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 A B S T R A C T

Floating offshore wind turbines (FOWTs) are complex systems, as several physical phenomena are involved, 
and a complete numerical framework is essential for modeling such floating structures. In this study, the open-
source hydrodynamics framework REEF3D is used to simulate the six-degrees-of-freedom (6DOF) motions of 
a moored floating body and a floating offshore wind turbine within a three-dimensional numerical wave tank 
(NWT). The numerical framework incorporates a quasi-static algorithm for mooring dynamics. A dynamic 
mooring model, MoorDyn, is also coupled with the FSI algorithm to assess the accuracy and reliability of the 
mooring algorithm. The mooring line tensions obtained by these models are compared against each other, 
and the motion responses of floating bodies are validated with the experimental results to demonstrate the 
accuracy of the numerical model. This study is also subjected to simulate dynamic responses of a floating wind 
turbine in highly nonlinear waves as well as very steep focused waves. To increase computational efficiency, 
Hydrodynamic-Coupling (HDC) between the fully nonlinear potential flow (FNPF) solver and the CFD solver 
in the open-source hydrodynamics framework is used to simulate the FOWT in focused waves. The numerical 
findings show that the HDC method increases computational efficiency without compromising accuracy.
1. Introduction

Floating offshore wind turbines (FOWTs) have gained significant 
attention as renewable energy technologies. FOWTs can exploit wind 
energy in deep water environments and the mooring systems play 
a critical role in ensuring safety and operational integrity in harsh 
marine conditions. Various numerical studies have been conducted in 
regular and extreme wave conditions to shed light on the reliability 
and efficiency of the different methods for FOWT simulations, including 
mooring effects.

1.1. Mooring modeling for FOWT

Wang et al. (2010) introduced a 3D quasi-static mooring model 
considering currents, soil resistance and cable elasticity, and Palm 
et al. (2017) presented a high-order discontinuous Galerkin method 
to capture snap loads in mooring lines. Mooring dynamics models 
have been coupled with the potential and Reynolds Averaged Navier–
Stokes (RANS) equations-based solvers to estimate floating platform 
motions in waves. Masciola et al. (2011) coupled the floating wind 
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turbine simulator FAST and OrcaFlex and evaluated the significance 
of mooring dynamics on the motion responses of FOWT (Masciola 
et al., 2013b). The numerical findings showed that the mooring line 
dynamics have small effects on the surge and heave motions. How-
ever, the mooring models have a significant influence on mooring 
line tensions. The quasi-static mooring model may underpredict the 
mooring forces in both regular and extreme wave conditions. Hall 
et al. (2011, 2014) also investigated the importance of mooring models 
for FOWT simulation by coupling FAST and a FEM-based dynamic 
mooring line model ProteusDS. The results indicate that the quasi-
static mooring model can calculate the platform motion responses in 
regular waves; however, the error increased in extreme waves and 
the quasi-static mooring model could not capture the snap loads. Hall 
and Goupee (2015) validated a coupled model of FAST and a lumped-
mass mooring model MoorDyn of the DeepCwind semi-submersible, 
showing that snap loads can be predicted by MoorDyn. Lozon and Hall 
(2023) enhanced OpenFAST model coupled with MoorDyn for shared-
mooring floating offshore wind farms. Palm et al. (2016) coupled 
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OpenFOAM with MooDy and validated the method with a moored 
floating vertical cylinder. A moored box in regular waves was simulated 
by several researchers. Domínguez et al. (2019) used Smooth Particle 
Hydrodynamics code DualSPHysics coupled with MoorDyn, and Chen 
and Hall (2022) and Jeon et al. (2023) used OpenFOAM coupled with 
MoorDyn. The numerical results showed good agreement with the 
experimental data in motion responses, but some discrepancies were 
evident in mooring tensions. Chen et al. (2024) also developed a model 
in OpenFOAM coupled with MoorDyn to simulate multiple moored 
floating structures. The numerical results were compared with results 
of DualSPHysics solver and good agreements were shown.

1.2. CFD solvers coupled with mooring models for FOWT

Recently, semi-submersible floating offshore wind turbines (FOWTs) 
have been investigated in various scenarios to assess the reliability of 
computational fluid dynamics (CFD) codes. Validation of CFD codes 
coupled with mooring models has been a critical focus. Burmester 
et al. (2020) carried out a surge decay simulation of a FOWT with a 
catenary mooring line system to validate the open-source CFD code 
ReFRESCO (Vaz et al., 2009). Wang et al. (2021) employed a verifi-
cation and validation (V&V) study using linear and dynamic mooring 
models in pitch free-decay motion. Significant improvements were 
obtained with the dynamic mooring model. Later, Wang et al. (2022a) 
coupled the dynamic mooring model MOORING3D (Huang and Chen, 
2020) with ReFRESCO and performed a comprehensive V&V study 
under regular waves. Furthermore, Zhong et al. (2024) compared the 
performance of six different mooring line models for FOWTs. The 
results show that nonlinearity is introduced in the dynamic mooring 
model. In realistic scenarios, the FOWTs may encounter extreme wave 
conditions. Zhou et al. (2019) simulated a FOWT in focused waves 
using OpenFOAM with an in-house dynamic mooring model. Waves 
were generated by the open-source toolbox waves2Foam (Jacobsen 
et al., 2012) and the results were compared with the FAST code. A 
recent comparative study on the hydrodynamic response of a floating 
offshore wind turbine (FOWT) was presented by Yu et al. (2025). The 
study includes detailed numerical analyses for free decay tests and 
focused waves to assess the reliability of various tools, ranging from 
low-fidelity to high-fidelity.

1.3. Multi-physics coupled CFD solvers for FOWT

As an advancement of FOWT simulations, aerodynamic loads of 
the wind turbines were included in numerical applications. Liu et al. 
(2017) conducted a fully coupled CFD simulation with OpenFOAM, 
including aerodynamics, hydrodynamics, and mooring dynamics ef-
fects for the FOWT under various wave conditions. The rigid-body 
motion was handled with the overset mesh method, and a quasi-
static mooring model calculated the mooring effects. The reciprocal 
interaction between the wind turbine and the FOWT was investigated 
by considering the wind speeds and wave conditions. Cheng et al. 
(2019) presented fully coupled aero-hydrodynamic numerical simula-
tions with OpenFOAM. Aerodynamic analysis of a wind turbine was 
conducted with the unsteady actuator line model (UALM) (Li et al., 
2015), and mooring dynamics was calculated with three catenary lines. 
The commercial CFD code STAR-CCM+ is also commonly used for fully 
coupled FOWT simulations. Tran and Kim (2016, 2018) carried out 
a multi-physical full-scale FOWT analysis for a free decay test under 
regular wave conditions. Platform motion was handled using an overset 
mesh, and mooring dynamics was solved with a quasi-static mooring 
model. Hydroelastic effects and structural flexibility have also become 
increasingly relevant for the design phase of FOTW platforms. Wei et al. 
(2024) presented a numerical framework with a quasi-static mooring 
solver integrated into a fully coupled CFD-discrete module beam (DMB) 
model for hydroelasticity simulations of very large floating structures 
(VLFS) in waves. The CFD solver OpenFOAM was coupled with the 
structure solver MBDyn, and the coupling scheme was validated with 
experimental data. The numerical findings indicated that hydroelastic 
behavior has a significant effect on the mooring system.
2 
1.4. Coupled CFD-potential flow solvers

Concerning computational efficiency and accuracy, several studies 
have been conducted using the coupling of potential flow and CFD 
solvers for wave–structure interaction problems. Kim et al. (2010) in-
tegrated the boundary element method (BEM) with the volume of fluid 
(VOF) method for random wave propagation in a two-way coupling. 
The numerical results of the coupled model were almost identical to 
those of the single-VOF model, and the computational efficiency was 
improved. Gatin et al. (2017) presented a one-way coupling model in 
the foam-extend library using the High-Order Spectral (HOS) method 
and a CFD solver for realistic wave simulations. The numerical model 
was applied to several test cases, including a full-scale ship simulation 
under a 3D extreme wave, where the extreme wave was efficiently 
generated using the HOS method. Xu et al. (2021) also developed a 
coupled model in which the HOS method was used for wave propa-
gation in the far-field region, while the wave-structure interaction in 
the near-field was calculated using the CFD solver Star-CCM+. The 
model was used to simulate floating production storage and offload-
ing (FPSO) motions under irregular wave conditions. The numerical 
results demonstrated the potential of the coupling model for realistic 
wave-structure interaction simulations. Robaux and Benoit (2022) also 
developed a one-way coupling scheme using the fully nonlinear poten-
tial flow (FNPF) model and the RANS solver of OpenFOAM, and the 
method was validated using a fixed submerged body. It was shown 
that the computational time could be significantly reduced with the 
coupling method. Most recently, Zhang et al. (2023) coupled the HOS 
method with STAR-CCM+ to simulate a FOWT under 3-h irregular wave 
conditions and compared the results with OpenFAST. The numerical 
findings indicated that the proposed method improved the accuracy of 
the motion responses of the FOWT in comparison to OpenFAST and 
required fewer core hours for the simulations. Furthermore, Soydan 
et al. (2025) introduced an improved direct forcing immersed boundary 
method (DF-IBM) as an alternative tool for floating body simulations in 
waves. The numerical framework also enables Hydrodynamic-Coupling 
(HDC) between the fully non-linear potential flow (FNPF) solver and 
the CFD solver. As previously demonstrated by Wang et al. (2022b) 
and Kamath et al. (2022), wave propagation can be efficiently gener-
ated by the FNPF method, while the wave-structure interactions are 
calculated using the CFD solver in the near-field. This feature provides 
a suitable numerical scheme for the effective and accurate simulation 
of FOWTs in long-duration wave conditions.

1.5. Objectives of this paper

This study presents applications of the numerical framework in-
troduced by Soydan et al. (2025). The improved DF-IBM offers a 
complete numerical framework tailored for simulating FOWTs in re-
alistic ocean waves. The numerical model incorporates a quasi-static 
mooring model (Martin et al., 2021b), and the open-source lumped-
mass mooring model MoorDyn (Hall and Goupee, 2015) is also coupled 
to the numerical framework to assess the significance of the fidelity of 
the mooring models. The method is applied to a FOWT in steep and ex-
treme wave conditions to obtain new insights. For validation purposes, 
a 3D moored floating box is investigated in three different regular 
wave conditions to compare the quasi-static mooring model and Mo-
orDyn. The motion responses and the mooring line tensions are shown 
with the experimental results. Subsequently, the method is applied to 
the triangular-shaped INO WINDMOOR semi-submersible FOWT de-
sign (Thys et al., 2021). WINDMOOR is a Competence Building Project 
(KPN) funded by the Research Council of Norway and offshore wind 
industry. This project aimed to enhance the understanding of the forces 
that govern the mooring system FOWTs (Silva de Souza et al., 2021). 
The FOWT was tested at a 1:40 Froude scale in the Ocean Basin at 
SINTEF Ocean, with three mooring lines used to restrain the platform’s 
motion during the experiment. The FOWT is simulated in three distinct 
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wave conditions with increasing wave steepness using different moor-
ing algorithms. The motion response results are presented alongside 
the experimental results and the importance of the mooring algorithms 
on the motion responses are discussed. The proposed method is also 
subjected to a test with very steep focused waves to demonstrate its 
robustness when large motion responses occur. A validation study is 
performed with a 2D floating body in a focused wave. Then the INO 
WINDMOOR semi-submersible FOWT is investigated under a very steep 
focused wave. Here, the Hydrodynamic-Coupling (HDC) feature of the 
numerical framework is used to reduce the computational resources. 
All numerical findings showcase the functionality and potential of the 
method.

2. Numerical model

The numerical framework REEF3D includes a fully non-linear poten-
tial flow model REEF3D::FNPF (Bihs et al., 2020) and a computational 
fluid dynamics (CFD) model REEF3D::CFD (Bihs et al., 2016). The FNPF 
solver is efficient in generating the waves and the CFD solver is capable 
of simulating wave-structure interaction and nonlinear waves. Details 
about these models are given in the following sections. 

2.1. REEF3D::FNPF

The fully non-linear potential flow model REEF3D::FNPF solves the 
Laplace equation for the velocity potential 𝜙, considering inviscid, 
incompressible and irrotational flow. The governing equation is written 
as: 
𝜕2𝜙
𝜕𝑥2

+
𝜕2𝜙
𝜕𝑦2

+
𝜕2𝜙
𝜕𝑧2

= 0 (1)

The Laplace equation can be solved with the kinematic and dynamic 
free surface boundary conditions and the kinematic bottom boundary 
condition. The kinematic free surface boundary condition indicates that 
the fluid particles always remain at the free surface 𝜂, formulated as in 
Eq. (2): 
𝜕𝜂
𝜕𝑡

= −
𝜕𝜂
𝜕𝑥

𝜕𝜙
𝜕𝑥

−
𝜕𝜂
𝜕𝑦

𝜕𝜙
𝜕𝑦

+ 𝑤̃

(

1 +
(

𝜕𝜂
𝜕𝑥

)2
+
(

𝜕𝜂
𝜕𝑦

)2
)

, 𝑧 = 𝜂 (2)

The dynamic free surface boundary condition enforces the pressure on 
the free surface to be equal to the atmospheric pressure as in Eq. (3):
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⎜
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)2

+

(

𝜕𝜙
𝜕𝑦

)2
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2
𝑤̃2

(

1 +
(

𝜕𝜂
𝜕𝑥

)2
+
(

𝜕𝜂
𝜕𝑦

)2
)

− 𝑔𝜂, 𝑧 = 𝜂 (3)

where 𝑤̃ is the vertical velocity at the free surface. Finally, the kine-
matic bottom boundary condition satisfies that the fluid particle cannot 
penetrate the solid boundary as in Eq. (4). 
𝜕𝜙
𝜕𝑧

+ 𝜕ℎ
𝜕𝑥

𝜕𝜙
𝜕𝑥

+ 𝜕ℎ
𝜕𝑦

𝜕𝜙
𝜕𝑦

= 0, 𝑧 = −ℎ. (4)

Here, 𝜙 = 𝜙(𝒙, 𝜂, 𝑡) represents the velocity potential with the horizontal 
location 𝒙 = (𝑥, 𝑦) at the free surface.

The Laplace equation is discretized with a second-order central 
differences scheme on a 𝜎-coordinate grid and it is solved with the 
conjugated gradient BiCGStab algorithm of the hypre library (van der 
Vorst, 1992) with the geometric multigrid preconditioner PFMG (Ashby 
and Flagout, 1996). The 𝜎-transformation is applied as in Eq. (5). 

𝜎 =
𝑧 + ℎ (𝐱)

𝜂(𝐱, 𝑡) + ℎ(𝐱)
(5)

A fifth-order accurate weighted essentially non-oscillatory (WENO) 
scheme (Jiang and Shu, 1996) is applied for the spatial discretization 
of the free surface elevation and velocity potential. A third-order Total 
3 
Variation Diminishing (TVD) Runge–Kutta scheme (Shu and Osher, 
1988) is applied to solve the time derivatives. The time step size is 
controlled under the restriction of the CFL condition depending on the 
phase velocity. The method is fully parallelized based on the domain 
decomposition method and MPI library.

2.2. REEF3D::CFD

The continuity and Navier–Stokes (N–S) equations in convective 
form are solved in the 3D numerical wave tank (NWT) to satisfy the 
conservation of mass and momentum as follows: 
∇ ⋅ 𝐮 = 0 (6)

𝜕𝐮
𝜕𝑡

+ 𝐮 ⋅ ∇𝐮 = −1
𝜌
∇𝑝 + 𝜈∇ ⋅

([

∇𝐮 + ∇𝐮𝑇
])

+ 𝐠 (7)

where 𝐮 is the velocity vector, 𝜌 is the density of the fluid, 𝑝 is the 
pressure, 𝜈 is the kinematic viscosity, and 𝐠 the acceleration vector 
due to gravity. The k-𝜔 turbulence model with an additional turbulent 
damping scheme at the free surface is used as a turbulence closure for 
the Reynolds-averaged Navier–Stokes equations (RANS), as referenced 
in Bihs et al. (2016).

The interface between the air and water phases is captured by the 
level set function (Osher and Sethian, 1988), which is defined as a 
signed distance function 𝜙(𝑥⃗, 𝑡): 

𝜙(𝑥⃗, 𝑡) =

⎧

⎪

⎨

⎪

⎩

> 0 if 𝑥⃗ ∈ phase 1
= 0 if 𝑥⃗ ∈ 𝛤
< 0 if 𝑥⃗ ∈ phase 2

(8)

The convection of the level set function is solved using the fluid velocity 
field 𝐮. 
𝜕𝜙
𝜕𝑡

+ 𝐮 ⋅ ∇𝜙 = 0 (9)

After transporting the free surface each time step, the level set function 
is initialized with a PDE-based reinitialization equation (Sussman et al., 
1994) as in Eq. (10) to maintain the signed distance properties, |∇𝛷| =
1. 
𝜕𝜙
𝜕𝑡

+ S(𝜙) (|∇𝜙| − 1) = 0 (10)

Here, S(𝜙) is the smoothed sign function (Peng et al., 1999). Negative 
distance values (S(𝜙) < 0) represent the air phase, positive values 
represent the water phase (S(𝜙) < 0) and the zero value (S(𝜙) = 0) 
indicates the interface between the air and water phases. The density 
and viscosity are defined for the whole domain using: 
𝜌 = 𝜌𝑤𝐻(𝜙) + 𝜌𝑎(1 −𝐻(𝜙)) (11)

𝜈 = 𝜈𝑤𝐻(𝜙) + 𝜈𝑎(1 −𝐻(𝜙)) (12)

with the subscripts 𝑤 and 𝑎 indicating water and air properties, re-
spectively. The smoothed Heaviside function 𝐻(𝜙) is then used for 
smoothing the sharp change of the fluid properties at the interface 

𝐻(𝜙) =

⎧

⎪

⎨

⎪

⎩

0 if 𝜙 < −𝜖
1
2

(

1 + 𝜙
𝜖 + 1

𝜋 sin
(

𝜋𝜙
𝜖

))

if |𝜙| ≤ 𝜖

1 if 𝜙 > 𝜖

(13)

with an interface thickness of 𝜖 = 2.1𝛥𝑥 (Bihs et al., 2016).
The system of equations is solved using finite differences on a 

staggered rectilinear grid. A fifth-order accurate weighted essentially 
non-oscillatory (WENO) scheme (Jiang and Shu, 1996) is applied for 
the convection terms. The fifth-order accurate Hamilton–Jacobi WENO 
method of Jiang and Peng (2000) is used for discretization of the 
convection term in Eq. (9). For the diffusion terms, the second-order 
accurate central finite differences is applied. An incremental pressure-
correction algorithm (Timmermans et al., 1996) is used for the solution 
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of the pressure gradient term in the RANS equation as described in Mar-
tin et al. (2021a). In the predictor step, the conservation equation for 
momentum Eq. (7) is solved without considering the pressure gradients. 
An intermediate velocity field 𝐮(∗) is calculated by an explicit third-
order low-storage Runge–Kutta scheme (Spalart et al., 1991) using the 
following equation: 
𝐮(∗) − 𝐮(𝑘−1)

𝛥𝑡
= 2𝛼𝑘𝜈∇ ⋅

([

∇𝐮 + ∇𝐮𝑇
])(𝑘−1) − 2𝛼𝑘∇

(

𝑝𝑘−1

𝜌

)

− 𝛾𝑘𝐮𝑘−1 ⋅ ∇𝐮𝑘−1 − 𝜁𝑘𝐮𝑘−2 ⋅ ∇𝐮𝑘−2 + 𝐠
(14)

Here, 𝛼𝑘 =4/15, 1/15, 1/6, 𝛾𝑘 =8/15, 5/12, 3/4, 𝜁𝑘 = 0, −17/60, 
−5/12 and 𝑘 = 1, 2, 3. The third-order Total Variation Diminishing 
(TVD) Runge–Kutta scheme (Shu and Osher, 1988) is applied for the 
solution of the time derivatives for Eqs.  (9) and (10). The time step 
size is controlled under the restriction of the CFL condition to ensure 
numerical stability efficiently. An implicit Euler method is applied for 
the time advancement of 𝑘 and 𝜔 equations to prevent a significantly 
smaller time step size due to the CFL criterion (Bihs et al., 2016). The 
diffusion term of the RANS equation is treated implicitly to remove 
it from the CFL restriction. The Poisson equation for the pressure 
correction is formed by the insertion of the intermediate velocities into 
the continuity equation. 

∇ ⋅
(

1
𝜌
∇𝑝𝑐𝑜𝑟𝑟

)

= 1
2𝛼𝑘𝛥𝑡

∇ ⋅ 𝐮(∗) (15)

The Poisson equation is solved for the pressure correction terms 𝑝𝑐𝑜𝑟𝑟
with the fully parallelized BiCGStab algorithm of the hypre library
(van der Vorst, 1992) with the geometric multigrid preconditioner 
PFMG (Ashby and Flagout, 1996) to increase the computational per-
formance. Finally, the pressure and the divergence-free velocity field 
are calculated using the updated pressure correction term: 
𝑝(𝑘+1) = 𝑝(𝑘) + 𝑝𝑐𝑜𝑟𝑟 (16)

𝐮(𝑘+1) = 𝐮∗ −
2𝛼𝑘𝛥𝑡
𝜌

∇𝑝(𝑘+1) (17)

2.2.1. FSI algorithm
In the numerical framework of REEF3D, the fluid–structure inter-

action algorithm is built upon a direct forcing immersed boundary 
method (DF-IBM). The governing equations are modified by adding a 
forcing term 𝐟 in the momentum equations to take into account the 
rigid body velocity field in the Eulerian domain. 
∇ ⋅ 𝐮 = 0 (18)

𝜕𝐮
𝜕𝑡

+ 𝐮 ⋅ ∇𝐮 = −1
𝜌
∇𝑝 + 𝐠 + 𝐟 (19)

The forcing term 𝐟 (∗) is calculated as in Eq. (20) and it is smeared out 
through the interface by using a smoothed Heaviside function. 

𝐟 (𝑛+1) ≈ 𝐟 (∗) = 𝐻
(

𝛷(∗)
𝑠
)

⋅
(

𝐏(𝐮(∗)) − 𝐮∗
2𝛼𝑘𝛥𝑡

)

(20)

Here, P(u) is the rigid body velocity field, 𝐮∗ is the fluid velocity field, 
𝛼𝑘 is a Runge–Kutta coefficient and 𝛥𝑡 is time-step.

The signed distance field 𝛷𝑠 is constructed with the level set func-
tion and added in the smoothed Heaviside function for tracking the 
fluid-solid interface, which is the zero level set (𝛷𝑠 = 0). The signed 
distance field is created with the information provided by an STL geom-
etry representing the rigid body consisting of multiple non-connected 
triangles. The closest distance from neighboring fluid cells to the solid 
boundary is determined by a ray-casting algorithm (Bihs et al., 2017). 
The signed distance function 𝛷𝑠 is reinitialized with the PDE-based 
Eq. (10) by Sussman et al. (1994) to keep the solid boundary obtained 
from the ray casting sharp.

The intermediate rigid-body velocity field is defined as Eq. (21), 
where 𝒙̇  is the translational rigid-body velocity vector, 𝝎  is the angular 
𝑖 𝑖

4 
Fig. 1. Discrete mooring line — Quasi-static mooring model.

rigid-body velocity vector and 𝒓 is the distance vector to the center of 
gravity of the rigid body. 
𝐏
(

𝐮(∗)
)

= 𝒙̇𝒊 + 𝝎𝑖 × 𝒓 (21)

The body forces and momentum are obtained by integrating the 
fluid properties of pressure 𝑝, the viscous stress tensor 𝜏 over the 
discrete solid surface 𝛺: 

𝑭 𝒊 = ∫𝛺
(−𝐧𝑝 + 𝜌𝜈𝐧𝜏)𝑑𝛺(𝐱) =

𝑁
∑

𝑖=1
(−𝐧𝑝 + 𝜌𝜈𝐧𝜏)𝑖 ⋅ 𝛥𝛺𝑖 (22)

𝑴 𝒊 = ∫𝛺
𝐫 × (−𝐧𝑝 + 𝜌𝜈𝐧𝜏)𝑑𝛺(𝐱) =

𝑁
∑

𝑖=1
𝐫𝑖 × (−𝐧𝑝 + 𝜌𝜈𝐧𝜏)𝑖 ⋅ 𝛥𝛺𝑖 (23)

where 𝐧 is the surface normal vector on the solid body surface pointing 
outwards. The pressure 𝑝 and the viscous stress tensor 𝜏 contributions 
of the solid surface area are integrated to calculate the global forces.

To accurately calculate the buoyancy and hydrodynamic forces, 
the grid resolution near the immersed boundary must be sufficiently 
fine. This is typically determined by a grid convergence study. For 
computational efficiency, local grid refinement can be applied in the 
vicinity of the body, rather than using a uniform fine mesh for the entire 
domain. This approach enables better resolution of the flow features 
around the immersed boundary without significantly increasing the 
total number of cells. Furthermore, to ensure proper interpolation 
between the Eulerian grid and the triangulated solid surface, the size 
of the triangles on the solid surface must be smaller than the local 
numerical grid size. If this criterion is not satisfied, the triangulated 
surface mesh is automatically refined during preprocessing to match 
the grid resolution. This ensures the accurate prediction of the forces 
and moments acting on the solid body. Further details on the imple-
mentation and applications of the DF-IBM can be found in Soydan et al. 
(2025) and Larkermani et al. (2025).

2.2.2. Quasi-static mooring dynamics model
A finite element-based quasistatic mooring model was implemented 

in the numerical framework REEF3D as presented in Martin et al. 
(2021b). The mooring forces are calculated as external forces and 
subsequently added to the total force during each Runge–Kutta sub-
step. The mooring line dynamics, neglecting bending stiffness, are 
explained (Palm et al., 2017) as: 

𝛾 𝜕
2𝑟
𝜕𝑡2

=
𝜕𝐹𝑇 𝑓
𝜕𝑠

+ 𝐹𝑒 (24)

Here, 𝛾 represents the cable mass per unit length, 𝐹𝑇  is the tension force 
magnitude, 𝑓 is the unit vector in the same direction of the tension 
force, and 𝐹𝑒 denotes the external forces, which include hydrodynamic 
and gravitation effects.

Eq. (24) is simplified, assuming that the flow is steady-state and the 
line motion is small in time: 
𝜕𝐹𝑇 𝑓
𝜕𝑠

= −𝐹𝑒 (25)
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As illustrated in Fig.  1, the mooring line is discretized with 𝑁 bars. 
The bars have the same length of ⏞𝑡 in two consecutive nodes 𝑃 . The 
first node 𝑃 (0) is connected to the bottom, and the last node 𝑃 (𝑁) is 
connected to the floating body. The gravity force contribution at each 
node 𝑃 (𝑗) is calculated using Eq. (26): 

𝐹 𝑗
𝐺 = 𝛾𝑔 ⋅

𝜌𝑚 − 𝜌
𝜌𝑚

⋅
𝑙𝑗𝑡 + 𝑙𝑗+1𝑡

2
, 𝑗 = 1,… , 𝑁 − 1 (26)

where 𝜌𝑚 is the material density of the mooring line, and 𝑔 is a unit vec-
tor pointing in the direction of the gravitational force. Hydrodynamic 
forces are calculated as drag forces using Morison’s formula at each 
bar as in Eq. (27). The added mass forces are neglected in this model. 
Here, 𝑣 is the velocity vector of the nodes considering the quiescent 
water, and 𝑐𝑛 and 𝑐𝑡 are the drag coefficients in normal and tangential 
directions, respectively. This formula contributes to the hydrodynamic 
mooring damping.

𝐹 𝑗
𝐻 = 𝑙𝑗𝑡 𝑑

𝑗
𝑡
𝜌
2
⋅
[

𝑐𝑡
(

𝑣 ⋅ 𝑓
)

‖𝑣 ⋅ 𝑓‖ ⋅ 𝑓

+ 𝑐𝑛
(

𝑣 −
(

𝑣 ⋅ 𝑓
)

𝑓
)

‖𝑣 −
(

𝑣 ⋅ 𝑓
)

‖

]

, 𝑗 = 1,… , 𝑁 (27)

𝐹𝐺 depends on the bar length 𝑙𝑡 according to Eq. (26), which is 
calculated as a polynomial of 𝐹𝑇 . Here, 𝐾𝑝 and 𝑘 are the stiffness 
constants and iteration index, respectively. 

𝑙𝑗𝑡,(𝑘+1) =

[

𝑙𝑗𝑡 ⋅

{

1.0 +
𝑃
∑

𝑝=1
𝐾𝑝(𝑗) ⋅

(

𝐹 𝑗
𝑇 + 𝐹 𝑗−1

𝑇
2

)𝑝}]

𝑘

, 𝑗 = 1,… , 𝑁 (28)

Then, the force equilibrium at each inner node can be found by sepa-
rating the internal and external forces: 

𝑓 𝑗+1𝐹 𝑗+1
𝑇 − 𝑓 𝑗𝐹 𝑗

𝑇 = −
(

𝐹 𝑗
𝐻 + 𝐹 𝑗

𝐺

)

, 𝑗 = 1,… , 𝑁 − 1 (29)

However, the mooring line has N bars and N–1 inner nodes, leading to 
an undetermined equation system. To solve this problem, the boundary 
condition is enforced by using the fixed end points of mooring line 𝑃 (0)

and 𝑃 (𝑁) as: 
𝑁
∑

𝑗=1
𝑓 𝑗 𝑙𝑗𝑡 = 𝑥⃗

(

𝑃𝑁)

− 𝑥⃗
(

𝑃 0) (30)

Considering Eqs.  (29) and (30), the linear system of equations is 
yielded, which is solved iteratively by Gaussian elimination method. 
(

𝐓
𝐋

)

⋅ 𝐅 =
(

−(𝐇 +𝐆)
𝑥⃗
(

𝑃𝑁)

− 𝑥⃗
(

𝑃 0)

)

(31)

Here, 𝐓 is a sub-matrix of tension forces, 𝐋 is the bar lengths vector, 𝐇
and 𝐆 are the sub-matrices of the hydrodynamic and static forces.

2.3. Lumped-mass mooring dynamics model

In this study, the lumped-mass mooring model MoorDyn (Hall and 
Goupee, 2015) is coupled with the numerical framework REEF3D. 
As depicted in Fig.  2, the mooring line is discretized into N equally 
distanced bars with N+1 nodes. The first and last nodes, 𝐫0 and 𝐫𝑁 , are 
connected to the bottom (anchor node) and the floating body (fairlead 
node). The line segment between two consecutive nodes has an index of 
1∕2. Each node is represented by a global vector 𝐫 = 𝐫(𝑥, 𝑦, 𝑧), defined 
in the inertial reference system. The tension in the segment of 𝑖 + 1∕2
is calculated as: 
𝐓𝑖+1∕2 = 𝐸 𝜋

4
𝑑2𝜀̇𝑖+1∕2

𝐫𝑖+1 − 𝐫𝑖
‖𝐫𝑖+1 − 𝐫𝑖‖

(32)

where E is the Young’s modulus, 𝑑 is the diameter of the mooring line, 
𝜀𝑖+1∕2 = ‖𝐫𝑖+1 − 𝐫𝑖‖ /l −1 is the strain, 𝑙 is the unstretched length of the 
mooring line segment.

The hydrodynamic forces acting on the nodes in transverse direction 
𝐃𝑞𝑖 and tangential direction 𝐃𝑝𝑖 are calculated based on Morison’s 
equation.
5 
Fig. 2. Discrete mooring line — Lumped-mass mooring model.

The complete equation of motion for each node 𝑖 obtained by con-
sidering the forces above with submerged weight 𝐖𝑖 and the vertical 
force due to the mooring line seabed interaction 𝐁𝑖 is: 
[

𝐦𝑖 + 𝐚𝑖
]

𝑟̈𝑖 = 𝐓𝑖+1∕2 −𝐓𝑖−1∕2 +𝐂𝑖+1∕2 −𝐂𝑖−1∕2 +𝐖𝑖 +𝐁𝑖 +𝐃𝑝𝑖 +𝐃𝑞𝑖, (33)

where 𝐂𝑖+1∕2 is the internal damping force, 𝐚𝑖 is the added mass and 
𝐦𝑖 =

𝜋
4 𝑑

2𝑙𝜌𝐈 is 3 × 3 mass matrix.
The system of equations above is solved for all nodes of the moor-

ing line with a constant-time-step second-order Runge–Kutta (RK2) 
integration algorithm.

2.4. Coupling MoorDyn with FSI algorithm

This study aims to assess the accuracy and reliability of the quasi-
static and dynamic mooring models. For this, the open-source lumped-
mass mooring model MoorDyn (Hall and Goupee, 2015) is coupled 
with the numerical framework REEF3D. The flowchart of coupling 
between the rigid-body FSI algorithm of REEF3D and the lumped-
mass mooring model MoorDyn (Hall and Goupee, 2015) can be seen 
in Fig.  3. The fluid solver is separated from the rigid-body dynamics 
solver, and communication is established through a two-way, non-
iterative weak coupling method. Mooring forces and moments are also 
calculated independently and added to the total force acting on the 
floating body during each Runge–Kutta substep. The algorithm begins 
with the initialization of the fluid solver, rigid-body dynamics and 
MoorDyn. In the first iteration of the Runge–Kutta integration, the 
momentum predictor step (Eq. (19)) starts without the forcing term. 
Subsequently, the forces acting on the floating body are calculated, 
and the equations of motion are solved by the rigid-body dynamics 
solver to update the position and the velocity of the rigid body. The 
new position and velocity of the rigid body, along with the time step 
of the fluid solver, are transferred to MoorDyn. MoorDyn calculates the 
mooring dynamics and passes the summation of the mooring forces 
and moments to the rigid-body dynamics solver to be used in the 
next iteration of the Runge–Kutta integration. The rigid-body dynamics 
solver calculates the forcing term, which is added to the predicted 
momentum. Finally, the flow solver advances to the next iteration of 
the Runge–Kutta integration.

The time step, 𝛥𝑡, of the floating body dynamics and fluid solver is 
determined based on the CFL condition. This value is then communi-
cated to MoorDyn at each time step. MoorDyn uses internal time step, 
𝛥𝑡𝑀 , and its time integration as follows:

• If 𝛥𝑡 < 𝛥𝑡𝑀 , then MoorDyn reduces its time step to match the flow 
solver by setting 𝛥𝑡𝑀 = 𝛥𝑡

• If 𝛥𝑡 > 𝛥𝑡𝑀 , then MoorDyn performs multiple internal steps with 
𝛥𝑡𝑀  during one flow solver time step to reach 𝛥𝑡.

Therefore, this coupling approach imposes no constraints on the global 
time step. The time step is governed by the requirements of the fluid 
solver (CFL condition.)
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Fig. 3. Illustration of the 6DOF algorithm, k represents the Runge–Kutta substep iteration number.
Fig. 4. Illustration of the mooring lines of the floating box.
3. Results

3.1. Moored floating box

A 3D moored floating cubic box under regular waves is addressed 
to compare the mooring algorithms. The experimental data is ob-
tained from Wu et al. (2019), and the mooring setup is based on 
the work of Chen and Hall (2022) and Domínguez et al. (2019). The 
numerical framework incorporates wave generation and absorption 
methods (Miquel et al., 2018). Here, the relaxation method is used for 
both the wave generation and absorption zones. The wave generation 
6 
and absorption zone lengths are one wavelength and two wavelengths, 
respectively. The numerical wave tank (NWT) dimensions are 10 m ×
1 m × 1 m and the water depth d = 0.5 m between the wave generation 
and absorption zones. The box (0.2 m × 0.2 m × 0.132 m) is placed in 
the NWT at x = 3.5 m and the initial draft is 0.0786 m. The mass of the 
barge is 3.6 kg. The box moment of inertia 𝐼𝑥𝑥, 𝐼𝑦𝑦, 𝐼𝑧𝑧 is 0.015, 0.015 
and 0.021 kg m2. The box is simulated under three different regular 
wave conditions, as specified in Table  1. A 2nd-order Stokes theory is 
used to generate the waves.

The box motions are restrained with four mooring lines in waves 
as depicted in Fig.  4. The line diameter is 0.003656 m, the line mass 
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Fig. 5. 3DOF motion of the three-dimensional barge over time. Comparison of numerical and experimental results in Wave-1.
Table 1
Wave conditions for the moored floating box.
 Wave 
conditions

Wave height 
H (m)

Wave period 
T (s)

Wave length 
L (m)

 

 Wave - 1 0.12 1.8 3.57  
 Wave - 2 0.12 2.0 4.06  
 Wave - 3 0.15 1.8 3.57  

per unit length is 0.0607 kg/m, the line length is 1.455 m and the 
axial stiffness is 19 N. More information about the mooring lines can be 
found in Chen and Hall (2022). For comparison, the motion responses 
of the box and corresponding mooring tensions are calculated with 
a quasi-static mooring model (Martin et al., 2021b) and the lumped-
mass mooring model MoorDyn (Hall and Goupee, 2015). The mooring 
lines are divided into 40 elements. The same settings and parameters 
(mooring line diameter, mooring line mass per unit length, mooring 
line length, and mooring axial stiffness) are used for both mooring 
models. These two models calculate the mooring tensions, and the 
results are presented . The numerical error metrics of the motion 
responses obtained from both mooring models are quantified using the 
normalized mean absolute error (NMAE), as defined in Eq. (34) where 
n is the number of data points, 𝑦𝑛𝑢𝑚 denotes the numerical values, and 
𝑦𝑒𝑥𝑝 represents the experimental values. The numerical error metrics 
are presented in Table  2. 

𝑁𝑀𝐴𝐸 = 1
𝑛

𝑛
∑

𝑖=1

|

|

|

𝑦𝑒𝑥𝑝,𝑖 − 𝑦𝑛𝑢𝑚,𝑖
|

|

|

|

|

|

𝑚𝑎𝑥(𝑦𝑒𝑥𝑝) − 𝑚𝑖𝑛(𝑦𝑒𝑥𝑝)
|

|

|

(34)

According to the grid convergence study in Appendix  A, 𝑑𝑥 = 0.02 m is 
selected for the numerical simulations. Figs.  5, 6, and 7 show the wave 
excitation motions of the floating box in three wave conditions: Wave-
1, Wave-2, and Wave-3. Small differences can be observed in the heave 
motions obtained with both mooring models, but the results show 
good agreement in amplitude and phase. The surge motions in Wave-1 
and Wave-2 are depicted in Figs.  5(b) and 6(b). The numerical results 
demonstrate good agreement despite slight over- and underestimations 
for peaks and troughs. Overall, both mooring models provide similar 
results. Larger differences are observed in the pitch motions. Earlier 
studies (Palm et al., 2016; Martin et al., 2021b) revealed that the 
7 
pitch motion highly depends on the moment of inertia and center 
of mass of the floating body. The uncertainties in these parameters 
in the experiments may cause these differences in the pitch motion 
signals. Furthermore, Domínguez et al. (2019) remarked that a wood 
plate was used on the box’s front face to measure the box motions in 
waves. The incoming waves splashed on this plate, and this additional 
geometry was not modeled in the numerical simulation. This could be 
the source of the discrepancy between the numerical and experimental 
results. The same discrepancy was also observed in the work carried out 
with OpenFOAM and MoorDyn (Chen and Hall, 2022), and in other 
work by Domínguez et al. (2019), where the DualSPHysics code and 
MoorDyn were used. The absence of the wood plate in the numeri-
cal simulation may be the reason for this, as explained in previous 
works (Chen and Hall, 2022; Domínguez et al., 2019). Nevertheless, 
the phase of the motion can be captured with both mooring models. 
The results obtained with MoorDyn can resolve the troughs of the pitch 
amplitudes better compared to the results obtained with the quasi-static 
mooring model.

Another possible source of discrepancy in the pitch motion is the 
occurrence of slacking events in the mooring lines. Fig.  8 presents 
the anchor tensions of Line-1 and Line-3 calculated by the quasi-static 
mooring model and MoorDyn. Neither mooring model can capture 
the slacking events observed in the experimental results, which may 
effect the accuracy of the pitch motion. For Wave-1 and Wave-2, both 
mooring models predict larger tensions in Line-1. The anchor tensions 
measured by Line-3 are quite acceptable, but MoorDyn can capture the 
low tensions better. Special attention is given to the anchor tensions 
for Wave-3, which is the steepest wave. Both mooring models under-
estimate line tensions in Line-1, similar to the results obtained with 
OpenFOAM and MoorDyn (Chen and Hall, 2022). On the other hand, 
the anchor tension in Line-3 shows good agreement with the experi-
mental results for both mooring models. The most interesting result can 
be observed that the quasi-static mooring model exhibits a result similar 
to MoorDyn for Wave-3. Chen and Hall (2022) showed that the quasi-
static mooring model, Mooring Analysis Program (MAP++) (Masciola 
et al., 2013a), coupled with OpenFOAM, underestimates the mooring 
line tensions in both Line-1 and Line-3. This may be because MAP++ 
does not take into account hydrodynamic forces. On the contrary, 
the quasi-static mooring model in the numerical framework REEF3D 
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Fig. 6. 3DOF motion of the three-dimensional barge over time. Comparison of numerical and experimental results in Wave-2.
Fig. 7. 3DOF motion of the three-dimensional barge over time. Comparison of numerical and experimental results in Wave-3.
calculates the hydrodynamic forces based on Morrison’s formula. The 
results presented here also indicate that the mooring line tensions have 
a minor effect on the floating body motion responses in regular wave 
conditions.

3.2. Windmoor semi-submersible floating offshore wind turbine

The improved rigid-body FSI algorithm is used to simulate the new 
prototype INO WINDMOOR semi-submersible wind turbine (Silva de 
Souza et al., 2021). The triangular-shaped floating structure has three 
vertical cylinders connected to deck beams and pontoons, as illustrated 
8 
in Fig.  9. The main dimensions of the structure are given in Table  3. 
The experiment was carried out in SINTEF Ocean’s Ocean Basin at a 
1:40 Froude scale (Thys et al., 2021). The dimensions of the basin are 
80 m × 50 m × 3.75 m (Berthelsen et al., 2022). The structure properties 
are outlined in Table  5.

Three mooring lines are used to restrain the motions of the semi-
submersible in waves as depicted in Fig.  10. The coordinates of the 
mooring lines are given in Table  4. The mooring line tensions are 
obtained by the quasi-static mooring model and MoorDyn. The mooring 
line settings are the same for both models and the mooring lines are 
divided into 40 elements. It should be mentioned that the mooring lines 
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Table 2
The normalized mean absolute error for the motion responses of the moored floating box.
 Motion Wave - 1 Wave - 2 Wave - 3
 Quasi-Static MoorDyn Quasi-Static MoorDyn Quasi-Static MoorDyn 
 Heave 7.16% 6.71% 6.42% 7.86% 8.06% 7.42%  
 Surge 4.48% 4.42% 7.57% 7.98% 7.35% 7.35%  
 Pitch 14.60% 12.61% 17.31% 12.66% 13.28% 10.51%  
Fig. 8. Comparison of mooring line tensions of the floating box.
Table 3
Main dimensions of the INO WINDMOOR structure.
 Column diameter 15.0 m 
 Column height 31.0 m 
 Pontoon width 10.0 m 
 Pontoon height 4.0 m  
 Column center-center distance 61.0 m 
 Deck-beam width 3.5 m  
 Deck-beam height 3.5 m  
 Draft 15.5 m 

are above the water to exclude the hydrodynamic loads and mooring 
damping in the experiment.

3.2.1. Heave decay test
First, a heave decay test is performed. The simulation was carried 

out at model scale but the results are presented at full scale. The 
9 
platform releases a position offset of 2.5 m (at full scale) from the 
equilibrium position. Three distinct grids are used for the simulation 
carried out in model scale: 𝑑𝑥 = 0.05 m, 0.025 m, and 0.01 m. The 
quasi-static mooring model is used in the heave decay test.

The time series of the heave decay motion for different grids is given 
in Fig.  11(a) and the corresponding power spectral density (PSD) of 
the heave decay motion is given in Fig.  11(b). The results converge 
monotonically as the grid sizes are refined. The coarse grid 𝑑𝑥 = 0.05 m
shows a good match with the experimental results until 2.0 s however, 
the motion damping is too much after the first period of the motion. 
The fine grid 𝑑𝑥 = 0.01 m exhibits excellent agreement with the 
experimental results with a slight overshooting in the first peak of the 
motion. Fig.  11(b) also indicates that the fine grid can estimate the 
natural frequency of the heave motion with very good accuracy.
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Fig. 9. INO WINDMOOR semi-submersible structure.

Table 4
Coordinates of mooring lines.
 Line Fairleads points (m) Anchor points (m)  
 1 −21.759, 37.688, 15.500 −574.800, 967.280, 92.400  
 2 43.518, 0.000, 15.500 1345.690, 0.000, 99.200  
 3 −21.759, −37.688, 15.500 −582.475, −1000.200,100.000 

Table 5
Windmoor system structural properties.
 Mass 14 124.0 t 
 Draft 15.5 m  
 𝐶𝑂𝐺𝑧 3.95 m  
 𝑟𝑥𝑥 43.62 m  
 𝑟𝑦𝑦 44.01 m  
 𝑟𝑧𝑧 28.97 m  
 Natural periods
 Surge 93.8 s  
 Heave 16.6 s  
 Pitch 30.4 s  

3.2.2. Regular wave
The semi-submersible structure is simulated under three distinct 

regular wave conditions as tabulated in Table  6. Wave-1 and Wave-
2 are generated with a 2nd-order Stokes theory, while Wave-3 is 
generated with a 5th-order Stokes theory, which is the most nonlinear 
and the steepest waves. The relaxation method is employed for both 
wave generation and absorption zones. The aerodynamic loads are not 
considered in the presented study. All numerical errors based on NMAE 
(Eq. (34))are quantified in Table  7.

According to the grid convergence study in Appendix  B, 𝑑𝑥 =
0.025 m is selected for the numerical simulations. Fig.  12 presents the 
motion responses of the semi-submersible in Wave-1, where the wave 
steepness is 1:120. Fig.  12(a) shows the heave motion responses. The 
results calculated with the two mooring models exhibit slight overes-
timation in peaks and troughs, yet demonstrate good agreement with 
the experimental results. PSD of the heave motion is given in Fig.  12(b). 
The largest motion is seen at the incident wave frequency. The surge 
motion responses and corresponding PSD are given in Fig.  12(c) and 
(d). The motion phase matches quite well, however small differences 
can be seen in the motion amplitudes obtained with the quasi-static 
mooring model. Besides showing the largest peak at the incident wave 
frequency, the PSD result of the surge motion also exhibits a second 
peak representing the surge natural frequency of the semi-submersible. 
12(e) and (f) present pitch motion responses and pitch motion PSD 
in Wave-1. Irregularities are evident in the numerical results but this 
cannot be seen in the experimental result. Here, three distinct peaks in 
10 
the PSD results obtained from the numerical calculations demonstrate 
the surge and pitch natural frequencies of the semi-submersible and 
incident wave frequencies. However, the second largest peak at the 
pitch natural frequencies cannot be observed in the experimental result. 
Overall, the numerical results show good agreement.

The wave excitation motions of the semi-submersible in Wave-2 are 
given in Fig.  13. The wave steepness here is 1:30. Fig.  13(a) shows the 
heave motion results. Excellent results are obtained with both mooring 
models. The surge and pitch results, on the other hand, exhibit small 
over- and undershooting in the peaks and troughs. Yet, the results are 
satisfactorily good. The largest peak is observed at the incident wave 
frequency in the PSDs of the motions in Fig.  13(b), (d) and (f) while 
a second peak frequency is evident at the pitch natural frequencies in 
pitch motion PSD (Fig.  13(f)).

The most challenging wave condition is Wave-3, which is the steep-
est wave, where the steepness is 1:15. Motion responses in Wave-3 
are given in Fig.  14. The motions PSDs show a second peak at the 
first harmonic of that wave, as the wave is very steep. The numerical 
results show small differences, yet good agreement can be obtained. 
The experimental results exhibit a slow variation in the surge motion 
at a low frequency, which can also be observed in the numerical results. 
However, this variation is slightly more dominant in the numerical 
results. After all, the pitch motion amplitude obtained by the numerical 
calculations is quite similar to the experimental results. The irregular 
behavior is apparent in the experimental pitch motion. The numerical 
results slightly over- and underestimate the peaks and troughs but 
showcase generally good agreement.

In the numerical results for Wave-1 and Wave-2 conditions, a sec-
ondary peak at the system’s natural pitch frequency (corresponding 
to a period of approximately 30.4 s) arises from the initial transient 
responses of the structure. This transient phase corresponds to the pitch 
natural frequency triggered by initial numerical perturbations before 
the system reaches a state of dynamic equilibrium. As the wave field 
fully develops, these transient motions are gradually damped out and 
the system reaches the wave-dominated motion. If the initial time series 
is trimmed from the pitch motion signal, the pitch motion PSD no 
longer shows this peak as shown in Fig.  15 for the pitch excitation 
motion in Wave-1. This effect is observed in Wave-1 and Wave-2 
conditions, which involve lower wave excitation, allowing transient 
motion to be more pronounced. In contrast, under the higher excitation 
of Wave-3, the system rapidly reaches wave-dominated motion, and no 
such secondary peak is present.

Fig.  16 shows the FOWT free-surface interaction with vertical ve-
locity contour. The wave diffraction and radiation occur due to wave–
structure interaction in Wave-1 (Fig.  16(a) and (b)) and Wave-2 (Fig. 
16(c) and (d)). The steepest wave, Wave-3, leads to large motions and 
strong nonlinear wave-structure interaction is evident (Fig.  16(e) and 
(f)).

Figs.  17–19 present the mooring line tensions calculated by the 
quasi-static mooring model and MoorDyn. Here, the hydrodynamic 
damping of the mooring lines is zero since the mooring lines are above 
the water. The peak and mean values of the Line-1 and Line-3 tensions 
are similar for both mooring models. Line-2 tension calculated with the 
quasi-static mooring model is a bit larger than MoorDyn results. The 
difference in the mean tension of Line-2 (aligned with the wave direc-
tion) between the quasi-static model and MoorDyn might arise from the 
dynamic response of the FOWT. Since Line-2 is directly aligned with the 
wave direction, it experiences significant dynamic loads due to platform 
surge motion. This is also evident in the amplitude of the mooring 
tension in Line-2. The quasi-static mooring model neglects added mass 
and line acceleration, whereas MoorDyn includes these effects, along 
with internal damping. As wave excitation is more dominant in this 
direction, the dynamic mooring model MoorDyn predicts different 
values.

The largest peak is seen at the incident wave frequency in the 
PSDs of the mooring line tensions. The peaks corresponding to the 
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Fig. 10. Illustration of the mooring lines of the Windmoor FOWT.
Fig. 11. Grid convergence study for the heave decay test of the Windmoor FOWT.
Table 6
Wave conditions for the Windmoor FOWT.
 Scale ratio 1:40 Model scale Full scale
 Wave conditions Wave height H (m) Wave period T (s) Wave height H (m) Wave period T (s) 
 Wave - 1 0.06375 2.213594 2.55 14.0  
 Wave - 2 0.15750 1.739252 6.30 11.0  
 Wave - 3 0.31475 1.739252 12.59 11.0  
Table 7
The normalized mean absolute error for the motion responses of the Windmoor FOWT.
 Motion Wave - 1 Wave - 2 Wave - 3
 Quasi-Static MoorDyn Quasi-Static MoorDyn Quasi-Static MoorDyn 
 Heave 5.45% 5.45% 3.05% 3.09% 5.05% 6.79%  
 Surge 6.47% 5.51% 4.77% 6.39% 8.95% 12.66%  
 Pitch 11.04% 7.77% 5.71% 5.74% 14.60% 14.14%  
m
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urge, pitch and heave natural frequencies of the semi-submersible are 
btained with both mooring models in Wave-1 in Fig.  17(b), (d) and 
f). The quasi-static mooring model can capture the excitations at the 
igher frequencies in Line-1 and Line-3 but the quasi-static mooring 
odel cannot capture the peak at 0.12 Hz. In Wave-2, there is a peak 
t around 0.14 Hz for Line-1 and Line-3, and a peak at 0.12 Hz for 
ine-2 calculated by MoorDyn, which is not seen in the results obtained 
y the quasi-static mooring model. Similarly, the peak at 0.15 Hz in 
ine-1 and Line-3 and the peak at 0.105 Hz in Line-2 in Wave-3 are 
ot calculated with the quasi-static mooring model. Given the mooring 
ines of the semi-submersible are above the water and hydrodynamic 
amping is not a subject considered in this study, these differences may 
tem from the assumption of steady-state flow and small line motion in 
ime in the quasi-static mooring model. Nevertheless, the effect of the 
(

11 
ooring line algorithm has small effects on the motion responses in 
egular wave conditions.

.3. Free floating box in focused wave

FOWTs can also encounter extreme wave events when operating 
n deep water, where heavy wave loads act on the offshore structure, 
eading to large wave excitation motions and nonlinear wave-structure 
nteractions. It is crucial to accurately simulate large motions while 
aintaining numerical stability. This section focuses on the floating 
ody-focused wave interaction. First, the numerical method is validated 
ith a 2D floating body simulation under a wave packet. The same 
umerical study was carried out by Hadžić et al. (2005), Barreiro et al. 
2016) and Bouscasse et al. (2013). The experimental results are taken 
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Fig. 12. Wave excitation motion of the Windmoor FOWT and corresponding PSDs. Comparison of numerical and experimental results in Wave-1.
from Hadžić et al. (2005). The floating body is a rectangular box with 
a length of 0.1 m, a height of 0.05 m and a density of 680 kg/m3. 
The numerical domain is 8.0 m long, the water depth is 0.4 m and the 
floating body is placed at 𝑥 = 2.11 m. The wave packet is generated 
with a flap wavemaker, whose time history of the angle is given in Fig. 
21. The focusing point of the wave packet is at the center of the floating 
body. The wave is absorbed in the numerical beach at the end of the 
domain, which has a length of 1.5 m. The numerical setup is depicted 
in Fig.  20. Wave elevations were recorded by two probes placed at 
𝑥 = 1.16 m and 𝑥 = 2.66 m.

According to the grid convergence study in Appendix  C, 𝑑𝑥 =
0.010 is selected for the numerical simulations. The experimental and 
numerical time series of the motion responses are given in Fig.  23. 
The numerical result of the fine grid is presented here, demonstrating 
very good agreement. Additionally, Fig.  22 depicts the free-surface 
deformations and the positions of the floating body at 𝑡 = 7.2 s and 
𝑡 = 7.59 s. The results exhibit a good match with the experiments.

3.4. Windmoor in focused wave with HDC

After validating the interaction between focused waves and a float-
ing body in the previous section, the INO Windmoor semi-submersible 
is investigated under very steep focused waves. In the open-source 
hydrodynamics framework, Hydrodynamic Coupling (HDC) between 
the fully nonlinear potential flow (FNPF) solver and the CFD solver 
is available, as described by Wang et al. (2022b) and Kamath et al. 
12 
(2022). This coupling scheme allows for the generation of long-duration 
waves using the FNPF method, while wave-structure interactions are 
calculated in a smaller domain to improve computational efficiency. 
Here, the simulation of the semi-submersible is carried out at the 
model scale and the results are also presented at the model scale. First, 
a validation study is carried out in 2D NWT for the focused wave 
generation with FNPF and HDC. The NWT of FNPF domain is 200 m
long and the water depth is 𝑑 = 4.01 m. The wave is generated with 
the FNPF model at the inlet boundary with the Dirichlet boundary 
condition and the wave is absorbed with the active wave absorption 
method. The CFD domain is 30 m long starting at 110 m, where the 
hydrodynamic coupling is applied and ends at 140 m. The FNPF solution 
is used as a wave boundary condition for the CFD solver in a one-
way coupling as depicted in Fig.  24. The wave is initialized in the 
coupling zone following the relaxation method. A uniform horizontal 
grid size is 𝑑𝑥 = 0.1 m and 10 cells are used in the vertical direction 
for the FNPF model. The selected numerical grid for CFD calculations in 
regular waves is used for HDC-CFD calculations. The validation case for 
the focused wave generation is taken from Bihs et al. (2019). The wave 
packet method is applied to generate the focused waves. The significant 
wave height of the focused wave is 𝐻𝑠 = 1.18 m. this is equivalent to 
47.2 m in full scale. The significant wave period is 𝑇𝑠 = 7.39 s. The 
focused point is 𝑋𝑓 = 126.21 and the focused time is 𝑇𝑓 = 103 s. The 
wave frequency band is between 0.2 rad∕s and 3.5 rad∕s. The number of 
wave components 𝑁 = 500 for the wave generation. The FNPF model 
propagates the waves for 200 s and the CFD model obtains the wave 
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Fig. 13. Wave excitation motion of the Windmoor FOWT and corresponding PSDs. Comparison of numerical and experimental results in Wave-2.
information in space and time from 93 s from the FNPF model. Then 
the CFD model simulates the waves for 30 s including the focused time 
𝑇𝑓 = 103 s. The time history of the wave elevation at the focused 
point 𝑋𝑓 = 126.21 obtained from the FNPF, CFD and HDC model 
are compared with the experimental results in Fig.  25. The results are 
shifted in time considering the focusing time. The models can precisely 
capture the peak of the focused wave, while the HDC method shows 
a slightly larger secondary wave before the focusing point. In general, 
the HDC method can generate focused waves with a small difference.

Then the 3D numerical simulation is carried out for the semi-
submersible focused wave interaction. The semi-submersible is placed 
at the focused point 𝑋𝑓 = 126.21. The heave and surge motion of the 
semi-submersible and the mooring line tensions are shown in Fig.  26. 
The results obtained with both mooring models are similar. Fig.  27 
shows the free surface structure interaction.

This numerical study showcases all the functionality of the nu-
merical framework for FOWT simulations. Mooring lines can be mod-
eled with the quasi-static mooring model or MoorDyn. The improved 
method can maintain numerical stability when dealing with large 
motion responses in extreme wave conditions, and highly nonlinear 
interaction is captured with the CFD solver, as shown in Fig.  27. With 
the HDC scheme, the length of the CFD domain is greatly reduced 
and only the results in the desired time interval are calculated. Thus, 
the computational cost of the CFD is substantially decreased. The CFD 
calculations in the desired time interval for the semi-submersible are 
carried out on a M1 Max Macbook Pro, 30 s of simulation takes ca. 6 h 
using 8 processors.
13 
4. Conclusion

In this study, the applications of the improved DF-IBM for the FOWT 
semi-submersible in extreme waves are presented. The numerical model 
incorporates a native quasi-static mooring model to restrain the motion 
of the floating body in waves. The lumped-mass mooring model, Moor-
Dyn, was also implemented in the numerical framework to assess the 
reliability of the mooring algorithm.

A 3D moored floating cubic box was simulated under the three 
distinct regular wave conditions to compare the quasi-static mooring 
model and MoorDyn. Both mooring models produced similar results, 
while MoorDyn can capture better the mooring line tensions. Both 
mooring models cannot model slacking events observed in experimen-
tal results, which might effect the accuracy of the pitch motion. Future 
enhancements will also include wave-induced loads on mooring lines 
to improve the prediction of the mooring line tensions. Overall, the 
mooring line tensions have a small effect on the motion responses of 
the floating body in regular waves.

The improved DF-IBM was used to simulate the INO WINDMOOR 
semi-submersible wind turbine in regular waves. First, a heave decay 
test was conducted to evaluate how accurately the buoyancy and added 
mass force could be calculated with the numerical framework. A grid 
convergence study was employed with the quasi-static mooring model, 
showing monotonic convergence. The heave natural frequency of the 
semi-submersible was calculated precisely with the fine mesh. Then 
the semi-submersible was simulated in three regular wave conditions 
by increasing the wave steepness. The results were obtained by using 
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Fig. 14. Wave excitation motion of the Windmoor FOWT and corresponding PSDs. Comparison of numerical and experimental results in Wave-3.
Fig. 15. PSD of the pitch excitation motion in Wave-1. The red line represents the original data. The blue one is the trimmed data.
the quasi-static mooring model and MoorDyn. Good agreement was ob-
served between the numerical and experimental results. The improved 
method was able to handle to the most challenging, Wave-3, leading 
to large motion responses and highly nonlinear wave-floating body 
interaction. It was also observed that the quasi-static mooring model 
was not able to capture some peaks in the line tension PSDs, yet no 
significant effect was observed on the motion responses.

The numerical framework was also tested under very steep focused 
waves. Initially, a validation study was conducted using a 2D floating 
body. A very steep wave packet was generated with a flap wavemaker, 
14 
resulting in nonlinear behaviors in both the free surface and the motion 
responses, accurately captured by the numerical method. Then the 
semi-submersible was investigated under a very steep focused wave. 
The HDC method was used for this case to increase the computational 
efficiency. The FNPF model generated the wave propagation in the 
NWT, and the wave information in time and space was transferred 
to the HDC zone in a one-way coupling to simulate wave-structure 
interaction with CFD. The peak of the focused wave can be captured 
precisely, although discrepancies are observed before and after the 
focusing point. As future work, the focused wave will be generated 
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Fig. 16. The FOWT free-surface interactions, showing the vertical velocity contour.
using an actual flap wave maker to better replicate wave propagation 
in the NWT. Nevertheless, the numerical results revealed that the 
HDC method increases computational efficiency and can model the 
hydrodynamic interaction of floating bodies in extreme waves.

In conclusion, the method presented in this study offers a complete 
numerical framework including FNPF and CFD solvers, and mooring 
dynamic algorithm for wave-floating structure interaction problems.
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Fig. 17. Comparison of fairlead tensions and corresponding PSDs in Wave-1.
Appendix A. Grid convergence study for the moored floating box

A grid convergence study is carried out for Wave-1 with three 
uniform grids: 𝑑𝑥 = 0.08 m, 0.04 m, and 0.02 m. The quasi-static mooring 
model is used in the grid convergence study. The CFL number 0.1 
is used throughout the all numerical studies. Time series for heave, 
pitch, surge motions, and the wave elevation at 𝑥 = 4.05 m are 
given in Fig.  A.28, together with the experimental results. The results 
converge as the grid size is refined. The results with the coarse grid 
show an offset in the heave motion. The numerical results exhibit good 
agreement with the experimental results for the heave, surge motions, 
and wave elevation with the medium and fine mesh. The maximum 
deviation between the numerical and experimental results is less than 
8%. However, some discrepancy arises in the pitch motion. As a result, 
the fine grid is selected for the comparison of the mooring algorithms 
as it can capture the amplitude and phase very well.

Appendix B. Grid convergence study for Windmoor semi-
submersible floating offshore wind turbine

A grid convergence study is employed for the semi-submersible in 
Wave-1. The minimum grid size is set as 𝑑𝑥 = 0.1 m, 0.05 m, 0.025 m
and 0.015 m by using grid stretching with a stretching ratio of 1.1 
as illustrated in Fig.  B.29. The maximum grid size in the stretching 
16 
area is applied as five times the minimum grid size. The quasi-static 
mooring model is used in the grid convergence study. The numerical 
results are presented in Fig.  B.30 with the experimental results. In the 
heave motion responses in Fig.  B.30(a), the coarse grid 𝑑𝑥 = 0.1 m
shows somewhat overestimation in the peaks and the troughs. The 
results with fine grid 𝑑𝑥 = 0.025 m and finest grid 𝑑𝑥 = 0.015 m are 
quite similar. The surge motion results are presented in Fig.  B.30(b). 
The best results are obtained with the fine grid 𝑑𝑥 = 0.025 m and 
finest grid 𝑑𝑥 = 0.015 m. The pitch motion (Fig.  B.30(a)) is very 
sensitive to the grid resolution. The coarse grid 𝑑𝑥 = 0.1 m cannot 
capture the motion. It is noteworthy that the pitch motion amplitudes 
are quite small which is about 0.1◦ so that makes it very difficult 
to be captured precisely. Nevertheless, the fine grid 𝑑𝑥 = 0.025 m
and the finest grid 𝑑𝑥 = 0.015 m provide acceptable results and the 
fine grid 𝑑𝑥 = 0.025 m is selected for the other simulations for the 
sake of computational efficiency and accuracy. The maximum deviation 
between the numerical and experimental results is less than 11%.

Appendix C. Grid convergence study for free floating box in fo-
cused wave

A grid convergence study is employed with three uniform grids: 
𝑑𝑥 = 0.016, 0.010, 0.0067. The CFL number is set to 0.3. The time series 
of the wave elevations are given in Fig.  C.31(a) and (b) along with 
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Fig. 18. Comparison of fairlead tensions and corresponding PSDs in Wave-2.
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Fig. 19. Comparison of fairlead tensions and corresponding PSDs in Wave-3.

Fig. 20. Schematic of the numerical wave tank.
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Fig. 21. Time history of the angle of the flap wavemaker.

Fig. 22. The motion of the floating box in waves, showing the vertical velocity.
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Fig. 23. 3DOF motion of the two-dimensional box over time. Comparison of numerical and experimental results.

Fig. 24. Schematic of the numerical wave tank, showing CFD-FNPF coupling with HDC.
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Fig. 25. Comparison of the wave elevation.

Fig. 26. Wave excitation motion of the Windmoor FOWT in focused wave and mooring line tensions.
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Fig. 27. The FOWT free-surface interaction in the focused waves at focusing time 𝑇𝑓 = 103 s, showing the vertical velocity contour.

Fig. A.28. Grid convergence study for the different grid sizes in Wave - 1.
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22 



A. Soydan et al.

Fig. B.29. Grid stretching around the structure and the free-surface.

Fig. B.30. Grid convergence study for the Windmoor FOWT in Wave-1.
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Fig. C.31. Time history of the flap wavemaker angle and time series of the experimental and numerical wave elevations.
the experimental results. The result of the coarse grid (𝑑𝑥 = 0.016) 
underestimates the peak of the wave at 𝑥 = 2.66, while the results of 
the medium and fine grids are similar and capture the peak accurately, 
falling within a range of 1%.
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