneous tension
temporarily falls below 7,. They do not represent compressive loading in the mooring line, because the

line is modeled as a tension-only element.
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The comparative results show that the numerical predictions obtained using the present OpenFOAM
model agree well with the physical experimental measurements in terms of both phase evolution and peak-
to-trough response amplitudes. In particular, the model demonstrates good fidelity in reproducing
pronounced nonlinear features, including crest—trough asymmetry and transient high-frequency
fluctuations in mooring tension. These comparisons support the reliability of the adopted fluid—structure
interaction algorithm and mesh discretization strategy for simulating complex wave—body interactions.

3.2. Validation Against Published Numerical Results

In addition to validation against the physical experiments, the present computational results are further
compared with those obtained using an independent numerical model developed by Lian et al. (2026) [49].
This second benchmark case is used to assess the numerical stability and reliability of the present model under
extreme wave-steepness conditions. As illustrated in Figure 4, the benchmark configuration consists of an
annular floating breakwater deployed in a rectangular numerical wave tank and restrained by a symmetric
four-point mooring system. Two wave gauges are positioned on the weather side and lee side of the
breakwater to record the corresponding free-surface elevations. To ensure a consistent basis for comparison,
the present model reproduces the principal structural geometry, water depth, mooring arrangement, wave-
gauge locations, and incident-wave conditions adopted in the reference numerical model.

Weather-side Lee-side

o / Floating breakwater \\1.
Mooring lines

Figure 4. Schematic of the numerical wave tank, floating-breakwater configuration, and mooring lines arrangement for the cross-
validation case.

Based on the benchmark configuration shown in Figure 4, Figure 5 presents detailed comparisons
between the present fully coupled model and the reference numerical model. The quantities examined
include the time histories of the weather-side and lee-side wave elevations, the tension in the primary load-
bearing mooring line on the weather side, and the pitch response of the floating breakwater.
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Figure 5. Cross-validation results between the present coupled model and the reference numerical model. (a) Weather-side wave
elevation; (b) Lee-side wave elevation; (¢) Weather-side mooring tension; (d) Pitch motion response.

To quantify the level of agreement, the peak-to-peak amplitude Q,, = Oumax — Omin 1s calculated over

the steady-state comparison interval for each response quantity. The corresponding amplitude agreement is
defined as Ay = [1— |0 presens — O pporel/ O pp.rer) X100% . This percentage measures agreement in

response amplitude and should not be interpreted as point-by-point agreement between the two time
histories; phase consistency is assessed separately from the temporal evolution of the curves.

The comparisons show that the present fully coupled model reproduces the principal response
frequencies, phase evolution, and amplitude envelopes obtained from the reference numerical model. Based
on the peak-to-peak amplitudes, the agreement percentages for the weather-side wave elevation, lee-side
wave elevation, weather-side mooring tension, and pitch response are 6.5%, 9.6%, 12%,and 12.5%,

respectively. The remaining differences are most evident in the lee-side free-surface fluctuations and pitch-
response envelope. These differences are attributable to the different hydrodynamic formulations: the
present model resolves viscous dissipation, nonlinear free-surface deformation, and dynamically coupled
mooring loads, whereas the reference model employs different assumptions and numerical treatments.
Therefore, the comparison demonstrates consistency in the overall response characteristics rather than exact
pointwise equivalence.

4. Wave Attenuation Performance and Analysis of Hydrodynamic Characteristics
4.1. Model Setup

This study focuses on a single-ring floating breakwater with various internal compartmentalization
configurations. The main structure is modeled as a hollow annular floating body. To maintain dynamic
similarity between the model and prototype, the geometric and inertial properties are scaled according to
the Froude similarity criterion at a geometric scale of 1:50. As illustrated in Figure 6, the model-scale
structure has an inner diameter of 2.64 m, an outer diameter of 2.96 m, an overall height of 0.10 m, and a
uniform wall thickness of 0.01 m. The prescribed dry rigid-body mass is 32.94 kg, with a center of gravity
at (0.0, 0.0, —0.007) m and principal moments of inertia of (32.50, 32.50, 64.93) kg-m?. The same dry-
structure mass properties are prescribed for all four configurations. For the 1C-B, 2C-B, and 4C-B
configurations, an initial ballast-water depth of 0.057 m is specified within the annular cavity. Based on the
effective internal diameters of 2.94 and 2.66 m, this filling depth corresponds to a ballast-water volume of
0.07020 m® and a ballast-water mass of 70.20 kg, giving a total physical mass of 103.14 kg for each
ballasted configuration. Neglecting the vertical component of the mooring pretension and the volume
occupied by the internal baffles, the corresponding theoretical unmoored equilibrium drafts are 0.0234 m
for the Empty configuration and 0.0733 m for the ballasted configurations. A Cartesian coordinate system
is defined with its origin at the geometric center of the structure on the still-water surface. The positive x-
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axis is aligned with the wave-propagation direction, while the positive z-axis points vertically upward, as
also shown in Figure 6. The sheltered floating photovoltaic (FPV) facility is represented by an equivalent
rigid body with a model-scale mass of 32.94 kg. The detailed dynamic properties of the floating structure,
including its equivalent mass, center of gravity, and moments of inertia, together with the physical
properties of the mooring lines, are summarized in Table 1.

Outer diameter: 2.96 m

Inner diameter: 2.64 m

y |‘_‘
O Wave propagation
(x)

Total height: 0.10 m

Still Water Level
(SWL)

V..

% I Draft: 0.057 m

Wall thickness:
0.0l m

Top View

Side View

Figure 6. Schematic diagram of the geometric dimensions and coordinate system of the single-ring floating breakwater.

Table 1. Parameters of the FPV structure and mooring lines.

Category Parameter Value
Floating structure Mass 32.94 kg
Centre of mass (COQG) (0.0, 0.0, —0.007) m
Moment of inertia (32.5, 32.5, 64.93) kg'm?
Mooring system Number of mooring lines 12
Mooring layout Four anchors and twelve chains
Chain diameter 0.002 m
Mass per unit length 0.0630 kg'm™!
Axial stiffness (E4) 259N
Drag coefficient (C,) 1.6
Added mass coefficient (C,) 1.0

To ensure adequate station-keeping performance under complex wave conditions, a three-dimensional
symmetric mooring system comprising four seabed anchors and twelve anchor chains is employed, as
illustrated in Figure 7. Twelve circular fairleads are uniformly distributed along the bottom circumference
of the floating structure as mooring connection points. At the model scale, the unstretched length of each
anchor chain is set to either 1.2 or 1.9 m, depending on the distance between the corresponding seabed
anchor and structural fairlead. In MoorDyn, the mooring lines are represented as geometrically nonlinear,
tension-only, axially elastic elements, with an axial stiffness £4 of 259 N at model scale. Therefore,

dynamic axial elongation, internal damping, hydrodynamic drag, added mass, and seabed contact are
included in the severe-wave simulations. However, bending and torsional stiffness, plastic deformation,
chain-link failure, anchor failure, and nonlinear seabed-soil interaction are not considered. The three-
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dimensional coordinates of the seabed anchors and fairleads, together with the connectivity and unstretched
length of each mooring line, are summarized in Table 2.

Direction of wave incidence

Anchor point2 Anchor pointl

Anchor point3 Anchor point4
Figure 7. Layout diagram of the 3D symmetrical mooring system.

Table 2. Configuration and coordinates of the mooring system used in the numerical model.

1D Type X (m) Y (m) Z (m) Anchor ID Fairlead ID Unstretched Length (m)
1 Anchor 1.8602 1.8602 -0.34 1 5 1.2
2 Anchor —1.8602 1.8602 —0.34 1 9 1.9
3 Anchor —-1.8602  —1.8602 —0.34 | 10 1.9
4  Anchor 1.8602 —1.8602 —0.34 2 6 1.2
5  Fairlead 1.0465 1.0465 —0.057 2 10 1.9
6  Fairlead  —1.0465 1.0465 —0.057 2 11 1.9
7 Fairlead —-1.0465 —1.0465 —0.057 3 7 1.2
8  Fairlead 1.0465 —1.0465  -0.057 3 11 1.9
9  Fairlead 1.48 0 —0.057 3 12 1.9
10  Fairlead 0 1.48 —0.057 4 8 1.2
11  Fairlead —1.48 0 —0.057 4 12 1.9
12 Fairlead 0 —1.48 —0.057 4 9 1.9

To improve computational efficiency and numerical robustness, all simulations are conducted at the
model scale. The geometric dimensions, mass properties, and load-related parameters are scaled according
to the Froude similarity criterion at a geometric scale of 1:50. The numerical results are subsequently
converted to prototype-scale values for analysis. As illustrated in Figure 8, the three-dimensional numerical
wave tank has dimensions of 21 m X 6 m x 1 m in the length, width, and height directions, respectively. To
adequately resolve flow separation around the breakwater and the associated wave—structure interactions,
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local mesh refinement is applied near the fluid—structure interface and in regions with pronounced free-
surface variation. A nonuniform graded mesh is employed elsewhere to achieve an appropriate balance

between numerical accuracy and computational efficiency.

Atmospheric
Boundary

Front and Back
Symmetry

Single-Ring Floating

Breakwater

\ I - D i --
5 5 Mooring

Tt === ===

’ 1 s
# I 7
.7 I Z System
zZ o “ : L7 i I
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Figure 8. Setup of the 3D computational domain and boundary conditions for the numerical wave tank.

Outlet

Based on the established numerical wave tank and grid layout described above, accurate wave
generation is essential for the subsequent hydrodynamic analysis. To simulate the dynamic responses of the
floating breakwater under realistic ocean conditions, irregular waves are generated in the numerical wave
tank based on the JONSWAP spectrum. The irregular wave elevation is synthesized by the linear
superposition of N =200 discrete regular wave components using the random phase method. According to

the OpenFOAM waveProperties configuration, the peak enhancement factor (}) is set to 3.3. For the

extreme sea state investigated in this study, the significant wave height (f/,) and peak period (7,) at model

scale (1:50) are specified as 0.12 m and 1.4 s, respectively. Furthermore, spatial relaxation zones are
implemented at both the inlet and outlet boundaries to prevent unphysical wave reflections. The detailed

parameters for the irregular wave generation are summarized in Table 3.

Table 3. Parameters of the incident irregular wave in the numerical model (1:50 scale).

Parameter Symbol Value Unit
Wave spectrum type - JONSWAP -
Water depth d 0.34 m
Significant wave height H, 0.08/0.12 m
Peak period T, 1.4 s
Peak enhancement factor - 33 -
Number of wave components s 200 -
Wave propagation direction - 0 °

Phase distribution method

Random phase
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4.2. Mesh-Independent Study

To assess the influence of spatial discretization on the fluid—structure interaction results, structured
hexahedral meshes were adopted throughout the computational domain, and three mesh-resolution levels—
coarse, medium, and fine—were constructed. Mesh convergence was evaluated for both the hydrodynamic
and mooring-system responses using two representative quantities: the wave-elevation amplitude at a
monitoring point on the weather side and the maximum tension in the primary load-bearing mooring line.
The principal mesh parameters for the three resolution levels and the corresponding relative errors are
summarized in Table 4.

Table 4. Comparison of different mesh density schemes and their relative errors in computing wave elevation and maximum
mooring tension.

Mesh Core Mesh Number of Cells  Wave Elevation Error of the Max Mooring Error of
Scheme Size (m) (x10%) Amplitude (m) Wave % Tension (KN) Tension %
Coarse 0.06 79 0.0679 8.5 1.608 28.57
Medium 0.05 98 0.0728 1.9 2.217 5.8
Fine 0.04 118 0.0742 0 2.352 0

Based on the tabulated data and error analysis, both the hydrodynamic and mooring dynamic
computational results gradually converge as the mesh density increases. Specifically, the relative errors in
both wave amplitude and maximum mooring tension between the medium and fine meshes are strictly
controlled within a minimal margin (6%). This indicates that when transitioning from the medium to the
fine mesh, the variations in key fluid-structure interaction physical quantities are no longer sensitive, and
the current computational accuracy fully satisfies the requirement for mesh independence. Weighing the
high fidelity of the numerical simulation against the time costs of parallel computing, all subsequent fully
coupled numerical simulations in this study are conducted using the medium-density mesh.

4.3. Overall Wave-Field Evolution and Analysis of Attenuation Mechanisms

The transient free-surface evolution shown in Figure 9 qualitatively illustrates the wave-transformation
and attenuation processes during wave—breakwater interaction. As the incident wave crest reaches the
weather-side outer wall, pronounced reflection and diffraction occur, redistributing the incident wave
energy around the annular structure. After propagating over the weather-side section of the breakwater and
entering the sheltered interior region, the free-surface amplitude decreases substantially, demonstrating the
wave-attenuation effect of the single-ring breakwater.

(a)
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(©)

Figure 9. 3D snapshots of the transient free-surface evolution during the interaction between waves and the single-ring
breakwater. (a) t=60s; (b) t=61s;(c) t=62s.

This study proposes that the wave attenuation performance of the breakwater arises primarily from two
complementary mechanisms:

(1) Geometric scattering effect: When incident waves interact with the rigid outer wall of the annular
structure, pronounced reflection and diffraction occur. These processes redistribute the incident wave
energy and restrict its direct transmission into the sheltered region.

(2) Tuned-liquid-damper-like effect: The internal ballast water modifies the mass distribution, center of
gravity, and moments of inertia of the structure. Under wave excitation, nonlinear sloshing within the
compartments generates hydrodynamic forces that are out of phase with the wave-induced structural
motion. This dynamic interaction suppresses the motion response of the breakwater, while viscous
dissipation, turbulence, and local fluid impacts associated with sloshing contribute to energy loss,
thereby further reducing wave transmission.

To provide a direct illustration of the wave attenuation performance of the water-ballasted single-ring
breakwater, the wave-elevation time histories over 0—700 s at representative monitoring points on the
weather side of the structure and within the central sheltered region are compared. Figure 10 presents the
temporal variations in wave elevation under two representative extreme incident-wave conditions, with
wave heights of 4 and 6 m. Under both conditions, the wave elevations transmitted into the sheltered region
are substantially lower than those on the weather side. For the 6 m wave condition, the transmitted-wave
signal exhibits more pronounced crest—trough asymmetry than that observed under the 4 m condition,
consistent with the stronger nonlinear wave effects associated with the larger incident wave height.
Nevertheless, its overall wave-elevation envelope remains markedly smaller than the corresponding
weather-side response. These comparisons directly demonstrate the effective wave attenuation performance
of the water-ballasted single-ring breakwater under the extreme deep-water wave conditions considered.
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Figure 10. Comparison of transient time-history curves between the incident and transmitted waves of the water-ballasted single-
ring breakwater. (a) Incident wave height of 4 m; (b) Incident wave height of 6 m.

5. Comparison of Compartmentalization Schemes of Ballasted Water
5.1. Configuration of Internal Compartmentalization Schemes

To systematically investigate the effects of internal compartmentalization on the hydrodynamic
response and wave-dissipation mechanisms of the single-ring breakwater, four representative
configurations are considered: an unballasted reference configuration (Empty) and three water-ballasted
configurations comprising one, two, and four internal compartments, respectively, as shown in Figure 11a—
d. The single-compartment configuration has an unpartitioned and fully interconnected interior, whereas
the dual- and four-compartment configurations incorporate internal radial baffles to constrain ballast-water
motion. The same initial ballast-water mass and filling level are prescribed for the three ballasted
configurations to examine the effects of compartment number and baffle orientation on a consistent
hydrostatic basis.

The incident-wave heading £ is defined as the angle between the wave-propagation direction and the
principal x-axis of the internal baffle layout. Two representative headings, =0 and 45°, are investigated.

The 0° condition represents waves aligned with a principal baffle axis, whereas the 45° condition represents
diagonal incidence relative to that axis. These headings were selected to represent two distinct wave—baftle
interaction paths while taking advantage of the geometric symmetry of the annular structure. Because the
Empty and 1C-B configurations are rotationally symmetric in plan, their responses are independent of
heading, and the 0° results are used as their representative cases. Both headings are evaluated for the 2C-B
and 4C-B configurations. Among the headings investigated, the 2C-B configuration achieves its lowest
central-point transmission coefficient at 0°, whereas the 4C-B configuration achieves its lowest value at
45°. The following comparisons, therefore, use these selected best-performing headings; the term “best-
performing” refers only to the two headings examined and should not be interpreted as a global optimum
over all possible incident directions.
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Figure 11. Geometric layouts of the four internal compartmentalization configurations. (a) Unballasted baseline; (b) Single-
chamber ballasted; (¢) Dual-chamber ballasted; (d) Quad-chamber ballasted.

5.2. Results and Discussion
5.2.1. Quantitative Evaluation of Transmission Coefficients

The wave transmission coefficient (K, ) is a core dimensionless metric for evaluating the sheltering

performance of a breakwater [13,18,19], mathematically defined as the ratio of the significant wave height
in the internal sheltered zone (£, ) to the external incident significant wave height (/;):

K, = 7 (11)

where H; is the incident significant wave height obtained from the weather-side monitoring point and #,

is the transmitted significant wave height obtained at the geometric center of the annular sheltered zone.
Accordingly, K, defined here is a local central-point transmission coefficient rather than a spatially

averaged measure of the entire protected region. Because diffraction, wave interference, and internal sloshing
can produce a spatially nonuniform wave field, the central-point value is used primarily for consistent
comparison among the configurations. The free-surface snapshots and representative time histories provide
complementary information on the broader wave-field evolution, but the quantitative K, rankings reported

below should be interpreted specifically with respect to the selected central monitoring location.

The quantitative wave-transmission results extracted from the free-surface-elevation records shown in
Figure 12 are listed in Table 5. The table retains the incident significant wave height, transmitted significant
wave height, and corresponding transmission coefficient, thereby allowing the wave-attenuation
performance of each configuration to be evaluated precisely.
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Figure 12. Comparison of transient time-history curves of wave elevation in the central sheltered zone for the four chamber
configurations under their optimal wave headings. (a) Incident wave height of 4 m; (b) Incident wave height of 6 m.

Table 5. Comparison of transmission coefficients (K;) among the four internal compartmentalization schemes under 4 m and 6

m incident wave heights.

Configuration Hi=40m Hi=60m
H, (m) K, H, (m) K,
Empty 3.420 0.855 5.470 0.912
1C-B 3.395 0.849 5.180 0.863
2C-B 2.180 0.545 3.612 0.602
4C-B 1.805 0.451 2.955 0.493

For a more intuitive comparison of the relative attenuation performance, the (Kr) values reported in Table
5 are further presented as a bar chart in Figure 13. Table 5 provides the precise numerical results, whereas Figure
13 highlights the variation in (K:) with internal compartmentalization and incident wave height.

B =4
1.0 1 0912 0.563 | H=6m
0.8

0.602
0.6 1 10.493
=

0.4
0.2
0.0 T T

T T
Empty 1C-B 2C-B 4C-B

Figure 13. Comparison of wave transmission coefficients (X;) among the four configurations under their respective optimal
wave headings for (H; =4) and 6 m.

As shown in Table 5 and Figure 13, internal compartmentalization substantially improves wave
attenuation, whereas the addition of ballast water without internal separation provides only limited benefit.
At (Hi=4) m, (K;) decreases from 0.855 for the Empty configuration to 0.849, 0.545, and 0.451 for the 1C-
B, 2C-B, and 4C-B configurations, respectively. Relative to the Empty configuration, the reductions in (K)
are 0.7%, 36.3%, and 47.3%, respectively. The nearly identical (K:) values of the Empty and 1C-B
configurations indicate that the large, unpartitioned ballast-water mass does not effectively suppress wave
transmission under this condition.
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At (Hi = 6) m, the (K:) values of the Empty, 1C-B, 2C-B, and 4C-B configurations are 0.912, 0.863,
0.602, and 0.493, respectively. Compared with the Empty configuration, 1C-B, 2C-B, and 4C-B reduce (K:)
by 5.4%, 34.0%, and 45.9%, respectively. Although the transmission coefficients increase with incident
wave height, the 2C-B and 4C-B configurations continue to exhibit substantially lower (K:) values than the
Empty and 1C-B configurations.

The consistently superior performance of the compartmentalized configurations can be attributed to the
restriction of large-scale internal sloshing by the baffles. The shortened internal flow paths and repeated
interactions between the ballast water and baffles enhance local flow separation, vortex formation, and viscous
energy dissipation. Increasing the number of compartments, therefore, strengthens wave attenuation, with the
4C-B configuration achieving the lowest transmission coefficient under both wave-height conditions.

5.2.2. Mooring-Tension Response

The survivability of the breakwater under extreme sea states depends strongly on the load-bearing
performance of the mooring system. Given the symmetric arrangement of the mooring lines, the subsequent
analysis focuses on the tension time histories of representative heavily loaded anchor chains located on the
weather and lee sides. For completeness, additional mooring-tension results for the remaining anchor chains
are provided in the Appendices A and B.

A comparison of Figures 14 and 15 show that appropriate internal compartmentalization not only
improves wave attenuation performance but also reduces transient peaks in mooring tension. Under the
extreme incident-wave condition with a wave height of 6 m, the large, unpartitioned ballast-water mass
within the single-compartment configuration undergoes pronounced nonlinear sloshing and impact. The
resulting internal fluid motion amplifies the motion response of the structure, thereby generating
substantially higher transient tension peaks in the weather-side mooring lines.
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Figure 14. Impact of different compartmentalization schemes on the transient tension of key weather-side and lee-side mooring

lines under a 4 m wave height. (a) Weather-side long mooring line; (b) Weather-side short mooring line; (¢) Lee-side long
mooring line; (d) Lee-side short mooring line.
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Figure 15. Impact of different compartmentalization schemes on the transient tension of key weather-side and lee-side mooring
lines under a 6 m wave height. (a) Weather-side long mooring line; (b) Weather-side short mooring line; (¢) Lee-side long
mooring line; (d) Lee-side short mooring line.

A detailed comparison of the dual-compartment configuration under the 0° wave heading and the four-
compartment configuration under the 45° wave heading reveals a clear hydrodynamic—engineering trade-
off. Owing to its denser arrangement of diagonal internal baffles, the four-compartment configuration
produces stronger blockage and fluid-impact effects on the weather side, leading to a modest increase in
the tension of the primary weather-side mooring lines. However, its enhanced attenuation of transmitted
wave energy results in lower mooring tensions on the lee side. By comparison, the dual-compartment
configuration maintains effective wave attenuation while providing a more balanced hydrodynamic
buffering effect, resulting in lower overall mooring loads on both the weather and lee sides. Therefore,
when the overall mooring-load level, potential fatigue demand, and structural construction cost are
considered together, the dual-compartment configuration under the 0° principal wave direction offers a
more favorable balance and greater potential for practical engineering applications.

6. Conclusions

A fully coupled three-dimensional nonlinear fluid—structure interaction (FSI) numerical model based
on the open-source platform OpenFOAM and incorporating the dynamic mooring solver MoorDyn was
employed in this study and validated against physical experiments and published numerical results. The
validated model was then used to investigate the wave attenuation performance and hydrodynamic
responses of four internal compartment configurations under extreme irregular waves. The main
conclusions are as follows:

(1) Ballast-water sloshing generates out-of-phase hydrodynamic forces and viscous dissipation, while
internal baffles constrain large-scale sloshing; together, these effects suppress structural motion and
mooring-tension peaks.
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(2) At wave heights of 4 and 6 m, the four-compartment layout reduces (K:) by 47.3% and 45.9%,
respectively, relative to the unballasted case, whereas the single-compartment layout provides only
limited improvement.

(3) The four-compartment layout achieves the strongest attenuation at 45° but increases weather-side

tension. Considering mooring loads, fatigue, and cost, the dual-compartment layout at 0° provides the
best overall balance.

Several limitations should be noted. The structure and baffles are treated as rigid, while mooring failure and
nonlinear soil-anchor interaction are not considered. Moreover, the conclusions are limited to the investigated
wave conditions, headings, and central monitoring point. Future work will incorporate hydroelasticity, broader
environmental conditions, spatially averaged wave indicators, and mooring-fatigue assessment.

Appendix A. Transient Mooring Tensions Under a 4-m Incident-Wave Condition

This appendix presents the complete transient tension time-histories of the entire 12-line mooring array
under the 4 m extreme incident wave height. Figure A1 compiles the dynamic tension fluctuations of
Mooring Line 1 through Mooring Line 12 across the four internal compartmentalization schemes. This full
spatial mapping reveals not only the substantial load reduction on the weather-side lines, but also the three-
dimensional tension redistribution across the flank and lee-side mooring constraints.

- — - Empty 1C-B - - — Empty 1C-B
380 - 2C-B —4C-B 760 - 2C-B —4C-B
J £ ;,
~ 285F &~ 570r,“\ |II‘ . tho v, " Ao [V A W
5 ‘ ,‘ | . ,‘ " 5 ‘I‘J"/",”\‘[)\J‘,'\,,‘,(J\’»/ N l"‘/I‘~’I ) ,”’“”""““I“/"Jv' «‘I\"y‘,t\n‘;\l| \lll/ “"\‘
% 190 ,'\‘ 1’|,'| y i WA t iy ' LUN n" é 380
= SUITANLY T ; il i =
%1) N ./" éﬁ
= 95 £ 190t
5] o)
<! <)
E 0 1 1 1 1 1 1 2 0 1§ 1 1 1 1 1
280 350 420 490 560 630 700 280 350 420 490 560 630 700
Time 7 (s) Time 7 (s)
() (b)
- — - Empty 1C-B - - - Empty 1C-B
760 2C-B —4C-B L |76 2C-B —4C-B
Z g
~ 570 ~ 570
8 ; g
& 380} & 380
2 § 2
g 5
= 190 = 190
3 o
<! <!
E 0 1 1 1 1 1 ] 2 0 Il 1 1 1 1 ]
280 350 420 490 560 630 700 280 350 420 490 560 630 700
Time 7 (s) Time 7 (s)

(c) (d)



Mar. Energy Res. 2026, 3(3), 10019. doi:10.70322/mer.2026.10019

21 of 26

700

700

- — - Empty 1C-B
1520 2C-B —4C-B
g
~ 1140
=
8
g 760
&
2
= 380
3
=]
2 O 1 1 1 1 1
280 350 420 490 560 630
Time ¢ (s)
(e)
- - - Empty 1C-B
| |l760 2C-B —4C-B
g
~ 570
=)
2
& 380
3
g
= 190
3
3
2 0 1 1 1 1 1
280 350 420 490 560 630
Time 7 (s)
(®
- - - Empty 1C-B
1520 2C-B —4C-B
g
~ 1140
=
.2
Z 760
8
2
= 380
1S}
]
2 0 1 1 1 Il 1 1
280 350 420 490 560 630 700
Time 7 (s)
()
- - - Empty 1C-B
840 2C-B —4C-B
g
~ 630
=)
2
& 420
3
g
‘£ 210
3
3
E 0 1 1 1 1 1
280 350 420 490 560 630
Time 7 (s)
(k)

Mooring tension 7" (kN) Mooring tension 7" (kN) Mooring tension 7 (kN)

Mooring tension 7' (kN)

- - - Empty 1C-B
760 r 2C'B _— 4C'B
570 k!
380
190
0 1 1 1 1 1 ]
280 350 420 490 560 630 700
Time ¢ (s)
®
- - - Empty 1C-B
o 2C-B ——4C-B
570
380
190
0 1 1 1 1 1 1
280 350 420 490 560 630 700
Time 7 (s)
(h)
- — - Empty 1C-B
380 > 2C-B —4C-B
285+
190
95 f
0 1 1 1 1 1 ]
280 350 420 490 560 630 700
Time ¢ (s)
\))
- - - Empty 1C-B
o 2C-B ——4C-B
| h
570 ’ LN [ \ Siilp \ Vi
’IJ J’!""I"J” ’\4’\’\,/’\ 7 I’l'l"‘)’\,.,”‘".l:(l "" ki "v,\\"\\" '1”l|’|||l \" ,J
380
190
0 1 1 1 1 1 1
280 350 420 490 560 630 700
Time 7 (s)
M

Figure Al. Transient tension time-histories of the 12 individual mooring lines under the 4 m incident wave height across different
compartmentalization schemes. (a) Line 1; (b) Line 2; (¢) Line 3; (d) Line 4; (e) Line 5; (f) Line 6; (g) Line 7; (h) Line 8; (i)

Line 9; (j) Line 10; (k) Line 11; (1) Line 12.
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Appendix B. Transient Mooring Tensions Under the 6 m Incident Wave Height

This appendix details the time-domain tension responses of the circumferentially distributed mooring
lines under the severe 6 m extreme incident wave height. As depicted in Figure A2a-1, the intensified wave-
structure interaction generally elevates the global tension baseline. However, tracking all 12 lines confirms
that the internal Tuned Liquid Damper (TLD) effect robustly suppresses the extreme tension peaks of the
weather-side lines without inducing secondary load spikes on the lee or flank lines, thereby demonstrating
excellent omnidirectional mooring stability under survival sea states.
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Figure A2. Transient tension time-histories of the 12 individual mooring lines under the 6 m incident wave height across different
compartmentalization schemes. (a) Line 1; (b) Line 2; (¢) Line 3; (d) Line 4; (e) Line 5; (f) Line 6; (g) Line 7; (h) Line 8; (i)
Line 9; (j) Line 10; (k) Line 11; (1) Line 12.
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