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Abstract

The current paper presents a comparative analysis between a high-fidelity simulation tool
and computational fluid dynamics (CFD) in evaluating the behavior of a fully coupled
floating offshore wind turbine (FOWT) system subjected to three distinct design load
cases, with a particular emphasis on extreme weather scenarios. While both approaches
yielded comparable results under standard operational conditions, noticeable discrepan-
cies emerged in surge drift and mooring line tension during typhoon conditions. The
present work highlighted a significant limitation of standard calibration methods based on
free-deck motion that are not reflective of the unique features of extreme environmental re-
sponses. To address this limitation, a novel calibration methodology is suggested that uses
drag coefficients derived from direct measurement of extreme load cases. The prediction
accuracy of the high-fidelity simulation model was significantly improved by refining the
transverse component of the drag coefficients of major structural components, decreasing
prediction accuracy of surge and mooring tension responses from almost 30% error to about
5%. Further, despite increasing the fidelity of calibration under extreme environmental
conditions, it is primarily contingent on high-fidelity measurements corresponding to the
use of the most conventional calibration approach under normal environmental condi-
tions. Ultimately, the results demonstrate the need for accurate calibration approaches
to provide reliable performance predictions of FOWT systems under varying extreme
environmental conditions.

Keywords: drag coefficient calibration; dynamic response analysis; extreme load conditions;
FOWT model validation; typhoon response

1. Introduction

Wind energy has been harnessed in shallow coastal waters for some time now, which
has contributed to the development of Floating Offshore Wind Turbines (FOWTs) designed
to economically capture wind energy in deeper, more inaccessible waters of the ocean.
Over the last few decades, researchers have explored various designs for fixed-bottom
foundations for offshore wind turbines, including monopile [1-3] and jacket-type [4—6]
substructures. Most offshore turbines from these designs are installed in shallow waters,
where monopile foundations are driven into the seabed or where concrete gravity bases
are moored to the ocean floor. However, these matured systems become economically
unfeasible when used in deeper waters. In the last ten years, approaches for deep sea
wind energy capture, involving turbines set on buoyant foundations that are anchored
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to the seabed, have become more common and advanced. Floating turbine platforms are
primarily classified into three categories based on their stability configuration and depth of
installation. The first type of platform, the spar buoy platform, makes use of a substantial
submerged ballast to ensure stability and avoid capsizing [7]. The second type, a tension-leg
platform, describes a vertically oriented, floating system of which the legs and tendons
are anchored at each corner of the structure to the sea floor, thus “‘permanently” fixing the
structure in place [8]. The third type, a semi-submersible platform, uses horizontally spaced
pontoons to interconnect a system of numerous cross beams and bracings. The pontoons
are designed and configured in such a way to provide positive buoyancy to counter the
combined weight of the wind turbine and the mooring system. The platform’s positive
buoyancy assists in maintaining the platform’s stability, counteracting platform motion
in the pitch and roll axes, which are critical to maintaining the position of the tower and
Rotor-Nacelle Assembly (RNA) [9].

Designing a floating offshore wind turbine (FOWT) system plays a vital role in ad-
dressing multiple issues due to complexities in structural makeup and the interacting and
ever-changing environmental constraints. The turbine, floating platform, and mooring
system have strong interactions. Understanding these interactions and avoiding costly
and time-consuming large-scale experiments and field testing has led to the prominence
of numerical simulations in the design process. Specialized design codes and computa-
tional modeling have advanced to assist integrated simulation frameworks, which provide
multiple coupled simulation environments and level subsystems. These integrated sim-
ulation environments provide an coupled simulation hydrodynamics and mooring for
control, structural elasticity for control, and embedded to the design for system behavior
assessment in realistic operating environments. Each of these tiers is informed through
system dynamics design. Much of the simulation literature uses experimental validation
and steps, particularly the rest of the power BEM. Potential flow simulation has coupled
hydrodynamics to control the system. For FOWT simulation, Yang et al. [10] developed
a new coupling called F2A, which connects the aerodynamic (FAST) and hydrodynamics
and mooring (AQWA) models. The comparisons with OpenFAST validates F2A and illus-
trates its enhanced capability to model the intricate nonlinear and multi-body interactions
inherent within FOWT systems. Kvittem et al. [11] analyzed the dynamic response of a
semi-submersible wind turbine to wind and ocean waves by using two hydrodynamic
modeling techniques: potential flow theory and Morison’s equation. As described in the
study, while both methods predict the platform motion with a comparison degree, the
differences in added mass and drag and control parameters create a disparity in their effects
on power generation and blade loading.

Inaccurate assessments of floating wind energy potential highlight the need for more
high-fidelity CFD models for FOWT development. Yang et al. [12] analyzed the accuracy
of a mid-fidelity simulation tool for floating offshore wind turbines by benchmarking it
against CFD results under extreme operating conditions. The results showed the largest
errors in predicted surge and pitch loads due to the omission of wind-induced currents, con-
firming the complexity of hull geometry as the primary reason CFD models are preferred.
Tran et al. [13] presented a new simulation model that deeply analyzes the interaction
of wind, waves, and internal structural motion of floating offshore wind turbines. The
predicted results corresponded to both the experiments and the established codes, con-
firming the model’s potential to capture the complex aerodynamic and hydrodynamic
interactions accurately. Yang et al. [14] assessed the accuracy of a potential-based tool
predicting load responses for a floating offshore wind turbine (FOWT) with a rectangular
pontoon. The authors evidenced the accuracy of the prediction under extreme conditions
by calibrating the potential-based model along with CFD, demonstrating the integration of
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both damping and Morison drag coefficients. An integrated aero-hydrodynamic modeling
framework that combines nonlinear potential flow theory, a high-order boundary element
approach, blade element momentum aerodynamics, catenary mooring dynamics, and
mooring dynamics. Deng et al. [15] introduced a unified aero-hydrodynamic modeling
framework that integrates nonlinear potential flow theory, a high-order boundary element
method, blade element momentum aerodynamics and catenary mooring analysis. The
integrated model showed a good agreement with experimental data and compares to CFD
simulations when compared to the NREL 5-MW DeepCwind semisubmersible reference
system. In connection with the NREL 5-MW DeepCwind semisubmersible reference sys-
tem, the model attained findings that matched the experimental data and CFD simulations.
Wang et al. [16] performed simulations of motion, mooring loads, and structural response
of the platform considering the impacts of varying wind speeds and hydrodynamic sea
conditions. In a high-resolution CFD study, Alkhabbaz et al. [17] assessed NREL 5-MW
turbine wind surge motion impacts on the aerodynamics and wake in the surge region of
an OC4 semisubmersible platform. This study employed DFBI+VOF methods with overset
grids and was validated with results from FAST and OrcaFlex simulation environments
while the simulation data were also compared with OrcaFlex.

Some researchers have tried to evaluate and compare the predictive capabilities of
engineering models with results from computational fluid dynamics (CFD) simulations
and corresponding experimental measurements. Using CFD to evaluate the response of
the DeepCwind semisubmersible platform to regular wave conditions, Burmester et al. [18]
noted the importance of viscous forces in affecting low-frequency motions and concluded
that CFD reliably captures the movement behavior of the platform. Li et al. [19] improved
an engineering model by incorporating nonlinear second-order wave forces, along with
frequency-dependent added mass and damping, which were obtained from CFD-derived
estimations. The improved model showed better agreement with the experimental results,
primarily in predicting the fatigue loads on the mooring lines and base of the tower. In
Phase I of the OC6 project, the OpenFAST models were further refined by modifying
the viscous drag coefficient, which improved the prediction of low-frequency motions,
especially in surge and pitch [20]. Wang et al. [21] performed CFD on the same platform
under irregular wave conditions and reported a comparison of their results to experimental
data. According to the analysis, the CFD model does indeed reproduce the nonlinear
low frequency behavior. However, the model does underpredict the platforms response
near the pitch resonance range, most likely due to inconsistencies during the wave input
parameters or numerical inaccuracies during the simulation. Additionally, there are large
gaps the study provides that can be focused on to improve high level modeling. Tran
et al. [22] explained how the surge motion of floating offshore wind turbines (FOWTs)
impacts unsteady aerodynamics. They analyze surge amplitudes on the CFD with an
overset moving grid method, and surge frequency interplays with aerodynamic forces and
flow and BEM analysis to the momentum and wind turbine blade. Yang et al. [23] studied
the impact of the number of columns on the stability and hydrodynamic performance of
semi-submersible floating platforms.

Considering the points discussed above, several theoretical perspectives must be
taken into account regarding how viscosity and structural complexity influence irregular
geometries, such as rectangular pontoons, when evaluating floating offshore wind turbines
(FOWTs). Most computational approaches, including the BEM, often produce inaccurate
predictions of aerodynamic forces because they rely heavily on adjustment and correction
schemes [24-27]. These simplified models do not adequately represent the complex interac-
tion between the rotor and its wake. For floating wind turbines in particular, BEM-based
rotors tend to yield the poorest estimations of wind behavior under motion and are there-
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fore generally dismissed [28]. Moreover, the BEM significantly underestimates the effects
of viscosity and the influence of blade-tip vortices [29]. From a hydrodynamic perspective,
most numerical simulation tools rely on potential-flow theory, which inherently neglects
viscous effects [30,31]. Consequently, simplified models such as the Morison equation or ex-
perimental correlations are typically used to approximate additional damping coefficients.
To compute hydrodynamic parameters such as added mass, hydrostatics, damping, and
radiation or diffraction forces external solvers like WAMIT [32] and OrcaWave [33] are often
coupled with other platforms. These tools can be integrated with software such as FAST or
OrcaFlex; however, they still fail to capture certain real-world phenomena, including wave
run-up, wave breaking, vortex-induced motions caused by currents, impacts from sea ice
or floating debris, and viscous flow separation around the floating structure [34-38].
Because of these limitations, the application of CFD in floating offshore wind turbine
(FOWT) studies is typically restricted, with its main role being the free-decay simulations
used to estimate damping coefficients. Damping behavior can be represented through either
linear and nonlinear damping coefficients or drag coefficients. Nevertheless, coefficients
derived from free-decay tests often fail to adequately capture current-induced or wave-drift
effects. In contrast, drag coefficients provide a better representation of these influences but
do not replicate free-decay behavior with the same accuracy. As a result, combining both
approaches, while carefully weighing their respective contributions, is essential. At present,
correction factors used in high-fidelity numerical tools are mostly established from CFD-
based or experimental free-decay results, complemented by conventional drag coefficient
values derived from body geometry. Insufficient integration of damping or drag effects;
however, can compromise the operational safety of FOWT systems. Furthermore, the
absence of reliable empirical coefficients continues to limit the robustness of high-fidelity
analyses, and research directed toward developing optimized correction factors for specific
environmental conditions remains underexplored. Therefore, the present work aimed to
address and enhance the shortcomings of correction techniques derived from free-decay
analyses. To overcome the inability of conventional approaches to capture current-induced
effects, a fully coupled FOWT system comprising the floater, tower, rotor-nacelle assembly
(RNA), and mooring system was examined for code verification using both high-fidelity
analysis tools and CFD simulations. In contrast to commonly investigated configurations,
the study employed a newly designed semisubmersible platform in combination with the
DTU 10 MW turbine. Three design load case (DLC) simulations were carried out with a
high-fidelity tool calibrated against free-decay time series, and the resulting load responses
were compared with CFD outputs. Based on these comparisons, correction factors within
the high-fidelity framework were refined using CFD load responses that included current ef-
fects. Finally, the updated tool’s performance was validated against additional CFD results,
confirming the extent to which the proposed modifications improved predictive accuracy.
Due to these constraints, the use of CFD in floating offshore wind turbine (FOWT)
research is generally limited. Its primary function is often confined to free-decay simu-
lations, which are employed to estimate damping characteristics. These characteristics
may be described using linear or nonlinear damping coefficients, or alternatively through
drag coefficients. However, results from free-decay tests do not effectively account for
current-related or wave-drift phenomena. Drag coefficients, on the other hand, capture
these influences more accurately but fail to reproduce free-decay behavior as precisely. Con-
sequently, a balanced combination of both methods is necessary to obtain reliable results.
At present, correction factors used in high-fidelity numerical models are commonly based
on CFD or experimental free-decay outcomes, and are further refined using traditional drag
coefficient values derived from body geometry. When damping or drag influences are not
properly incorporated, the safety and stability of FOWT operations may be compromised.
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Additionally, the lack of dependable empirical coefficients continues to limit the accuracy
of high-fidelity simulations, highlighting the need for more focused research on developing
improved correction factors tailored to specific environmental conditions.

To address these gaps, the present study focused on refining correction methods
obtained from free-decay analyses. To compensate for the limitations of conventional
techniques in capturing current effects, a fully coupled FOWT model including the floater,
tower, rotor-nacelle assembly (RNA), and mooring system was analyzed for code verifi-
cation using both CFD and high-fidelity simulation tools. Unlike most previous works,
this research employed a newly designed semisubmersible platform combined with the
DTU 10 MW turbine. Three design load cases (DLCs) were simulated using a high-fidelity
tool calibrated against free-decay time-series data, and the corresponding load responses
were compared with CFD predictions. Based on these comparisons, the correction factors
within the high-fidelity framework were updated using CFD results that accounted for cur-
rent effects. Finally, the revised model was validated against additional CFD simulations,
demonstrating significant improvements in predictive accuracy.

2. Numerical Framework
2.1. Simulation Tools Employing Potential Flow Principles

To perform dynamic analyses of floating offshore wind turbines (FOWTs) with poten-
tial flow-based methods, one must first express the hydrodynamic properties by assessing
the interaction between waves and structure over a bank of frequency ranges this is per-
formed through the potential flow theory which considers the fluid to be incompressible,
inviscid, and irrotational as shown in Equation (1). Accordingly, the velocity potential
function (¢) describing the flow field is required to satisfy the Laplace equation.

V=0 (1)

where V? is the Laplacian operator representing the sum of second derivatives in space,
and ¢ is the velocity potential function of the flow field. As the fluid is assumed to be
incompressible and inviscid, we must ensure that velocity is continuous between the fluid
domain and the structural interface. Thus, the boundary condition for velocity at the
structural interface is obtained from Equation (2).

9 _
v, @

where g—i represents the normal derivative of the potential function at the surface, and V,

denotes the normal velocity at the surface. This relationship is used to model the motion of
the structure, calculate surface velocities, and derive added mass and damping coefficients.
The free surface boundary condition describes the dynamics of the fluid upper surface
in the flow field around a structure. Based on the processes involved, the free surface
between fluid and air is categorized into a dynamic form, and a kinematic form. The
dynamic condition, which is based on Bernoulli’s equation and the principle of conservation
of energy is defined in Equation (3). Within potential flow theory, the velocity field can
be defined through the velocity potential function with a time-dependent component to
model unsteady flow behavior.
ap 1

=+

s T3 Vol +gn=0 ©

where 1 is the free surface displacement.
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The kinematic boundary condition states that fluid particles located at the free surface
follow its profile and remain consistent with its motion, as expressed in Equation (4).

?TIZ +V.-Vy =vu, 4)

Here, %—'Z represents the temporal rate of change in the free surface, V is the veloc-
ity vector of the fluid, V# denotes the free surface slope, and v; is the vertical velocity
component of the fluid at the free surface.

According to these theoretical concepts, the Laplace equation is numerically addressed
through the Boundary Element Method (BEM), where the structural surface is divided into
discrete panels. This technique enables the evaluation of hydrodynamic responses, includ-
ing restoring and radiation forces, as well as added mass and damping coefficients. The
method further yields response amplitude operator (RAO) data, which serve as a valuable
basis for examining fluid—structure interactions. Nonetheless, certain important physical
effects present in real-world environments are not captured. For example, potential flow
theory excludes viscous influences, despite viscous damping being a dominant contributor
to low-frequency motion dissipation. Likewise, the framework accounts only for linear
damping, thereby neglecting nonlinear contributions that become significant under large
wave conditions, slamming events, or substantial structural motions. Limiting the analysis
to linear damping alone may therefore lead to underestimation of energy dissipation.

2.2. Computational Fluid Dynamic

The CFD is an important tool that can be used for the design and validation of FOWTs
since it properly factors in factors, such as fluid viscosity, compressibility, and nonlinear
effects. This study employed CFD as a means of performing free-decay analysis and
evaluating load response for FOWTs in different environmental states. The CFD was
modeled based on fundamental governing equations as seen in Equations (5) and (6).

Continuity equation:

)
5+ V-(pu) =0 ©)

where u represents the velocity vector of the fluid, the Momentum Equation (Navier—
Stokes equation):

9
p(£+u.Vu> =-Vp+uViu+f (6)

where p is the fluid density, y is the dynamic viscosity, p is the pressure, and f represents
external body forces. In the momentum equation, the first term on the left-hand side
corresponds to the time-dependent variation in velocity, whereas the following term is the
convective component, capturing the spatial changes in velocity as the fluid is transported.
This component becomes especially important in nonlinear flow phenomena, including
turbulence and vortex formation. On the right-hand side, the initial term reflects the
pressure gradient, representing the influence of spatial pressure differences on the fluid.
The subsequent term accounts for viscous effects, and the final term incorporates external
influences such as gravity and mooring loads.

In CFD simulations of floating body motions, the Volume of Fluid (VoF) approach
was employed. This technique captures free-surface dynamics by assigning a volume
fraction (x) to each computational cell. Depending on the o value, the corresponding
density and viscosity within the momentum equation are updated to differentiate fluid
phases. Accordingly, the continuity and momentum equations are modified to represent
the correct material properties, as expressed in Equations (7) and (8). Furthermore, surface
tension effects at the fluid interface are accounted for through the external force term (f).
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In CFD, the wave model represents defined wave conditions by integrating wave
motion with the momentum equation. In the present work, first-order regular waves were
applied, with their properties determined using linear wave theory. The model accounts for
the pressure gradient generated by wave forces, along with the wave-induced momentum,
within the momentum formulation. According to linear wave theory, the resulting pressure
distribution is expressed as a gradient term and incorporated into the momentum equation,
as illustrated in Equation (9).

w?A

—Vpwawe = —V (087 —p p cosh(k(z + h))cos(kx — wt)) )

where V pyqve represents the pressure due to wave forces, 7 is the free surface displacement,
w is the angular frequency, k is the wave number, and h is the water depth. The distribution
of wave velocity, reflecting the momentum imparted by waves, is embedded within the
convective term, as formulated in Equation (10).

wA
Uwavex = mwsh(k(z + h))cos(kx — wt)
wA
Uwavey = mcosh(k(z + h))cos(ky — wt) (10)

wA .
Uwavez = Sinh(K7) sinh(k(z + h))sin(kx — wt)
The velocity components are incorporated into the governing momentum equation,
leading to a unified form that couples the VoF model with the wave model, as presented in
Equation (11).

ou
P <at + ”'V”) = —Vpuwawe + V- (uVur) + 08 + fsur face (11)

Through this approach, CFD provides data that account for viscous and nonlinear
damping effects, which can be used to derive empirical correction coefficients for potential
flow-based analysis tools, thereby complementing their limitations.

3. Methodology and Model Description

In the present work, a Free Decay-Extreme Condition Fully Coupled Simulation (FD-
EFCS) framework was established to generate universally applicable correction coefficients.
Conventionally, coefficients for Potential-Based Dynamic Codes (PBDC) are estimated using
only the floater’s free-decay motion responses together with current-induced load data.
The Hybrid Analysis Model, which incorporates the corrected coefficients obtained through
an iterative optimization process. This procedure is explicitly described to rely on three-
degree-of-freedom (3-DOF) free-decay time series data derived from CFD simulations. The
iterative methodology was utilized to continuously improve the PBDC damping coefficients
in order to increase the accuracy of dynamic response predictions. The technical aspects
of data transfer, time-step synchronization, and error control to manage coupling and
synchronization between the CFD and PBDC have been elaborated on. In particular, the
time-step matching between STAR-CCM+ and OrcaFlex was orchestrated to maintain time
consistency for data transfer, while an error control procedure was designed to eliminate
numerical errors after evaluating reasonable levels of iterative convergence. In addition,
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PBDC file
(Default)

two quantitative error parameters, Amplitude Error within the Damping Zone (AE_DZ)
and Amplitude Error within the Quasi-Equilibrium Zone (AE_QEZ)—were developed
in order to quantify the model performance. These error measures were particularly
established to provide quantified evaluations of damping, albeit under different flow
conditions and degrees of motion.

Such a method overlooks the influence of loads on the turbine and tower, as well
as contributions from zero-frequency waves, thereby limiting the reliability of the result-
ing coefficients. The FD-EFCS approach addresses these shortcomings by incorporating
both free-decay and extreme load simulations within a fully coupled system, explicitly
accounting for superstructure loads and zero-frequency wave effects. Consequently, the
method produces empirical coefficients derived from the integrated system’s load response,
ensuring broader applicability and greater confidence in PBDC analyses. The FD-EFCS
approach was developed to utilize the property that drag coefficients, when applied as
correction factors, exert negligible impact in low-load environments but become highly in-
fluential under extreme loading conditions. The methodology for deriving these empirical
coefficients through FD-EFCS is presented in Figure 1. To assess its robustness, the FD-EFCS
method was benchmarked against a PBDC, where coefficients were determined exclusively
from free-decay tests. Prior to extracting drag coefficients from extreme load evaluations,
two initial estimates were considered: one derived from shape-based coefficients reported
in prior experimental and numerical studies, and another based on the values prescribed
by DNV standards.

NO

l

Define Define - LJ.uupmgl futlu and YES PBDC file
5§ o uasi-equilibrinm zone :
Tl ey (o) W
<59
) ld)efiu:: e ) [[!):if'mc - YES PBDC file , . \R/r;:lignatiou
rag coefficient nping coefficient g e
Ref, DIV-RP-C205 Ref. CFD five dnczy smulaton (Hybrid!Z) ity Complat Shlatn
T NO
N gedeﬁneﬂ' vt 3DoF motion response YES PBDC file
rag coefficien a bridi
Ref. (grn Exereme condition Fully Coupled Simulason \”-Lz.r (Hybrid#3)

[y

NO
Figure 1. Simulation procedure for validating the FD-EFCS method.

A comparative study was performed by implementing two distinct drag coefficients
within the PBDC framework, contrasting values prescribed by ship regulations with those
obtained from prior research. To further assess the influence of damping coefficients
on motion responses in PBDC, several methodologies were adopted for their estimation,
as elaborated in Section 5.1 on Free Decay Simulation. Utilizing three PBDC models,
each defined by unique sets of empirical coefficients, the robustness of the FD-EFCS
approach was verified through comparison with CFD simulations across three varying
environmental scenarios.

In this investigation, three load scenarios, as outlined in Table 1, were considered
for evaluation. Load Case (01) reflects the operating condition at the rated wind speed,
whereas Load Case (02) corresponds to the condition immediately prior to the cut-out wind
speed. Load Case (03) simulates a typhoon scenario, during which the system remains
stationary. For this case, the external load acts from the 270-degree direction, with the rotor
positioned at 240 degrees, and an ocean current of 0.77 m/s is incorporated. Across all
scenarios, a first-order regular wave model was employed to represent wave conditions.



Energies 2025, 18, 5545 9 of 26

Table 1. Applied load conditions and turbine orientation specified for each defined load case.

Load Wave Current Wind Tarbine
Case No. Condition  Dir. Height  Period Dir. Speed  Condition  Dir Speed Direction
01 Regular 180° 6.0m 10.0's - - Constant 180° 11.0m/s 180°
02 Regular 180° 6.0m 13.0s - - Constant 180° 24.0m/s 180°
03 Regular 270° 8.34m 13.1s 270° 0.77m/s  Constant 270° 40.28 m/s 240°
The FOWT configuration applied in this study is illustrated in Figure 2. Aerodynamic
inputs for the turbine were derived from the DTU 10 MW reference report [39,40], whereas
the tower and mooring system were specifically designed for this application. To ensure
platform stability, three mooring lines were connected to the superstructure and evenly
distributed at 120° intervals. A summary of the fully integrated system’s characteristics is
provided in Table 2.
90° ,
{600
Moopfng lind3
o oomng [INENE:
150 300
A
X 0°
Mooring line #1 T\ IOMW FOWT
330°
270°
Figure 2. Schematic depiction of the fully integrated FOWT system.
Table 2. Integrated characteristics of floating offshore wind turbine systems and their mooring configurations.
Properties Values
Overall (w/0 mooring)
Mass 1.025 x 107 kg
Displacement volume 10,728 m?
Center of mass (from SWL) X y z
—0.04 m Om 4.185m
Draft 155 m
Moment of inertia Ixx Iyy Izz
1.967 x 107 kg?-m 1.961 x 107 kg?-m 1.298 x 107 kg?-m
Mooring
Unstretched length 850 m
DLCO01 DLC02 DLCO03
Stiffness 1.845 x 10° kN 1.845 x 10° kN 1.568 x 10° kN
Mooring mass 162.51 kg/m 432 kg/m 373.87 kg/m
Fairlead and Anchor position X (m) y (m) z (m)
Anchor 0.00 —852.69 —150.0
738.45 426.35 —150.0
—738.45 426.35 —150.0
Fairlead 0.00 52.69 13.08
45.631 26.345 13.08

—45.631 26.345 13.08
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The OrcaFlex [33] served as the high-fidelity analysis tool for code verification, while
STAR-CCM+ [41] was employed to perform the CFD-based comparisons and evaluations.
Prior to executing the fully coupled simulations, a mesh sensitivity assessment was carried
out within the CFD framework to evaluate the floater and turbine performance under
applied loading conditions [42]. The OrcaFlex is a time-domain simulation tool widely
employed for dynamic load assessment of FOWTs. In this work, hydrodynamic character-
istics obtained from OrcaWave were utilized as input parameters for the system’s dynamic
load evaluation. OrcaWave performs frequency-domain analysis to estimate the floater’s
hydrodynamic properties, which are subsequently transferred to OrcaFlex to enable time-
domain simulations. Through this integration, OrcaFlex can effectively model the motions
and structural loads acting on the floater and its superstructure. The CFD and OrcaFlex
models applied in this study are presented in Figure 3.

Side column

Turbine

- ) | Pontoon
A Intersection
Mooring Main column

Figure 3. A fully integrated 10 MW FOWT along with its floater configuration.

In OrcaFlex, two hybrid correction strategies were employed to incorporate damping,
wave drift, and current effects. The first approach, Hybrid (1), estimates Morison coeffi-
cients by calibrating drag values for different structural shapes using findings from earlier
studies [43,44]. This calibration is validated against CFD-based free-decay simulations,
where damping coefficients are derived from both the damping and quasi-equilibrium
zones. The damping zone corresponds to the initial decay stage following an offset, while
the quasi-equilibrium zone represents the stabilized phase of oscillation. In contrast, Hybrid
(2) begins by assigning drag coefficients in accordance with DNV-RP-C205 [45], followed
by calculating damping coefficients exclusively from the damping zone of CFD free-decay
simulations, omitting the quasi-equilibrium zone. Once damping values are determined,
Morison coefficients are adjusted to better represent wave drift and current influences, en-
suring consistency with floater geometry. A summary of the drag and damping coefficients
applied in both methods is provided in Table 3, with this study offering a comparative
assessment of the two approaches in capturing CFD-based damping properties alongside
environmental effects.

Table 3. Coefficient values associated with drag and damping in FOWT systems.

Hydride (1) Hybrid (2)
Drag coefficient
CDside col_trans. 0.8 1
CDside col_verti. 0.8 0
CDinter_trans. 0.61 1
CDinter_verti. 2.4 0
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Table 3. Cont.

Hydride (1) Hybrid (2)
CDrmain col_trans. 0.8 1
CDmain col_verti. 24 0
CDpootoonﬁtrans. 2.0 1.72
CDpootoon_Verti. 3.0 0
Damping coefficient
Linear surge (kN/(m/s)) 130 0
Linear heave (kN /(m/s)) 0 1960
Linear pitch (kN/(rad/s)) 0 629 x 103
Quadra surge (kN/(m/ s)%) —400 0
Quadra heave (kN/(m/s)?) 1500 0
Quadra pitch (kN/(rad/s)?) —20 x 10° 0

4. Numerical Simulation Statement
4.1. Flow Doamin and Applied Boundary Conditions

Figure 4 presents the computational domain and boundary conditions applied for
the CFD simulation of a floating platform. The overall domain is defined as a rectangular
box with dimensions of 800 m in length, 500 m in width, and 250 m in depth. The
floating platform is positioned at the center of this domain, and a smaller control volume is
illustrated around it to emphasize the localized mesh refinement in the immediate vicinity
of the structure. The boundaries of the computational domain are chosen sufficiently
far from the platform to minimize the influence of artificial reflections and ensure the
accuracy of wave structure interaction modeling. Symmetry conditions are applied along
the lateral vertical boundaries, effectively reducing the computational effort by exploiting
the physical symmetry of the problem. The logarithmic wind profile (Equation (12)) was
set as inlet velocity and pressure outlet are placed at the rear face of the domain, to control
the generation and propagation of incident waves and the dissipation of outgoing waves.
The top boundary represents the free surface where atmospheric pressure is imposed,
while the bottom boundary is modeled as velocity inlet condition to account for the seabed
approximation at a depth of 250 m. A non-slip wall condition was imposed for all surfaces
of the FOWT structure. These boundary treatments are carefully selected to ensure a realistic
representation of hydrodynamic behavior while maintaining computational efficiency in
the numerical simulations.

oo / \ 00 N
\
Pressure outlet

Symmetry

<« 250m —>

Velocity mlet

Figure 4. Computational domain and applied boundary conditions for CFD simulation of the
floating platform.

u

u(z) = k*ln(z) (12)

Zo

where u* is the friction velocity (related to surface shear stress), k: von Kdrman constant
(for offshore 0.4), and z,: surface roughness length (offshore: 0.0002-0.01 m).
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In rigid body motion simulations, the computational mesh is displaced in space
according to the prescribed motion, which may be translational, rotational, or a combination
of both. The side boundaries of the computational domain are treated as symmetry planes.
It is important to highlight that the inlet, outlet, and lateral boundaries are influenced by
the characteristics of the two-phase flow, where cells may be completely occupied by water,
entirely by air, or partially filled depending on the local volume fraction. To capture this
behavior accurately, the Eulerian multiphase approach is adopted, as it effectively models
the immiscible interface between water and air. Within this framework, the free surface
is represented as the interface separating the two phases. Various multiphase strategies
have been developed to simulate fluid-induced motions and evaluate hydrodynamic forces
acting on floating platforms. Among them, the Volume of Fluid (VOF) method offers a
simplified version of the Eulerian model, specifically designed for continuous-continuous
phase interactions. Such interactions occur when two fluids form a distinct interface, such
as that between water and air. In this formulation, flow properties including velocity,
pressure, and temperature are shared across the phases, allowing the governing mass and
momentum conservation equations to be applied consistently to the two-phase system.

4.2. Overset Mesh Topology

The overset mesh approach was employed to address the complex motions of a full-
scale floating platform. This method utilizes multiple overlapping grids to discretize the
computational flow field. Based on their location within the domain, the grid cells are
categorized as active, passive, or acceptor cells. A fully structured mesh composed of
trimmed hexahedral cells was adopted for the present work. Since the Volume of Fluid
(VOF) method was used to resolve the position and geometry of the free surface waves, an
appropriate local mesh refinement was necessary at the free surface. Specifically, refinement
in the direction normal to the undisturbed free surface was achieved by discretizing each
wave height into approximately 10-30 cells, while refinement parallel to the free surface
was performed with about 80-120 cells per wavelength. To capture sharp gradients in
the boundary layer flow near structural surfaces, ten prism layers were introduced with
a controlled growth ratio normal to the wall, and initial layer thicknesses of 1.2 mm and
0.3 mm were applied. The computational domain was divided into three finite-volume
zones: the background region, the overset region, and the wave refinement mesh. Figure 5
illustrates the mesh resolution across the domain, along with sectional views highlighting
these regions.

Background region

Active cell
i3

Figure 5. Mesh structure illustrating overset region and refinement zones.

4.3. Model Validation

Prior to the CFD-based validation, a comparison with experimental results was carried
out, as illustrated in Figure 6, to confirm the credibility of the numerical simulations. The
reference data for validation were obtained from the pitch free-decay test reported by
Kim et al. [46]. Detailed information regarding the experimental apparatus is available
in the cited work [46,47] and is therefore not repeated here. In the comparative CFD
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analyses, the turbine and tower components were excluded, differing from the physical
test setup. Nevertheless, essential characteristics influencing free-decay behavior, such
as mass, center of gravity, and moment of inertia, were matched to the experimental
configuration to preserve accuracy. Furthermore, to reduce uncertainties associated with
external forces, the comparison was limited to free-decay responses of a floating system
without mooring restraints.

Solution Time 0.9 (s)

Volume Fraction of Water
0.500

-
I o —

0.167

0.00

Figure 6. [llustration of the pitch free-decay experimental setup (left) [46] alongside the corresponding
CFD simulation model (right).

A comparison of the pitch free-decay motion time series shows a strong correlation
between CFD simulations and experimental observations. As depicted in Figure 7, both
approaches reflect the oscillatory decay with comparable frequency and phase responses,
confirming the capability of CFD in replicating the system’s dynamic behavior. Nonethe-
less, minor differences are observed in amplitude reduction, with experiments indicating
a faster decay than the numerical results. This variation may stem from unaccounted
physical phenomena in the CFD model, including subtle viscous damping, turbulence, or
uncertainties in the experimental setup. Overall, the analysis demonstrates that CFD is a
reliable approach for predicting damping characteristics in floating offshore wind turbine
dynamics, while also underlining the critical role of experiments in capturing complex
damping effects under real operating conditions.

—Kim et al. (2026)
— Present work (CFD)

460 510 560 610

Pitch motion (deg)

-10 Time (s)

Figure 7. Comparison of pitch free-decay responses between experimental work [46] and the present
CFD simulation.

Table 4 presents a numerical comparison of CFD simulations with experimental
observations. The period discrepancy was only 1.29%, indicating a strong agreement
between the two approaches. For the logarithmic decrement, the error across the first five
cycles, representing the dominant damping phase, was —3.88%, whereas in the secondary
damping phase it reached 6.79%. Overall, these findings demonstrate that the CFD-based
pitch free-decay analysis provides results consistent with experimental measurements.
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Table 4. Deviation in CFD predictions of pitch free-decay behavior.

Experiment CFD CFD Error (%)
Period (avg.) 21.757 s 22.039 s 1.29
Logarithmic decrement
(1th~5th avg,) 0.241 0.231 —3.88
Logarithmic decrement 0.089 0.094 6.79

(6th~15th avg.)

5. Results and Discussions
5.1. Free Decay Test

The simulations were carried out over a 500 s period, with Figure 8 presenting a
comparison of the three design load cases evaluated using CFD and PBDC. For Hybrid (2),
the damping coefficient was obtained by dividing the CFD free-decay response into two
regions: the damping region and the quasi-equilibrium region. The damping region covers
the time until the initial displacement diminishes to within 10% of twice its starting value,
corresponding to the phase where the crest-to-trough difference steadily reduces. Beyond
this point, the response enters the quasi-equilibrium region, where the system behavior
becomes more stable. As explained earlier, the damping coefficient for Hybrid (2) was
calculated solely from the damping region, whereas for Hybrid (1), it was estimated by
incorporating results from both the damping and quasi-equilibrium regions.

0
G —— CFD
S0 Potential-hybrid#1
§ ) —— Potential-hybrid#2
3
& 30
&
=-40
a Damping zone Quasi-equilibrium zone
-50
0 50 100 150 200 250 300 350 400 450 500
Time (s)
.0
ob —— CFD
T -5 Potential-hybrid#1
? —— Potential-hybrid#2
< -10 { \ -
3
2-15
9
T 0 Damping zone Quasi-equilibrium zone
0 50 100 150 200 250 300 350 400 450 500
Time (s)
10
S8
=
2 6
3
a 4 —— CFD
2 . Potential-hybrid#1
§ 2 amp: . ey ial-hybrid#2
T sone  Quasi-equilibrium zone —— Potential-hybrid#2
0
0 50 100 150 200 250 300 350 400 450 500

Time (s)

Figure 8. The comparison of free-decay simulations using CFD and potential-based engineering tools,
each incorporating different correction approaches, is illustrated for surge (top), pitch (middle), and
heave (bottom) motions.

The simulation spanned a total of 500 s, with the comparative outcomes of the three
design load cases using CFD and PBDC illustrated in Figure 8. For Hybrid (2), the damping
coefficient was obtained by dividing the CFD free-decay response into two distinct regions:
the damping zone and the quasi-equilibrium zone. The damping zone was defined as the
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interval up to the point where the initial displacement diminished to within 10% of twice its
starting value, corresponding to the stage where the crest-to-trough difference consistently
narrowed to below 10%. Beyond this stage, the response was considered to have reached
the quasi-equilibrium zone, where the data stabilized. In line with this approach, the
damping coefficient for Hybrid (2) was calculated exclusively from the damping zone,
whereas for Hybrid (1), both the damping and quasi-equilibrium zones were used to
derive the coefficient. The findings illustrated in Figure 6 reveal that both Hybrid (1) and
Hybrid (2) align well with the CFD free-decay tests in the damping region. In the surge
motion analysis, the two approaches also demonstrated strong consistency with the CFD
results in the quasi-equilibrium range. Nonetheless, for pitch and heave responses, Hybrid
(2) tended to settle into equilibrium more quickly than the CFD predictions. On the other
hand, Hybrid (1), which incorporated the full quasi-equilibrium zone when calculating
correction factors, achieved closer overall agreement with the CFD outcomes across all
three free-decay cases over the 500 s duration.

5.2. Hybrid Correction Framework Adapted for Advanced Potential Engineering Tool Applications

Figures 9-11 illustrate the surge motion and mooring line tension responses for the
three design load cases, analyzed using CFD and PBDC in conjunction with the Hybrid
(1) and Hybrid (2) correction approaches. As it can be seen, Figure 9 presents the time
histories of surge motion and mooring line tension for the floating offshore wind turbine
under rated wind speed conditions, comparing results from three numerical approaches:
CFD and two PBDC hybrid models. The CFD predictions exhibit larger surge amplitudes
and higher mooring tensions compared to both hybrid tools, reflecting CFD’s ability to
capture nonlinear hydrodynamic loading and viscous damping effects more comprehen-
sively. In contrast, the hybrid methods yield slightly reduced oscillation amplitudes and
smoother decay trends, indicating that potential-flow formulations, while computationally
efficient, underestimate certain damping and loading contributions. The phase agreement
among all approaches confirms their consistency in predicting oscillatory frequency, but
the differences in amplitude and tension response highlight the sensitivity of coupled
dynamics to hydrodynamic modeling fidelity. These discrepancies illustrate the trade-off
between numerical accuracy and computational cost, demonstrating that, while CFD offers
higher fidelity in reproducing physical processes, hybrid methods remain valuable for
rapid system-level simulations where efficiency is prioritized.
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Figure 9. Comparison of fully coupled simulation under rated wind speed condition.



Energies 2025, 18, 5545

16 of 26

-~ 25
c E o
S |g=2
= g 22
g g 21
° & 20
50 a 19
’5 18
[97) 450 455 460 465 470 475 480 485 490 495 500
—~ Time (s)
=

— - =CFD (calicrated) — —hybrid (1) ——hybrid (2)
7500

E _25 7000
. = 6500
5§ | §
= 2 6000
= e
] 5500
= 450 455 460 465 470 475 480 485 490 495 500
—~
=) Time (s)

—--CFD (calicrated) — —hybrid (1) ——hybrid (2)

Figure 10. Comparison of fully coupled simulation under cut-out speed condition.
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Figure 11. Comparison of fully coupled simulation under typhoon condition.

In Figure 10, the comparison of CFD with the two hybrid models at cut-out wind
speed reveals distinct differences compared to the rated condition shown in Figure 9. At
this higher wind speed, the surge motion predicted by CFD tends to be slightly lower in
amplitude than both hybrid approaches, while the potential-flow-based solvers, particularly
hybrid (1), show an overestimation of the surge excursions. This deviation becomes more
evident in the corresponding mooring line tension, where both hybrid models predict
higher peak loads than CFD, with hybrid (1) showing the largest discrepancy. Despite
these differences, the cyclic nature of the responses remains well aligned across the three
methods, confirming that all approaches capture the coupling between surge displacement
and mooring line tension. The increase in wind speed from rated to cut-out condition
amplifies both the surge motion and mooring line tension, with the latter showing a
particularly pronounced rise due to the stronger restoring forces required to counteract
larger platform excursions. Comparing Figures 9 and 10 demonstrates that CFD consistently
provides a more moderated and physically consistent response, while the hybrid models
tend to either underpredict (at rated speed) or overpredict (at cut-out speed) the system
dynamics. This highlights the greater reliability of CFD for capturing nonlinear effects
and extreme load scenarios, while also emphasizing the direct proportional relationship
between surge motion and mooring line tension as wind forcing intensifies.
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In Figure 11, the CFD and hybrid results are compared under extreme typhoon con-
ditions, showing clear distinctions in both surge motion and mooring line tension when
contrasted with the previous rated and cut-out cases. The CFD simulations predict substan-
tially larger surge excursions than the hybrid solvers, while both hybrid (1) and hybrid (2)
provide consistently lower estimates, indicating that potential-flow-based methods are
unable to fully capture the nonlinear hydrodynamic loads under severe environmental
forcing. Similarly, in the mooring line tension response, CFD shows a higher baseline and
fluctuating values, whereas the hybrid models underestimate the dynamic range. The phase
alignment between surge motion and mooring line tension is again evident, reinforcing
their strong coupling: larger surge excursions directly translate into increased line tension.
Comparing across Figures 9-11, a progressive trend emerges as wind speed rises from
rated to cut-out and finally to typhoon conditions. At rated wind speed, the hybrid solvers
tended to underpredict motions and loads, at cut-out speed they tended to overpredict
relative to CFD, while under typhoon conditions, they again underestimate the extreme re-
sponses. This pattern highlights that CFD provides more consistent and physically reliable
results across different wind regimes, especially in capturing nonlinearities and extreme
loads. It also demonstrates that as wind forcing intensifies, the surge motion amplifies
significantly, leading to correspondingly higher mooring line tensions, emphasizing the
importance of accurate CFD-based modeling for assessing platform survivability under
extreme weather conditions.

Figures 12 and 13 illustrate the outcomes of the error evaluation by comparing CFD
results with those obtained from the PBDC approach. The analysis indicates that Hybrid (1)
and Hybrid (2) produce very similar motion predictions, regardless of the correction
strategy applied. For the mean surge response, both methods yielded nearly identical error
levels under the rated wind speed condition (DLCO01) as well as near the cut-out wind
speed condition (DLCO02). In contrast, when subjected to extreme wind conditions (DLC03),
the error increased substantially, exceeding 30%. Regarding the mean fairlead load of the
mooring line, the two correction methods showed relatively small discrepancies of about 5%
for DLCO01 and DLCO02, but the error rose to around 20% under DLC03, highlighting greater
deviations in more severe environments. When examining the mean error in response
amplitudes, both correction methods again produced comparable results across all DLCs.
For surge motion, the difference in mean amplitude was consistently within 0.7 m, while
for the fairlead load the difference reached as much as 250 kN. Under DLCO01 and DLCO02,
the surge amplitude differences were modest, around 0.2 m, but under the extreme wind
and high wave conditions of DLCO03, a much larger deviation was evident. For the fairlead
response amplitude, as the intensity of the loading conditions increased, the mean response
amplitude difference in the fairlead load also tended to increase.
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Figure 12. Mean error evaluation of PTET versus CFD (surge on the left, fairlead tension of main
mooring line on the right).
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Figure 13. Average difference comparison of PTET and CFD (surge on the left, fairlead tension of
main mooring line on the right).

5.3. Improved Hybrid Correction Strategy for Potential Engineering Tool Applications

When the correction relied only on free-decay test outcomes, the surge drift response
under severe loading was not captured accurately, which in turn, lowered the reliability of
mooring line tension estimations. To overcome this limitation, the present work recalibrated
the correction factors by incorporating insights from the DLCO03 case. In particular, the
transverse drag coefficient of the side columns, identified as the dominant contributor to
lateral loading was revised to a value of 3.5, while all other coefficients were kept identical
to those applied in Hybrid (2). A summary of the modified coefficients is provided in
Table 5.

Table 5. Modified drag and damping coefficient values of FOWT system.

Drag Coefficient Hybrid (3)
CDside col_trans. 3.5

CDside col_verti. 0.8
CDinter_trans. 0.61
CDinter_Verti. 2.4
CDmain col_trans. 3.5
CDmain col_verti. 2.4
CDpootoon_trans. 2.0
CDpootoon_verti. 3.0
Damping coefficient

Linear surge (kN/(m/s)) 130
Linear heave (kN/(m/s)) 0

Linear pitch (kN/(rad/s)) 0

Quadra surge (kN/(m/s)?) —400
Quadra heave (kN /(m/s)?) 1500
Quadra pitch (kN/(rad/s)?) —20 x10°

The outcomes of the analysis are illustrated in Figures 14-16, which display the thrust,
torque, key three-degree-of-freedom motions, and mooring line forces of the system. The
results are compared using PBDC calibrated with Hybrid (1), Hybrid (2), and Hybrid (3)
correction schemes. Figure 14 focuses on the performance under rated wind speed condi-
tions. For thrust, all three correction methods produced results with excellent consistency.
In the case of torque, the mean values obtained from Hybrid (1) and Hybrid (3) were in
close agreement, although their response amplitudes were marginally larger. A similar
trend was observed in the pitch motion, where slightly higher amplitudes appeared when
these correction methods were applied, indicating that the increased torque amplitude had
a direct effect on the pitch behavior.
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Figure 14. Load response comparison of three correction methods using a potential-flow-based
engineering tool and CFD (Wind: 11 m/s, Wave Height: 6 m, Wave Period: 10 s).

Figure 15 presents the load response results under cut-out wind speed conditions,
which represent a more severe operating scenario compared to the rated case. According
to the turbine design specifications, the blades should pitch to nearly 22.5 degrees at this
wind speed; however, in this investigation, the pitch angle was kept constant at 0 degrees
throughout the simulation. Consequently, both numerical approaches produced unrealisti-
cally high torque levels. This test case was carried out to evaluate the differences in power
generation and thrust prediction between the two models under off-design conditions. The
outcomes indicated that the potential-based dynamic code (PBDC) produced larger power
and thrust responses than CFD. Nevertheless, the considerable variation in thrust estimates
did not influence the accuracy of the surge drift prediction, as confirmed by the comparison
of surge time histories. Since surge drift was consistently reproduced with good accuracy,
the resulting mooring line tension responses showed close agreement between the two
methods. Furthermore, the surge drift predictions aligned well with CFD across all hybrid
correction approaches, which in turn yielded a high level of consistency in the tension
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results. On the other hand, due to the thrust discrepancy, PBDC predicted a larger mean
pitch response compared to CFD. For the heave motion, the Hybrid (2) calibration produced
lower amplitudes relative to CFD, while Hybrid (1) and Hybrid (3) provided results that
closely matched the CFD predictions.
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Figure 15. Load response comparison of three correction methods using a potential-flow-based
engineering tool and CFD (wind: 24 m/s, Height: 6 m, Period: 13 s).

Figure 16 illustrates the platform behavior under extreme typhoon conditions. In
this scenario, the applied wind speed was significantly higher than in the previous load
cases, and the turbine was kept idle, meaning that rotor torque was not considered in
the comparison. Because Hybrid (3) was tuned using the CFD outcomes from DLCO03, its
predictions aligned more closely with the CFD results than those obtained with PBDC
calibrated using Hybrid (1) and Hybrid (2). For thrust response, all correction approaches
produced nearly identical results, showing minimal deviation. In contrast, the pitch motion
displayed notable differences depending on the correction strategy: a higher column drag
coefficient increased the pitch amplitude but simultaneously reduced the mean pitch,
bringing it into close agreement with the CFD reference. Regarding heave response, some
phase shifts were observed across the correction methods; however, both the mean values
and oscillation amplitudes matched well with CFD regardless of the chosen correction.
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Furthermore, Hybrid (3) consistently demonstrated strong agreement between PBDC and
CFD in DLCO01 and DLC02, while for DLC03 it provided marked improvements in capturing
surge motion and mooring line tension by refining the column drag coefficient.
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Figure 16. Load response comparison of three correction methods using a potential-flow-based
engineering tool and CFD (wind: 40.28 m/s, Height: 8.34 m, Period: 13.1 s, current: 0.77 m/s).

Figure 17 presents the error rate comparison between CFD and PBDC calibrated
using three different correction methods. The analysis results indicate that under DLCO03
conditions, Hybrid (3) demonstrated significantly improved performance compared to
the other two correction methods. In particular, for the surge response, while the other
methods showed an error of approximately 30%, Hybrid #3 reduced the error significantly
to within 5%. Similarly, in the main loaded fairlead tension, the other methods recorded
an error rate of about 20%, whereas Hybrid (3) achieved a highly precise result with an
error below 2%. By applying the correction coefficients derived from DLCO03, Hybrid (3)
also showed improved or comparable responses in other load cases such as DLCO01 and
DLCO02 compared to Hybrid (1) and Hybrid (2). In terms of mean thrust response, similar
load responses were observed regardless of the correction method, with a low error rate of
within 5% under rated wind speed conditions. However, under near cut-out wind speeds
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and typhoon conditions, all correction methods exhibited slightly higher error rates at
similar levels.
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Figure 17. Load and motion response Average error comparison of PTETs and CFD.

These errors are less likely to result from discretization differences in hydrodynamic
calculations and may instead be related to the fact that DLC02 and DLCO03 represent condi-
tions where strong stall effects occur, in contrast to DLCO1. Specifically, in this study, the
turbine pitch angle was set to 0 degrees instead of the designed pitch angle of 22.5 degrees
for DLCO02 to impose excessive loads during the analysis. This could be linked to the
limitations of the blade element method (BEM) used for aerodynamic analysis in PBDC.
BEM calculates loads based on lift and drag coefficient data representing the airfoil charac-
teristics of the turbine blades. However, during this process, it is possible that data beyond
the accurate prediction range were used, leading to errors. Additionally, in CFD analysis,
the computational grid was designed with slightly lower precision to reduce simulation
time, which may have contributed to uncertainties in turbine performance prediction. This
factor is considered one of the reasons for discrepancies in turbine performance response
error rates between CFD and PBDC in certain load cases.

A detailed comparative validation between the two codes for turbine performance
responses under these load conditions is necessary, but this was not performed in the
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present study. Nevertheless, despite significant differences in turbine performance response
error rates between the codes in some load cases, the mean thrust response differences
among the correction methods remained minimal across all load cases. Therefore, in the
analysis of load responses based on correction methods, the mean thrust response error
was evaluated to have no significant impact on the overall analysis results.

Figure 18 presents the comparison of the mean amplitude of load responses. The anal-
ysis results indicate that the mean response amplitude differences between PBDC and CFD
were relatively small in most cases, and the improvements due to the correction methods
were also minimal. The mean amplitude difference in thrust remained within 50 kN across
all cases, while surge response differences were within 0.6 m, heave within 0.2 m, and
pitch within approximately 0.4 degrees. The fairlead tension showed a maximum response
amplitude difference of 200 kN. Overall, Figure 18 demonstrates that the mean amplitude
differences between PBDC and CFD were not significant under most conditions. Under
extreme conditions (DLCO03), Hybrid (3) provided the most improved results. However,
under operational conditions (DLCO01 and DLCO02), the differences in load responses due to
the correction methods were not significant.
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Figure 18. Load and motion response amplitude average difference comparison of PTETs and CFD.
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6. Conclusions

This study focused on a comparative analysis between a high-fidelity simulation tool
and CFD for a fully coupled floating offshore wind turbine (FOWT) system on three design
load cases. Although PBDC, which was only calibrated using free-decay data, was on par
with CFD under the Operating Normal Conditions, there were differences between the two
under extreme mooring system boundary conditions, especially in the responses of surge
drift and mooring line tension. This showed the limitations of PBDC’s high-fidelity tool for
capturing physical phenom under extreme conditions like typhoons.

This study developed and applied a modified hybrid correction approach to overcome
the limitations of conventional damping and drag estimation methods. By fine-tuning
the transverse drag coefficient of the side columns subjected to major lateral loading, the
predictive accuracy of the high-fidelity analysis tool was notably enhanced. The improved
alignment between high-fidelity simulations and CFD results, particularly in surge motion
and mooring line tension under extreme conditions, demonstrates the method’s capability
to serve as a reliable design aid for floating offshore wind turbines (FOWTs) in realistic
marine environments. Beyond methodological improvements, the proposed correction
framework holds substantial engineering value. It enables more accurate hydrodynamic
load prediction, offering practical support for optimizing FOWT configurations and inform-
ing potential revisions to offshore design standards. With further validation across a wider
range of sea states and turbine configurations—including pitch, heave, and aerodynamic
effects—the method could evolve into a standardized correction tool that bridges numerical
modeling with field application. Ultimately, this advancement contributes to safer, more
efficient FOWT design and promotes its broader adoption in engineering practice.
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