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ARTICLE INFO ABSTRACT

Keywords: Floating photovoltaic (FPV) systems offer a promising route for expanding solar generation in
Floating SOlar_ farms coastal and offshore water bodies. However, wave-induced motion, mooring loads, and inter-
Hydrodynamics module forces govern their viability. Excessive motion reduces energy yield, amplifies
Computational Fluid Dynamics d . . d th 1 liabili ki hydrod
OpenFOAM connector and mooring tensions, and threatens long-term reliability, making accurate hydrody-

namic prediction essential for design. Most current CFD studies focus on single-row floaters,
typically barge or catamaran-type platforms connected by rigid or hinged connections, leaving
the behaviour of multi-row FPVs with compliant inter-module connections largely unexplored.
This study develops and validates a high-fidelity CFD framework for rope-mesh FPV arrays,
implementing a novel in-memory spring-connector formulation within OpenFOAM's rigid-
BodyMotion framework to represent compliant, tensioned rope connections. The approach is
validated against wave tank experiments for both single-module and 2x2 array configurations.
Validation demonstrates excellent accuracy, with heave and pitch RAO errors within 5-13%
across wavelengths. The framework successfully captures multi-body interaction -effects,
including wave-field shielding that reduces aft-row response by upto 10%. Direct comparison
demonstrates that conventional rigid joints underpredict pitch by over 20% and overestimate
heave by 18%, while the spring connector maintains errors within 5-13%, confirming the ne-
cessity of force-based compliant coupling for accurate rope-mesh FPV prediction. Connector force
analysis reveals that streamwise connectors experience forces 3-5 times larger than transverse
connectors, with peak forces occurring at /L ~ 2.5-3.5, where phase differences maximise dif-
ferential motion between rows. These results establish streamwise connections as the critical
design drivers for rope-mesh FPV systems under head-sea loading.

1. Introduction
1.1. Background

Floating photovoltaics (FPVs) are emerging as an innovative and sustainable solution to the world's growing energy demand,
capitalising on underutilised water surfaces. By deploying PV arrays in marine environments, FPVs circumvent land-use conflicts,
unlocking opportunities for deployment in urban and rural areas. In addition, the thermal regulation provided by the surrounding
water lowers the module operating temperature and enhances the electrical efficiency [1,2]. These advantages have contributed to a
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Nomenclature

a Incident wave amplitude
ap Heave motion amplitude

a, Pitch motion amplitude

Co Courant Number

g Gravitational acceleration
H Wave height

k Wavenumber

K Spring stiffness

L Characteristic length of FPV
p Pressure

t Time

u Velocity vector

Ue Compression velocity (VoF)
At Time step

Ax Local cell size

Phase-fraction indicator

n Free surface elevation

A Wavelength

ML Non-dimensional wavelength
1 Dynamic viscosity

v Kinematic viscosity

p Fluid density

0} Phase shift

® Angular wave frequency

rapid increase in the installed FPV capacity worldwide.

However, offshore environments pose technical challenges that distinguish them from their inland counterparts. Offshore FPVs are
subject to the harsh environment of open oceans, which impacts the hydrodynamic performance and structural integrity of the FPV
system [3,4]. These systems must be designed to operate effectively under severe weather conditions, such as storms and cyclones,
while the mooring systems must be designed to accommodate the dynamics of FPVs in open-ocean environments [5]. Hence, extensive
engineering analyses must be performed to ensure that the developed FPV systems can withstand the harsh open-ocean environment.

A wide variety of FPV configurations have been proposed to address these challenges. Broadly, these can be grouped into pontoon-
and superficial-type systems. Pontoon-type FPVs support PV panels on a buoyant platform, which is exposed directly to the wave
loading, requiring careful optimisation for seakeeping performance. Superficial-type FPVs position the panels partially within the free
surface, making them more susceptible to wave impact and submergence. In both cases, the hydrodynamic behaviour is strongly
governed by platform geometry and wave characteristics.

Several CFD studies have investigated the hydrodynamics of FPVs with simplified geometries [6] examined cylindrical pontoon
FPVs and reported an inverse relationship between wavelength and heave and pitch response. Additionally, [7] highlighted the
importance of the gap effect between twin cylinder FPVs, demonstrating that the local flow interactions can significantly alter motion
response. Similarly [8], compared the hydrodynamics of a catamaran-type and semi-submersible pontoon, revealing that the cata-
maran type has significant seakeeping properties. Study by [9] examined a sun-tracking FPV system coupled with a breakwater,
demonstrating reductions in wave height and motion response, while highlighting the need for systematic investigations across a
broader range of wave conditions

While single-module investigations provide valuable insight into the fundamental hydrodynamic behaviour of floating photo-
voltaic (FPV) systems, they are insufficient to fully characterise the response of large-scale FPV arrays. As the number of interconnected
modules increases, multi-body hydrodynamic interactions, such as wave shielding, diffraction, and radiation, become dominant and
can substantially alter both motion responses and load distributions. Study by [10] demonstrated that, within a row of FPV modules,
mooring forces acting on seaward units increase with array length, while central modules experience amplified heave responses due to
compressive interactions from neighbouring floaters. Complementary studies have further shown that the ratio of incident wavelength
to array length plays a critical role in governing array-scale hydrodynamics, influencing both resonance behaviour and inter-module
coupling [11].

The influence of array configuration has been explored through comparative investigations of different hull layouts. Studies by [8,
12] reported that increasing the number of can enhance seakeeping performance by distributing wave loads more effectively and [13]
compared rectangular and honeycomb arrangements for a six-module FPV array and showing that rectangular configurations exhibit
superior motion performance under regular wave conditions. More recently, studies on non-orthogonal layouts, such as star-type FPV
arrays, have highlighted the importance of wave directionality, demonstrating that oblique wave incidence can significantly modify
array responses and load transfer mechanisms [14].
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Table 1
Connector-based studies of FPV’s.
Study Connector Type
[20] Hinge
[21] Hinge, fixed
[11] Hinge
[22] Rope
[15] Hinged, rigid, rope, rubber
[17] Flexible
[23] Rod type Cardan, Rod type hinged, purely rigid
[18] Ball joint, Rubber Ring
[24] Hinge
[19] Rigid, Cable (elastic)

Fig. 1. Rope mesh FPV concept [25].

Inter-module connections play a critical role in determining both the global hydrodynamic response and the structural integrity of
FPV arrays. Existing studies have examined rigid, hinged, rubber, and flexible connectors, demonstrating that releasing selected de-
grees of freedom can significantly reduce transmitted forces. A study by [15,16] showed that rigid connectors experience higher
stresses due to constrained motion, while elastic and hinged connections reduce peak loads by allowing relative motion between
adjacent units and [17] further reported that connector tension is more sensitive to connector length than diameter, highlighting the
importance of connector compliance in load mitigation. More recently, [18,19] demonstrated that elastic connectors outperform rigid
systems under energetic wave conditions by dissipating energy through deformation rather than transmitting it directly to the
structure. Table 1 summarises prior connector-type investigations, highlighting the predominance of hinge and rigid configurations, as
well as the limited attention to tensioned rope-based compliant connections.

1.2. Research gap and scope of this work

Despite the expanding literature on FPV hydrodynamics, a critical limitation persists: existing studies predominantly investigate
conventional barge-type and catamaran-based FPVs, often single row, employing rigid, hinged or simplified flexible connections. This
leads to several limitations when considering more modular offshore concepts. Load transfer is concentrated to a small number of
discrete joints. Rigid and hinged connectors transmit loads through a set of structural links between modules, leading to high stress
concentrations and fatigue-sensitive regions in multi-module arrays. These configurations simplify the structural connectivity and tend
to suppress relative motion between modules, which limits insights into the behaviour of more compliant modular structures.
Furthermore, flexible connections employed in many concepts are realised using cable or rope-like elements that carry only tension.
Once such elements enter compression, they do not develop a restoring force and may slacken, allowing large relative motions between
modules. In deployment conditions, particularly in nearshore and offshore sites, this slack-taut behaviour is undesirable because it can
promote unfavourable relative motion and, in the worst case, contact between the neighbouring FPV units.

The transition to nearshore and offshore FPV deployment demands innovative platform configuration balancing structural
simplicity and hydrodynamic performance. As FPV concepts evolve towards larger, modular arrays intended for more energetic
nearshore and offshore sites, there is a clear need for validated tools that can resolve how wave parameters and array configurations
influence hydrodynamics between modular rows, mooring dynamics and connector loading. To address this need, the present work
investigates a rope mesh FPV array [25] as described in Fig. 1, in which FPV platforms are coupled by tensioned connectors arranged in
a rectangular mesh configuration. The continuous pre-tensioning in the mesh configuration maintains positive tension across all
connectors, preventing slack-taut transitions while permitting controlled relative motion between modules. The hydrodynamic
behaviour and resulting connector forces are not well documented, and existing CFD frameworks cannot represent compliant,
state-dependent rope connections that maintain tension while permitting controlled relative motion between modules. Understanding
how such a system responds to regular waves is essential for defining safe design envelopes and assessing the viability of these systems
for large-scale deployment. Within this context, the objective of this study is to develop and validate a coupled experimental and CFD
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Fig. 2. Single FPV Experimental Model [25].

Fig. 3. 2x2 FPV array experimental model [25].

framework capable of predicting motions, mooring loads and connector forces. The principal contributions of this work are threefold:
(i) development of a novel in-memory spring-based connector formulation that emulates tension-only rope behaviour; (ii) experi-
mental validation of a coupled CFD-mooring framework for both single-module and 2x2 array configurations; and (iii) systematic
characterisation of connector forces under varying wave conditions. The paper is structured as follows: Section 2 details the Exper-
imental Setup, and Section 3 details the computational methodology adopted in this study, including model geometry, domain setup,
and solver configuration; Section 4 presents and discusses the results, covering model validation, motion responses, mooring loads, and
connection forces; and Section 5 summarises the key findings and outlines design implications for future offshore FPV deployment.

2. Experimental details

To establish a physical benchmark for the numerical simulations proposed in this study, physical wave tank tests were conducted.
This section describes the experimental apparatus, the specific rope-mesh geometry, and the instrumentation used to generate the
validation data presented in subsequent sections. Fig. 2 depicts the geometry of a single FPV unit used in the experiment. The system
consists of a solar panel mounted on top of four spherical buoyancy elements arranged in a rectangular layout. These spherical floaters
are interconnected by polyamide rods and nylon ropes, forming a supporting frame for the panel. Additional nylon ropes extend
outward to link the structure to adjacent square floaters, creating an overall rectangular structure. Small spherical beads are placed at
each connection point. Due to the elastic properties of the nylon ropes and the presence of spherical beads, the joint exhibits a degree of
flexibility.

Fig. 3 represents a 2x2 FPV array model employed in the experiment. The 2x2 configuration is constructed by assembling four
identical FPV units. These units are interconnected through a network of polyamide ropes, forming a compliant and flexible linkage
between neighbouring floaters. The modules also share a set of thirteen square-foot path floaters, which act as common structural
nodes across the array. At each interface between the shared footpath floaters and individual FPV units, spherical beads are introduced
to regulate rope motion and provide a controlled degree of joint flexibility. The combined effect of the shared floaters and bead-rope
interface ensures that the modules remain mechanically connected while preventing direct collisions between adjacent buoyant el-
ements. The combination of shared floaters, polyamide ropes and beads strongly influences the multibody dynamics of the platform.
The shared floaters transmit horizontal hydrodynamic forces across the network, causing all four modules to drift forward and
backwards largely in a coherent manner when subjected to incident waves. This produces a collective surge response, in which the
array behaves as a unified system in the horizontal streamwise direction. In contrast, the compliant connection allows the FPV units to
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Fig. 4. Experiment setup and instrumentation for FPV tests [25].

Length

Width

Fig. 5. FPV Geometry (a) Isometric view of single FPV (b) Isometric view of single FPV (c) side view of single FPV (d) Isometric view of 2x2 FPV.

respond individually in heave and pitch direction. As a result, the 2x 2 assembly exhibits the characteristic behaviour of rope mesh FPV
systems: global synchronisation in surge combined with module-specific heave and pitch motions driven by wave impact.

Fig. 4 describes the setup used in the experiment. The experiment for this validation study was performed in the wave tank at
Cranfield University, which measures 30 m in length, 1.5 m in width and 1.5 m in depth. Heave motion was measured using ultrasonic
sensors positioned above the platform, and the pitch angle was recorded by inclinometers placed at the centre of the solar panel. The
FPV models were anchored using a symmetric mooring system consisting of braided polyethylene fishing lines connected in series with
extension springs and load cells. A pulley-like arrangement was used to redirect each mooring line vertically to a frame-mounted load
cell positioned away from the test model. This configuration introduced an error of approximately 10% in the measured load due to
friction. Despite these minor frictional losses, the experimental data provide a robust dataset for validating the numerical results.
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Table 2

Properties of FPV.
Parameter Value
Length (streamwise, y-axis) (m) 0.390
Width (transverse, x-axis) (m)Width (m) 0.0279
Height (vertical, z-axis) (m) 0.042
Mass (kg) 0.47
Moment of Inertia
Ixx (pitch, about the transverse axis) 0.0089
Iyy (roll, about the streamwise axis) 0.0032
Izz (yaw, about the vertical axis) 0.0121
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Fig. 6. Isometric view of the computational domain, showing the free surface visualised using the volume-fraction isosurface (a = 0.5).

3. Computational methodology

This study employs a Computational Fluid Dynamics (CFD) approach to resolve the complex fluid-structure interactions of the
rope-mesh FPV. The numerical model is designed to replicate the experimental setup described in Section 2, ensuring a direct one-to-
one validation. The following subsections detail the rigid body geometry, the numerical wave tank domain, the governing equations of
the OpenFOAM solver, the rigid joint formulation in OpenFOAM, and the novel in-memory spring connector formulation developed to
replicate the rope mesh. Finally, the data processing equation used to obtain the hydrodynamic motion responses and validation results
is presented.

3.1. Geometry

Fig. 5(a), (b), (c) depicts a singular FPV module used in the CFD study. All dimensions in the CFD model match those in the
experimental model. The coordinate system is defined with the x-axis in the transverse direction (beam/width), y-axis in the
streamwise direction (length, positive in the direction of wave propagation), and z-axis vertical (positive upward). The flexibility
offered by the rope-bead joint used in the experiment cannot be reproduced directly in the geometry used in CFD. As a result, the CFD
representation treats the FPV as a single rigid body, with equivalent mass and inertia properties. This discrepancy in flexibility is
expected to introduce differences between the experimental and CFD responses. Table 2 lists the geometric properties of the FPV used
in the CFD study.

Fig. 5(d) illustrates the multibody arrangement employed in the CFD study. The four FPV units are retained in a 2x2 arrangement,
but the shared footpath floaters are omitted. Explicitly modelling all shared footpath floaters and their local flexibility would sub-
stantially increase the number of moving parts and computational cost, while remaining difficult to represent accurately within a rigid-
body framework. Instead, each FPV is modelled as an independent rigid body, separated from its neighbours by a gap equal to the
width of one square floater. The adopted representation preserves the overall mass and inertia distribution of each FPV and global
array layout, while simplifying local connector details. In the CFD study, the inter-module connections provided by the tensioned
polyamide ropes in the experiment are represented by spring-based connections acting between rigid FPV bodies, calibrated to
reproduce the stiffness and thereby mimic the behaviour of a physical rope mesh. The formulation and implementation of this
connection are described in Section 3.4.
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Fig. 7. Top view of the computational domain showing the FPV array layout, relaxation zones, and mooring anchor locations.
Table 3
Boundary conditions.
Field Inlet Outlet Atmosphere Bed
alpha zeroGradient zeroGradient inletOutlet zeroGradient
U zeroGradient fixedValue pressure InletOutlet fixedValue
p zeroGradient zeroGradient totalPressure zeroGradient
Table 4
Main parameters of the mooring system.
Parameter Value
Length (m) 2.07
Angle with wave tank (degree) 47
Pretension Force (N) 0.3
Spring Stiffness (N/m) 89.50
Averaged mass per unit length (kg/m) 0.005

3.2. Computational domain

Fig. 6 illustrates the isometric view of the computational domain used in this study. The domain is defined by the Cartesian co-
ordinate system (X, y, z). The free surface is aligned to the x-y plane, and the z-axis is positive upward. The length of the domain is 8
times the target wavelength. The depth and width of the domain are 1.5 m. The FPV is located at 4 wavelengths from the inlet and four
wavelengths from the outlet. Fig. 7 illustrates the top view of the CFD domain. In the experiment, weights placed at the edge of the
wave tank serve as fixed anchor points. The diameter of the weights is considered while determining the anchor location (marked as a
dotted circle). The anchor location is offset by the distance equivalent to the radius of the weights.

Table 3 details the boundary conditions of the computational domain. The bed is modelled as a wall; hence, a zero-velocity (no-slip)
boundary condition and zeroGradient conditions are applied to the volume fraction and pressure fields. The atmospheric boundary
condition is used such that both the inflow and outflow of mass are permitted. In an open environment, the sidewalls would be treated
as either a slip wall or a symmetry wall condition. However, for the purpose of validation, they are modelled as a no-slip wall.

Waves are generated at the inlet boundary condition and propagate along the positive y-direction towards the outlet. The wave-
s2Foam toolbox [26] is employed to generate waves based on Stokes' second-order wave theory. To replicate an open ocean envi-
ronment, relaxation zones are implemented at the inlet and outlet boundaries. The relaxation zones are employed to mitigate wave
reflections that originate from the boundaries, which may disturb the wave generation process.

In addition to the wave generation and absorption framework, the mooring system must be incorporated to replicate the experi-
mental restraint conditions. In this study, the foamMooring package is used to implement the mooring system. FoamMooring [27] is a
dedicated mooring library that implements a range of mooring models, including MAP++, MoorDyn (v1 and v2), Moody, for the
sixDoFRigidBodyMotion and rigidBodyMotion solvers. The package is compatible for use in overset as well as deform mesh motion,
and is compatible with solvers such as interFoam, waveFoam, and olaFlow. As per a study performed by [27,28] MoorDyn mooring
restraint offers the user the most flexibility for use and hence was selected for the remainder of this study. Moordyn [29] is a lumped
mass model, where the mooring line is discretised starting at the anchor (node 0) and extending to the fairlead (node N+1). Hy-
drodynamic forces are calculated for the mooring line, but this is for quiescent free surface conditions; wave kinematics is not included
in Moordyn.

In the experiments, the mooring system incorporates multiple cable ties to connect to the floater. Furthermore, as per the design of
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the near-zero impact system, a pulley arrangement is deployed to place the sensor away from the FPV. Additionally, the experiment
includes a spring of given stiffness attached to the end of the mooring line. These features cannot be implemented directly by the
standard MoorDyn library. To approximate this arrangement, a simplified model is employed, where the axial stiffness in the MoorDyn
input file is calibrated to match the stiffness of the spring. This method represents the elastic characteristic of the mooring line but
omits the effects arising from cable-tie geometry and the fishing line spring interface. Consequently, slight discrepancies will arise
between the experiment and simulation results. From the experiment, a pre-tension of 0.3 N and at the back for the single body study,
and a pre-tension of 0.3 N at the front and 0.5 N at the back is used for the multibody study. Table 4 summarises the parameters of the
mooring configuration.

3.3. Description of solver

The present study uses OpenFOAM v2012 (Open-Source Field Operation and Manipulation), an open-source finite volume CFD
framework, written in C++. OpenFOAM provides a large set of libraries for discretising and solving partial differential equations on
structured and unstructured meshes. The object-oriented architecture enables extension of existing solvers to incorporate additional
physics. For this study, the two-phase incompressible solver interFoam is used. The domain employed in this study consists of two
fluids, air and water, both of which are assumed to be incompressible in the present study. The governing equations for incompressible
laminar fluid flow are given by:-

V-u=0 (D)

d(pu
%Jrv(puu) = -Vp+uViu+pg (@)

Here, p is the density, v is the kinematic viscosity, p is the pressure, and g is gravity.

The air-water interface is tracked using the Volume of Fluid (VoF) method. A phase-fraction indicator field a represents the local
volume fraction of water in each computational cell, defined such that @ = 1 indicates that the cell is filled with water, @ = 0 indicates
that the cell is filled with air, and 0 < a < 1 indicates that the fluid is filled with a mixture of air and water, which is observed in the cells
at the air-water interface. Hence, an additional equation must be solved to track the phase. This additional transport equation for phase
fraction is given by:-

oa
E+V~(au)+v~[a(lfa)uc]:0 3

The third term on the left-hand side introduces artificial compression velocity u., which counteracts the numerical diffusion and
maintains interface sharpness without requiring excessive mesh refinement [30]. This compression term is active only in the interface
region, where 0 < a < 1. The variation in density and dynamic viscosity in each computational cell can be expressed by the following
equation:

pla) = ap,, + (1 —a)p, 4
u(@) = apy, + (1 — )y, (5)

Where subscripts w and a denote water and air, respectively. This ensures smooth variation of dynamic viscosity and density across the
interface.

Pressure velocity coupling is handled using the PIMPLE algorithm, a hybrid scheme combining the PISO (Pressure Implicit with
splitting of Operators) and SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithms. The algorithm's behaviour is
combined with several parameters specified in the fvSolution dictionary. In this study, a single outer loop (nOuterCorrectors = 1) is
employed, effectively reducing the algorithm to a PISO type. Within each timestep, the momentum predictor field is activated, fol-
lowed by two pressure corrector steps (nCorrectors = 2) and one non-orthogonal corrector iteration (nNonOrthogonalCorrectors = 1)
to account for mesh non-orthogonality. This combination ensures adequate coupling between the pressure-velocity field, the evolving
VoF interface, and the rigid-body motion equations while maintaining stable and efficient solution across all wave conditions.

Spatial discretisation employs second-order accurate schemes to minimise numerical diffusion and dispersion. For the momentum
equation, the convective term V-(puu) is discretised using a first-order upwind scheme, while the diffusive term pV2 u employs a
Gauss-Linear scheme. For the phase fraction, the advection term V-(au) is discretised using the vanLeer scheme to prevent unphysical
results at the interface, while the interface compression term uses Gauss linear discretisation. Time integration is performed using the
Crank-Nicolson scheme, with a blending coefficient of 0.3 to enhance numerical stability while maintaining near second-order tem-
poral accuracy. The time step At is controlled adaptively based on the Courant number constraints, defined as Co = |u|At/Ax, where Ax
is the local cell size. Two Courant number limits are enforced: the global Courant number is Cop,ax=0.9 to ensure overall solution
stability, and the interface courant number is set to Coy, max=0.5 to ensure accurate resolution of the free surface.

3.4. Modelling inter-module connections in multi-body FPV arrays

Accurate prediction of multi-body FPV array behaviour requires proper characterisation of inter-module connection mechanics.
Two fundamentally different approaches are examined in this study: OpenFOAM's rigid joint implementation based on the
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Featherstone articulated body algorithm (Section 3.4.1), and a custom spring-based connector formulation developed to represent
compliant rope connections (Section 3.4.2). Both methods are validated against experimental measurements in Section 4, with direct
comparison presented in Section 4.3 to establish which approach accurately captures rope-mesh FPV dynamics.

3.4.1. Rigid joint implementation

OpenFOAM's rigidBodyMotion solver utilises a tree-based hierarchical structure combined with the Featherstone articulated body
algorithm to simulate coupled motion of interconnected rigid bodies. In this framework, bodies are arranged hierarchically with a
single root body serving as the reference frame for the entire system. Each body (except the root) connects to exactly one parent body at
a higher hierarchical level, ensuring the connectivity graph remains a tree structure rather than a general graph. This tree structure
enables an efficient recursive solution of the multi-body dynamics.

The physics of inter-body connections is defined by two components: the spatial transform X”, which defines the offset (position and
orientation) between bodies, and the joint, which imposes kinematic constraints restricting relative motion to specific degrees of
freedom. Mathematically, joints are represented by the motion subspace matrix S, which filters forces and velocities to ensure motion
occurs only in permitted directions. For example, a hinge joint allowing rotation only around the X-axis has a motion subspace vector S
=[1,0,0,0,0, O]T. This matrix determines which degrees of freedom are permitted and which are constrained.

The Featherstone algorithm exploits the tree structure to efficiently solve the system dynamics through three recursive passes. In
Pass 1 (kinematic propagation, root to leaves), the spatial velocity of each body i is propagated from its parent:

Vi = XiJVparent + Slql (6)

where g; is the joint velocity. This pass also computes Coriolis and centrifugal accelerations that arise from rotating reference frames. In
Pass 2 (inertia aggregation, leaves to root), the algorithm calculates the effective inertia felt by each parent body by accounting for the
mechanical freedom of attached children. The articulated body inertia reduction is computed as:

I* =1 —I*S,D;'STIA )

where D; = STIAS,; is the joint-space inertia and D; ! represents the joint mobility. This step accounts for the fact that a parent does not
feel the full inertia of a child in directions where the joint permits free rotation or translation. In Pass 3 (acceleration calculation, root to
leaves), the algorithm solves for joint accelerations:

G =D;" (u — Ui aj) ®

where ; is the residual force available to drive the joint, and q; is the preliminary acceleration assuming the joint is locked. This three-
pass approach efficiently propagates kinematic quantities from parent to child while aggregating dynamic quantities from child to
parent.

The critical characteristic of this formulation is that joints impose strict kinematic constraints through the motion subspace S.
Constraint forces act only perpendicular to the permitted motion:

Teonstraint = STf constraint (9)

In permitted degrees of freedom (where S # 0), the joint provides zero force-based resistance, and adjacent bodies are kinematically
free to move relative to each other without any elastic coupling or restoring force. This approach efficiently handles systems where
inter-body connections are genuinely rigid or kinematically constrained. However, it cannot represent connections that exhibit finite
stiffness and force-dependent behaviour. For rope-mesh FPV systems, where inter-module connections consist of tensioned ropes with
finite axial stiffness, this zero-resistance characteristic in permitted directions makes rigid joints fundamentally unsuitable. The ropes
provide elastic coupling that resists relative motion proportionally to displacement, a force-based behaviour that kinematic constraints
cannot capture.

3.4.2. Spring-Based connector implementation

The rigid joint formulation described in Section 3.4.1 efficiently handles multi-body systems through kinematic constraints.
However, these constraints impose zero force-based resistance in permitted degrees of freedom, making them unsuitable for rope-mesh
FPV systems where inter-module connections exhibit stiffness and compliant behaviour. To address this limitation, a custom spring-
based connector formulation was developed to represent the elastic coupling characteristics of tensioned rope connections while
maintaining computational efficiency within the rigidBodyMotion framework.

To implement this force-based coupling, the software must allow for efficient data exchange between the coupled bodies. While
previous implementations, such as [31] achieved this through file-based data exchange; this approach introduced significant 1/0
overhead and time-lagged force evaluation. In the present work, these limitations are overcome by handling the two dynamic
attachment points using direct memory access within the rigidBodyMotion solver. This eliminates time-lag and ensures symmetric
force application. At initialisation, the restraint reads and stores parameters, such as the name (index) of the two bodies it links, the
local coordinates of the attachment points on each of the bodies, and mechanical properties such as spring stiffness, damping and rest
length of the connector. The local attachment points are defined once, and thereafter move rigidly with the corresponding body
through the rigidBodyMotion kinematics.

The core of this in-memory operation lies in correctly resolving the position of the dynamic attachment points at every time step.
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Relative velocity component along spring axis:

vp)-e

Body A: va = model,..v(idAa, pA).1() <— Internally: va = Vcor,A +wa X pa
Body B: vp =model..v(idBa, pB).1() <— Internally: vB8 = vcor,B +wWB X PB

¥

Spring-damper force:
F=- [k(L—Lo)-‘rC-'UH] -e
Moments about COR: My =xa X Fa, Mp=xp X Fp

|}

Accumulate spatial forces:

f.[idA] += (Ma, Fa), f.[idB] += (Mg, F5)

|}

Forward Dynamics:

Featherstone Solver
G=M"(T+f.)

|}

Time Integration
Update g, g, mesh positions/velocities
Advance to tp41

S |
Nezxt time step: tni1

Fig. 8. Connector operation algorithm.

The sequence of operation within one time step is summarised in Fig. 8. At the beginning of the time step t,, the rigidBodyModel holds
the positions and velocities of all bodies. For the connector, the model is first queried for the current kinematics at the two attachment
points. The attachment points are defined in local body coordinates as pl°?, p? and transformed to the global inertial frame using the
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rigid-body transformation:

Xa = Rapi™ +1a (10
Xp = RBP?MI +7Ta 11

where R4 and Rp are the rotation matrices of bodies A and B, and r4 and rg are their centres of mass in the global frame. This step
ensures that the connector always operates on the current configuration and motion state of the two bodies. Once the instantaneous
positions are established, the solver must also resolve the velocities to account for damping effects. The velocity at each attachment
point is derived by combining the translational velocity of the centre of mass. v,y with the rotational velocity w induced by the body's
motion:

Va = wa X (Xa —Ta) + Vcoma (12)

Vg = wp X (Xg —T3) + Vcom (13)

Once the attachment point kinematics are known, the connector force is computed. The connector applies elastic and dissipative
forces along the instantaneous connector axis. e = (xg —xa)/|xz —Xa| - The force acting on body A is given by:

F = [K(Jxg —xa| —Lo) +c(vg —va) - €le a4
The connector forces generate moments about each body's centre of mass due to the offset of the attachment points:

My = (XA —rA) X Fp (15)

Mg = (xg —18) % Fp (16)

Finally, the computed connector loads are aggregated with the hydrodynamic forces from interFoam and the mooring loads from
MoorDyn to form the total external load vector. This vector is passed to the Featherstone articulated-body algorithm, which solves the
forward dynamics to compute the accelerations and advance the system to the next time step. This coupled framework ensures that the
rope-mesh constraints are resolved simultaneously with the fluid-structure interaction.

The proposed connector formulation extends OpenFOAM's rigidBodyMotion framework to enable direct elastic coupling between
two dynamic rigid bodies through in-memory force evaluation. The key distinction from the rigid kinematic joints lies in the force-
based connection: kinematic joints impose geometric constraints with zero resistance to permitted motions, whereas the spring
connector applies restoring forces proportional to displacement and generates moments through spatial offset. This force-based
formulation is essential for rope-mesh FPV systems, where inter-module connections exhibit finite stiffness rather than rigid kine-
matic coupling. The implementation ensures stable load transfer without the time-lag instabilities present in previous file-based
implementations. In contrast to previous FPV studies, where connectors are modelled as rigid, hinged, or flexible elements with
assumed constitutive behaviour, the present approach resolves time-varying connector forces explicitly within a viscous CFD
framework, enabling direct prediction of both array hydrodynamics and inter-module loading in a fully coupled manner. A direct
comparison with OpenFOAM's rigid joint is presented in Section 4.4.

3.5. Data processing

Following the completion of each simulation, post-processing is performed to extract hydrodynamic response metrics and
connection forces for comparison with experimental measurements. The platform motions are characterised in terms of response
amplitude operators (RAO) for heave and pitch, which provide a normalised measure of the structure's dynamic response independent
of incident wave amplitude. The RAOs for heave and pitch are calculated according to the following equations:

aq, q,
RAOpeqye = ;", RAOpicr = 1" a7

Here, ap, and a;, denote the amplitudes of the heave and pitch motions, respectively. The parameter k represents the wavenumber,
and a is the incident wave amplitude. Motion amplitudes are determined by applying Fast Fourier Transform (FFT) to the time histories
of heave displacement and pitch angle over the final five wave cycles, extracting the dominant frequency component corresponding to
the incident wave frequency. This approach ensures accurate amplitude extraction after the response has converged to a periodic state.

The accuracy of CFD simulations is obtained by comparing simulated results with reference values using the relative error:

|CFD — Theoretical|

Theoretical x 100 (18)

Relative Error (%) =

4. Results and discussion
This section presents the validation of the developed CFD framework and its application to analysing rope-mesh FPV arrays under
wave loading. Mesh and time-step sensitivity studies are performed to establish appropriate mesh resolution. The hydrodynamic

response predictions for both single-module and 2x2 array configurations are compared against experimental measurements across a
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Fig. 9. Image of mesh employed for this study (a) Top View of Mesh (b)Side View of Mesh.
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Fig. 10. Free surface elevation time history at varying streamwise mesh resolutions (A/Ay). The inset shows an enlarged view of the wave crest
region demonstrating convergence at higher resolutions.

range of wavelengths and wave heights to assess model accuracy. The section also compares the spring connector formulation with
conventional rigid joint approaches to evaluate the importance of force-based coupling for rope-mesh systems. Finally, the validated
framework is applied to analyse connector forces under various wave conditions to identify the critical load paths and provide
guidance for fatigue assessment in rope-mesh FPV arrays.

4.1. Mesh sensitivity study

Mesh sensitivity analysis is performed to identify the minimum mesh resolution that accurately captures wave propagation, free-
surface dynamics, and body motion without high computational cost. A mesh that is too coarse may fail to resolve wave kinematics or
introduce numerical diffusion, leading to inaccurate predictions of hydrodynamic forces and motion response. Conversely, excessive
refinement increases computational expense without improving accuracy once convergence is achieved. The mesh sensitivity study,
therefore, seeks to identify the resolution at which further refinement produces negligible changes in the results.

In OpenFOAM, the initial background mesh is generated via blockMesh, followed by surface mesh generation using snappy-
HexMesh. Although a preliminary mesh is obtained for wave generation, its resolution is insufficient to capture the surface of the
geometry. Hence, the topoSet and refineMesh utility is used to refine the mesh around the body. Fig. 9 depicts the mesh employed in
the study. A mesh convergence study is conducted to determine the resolution at which mesh independence is achieved. To verify the
quality of wave generation in this study, a mesh independence study is performed to establish the spatial discretisation parameters. In
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Fig. 11. Mesh Convergence studies (a) Error in free surface at different mesh resolutions (b) RAO value at different mesh levels.
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addition, studies from [32-36] are surveyed to draw inspiration for this study. The discretisation parameters are represented in
non-dimensional metrics, namely cells per wavelength (A/Ay) and cells per wave height (H/Az). In the preliminary study, a vertical
resolution of H/Az = 15 is fixed, while the streamwise resolution varied through A/Ay = 20, 40, 70, 100, 120, 140. The mesh sensitivity
study is performed for 1 = 1.92 m and a = 4 cm. Lower order schemes, such as the Euler method, introduce numerical diffusion which
artificially smooths out sharp gradients in the flow. This manifests as a blurring of the air-water interface. To mitigate the error caused
by numerical diffusion, we employ a second-order accurate Crank-Nicolson time stepping scheme. This solution is consistent with
existing literature [32-36]. This improves sharpness at the interface.

Fig. 10 illustrates the free surface elevation at different /Ay values. While the wave phase is consistently preserved across all cases,
the wave crest amplitude exhibits a clear dependence on spatial resolution, with coarser meshes underestimating peak elevations. The
enlarged view demonstrates that the solution converges for higher A/Ay values, indicating that further mesh refinement has a
negligible influence on the predicted wave elevation. To further quantify the effect of spatial resolution, Fig. 11(a) shows the relative
error as a function of cells per wavelength. The error decreases rapidly with increasing resolution and falls below 5% for A/Ay > 70,
reaching a minimum of 0.31% at /Ay = 100, after which further refinement yields only marginal improvements, confirming grid
convergence of the wave elevation response.

The influence of spatial discretisation was measured through a mesh independence study. Fig. 11(b) illustrates the variation of the
heave response amplitude operator with increasing mesh resolution, expressed in terms of the total number of elements. Five distinct
mesh densities were selected, comprising 1 M, 1.4 M, 1.8 M, 2.4 M and 3.2 M cells. A pronounced reduction in RAOpeaye is observed
between the coarsest and intermediate meshes, whereas the response asymptotically approaches a constant value for meshes exceeding
approximately 1.8 M cells, indicating mesh-independent prediction of the heave response.

4.2. Validation for a single FPV unit

With mesh independence established, the framework is applied to simulate the hydrodynamic response of a single FPV module
under regular wave conditions. The predicted heave and pitch RAOs are compared against experimental measurements to validate the
numerical model's ability to capture wave-structure interaction for an individual floating unit.

Fig. 12 presents the RAOpeave for a single body vs non-dimensional wavelength. From the plot, it is evident that the heave increases
with increasing wavelength. In the experimental measurements, the variation in heave across wave heights remains within 10%. At A/L
< 5, the difference across wave heights is more pronounced and diminishes as the wavelength increases. This difference is due to the
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flexible nature of the geometry, which dampens part of the amplitude increase at higher steepness, a phenomenon that CFD cannot
replicate.

At A/L = 4.07, the error between the CFD and experiment is maximum, diminishing progressively as the wavelength grows. This is a
consequence of the flexible nature of the geometry used in the experiment, which cannot be replicated in CFD. The nature of flexibility
is influential at shorter wavelengths, when the wavelength is closest to the characteristic length of the floater. Overall, the CFD results
are in good agreement with the experimental data.

As the non-dimensional wavelength grows, the heave RAO rises from 0.60 at /L = 4 to a peak of 0.76 at /L = 8.12, reducing to
0.73 at A/L =11 for H = 4 cm. A similar increasing trend is observed at H = 5 cm. However, the rate of increase is diminished compared
to H =4 cm. The lowest value of 0.69 is observed at 1/L = 4, peaking at /L = 6 and then levels with slight fluctuation at /L = 8.12. In
the experiment, the heave response of the FPV for H = 5 cm is greater than H = 4 cm at A/L < 8.12, which is replicated by the CFD
model. At A/L < 8.12, the difference in heave response diminishes and at /L > 8.12. Additionally, the deviation between H = 4 cm and
H = 5 cm is under 5% across all A/L values. This behaviour demonstrates that the heave response is insensitive towards the wave
height.

Fig. 13 depicts the RAOpjh plotted against non-dimensional wavelength at two wave heights, H =4 cm and H = 5 cm. The error at
A/L = 4 is 3%, which grows to 9% at A/L = 11. This behaviour is attributed to the increased twist experienced by the FPV at longer
wavelengths in the experiment. Overall, the error in pitch lies within 10% for all values, indicating a good agreement with the
experiment. Both the experiment and CFD show the same trend, as the wavelength grows, the RAOp;., value falls from 0.85 at /L = 4
to 0.62 at A/L = 11. Increasing wavelength is accompanied by a decrease in wave steepness; the hydrodynamic moment driving the
pitching motion also decreases. Short, steep waves produce strong pitching moments, whereas long, gentle waves lift the front and aft
almost in unison, yielding a smaller net pitching.

Similarly, we identify the following trend: the pitch value increases with increasing wave height. This is because the increase in
wave height increases the wave steepness, increasing the pitching moment and consequently, shifting the entire RAOp;., curve up-
wards. Unlike RAOpeqye, the RAOp;, values for different wave heights lie in proximity. The maximum deviation between the two wave
heights is under 5%, indicating a weak sensitivity to wave height. Moreover, the error between the CFD and experiment increases with
the increasing wavelength.

Fig. 14 depicts the mooring force of the front and aft mooring lines as the incident wavelength is varied. A comparison of the CFD
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Fig. 15. RAOgeave value for 2 x 2 array of floaters.

and experimental results in Fig. 14(a) reveals that the CFD model overestimates the mooring force by 20-30%. This bias originates
from the rigid body geometry. In the CFD geometry, the rigid body is always engaged with the mooring line, transmitting every
increment of FPV motion as a load. Within the experiment, the mooring lines are attached to flexible footpath floaters. Load shedding
occurs through the bending of the footpath floaters, the frictional effects at the anchor location, and unequal mooring line length.
Furthermore, the presence of cable ties cannot be replicated. All these factors contribute to the disparity between the CFD and the
experiment.

Despite the errors in magnitude, CFD and experiment exhibit similar trends in wave height and wavelength. For wave heights H = 4
cmand H = 5 cm, the mooring force rises linearly by 0.25 N and 0.35 N, respectively. For H = 4 cm, we primarily identify two regimes:
A sharp increase in mooring force at A/L ( 5, followed by a gradual rise at /L ) 5. For H = 5 cm, a sharp increase is found at A/L { 6.2,
followed by a dip between 6.2 < A/L < 8.2, after which the mooring force climbs again for 1/L ) 8.2.

Both the experiment and CFD results show that the mooring force increases as the wavelength increases. Longer waves induce
larger surge motions and, hence, greater mooring forces. The discrepancy between the CFD and experimental results arises from
differences in the physical setup, which involves a combination of a fishing line and an extension spring. Additionally, flexible footpath
floaters on which the fairleads are mounted contribute to the mismatch in the results. When the crest of the wave passes, the footpath
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Fig. 16. Wave propagation and overwash patterns through 2x2 FPV array (A/L = 2.57, H =7 cm). (a) Spring connector formulation, (b) Rigid Joint
formulation.

floaters bend downwards, affecting the fairlead. This motion reduces the extension of the spring, allowing a portion of the load to be
shed - an effect that the rigid-body CFD model cannot reproduce.

In Fig. 14(b), the aft mooring line under-predicts the experimental peak tensions by 10-15%, with the most significant discrepancy
at /L = 4.95. The underprediction stems from the damping of forces due to frictional components and flexible footpath floaters.
Similarly, the trends observed by the CFD model align well with the experimental results. An increase in force is observed with an
increase in wave height. At H = 4 cm, an increase in force is observed at 4 < 1/L < 6.25, after which a mild increase is observed. A
similar behaviour is observed at H = 5 cm, with a sharp increase noted at 4 < A/L < 6.25, followed by a mild increase.

4.3. Validation of a 2x2 FPV array

Building on the validated single-module framework, this section examines the hydrodynamic response of the 2x2 FPV array,
focusing on inter-row differences arising from wave-field shielding and multi-body coupling. To validate the spring-based connector
approach and demonstrate its necessity for rope-mesh FPV systems, this section compares two fundamentally different modelling
approaches against experimental measurements: the rigid joint implementation in Section 3.4.1 and the spring connector formulation
in Section 3.4.2 . The rigid joint was configured as a joint permitting relative heave and pitch motion while constraining surge and
sway, reflecting the dominant motions observed experimentally under head-sea conditions.
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Fig. 17. RAOpitch value for 2 x 2 array of floaters.

Fig. 15 compares the heave response of the front and back modules of a 2x2 FPV array over 2.5 < A/L < 6. Four incident wave
heights are considered: H = 7 cm, 8 cm, 9 cm, 10 cm. The heave responses obtained using the spring connector and the rigid joint
exhibit the same overall wavelength dependence, with RAOpeaye increasing from A/L = 2.5 to a local maximum near A/L ~ 3-3.5 and
then gradually decreasing at longer wavelengths. However, while the trends remain consistent between the two formulations, the rigid
joint approach predicts larger response magnitudes, i.e., it overestimates the heave relative to the connector case across most tested
conditions. This indicates that the assumed inter-module coupling representation primarily affects the amplitude of the response rather
than the qualitative hydrodynamic behaviour.

The spring connector consistently tracks experimental measurements within 5-14% error across all tested conditions, with de-
viations largest at short wavelengths (A/L =~ 2.5-3) where structural flexibility effects become significant. The rigid joint systematically
overestimates heave amplitude relative to both the spring connector and experiments, with errors exceeding 20% in most cases. This
difference arises from the absence of elastic coupling in heave. The rigid joint permits relative heave motion but provides zero
resistance. This lack of resistance eliminates the mechanism present in the physical rope-mesh system, where relative heave motions
are resisted by forces in the connecting ropes. Without any resistance to constrain motion, the rigid joint allows excessive heave motion
under wave excitation, resulting in overestimated RAOpeave values. The spring-based connector, by contrast, applies restoring forces
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proportional to the relative displacement, providing the elastic coupling characteristic of rope connections that constrains heave
amplitude and dissipates energy through the connection. Overall, the rigid joint overestimates RAOpeave by 5-14% relative to the
spring connector across all tested conditions, consequently overestimating the experimental results by more than 20%.

The comparison in Fig. 16 demonstrates a fundamental limitation of rigid joint formulations for rope-mesh FPV systems. The
connector representation alone produces markedly different overwash predictions, revealing the critical role of mechanical coupling in
multi-body FPV dynamics. For the rigid joint configuration, the larger heave limits wave overtopping, resulting in comparatively
weaker overwash across the front-row modules. This behaviour is consistent with the overpredicted heave response, as the array
undergoes pronounced vertical motion that effectively rides over the incoming waves. In contrast, the spring-connected configuration
exhibits substantially increased overwash. The reduced heave response causes the FPV to remain closer to the mean free-surface
elevation. Consequently, incident wave crests interact more directly with the FPV surface, generating increased load across the
module. The rigid joint's systematic underprediction of overwash indicates that predictions based on rigid joint formulations may not
adequately represent operational conditions. Accurate overwash prediction is essential for reliable operational assessment and design
of modular FPV arrays.

Quantitatively, the CFD predictions overestimate the experimental heave response. As observed in the single-module validation,
this deviation is attributed to physical damping mechanisms present in the experiments but absent in the numerical model. When the
incident wavelength is comparable to the characteristic length of the footpath floater, the footpath floaters undergo significant
structural flexure, thereby lowering the recorded heave response. Additionally, the presence of the fishing beads between the FPV and
shared footpath floaters significantly dampens the overall motion of the FPV, thus contributing to the reduced motion in the exper-
iment. The lack of these damping factors within the CFD model contributes to the overestimated heave values. From the findings, we
see two characteristics of this system. For all tested conditions, the heave values show a consistent increase from A/L=2.5 to a local
maximum near A/L~:3, followed by a gradual decline at longer wavelengths. The observed peak near A/L~3 corresponds to a region
where the incident wavelength becomes comparable to the characteristic length of the platform. At this ratio, the floater experiences
near-resonant heave excitation, yielding a temporary amplification of the motion. Beyond this point, as the wavelength increases, the
wave steepness decreases, and the free-surface slope flattens, reducing the vertical excitation and consequently the heave amplitude.
This behaviour is consistent across all tested wave heights, indicating that the heave motion remains largely linear with respect to wave
amplitude.

Comparing the two rows reveals that the aft row heave is systematically lower than the front-row heave across all wavelengths and
wave heights. This attenuation, typically within 10%, arises from the wave-field shielding effect induced by the front modules. As
incident waves interact with the front row, part of their energy is dissipated through diffraction, radiation, and viscous losses around
the module edges. The resulting scattered wave field reaches the rear row with reduced amplitude, leading to weaker excitation and
smaller heave responses. The influence of this shielding is least prominent near A/La3. Overall, the heave response of the array is
governed by wavelength-dependent hydrodynamic coupling and the geometric relationship between platform spacing and wave field.
The CFD model successfully captures these trends, validating its suitability for predicting multi-body FPV dynamics and wave-
—structure interactions.

Fig. 17 depicts the RAOpj. for the front and back rows across incident wave heights H = 7-10 cm and wavelength ratios 2.5 < A/L
< 5.7. Across all tested conditions, the spring connector consistently predicts higher pitch amplitudes than the rigid joint, with
experimental measurements consistently falling closer to the spring connector predictions. The spring connector maintains validation
errors within 5-13% of experimental measurements, while the rigid joint exhibits errors of 10-22%. Whether the spring connector
slightly overpredicts or underpredicts experiments varies with specific wave conditions, but in all cases, it demonstrates better ac-
curacy compared to the rigid joint, which systematically underpredicts experimental pitch response across all tested conditions.

This difference arises from a fundamental distinction in how the two formulations represent inter-module coupling: the rigid joint
permits relative pitch motion but provides zero coupling forces, thereby allowing modules to be kinematically free to rotate without
any force transmission between them. In the spring-based connector formulation, the coupling forces create moments, providing an
additional pitch contribution to the pitch motion beyond the direct wave-induced motion. The absence of these forces results in a
systematic underprediction of pitch response.

The pitch response exhibits a strong and monotonic dependence on wavelength, with larger pitch amplitudes observed at
increasing A/L for both array rows. The front row of floaters shows a steep increase in pitch with increasing wavelength, illustrating
how longer wavelengths can promote pitch motion. For H = 7 cm, pitch increases from RAO =~ 0.86 at A/L=2.5to RAO =~ 1.11 at A/L =
5.7, representing a 29% increase. At H = 10 cm, the front row pitch increases from RAO =~ 0.89 to RAO ~ 1.21, a 36% increase.
However, this is the opposite of the response of a single body. The reason for this behaviour can be attributed to the multibody
interaction. The back row of floaters is influenced by diffraction and radiated waves that arrive out of phase with the incident waves. At
short wavelengths, the two rows attempt to pitch out of phase with each other. The presence of connections between floaters resists this
differential motion, constraining pitch amplitude. As the wavelength increases, the phase difference diminishes, and inter-row
coupling becomes less constraining, allowing the FPVs to rotate more freely. This contributes to the increased pitch response as the
wavelength increases. Across all tested conditions, the CFD results reproduce the general trend of the experiments but consistently
predict the pitch value within 13%. This arises primarily from the rigid-body assumption in the numerical model, which neglects the
elastic response of the connecting footpath floaters and the local flexibility of the polyamide structure. In the experiments, flexible
elements permit small additional rotations, especially under high wave steepness, leading to slightly higher measured RAO values.

Comparing front and back rows reveals that the back row exhibits systematically lower pitch response across all wavelengths and
wave heights. At H = 7 cm and A/L = 5.7, back row pitch reaches RAO ~ 1.03 compared to RAO = 1.11 for the front row using the
spring connector—a 7% reduction. At H = 10 cm and the same wavelength, back row pitch reaches RAO = 1.05 versus RAO ~ 1.21 for
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Fig. 19. Schematic of connector arrangement for the 2x2 FPV array (top view). Connectors 1-4 provide streamwise coupling between front and
rear rows; connectors 5-8 provide transverse coupling within each row.

the front row—a 13% reduction. Across all tested conditions, this back row attenuation ranges from 8-13%, arising from two
mechanisms. First, wave-field shielding by the front modules reduces excitation amplitude reaching the back row. As incident waves
interact with the front row, energy is dissipated through diffraction, radiation, and viscous losses, resulting in a scattered wave field
with reduced amplitude reaching the rear modules. Second, inter-row coupling through connectors resists differential rotation be-
tween front and back rows. When the front row pitches in response to incident waves, the connecting ropes generate forces that oppose
relative rotation, hindering the pitch motion of the back row. Both mechanisms contribute to the observed 8-13% reduction in back
row pitch response.

Fig. 18(a) and (b) quantify the mooring force for the front and aft FPV units against non-dimensional wavelength, at four wave
heights H="7 cm, 8 cm, 9 cm, and 10 cm, respectively. Two characteristics are observed: First, the mooring force increases as the wave
height increases. Secondly, wavelength exhibits three regimes (i) A slight increase (or) a plateau at A/L < 3. This is followed by a steep
load increase at 3 < A/L < 5, followed by a mild increase or a plateau. In Fig. 18a, the force increases monotonically with incident wave
height. At H = 7 cm, front row tension rises from 1 N at /L = 2.7 to 1.1 N at A/L = 5.8, and for H = 10 cm, it rises from 1.3 N at A/L =
2.7to1.5Nat A/L =5.8. At A/L < 3, the mooring values are nearly constant. At 3 < A/L < 5, there is a sharp rise in the mooring force,
increasing the force by 8-12%. At A/L > 2.7, in Fig. 18b, a similar behaviour is observed. Unlike Fig. 17a, at 2.6 < A < 3.5, thereisa
progressive increase in the mooring force. At H = 7 cm, front row tension rises from 1.25 N at A/L = 2.7 to 4.5 N at A/L = 5.8, and for H
= 10 cm, it rises from 1.45 N at /L = 2.7 to 1.75 N at A/L = 5.8.

Throughout the study on mooring forces, we have identified that the aft mooring force is always greater than the forward mooring
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Fig. 20. Peak streamwise connector forces (Fmax) as a function of non-dimensional wavelength for the 2x2 FPV array (a) Connector 1 (b)
Connector 3.
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Fig. 21. Free-surface profile and FPV array configuration at wave crest passage for short-wave condition (A/L = 2.5, H = 0.09 m), showing rapid
variation in wave elevation across the array length with front and rear rows experiencing different wave elevations simultaneously.

force. This is true for both a single array and a 2x2 array. The primary reason for this is second-order drift. Second-order drift arises
from non-linear effects, such as the interaction between wave diffraction, radiation, and incident waves [37]. Unlike first-order forces,
which are linear and oscillatory, second-order forces result in low-frequency motions, such as surge and pitch, in floating structures
[37]. This interaction, when averaged over multiple wave cycles, results in a net force that gently pushes the floater forward,
increasing the extension on the aft mooring and thereby increasing the mooring force. The amplification of the aft mooring is observed
by [38,39]. Consequently, the forward lines become slacker, decreasing their tension. The validation against experimental data
demonstrates that the spring-based connector formulation accurately reproduces the hydrodynamic response of the rope-mesh FPV
array.

4.4. Analysis of connection force

With the spring-based connector approach validated, we now examine the connector forces themselves. Understanding these forces
is critical for structural design, fatigue analysis, and material selection for rope-mesh FPV systems. This section characterises how
connector loads vary with wavelength, wave height, and position within the array.

Fig. 19 illustrates the connector arrangement employed in the 2x2 FPV array. Eight connectors link the four FPV modules: con-
nectors 1-4 provide longitudinal (streamwise) coupling between the front and rear rows, while connectors 5-8 provide transverse
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Fig. 22. Free-surface profile and FPV array configuration at wave crest passage for long-wave condition (A/L = 5.7, H = 0.09 m), showing gradual
variation in wave elevation across the array, with both rows experiencing similar wave phases.

coupling between the left and right modules within each row.

Fig. 20 summarises the connector force response as a function of non-dimensional wavelength (A/L) for four incident wave heights,
distinguishing between connectors aligned with the direction of wave propagation (Connectors 1 and 3, streamwise coupling between
the front and back modules). The connector forces presented in this section represent the maximum tension recorded over the final five
wave periods after the simulation reached periodic steady state. For each connector, the instantaneous force F(t) was monitored
throughout the simulation, and the peak value over the last five cycles was extracted for analysis. This peak force metric is appropriate
for structural design and fatigue assessment, as it captures the maximum load demand experienced by each connector under each wave
condition.

The wavelength dependence of streamwise connector forces (Connectors 1 and 3) is governed by the magnitude of relative motion
between front and rear rows. As incident waves propagate through the array, differential surge, heave, and pitch responses cause time-
varying extension of the connecting elements. The peak connector tension at each wavelength varies with the maximum relative
displacement between attachment points, which depends on the phase relationship between front-row and rear-row motions.

This mechanism is illustrated by comparing free-surface profiles at wave crest passage for a short-wave and long-wave condition at
the same incident height. In the short-wave case (A/L = 2.5, Fig. 21), the free surface varies rapidly over the array length, causing the
front and rear rows to encounter different phases of the wave simultaneously; when one row experiences the wave crest, the other may
be positioned near the trough. This phase difference causes the two rows to move out of phase, producing maximum connector
extension and therefore peak tension.

In contrast, the long-wave condition (A/L = 5.7, Fig. 22) exhibits a much more gradual free-surface profile that remains nearly
uniform across the array. At this wavelength, the array dimensions are small relative to the wavelength, such that both rows experience
similar wave phase and pressure gradient. The phase difference between incident and scattered waves diminishes, and the two rows
therefore respond more synchronously. This coherent motion minimises relative displacement between attachment points, reducing
connector extension and therefore the force.

When the incident wavelength is comparable to the array's streamwise dimension (A/L ~ 2-4), the variation of the wave steepness
causes front and rear rows to experience different wave phases, inducing strong differential motion and maximising connector loading.
As wavelength increases beyond this critical range, the wave becomes more uniform across the array, and both rows respond more
synchronously, reducing relative displacement and therefore connector demand.

Fig. 23 depicts the peak forces on the transverse connector. In contrast to streamwise connectors, transverse connectors exhibit
much lower force magnitudes and weaker wavelength dependence. Forces remain below 0.3 N even at the highest wave height. Under
head-sea conditions, modules connected by transverse connectors experience nearly simultaneous wave forcing, resulting in minimal
differential motion in the transverse direction. The weak wavelength dependence confirms that transverse loading is not primarily
driven by wave-induced differential motion between left-right module pairs.

Examination of the individual transverse connectors reveals that Connector 5 experiences forces 30-40% higher than Connector 6
(front-right transverse) under comparable conditions. Similarly, Connector 8 (rear-right) carries moderately higher forces than
Connector 7 (rear-left). This pattern arises from mooring-induced effects: mooring lines attached at the array corners pull outward,
extending transverse connectors near these attachment points and generating higher elastic forces. Connectors 5 and 8, positioned near
the front-left and rear-right corners respectively, experience greater extension than the more inboard Connectors 6 and 7. Connector 5
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Fig. 23. Peak transverse connector forces (Fmax) as a function of non-dimensional wavelength for the 2x2 FPV array (a) Connector 5 (b) Connector
6 (c) Connector 7 (d) Connector 8.

exhibits the highest forces overall, as it is subjected to both direct wave excitation at the upstream position and mooring-induced
extension. Connector 8 experiences moderately elevated forces despite partial wave sheltering in the rear row, while Connectors 6
and 7, positioned away from mooring corners, carry the lowest transverse loads.

The observed force distribution has important implications for rope-mesh FPV array design. Streamwise connectors constitute the
critical design drivers under head-sea loading, with peak forces occurring at A/L ~ 2.5-3.5, where phase-lag effects maximise dif-
ferential motion between rows. Design wave conditions should consider not only extreme wave heights but also wavelength distri-
butions characteristic of the deployment site, as long-period swell generates substantially lower connector loads than short- to
intermediate-period waves. Among transverse connectors, those positioned near mooring attachment points require higher design
margins to account for combined wave and mooring loading, while inboard connectors may be designed with lower safety factors.

5. Conclusions

This study developed and validated a high-fidelity CFD framework for simulating the coupled hydrodynamic response of rope-mesh
FPV arrays under regular wave conditions. The framework integrates OpenFOAM's interFoam solver with MoorDyn mooring dynamics
and implements an in-memory spring connector formulation within the rigidBodyMotion framework to represent tensioned rope
connections between modules. This force-based approach addresses the limitations of conventional joints, which cannot capture the
stiffness and moment-generating characteristics of tensioned rope connections.

Validation against wave tank experiments for both single-module and 2x2 array configurations demonstrated excellent predictive
accuracy. For the single module, heave and pitch RAOs were reproduced within 10% across wavelengths from A/L = 4 to 11. For the
2x2 array, validation errors remained within 5-14% for heave and 8-13%. The framework successfully captured multi-body inter-
action effects, including wave-field shielding that reduces aft-row response within 10% relative to the front row.

Direct comparison with a rigid joint confirmed the necessity of the spring-based approach for tensioned rope systems. This work
reproduces experimental motion responses within 5-13%, while a publicly available counterpart approach exhibits errors exceeding
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20% for heave and pitch at long wavelengths. This improvement arises from the spring connector's ability to generate configuration-
dependent moments through force-based compliance, which rigid kinematic joints cannot represent. The spring connector formulation
is essential for accurate hydrodynamic prediction of rope-connected FPV arrays.

Connector force analysis revealed strongly anisotropic loading under head-sea conditions. Streamwise connectors experience peak
forces at A/L ~ 2.5-3.5, where variation in wave elevation creates phase differences between front and rear rows. Transverse con-
nectors experience forces 3-5 times smaller due to symmetric waves on left-right module pairs, with left and right modules moving
nearly in unison. Connector forces scale linearly with wave amplitude across all tested conditions. For design purposes, streamwise
rope connections constitute the critical load path and should govern rope sizing, connection strength, and fatigue life calculations for
rope-mesh FPV systems under head-sea loading.

The validated CFD framework, together with the novel spring-based connector formulation, provides a robust foundation for
preliminary design studies of modular FPV systems. Future work should extend the methodology to investigate larger array config-
urations to establish scaling relationships. Such extensions will provide practical design guidance for the emerging generation of
nearshore and offshore FPV installations.
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