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ABSTRACT

Floating offshore wind turbines (FOWTs) offer distinct advantages for improving the competitiveness of offshore
wind energy. However, their operation involves complex dynamics characterized by multiple sources of loading,
considerable temporal variability, and high nonlinearity. Understanding the multi-physics coupling mechanisms
and subsystem interactions governing the behavior of FOWTs is essential for enhancing operational safety,
increasing power output, and promoting commercial deployment. To address these challenges, this study de-
velops a high-fidelity, fully coupled aero-elastic-hydro-mooring framework by integrating computational fluid
dynamics (CFD) and the finite element method (FEM). The NREL 5 MW horizontal-axis wind turbine (HAWT)
mounted on a semi-submersible platform is used as an exemplar to investigate its nonlinear dynamic responses
under combined wind and wave loading. The results show that the platform’s six-degree-of-freedom motion leads
to continuous changes in the rotor inflow conditions, resulting in a 6.84 % reduction in the average power
coefficient compared with its bottom-fixed counterpart, and producing a noticeable increase in power fluctua-
tions. Nevertheless, the wake behind the FOWT exhibits higher turbulence intensity and a faster rate of dissi-
pation. The two-way fluid-structure interaction analysis indicates that the blades undergo flapwise elastic
deformation, particularly from the mid-span to the tip, which alters the angle of attack and induces continuous
vortex shedding along the trailing edges. The structural stress distribution highlights significant stress concen-
tration at the tower base, the bottom of the main column, and the connections between the braces and the
platform. Although blade stress remains relatively low overall, higher stresses are observed near the blade root
transition and at the shear web connections. In addition, the contact opening analysis between the mooring lines
and the seabed shows that the windward mooring line periodically separates from and recontacts the seabed due
to the surge motion of the platform, resulting in varying contact pressure distributions and large fluctuations in
the mooring tension.

1. Introduction

At present, offshore wind technology relies predominantly on
bottom-fixed foundations, which present two fundamental limitations

Wind energy has emerged as a focal point in the global energy
transition due to its environmental friendliness and sustainability [1].
Particularly, the exploitation of high-quality offshore wind resources has
become a crucial pathway for achieving the global net-zero carbon
emission targets [2], not least thanks to their higher energy density and
potential for large-scale utilization [3]. As of early 2025, the total
installed capacity of offshore wind power worldwide has reached 83.2
GW, with installations from the past five years accounting for 66.81 % of
the total [4].
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[5]: the restriction to shallow continental shelf regions, excluding deep-
water offshore areas with greater wind energy potential, such as the
Celtic Sea; and the requirement for on-site assembly of wind turbines,
which introduces significant complexities and, therefore, costs in the
installation and commissioning processes. Furthermore, constrained by
navigational space allocation and environmental impact considerations,
most suitable shallow-water areas for bottom-fixed turbine deployment
worldwide have approached saturation — the North Sea being the most
typical example [6]. Consequently, wind energy development must
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transition to deeper offshore regions. In this context, floating offshore
wind turbines (FOWTs) have been technically validated as a viable
alternative to bottom-fixed systems, leveraging advantages in modular
floating structure design and water depth adaptability [7].

1.1. Multi-physics field coupling challenges

The FOWT system exhibits multiple sources of loading, strongly
time-varying, and nonlinear characteristics. Under the combined exci-
tation of wind, waves, and currents, its subsystems (platform, rotor,
tower, nacelle, and mooring) interact with one another, forming a dy-
namic closed-loop coupling: the platform six-degree-of-freedom (6-DOF)
motion — tower motion — change of rotor inflow condition — aero-
dynamic load variation — platform motion feedback. This persistent
interaction maintains the system in a state of force imbalance and un-
steady motion [8,9], as shown in Fig. 1. Furthermore, the in-service
environment of FOWTs is dominated by complex turbulent flows with
spatiotemporal stochasticity [10]. Asymmetric inflow conditions (e.g.,
turbulent winds and nonlinear waves) induce highly non-uniform
aerodynamic load distributions across the rotor swept area, increasing
blade root bending moments as well as tower overturning moments,
which significantly reduce aerodynamic efficiency and contribute to
structural fatigue [11]. The trend toward large-scale, deep-sea FOWTs
[12] will likely exacerbate the issues caused by these multi-physics field
effects, which will primarily manifest as increased aeroelastic instability
(flutter) due to bending-torsion coupling and structural resonance risks
induced by low-frequency turbulence excitation [13,14]. To accelerate
the commercialization of FOWTs and reduce the levelized cost of energy
(LCOE), elucidating these coupled multi-physical interaction mecha-
nisms is imperative. This will provide foundational insights for the
optimization of FOWT design through load mitigation and stability
enhancement.

Because of the complex environmental loading conditions in deep
sea regions and high costs, conducting mid-scale experimental testing
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for FOWT systems remains challenging [15]. Although scaled tank
testing can validate design concepts and simulation accuracy, the scaling
effects prevent the simultaneous satisfaction of both Reynolds and
Froude similarity criteria. When considering the Froude-scaled condi-
tions, the aerodynamic thrust of scaled models is typically under-
estimated compared to full-scale predictions [16,17]. Therefore,
revealing cross-scale and multi-physics coupling effects in FOWTs
through high-fidelity numerical modeling is critical, as such models
serve as an important complement to experimental validation by
resolving the scaling law conflicts inherent in physical testing.

1.2. Overview of fully coupled method for FOWTs

Presently, the fully coupled modeling of FOWTs relies primarily on
mid-fidelity numerical models, with widely used tools including Open-
FAST, HAWC2, and Bladed [18]. These tools generally employ modular
partitioned modeling frameworks to achieve multi-physics coupled dy-
namic simulations of FOWTs. By incorporating simplified models based
on engineering experience, mid-fidelity numerical models exhibit sig-
nificant advantages regarding computational efficiency and parametric
sensitivity analysis capabilities [19]. In recent years, mid-fidelity fully
coupled modeling for FOWTs has been further extended with co-
simulation frameworks through interface coupling that combine the
strengths of different tools. However, despite their enhanced precision,
these models still cannot fully capture the multi-physics coupled dy-
namic behavior of FOWTSs under complex sea conditions. Table 1 sum-
marizes the current primary mid-fidelity fully coupled modeling tools
and solution methods for FOWTs.

In the design and optimization of FOWTs, the need to thoroughly
understand and characterize their complex nonlinear coupled dynamics
has driven the rapid development of high-fidelity numerical models
based on computational fluid dynamics (CFD) [26]. By numerically
solving the Navier-Stokes equations, which account for viscous effects,
the CFD approach can effectively address complex flows, extreme sea

Stochastic wave loads

Fig. 1. The complex multi-physics coupling dynamic behavior of FOWTs.
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Table 1

Primary mid-fidelity fully coupled numerical modeling technologies for FOWTs.

Energy Conversion and Management 346 (2025) 120437

Coupling tools Aerodynamics Hydrodynamics

Structural dynamics Mooring dynamics Blade modeling

FAST-AQWA [20] BEMT + DWM LWT + PFT
OrcaWave-OrcaFlex [21] BEMT LWT + PFT
AeroDyn-SIMPACK [22] BEMT LWT + PFT + ME
OrcaFlex-Hydrostar [23] VLM LWT + PFT
OpenFAST-WEC-sim [24] BEMT + DWM LWT + PFT
HYDRAN-XR [25] BEMT LWT + PFT

MBD DM BE
MBD DM RB
MBD + MA QSM BE
MBD DM RB
MBD DM BE
MBD + FEM QSM SE

BEMT: blade element momentum theory; DWM: dynamic wake model; VLM: vortex lattice method; LWT: linear wave theory; PFT: potential flow theory; ME: Morison
equation; MBD: multi-body dynamics; MA: modal analysis; FEM: finite element method; DM: dynamic model; QSM: quasi- static model; RB: rigid body; BE: beam

element; SE: shell element.

conditions, and nonlinear challenges specific to FOWTs [27]. Current
CFD studies on FOWTs primarily include uncoupled and fully coupled
analyses. The former employs predefined platform motion functions
combined with overset mesh technology to simulate single/multi-DOF
reciprocating motions of FOWTs. Notably, platform and mooring
modeling are often omitted during simulations to reduce computational
costs.

Sun et al. [28] established a full-scale CFD model of the FOWT to
investigate the effects of the tower shadow and platform surge motion
on the aerodynamic performance of a downwind FOWT. Their results
revealed that, under identical surge motion conditions, the average rotor
thrust and torque of the downwind FOWT were comparable to those of
its upwind counterpart. The tower shadow effect induced periodic
abrupt drops in rotor thrust and torque, the drop magnitude being
significantly higher for the downwind configuration. The surge motion
amplified or attenuated these drops by altering instantaneous relative
wind speeds. Guo et al. [29] imposed combined pitch-surge platform
motions and examined the influence of motion frequency and initial
phase differences on FOWT aerodynamic performance. Their findings
demonstrated that such combined motions increased operational insta-
bility. In-phase and coupling of multiple frequencies led to pronounced
fluctuations in power and thrust, with the dominant frequency deter-
mined by the lower frequency component. Subsequently, Cai et al. [30]
conducted an analysis from a distinct perspective on the aerodynamic
mechanisms of the FOWT under coupled surge-pitch motions. Their
study revealed that under in-phase coupled motions, the wind turbine
undergoes dynamic stall and the vortex ring state (VRS). The dynamic
stall resulted in continuous tip vortex shedding, exacerbating flow
complexity behind the tower and nacelle. Additionally, the VRS-induced
recirculation of tip and root vortices generated negative values of thrust
and torque. To improve the CFD computational efficiency, the actuator
line model (ALM) was developed as a volumetric force method to
replace three-dimensional blades. In this model, rotating momentum
source lines represent each blade, eliminating the need for high-
resolution grids near the blade surface. Arabgolarcheh et al. [31]
coupled ALM with the CFD to investigate the wake characteristics of the
FOWTs under forced motion. They found that the platform movement
significantly influences wake characteristics, with complex changes in
wake vortices spacing during pitch motion. Subsequently, they further
applied the CFD-ALM model to study the wake interactions of tandem
FOWTs under varying pitch and surge motions of the upstream turbine.
While discrete tip vortices generated by the upstream turbine blades did
not affect the frequency characteristics of the downstream turbine loads,
their evolution into ring-shaped wakes influenced by platform motion
significantly increased the peak fluctuations [32]. These studies high-
light that the decoupled CFD and CFD-ALM simulations can isolate
specific DOFs and reduce model complexity, but they cannot capture
real-time coupling mechanisms in realistic sea conditions, potentially
underestimating strongly nonlinear loads.

To address this problem, recent studies have progressively developed
fully coupled numerical models for FOWTs using CFD. Zhou et al. [33]
performed a high-fidelity aero-hydrodynamic analysis of a 5 MW semi-
submersible FOWT using CFD, investigating the impacts of wave types

(e.g., focused waves, irregular waves) and wave steepness on its per-
formance. Their results demonstrated that under identical wave spectra,
focused and irregular waves significantly influenced hydrodynamic re-
sponses, with wave diffraction and substantial wave run-ups captured
accurately by CFD. Subsequently, the same numerical framework was
extended to examine the influence of turbulent and shear winds on the
coupled dynamics of FOWTs. The study revealed that turbulent winds
altered near-wake airflow distribution, increasing the standard devia-
tion of power output, while thick shear wind layers induced localized
power decreases. However, the turbulence frequency being far below
the FOWT’s natural frequency, its impact on platform and mooring
dynamics remained limited [34]. Alkhabbaz et al. [35] established a
coupled aero-hydro-mooring dynamic model for a 5 MW semi-
submersible FOWT using CFD, with comprehensive validation against
FAST and OrcaFlex. The CFD results indicated that the superposition of
incoming wind and platform surge velocity markedly modified the
apparent wind velocity perpendicular to the rotor plane, resulting in the
periodic fluctuations of power output. Furthermore, surge motion
accelerated wake velocity recovery compared to bottom-fixed turbines,
offering insights for optimizing wake interference in offshore wind
farms.

These studies confirm that CFD can effectively capture the nonlinear
dynamic responses and complex vortex wake structures of the FOWTs.
However, research so far has predominantly relied on 6-DOF rigid-body
models or dynamic fluid-body interaction (DFBI) frameworks for plat-
form motion and multi-body dynamics coupling, with mooring systems
commonly simplified by a quasi-static model.

1.3. Research challenge and motivation

The mid-fidelity and high-fidelity numerical modeling methods dis-
cussed in Section 1.2 provide valuable guidance for developing fully
coupled FOWT models and elucidating multi-physics coupling mecha-
nisms. However, these approaches still exhibit limitations:

e Current aerodynamic analyses of FOWTs predominantly employ
blade element momentum theory (BEMT). While BEMT achieves
computational efficiency and maintains reasonable accuracy, its
fundamental assumption of steady uniform flow inherently conflicts
with the nonlinear dynamic characteristics of FOWTs, thereby failing
to capture transient aerodynamic effects such as turbulent inflow
[36]. Furthermore, the VRS effects induced by FOWT surge motion
violate the momentum conservation principles underlying BEMT
solutions [37].

Compared to full CFD simulation, ALM offers higher computational
efficiency and effectively resolves dynamic flow fields, which is
suitable for large-scale simulations and the calculation of multiple
operating conditions [38]. However, it lacks the accuracy for FOWT
analysis, particularly in strong nonlinear conditions, where complex
aerodynamic behavior like blade stall and flow separation are critical
[39].

Potential flow theory (PFT) simplifies hydrodynamic equations
through velocity potential function solutions based on inviscid,
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irrotational, and incompressible assumptions [40]. However, the
hydrodynamics of FOWTs involve complex coupling processes
among waves, platforms, and mooring systems, featuring significant
viscous effects, turbulent dissipation, and multiphase flow in-
teractions. The neglect of fluid viscosity and vorticity in PFT prevents
the accurate characterization of the hydrodynamic behavior of
FOWTs.

Quasi-static models (QSM), commonly used to model the mooring
system, employ static equilibrium assumptions that disregard iner-
tial and damping effects [41]. An accurate prediction of mooring
tension is critical for structural safety assessment in FOWT systems.
QSM may underestimate cumulative damage in mooring systems
during long-term operation, potentially leading to conservative de-
signs and safety risks.

Most fully coupled FOWT simulations simplify blades as rigid bodies
or beam elements. Such simplifications neglect flexible blade de-
formations or fail to address the anisotropic characteristics of com-
posite laminated structures and geometric nonlinear responses,
thereby limiting aeroelastic coupling analysis accuracy [42].
Particularly for modern large-scale FOWTs, the coupled flapwise-
edgewise-torsional deformation problem becomes increasingly
prominent, making precise prediction of blade aeroelastic effects
crucial.

In conclusion, to systematically reveal the multi-physics coupled
dynamic mechanisms of FOWTs to advance their technological
commercialization, the development of a more precise and advanced
numerical model is necessary.

1.4. Present work

This study develops a high-fidelity, fully coupled numerical model
capable of comprehensively analyzing the aero-elastic-hydro-mooring
dynamic behavior of the FOWT. A detailed description of the fluid-
—structure interaction (FSI) framework adopted is provided, including
geometric modeling, material distribution, blade laminate scheme
design, and parameter settings. Specifically, the CFD method is
employed to account for fluid viscosity, air-water two-phase flow evo-
lution, and the interactions with wake structures, while the finite
element method (FEM) is used to analyze the nonlinear structural
response and mooring dynamics of the FOWT. The main contributions
are:

(1) The nonlinear response mechanisms of aerodynamic power and
thrust in FOWTs are revealed, along with an in-depth analysis of the
flapwise-edgewise-torsional coupling behavior of individual blades. The
flow field visualizations further illustrate large-scale flow separation and
vortex shedding within the rotor swept area of both FOWTs and bottom-
fixed wind turbines, with comparative analysis of their wake evolution
and velocity deficits.

(2) The dynamic response of the FOWT platform under the combined
effects of wind-wave loads and mooring restoring forces and moments is
clarified. The interaction between mooring tension response and the
platform’s 6-DOF motions is analyzed. Furthermore, a dynamic model is
employed to account for frictional contact between the mooring and the
seabed, and the mooring opening distance as well as the contact stress
are investigated.

(3) The stress distribution characteristics of the FOWT tower, plat-
form, blades, and internal shear webs are examined, with additional
analysis focused on blade flapwise deformation. The underlying physical
mechanisms of the blade aeroelastic response are elucidated through
surface velocity fields, vorticity distributions, and streamline patterns.

The fully coupled numerical model developed in this study offers a
valuable approach for accurately resolving the dynamic behavior of
FOWTs under complex multi-physics coupling conditions and provides
meaningful insights for future performance optimization and design
improvements.

Energy Conversion and Management 346 (2025) 120437

2. Model establishment
2.1. Full-scale model

This study investigates the DeepCwind semi-submersible platform
from the OC4 Phase II project, equipped with an NREL 5 MW horizontal
axis wind turbine (HAWT). The full-scale model of the 5 MW semi-
submersible FOWT is illustrated in Fig. 2. During hub modeling, a
blade root cone angle of 2.5 deg is preconfigured, with a predefined
nacelle tilt angle of 5 deg at the nacelle interface. The HAWT blades are
modeled with updated airfoil profiles [43]. The semi-submersible plat-
form is characterized by an equilateral triangular configuration with 50
m side lengths, where three vertical columns are positioned at the
triangular vertices and one central column is at the centroid. The height
of the platform above the still water level (SWL) is 20 m, with its center
of mass (COM) positioned 13.46 m below the SWL. In this study, to
achieve smoother transitions at structural joints, minor angular adjust-
ments to the diagonal braces are implemented, while all other geometric
dimensions remain consistent with the design report. The detailed
modeling specifications refer to the design report [44]. The operational
parameters of the 5 MW FOWT are presented in Table 2.

2.2. Material distribution

2.2.1. 5 MW FOWT

The large-scale and deep-sea development of FOWTSs necessitates
blades with superior mechanical properties to withstand increasingly
complex extreme loads, requiring rational structural design to balance
weight and load-bearing capacity. This has driven the widespread
application of composite materials in the layup design of large-scale
wind turbine blades. The use of composite materials enhances blade
performance, effectively reduces blade mass, and improves overall wind
turbine efficiency and reliability. The 5 MW blade layup scheme adopted
in this study references publicly available data from Sandia National
Laboratories [45]. During the layup processes, the blade surface is
typically divided into six chordwise regions based on the relative posi-
tions of shear webs within the blade, as shown in Fig. 3. The layup
materials include gelcoat, biaxial/triaxial skins, foam, carbon fiber, and
glass fiber reinforced polymer (GFRP). The layup sequence follows: (a)
the entire 5 MW blade area uses triaxial skin as the substrate; (b) the
main spar, positioned at the pitch center as the primary load-bearing
structure, employs high-strength, low-density carbon fiber; (c) the
leading edge region employs foam material as the core layer; (d) the
trailing edge core layer incorporates foam supplemented with GFRP to
enhance structural strength; (e) the web utilizes a sandwich core
structure, with foam serving as the core layer and biaxial skin layers
applied on both surfaces; (f) the blade root, being the critical load-
bearing section, receives extra triaxial skin layers for strength
enhancement; (g) a gelcoat layer coats the blade surface to prevent
environmental degradation and reduce surface roughness. The com-
posite layup sequence and number of laminate plies along the blade
spanwise direction are shown in Table 3 and Fig. 4.

For the hub, nacelle, and tower, a steel structure with a density of
8,500 kg/m® is adopted. Since there are no design specifications for the
hub and nacelle, their final masses are kept essentially consistent with
Ref. [43] by adjusting the wall thickness. Unlike the fixed-foundation
towers, the floating tower has a total height of 77.6 m, and its mass
density decreases gradually with increasing height. This study divides
the tower into 10 sections and maintains the mass consistency of each
section with the Ref. [44] by modifying the wall thickness. The COM of
the finalized tower CAE model is located 45.37 m above the SWL - a
4.54 % deviation from the design report value (43.4 m). The total mass
of the 5 MW HAWT CAE model is 600,213 kg — a 0.086 % deviation with
respect to the theoretical result (599,698 kg). This discrepancy arises
because of the complete modeling of the blade tip section in this work, i.
e., the additional mass results from considering the composite material
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Fig. 2. Real-scale modeling of the 5 MW semi-submersible FOWT.

Table 2

Operational parameters of the 5 MW FOWT.
Parameters Values
Rated wind speed 11.4ms!
Rated rotational speed 12.1 rpm
Hub overhang 5m
Tilt angle and cone angle 5 deg, 2.5 deg
Height of hub 90 m
Height of tower 87.6 m
Hub and rotor diameters 3m, 126 m

layup at the tip.

The OC4 semi-submersible platform employs steel structures with a
density of 7,850 kg/m® and a Young’s modulus of 2.1 x 10'! Pa. The
wall thicknesses of the pontoons, main columns, and braces are 0.06 m,
0.03 m, and 0.0175 m, respectively, as shown in Fig. 5. To maintain
platform stability, ballast water is filled in both the base and upper
pontoons. Due to minor angular adjustments to the diagonal braces, the
total platform mass (excluding ballast water) increases, necessitating
corresponding adjustments to the ballast water heights in the upper and
base pontoons in this study. Additionally, the ballast water is modeled as
solid elements with a density of 1,025 kg/m® and subjected to tied
constraints with the inner surfaces of the pontoons. The specific pa-
rameters of the platform CAE model are summarized in Table 4.

2.2.2. Mooring

The mooring system ensures safe and stable operation of the FOWT
by providing restoring moments. In the semi-submersible FOWT
configuration, mooring fairleads are mounted on three base pontoons,
spaced 120 deg apart, and the contact interaction between the mooring
line and the seabed is considered. The equivalent material properties of
the mooring are summarized in Table 5.

2.3. Parameters definition

The tip-speed ratio Ap, a core parameter in the aerodynamic design
of wind turbines, is defined as the ratio of the linear velocity at the blade
tip to the incoming wind speed [46]:

Aip = —— (€8]

where wy), is the rotor angular velocity, R; is the rotor radius, and Vi is
the undisturbed incoming wind velocity.

The thrust (Ty) and power (Pp) characterize the structural load-
bearing characteristics and energy conversion efficiency of FOWT. The
thrust represents the axial resultant force generated by wind loads acting
on the turbine blades, while power denotes the mechanical energy
extracted from the wind. Their definitions are given as [47,48]:
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Table 3
Layup sequence of composite materials along the blade spanwise. Py = @My 3
Chordwtis: ll‘egm“ Region 2 Region 3 i‘egi‘m gegi"“ where L, is the blade lift force, Dy, is the blade drag force, « is the angle of
Segmentation attack, and M, is the blade torque.
Leading edge f 32, 2321 221 2,21 2,21 To quantitatively characterize the aerodynamic performance of
Leading edge panel 2, 3, 2, 2.6.3.2, 2621 262 _ FOWT, the non-d}mensmnahzedlthrust coefficient (C1) and power co-
1 1 1 efficient (Cp) are introduced, defined as [49,50]:
Main beam 2,3,2, 2,4,3,2, 2,421 2,42, 2,4,2, T
1 1 1 1 Cp=—"7° 4
Trailing edge panel 2,3,2, 2,7,3,2, 2,7,2,1 2,7,2, — lofAsz2
1 1 1
Trailing c;ldge: 2,3,2, 2,7,5,3, 2,7,5,2, 2,7,2, - Cp = 2Py _ 2My-@vip (5)
st.rc.:ngt ening 1 2,1 1 1 pfAsV? pfAsV?
Trailing edge 2,3,2, 2,7,5,3, 2,2,1 2,2,1 2,21
1 2,1 . . . . -
Web _ 9.8 9 989 989 _ where pr is the incoming flow density and A is the swept area of the
rotor.

Region 1: 0-1.366 m, Region 2: 1.366-10.25 m, Region 3: 10.25-43.05 m, Re-
gion 4: 43.05-61.5 m, Region 5: improved blade tip design;
1: gelcoat, 2: triaxial skin, 3: blade root triaxial skin, 4: carbon fiber, 5: fiber

reinforced plastics, 6: leading edge foam, 7: trailing edge foam, 8: web foam, 9:
biaxial skin. 3.1. FSI strategy

3. Numerical method

This study employs a coupled CFD (implemented in STAR-CCM + )
and FEM (implemented in ABAQUS) co-simulation approach to establish
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Brace s Main column Table 5
EEEEEE Bosc pontoon EEEEEEE Upper pontoon Specific properties of the mooring.
Parameters values
0.06 m
Relaxation length 835.5m
Diameter 0.0766 m
0.03m Equivalent mass density 113.35 kgm™!
SWL : Young’s modulus 1.366 x 10 Pa

Poisson’s ratio 0.3
Tangential friction coefficient 0.74
Added mass coefficient 1
Transverse inertia coefficient 1

0.0175 m Transverse drag coefficient 1.1

a two-way FSI model for FOWTs, with the numerical modeling strategy
shown in Fig. 6.

4.92m

e Within the CFD framework, the Reynolds-averaged Navier-Stokes

(RANS) equations are solved using a second-order implicit time
Fig. 5. The material and ballast distribution of the platform. discretization scheme to capture unsteady flow dynamics. A segre-
gated flow solver employing a pressure-velocity coupling algorithm
is used to ensure mass conservation throughout the solution process.
The SST k-w turbulence model is used to resolve near-wall boundary

Table 4 layer behavior and dynamic stall on turbine blades, while the volume
Specific parameters of the OC4 semi-submersible platform CAE model. of fluid (VOF) method captures air-water interfaces to simulate
Parameters CAE model Results in Deviations wind-wave coupling effect. The overset mesh and morphing mesh
Ref. [40] techniques are adopted to achieve the nonlinear dynamic responses
Gross mass 1.3473 x 10 kg 1.3473 x 10" kg~ — of the FOWT.
Height of COM 6.54 m 6.54 m - o In the FEM framework, the multi-body dynamics method is used to
Ballast height in upper 7.784m 7:83m —0.59% describe the coupled motions of the subcomponents, with the im-
B:l’l(; I;tol'(l):ight in base 4.92m 5.0478 m 253 % plicit dynamics method employed to solve both global dynamic re-
pontoon sponses and local mechanical behaviors. The AQUA module in
Inertia moment about COM  6.50 x 10° 6.827 x 10° —4.79 % ABAQUS, integrated with Morison’s equation, is used to account for
(xo) kg-m? kgm? hydrodynamic loads on the mooring system, including buoyancy,
Inertia moment about COM  6.50 x 10° 6.827 x 10° —-4.79 % drag, and inertial forces [51]
{1y kg-m? kg-m? & and | ’ . . .
Inertia moment about COM  1.16 x 10'° 1.226 x 10° _5.38% e The coupling between the CFD and FEM solvers is achieved using the

[¢98) kg-m? kg-m? SIMULIA Co-Simulation Engine to enable real-time data exchange
during transient simulations [52]. In this framework, the CFD solver
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Fig. 6. The two-way FSI framework of the FOWT.
provides the pressure and wall shear stress acting on the structural
Hn = (1 - aW)ﬂa +awﬂw (8)

surfaces, which are transferred to the FEM solver by the co-
simulation interface. Simultaneously, the FEM solver conducts
nonlinear dynamic analysis and feeds the resulting structural dis-
placements back to the CFD solver to update the fluid mesh
accordingly. The explicit coupling scheme manages data exchange
frequency at each timestep to address large-scale transient and
strongly nonlinear coupling scenarios of the FOWT. During each data
transfer, spatial interpolation and consistent mapping are performed
to maintain the accuracy and integrity of the exchanged information.

The proposed two-way FSI strategy enables comprehensive analysis
of nonlinear coupled aero-elastic-hydro-mooring dynamic behaviors in
FOWTs, providing critical insights for system optimization and extreme
load assessment.

3.2. VOF waves model

The VOF wave model predicts the distribution and motion of
immiscible phase interfaces by defining a volume fraction (a proportion
of a specific phase within each grid cell) and performing convective
transport of the volume fraction using the velocity field [53]. This model
can accurately resolve the position and morphology of phase interfaces
under sufficient grid resolution. In this study, the multiphase flow in-
volves air and water, where the phase distribution and interface location
are described by the water volume fraction field ay:

Ay = 7 (6)
where V,, is the volume of water within the grid cell, and V is the total
volume of the grid cell. When a,, = 0, the cell contains air exclusively;
when a,, = 1, the cell is fully occupied by water; when 0 < a,, < 1, the
cell contains an air-water interface.

The grid cells containing interfaces are treated as mixtures, with
homogenized density py and dynamic viscosity yu, defined as:

pn= 1 —ay)p, +owp, @)

where subscripts a and w denote air and water, respectively.
The VOF transport equation is formulated as:

7} ay, dp, 1
- ade-i-%aWV -dS:/( W———“’)dV— —V-(awp,, Va)dV
at/v A " v R Py dt vPw (@puVa)
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where Vy, is the mixture velocity vector, S represents the surface area
vector, Q is a user-defined source term for water phase, and V4 denotes
the diffusion velocity.

3.3. Mooring model

The AQUA module in ABAQUS is a hydrodynamic analysis tool
specifically designed for marine engineering structures. Its core func-
tionality is based on the Morison equation, which introduces hydrody-
namic loads to simulate the interaction between slender structures and
the marine environment. In this study, the mooring system is modeled
using hybrid beam elements, with distributed loads along the axial di-
rection and inertial loads at cross-sectional variations applied by the
AQUA module [54]. The distributed loads are decomposed into a
transverse component perpendicular to the beam axis and a tangential
component along the axial direction. The transverse and tangential drag
forces per unit length of the hybrid beam element can be defined as:

Fie = 0.5p4Cy:Dp AV (AVi-AV)*® 10)

Fia = 0.5p,CaDpTAV iy |[AV ™! an
where pq is the fluid density, Ci and Ci, represent the transverse and
tangential drag coefficients, Dy, denotes the characteristic length, AV,
and AVy, are the relative transverse and tangential fluid velocities, and
m is the tangential drag exponent.

The inertial force per unit length on the beam element is defined as:

Fy = 0.25p,D}7[Cii(@y — ay-ii) + Ceam (as — ap-ii) | 12)
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where Cy and Ciy are the transverse inertial and added mass co-
efficients, ay, and af represent the fluid accelerations with and without
wave effects respectively, and i is the axial unit vector at a point on the
beam element.

3.4. Boundary condition and mesh division

The FSI simulation boundary conditions for the FOWT are shown in
Fig. 7. Fig. 7(a) presents the CFD-side boundary conditions, where the
computational domain dimensions are non-dimensionalized using the
rotor diameter (D, = 126 m). A two-phase air-water flow is generated at
the upstream velocity inlet through the VOF wave model, with air
density set to 1.225 kg/m® and wind speed to 11.4 m/s, while water
density is defined as 1025 kg/m®. The fifth-order Stokes wave propa-
gates from the air-water interface at the velocity inlet toward the
pressure outlet. During propagation, the damping wave absorption
model is applied to suppress vertical oscillations at the pressure outlet,
thereby preventing far-field wave reflections from interfering with the
FOWT dynamic response [55]. Additionally, overset domains (the
rotating and moving domains) are employed to simulate wind turbine
rotation and platform 6-DOF motions. To minimize mesh redundancy
and enhance computational accuracy, the overset domains are designed
to match the geometry of the FOWT. Three overset interfaces are ulti-
mately established: between the rotating domain and computational
domain (overset interface 1), the moving domain and computational

Symmetry Plane

Velocity inlet
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domain (overset interface 2), and the rotating domain and moving
domain (overset interface 3).

Fig. 7(b) depicts the FEM-side boundary conditions, focusing on the
FOWT, mooring system, and seabed. In the FEM model, the mooring
lines (MLs) are modeled as beam elements subjected to hydrodynamic
loads from the AQUA module, with frictional contact effects between the
mooring and seabed explicitly considered. Furthermore, the MLs are
connected to fairleads and anchor points through joint connections to
enable 3-DOF rotational motions. The wind turbine rotor achieves
single-DOF rotation about the shaft axis through a hinge connection
between the coupling points inside the hub and the nacelle. The rota-
tional speed gradually increases from O to the rated speed (12.1 rpm)
during simulation. In addition, the global gravity load is applied
throughout the FEM model.

Fig. 8 presents the meshing results of the FOWT numerical model. In
Fig. 8(a) (CFD model), the trimmed mesh technique is employed to
handle complex surfaces for high-quality grid generation. The mesh size
of the background domain is set to 10 m, whereas a finer mesh size of
1.25 m is applied in both the rotor rotation and the platform motion
domains. A gradual mesh refinement strategy is adopted to ensure a
smooth transition between regions of the computational domain. To
accurately capture the flow characteristics near the blade’s boundary
layer, 16 prism layers are constructed on blade surfaces with a total
thickness of 0.2 m and a first-layer grid height of 5 x 10 m. The
maximum y + value near the blade tip reaches approximately 106,
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Fig. 7. The boundary conditions of CFD model and FEM model.
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Fig. 8. Mesh distributions of CFD model and FEM model.

which is acceptable under the All y + Wall Treatment employed in
STAR-CCM + . This approach enables automatic switching between low
and high y + formulations based on local mesh resolution, balancing
near-wall modeling accuracy and computational efficiency for full-scale
modelling. Furthermore, additional mesh refinement is performed in

10

regions near the tip vortices, root vortices, and hub connections to
precisely resolve the evolution of the wake. The anisotropic mesh
refinement at the air-water interface is essential for accurate wave
generation. Within the wave propagation region, 20 layers of mesh are
distributed along the Z-direction, while the mesh size in the X and Y
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directions is uniform and ensured a resolution of at least 80 grids per
wavelength. The rotational motion of the rotor and the 6-DOF motion of
the platform are implemented by overset mesh technology combined
with deforming mesh technology. The final CFD model generates a total
of 19,806,395 grid nodes, with 6,313,174 in the rotor overset domain,
1,777,623 in the platform overset domain, and 11,715,598 in the
background domain. Fig. 8(b) shows the meshing results of the FEM
model, in which high-quality quadrilateral structured elements (S4R)
are predominantly generated through surface partitioning and refine-
ment of the FOWT geometry. In region with complex geometric such as
blade tips, hubs, and cross-brace connections, unstructured meshing is
applied using either linear hexahedral elements (C3D8R) or triangular
shell elements (S3) depending on the local topology. The mooring sys-
tem is modeled using hybrid beam elements (B31H). Table 6 summa-
rizes the element types and the number of elements for each
subcomponent of the FEM model.

During the two-way FSI calculation, both STAR-CCM + and ABAQUS
were synchronized with a uniform time step of 0.01377 s, corresponding
to one-degree angular rotation of the rotor per step. The simulation was
conducted on the Barkla High Performance Computing (HPC) facility at
the University of Liverpool, using two compute nodes with a total of 332
CPU cores (168 cores per node). A total of 522,875 coupled iterations
were performed, and the computation was completed in approximately
348 h.

4. Numerical model validation
4.1. Aero-structural dynamics validation

4.1.1. Mesh independence

In CFD simulations, accurately solving the aerodynamic performance
of the rotor and the vortex wake distribution is critical. For this purpose,
the parametric regulation of the entire computational domain mesh is
carried out using relative dimensions, and the mesh independence
analysis is performed through the power coefficient (Cp) (Fig. 9). It is
apparent that, as the number of grid nodes increases, the value of the Cp
of the 5 MW wind turbine exhibits a slowing growth trend. When the
number of grid nodes increases to 8.12 x 10°, the absolute deviation
between the Cp result obtained and the reference value corresponding to
10.29 x 108 nodes is 2.61 %, which meets the accuracy requirements. To
conserve computational resources, the computational grid with 8.12 x
10° nodes is adopted in the following to solve the aerodynamic perfor-
mance of the 5 MW wind turbine.

To ensure that the FEM model accurately resolves the structural
dynamic response, a linear buckling analysis is performed by applying
fixed loads to the pressure and suction surfaces of an individual 5 MW
blade to validate the buckling deformation under varying mesh sizes
(Fig. 10). Taking the buckling factor at a mesh size of 0.06 m as the
reference, the deviation of the first-order buckling mode gradually de-
creases as the mesh size is refined. When the deviation in the buckling
factor caused by mesh size changes remains below 5 %, the model is
considered sufficiently accurate [45]. By considering both computa-
tional efficiency and accuracy, the mesh size of 0.12 m is ultimately
selected, resulting in a 4.96 % deviation in blade buckling mode with a
total of 44,994 elements.

Table 6
Element type distribution for each subcomponent of the FEM model.
Rotor Tower and Platform Mooring  Seabed
nacelle
Element type C3D8R + S4R S4R + S3 B31H C3D8R
S4R
Element 4,968, 6,168 12,974, 2,508 1,176
number 132,321 5,334
Proportion 0.030, 0.80 0.037 0.078, 0.015 0.007
0.032
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4.1.2. Aerodynamic performance

The power output of the 5 MW wind turbine is calculated over the
full operating wind speed range (3 ~ 25 m/s). The results are compared
with data from NREL [43] and Cheng et al. [55] to evaluate the reli-
ability of the CFD model, as shown in Fig. 11. In the below-rated region
(wind speed up to the 11.4 m/s), the present CFD results show good
agreement with the reference data. At wind speed above the rated value,
blade pitch control is required to ensure the safe and stable operation of
the wind turbine. The CFD predicted power output is slightly higher
than those from NREL benchmark. However, the deviation remains
within an acceptable range. These results confirm that the CFD model
used in this study provides a reliable and accurate basis for aerodynamic
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Fig. 11. Comparison of average power output over the full wind speed range.
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Fig. 12. Boundary conditions for the 5 MW wind turbine under surge motion.

performance prediction.

To further validate the numerical accuracy under dynamic inflow
conditions, a prescribed sinusoidal platform motion is applied in an
uncoupled simulation. The boundary conditions are illustrated in
Fig. 12. The inflow wind speed was set to the rated value, and a surge
motion with an amplitude of 8 m and an angular frequency of 0.246 rad/
s is imposed using the overset mesh technique. In addition, simulations
are performed with and without tower interference to assess its impact
on the power coefficient of the rotor.

The power coefficient (Cp) of the 5 MW wind turbine under pre-

conditions for the blade, effectively preventing resonance within spe-
cific frequency bands. The modal analysis is performed on the 5 MW
blade with fully fixed constraints at the root to obtain its natural fre-
quencies and mode shapes, which are then compared with the results
obtained by Deng et al. [57], as summarized in Table 7. Due to differ-
ences in the reference surfaces for layup and blade tip modeling, minor

Table 7
Comparison of the first 6 natural frequencies.

scribed surge motion is compared with the results obtained by Tran et al. Order  Frequency (Hz) Deviation ~ Type Mode shape
[56] to validate the reliability of aerodynamic performance prediction Deng et al. Present
under uncoupled conditions, as shown in Fig. 13. The results indicate 1571 result
that the surge motion induces periodic fluctuations in the Cp response. 1 0.86 0.83 —-3.49%  1st flapwise /
When the tower is not considered, the Cp curve exhibits a smooth fluc-
tuation trend. However, when the tower is included, pronounced drops 2 1.10 1.13 1273%  1st /
in Cp occur each time a blade passes in front of the tower due to the edgewise =
tower shadow effect. Additionally, the values obtained by the traditional
BEM and GDW methods are generally lower than those from the CFD 8 272 260 —441%  2nd /
approach. From a numerical perspective, the unsteady CFD method lapwise
comprehensively accounts for viscous flow separation and vortex wake 4 3.94 4.03 +2.28%  2nd /
interactions around the rotor, tower, and nacelle, thereby achieving edgewise 7
higher accuracy. 5 5.51 5.33 -327%  3rd >/
flapwise
4.1.3. Modal analysis
The modal analysis reveals key parameters such as natural fre- 6 6.36 6.24 —1.89%  Ist torsion /
quencies, mode shapes, and damping ratios under free vibration
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Fig. 13. Aerodynamic performance verification of the 5 MW wind turbine under surge motion.
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deviations (<5%) exist between the first six natural frequencies of the
present FEM model and the reference data. These discrepancies remain
within acceptable ranges, demonstrating the high reliability of the FEM
model adopted.

4.2. Two-way FSI framework validation

Free decay tests of the FOWT are conducted using a two-way FSI
framework, as depicted in Fig. 14. On the fluid side, the VOF wave
model is employed to simulate still water, with zero wind velocity
applied above the free surface. On the structural side, the full FOWT
assembly is modeled, including the rotor, nacelle, tower, and platform.
The corresponding mass properties are summarized in Table 3 of Section
2.2.1. The mooring system is modeled using hybrid beam elements, and
frictional contact interaction between the mooring lines and the seabed
is taken into account. Consequently, the free decay motion of the FOWT
is realized by imposing predefined initial conditions on the structure
side, specifically a surge displacement of 22 m and a pitch angle of 8 deg.

The free decay tests of the FOWT are performed under both frictional
and frictionless contact conditions using the FSI framework. The results
are compared with those obtained by Tran et al. [56] using the FAST and
DFBI methods, as shown in Fig. 15. The pitch and surge decay responses
from different numerical approaches exhibit good agreement in overall
trend, with some discrepancies in amplitude and decay period. For the
surge decay response, the FSI results closely match those from FAST
when frictional contact is not considered. When frictional contact is
included, the added damping leads to a noticeable reduction in the surge
amplitude. Furthermore, the presence of frictional contact delays
mooring restoring force and changes the effective stiffness, resulting in a
longer surge decay period. In contrast, the DFBI method, which uses a
quasi-static catenary model, fails to account for seabed friction, trans-
verse inertial moments, and buoyancy of the mooring lines, leading to
deviations from realistic behavior. Overall, the decay curves predicted
by the different numerical methods are in good agreement, indicating
that the two-way FSI approach and hydrodynamic validation adopted in
this study are both reliable and reasonable.

5. Fully coupled results of FOWT
5.1. Aerodynamic performance

5.1.1. Response comparison

Under rated wind speed and regular wave conditions, a fully coupled
FSI analysis is conducted for the FOWT. The power output and thrust
results are compared with those of a 5 MW bottom-fixed wind turbine
(BFWT), as shown in Fig. 16 (different background colors in the figure
indicate various wave periods). It should be noted that the BFWT
simulation is performed using CFD method without considering wind
shear, and the air density is kept consistent with that used for the FOWT.

As shown in Fig. 16, both FOWT and BFWT exhibit three distinct
drops in their Cp and Cr within a single rotor revolution, attributed to
the effects of blade rotation and tower wake interference. The Cp and Cr
responses of the FOWT display periodic fluctuations that correlate with
the wave period, whereas those of the BFWT tend toward a steady state.

22m |/ g 8 deg X 7 |
— ~~ Air | A
&El A ‘ +

Surge

_— Still water
Pitch |
|
|

Seabed

Fig. 14. Free decay tests of the FOWT within the two-way FSI framework.
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This behavior arises from the periodic surge motion induced by wind-
wave coupling in the FOWT, which alters the dynamic inflow condi-
tions of the blades. The aerodynamic performance of FOWT exhibits an
initial increasing and subsequent decreasing trend during the recipro-
cating motion of the platform from the upwind to the downwind
orientation.

Moreover, the pitch motion coupled with surge motion generates
periodic fluctuations in the blade angle of attack. This results in a highly
non-uniform distribution of aerodynamic loads, ultimately exacerbating
the amplitude of aerodynamic performance fluctuations. The enlarged
detail reveals small-amplitude and high-frequency fluctuations in the Cp
and Cr responses of the FOWT. These are attributed to the inclusion of
structural dynamics in the present study, where geometric nonlinearities
induced by low-order vibrations of the blades and tower further modify
the local angle of attack, potentially leading to flow separation at the
leading edge and even dynamic stall.

Unlike the BFWT, the dynamic interactions exist among the indi-
vidual components of the FOWT. The closed-loop system comprising the
platform, tower, rotor, and moorings introduces feedback mechanisms
that amplify aerodynamic performance fluctuations. Table 8 compares
average values, amplitudes, and standard deviations of Cp and Cr be-
tween the FOWT and BFWT. Over five wave periods, the average Cp and
Cr of the FOWT are 0.436 and 0.716, respectively, showing decreases of
6.84 % and 3.50 % compared to the BFWT. The amplitude response
results indicate that the aerodynamic performance of the FOWT is highly
unstable, with standard deviations of Cp (0.022) and Cr (0.016)
increasing by 340 % and 300 %, respectively, compared to the BFWT.
This highlights the complexity of FOWT system dynamics and the
associated design challenges, underscoring the necessity of establishing
a reliable fully coupled aero-elastic-hydro-mooring numerical frame-
work for FOWT analysis.

Fig. 17 presents the single-blade flapwise, edgewise, and torsional
moment responses for the FOWT and BFWT (with different background
colors distinguishing the blade rotation periods). The flapwise moment
is the largest, followed by the edgewise and torsional moments — the
reason being that aerodynamic lift acts perpendicularly to the blade
chord line and aligns with the flapwise direction, which has a substan-
tially larger moment arm (spanwise) compared to the edgewise
(chordwise) direction, resulting in a flapwise moment significantly
larger than the edgewise moment. The torsional moment is determined
by pressure distributions on the blade’s suction and pressure surfaces,
with a moment arm comparable to the chordwise dimension in the
edgewise direction. Due to the higher torsional stiffness, the torsional
moment remains the smallest in magnitude.

By calculating the average blade moments over six rotation cycles, it
is found that the average flapwise and torsional moments of the FOWT
are 11.16 MN-m and 0.0933 MN-m, respectively, increasing by 12.16 %
and 238.0 % compared to the BFWT. The primary reason for these re-
sults is that the FOWT considers the 6-DOF motions of platform and
structural flexibility, continuously altering blade inflow conditions and
local angles of attack. Such alterations induce large-scale flow separa-
tion, causing highly nonlinear load distributions across the blade suction
and pressure surfaces, thus resulting in a more pronounced increase in
torsional moment compared to the flapwise moment. The average
edgewise moment of the FOWT is 1.19 MN-m, which represents an
11.19 % reduction compared to the BFWT. This discrepancy arises
because the BFWT model employs rigid blades in the CFD simulations,
resulting in negligible material and aerodynamic damping. In contrast,
the elastic deformation of the FOWT blades and platform motion pro-
vide the conditions for generating damping mechanisms, allowing part
of the edgewise load to be dissipated rather than fully transmitted to the
hub. As is evident from the enlarged details, small-amplitude, high-
frequency fluctuations are also present in the flapwise and edgewise
moments of the FOWT blades; however, this characteristic is not
prominent in the torsional moment response.
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Fig. 16. Comparison of aerodynamic performance between FOWT and BFWT.

Table 8
Comparison of aerodynamic performance results of FOWT and BFWT.

Object Average value Amplitude Standard deviation
Cp Cr Cp Cr Cp Cr

BFWT 0.468 0.742 0.021 0.019 0.005 0.004

FOWT 0.436 0.716 0.104 0.078 0.022 0.016

5.1.2. Flow field distribution

Fig. 18 presents the flow field visualization results for the FOWT and
BFWT at the Y = 0 m cross-section. As indicated in Fig. 18(a), the 6-DOF
motions of the FOWT periodically alter the spatial orientation of the
rotor plane, thereby affecting the stable formation of blade tip vortices.
Before these tip vortices fully develop downstream, the inclination or
translation of the rotor plane due to platform motions forces a shift in the
vortex core positions, resulting in more densely packed vortex structures
within the near-wake region. In contrast, the fixed tower of the BFWT
allows the tip vortices to develop naturally in a stable flow environment,
leading to increased spacing between vortex cores and their propagation
downstream or even farther afield.

The enlarged details reveal that vortex shedding within the rotor-
swept area occurs along most of the blade span. Under aeroelastic
coupling, the non-uniform deformation and vibration along the span-
wise of the FOWT blades cause periodic and large amplitude fluctuations
in the local angle of attack. These high-frequency dynamic variations in
the angle of attack are further amplified by the superimposed 6-DOF
motions of the platform, resulting in multiple localized flow separa-
tions along the blade span and forming continuous vortex shedding
bands.
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The vorticity fields shown in Fig. 18(b) indicate that the FOWT ex-
hibits more rapid vortex wake dissipation compared with the BFWT.
Under wind-wave coupling, the platform 6-DOF motions and flexible
blade deformations continuously alter inflow conditions across the
rotor-swept area. Consequently, the vortex wake no longer develops in a
stable, orderly manner; instead, it exhibits enhanced shear-layer dis-
turbances and vortex interactions, significantly increasing turbulence
intensity and wake dissipation rates. Simultaneously, platform motions
and wave-induced free-surface fluctuations modify the vertical velocity
gradients of the near field, accelerating vortex structures toward earlier
turbulent mixing stages.

The velocity deficit in the wake region (0.5 ~ 5D;) of the FOWT and
BFWT is further analyzed through the velocity contour at Z = 90 m, as
illustrated in Fig. 19. The 6-DOF motions of the FOWT directly alter the
inflow conditions to the rotor plane and the initial momentum distri-
bution in the wake. This leads to an asymmetric velocity gradient dis-
tribution in the wake shear layer accompanied by vigorous vortex
shedding, thereby intensifying turbulent mixing between the wake and
the surrounding high-speed free stream. Consequently, the velocity
distribution at the outer boundary of the FOWT shear layer is higher
than that of the BFWT. Moreover, it is evident that the wave-induced
fluctuations of the free surface modify the vertical velocity gradient at
the lower boundary of the wake, effectively enhancing turbulent mixing
and disrupting the stable wake development downstream (2 ~ 5D,). In
comparison, the BFWT maintains a more coherent low-speed core and
stable shear-layer structure in the wake due to its structural and inflow
stability, lacking sufficient perturbations to facilitate turbulence tran-
sition. Therefore, the wake dissipation rate for the BFWT is slower, and
the wake recovery distance is longer than that of the FOWT.
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Fig. 17. Aerodynamic performance comparison of single blade.

The velocity distributions at various distances from the rotor hub
center (0.5 ~ 5D;) are obtained by placing velocity probes at hub height,
as shown in Fig. 20. It is demonstrated that significant velocity deficits
exist in the core region of the wake, with magnitudes gradually
decreasing as the radial distance increases. Approaching the outer
boundary of the shear layer, the velocity profiles begin to rise, eventu-
ally reaching the free-stream velocity due to turbulent mixing. In the
near-wake region (X/D; = 0.5), the velocity distribution in the FOWT
wake is essentially symmetric, whereas the BFWT wake exhibits a
distinct offset of its center. As the wake propagates downstream (1 < X/
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D, < 5), the FOWT wake velocity distribution gradually becomes more
irregular, with the wake center shifting toward the —Y-axis direction
and experiencing greater velocity deficits compared to the + Y-axis. In
contrast, the BFWT wake evolves more gradually, maintaining a
coherent low-speed structure for an extended distance downstream.
Moreover, due to the synergistic effect of waves and platform motions
enhancing momentum exchange within the wake region, the wake ve-
locities for the FOWT are consistently higher than those for the BFWT
within the range 0.5 < X/D;, < 5.

5.2. Hydrodynamic performance

5.2.1. Dynamic responses of platform

Under wind-wave coupling, the FOWT exhibits nonlinear 6-DOF
dynamic responses. The mooring system maintains dynamic equilib-
rium in both translational and rotational motions by providing restoring
forces and moments, ensuring the safe and stable operation. In the fully
coupled model, moorings are modeled using hybrid beam elements,
with seabed contact and friction effects taken into account. Aero-
dynamic loads also play a non-negligible role, primarily acting on the
rotor and tower through thrust and moments, and are ultimately
transmitted to the platform. The 6-DOF response from the fully coupled
simulations under rated wind speed (11.4 m/s) and regular wave (height
7.58 m, period 12.1 s) are shown in Fig. 21, where dark lines parallel
indicating average response levels.

Since the waves are initially upstream and wind speed ramps from
zero, the pitch response (Fig. 21(a)) grows gradually before reaching a
stable fluctuation state. The fluctuation period is dominated by the first-
order high-frequency wave excitation force. The overturning moment
induced by the combined wind and wave loads results in a certain pitch
angle of the FOWT. After 120 s of calculation, the pitch angles fluctua-
tion range lies between [2.47, 5.59] deg. When the pitch angle reaches
4.07 deg, the mooring restoring moment fully counteracts the over-
turning moment. Due to the periodic nature of wave loading, the FOWT
undergoes reciprocating motion around this dynamic equilibrium point.

Figs. 21(b)~(c) show the roll and yaw responses of the FOWT,
respectively. Since the wave direction is aligned with the X-axis, the roll
response is not directly influenced by the wave excitation moment.
Consequently, its maximum fluctuation amplitude over the entire
response duration remains within a narrow range of [-0.49, 0.44] deg.
However, the roll response exhibits a fluctuation frequency consistent
with the wave period and shows a gradually increasing trend. In
contrast, the low-frequency characteristics of second-order wave dif-
ference frequency forces (drift forces) more readily excites the yaw
motion. These low-frequency forces cause slow platform drift motion,
leading the FOWT to gradually deviate from the upwind direction
around the Z-axis. Moreover, it can be observed that the yaw response
exhibits a trend consistent with the roll response. This arises because the
platform attitude change induced by roll and the resulting redistribution
of aerodynamic thrust on the rotor indirectly influence the yaw
response. Although the FOWT will eventually return to its equilibrium
position under the restoring moment of the mooring system, the rela-
tively weak yaw restoring stiffness results in both an increased fluctu-
ation amplitude and a longer time to reach a steady state.

As shown in Fig. 21(d), the average heave response of the FOWT is
—0.29 m, indicating that the overall draft depth remains consistent with
the initial design value. In addition to high-frequency periodic fluctua-
tions induced by first-order wave excitation forces, the heave motion
also contains superimposed low-frequency components. A similar phe-
nomenon is observed in the surge response (Fig. 21(e)), except that the
surge reaches dynamic equilibrium only after approximately 120 s. This
delay occurs because the surge motion aligns with the direction of
combined wind and wave loading and is more strongly influenced by
both wave excitation and drift forces. When the surge displacement
reaches 6.98 m, the wave-induced force is fully balanced by the mooring
restoring force.
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Finally, similar to the roll response, the sway response is relatively
insensitive to wave excitation forces, as shown in Fig. 21(f). Due to the
interaction of nonlinear loads, the FOWT gradually drifts toward the —Y-
direction during its surge motion, with a maximum sway amplitude
range of [-2.47, 0.38] m.

5.2.2. Mooring tension

Fig. 22 shows the tension response trends of the FOWT mooring
system. Since the direction of the connection line between the anchor
(located along the —X-axis) and the fairlead aligns with the surge di-
rection, ML2 experiences increased tension when the FOWT moves in
the + X direction. By comparing with Fig. 21(e), it is evident that the
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trends of the surge motion and ML2 tension response are largely
consistent. For ML1 and ML3, which are symmetrically positioned along
the X-axis with anchor points located in the + X, their tension responses
exhibit trends opposite to that of ML2. As shown in Fig. 21(f), the FOWT
exhibits sway motion toward the —Y-direction, resulting in a more
relaxed state for ML3 compared to ML1, and consequently a reduction in
ML3 tension. When the sway motion approaches zero, the tension re-
sponses of ML1 and ML3 become nearly identical. Table 9 presents the
maximum, average, and average amplitude values of mooring line ten-
sions for ML1, ML2, and ML3. The average and amplitude results are
based on data calculated after 120 s. As shown in Table 9, the mooring
tension on the windward side (ML2) consistently remains at a higher
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Table 9

Mooring tension response results of FOWT.

Object Maximum value (kN) Average value (kN) Average amplitude (kN)
ML1 1388 1048 55.81

ML2 2317 1756 299.4

ML3 1385 979.0 56.24

level, with a maximum value of 2317 kN, corresponding to a maximum
surge drift distance of 12.11 m. The average tension response amplitudes
of ML1 and ML3 are 1048 kN and 979.0 kN, respectively, which
represent reductions of 40.32 % and 44.25 % compared to ML2 (1756
kN).

5.3. Structural nonlinear response

5.3.1. Stress distribution and deformation

The structural dynamics of FOWTs are governed by complex
coupling among wind-wave loads, structural characteristics, material
stiffness, and dynamic responses. Fig. 23 shows the stress distribution
and deformation response of the overall FOWT system. Under aero-
dynamic loading, the stress on the windward and leeward sides of the
tower increases significantly, primarily due to the overturning moment
generated by rotor thrust. As shown in Fig. 23(a), the stress on the
windward side increases gradually from the tower top to its base. This
occur because the tower behaves like a cantilever beam under wind
loading, with bending moments increasing from zero at the top to a
maximum at the base, where the stress reaches 1.02 x 108 Pa. Within the
entire FOWT system, the maximum stress (2.87 x 108 Pa) occurs at the
bottom of the platform’s main column. This results from the combined
concentrated mass load of the tower, nacelle, and rotor, as well as the
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effects of the platform’s self-weight, hydrodynamic loads, and inertial
forces induced by platform motion. Moreover, the horizontal and diag-
onal braces are responsible for significant load transmission and redis-
tribution, leading to considerable stress concentration at their
connections with the platform. These connection regions often feature
geometric discontinuities, preventing gradual stress transfer and
resulting in localized stress concentrations.

Fig. 23(b) presents the stress distribution and deformation response
of the blade and its internal shear webs. During operation, the blade
undergoes large flapwise deformation due to aerodynamic loading, with
maximum deflection occurring at the blade tip. To better visualize the
deformation characteristics, the flapwise deformation is magnified by a
factor of 3. Compared to the tower and platform, the blade primarily
sustains aerodynamic loads, and thus exhibit a relatively low overall
stress level. The main spar, serving as the structural backbone of the
blade, withstands bending stresses arising from aerodynamic moments
and centrifugal forces. As a result, the material regions near the main
spar, especially at the connections with the shear webs, exhibit signifi-
cantly elevated stress. The enlarged detail views show that peak stress
concentrations occur in the blade root transition region, mainly due to
stiffness gradients resulting from laminate overlaps and manufacturing
discontinuities. These gradients also lead to shear stress concentrations
in the shear web at the blade root. The maximum stresses in the blade
and shear web at the root are 1.14 x 107 Pa and 6.42 x 10’ Pa,
respectively. In contrast, stress at the blade tip is minimal. Therefore, in
future laminate design optimization, particular focus should be placed
on mitigating fatigue damage in the blade root transition zone.

5.3.2. Aero-elastic response of blade

Under sustained aerodynamic loading, the FOWT blades undergo
elastic bending, with the flapwise direction, which is generally aligned
with the inflow, exhibiting the most pronounced deformation. Fig. 24
presents the deformation response of a single blade at various spanwise
positions. As shown in Fig. 24(a) (where the background color indicates
rotor rotation cycles), the blade deformation fluctuates periodically
throughout each rotation. The tower shadow effect induces localized
small-amplitude disturbances in the response curves. With increasing
spanwise distance, the blade deformation and vibration amplitude show
a nonlinear growth trend. This is primarily due to the significant elastic
deformation near the blade tip, which alters the local inflow conditions.
In addition, the 6-DOF motions of the FOWT platform further intensify
the unsteady aerodynamic disturbances, leading to highly unstable
deformation amplitudes. During the total response time, the maximum
displacement of the blade tip in the flapwise direction reaches 3.71 m.
Fig. 24(b) illustrates the average flapwise deformation along the blade
span. It can be observed that deformation near the blade root (x/L < 0.2)
is negligible, with an average value of only 0.043 m, whereas the blade
tip exhibits a much larger average deformation of up to 3.18 m. This
non-uniform deformation pattern highlights the structural vulnerability
of the blade tip region. Therefore, optimizing material distribution and
laminate design of the blade is essential to enhance the resistance to
unsteady loading.

Fig. 25 presents the complex aeroelastic response of the FOWT blade
under multi-physics coupling effects. Influenced by nonlinear defor-
mation and the 6-DOF motions of the platform, the local angle of attack
of the FOWT blade changes, resulting in a redistribution of circulation in
the surrounding flow field. The local flow around the airfoil transitions
from attached to separated, as shown in Fig. 25(a), which triggers strong
vortex shedding and even dynamic stall, resulting in a notable reduction
in aerodynamic performance. On the right side of Fig. 25(a), the
vorticity contours at the hub position downstream of the rotor are shown
for both the BFWT and FOWT. It is seen that a large-scale vortex shed-
ding phenomenon behind the blade trailing edge of the FOWT blades,
along with additional vortex rings forming within the rotor area, indi-
cating an enhanced unsteady effect in the flow field. By contrast, the
BFWT shows vortex shedding only near the blade root and tip regions,
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with more stable vortex development.

Fig. 25(b) shows the streamline distribution around the FOWT blade
and along its pressure side. Due to circulation, a velocity component
perpendicular to the incoming flow is induced on the airfoil surface,
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generating a downwash effect as the airflow passes over the blade. Near
the blade root, where the airfoil is typically thicker and less aero-
dynamically efficient, the downwash effect is relatively weak. However,
from the mid-span to the tip region, where aerodynamic performance
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and induced velocity are greater, the downwash angle increases
accordingly. Because the induced velocity also has a tangential
component, the downwash flow propagates in a helical pattern. The
figure shows that, due to elastic deformation and platform motion, the
downwash flow behind the blade tip exhibits considerable fluctuations.
In addition, large variations in the angle of attack produce a strong
adverse pressure gradient near the trailing edge on the pressure side,
causing boundary layer separation and the formation of a free shear
layer. As a result, the streamlines over the pressure surface become
unstable and curl into vortex structures.

5.3.3. Contact effect between mooring and seabed

There exists a complex frictional contact interaction between the
mooring system and the seabed. While this contact reduces the ampli-
tude of mooring tension responses to some extent, the resulting non-
uniform tension distribution tends to promote fatigue accumulation.
Moreover, stress concentrations at the contact interface can lead to
localized wear of the mooring lines, especially during repeated separa-
tion and recontact cycles with the seabed caused by platform motion.
These effects intensify the nonlinear dynamic response of the mooring
system, increase the risk of structural fatigue and failure, and thus pose a
serious threat to the safe and stable operation of the FOWT. Therefore,
understanding the contact behavior between the moorings and the
seabed is of critical importance.

Fig. 26 presents the contact opening distance and seabed pressure
distribution for each FOWT mooring. Due to its alignment with the
wind-wave loading direction, ML2 is more prone to periodic seabed
separation and recontact, and has a shorter touchdown length compared
to ML1 and ML3. This behavior not only amplifies the nonlinearity of the
tension response but also increases the risk of fatigue damage and
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localized abrasion. When the FOWT moves in the + X direction, the
suspended segment length of ML2 increases, while the contact pressure
in the touchdown zone decreases gradually. During this stage, the ten-
sion in ML2 gradually increases until it reaches equilibrium with the
inertial force of the FOWT at the surge balance point. When the FOWT
moves in the —X direction, the suspended segment of ML2 shortens
accordingly, and the seabed contact pressure in the touchdown zone
gradually increases, reaching its maximum before the onset of the next
fluctuation cycle. It is also worth noting that the seabed contact pressure
of ML1 and ML3 remains relatively high throughout. Influenced by the
sway motion, ML3 experiences slightly higher contact pressure than
ML1, with a maximum value reaching 147.6 Pa.

Fig. 27 shows the variation trends of the contact opening distances
for selected beam elements of MLs, located approximately one-third of
the way from the anchor point along each ML. The results indicate that
the reciprocating surge motion of the FOWT in the + X direction
significantly increases both the opening distance and fluctuation
amplitude of Element 2. Its variation trend closely aligns with that of the
surge response shown in Fig. 21(e). After 120 s, the average opening
distance of Element 2 reaches 14.08 m, with an average fluctuation
amplitude of 9.47 m. During this phase, ML1 and ML3 remain in a
relatively relaxed state, resulting in smaller opening distances and lower
fluctuation amplitudes for Elements 1 and 3.

Although ML1 and ML3 are symmetrically distributed with respect to
the X-axis, the FOWT exhibits sway motion biased toward the + Y di-
rection, which is aligned with the anchor direction of ML3. As a result,
the opening distance of Element 3 further decreases. These findings help
to improve the understanding of mooring dynamics under complex sea
states and provide theoretical guidance for the optimal design of FOWT
mooring systems.
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Fig. 27. Variation trend of the ML contact opening distance.

5.4. Applicability assessment of the CFD-FEM framework

The proposed multi-physics modeling approach enables in-depth
analysis of nonlinear aero-hydro-structural coupling in FOWTs, which
is challenging for mid-fidelity tools (e.g., FAST with HydroDyn and
ElastoDyn) due to the simplified assumption models [58]. For example,
HydroDyn uses PFT for platform-wave interaction, which cannot cap-
ture large-amplitude nonlinear motions under complex wind-wave
conditions. ElastoDyn typically employs simplified beam elements for
blade stiffness and mass, neglecting high frequency vibrations and
aeroelastic effects. Furthermore, ElastoDyn usually relies on steady or
quasi-steady aerodynamic models (BEMT) that cannot capture transient
aerodynamic phenomena.

In contrast, the CFD-FEM approach solves unsteady flow (e.g., dy-
namic stall, large vortex structures), platform motion, wake interactions,
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and blade bending-torsion coupling with aeroelastic effects. Its main
limitation is high computational cost, which restricts its application in
cases requiring a large number of operating conditions or long-duration
analysis. Therefore, in practical engineering, both mid-fidelity and high-
fidelity methods have their own domain of application. They should be
used in parallel to balance computational efficiency and accuracy,
thereby meeting the requirements at different stages of the engineering
process.
The applicability of the proposed CFD-FEM method is as follows:

o key design stage optimization and verification

Supports preliminary optimization of blade aerodynamic, platform
structure, mooring system, and layout through accurate multi-physics
coupling. In detailed optimization, it can identify potential design is-
sues early, avoiding major large-scale modifications, reducing costs, and
improving efficiency.

o Safety assessment under complex or extreme conditions

Under challenging climatic conditions, traditional mid-fidelity
models often fail to accurately predict FOWT dynamic response and
risks. The CFD-FEM method can capture strong nonlinear, transient ef-
fects, and complex FSI phenomena, providing a more realistic basis for
structural safety and reliability assessments.

6. Conclusions

In this study, a high-fidelity coupled model of the FOWT is developed
using the CFD-FEM method to accurately solve its aero-elastic-hydro-
mooring dynamics. The numerical simulation of the fully coupled
FOWT is conducted under wind and wave loading. The aerodynamic
performance of the rotor and the fluctuations of blade torque are
analyzed systematically. The coupling mechanisms of the 6-DOF mo-
tions of the platform are elucidated. Additionally, the structural dy-
namics of the entire FOWT system, the aeroelastic responses of the
blades, and the frictional contact effects between the mooring system
and the seabed are revealed. The main conclusions are:

(1) Due to the influence of 6-DOF motions, the dynamic inflow
conditions of the FOWT rotor exhibit continuous variation, leading to
significantly greater fluctuations in aerodynamic power and thrust
compared to BFWTs. The presence of low-order high-frequency vibra-
tions further alters the local angle of attack on the FOWT blades, causing
additional minor local fluctuations in the power output and thrust
response curves. These nonlinear disturbances are further amplified by
dynamic interactions among the various subsystems, resulting in re-
ductions of 6.84 % and 3.50 % in the average power and thrust of the
FOWT, respectively, compared to those of the BFWT.

(2) The wake of the FOWT exhibits more intense shear layer dis-
turbances and vortex interactions. The generated vortex rings form a
denser vortex structure in the near wake region, significantly enhancing
the turbulence intensity and the wake dissipation rate. High-frequency
dynamic variations in the angle of attack induce spanwise multipoint
flow separation on the blades, leading to continuous vortex shedding
zones. Additionally, the free-surface fluctuations induced by wave ac-
tion alter the vertical velocity gradient of the nearby fluid, accelerating
the transition of the wake into the turbulent mixing stage. In contrast,
the BFWT wake maintains a more stable low-velocity core and coherent
shear layer structure, resulting in slower dissipation and a longer re-
covery distance.

(3) Under wind and wave loading, the FOWT undergoes recipro-
cating surge, heave, and pitch motions synchronized with the wave
excitation periods. Second-order wave forces induce platform drift,
causing variations in mooring restoring force and moment. These vari-
ations lead to dynamic equilibrium positions for surge, heave, and pitch
at 6.98 m, —0.29 m, and 4.07 deg, respectively. The sway and roll



H. Huang et al.

responses of the FOWT are less sensitive to wave excitation due to the
directionality of wave incidence. However, during the platform drift
motion, the changes in platform attitude and the redistribution of rotor
thrust, both caused by roll, resulted in an increase of the yaw amplitude
and a longer time to reach the steady state.. Furthermore, the tension
response of mooring line ML2 is directly affected by the surge motion of
the platform, with tension fluctuations remaining at a consistently high
amplitude.

(4) The aerodynamic thrust from the rotor significantly increases
stress on the windward and leeward sides of the tower, with the
maximum stress occurring at the tower base. Due to the concentrated
mass loads from the tower, nacelle, and rotor, the base of the platform’s
main column experiences the highest stress in the entire FOWT system,
which reaches 2.87 x 108 Pa. The cross and diagonal braces primarily
function in load transmission and conversion, leading to localized stress
concentrations at their connections with the platform. Compared to the
platform and tower, the overall stress level in the blades is lower. As the
main load-bearing structure, the blade main spar exhibits significantly
increased stress at the junction with the webs. Additionally, the blade
root transition section is prone to stress concentration due to stiffness
gradients caused by ply overlaps and manufacturing discontinuities.

(5) Under aerodynamic loading, the FOWT blade undergoes signifi-
cant flapwise deformation, which increases nonlinearly from the blade
root to the tip. Influenced by both the elastic deformation and platform
6-DOF motion, the angle of attack from the mid-span to the tip varies
considerably, leading to flow separation and even dynamic stall on the
local airfoil surfaces. Due to strong aerodynamic forces and high induced
velocities, the downwash angles at the mid and tip sections are larger
and exhibit greater fluctuations. Moreover, a strong adverse pressure
gradient develops near the trailing edge on the pressure side of the blade
tip, inducing boundary layer separation, which causes the streamlines
along the pressure surface to become unstable and curl up.

(6) Influenced by the surge motion of the platform, ML2 is more
prone to separate from, and recontact, the seabed periodically, resulting
in intensified nonlinear fluctuations in tension with consistently high
amplitudes. Compared to ML2, ML1 and ML3 have longer touchdown
lengths, and therefore experience significantly greater contact pressure
with the seabed. Due to the —Y direction sway motion, the contact
pressure of ML3 is higher than that of ML1, with a peak value reaching
147.6 Pa. The contact opening distances between beam elements near
the seabed in the MLs indicate that the variation trend of the opening
distance in ML2 closely corresponds to the platform surge motion, while
the opening distances and amplitudes in ML1 and ML3 remain relatively
small, indicating a slack state.

In summary, the proposed CFD-FEM approach can provide reliable
technical guidance for the optimization and validation of FOWTs during
the critical design phases, as well as for safety assessments under specific
complex/extreme operating conditions.

7. Future works
Based on the fully coupled simulation results of this study, future
research on the aerodynamic design and load management of FOWTs

could consider the following aspects:

e Blade pre-bend and twist design,
optimization

and composite laminate

The coupling of platform motion and blade bending and twisting
leads to significant variations in the wind inflow conditions. Future
research could incorporate pre-bend and twist designs in the blade to
help maintain a consistent angle of attack, thereby reducing aero-
dynamic efficiency losses. Additionally, the blade root experiences high
stress concentrations, which could be addressed by optimizing com-
posite laminate design to enhance structural strength and improve the
overall durability of the blade.
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e Platform structural design and mooring system optimization

The 6-DOF motion of the platform has a significant impact on the
aerodynamic performance of the FOWT and mooring tension responses.
Existing platform improvement solutions often adopt mature or widely
used geometries, which may lead to homogenized platform designs that
overlook the unique structural characteristics. Future studies could draw
inspiration from fluid dynamics in nature to explore innovative platform
designs. Given the periodic contact between the mooring lines and
seabed, as well as the significant increases in the mooring tension on the
windward wave side, it is recommended to use more fatigue-resistant
materials and optimize the mooring layout.

o Performance evaluation of large-scale floating horizontal/vertical
axis wind turbines

The proposed FSI framework has no scalability limitations in theory
and coupling approach. With appropriate mesh resolution and time step
adjustment, it can be applied to the aero-elastic-hydro-mooring dy-
namics simulation of large-scale floating horizontal/vertical axis wind
turbines. Although larger wind turbines require higher computational
resources, this challenge can be addressed through the overset grid
interface optimization and parallel computing.
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