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This study investigates the load response of a 10 MW FOWT mounted on a semi-submersible platform using CFD
and hydrodynamic correction methods. The primary objective is to derive generalized correction coefficients
through free decay simulations and evaluate the load response under regular wave conditions. To achieve this,
three correction approaches, damping coefficient-based, drag coefficient-based, and a hybrid combining both
were compared. A newly designed 10 MW semi-submersible substructure connected by pontoons was employed
instead of the extensively studied OC4 DeepCwind model. The analysis revealed that the correction method
relying solely on damping coefficients failed to capture critical load responses under regular wave conditions and
demonstrated inaccuracies. In contrast, the hybrid correction method, which incorporates both drag and
damping coefficients, better captured viscous effects and improved damping accuracy, leading to more accurate
load response predictions for the 10 MW semi-submersible FOWT. These findings highlight the necessity of
considering both free decay results and real-world environmental conditions when determining correction co-
efficients to enhance prediction accuracy. This study evaluates various correction approaches to enhance hy-

drodynamic modeling accuracy of FOWTs.

1. Introduction

To combat climate change, the transition to alternative energy
sources is becoming increasingly urgent, as traditional fossil fuels
remain the dominant energy providers (Eurostat, 2019; Edirisinghe
et al., 2023). Among renewable options, wind energy has experienced
significant growth over recent decades and now ranks as the
second-largest source of power generation, surpassed only by hydro-
power. Offshore regions hold the majority of high-quality wind re-
sources, offering immense potential for energy development. According
to Musial et al. the global offshore wind energy sector is projected to
achieve a capacity of 380 GW-394 GW by 2032, representing a nearly
sixfold increase within the next decade (Musial et al., 2023). Notably,
about 70 % of these offshore wind resources are located at depths
exceeding 60 m. To harness this potential economically, floating sub-
structures are expected to play a critical role. Depending on site-specific
conditions, a variety of floating platforms, including tension leg plat-
forms (TLPs), spar platforms, and semi-submersible platforms are being
considered for FOWT. Currently, semi-submersible platforms are the
preferred choice, with 80 % of active floating offshore wind projects
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opting for this design. For such structures, accurate prediction of
wave-induced structural loads is essential, as these forces are more
complex than those experienced by fixed installations (Yang et al., 2023,
2024a; Daabo et al., 2024).

Extensive research has been undertaken to enhance the accuracy of
load response predictions for floating structures. In the OC5 project,
Robertson et al. conducted a comparative study analyzing simulation
results for a floating wind semi-submersible structure against experi-
mental data obtained from a scaled test campaign at the Maritime
Research Institute Netherlands (Robertson et al., 2017). Their findings
demonstrated that medium-fidelity analysis tools effectively captured
dynamic interactions in the wave-frequency domain. However, consis-
tent underpredictions were noted in the low-frequency domain. These
low-frequency excitations were attributed to the nonlinear interaction of
wave components. The study concluded that the combined effects of
underestimating nonlinear loads and overestimating system damping
resulted in the underestimation of motion responses. Notably, most
advancements in predicting load responses for such semi-submersible
structures have focused on the DeepCwind floater (Wang et al., 2022a;
Robertson et al., 2014a, 2018, 2019, 2020; Wendt et al., 2016).

Numerous studies have employed CFD techniques to advance
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Abbreviation

CFD Computational Fluid Dynamic
DoF Degrees of Freedom

FOWT  Floating Offshore Wind Turbine
FVM Finite Volume Method

PBDC Potential-Based Dynamic Code
RAO Response Amplitude Operator
RANS Reynolds Averaged Navier Stokes
VoF Volume of Fluid

understanding in marine and offshore wind energy systems. Zhou et al.
(2021) investigated the application of focused wave dynamics to FOWT
systems using CFD simulations. In marine research, the effects of wave
patterns focused waves, irregular waves, and reconstructed focused
waves were analyzed using the NREL 5 MW semi-submersible FOWT
model. Additionally, Alkhabbaz et al. (2024) conducted high-fidelity
CFD simulations to explore the impact of semi-submersible platform
surge responses on the aerodynamic performance of a 5-MW wind tur-
bine under extreme environmental conditions.

The dynamic motion response, mooring line tension, turbine thrust,
and power output of FOWTs were investigated in several studies uti-
lizing CFD and experimental approaches. Wang et al. explored CFD-
based predictions of a FOWT under low-frequency wave excitation,
addressing the underestimation of nonlinear low-frequency responses in
semi-submersible platforms by mid-fidelity engineering tools. Their
findings demonstrated strong agreement between CFD simulations and
experimental data, validating the method (Wang et al., 2021). Clement
et al. assessed the Morison approach for hydrodynamic modeling of a
cylinder intersecting the free surface. By deriving Morison coefficients
for individual slices of the cylinder, they accurately predicted total loads
on the structure, although discrepancies were noted near the free sur-
face, highlighting limitations of the Morison equation in these regions
(Clément et al., 2022). In another study, Wang et al. examined the hy-
drodynamic response of the DeepCwind semi-submersible platform
under regular waves using CFD. They evaluated metrics such as surge,
heave, pitch RAO, mean surge offset, and zero-frequency surge QTF,
finding close alignment with experimental results within verification
uncertainties. However, deviations in the mean surge offset and
zero-frequency surge QTF were attributed to differences in mooring
models and the effects of suspended cable bundles, which were not
included in simulations (Wang et al., 2022b). Zou et al. analyzed the
short-term hydrodynamic response of the Three Gorges Leading
semi-submersible platform using both AQWA and CFD models. Their
comparative analysis revealed that while displacement time-history
curves from the two codes were similar, notable differences were
observed in surge, roll, and pitch directions, highlighting limitations of
the AQWA tool under specific conditions (Zou et al., 2023). Similarly,
Zhang et al. combined CFD and high-order spectral (HOS) methods to
enhance the accuracy of low-frequency response predictions for the
DeepCwind platform, outperforming traditional tools such as OpenFAST
(Zhang et al., 2023). Yang et al. compared environmental load factors on
a semi-submersible FOWT under extreme conditions using CFD and
potential-based codes. This study quantified prediction errors and pro-
vided insights into the contributions of various environmental load
factors to system responses under extreme conditions (Yang et al.,
2024b). These investigations collectively highlight the strengths and
limitations of CFD and engineering tools in predicting FOWT perfor-
mance and provide critical insights for improving hydrodynamic
modeling and response prediction accuracy.

Hydrodynamic forces are typically estimated using a hybrid
approach that integrates additional viscous forces into the potential flow
model through diffraction and radiation terms, supplemented by
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Morison’s equation. Accurate selection of viscous drag coefficients is
essential to account for fluid resistance and secondary damping effects.
In floating offshore wind energy engineering, calibrating these drag
coefficients against experimental data is critical. Decay tests are a widely
adopted method for determining these coefficients due to their practi-
cality (Wendt et al., 2017). Recent research has demonstrated that
assigning case-specific drag coefficients can significantly enhance the
agreement between simulated and experimental low-frequency platform
responses (Petter et al., 2016; Kvittem et al., 2018; Lemmer (nSandner)
et al., 2018). Pegalajar-Jurado et al. identified the damping character-
istics of the TetraSpar floater using Operational Modal Analysis (OMA)
and found that damping coefficients vary significantly with wave height
and motion amplitude (Pegalajar-Jurado et al., 2025-02). Their study
suggested that using only free decay tests for damping calibration may
not fully capture complex hydrodynamic interactions in operational
conditions. Similarly, Bohm et al. developed an optimization-based
calibration method for hydrodynamic drag coefficients in semi-
submersible platforms, comparing it with traditional free decay
test-based calibration (Bohm et al., 2020). Their approach incorporated
experimental data from irregular wave conditions to optimize drag co-
efficients, improving the accuracy of hydrodynamic response pre-
dictions. However, while manual parameter fitting and calibration
coefficient identification through additional environmental load condi-
tion analysis and experiments can improve the accuracy of potential
flow analysis tools, they may be inefficient during the early design
phase. Free decay tests remain a reliable fundamental method for initial
damping coefficient identification, providing essential baseline data
before incorporating more complex sea states. Therefore, although they
may not be optimal for all conditions, establishing globally applicable
calibration coefficients using free decay data can contribute to
improving efficiency in the early stages of research and development.

This study aims to identify optimal calibration coefficients during the
primary calibration phase using decay motion data, before selecting
appropriate resistance coefficients for various load cases through
detailed analysis. Additionally, it investigates the motion characteristics
influenced by these calibration coefficients. Three calibration method-
ologies were employed: (1) calibration based solely on the damping
coefficient, (2) calibration using only the drag coefficient, and (3) a
hybrid approach integrating both drag and damping coefficients.
Instead of the widely studied OC4 DeepCwind model, this research
utilized a novel 10 MW semi-submersible substructure connected by
pontoons. Calibration was conducted using free decay motion results,
and the calibrated engineering model was evaluated in a fully coupled
configuration under regular wave conditions representative of opera-
tional scenarios.

2. Analysis method and model description

This study introduces a novel method for selecting an appropriate
correction coefficient to enhance the accuracy of CFD within a potential-
based dynamic simulation framework. To achieve this, CFD free decay
simulations were conducted, and their results were systematically
compared with those of the PBDC. This comparison facilitated the
derivation of the correction coefficient essential for fully coupled sim-
ulations. The PBDC employs time-domain analysis to evaluate the load
response over time in fully coupled scenarios. This time-domain analysis
is inherently nonlinear, with mass, damping, stiffness, and load pa-
rameters recalculated at each time step based on instantaneous and
time-varying conditions, as described by equation (1).

MEE(t) + C(t) + Kx(t) = Foxema(£) @

Here, Mx(t) represents the inertial force due to the mass matrix M, which
is proportional to the acceleration of the structure, and Cx(t) represents
the damping force due to the damping matrix C, which is proportional to
the velocity of the structure. Kx(t) represents the restoring force due to
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the stiffness matrix K, which reflects the structure’s tendency to return to
its original position. The added mass, stiffness, and damping required to
compute the equation of motion for these components are calculated
through potential theory-based hydrodynamic analysis. Additionally,
the load RAO values calculated in the frequency domain through hy-
drodynamic analysis are utilized in time-domain simulations for specific
wave frequencies. Feyemq (t) includes external forces such as wave forces,
tidal forces, tension, aerodynamic forces, gravity, buoyancy, and other
external forces.

The hydrodynamic data derived using potential flow theory is based
on the assumption of an inviscid fluid, which inherently minimizes the
representation of viscous damping effects. When these effects are not
explicitly accounted for, the predicted responses may deviate signifi-
cantly from actual physical behavior. To address this limitation, two
primary approaches are commonly employed to incorporate damping
effects into potential flow-based dynamic models. The first approach
involves the direct application of a damping coefficient, while the sec-
ond introduces a Morison element to account for drag-induced damping.
This study evaluates three correction techniques: the two aforemen-
tioned methods and a hybrid approach that integrates both.

The damping coefficient utilized in the initial method was estab-
lished based on the damping ratio obtained from CFD free decay simu-
lations. When applying the damping coefficient, the time-domain
analysis distinguishes between linear and quadratic damping, as out-
lined in Equation (2).

MX(t) + Clinearx(t) + Cquadratic ‘X(t) |X(t) + KX(t) :Fextemal(t) (2)

Here, Cijeqr refers to the linear damping coefficient, and Cyyqdraic refers
to the quadratic damping coefficient.

In the second method, the drag coefficient values corresponding to
the geometry proposed in previous studies were used in conjunction
with the Morison equation. The Morison equation is used to calculate the
external hydrodynamic forces acting on a structure. Forces exerted on
the structure due to fluid motion such as waves and currents are treated
as external forces. The external force in the Morison equation is divided
into inertial force and drag force, representing forces arising from
external environmental conditions acting on the structure. The Morison
equation is expressed as equation (3):

Fuorsn(8) = CapV S0 4 oM U0V @)

This external force corresponds to Fouema(t) in the equation of mo-
tion, and in the PBDC, the interaction between the fluid and structure is
calculated at each time step, and this external force is reflected in the
simulation. When implementing the damping effect using the Morison
element, as in the second method, the drag coefficient values are not
derived from geometries that perfectly match the components used in
this study’s floater. Therefore, there may be discrepancies in comparison
with free decay results. To improve this, an additional damping coeffi-
cient was applied in the hybrid method.

The hybrid method considers both Ciinear, Cuadratic; and Finorison (t) used
in equations (2) and (3). Since the Morison element already reflects
some degree of the damping effect, the damping ratio derived from the
free decay results cannot be used directly. Therefore, the damping co-
efficients for each DoF were adjusted to derive optimal values that make
the motion response of the PBDC match as closely as possible to the CFD
free decay results. The specific process for determining the damping
coefficients in the hybrid method, along with the drag and damping
coefficients applied in all three methods, is detailed in Section 5.1 of the
paper, titled "Correction Coefficient Decision.

To numerically confirm whether the three planned damping methods
were well applied, comparison and validation were performed based on
the time series damping motion results as shown in Fig. 1. The damping
ratio ({) function for numerical analysis of damping is based on the
logarithmic decrement (8) for each period, calculated as follows:
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Fig. 1. Free decay motion example.
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Where X, and X, are two consecutive crests (e.g., fo — f2) or troughs (e.
g., f1 — f3), and the damping ratio is calculated as follows:

(=L (5)

2
()

All load response values, such as surge, heave, and pitch, were
calculated based on the sea water level. Additionally, the x and y co-
ordinates were calculated relative to the center of the geometry of the
analysis objects, when they are in a state of static equilibrium in an
environment without external environmental loads. Furthermore, the
surge motion was calculated with respect to the axis aligned with the
direction of wave propagation.

The platform shape used in the study is shown in Fig. 2. The floater
has a main column at the center where the tower and RNA (Rotor Na-
celle Assembly) are attached, and three side columns are arranged at
120-degree intervals based on this. Each column is connected by an
upper deck and pontoon. The properties of the floater and mooring lines
required for the analysis, as well as information about the shape, are
presented in Tables 1 and 2.

All damping motions were analyzed with mooring lines attached,
with the fairlead position located at 12.685m above SWL and the anchor
position located —150 m in the z-direction and 852.39 m away in the
horizontal direction. The mentioned drag and damping coefficients were
added to the potential-based analysis results, which only reflect damp-
ing effects from diffraction and radiation, as additional linear damping
matrices to correct the damping.

Side column

Pontoon

Fig. 2. Braceless 10 MW platform configuration.
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Table 1
Braceless semi-submersible platform geometry information.
Geometry of platform Value
Platform height (m) 32
Side column diameter (m) 12
Main column diameter (m) 9
Pontoon width (m) 8
Pontoon height (m) 4.8
Outer column span (m) 45
Draft (m) 15.5
Table 2
Platform and mooring properties.
Platform and mooring properties Value
Platform mass (kg) 10,254,000
Center of mass from SWL1) (m) —0.04, 0, 4.19
Ixx about COG (kg2 m) 1.967e10
Iyy about COG (kg2 m) 1.961e10
Izz about COG (kg2 m) 1.298e10
Displacement (m3) 10,728

Mooring upstretched length (m) 850
Mooring mass (kg/m) 162.51
Mooring stiffness (N) 1.845e6

D Sea Water Level.
3. CFD verification
3.1. Free decay simulation verification

In order to obtain the necessary free decay data to determine the
correction coefficient for fully coupled simulations in PBDC, CFD was
utilized to verify the damping forces. Accurate determination of the
correction coefficient requires verification of the CFD results. This was
achieved by comparing the CFD results with the free decay experimental
results from J. Palm et al. (2016), which used a cylinder-shaped model.
The verification process, shown in Fig. 3, confirmed the accuracy of the
CFD results.

For the simulation, the modeled cylinder had a diameter of 0.515 m
and a height of 0.401 m, with a mass of 35.85 kg. The center of gravity
(CoG) was set 0.0758 m above the cylinder’s base, and the moments of
inertia Ixx, Iyy, and Izz were set to 0.9 kg m? 0.9 kg m? and1.18 kg m?,
respectively. The verification results, as shown in Fig. 4, demonstrate a
good agreement between the experimental data and the CFD simulation.

-0.0090!

Fig. 3. Cylinder heave free decay CFD simulation.
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3.2. Fully coupled simulation verification

To validate the CFD analysis for Fully Coupled FOWT under load
conditions that include both wave and wind, the widely-used OC4 Semi-
submersible FOWT model was utilized. The substructure and super-
structure of the OC4 Semi-submersible FOWT were modeled based on
the NREL reports (Robertson et al., 2014b; Jonkman et al., 2009). To
account for damping effects, a Morison element was applied, and the
drag coefficient required for the Morison element was referenced from
the research of Wang et al. (2022c¢).

The analysis conditions included a first-order regular wave with a
wave height of 7.58 m and a period of 12.1 s, while the wind speed was
set to 11 m/s. In the CFD simulations, although the wave height was set
to 7.58 m for a regular wave, factors such as temporal discretization for
simulation stability, wave damping applied at the rear part of the
computational domain, and the influence of the turbulence model, result
in a somewhat irregular wave formation instead of the perfectly uniform
wave produced by the PBDC. In cases with large wave heights, the wave
height formed in the CFD might be lower than the set value depending
on the simulation conditions. Since discrepancies in wave height make it
difficult to compare the two codes, the wave elevation data extracted
from the CFD results were applied to the PBDC for consistent
comparison.

The load response comparison between the two codes for the 10 MW
semi-submersible platform FOWT is presented in Fig. 5. The time series
responses for surge, heave, pitch, and mooring tension were analyzed.
The results indicate that when the CFD-extracted wave data were
directly applied to the PBDC, the heave motion in the PBDC closely
matched the heave motion observed in CFD, demonstrating a high level
of agreement between the two codes. Additionally, not only heave
motion but also pitch, surge motion, and mooring tension exhibited
good agreement between the two codes. However, in OC4 floating
structure, Potential flow theory tends to underestimate the effects of
viscous force and wave force, leading to a lower surge amplitude pre-
diction in the PBDC compared to CFD. Table 3 presents the RAO results
for surge, heave, pitch, and mooring tension, providing a quantitative
comparison of response amplitudes between CFD and the PBDC. The
results indicate that all response components generally show good
agreement between the two codes.

4. Numerical simulation method

In this study, to select the drag coefficient and damping coefficient to
be used, and to analyze the calibration results of the selected co-
efficients, a FVM-based CFD tool was used for verification purposes. The
Potential theory-based analysis tool was used to compare the results
with the selected calibration coefficients applied. The descriptions of
each tool are as follows.

4.1. Governing equation

To analyze the 3D flow characteristics and motion characteristics of
the FOWT, the commercial FVM-based CFD program Star-CCM +
developed by Siemens was used. This tool directly solves fully nonlinear,
viscous fluid dynamics using the Navier-Stokes equations, so it can
produce highly accurate results close to reality if appropriate grid size,
grid quality, and time steps are used. In this study, considering fully
coupled analysis, the flow field was considered turbulent rather than
laminar, and the RANS equations, which are time-averaged forms of the
continuity equation and momentum conservation equations, were used
as the governing equations for the flow. The RANS approach was chosen
because it provides a balance between computational efficiency and
accuracy in offshore hydrodynamics and aerodynamics simulations.
While Large Eddy Simulation (LES) and hybrid RANS-LES methods (e.g.,
Detached Eddy Simulation) can resolve more detailed turbulence
structures, their computational cost is excessively high for large-scale
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Fig. 5. OC4 DeepCwind semi-submersible FOWT fully coupled simulation comparison (Red: CFD; Black: PBDC). (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

Table 3

0C4 FOWT RAO result for surge, heave, pitch and mooring tension.
RAOs CFD Potential code Difference
Surge (m/m) 2.489 1.842 —-0.647
Heave (m/m) 1.097 1.129 0.032
Pitch (deg./m) 1.321 1.477 0.156
Mooring tension (kN/m) 246.248 234.318 —11.93

FOWT simulations. Furthermore, RANS-based simulations have been
validated against experimental data, demonstrating strong agreement in
predicting wave-structure interactions and aerodynamic loads for
floating offshore structures.

To verify the universality of the damping coefficient and drag coef-
ficient derived from CFD simulation results, the potential-based engi-
neering tool Orcaflex was used. Orcaflex models the interaction between
waves and structures and analyzes the dynamic behavior of the structure
by considering additional loads such as buoyancy, gravity, viscosity, and
damping based on the modeled data. The most important wave-structure
interaction modeling data was generated using Orcawave, developed by
Orcina. Orcawave uses potential flow theory, assuming irrotational and
incompressible flow.

4.2. Water surface modeling

Accurately satisfying the kinematic and dynamic conditions of the

free surface is crucial for wave generation through numerical analysis. In
the CFD used in this paper, the second-order accurate VoF method of the
software was used. In this study, instead of modeling a wave generator to
generate waves, the wave information obtained through wave theory
was inputted into the inlet boundary, using the 1st order regular wave
equation for linear waves.

The VoF model tracks the volume fraction of water and air in each
cell that makes up the space. The boundary between water and air is
determined based on the volume fraction value F. The Navier-Stokes
equation is not applied separately for the two fluids (water and air);
instead, the physical properties (such as density, viscosity, etc.) at the
interface are modified according to the volume fraction by the VOF
model. That is, the VOF model tracks the interface and distinguishes
which phase is present in each cell, and the physical properties of that
cell are calculated according to the following equations (6) and (7):

p:F./)water+(1_F).pair (6)

ﬂ:F.Mwa[er+(1_F).”air @

In this way, the physical properties change based on the value of F,
and the Navier-Stokes equation applies these properties to calculate the
physical phenomena. Although the VOF model can track the interface
between fluids, surface tension plays a critical role at the physical
boundary interface. Surface tension contributes to simulating accurate
changes in the shape and waves of the free surface by calculating the
additional forces occurring at the interface. The surface tension term is
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added to the Navier-Stokes equation as shown in equation (8) using the
curvature « of the interface and the surface tension coefficient o:

fse =0xn (8)

Here, n is the unit vector normal to the surface.

The interface normal vectors were determined using the VOF model.
Specifically, the normal vectors were computed as the gradient of the
volume fraction field VF, ensuring an accurate representation of the
phase boundary. This method does not require explicit surface recon-
struction or matrix transformations, as the normal direction is naturally
derived from the phase distribution. The computed normal vectors are
further used to determine, which plays a key role in surface tension
modeling within the Navier-Stokes equations.

4.3. Simulation setup

The air and water constituting the analysis space were set as

incompressible fluids, with densities of 1.184 kg/m> and 1025 kg/m?,

respectively. The analysis was divided into free decay motion analysis

and fully coupled simulation. In CFD, both analyses used the k-w SST

turbulence model. The k-w SST model was applied in this study because
it is a well-validated model in offshore hydrodynamics and wind energy
applications and is widely used in both industry and research. Compared
to the k-e model, the k-0 SST model offers superior performance in near-
wall flow treatment and separated flow regions, enabling more accurate
predictions of the flow around floating platforms and turbine structures.

Additionally, it provides a good balance between computational cost
and accuracy, making it widely applicable for CFD simulations of
floating offshore structures. For temporal integration and discretization,
a second-order numerical discretization method was used for free decay
test, and a first-order method was used for fully coupled simulations.
The grid was configured as shown in Figs. 6 and 7. The grid was divided
into five regions: coarse, medium, fine, finer, and water surface, with
grid sizes determined based on hyef = 5 as shown in Table 4. For the free
decay simulation, analysis was performed excluding the tower and RNA
configuration. Considering the no wave condition of the simulation, the
grid size of the water surface was approximately doubled for Ax and Ay,
and quadrupled for Ax. The time step for free decay test simulation was
set to 0.025 s, while for fully coupled simulation, it was set to 0.05 s to
reduce analysis time. Although, errors may occur due to the increased
time interval, this issue will not be addressed in this study and will be
covered separately in future research. For free decay simulation, initial
conditions for each motion were set to 30 m for surge, —6 m for heave,
and 10° for pitch. All shapes applied to the system were considered rigid
bodies. The turbine used for fully coupled simulation was the DTU 10
MW, with a rated rpm of 8.836 applied under analysis conditions based

Water surface
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on the DTU 10 MW turbine report (Bak et al., 2013). The ideal turbine
shape at this wind speed is straight, so the turbine shape was modeled as
straight in the CFD analysis. The catenary method, which determines
line characteristics based on anchor/fairlead position, length, mass, and
stiffness, was applied to the mooring line. The same settings were
applied in the potential engineering tool.

5. Results and discussion
5.1. Correction coefficient decision

The drag coefficients employed in this study are categorized based on
specific zones, as illustrated in Fig. 8. These zones are delineated into
three distinct regions: the column, the pontoon, and the junction where
the column and pontoon intersect, with corresponding drag coefficients
assigned to each. The transverse drag coefficient for the main and side
columns is designated as Cds, while the transverse drag coefficient at the
column-pontoon junction is denoted as Cdc. Similarly, the horizontal
drag coefficient for the pontoon is represented as Cdp. Additionally, the
axial drag coefficient for the column is defined as Cdcz, and the vertical
drag coefficient for the pontoon is specified as Cdpz.

The drag coefficient values were determined based on experimental
data and previous research findings, with Cds and Cdc set at 0.61, Cdcz
at 2.4, Cdp at 3.0, and Cdpz at 2.0 (Srinivas et al., 2023; Venugopal et al.,
2008). The damping coefficients were derived from free decay simula-
tions conducted using CFD. For surge, the linear damping coefficient
was set to 100 kN/(m/s), and the quadratic damping coefficient to 600
kN/(m/s)?. For heave, the linear damping coefficient was 100 kN/(m/s),
while the quadratic damping coefficient was 3000 kN/(m/s)>. For pitch,
the linear damping coefficient was set to 100¢€® kN/(m/s), and the
quadratic damping coefficient to 30e® kN/(m/s)% In the hybrid cali-
bration approach combining both drag and damping coefficients, the
same drag coefficient values were applied. The damping coefficients for
the hybrid method were calibrated by comparing results from simula-
tions using only drag coefficients with those incorporating CFD-derived
damping coefficients. This comparison identified regions of excessive or
insufficient damping during the decay period, which informed subse-
quent adjustments. The damping coefficient used in the hybrid method
was calibrated by minimizing the discrepancies between the crest and
trough amplitudes observed in the CFD free decay motion and their

corresponding time intervals. To facilitate this calibration, the ranges for
the linear and quadratic damping coefficients were defined for each
DoF, as detailed in Table 5. Within these predefined ranges, the co-
efficients were systematically varied at regular intervals, and parametric
studies were conducted to evaluate their effects.

In the potential model, interactions between individual DOFs are

Coarse

Medium

Fig. 6. Grid composition for FOWT simulation.



H.-S. Yang et al.

Ocean Engineering 328 (2025) 121007

Prism layers

Fig. 7. Overset zone grid composition (detail).

Table 4
Mesh size and prism layer characteristics by spatial zone.
Ax/hyer (=) Ay /Ry (=) Az/hper (=) Prism layers
No. Of layers (—) Stretching (—) Thickness (m)

Coarse zone 2 2 2 - - —
Medium zone 1 1 1 - - -
Fine zone 0.5 0.5 0.5 - - -
Finer zone 0.25 0.25 0.25 - - -
Water surface zone 0.5 0.5 0.25 - - -
Platform 0.125 0.125 0.125 10 1.2 0.4
Tower & Nacelle 0.125 0.125 0.125 10 1.2 0.4
Blade 0.04 0.04 0.04 10 1.2 0.1

M3 cd,,
cd.,

Fig. 8. Distribution of drag coefficient of platform.

minimal, allowing the analysis of each DOF to be conducted indepen-
dently. However, a comprehensive analysis was performed with all
DOFs coupled. A total of 300 simulations were conducted: 100 surge
free-decay simulations to evaluate the surge damping coefficient, 100
heave free-decay simulations for the heave damping coefficient, and 100
pitch free-decay simulations for the pitch damping coefficient. The
determination of the surge damping coefficient involved comparing the
time gap tyeriod gap, Detween the two models using Equation (9), and the
peak value gap, Vpeak gap, Using Equation (10).

For heave and pitch, the response period is shorter than that of surge,
so the initial region was excluded from the analysis to focus on more
stabilized motion. Additionally, as time progresses, the effect of radiated
irregular energy increases, leading to greater discrepancies between the
simplified PBDC and the CFD in the later stages. To avoid this, the
damping coefficients for heave and pitch were determined using data

Table 5
Damping coefficient variables for correction coefficient decision study.
Damping DoF Unit Range of value Discrete
Coefficient spacing
Linear Surge [kKN/(m/s)] [10,190] 20
Heave [kN/(m/s)] [0180] 20
Pitch [kN/(rad/ [0 450 x 10%] 50e3
)]
Quadratic Surge [kN/(m/s) [-800 1000] 200
2]
Heave [kN/(m/s) [-2000 2500] 500
]
Pitch [kN/(rad/s) [-40 x 10° 50 x 10e6
2] 109]

from the second cycle up to 200 s, comparing the time gap g':m.od cap and

peak value gap v;mk gap USing Equations (11) and (12). The results of the
gap analysis for the damping coefficients are shown in Figs. 9-11.

The period gap analysis was conducted based on the percentage of
the response period for each DoF of the platform. Based on the analysis,
the surge damping coefficient for the hybrid method was determined to
be a linear damping coefficient of 130 kN/(m/s) and a quadratic
damping coefficient of —400 kN/(m/s). The heave damping coefficient
was set to a linear damping coefficient of 0 kN/(m/s) and a quadratic
damping coefficient of 1500 kN/(m/s)?, while the pitch damping coef-
ficient was determined to be a linear damping coefficient of 0 kN/(rad/
s) and a quadratic damping coefficient of -2e7 kN/ (rad/s)?. To achieve a
balanced damping response and reduce excessive damping effects, a
negative quadratic damping coefficient was applied to some DoFs.
During the initial correction process, after applying the drag coefficient,
it was observed that the PBDC exhibited greater damping than the CFD
results. To address this, a negative quadratic damping coefficient was
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Fig. 9. CFD and potential surge decay gap analysis study (a: period gap analysis, b: peak gap analysis).
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Fig. 10. CFD and potential heave decay gap analysis study (a: period gap analysis, b: peak gap analysis).

introduced to align the damping response of the PBDC with the CFD free
decay test results, effectively mitigating excessive damping effects and
achieving a more balanced response.

n
(tCFD crest n — Upotential crest n) + Z (tCFD trough n — tpotential trough n)
1

=M=

Lperi =
period gap on

©)]

n n
> [Cresterp v, — Crestpoentat ,| + > | Troughcrp , — Troughpotentat ¢,
1

Vpeak gap = ! on
(10)

n n'
Z (tCFD crest n — Lpotential crest n) + Z (tCFD troughn — Lpotential trough n)
2 2

*

tpzrim:l gap = 2n

(1)

n n'

> |Cresterp, — Crestroentiate, |+ > | Troughcrp ¢, — Troughpocentia, |
* 2 2
Vpeak gap = on

(12)
5.2. Calibration of hydrodynamic correction coefficient

The outcomes of the free decay simulation are presented in Fig. 12
and Table 6. Due to their similarity to the M2 results, the tension data for
M3 were excluded from the analysis. The simulation focused solely on
the platform, offset by 30 m in the surge direction, and examined the
time-series load results at the fairlead resulting from the decay motion. A
comparison of results from the CFD model and the Potential flow tool
indicates that the pre-tension for M1 was —2.4 % and for M2 was —0.82
%, demonstrating strong agreement between the two methodologies.
The peak tension was observed during the first damping interval for both
M1 and M2. For M1, the Potential tool simulation corrected only by
Morison yielded the lowest deviation at —7.08 %, followed by —3.98 %
for the damping model and —1.65 % for the hybrid model. Among these,
the hybrid model predicted peak tension most closely matching the CFD
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Fig. 12. Free decay simulation time series result (a: M1 fairlead tension, b: M2 fairlead tension).

Table 6
Free decay simulation mooring line tension result.

CFD Potential-damping Potential-morison Potential-hybrid
Value (kN) Value (kN) Error (%) Value (kN) Error (%) Value (kN) Error (%)
M1 Pretension 2879 2810 —2.40 % 2810 —2.40 % 2810 —2.40 %
Maximum 4376 4202 —3.98 % 4066 —7.08 % 4304 —1.65 %
Quasi-equilibrium state 3638 3608 —0.82 % 3608 —0.82 % 3609 —0.80 %
E Pretension 4686 4596 -1.92 % 4596 -1.92% 4596 -1.92 %
Maximum 3755 3744 —0.29 % 3724 —0.83 % 3760 0.13 %
Quasi-equilibrium state 3650 3610 -1.10 % 3610 -1.10 % 3610 -1.10 %

results. Damping was simulated over a 500-s period, and although
complete stabilization was not achieved within this timeframe, the
average tension in the quasi-equilibrium state, defined between 300 and
500 s, was assessed. For both M1 and M2, the tension discrepancy be-
tween the CFD and the Potential engineering tool was minimal, at
approximately 1 % or less, confirming that the two methods exhibit a
high degree of consistency in tension performance prediction.

Fig. 13 presents the time series results of the free decay simulation

for 3DoF motions: (a) surge, (b) pitch, and (c) heave. The simulations
were conducted with all six DoFs free during the decay motion. An
analysis of the time series results reveals that the Potential engineering
tool demonstrates good agreement with the free decay simulations
performed using CFD, irrespective of the calibration method employed.
For a more detailed evaluation, the crest and trough values of each
motion’s decay simulation were compared and analyzed, as illustrated
in Figs. 15-17.
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Fig. 13. Free decay simulation time series result (a: Surge, b: Pitch, c: Heave).

Analyzing the surge free decay test results presented in Fig. 14, the
calibration method based on the damping coefficient exhibited minimal
deviation from the CFD data for the crest during the first damping in-
terval, whereas the calibration using only the drag coefficient showed a
discrepancy of approximately +1 m. When evaluated as a percentage
difference per interval, this corresponded to about 10 %. In subsequent
intervals, all calibration methods aligned closely with the CFD results.
However, during the final damping interval, the damping coefficient-
based calibration deviated by —0.5 m from the CFD, equating to a
—30 % difference rate. For the trough in the first interval, the damping
coefficient-based calibration showed a value of 2 m, while the drag
coefficient-based calibration recorded 3.5 m, with respective percentage
differences of 25 % and 50 %. Despite these initial discrepancies, the
methods demonstrated strong agreement with CFD results in the
remaining intervals.

Analyzing the pitch free decay results presented in Fig. 15 reveals
discrepancies between the drag coefficient values derived from refer-
ence data and those observed in reality. Notably, the crest and trough
heights exhibit significant deviations from the CFD predictions in most
damping intervals when calibrated solely using the drag coefficient,
compared to other calibration approaches. These deviations are partic-
ularly pronounced in the first damping interval, both numerically and in
terms of height. Calibration based solely on the damping coefficient
yielded reasonable agreement across the damping intervals; however,
similar to the surge results, the differences became markedly larger in
the later intervals. In contrast, the hybrid calibration method demon-
strated superior accuracy in predicting the pitch free decay motion
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across all intervals compared to the other methods.

Fig. 16 presents the results of the heave free decay analysis. In the
later stages of the oscillation, the amplitude of the motion was minimal,
leading to relatively high error rates in these intervals. To address this,
the heave decay motion was evaluated using the simple numerical dif-
ferences between the crest and trough. During the initial interval, both
the damping and hybrid methods exhibited notable errors; however, in
subsequent intervals, they demonstrated improved agreement compared
to the Morison method, with the hybrid method showing the closest
alignment. From the mid to late intervals, all methods exhibited com-
parable trends with significant variations. These differences were
attributed to the small-amplitude heave motion observed in the CFD
analysis, which generated complex flow patterns and irregular motion,
diverging from the predictions of potential-based simulations.

Fig. 17 presents an analysis of free decay simulations, focusing on the
damping ratio as a function of amplitude and period. The results are
compared across CFD simulations and a potential engineering tool.
Fig. 17(a) and (b) illustrate the surge free decay simulation outcomes,
demonstrating strong agreement with the CFD results. Among the
methods evaluated, the hybrid approach showed the closest alignment
with CFD predictions across all oscillation and period intervals. Fig. 17
(c) and (d) depict the pitch free decay simulation results. While the
Morison method exhibited slightly higher deviations in the damping
ratio as a function of amplitude compared to other methods, it was most
consistent with the CFD predictions during the initial damping interval
of the period analysis. The other two methods yielded similar results,
with all approaches showing good overall agreement with CFD data in
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Fig. 14. Surge free decay simulation: crest and trough difference results according to correction method.

the full damping interval. Fig. 17(e) and (f) report the heave free decay
simulation results. Except for a small interval where the measured
amplitude was less than 0.5 m, the three correction methods generally
predicted damping ratios similar to the CFD results. In cases where
amplitudes were below 0.5 m, the damping ratio converged to nearly
zero. This convergence reflects irregularities influenced by wave effects
generated by motion rather than the inherent heave dynamics, resulting
in outliers in the CFD damping ratio. However, as heave motions of such
small amplitude are not anticipated in the load cases analyzed, this ef-
fect was deemed negligible. Overall, the results affirm that the evaluated
methods provide reliable predictions of damping ratios in comparison to
CFD, with notable variations explained by physical phenomena and
methodological differences in specific cases.

Fig. 18 presents the period results obtained from analyzing the time
intervals between successive troughs and crests observed in the free
decay simulations for surge, pitch, and heave motions. Each free decay
analysis was conducted over the same time duration, yielding approxi-
mately 7 data points for surge, 45 for pitch, and 66 for heave. The results
reveal that the periods estimated using CFD exhibited greater variability
compared to those derived from the potential flow method across all
decay motions. Specifically, in the surge free decay, the potential flow
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method demonstrated a maximum period deviation of approximately 1
s, while the CFD results showed a deviation of up to 4 s. The average
period difference between the two methods was about 1 s, which cor-
responds to roughly 1 % of the natural period, estimated to be around
99 s. For pitch and heave, the natural periods observed in the CFD
analysis showed smaller deviations compared to surge. The potential
flow method, in contrast, exhibited negligible deviation in these mo-
tions. The average differences between the two methods for pitch and
heave were less than 0.1 s, translating to differences of under 1 %.
Overall, the comparative analysis confirms that the differences in nat-
ural periods for the 3DoF motions between the two methods remain
within 1 %.

5.3. Fully coupled simulation

An integrated load analysis was conducted utilizing a potential
analysis tool in conjunction with three selected calibration methods and
CFD. The study evaluated performance under two distinct environ-
mental scenarios: rated wind conditions and cut-out wind conditions.
Both scenarios assumed a water depth of 150 m, with air and water
densities set to 1.184 kg/m® and 1025 kg/m?, respectively. For the rated
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Fig. 15. Pitch free decay simulation: crest and trough difference results according to correction method.

wind conditions, a steady wind speed of 11 m/s, free from turbulence or
power-law effects, was applied, along with a wave height of 6.0 m and a
wave period of 10 s for CFD simulations. Under cut-out wind conditions,
the wind speed was increased to 24.0 m/s, with a wave height of 6.14 m
and a wave period of 13.0 s. When applying the wave model, the dif-
ference in wave profile accuracy between the first-order wave model and
higher-order wave models was insignificant in low wave height condi-
tions. Additionally, while higher-order wave models provide greater
accuracy, they also have a higher risk of numerical divergence and
discretization errors when coupled with a turbulence model. Consid-
ering these factors, the first-order wave model was chosen instead of the
fifth-order wave model for the fully coupled simulation. As discussed in
the CFD validation section, the simulations performed in this study
revealed wave height attenuation within the region of interest. This
attenuation was attributed to factors such as temporal discretization,
wave damping at the rear boundary of the computational domain, and
the turbulence model employed. To enable a precise comparison be-
tween the computational codes, it was essential to harmonize the
environmental conditions. To achieve this, wave data derived from the
CFD simulations were utilized as input for the PBDC, ensuring maximum
consistency in environmental conditions. Subsequently, the
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reconstructed wave data were applied to the PBDC under the specified
load conditions.

5.3.1. Rated wind condition

Figs. 19-21 present the outcomes of an integrated load analysis
conducted under rated wind conditions, employing CFD and a PBDC.
These results include the time series of three DoF motion, aerodynamic
performance, and mooring fairlead tension. The mean drift, average
values, and oscillation amplitudes for each load parameter are summa-
rized in Tables 7-9. Fig. 19(a) displays the time series of surge motion,
where the periodic behavior predicted by the PBDC aligns closely with
the CFD results. However, all three correction methods slightly under-
predict the responses, with the mean surge drift differing by approxi-
mately 2 m, representing an underestimation of about 7-8 %. Fig. 19(b)
illustrates the heave motion response, showing excellent agreement
between the CFD results and the correction methods applied in the
PBDC. As summarized in Table 7, the errors in the mean values and
amplitudes of heave motion are within 0.05 m, which are considered
negligible. Fig. 19(c) depicts the pitch motion, where the predicted pe-
riods align well between the CFD and all correction methods. Never-
theless, slight discrepancies in the mean values are observed across the
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Fig. 16. Heave free decay simulation: crest and trough difference results according to correction method.

methods. Table 7 indicates that the damping method overestimates the
mean pitch by approximately 3.13 %, while the Morison and hybrid
methods demonstrate higher accuracy, with errors of about 1.42 %. The
differences in oscillation amplitude relative to CFD predictions across all
methods remain within 0.1°.

Fig. 20 illustrates the time series of the aerodynamic performance of
the turbine under rated wind conditions. Consistent with the three DoF
motion responses, the thrust and torque responses show excellent
agreement with CFD results, both in terms of amplitude and mean
values, across all correction methods. Phase differences in aerodynamic
performance are attributed to the combined effects of motions such as
surge, sway, and pitch. These interdependencies in system response
phases between the codes contribute to variations in aerodynamic per-
formance phases. Consequently, the findings demonstrate that the PBDC
and the correction methods employed in this study not only accurately
predict aerodynamic and hydrodynamic behavior but also effectively
capture the interplay between these dynamic phenomena. The observed
abrupt inversions in torque and thrust occur due to the Tower Shadow
Effect, which happens when rotor blades pass in front of the tower. As
the blades enter the tower wake region, they experience a temporary
reduction in aerodynamic force due to flow blockage and wake effects,
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leading to a sudden drop in aerodynamic torque followed by a recovery.
This periodic pattern is a well-known physical phenomenon in floating
offshore wind turbines. A frequency analysis confirms that these fluc-
tuations correspond to the blade passing period (1P), which is approx-
imately 2 s. Therefore, the torque variations observed in this study are
identified as a physical response caused by tower wake interactions,
rather than numerical artifacts. Furthermore, this behavior was consis-
tently captured in both CFD and potential flow models.

Table 8 reveals that the average thrust values estimated by the three
correction methods align closely with the CFD results, differing by
approximately 3 %, while the oscillation amplitude shows a deviation
within 20 kN. Likewise, the torque predictions for all three methods
exhibit average values within 3 % of the CFD results, underscoring their
high degree of accuracy.

The load response of mooring line tension is illustrated in Fig. 21 and
summarized in Table 9. Under the applied load conditions, the tension
response of the mooring lines is predominantly governed by the surge
motion. Mooring line M1, which is directly influenced by surge dy-
namics, exhibited a response error of approximately 7 % across all
correction methods, aligning with the discrepancies observed in the
surge response. In terms of oscillation amplitude, the PBDC predicted
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Fig. 17. 3DoF damping ration according to amplitude and period.

slightly lower values for M1, with deviations of approximately 50 kN
compared to the CFD results. Conversely, mooring lines M2 and M3,
which are less sensitive to surge motion, demonstrated minimal differ-
ences in average response compared to CFD, with deviations below 2 %
across all correction methods in the PBDC. Amplitude differences for M2
and M3 were within 1 kN, indicating a high degree of accuracy in the
predicted mooring response. These results underscore the effectiveness
of the applied correction methods in accurately capturing mooring line
behavior under the investigated conditions.
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5.3.2. Cut-out wind condition

The results of the analysis for the cut-out wind condition, conducted
using CFD and a PBDC incorporating three correction methods, are
detailed in Figs. 22-24 and Tables 10-12. In contrast to the previous
configuration, this analysis employed mooring lines approximately 2.5
times heavier than the original ones to examine the effects of increased
mooring line loads on the load response. The environmental conditions
corresponded to a cut-out wind scenario, characterized by a wind speed
of 24 m/s and a turbine rotation rate of 9.6 rpm. For the DTU 10 MW
turbine, the pitch angle typically adjusts to regulate loads and optimize
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Fig. 19. FOWT 3DoF response result with rated wind and regular wave condition.

performance when wind speeds exceed the rated threshold of 11 m/s.
However, in this study, the pitch angle was intentionally fixed at 0° to
assess the capability of the integrated load analysis in predicting turbine
loads under non-standard operating conditions and high structural
loads. Consequently, torque analysis was excluded from the aero-
dynamic evaluation, as the fixed pitch angle does not account for real-
istic operational adjustments at high wind speeds. The study therefore
focused exclusively on thrust as the primary aerodynamic parameter.
Fig. 22(a) illustrates the temporal surge response, highlighting that,
despite increased loads on the mooring lines and upper structure
compared to previous conditions, the PBDC, incorporating all correction
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methods, accurately predicted the mean surge drift and oscillation am-
plitudes in close agreement with CFD results. Fig. 22(b) presents the
time-series response of heave motion, comparing CFD predictions with
those from the PBDC. The Morison and Hybrid methods exhibited strong
concordance with CFD, while the Damping method displayed notable
phase discrepancies and reduced amplitude predictions. Fig. 22(c)
shows the pitch motion response, revealing a consistent trend with the
previous two motions. While the Morison and Hybrid methods achieved
high fidelity with CFD predictions, the Damping method exhibited sig-
nificant deviations, failing to capture the overall dynamic characteristics
of the pitch response. Table 10 presents a comparison of the mean values
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Fig. 20. FOWT aerodynamic performance result with rated wind and regular wave condition.
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Fig. 21. FOWT mooring tension result with rated wind and regular wave condition.
Table 7
FOWT 3DoF mean drift and oscillation amplitude comparison in rated wind and regular wave condition.
Surge Heave Pitch
Mean drift Mean diff. Amp. Amp diff. Mean drift Mean diff. Amp. Amp diff. Mean drift Mean diff. Amp. Amp diff.
(m) (%) (m) (m) (m) (%) (m) (m) (deg.) (%) (deg.) (deg.)
CFD 26.19 - 0.93 - 0.24 - 0.99 - —3.51 - 0.67 -
Damping  24.02 —8.29 0.90 —0.03 0.29 20.83 0.99 0 —3.62 3.13 0.54 —0.13
Morison 24.22 —7.52 0.90 —0.03 0.29 20.83 1.01 0.02 —3.56 1.42 0.79 0.12
Hybrid 24.27 -7.33 0.90 —0.03 0.29 20.83 0.98 —0.01 -3.56 1.42 0.78 0.11
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Table 8
FOWT aerodynamic performance average value and oscillation amplitude comparison in rated wind and regular wave condition.
Thrust Torque
Average (kN) Avg diff. (%) Amp. (kN) Amp diff. (kN) Average (kN-m) Avg diff. (%) Amp. (kN-m) Amp diff. (kN-m)
CFD 1456.35 - 93.93 - 9477.05 - 1588.24 -
Damping 1412.03 —3.04 83.60 -10.33 9759.49 2.98 1354.90 —233.34
Morison 1412.64 —3.00 113.21 19.28 9791.04 3.31 1841.58 253.34
Hybrid 1412.29 -3.03 114.70 20.77 9785.87 3.26 1869.99 281.75
Table 9
FOWT mooring tension mean value and oscillation amplitude comparison in rated wind and regular wave condition.
M1 M2 M3
Mean val. Mean diff. Amp. Amp diff. Mean val. Mean diff. Amp. Amp diff. Mean val. Mean diff. Amp. Amp diff.
(kN) (%) (kN) (kN) (kN) (%) (kN) (kN) (kN) (%) (kN) (kN)
CFD 2988.12 - 128.25 - 1397.62 - 4.85 - 1382.85 - 5.21 -
Damping  2756.43 -7.75 81.31 —46.94 1411.82 1.02 6.35 1.50 1411.46 2.07 6.37 1.16
Morison 2776.27 -7.09 81.73 —46.52 1412.24 1.05 5.47 0.62 1408.78 1.88 5.49 0.28
Hybrid 2781.71 —6.91 80.81 —47.44 1411.95 1.03 5.55 0.70 1408.51 1.86 5.60 0.39
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Fig. 22. FOWT 3DoF response result with cut-out wind condition.
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Fig. 23. FOWT aerodynamic performance result with cut-out wind condition.
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Fig. 24. FOWT mooring tension result with cut-out wind condition.
Table 10
FOWT 3DoF mean drift and oscillation amplitude comparison in cut-out wind condition.
Surge Heave Pitch
Mean drift ~ Mean diff. Amp. Amp diff. Mean drift ~ Mean diff. Amp. Amp diff. Mean drift Mean diff. Amp. Amp diff.
(m) (%) (m) (m) (m) (%) (m) (m) (deg.) (%) (deg. (deg.)
CFD 20.50 - 1.94 - —0.90 - 1.20 - -5.77 - 1.13 -
Damping 18.95 —7.56 1.89 —0.05 —0.86 —4.44 0.89 —-0.31 —5.86 1.56 1.36 0.23
Morison 19.10 —6.83 1.90 —0.04 —0.87 —3.33 1.23 —0.03 —5.86 1.56 1.32 0.19
Hybrid 19.08 —6.93 1.96 0.02 —0.87 —3.33 1.05 —-0.15 —5.85 1.39 1.31 0.18
Table 11 and oscillation amplitudes of 3DoF motion for the FOWT under cut-out
able

FOWT aerodynamic performance average value and oscillation amplitude

comparison in cut-out wind condition.

wind conditions. For surge motion, the predicted mean drift exhibited a
deviation of approximately 7 % across all correction methods, while the
oscillation amplitudes closely matched CFD results, with differences

Thrust limited to 0.05 m. In the case of heave motion, the mean values
Average (kN) Avg diff. (%) Amp. (kN) Amp diff. (kN) demonstrated strong agreement within a 5 % margin for all methods;
CFD 9397.46 _ 88.00 _ however, notable discrepancies were observed in oscillation amplitudes
Damping 2445.57 2.01 104.87 16.87 when using the Damping method. For pitch response, mean values
Morison 2447.48 2.09 54.43 —33.57 showed less than 2 % variation across all methods, with oscillation
Hybrid 2447.27 208 54.77 —33.23 amplitudes differing by no more than 0.2° compared to CFD results.
Fig. 23 presents the time-series thrust response of the FOWT under
Table 12
FOWT mooring tension mean value and oscillation amplitude comparison in cut-out wind condition.
M1 M2 M3
Mean val. Mean diff. ~ Amp. Amp diff. Mean val. Mean diff. ~ Amp. Amp diff. Mean val. Mean diff. Amp. Amp diff.
(kN) (%) (kN) (kN) (kN) (%) (kN) &kN) &kN) (%) (kN) (kN)
CFD 6131.41 - 379.76 - 3746.89 - 29.36 - 3714.66 - 32.36 -
Damping  6007.70 —2.02 364.91 —14.85 3803.25 1.50 35.96 6.6 3772.51 1.56 35.58 3.32
Morison 6032.80 -1.61 392.03 12.27 3800.55 1.43 28.83 —0.53 3769.73 1.48 29.29 -3.07
Hybrid 6031.49 -1.63 390.42 10.66 3800.81 1.44 30.48 1.12 3769.86 1.49 30.94 —1.42
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cut-out wind conditions, comparing CFD simulations with three
correction methods. Despite high wind speeds and a 0-degree pitch
angle, all PBDC methods demonstrated thrust predictions closely
matching the CFD results, with a deviation of approximately 2 % across
all correction methods. Typically, aerodynamic force fluctuations are
affected by surge and pitch motion, and the phase combination of these
responses can suppress thrust oscillation amplitudes, preventing the
development of distinct periodicity. The PBDC results did not show clear
periodic variations except for the tower shadow effect. Meanwhile, in
CFD simulations, slight periodic fluctuations were observed due to phase
differences in surge motion compared to PBDC methods, though the
oscillation amplitudes remained small. Additionally, the turbine used in
this study requires blade pitch adjustment at a wind speed of 24 m/s, but
the investigation was conducted without modifying the pitch angle to
evaluate the consistency of PBDC predictions against CFD results. The
findings indicate that CFD exhibited unstable thrust variations under
unregulated blade conditions, whereas PBDC produced smoother thrust
variations. This difference is attributed to CFD’s higher sensitivity in
capturing stall effects under these conditions.

Fig. 24 presents the mooring line tension of the FOWT under cut-out
wind conditions, emphasizing the influence of increased mooring line
weight on load responses. For mooring line M1, which experienced the
highest loads, the average tension increased relative to prior analyses
due to the added weight. However, the reduced surge mean response
associated with the increased weight resulted in oscillation amplitudes
that demonstrated improved alignment with CFD simulations. This
behavior was consistent across all correction methods. Similarly, for
mooring lines M2 and M3, the increased mooring line weight led to
higher loads at the fairleads compared to previous analyses. Neverthe-
less, the load response patterns for these lines showed excellent agree-
ment with CFD predictions across all correction methods.

Table 12 presents the numerical comparison of the tension results,
where the average values for M1, M2, and M3 showed deviations of less
than 2 % across all correction methods compared to CFD. This indicates
a high level of accuracy in predicting mooring line tensions under
extreme environmental conditions.

6. Conclusion

This study investigates the load response of a 10 MW FOWT using
three approaches: damping coefficient calibration, drag coefficient
calibration, and a hybrid method. The predictive accuracy of each
method was evaluated against CFD simulation results. The hybrid and
Morison methods demonstrated high accuracy, maintaining consistent
performance under real-world conditions. In contrast, the PBDC cor-
rected solely with damping coefficients exhibited inaccuracies in load
response under varying environmental conditions, indicating limitations
in its applicability. Free decay tests provided insights into platform dy-
namics but failed to fully capture complex environmental interactions
involving waves, currents, and wind. To impose greater loads on the
upper structure, the pitch angle was fixed, and load responses were
assessed under extreme wind speeds. However, further studies are
required to evaluate the efficacy of these correction methods when the
turbine operates with a variable pitch angle, especially during extreme
load scenarios. Notably, the study was conducted under regular wave
conditions, whereas real-world environments are dominated by irreg-
ular wave patterns. Future research should explore the performance of
the hybrid and Morison methods under irregular wave conditions to
determine whether their accuracy is sustained.

In conclusion, the hybrid and Morison methods demonstrated high
accuracy in predicting load responses under real-world conditions,
enhancing the reliability of load estimation for FOWTs. Validation under
both regular wave and extreme load scenarios confirmed the efficacy of
these methods across diverse conditions. Nevertheless, the scope of this
study was constrained to specific load scenarios, necessitating further
investigation across a broader spectrum of environmental conditions.
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Since this study conducted analyses under only two environmental
conditions, it has a limitation in terms of applicability. Therefore, future
research will focus on conducting additional analyses across a broader
range of wave conditions, including various wave heights and periods,
to further strengthen the reliability of the proposed methodology.
Furthermore, we plan to develop the hybrid method derived in this
study by exploring and refining various hybrid correction approaches.
This will enhance the accuracy and robustness of hydrodynamic
modeling for floating offshore wind turbines.
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