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ARTICLE INFO ABSTRACT

Keywords: This paper introduces a novel direct forcing immersed boundary method tailored to simulate nonlinear
6DOF interactions between ocean waves and arbitrarily complex free-floating structures. Within an open-source
Floating hydrodynamic framework, we couple the fluid-structure interaction (FSI) algorithm with the two-phase flow
Level set method solver through forcing at the fluid-solid interface. We substantially enhance this coupling process by altering
Immersed boundary the density interpolation method, significantly reducing the interface smearing region, which improves both
the stability and accuracy of the fluid flow in the vicinity of the floating objects. The tracking of the fluid-
solid interface in the Eulerian domain is based on a level set function, thus avoiding the need for dynamically
moving or overset meshes and greatly simplifying the mesh generation process. Rigid body dynamics are
implemented using Euler parameters and Hamiltonian mechanics, allowing for arbitrarily large motions of the
floating body. The presented approach is tested and validated with several 2D and 3D problems, including
a full-scale simulation of a floating semi-submersible offshore wind turbine in waves. All numerical results
demonstrate the accuracy and robustness of the new method, highlighting its potential as an outstanding

alternative to existing numerical approaches for realistic floating-body simulations in waves.

1. Introduction

In the coastal and ocean engineering fields, fluid-structure interac-
tion plays a key role in addressing real-world engineering problems.
Given floating structures such as ships, floating wind turbines, or
open-ocean aquaculture structures, interactions with the free surface
lead to intricate hydrodynamic challenges. Various non-linear activi-
ties associated with diffraction, radiation, breaking waves, slamming,
overtopping, and wave run-up may occur in fluid-floating object in-
teractions in waves. Not all of these phenomena can be fully captured
by potential-based solvers (Tran and Kim, 2016). Therefore, accurate,
efficient and robust algorithms based on the Navier-Stokes equations
are extremely vital for such problems.

Several numerical approaches for modeling the rigid floating body-
fluid interaction have been introduced in the past and they can be
broadly classified as explicit and implicit rigid-body representations in
the fluid domain. The explicit method Arbitrary Lagrangian-Eulerian
(ALE) approach, also known as body-fitted method, uses a single Eule-
rian grid around the structure which dynamically adapts to the motion
of the structure by moving the grid lines accordingly. The implemen-
tation of this method is relatively straightforward and the boundary
layer can be resolved by refining the cells around the body. However,
it is relatively cumbersome due to the grid deformation and re-meshing
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procedure, as specified by Yang and Stern (2009). It is challenging to
handle large deformations of the mesh while maintaining numerical
stability. For example, Katsidoniotaki and Goteman (2022) demon-
strate that large surge and pitch motions of the structure drastically
reduce mesh quality, leading to numerical instability and causing the
simulation to fail.

The overset method (Borazjani et al., 2013; Carrica et al., 2007;
Chen et al., 2019) employs two distinct Eulerian grids. One of these
grids remains fixed, while the other follows the movement of the
floating object. This approach is capable of managing large motions
and ensuring stability because the moving grid remains undisturbed.
On the other hand, it does require an interpolation mechanism for
communication between the overlapping grids (Hanaoka, 2013) which
may affect the computational efficiency and accuracy. Vreman (2020)
evaluated the computational efficiency of the overset method and
showed that the moving boundary requires a large computational time
because of the pressure interpolation on overset boundaries during
each iteration of the Poisson equation. The overset method is widely
used for several applications of CFD simulations. For example, high-
fidelity fluid—structure interaction simulations of floating wind turbines
(FOWT) based on the overset method was carried out using both
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commercial software STAR-CCM+ (Tran and Kim, 2016, 2018; Zhang
and Kim, 2018) and the open-source software OpenFOAM (Pinguet
et al., 2020, 2021; Campana-Alonso et al., 2023; Eskilsson et al., 2023;
Barajas et al., 2024). Furthermore, the overset method is used in the
numerical modeling of Wave Energy Converters (WECs) under extreme
wave conditions (Katsidoniotaki and Goteman, 2022; Van Rij et al.,
2021; Aliyar et al., 2022; Khan et al., 2024; Chen et al., 2024), as well
as in the analysis of self-propulsion and maneuvering characteristics of
ships (Delen et al., 2021; Sakamoto et al., 2019; Shen et al., 2015),
as demonstrated by earlier studies. Numerical findings show that the
overset method provides stability and can handle large motions of the
structure, but comes with relatively large computational costs.

The immersed boundary method (IBM) (Peskin, 1972, 1977) is
developed as an implicit rigid body representation in a fluid domain
to overcome the constraints and limitations of explicit rigid body rep-
resentation methods. The IBM, a non-boundary-conforming approach,
was originally introduced by Peskin (1972) to simulate fluid—structure
interaction (FSI) problems associated with human heart valves. It has
gained attention due to its simplicity and flexibility, leading to the de-
velopment of several variants aimed at improving its accuracy and ex-
panding its applicability to real-world problems. Fadlun et al. (2000) in-
troduced a direct forcing immersed boundary method (DFIBM), known
as the sharp face direct forcing scheme. This method imposes the
velocity boundary condition directly on a given immersed boundary
and allows for the use of larger time steps compared to Peskin’s method.
While the initial applications of the direct forcing method focused on
stationary bodies, it became apparent that when dealing with moving
objects, spurious force oscillations could occur due to sudden changes
in the relative positions between the fixed grid and the arbitrarily
moving object. To address this issue, Uhlmann (2005) combined dis-
crete delta function kernels with direct forcing formulations to resolve
the problem of spurious force oscillations. In this approach, Eulerian
velocities at fixed grid points are interpolated to Lagrangian points on
the immersed boundary through a regularized Dirac delta function.
Subsequently, the local forcing term is calculated corresponding to
the desired velocity, which depends on the boundary conditions at
the fluid—solid body interface. Finally, the local forcing is transferred
to surrounding Eulerian locations using the regularized Dirac delta
function. A similar interaction mechanism between Lagrangian and
Eulerian locations for transferring quantities is also utilized by Kempe
and Frohlich (2012) and Kempe et al. (2015). A DFIBM was applied
by Yang and Stern (2012) to address the fluid—solid interface by using a
field extension method (Yang and Balaras, 2006). In scenarios involving
moving boundaries, fluid cells may transition into solid cells and vice
versa. This transition can result in unphysical values for the pressure
and the velocities introducing spurious vorticity in the vicinity of the
boundary. To mitigate this issue, the field extension method is used by
means of extrapolation, ensuring the consistency of pressure gradients.
Later, Yang and Stern (2015) proposed a non-iterative strongly coupled
DFIBM for fluid-solid interaction problems based on the work of Yang
and Stern (2012). Here, the field extension method was simplified, and
the numerical stability was improved for low-density ratio problems.

As a further iteration in this regard, Yang and Stern (2009) pre-
sented a sharp interface DFIBM in a two-phase flow solver to represent
the solid—fluid interface instead of overset grids, where a level set
method was used for free-surface treatment. Calderer et al. (2014)
presented a two-phase flow solver based on a level set approach for
complex floating structures. In contrast to the Dirac function-based
approach of Uhlmann (2005) and Yang (2018) proposed a formulation
for two-phase fluid-structure interaction problems, where a Heaviside
function is used to distribute the material properties and for interface
tracking eliminating the necessity of using Lagrangian particles or over-
set meshes and simplifying the algorithm. The direct-forcing immersed
boundary methods that have been presented in the literature solve
either one-phase fluid problems for 6DOF motion (e.g Yang and Stern,
2012; Constant et al., 2017; Askarishahi, 2023) or address two-phase
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flow with prescribed motions, where the solid body is not freely moving
(e.g Yang and Stern, 2009; Calderer et al., 2014; Yang, 2018; Zhang,
2020). In real-world applications, the solid body is freely moving due
to the wave-structure interactions which create non-linearity with free-
surface effects. Moreover, one of the biggest challenges for this method
is to reduce the smoothing area separating the fluid and solid interface.
The thicker smoothing area leads to non-sharp interfaces and a non-
physical velocity field. For this reason, a thinner smoothing area is a
key property to obtain accurate velocity and pressure fields.

In order to address those issues in the current study, a novel
direct forcing immersed boundary method is implemented within the
computational fluid dynamics (CFD) model of the open-source hydro-
dynamic framework REEF3D (Bihs et al., 2016). The software focuses
on modeling ocean and coastal engineering problems such as breaking
waves (Kamath et al.,, 2017a), as well as the analysis of breaking
wave forces on cylindrical (Aggarwal et al., 2019a), porous (Sasikumar
et al, 2020), and jacket structures (Aggarwal et al., 2019b). The
method is built around a staggered rectilinear grid, resulting in tight
pressure-velocity coupling, which is essential for stable two-phase flow
modeling, due to the pressure and density jumps across the interface.
Additionally, the rectilinear grid enables the use of high-order spatial
and temporal discretization schemes, allowing the use of a relatively
coarse mesh in the NWT. Moreover, the method is fully parallelized by
using the domain decomposition method and MPI (Bihs et al., 2016),
capable of scalability on a large number of processors.

A ghost-cell immersed boundary method, which was based on the
approach of Berthelsen and Faltinsen (2008), was initially implemented
in REEF3D to represent the motion of moving objects in a three-
dimensional numerical wave tank (Kamath et al.,, 2017b; Bihs and
Kamath, 2017). A triangulated STL file was used to represent the
rigid body. A ray-casting algorithm was employed to determine the
intersections of the cartesian grid and surface mesh of the solid body.
The discrete surface area in each grid cell of the solid surface was
calculated by means of a Dirac delta function with the level set rep-
resentation of the solid surface. The position and orientation of the
floating body were calculated with a second-order Adams-Bashforth
time integration scheme. The method was governed by Euler angles,
and the field extension method (Yang and Balaras, 2006) was imple-
mented to prevent pressure oscillation due to the transition of the fluid
cells into solid cells and vice versa. Subsequently, Martin et al. (2021b)
improved the ghost-cell immersed boundary method by calculating the
geometrical properties of the rigid body from a triangulated surface
instead of a Dirac delta function with the level set representation of
the solid surface. The motion of the floating body was captured by
Euler parameters and Hamiltonian mechanics to overcome the Gimbal
lock effect. Furthermore, a new quasi-static mooring model was im-
plemented within this framework. This coupling model was validated
across several applications (Martin et al., 2021b).

In this paper, the presented rigid-body FSI algorithm builds upon
the original implementation of a continuous direct forcing approach in
the numerical model (Martin et al., 2021a). The algorithm is signif-
icantly improved by introducing a new density interpolation method
across the fluid-structure interface that removes unphysical spurious
velocities in the vicinity of the interface, which may also affect the
wave shape and amplitude at the free surface. The fluid density and
viscosity are assumed to be the same inside and outside the immersed
boundary. In that way, the material properties (density and viscosity)
in two phases (air and water) can be smeared out through the solid—
fluid interface. Consequently, it removes artificial density gradients in
the vicinity of the floating body. This approach strongly reduces the
smoothing area between the fluid and solid interface and ensures stable
and accurate wave load calculations on floating objects. An arbitrarily
complex structure is represented with an STL geometry. Sufficient
information to create the level set function is provided through the
use of an STL geometry by means of a ray casting algorithm (Bihs
et al., 2017) which simplifies the mesh generation process significantly.
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The presented method is based on Euler parameters and Hamiltonian
mechanics preventing the gimbal lock effect, which results in the loss
of a degree of freedom for Euler angles, allowing for the modeling
of arbitrary large motions. An explicit third-order low-storage Runge—
Kutta scheme (Spalart et al., 1991) is implemented for the calculation of
equations of motion to enhance computational efficiency and stability.
These features of the new rigid-body FSI algorithm enable modeling the
free motion of arbitrarily complex structures in wave conditions.

The presented paper describes the new rigid-body FSI algorithm and
demonstrates its capability for fluid-structure interaction problems.
The new method is tested and validated with several benchmark cases
including a full-scale floating semisubmersible offshore wind turbine.
The numerical findings are then compared with experimental data to
evaluate the accuracy and reliability of the method.

2. Numerical model
2.1. Governing equations

The conservation of mass and momentum written in convective
form should be satisfied for an incompressible fluid.

V-u=0 (€8}
oJu 1 T
E+u-Vu:—;Vp+vV-([Vu+Vu])+g 2)

Here, u [m/s] is the velocity vector, p [kg/m’] is the density of the
fluid, p [m2/s?] is the pressure, v [m?/s] is the kinematic viscosity, and
g [m/s?] the acceleration vector due to gravity. Turbulence effects are
taken into account with a modified k- turbulence model (Bihs et al.,
2016).

For the transition between the air and water phases, the level set
function (Osher and Sethian, 1988) is used, which is defined as a signed
distance function:

>0 if X € phase 1
P(X.1)=3=0 ifxerl 3)
<0 if X € phase 2

A convection equation for the level set function is solved using the fluid
velocity field u.

d¢

— +u-V¢p=0 4
> ¢ @
The level set function is reinitialized after each time step to maintain
the signed distance properties. In the method, a PDE based reinitializa-

tion equation is solved (Sussman et al., 1994):

9 sign(@) (Vo1 — 1) =0 ®)

where sign(¢) is the smoothed sign function (Peng et al., 1999). Eq. (5)
helps to satisfy the Eikonal equation |V¢| = 1 in order to ensure mass
conservation. The density and viscosity are calculated using:

p=p,H(P)+p,(1 - H()) (©)

v = v H(d) + v,(1 — H($)) @)

Here, the subscripts w and a indicate water and air properties, respec-
tively. The following Heaviside function H(¢) is used for the smoothing
of the sharp change of the fluid properties at the interface

0 if p < —e€
H@) =33 (1+2+1sin(22)) iflpl<e ®)
1 ifp>e

with an interface thickness of ¢ = 2.14x. In the staggered grid approach,
the density and viscosity are only required at the cell faces and are
thus evaluated at this location directly in order to avoid unphysical
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oscillations arising from an interpolation procedure (see Bihs et al.,
2016).

The system of equations is solved using finite differences on a
rectilinear staggered 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. (4). For the diffusion terms, second-order ac-
curate central finite differences are applied. An incremental pressure-
correction algorithm (Timmermans et al., 1996) is used for the solution
of the pressure gradient term in the Reynolds-averaged Navier—Stokes
equations (RANS) as described in Martin et al. (2021a). In the predictor
step, the conservation equation for momentum Eq. (2) is solved con-
sidering the pressure gradient from the preceding Runge-Kutta step.
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® — uk-b

k-1
(k=1) p
P =20,vV - ([Vu+ Vu']) -2qV <T>

)]

B T ' Lo SRR N s

Here, o), = 4/15, 1/15, 1/6, y, = 8/15, 5/12, 3/4, ¢, = 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 Egs. (4) and (5). The time step
size is controlled under the restriction of the Courant-Friedrichs-Lewy
(CFL) condition to ensure numerical stability efficiently. An implicit
Euler method is applied for the time advancement of the turbulent
kinetic energy k [m?/s?] and the specific turbulent dissipation w [1/s]
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 1
V- =Vp. =
<p pcarr) 2akAt

The Poisson equation (Eq. (10)) is solved for the pressure correction
terms p,,,, with the fully parallelized BiCGStab algorithm of the hypre
library (van der Vorst, 1992) with the geometric multigrid precondi-
tioner PFMG (Ashby and Flagout, 1996) to increase the computational
performance. Finally, the pressure and the divergence-free velocity field
are calculated using the updated pressure correction term:

V-u® (10)

pHD = p k) 4 an

ukth = g+ — _QakAl \a (12)

2.2. Rigid-body FSI algorithm

In this section, the fluid-structure interaction algorithm for the
floating body is described. The rigid-body dynamics model is de-
tailed in Section 2.2.1, where the new implementation of the equa-
tions of motion using an explicit third-order low-storage Runge-Kutta
scheme (Spalart et al., 1991) is explained. The new density interpo-
lation method is introduced in Section 2.2.2, and the corresponding
algorithm is outlined in Section 2.2.3.

The governing equations are extended by adding the forcing term f
in the momentum equations accounting for the rigid body in the fluid
domain following the derivation in (Yang, 2018).

V.u=0 13)

a—u+u~Vu=—le+g+f 14)
ot P
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(a) STL geometry with mesh and level set function.

White circle shows the ST1 geometry.

B
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(b) Signed distance field with the zero level set for
the fluid-solid interface. The ®5 = 0 are shown in
white circle.

Fig. 1. Representation of the rigid-body with a level set function.

and the forcing term on the fluid and solid phases is as follows

- 20 4+ P)- VP@ + 1Vp-g if &, <0 as)
W ([Vu v o

where P(u), the projection operator, is used to project the velocity
field into a divergence-free rigid body velocity field. The smoothed
Heaviside function H(®) is introduced to represent the transition from
fluid to solid. For this, the level set function @, (Osher and Sethian,
1988), a signed distance function, is used to identify the fluid—solid
interface. The information to create the signed distance field @, is
taken from an STL geometry representing the solid object consisting
of multiple non-connected triangles.

A ray-casting algorithm (Bihs et al., 2017) is used to determine the
closest distance information from neighboring fluid cells to the solid
boundary exactly. This ensures that the signed distance values closest
to the solid surface remain unaffected by the grid size, leading to a
sharp representation of the solid—fluid interface. The closest distance is
transformed into a signed distance function @, representing the floating
body in the Eulerian domain, with negative distance values indicating
the inside of the solid and positive values representing the fluid region
as can be seen in Fig. 1. The signed distance function @; is reinitialized
with the PDE-based Eq. (5) by Sussman et al. (1994) only for the cells
away from the interface. This way the solid boundary obtained from
the ray casting remains sharp and unaffected by any smoothing effects
of the reinitialization. The level set function @, is required as input
for the Heaviside function in Eq. (19) for the activation of the forcing
terms. The forcing term f at the next Runge—Kutta substep k+1 can be
written in a discrete manner as:
f+D g (¢§k+1)) . <P (u®+D) — P (u®)

o +P (u®) . vP (u®)

+ %Vp(k“) - g> (16)

The pressure is taken from the previous time step and P (u®) = u® is
used as an approximation to solve Eq. (16).

P (u)(k+1) —u®
k+1) _ k+1
f<+>_H(¢§+>).<—

y +u® . va® 4+ le(k) - g) a7
’ p

Eq. (18) can be written by comparing with Egs. (9) and (17).

£ = (@00 . (M)
N

g (18)

u® itself can be chosen as the updated velocity field. Then, the cal-
culation of the predictor step (Eq. (9)) is first performed without the
forcing term. Therefore, f*) is calculated as below.

(k+1) o p() _ ) P™) —u*
f0D x f _H(¢S)-<W) 19)
The forcing term then is added to the intermediate velocity field u®.
Then, the Poisson equation (Eq. (10)) is solved, and with the pressure
correction, the final velocity is obtained.

This approach is known as a direct-forcing immersed boundary
method (Fadlun et al., 2000). The presented method employs the one-
fluid formulation (Yang, 2018) since the three phases (air, water, and
rigid body) are collectively represented by converting Egs. (1) and (2)
into Egs. (13) and (14) for the entire domain. Consequently, there
is no need to utilize Lagrangian particles or overset meshes in the
formulation, providing significant simplicity and flexibility.

2.2.1. Rigid-body dynamics

In this section, the approach for 3D rigid-body rotations and the
coupling of rigid-body dynamics with the new FSI solver are explained.
The coordinate systems and conventions which are used in this study
are explained below:

+ The center of mass of the rigid body ¢ = (cy, ¢, ¢,)7 [m] is defined
in the fixed inertia system (%, y, z) and the rotational motion of
the rigid body is defined in a body-fixed coordinate system (&, 7, &)
as depicted in Fig. 2(a). The origin of the body-fixed coordinate
system CM is located at the center of mass of the rigid body.
The rotation of the rigid body around each axis is described by the
three Euler angles (@, ©,¥) [rad] as can be seen in Fig. 2(b). The
angles follow the right-hand criteria on a right-handed Cartesian
coordinate system so that rotations are positive clockwise in the
direction of a positive axis.

It is possible to use different conventions of Euler angles. How-
ever, the most common convention is the Tait-Bryan type of Euler
angles. In this convention, the rotation around a different axis
is defined by each of the three Euler angles. Here, the sequence
of rotation matters because different sequences produce different
results. The sequence in this study is defined in which the first ro-
tation is the yaw angle ¥ about the z-axis, the second is the pitch
angle O about the y-axis, and the last one is the roll angle @ about
the x-axis. This convention is known as xyz convention (Goldstein
et al., 2001).
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x

(a) Inertia (x, y, z) and body-fixed (&, 7, ()
coordinate systems. CM: The origin of the
body-fixed coordinate system, ¢: The co-
ordinates of the rigid body center of mass,
t: A point of the triangles of the discrete
geometry in the body-fixed coordinate sys-
tem, 7;: The coordinate of ¢ in the inertia
system.

¢

1
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Yaw

>v

x

(b) Illustration of the Euler angles. ®:
Roll angle, ©: Pitch angle, U: Yaw
angle.

§

(¢) Nlustration of the Euler param-
eters (Nikravesh and Chung, 1982).
€: The quaternion, #: A unit vector
along the rotation axis, ¢: Magnitude
of rotation.

Fig. 2. Illustration of the coordinate systems, Euler angles and Euler parameters.

» Each rotation is executed on the body-fixed coordinate system
that is rotated after the previous rotations. For example, the first
rotation is executed around the z-axis. The second rotation then
is executed around the y-axis in its new position updated by the
first rotation. And, the last rotation is executed around the x-
axis updated by the first two rotations. This system is known as
Intrinsic rotation (Aye, 2011) system.

The orientation of a rigid body can be defined by a so-called rotation
matrix. This matrix is most commonly constructed with Euler angles or
Euler parameters (Flores, 2015). Here, Euler parameters (quaternions)
e = (ep e;,ey,e;) are selected for their significant advantages. The
Euler parameters are free of the singularities, unlike the Euler angles.
When using Euler angles in the rotation matrix, some ambiguities can
occur in case the pitch angle O is z/2 or —z /2. In this case, cos® = 0

causes a singularity in the rotation matrix. As a result, the yaw and roll
rotation axes align with each other, and therefore there is no unique
solution for roll and yaw angles. This ambiguity is called the gimbal
lock effect. Hence, the Euler parameters are free from the gimbal lock
effect and can model arbitrarily large motions. Another advantage of
using Euler parameters comes up when performing a concatenation
of rotations. The quaternion multiplication is computationally faster
and numerically more stable than the rotation matrix associated with
Euler angles. This is because the rotation matrix constructed with the
Euler angles is highly nonlinear (Flores, 2015) and a 3 x 3 rotation
matrix multiplication is computationally expensive. In summary, the
implementation of the new FSI algorithm is based on the Euler param-
eters, the coordinate system follows the right-hand criteria with xyz
convention, considering the intrinsic rotation system.



A. Soydan et al.

The quaternion has four parameters with one real term and three
imaginary terms. The real term of the quaternion e, is defined as in
Eq. (20) and the three imaginary terms are defined as in Eq. (21)
(Nikravesh and Chung, 1982). Here, ¢ is defined along the rotation axis
with a ¢ the magnitude of the rotation and # a unit vector along the
rotation axis. The property of this representation is that e’e = 1.

ey = cos%5 (20)

(1, e5,e3) = usin%5 @1

The Tait-Bryan type of Euler angles can be converted to quaternions as
in Eq. (22) (here, c is cosine function and s is sine function) (Goldstein
et al., 2001). These four parameters are then used to create the orthogo-
nal rotation matrix. A vector in the body-fixed coordinate system can be
transformed to a corresponding vector in the inertial system by means
of the orthogonal rotation matrix, also called the quaternion matrix, as
defined in Eq. (23) (Shivarama and Fahrenthold, 2004).

w=e(3)e(5)e(5)+:(5)2(3)+(3)
D %} b4 ] S} ¥
0ms(2)e()(B)-e(2)5(9)5(5)
[ %} v [ S} v
e=<(3)+(3)<(5)+:(5)+(5)(5)
a=e(3)<(3)(5)=2(3)+(5)<(3)
R=EG" (23)
with
—-e; e —e3 e
E=|-e e ey —e @4
—e3 —ep e e
—er @ e &
G=|-ey —e5 ¢ —¢ (25)
—e3 e —e; e

Euler angles can be calculated with knowledge of the Euler parameters
as in Eq. (26).

¥ =arctan2(2- (e; - e, +e3-¢ey), 1 —2-(ey - ey +e3-e3))
0 = arcsin(2 - (ey - e, — €] - €3)) (26)

¢ =arctan2(2-(ey-e3+e;-ey), 1 —=2-(e;-e; +e;-e,))

The rigid-body dynamics modeling is built upon the combination of
Euler parameter kinematics and Hamiltonian mechanics. Hamiltonian
mechanics is an energy-based formulation and it offers a model suitable
for numerical implementation. This combination offers a convenient
numerical integration model when addressing strongly nonlinear prob-
lems (Shivarama and Fahrenthold, 2004). The momentum vector is
defined as in Eq. (27), where ®, [rad/s] is the angular velocity vector in
the body-fixed coordinate system and I [kg m?] is the moment of inertia
tensor.

h=1Iw, 27)

The kinematic equations for the rotational motion of the rigid body
concerning the time derivatives of the Euler parameters are defined in
the body-fixed coordinate system as in Eq. (28).

6= %GTI‘lh (28)

A first-order ODE is derived for the time derivative of the momentum
vector h using a Hamiltonian system (Shivarama and Fahrenthold,
2004). The equation can be written by forcing the potential energy
function to zero and imposed moments M, [N m] in the body-fixed
system as:

h=-26G"h+ M, (29)
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The moments in the body-fixed system M, can be obtained from the
moments in the inertia system M; by means of the transformation
matrix (Eq. (23)), M, = R 'M ;- In the Hamiltonian model, the time
derivative of the mass center ¢ [m/kg s] is defined as in Eq. (30). Here,
p [m/s] is the velocity of the mass center in the inertia system and m;,
[kg] is the mass of the floating body.

¢=— (30)

mS

Thus, the time derivative of the velocity of the mass center p [kg m/s?]
can be defined in the inertia system as a first-order differential equation
by applying Newtons’ second law as below.

p=F, 31

The position and velocity of a floating body’s center of gravity
are calculated in the inertia system by integrating Eqgs. (30) and (31).
Overall, Egs. (30), (31), (28) and (29) comprise a system of thirteen
first-order ODEs for equations of motion. The system of equations of
motion is integrated with the same explicit third-order low-storage
Runge-Kutta scheme (Spalart et al., 1991) as the fluid solver to cal-
culate the velocity of the mass center, the position of the mass center,
the quaternion, and the momentum vector as given Egs (32)—(35).

P =P+ ptipt + ganpt! (32)
ek =k py aret + ¢ Aret! (33)
B* = h<t gy Ak + g k! (34)
ek = ek 4y, Arek + ¢ Arét ! (35)

During each Runge-Kutta substep, the rigid-body position is adjusted
by updating the level set position of the rigid body using the ray-casting
algorithm after calculating the translational and rotational motion of
the rigid body. Let us suppose that t = (&,7,¢) is a point of the
triangles of the discrete geometry in the body-fixed coordinate system,
F/(x,y,z) is the coordinate of ¢ in the inertia system and ¢(x,y,z) is
the coordinates of the rigid body center of mass as depicted in Fig.
2(a). The updated coordinates of the point in the inertia system are
calculated with the rotation matrix in each Runge-Kutta substep by
applying Eq. (36).

ri(x,y.z) = c(x,y,2) + Rt(£,n,0) (36)

The forces F; [N] and momentum M; [N m] acting on the floating
body in the inertia system are calculated by integrating the fluid
properties (pressure p, the viscous stress tensor 7) over the discrete solid
surface 2 via the discrete areas of the triangular surface mesh of the
rigid body.

N
F, = / (=np + pynr)d Q(x) = Z(—np + pvnr); - AL, 37)
Q i=1
N
M, = / r X (—np + pvnr)d Q(x) = Z r; X (—np + pvnr); - AQ, (38)
Q "

i=1

Here, n is the surface normal vector on the solid body surface pointing
outwards, and r is the distance vector from the center point of an
individual triangle of the discrete solid surface to the center of gravity
of the solid body. Additionally, the mooring forces are independently
calculated as external forces, using a finite-element-based quasi-static
mooring model (Martin et al., 2021b), and subsequently added to the
total force during each Runge-Kutta substep.

The rigid-body velocity field in the inertial reference frame is cal-
culated as Eq. (39), where o; is the angular rigid-body velocity vector
in the inertial reference frame. Here, the angular rigid-body velocity
vector ®, is transferred to the inertial reference frame by using the
transformation matrix as ®; = Ro,.

P(u®) = mﬂ +o;Xr (39)
s
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Fig. 3. Floating body density treatment.

2.2.2. Density interpolation method

In the presented method, the material properties of the three phases
(air, water and rigid body) are assigned for the entire Eulerian domain
with the level set function. The pressure and the density information
is needed to solve the correction of the velocity field in Eq. (12).
The pressure information is obtained by solving the Poisson equation
in Eq. (10). In Fig. 3, two different density interpolation methods
are represented along with the representation of the solid Heaviside
function given in Eq. (8). As can be seen in Fig. 3(c), the Heaviside
function takes the values of 1 or O inside and outside of the rigid
body, respectively. In the transition layer, the function is smeared out.
In the previous approach (Martin et al., 2021a) depicted in Fig. 3(a),
the material properties of the solid body are assigned using the solid
Heaviside function H(®,) as:

P, @) = p,H@) + (1 = H@®)) - (p, H@) + p,(1 = H(¢9))) (40)

v, @) = (1 = H(®))) - (v, H(P) + v, (1 — H($))) (41)

This approach results in a strong density gradient in the vicinity of
the body and leads to spurious velocity when solving the correction of
velocity in Eq. (12). In addition, the spurious velocity causes instabil-
ities in solving the Poisson equation in Eq. (10). Maintaining stability
requires a relatively large transition layer (¢) between the fluid and the
solid body, typically around 2.1dx. In the proposed new approach, the
continuous fluid density treatment is implemented based on Egs. (6)
and (7), as illustrated in Fig. 3(b). Here, the fluid density and viscosity
are assumed to be the same inside and outside the immersed boundary.
In that way, the material properties (density and viscosity) in the two
phases (air and water) can be smeared out through the solid—fluid
interface. This approach excludes the floating body’s density from the
formulation and it removes artificial density gradients in the vicinity
of the floating body. Consequently, it becomes feasible to employ
relatively coarser grid cells in the vicinity of the floating body, along
with a thinner transition layer (¢ = 0.6dx) separating the fluid and
the solid body. This methodology is subjected to testing and validation
within the scope of the current research study.

2.2.3. Algorithm of the method
The flowchart of the algorithm is shown in Fig. 4. The new rigid-
body FSI algorithm can be summarized as follows:

1. Initializing all variables or taking the values from the previous
time step for fluid (the fluid velocity and pressure) and rigid
body (the position, velocity, and angular momentum) to be used
in the next step.

2. For k = 1, the momentum predictor step (Eq. (14)) starts without

the forcing term.

3. Calculate the forces on the discrete rigid body (Egs. (37) and

(38)).

4. Solve the equations of motion (Egs. (28)-(31)).

5. Update the Euler parameters and the level set position of the
rigid body by transforming the coordinates of the triangles of
the discrete geometry (Eq. (23)).

. Calculate the rigid body velocity field (Eq. (39)).

. Calculate the forcing term (Eq. (19)).

. Add the forcing term to the predicted momentum (Eq. (14)).

. Solve the Poisson equation to obtain new pressure and velocity
values (Egs. (10), (11), and (12)).

10. The momentum corrector step starts (Eq. (9)).

11. Repeat until the last step of the 3rd-order Runge-Kutta scheme.

12. Start the next time step.

O 0 N O

2.3. Comparison of the numerical models

Several numerical models are used for FOWT simulations, such as
potential theory (PT) (see e.g., Holcombe et al., 2023), Smoothed Par-
ticle Hydrodynamics (SPH) (see e.g., Tagliafierro et al., 2023b,a), finite
volume method (FVM) with overset mesh (see e.g., Tran and Kim, 2016;
Barajas et al., 2024; Eskilsson et al., 2023), and mesh deforming (see
e.g., Ransley et al., 2023). The presented numerical model has notable
advantages and some inherent limitations compared to existing numer-
ical models for simulating FOWTs, as summarized in Table 1. FVM with
mesh deforming often struggles to handle large motions, as demon-
strated in Katsidoniotaki and Goteman (2022). Overset mesh-based
FVM, on the other hand, requires computationally expensive pressure
interpolation between overlapping grids during each iteration of the
Poisson equation, as explained in Vreman (2020). SPH-based methods
can handle large motion responses in extreme waves; however, they
require a high number of particles for accuracy and are computationally
expensive. The presented model uses a fixed background Cartesian grid
and complex solid geometries are modeled with immersed boundary
treatment. This model avoids mesh deformation and interpolation,
achieving stable numerical calculations with Euler parameters and
Hamiltonian mechanics for arbitrarily large motions. Additionally, gen-
erating a proper grid around the solid structure is cumbersome in
FVM-based models. The presented method represents the solid structure
with an STL geometry, simplifying the mesh generation process.

PT-based methods are computationally much faster and are widely
used for early-stage FOWT design. However, PT-based methods are not
suitable for nonlinear problems. Unlike FVM-based methods, where the
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!
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Update rigid-body level set position
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Calculate rigid-body velocity field
in intertial system

Calculate forcing term on Eulerian grid

Fig. 4. Illustration of the 6DOF algorithm, k represents the Runge-Kutta substep iteration number.

Table 1
Comparison of the numerical models for FOWT simulations.
Model Advantages Limitations
FVM Stable for large motions Expensive grid interpolation

(Overset mesh)
Resolve boundary layer

Suitable for complex geometries

FVM Resolve boundary layer Instable for large motions
(Mesh deforming)
SPH Mesh-free High computational cost
Handles extreme waves Numerical dissipation
PT Fast Inaccurate for strong nonlinear effects
(linear) Suitable for early-stage design

DF-IBM
(Present work)

No mesh distortion
Stable for large motions
High-order discretization

No body-fitting near-wall refinement

near-wall region can be refined, the present method relies on a uniform
Cartesian grid, and the viscous sub-layer cannot be resolved explic-
itly. This can limit viscous force accuracy unless very fine grids are
used, reducing computational efficiency. As future work, block mesh
refinement will be implemented in the model to improve its perfor-
mance for viscous force-dominant problems (e.g., ship hydrodynamic
simulations).

3. Results
3.1. 2D heaving of a circular cylinder

For the validation of the new floating algorithm, a 2D heaving
cylinder is simulated. The motion is restricted to the vertical direction
so that it can oscillate up and down freely. The numerical result is
compared to the experimental result taken from [t (1977). The numer-
ical setup is carried out similarly to Bihs and Kamath (2017) and Yang
and Stern (2009). The dimensions of the numerical domain are set to
10 m x 1.8 m. The initial water depth is d = 1.22 m and the water
density p = 1000 kg/m>. The schematic representation of the simulation
is illustrated in Fig. 5. Wall boundary conditions are implemented at
the start, end, and bottom of the NWT, while symmetry conditions
are applied to the boundaries along the width and top of the NWT.

k-w turbulence model is used for the simulation. The circular cylinder
is placed in the center of the tank following Ito’s configurations (Ito,
1977). The circular cylinder has a radius of r = 0.0762 m and density p =
500 kg/m>. The centroid position of the cylinder is initially set to 2, =
0.02454 m above the free surface. Then, the cylinder is dropped from
the initial position in free fall. Four different uniform grids are applied
for the grid convergence study, and three different CFL numbers, are
considered for the temporal convergence by using the finest grid size
dx = 0.002.
Normalization = Zh—_d 42)
1
Fig. 6 shows the time series of the numerical vertical velocity of the
cylinder. Fig. 7 illustrates the motion of the cylinder with the vorticity
iso-surface at different times. The cylinder is released from its initial
position and enters the water. The cylinder reaches its highest velocity
of 0.121 m/s in the first period at 7 = 0.5 s. It generates waves on each
side, which start to dissipate after 7 = 2.5 s. The waves are completely
dispersed by the end of 7 = 3.0 s, and the motion of the cylinder is no
longer observable. The results illustrate the capability of the new FSI
method to predict the interaction of a rigid body with the free surface.
Fig. 8(a) and (b) show the heave motion results along with the
experimental data. The y-axis represents the normalized position cal-
culated by Eq. (42). The coarsest grid shows a good match with the
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Fig. 5. Schematic description of the heaving cylinder.
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Fig. 6. Numerical vertical velocity of the cylinder.

experimental results until 0.5 s, after which it starts deviating after
the first period of the motion. As the grid sizes are refined, the re-
sults converge monotonically with the experimental data. The results
obtained with grid sizes dx = 0.005 m and dx = 0.002 m represent
the heave motion more accurately. Furthermore, Fig. 8(b) indicates
that the simulation with CFL 0.5 is slightly different from simulations
with CFL 0.25 and 0.1. The presented numerical findings represent the
robustness and accuracy of the new method.

For comparison of the density interpolation methods introduced
in Section 2.2.2, vertical velocity contours at t = 1.0 s (Fig. 9) and
the heave motion results (Fig. 10) are provided. Here, dx = 0.005 m
and a CFL number of 0.25 are chosen for numerical simulations. The
spurious velocity in the vicinity of the cylinder is evident with the
old density interpolation method and it is removed with the new
method. A discrepancy is observed in the phase and period of the
heave motion results with the old density interpolation method, which
is improved with the new approach. The maximum deviation between
the experimental results and those obtained with the old and new
methods is 12.2% and 5.9%, respectively. The numerical calculations
are carried out on a M1 Max Macbook Pro. The computational times
for 3-s simulations using 8 processors with the old and new approaches
are 2097.05 s and 1093.65 s, respectively.

3.2. 2D disc entry

In this section, the new 6DOF algorithm is tested for the disc
entry problem. This benchmark case has been studied by several re-
searchers (Calderer et al., 2014; Yang and Stern, 2009; Bihs and Ka-
math, 2017) to validate their models. All the parameters used in this
test case are non-dimensional. The disc enters the water phase with a
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constant vertical velocity V = —1. The center of the disc is placed at &,
= 1.25 above the free-surface level. The radius of the disc isr = 1.

A uniform mesh size dx = 0.025 m is used, and the two-dimensional
computational domain size is set as 30R x 22R. The gravity acceleration
g is —1, water density p, ., = 1, water viscosity i, .., = 0.001, air
density p,, = 0.001, and air viscosity u,, = 0.018. No turbulence
model is considered for this case, and the CFL number is set as 0.1.
The schematic representation of the simulation is depicted in Fig. 11.
The induced vorticity field with the vertical velocity contour is shown
in Fig. 12. The disc moves downwards with a constant velocity V =
—1 and enters the liquid phase, and symmetric breaking waves are
generated by the interaction of the disc and the free-surface. After the
waves break, they start to move away towards the side boundaries. The
water then begins to return to the point where it was displaced, as can
be seen in Fig. 12(f). At ¢ = 2.5, the disc is fully submerged in the water
phase. At the end, a vertical jet is formed as the water returns. The
numerical calculation is carried out on an M1 Max MacBook Pro. The
computational time for 6-s simulations using 8 processors is 2.1 h. The
results highlight that the level set function, coupled with the PDE-based
reinitialization, enables a precise representation of the free surface.

3.3. 2D free floating box

In this section, a 2D benchmark case of a free-floating box without
mooring is addressed to validate the new FSI algorithm. The experi-
mental data is taken from Ren et al. (2015) and the numerical setup
is set based on the work of Martin et al. (2021a). Fig. 13 illustrates
the numerical wave tank (NWT) with a length of 20 m x 0.8 m and the
water depth d = 0.4 m. The two-dimensional barge (0.3 m x 0.2 m) is
placed in the NWT at x =7 m and z = 0.4 m. The density of the barge
is p, = 500 kg/m?. Fig. 14 shows the solid Heaviside function in the
vicinity of the box.

The barge is simulated under regular wave conditions (wave period
T = 1.2 s, wave height H = 0.04 m, and wavelength 1 = 1.936 m) with
2nd-order Stokes theory. The length of the NWT is determined based on
the wavelength. The numerical framework, as described in Miquel et al.
(2018), incorporates several wave generation and absorption methods,
including relaxation, the Dirichlet-type, and the active wave absorption
methods. In this study, the relaxation method is used for both the
wave generation and absorption to avoid reflection. The dimensions of
the wave generation zone and absorption beach are equivalent to one
wavelength and two wavelengths, respectively.

Fig. 15 shows the time series for the wave elevation  at x = 5.5 m,
the heave motion ¢, the pitch motion # and the surge motion ¢ of
the free-floating barge for three different cell sizes (dx = 0.003 m,
0.0024 m and 0.0020 m) along with the experimental results. For the grid
convergence study, the CFL number is kept at 0.1, and a uniform grid
is used for the simulations. In Fig. 15(a) and (b), the wave elevation
at x = 5.5 m in front of the floating barge is presented. The results
show good agreement with the experiments. The heave motion in Fig.
15(c) and (d) has minor over-underestimations but overall shows a
good trend and monotonic convergence. The pitch motion is illustrated
in Fig. 15(e) and (f). Fig. 15(g) and (h) show the surge motion results
over time. It is more sensitive to the grid size and gets closer to the
experiment as the grid size is refined. The fine grid size dx = 0.002 m
is much closer to the experiment. In Fig. 16, the rectangular box is
presented at different stages of a wave cycle with the vertical velocity
contour.

The assessment of spatial and temporal convergence for the new
floating model follows the methodology outlined in Celik et al. (2008).
To estimate convergence, the third peak of the motions is considered
as the extrapolated value, with relative error computation according
to Eq. (43). Temporal convergence is determined with a constant CFL
number of 0.1, while spatial convergence is assessed using a fine grid
(dx = 0.002 m). Tables 2 and 3 present the results of the spatial conver-
gence study. In the mean period results, all variables exhibit oscillatory
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(a) Old density interpolation method
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(b) New density interpolation method

Fig. 9. Comparison of old and new density interpolation method. Contour shows the vertical velocity at t = 1.0 s.
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Fig. 10. Comparison of heave motion results with old and new density interpolation method.
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Fig. 11. Schematic description of the disc entry.

convergence, with maximum deviations below 4%. Conversely, the
mean amplitude variables demonstrate monotonic convergence be-
havior. Notably, the wave elevation () and pitch motion () tend
to over-predict experimental results, whereas the mean amplitude of
heave motion (¢) and surge motion (&) tend to under-predict. Temporal
convergence findings are presented in Tables 4 and 5. While the mean
period of the pitch motion demonstrates oscillatory convergence, both
wave elevation and heave motion exhibit monotonic convergence.
All variables of mean amplitude show oscillatory convergence, with
calculations closely aligning with experimental data.

Numerical calculations are carried out on a Linux cluster with an
AMD EPYC 7702 64-Core Processor (16,384 MB L3 Cache, 2.0 GHz,
and 64 cores). The 15-s simulation takes approximately 7.5 h using
512 processors. This numerical study shows evidence that the new FSI

Table 2

Spatial convergence of the numerical mean period in comparison to the experimental
results for 2D free floating box.

Motion

Coarse Medium Fine Extrapol. Exp Error (%)
n 0.9974 0.9956 0.9981 1.0035 1.0414 3.6
¢ 1.0138 1.0040 1.0110 1.0310 1.0330 0.2
6 1.0495 1.0463 1.1308 1.1321 1.1472 1.3
Table 3

Spatial convergence of the numerical mean amplitude in comparison to the experimen-

tal results for 2D free floating box.

Motion Coarse Medium Fine Extrapol. Exp Error (%)

n 0.0601 0.0598 0.0595 0.0586 0.0545 -7.6

¢ 0.0606 0.0597 0.0595 0.0593 0.0630 6.0

0 0.0473 0.0464 0.0440 0.0433 0.0394 -9.9

£ 0.0740 0.0707 0.0668 0.0590 0.0738 20.1
Table 4

Temporal convergence of the numerical mean period in comparison to the experimental
results for 2D free floating box.

Motion CFL 0.5 CFL 0.3 CFL 0.1 Extrapol. Exp Error (%)

n 0.9803 0.9898 0.9981 1.0011 1.0414 3.9

¢ 1.0167 1.0112 1.0110 1.0110 1.0330 2.1

[4 1.1173 1.1487 1.1308 1.1179 1.1472 2.6
Table 5

Temporal convergence of the numerical mean amplitude in comparison to the experi-
mental results for 2D free floating box.

Motion

CFL 0.5 CFL 0.3 CFL 0.1 Extrapol. Exp Error (%)
n 0.0575 0.0605 0.0595 0.0593 0.0545 -8.9
¢ 0.0591 0.0605 0.0595 0.0578 0.0630 8.3
[4 0.0394 0.0496 0.0440 0.0403 0.0394 -2.5
& 0.0628 0.0676 0.0668 0.0668 0.0738 9.5

11
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Fig. 12. Disc entry problem, the contour illustrates the velocity magnitude on the iso-surface of vorticity. Black line shows the free-surface.
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Fig. 14. Zoomed image in the vicinity of the box, showing the solid Heaviside function
field.

algorithm is capable of modeling arbitrary motions of a rigid body
in waves accurately. The numerical calculations exhibit a satisfactory
level of agreement with experimental results, falling within a range of

12

10%. Furthermore, these results indicate the stability and robustness

of the new floating algorithm, even when subjected to higher CFL

numbers.

Exp. — Ext l.
XD XIrapo. x

Error (%) = V5
Xp

100 (43)

3.4. 2D free floating box in steep waves

In the previous section, verification and validation studies were
presented in a regular wave condition using a 2D benchmark case of
a free-floating box without mooring. Here, the new FSI algorithm is
tested in steep waves to demonstrate its capability in extreme condi-
tions. 9 different wave cases addressed in this study are given in Table
6. The barge is simulated under regular wave conditions with the 5th-
order Stokes theory. The same numerical setup is considered as in the
previous section. Response Amplitude Operators (RAO) are calculated
from power spectra using a discrete Fast Fourier Transform (FFT) based
on Eq. (44). Here, S,,,,, and S, are the power spectra of the motion
responses and the amplitudes of waves. Welch method (Welch, 1967)
in Scipy library (Virtanen et al., 2020) is used to calculate the power
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Fig. 15. 3DOF motion of the two-dimensional barge over time. Comparison of numerical and experimental results for CFL = 0.1.

spectra.
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S,

wave

(44

The impact of the wave loads on the structure can be very large under

extreme wave events.

The force in the wave propagation direction

13

acting on the floating body leads to large motions and strongly non-
linear wave-structure interaction occurs. Hence, maintaining numerical
stability becomes quite challenging when simulating such problems. To
simulate these conditions, the wave height is gradually increased to
increase the wave steepness and non-linearity for three different wave
periods. The results of the simulations are presented in Fig. 17 as RAO
of the motion responses. The amplitudes of the surge and pitch motions
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Fig. 16. The motion of the floating box in waves, showing the vertical velocity in t/T = 0.25 intervals.
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Fig. 17. RAO of the motions of the floating box for varying wave heights (H) and wave frequencies.
Fig. 18 shows the different stages of a wave cycle in the steepest
Table 6 wave condition, Wave3, with the vertical velocity contour. The inter-
The wave conditions for investigating the motion responses of the floating box. action between the free surface and the floating body under the steep
Wave conditions H [m] T [s] Frequency [Hz] Steepness wave condition results in a complex hydrodynamic event, presenting
Wavel 0.10 0.066 the robustness of the new algorithm. Numerical calculations are carried
Wave2 0.13 1.0 1.000 0.083 out on a Linux cluster with an AMD EPYC 7702 64-Core Processor
Wave3 016 0.099 (16,384 MB L3 Cache, 2.0 GHz, and 64 cores). The 16-s simulation
Waved 0.10 0.050 takes approximately 7.7 h using 512 processors.
Wave5 0.13 1.2 0.833 0.064
Wave6 0.16 0.077 . .
3.5. 3D buoy with mooring
Wave7 0.10 0.041
Wave8 0.13 1.4 0.714 0.052 . . .
Wave9 0.16 0.063 The motions of a moored buoy in a 3D NWT are represented with

decrease with increasing wave frequency, while the heave motions are
less effected by changing the frequency. The pitch motions are more
dominant than the heave and surge motions, especially for the wave
conditions with frequencies below 1.0 Hz.
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the new floating algorithm. The experiments were carried out at the
Danish Hydraulics Institute in the offshore basin (Fonseca et al., 2011).
The basin dimensions are 20 m x 30 m x 3 m. Fig. 19 depicts the numeri-
cal wave tank (NWT) with identical length dimensions as the basin with
3 m water depth. The investigated buoy in these experiments features
a radius of 0.325 m and a rounded bottom with a radius of 0.1 m,
transitioning to a flat bottom. The vertical sides have a length of 0.4 m,
and the draught is 0.2 m. The underwater volume of the buoy measures
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Fig. 18. The motion of the floating box in the steepest wave condition, Wave3, showing the vertical velocity in t/T = 0.3 intervals.

0.063 m?, and its radius of gyrations (Ry, Ry, R;) is 0.2 m, 0.2 m, and
0.23 m, respectively. Fig. 20 shows the solid Heaviside function in
section view in the vicinity of the box. The buoy is represented with
an STL file and simulated under regular wave conditions (wave period
T = 1.3 s, wave height H = 0.02 m) with 2nd-order Stokes theory. The
relaxation method is used for both wave generation and absorption to
avoid reflection. A finite element based quasi-static mooring model is
used (Martin et al., 2021b). Four symmetrical mooring lines are fixed
to the buoy and are out of the water, as depicted in Fig. 21. Each of
these chains possesses a weight of 0.910 kg/m and extends to a length
of 1.5 m. The coordinates of the mooring lines are given in Table 7.
Fig. 20 shows the solid Heaviside function in the vicinity of the
buoy. The grid stretching applied around the buoy and the free surface.
The mesh below the free-surface is depicted in Fig. 22. Fig. 23 shows
the heave motion, the pitch motion and the surge motion of the 3-D
buoy for three different cell sizes (dx = 0.040 m, 0,030 m and 0.025 m)
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Table 7
Coordinates of mooring lines.

Location Coordinates (m) Coordinates (m)
(Start) (End)

Line 1 -7.5, -9.2, -1.322 -0.2, -0.24, —0.057

Line 2 -7.5, 9.2, —-1.322 -0.2, 0.24, —-0.057

Line 3 7.5, =9.2, —1.322 0.2, —0.24, —0.057

Line 4 -7.5, 9.2, -1.322 0.2, 0.24, —-0.057

along with the experimental results. In consideration of the prior
application involving the free-floating box, it is possible to consider a
higher CFL number 0.3 for the grid convergence study. Nevertheless,
in order to minimize truncation errors, CFL = 0.1 is used for the grid
convergence study. An additional damping is applied in Eq. (30) in
the z-direction to calibrate the heave motion. Fig. 23 reveals the time
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Fig. 19. Numerical domain for the simulation of a three-dimensional buoy with mooring. The contour shows the free surface elevation.
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Fig. 20. Zoomed image in the vicinity of the buoy, showing the solid Heaviside
function field in section view.

series of the wave excitation motions of the buoy with the experimental
results. The coarse grid size dx = 0.040 m shows a phase shifting
for all motions. Nevertheless, the amplitude of the surge and pitch
motions match the experimental data. The mesh sizes dx = 0.030 m and
dx = 0.025 m can capture the phase for all motions very well, while the
mesh size dx = 0.030 m shows an offset in the surge motion. The fine
grid size dx = 0.025 m aligns closely with the experimental data in the
heave, surge and pitch motions.

The same procedure is followed as in Section 3.3 to assess spatial
convergence. To estimate convergence, the fourth peak of the motions
is considered as the extrapolated value, with relative error computation
according to Eq. (43). Tables 8 and 9 present the outcomes of the spatial
convergence study. In the mean period results, all variables exhibit
monotonic convergence, with maximum deviations below 5%. The
mean amplitude variables also show monotonic convergence behavior
except for the heave motion that exhibits oscillatory convergence. All
motion variables tend to over-predict the experimental results within
the range of 6% error. The new method can capture small motion
amplitudes with medium and fine grids.

16

Table 8
Spatial convergence of the numerical mean period in comparison to the experimental
results for 3D buoy.

Motion Coarse Medium Fine Extrapol. Exp Error (%)

Heave 1.3100 1.3080 1.2920 1.2919 1.3000 0.6

Pitch 1.3020 1.3020 1.3100 1.3100 1.2500 -4.8

Surge 1.3200 1.2840 1.2700 1.2390 1.2500 0.9
Table 9

Spatial convergence of the numerical mean amplitude in comparison to the experimen-
tal results for 3D buoy.

Motion Coarse Medium Fine Extrapol. Exp Error (%)
Heave 0.0146 0.0133 0.0138 0.0141 0.0138 -2.6
Pitch 0.9360 0.9414 0.9509 0.9548 0.9060 -5.4
Surge 0.0066 0.0067 0.0067 0.0067 0.0066 -1.5

Numerical calculations are carried out on a Linux cluster with an
AMD EPYC 7702 64-Core Processor (16,384 MB L3 Cache, 2.0 GHz, and
64 cores). The 200-s simulation takes approximately 19.3 h using 512
processors. The numerical calculations demonstrate a satisfactory level
of agreement with experimental results with medium and fine grids
around the structure. This is attributed to the new density interpolation
method, which reduces the smoothing area in the vicinity of the fluid
and solid interface. Overall, the numerical results indicate the flexibility
and robustness of the new method.

3.6. DeepCwind floating semisubmersible offshore wind turbine

The new floating algorithm presented in this study is tested using
a semisubmersible structure sourced from the OC5-DeepCwind floating
semisubmersible offshore wind test campaign, which was carried out
at MARIN’s offshore wave basin (Robertson et al., 2017). The structure
geometry and mooring line configurations are taken from Robertson
et al. (2017) and are presented in Fig. 24. The structural properties
can be found in Table 10. In this study, wave conditions, structure
geometry, and mooring line configurations are carried out at full scale
to demonstrate that the proposed method can efficiently simulate ar-
bitrarily large motions of FOWTs while ensuring numerical stability
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Fig. 21. Free surface elevation around the buoy. The black lines represent the mooring lines.

Fig. 22. Grid stretching around the three-dimensional buoy

and accuracy. The wind turbine is not simulated; therefore, the wind
effect is not considered in this study. The platform is positioned at the
center of an NWT with dimensions of 1500 m in length, 210 m in width,
and 250 m in height and a water depth of 200 m. The semi-submersible
structure is simulated under two distinct regular wave conditions Wave-
1 (with a period of T = 12.07 s and wave height H = 7.37 m) and
Wave-2 (with a period of T = 14.3 s and wave height H = 9.41 m), con-
sidering 2nd-order Stokes theory. The relaxation method is employed
for both wave generation and absorption, while the mooring dynamics
are addressed with a quasi-static mooring model (Martin et al., 2021b).
The grid stretching implemented around the semisubmersible and the
free surface is depicted in Fig. 24(b). Fig. 25 shows the solid Heaviside
function in section view in the vicinity of the OC5 structure. Fig. 26
presents the heave, pitch, and surge motions of the semisubmersible
for three different cell sizes (dx = 1.56 m, 1.2 m, and 1.0 m), alongside
the corresponding experimental results. For the grid convergence study,
a CFL number of 0.1 is considered. In Fig. 26(a) and (b), the heave
motion during Wave-1 exhibits minor overestimations but follows a
generally good trend. Surge motion is depicted in 26(c) and (d), show-
ing overestimations in the peaks, yet demonstrating good agreement
in the troughs when comparing the numerical results to experimental
data. Fig. 26(e) and (f) display pitch motion results over time, showing
a good degree of agreement with the experimental results. To estimate
the spatial convergence, the fourth peak of the motions is considered
as the extrapolated value, with relative error computation according to
Eq. (43). Tables 11 and 12 present the outcome of the spatial conver-
gence study. In the mean period results, all variables exhibit oscillatory
convergence, with maximum deviations below 7%. All motion variables
tend to over-predict the experimental results except the surge motion.

and the free-surface. The black lines represent the mooring lines.
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Table 10

OC5 System structural properties.
Mass 1.3958E+7 kg
Draft 20 m
Displacement 1.3917E+4 m®
CM location below SWL 8.07 m

1.3947E+10 kg m?
1.5552E+10 kg m?
1.3692E+10 kg m?

Roll inertia about system CM
Pitch inertia about system CM
Yaw inertia about system CM

The mean amplitude variables exhibit monotonic converging behavior
except for the pitch motion which shows an oscillatory converging
behavior. The surge motion shows a somewhat large discrepancy, yet
the numerical calculations exhibit a satisfactory level of agreement with
the experimental results. Building upon the findings from the previous
Wave-1 simulations, a grid size of 1.0 m and a CFL number of 0.1 are
adopted for the simulation of Wave-2 conditions. The outcomes of this
simulation, encompassing the heave motion, pitch motion, and surge
motion of the semisubmersible, are presented in Fig. 29. In Fig. 29(a),
the heave motion peaks during Wave-2 exhibit minor underestimations
but generally follow a good trend. The surge motion, as depicted in
29(b), shows slight underestimation of the peaks while demonstrating
good agreement in the troughs when compared to experimental data.
Fig. 29(c) displays pitch motion results over time. The peaks of the
motion align well with the experimental results; however, the troughs
exhibit some discrepancies.

This concluding numerical study highlights all the features and
capabilities of the new FSI algorithm. The method accurately represents
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Fig. 23. Motion responses of the 3D buoy over time. Comparison of numerical and experimental results.

Table 11
Spatial convergence of the numerical mean period in comparison to the experimental
results for OC5 structure.

Motion Coarse Medim Fine Extrapol. Exp Error (%)

Heave 12.0620 12.1080 11.9840 11.9530 11.2000 -6.7

Pitch 11.9120 12.2100 12.0540 11.8158 11.6000 -1.9

Surge 12.0540 12.1500 12.0740 11.7059 12.2000 4.0
Table 12

Spatial convergence of the numerical mean amplitude in comparison to the
tal results for OC5 structure.

experimen-

Motion Coarse Medim Fine Extrapol. Exp Error (%)
Heave 1.2565 1.2480 1.1875 1.1857 1.1136 -6.5
Pitch 1.0237 1.0124 1.0166 1.0203 1.0461 2.5
Surge 2.2570 2.2665 2.3545 2.3561 1.9920 -18.3
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a full-scale, DeepCwind Floating Semisubmersible Offshore Wind Tur-
bine with an STL file using a level set function accompanied by a ray
casting algorithm. The motion of the FOWT is restrained by mooring
lines, as illustrated in Fig. 27(a) and (b), demonstrating the rigid-body
free-surface interaction in waves with vertical velocity. Fig. 28(a) and
(b) show the free surface elevation. The new density interpolation
method eliminates unphysical spurious velocity in the vicinity of the
interface, facilitating stable and accurate wave load calculations on
floating objects. The complex free surface behavior resulting from the
interaction is evident in these figures. Numerical computations for
the semisubmersible are carried out on a Linux cluster with an AMD
EPYC 7702 64-Core Processor (16.384 MB L3 Cache, 2.0 GHz, and 64
cores). Employing a 1.0 m grid size with grid stretching results in 3.4
million cells. The 1000-s simulation takes approximately 11 h using 128
Processors.

4. Conclusion

A new direct forcing immersed boundary method for simulating
floating bodies in waves is presented. The method is designed on a
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Fig. 24. Mooring lines arrangement and numerical grid for OC5 structure.
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Fig. 25. Zoomed image in the vicinity of the OC5 structure, showing the solid
Heaviside function field in section view.

staggered rectilinear grid, ensuring tight pressure-velocity coupling.
It enables the use of high-order spatial and temporal discretization
methods, such as a 5th-order WENO scheme in space and an third-order
Runge-Kutta scheme in time, resulting in good stability, robustness,
and accuracy. The method is fully parallelized based on the domain
decomposition method and MPI library, capable of scalability on a large
number of processors. The complex floating body geometry underlying
the fixed Eulerian domain is represented with a level set function.
The level set function is created with information obtained by an STL
geometry. A ray-casting algorithm determines the inside/outside of the
solid body and the closest distance information from neighboring fluid
cells to the solid boundary. This feature makes the mesh generation
process both flexible and efficient and avoids the drawbacks associated
with the moving and overset mesh approaches.

Special attention was given to the new density interpolation method
for the fluid—structure interface. The algorithm is improved by a con-
tinuous density interpolation treatment. The fluid density and viscosity
are assumed to be the same inside and outside the rigid body. This
removes the artificial density gradient in the vicinity of the floating
body. This way, the smoothing area is strongly reduced, it allows
the employment of relatively coarser grid cells in the vicinity of the
floating body, along with a thinner transition layer separating the
fluid and the solid body. This treatment ensures stable and accurate
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wave load and response calculations on the floating body. In the
method, the rigid-body dynamics is governed by Euler parameters and
Hamiltonian mechanics. Euler parameters are free from the gimbal
lock effect and computationally more efficient and stable than Euler
angles. Hamiltonian mechanics provides a suitable model for numerical
implementation when dealing with strongly nonlinear problems. The
combination of Euler parameters kinematics and Hamiltonian mechan-
ics allows for the modeling of arbitrary motions of a structure in
waves. Furthermore, an explicit third-order low-storage Runge-Kutta
scheme (Spalart et al., 1991) was implemented for the calculation
equations of motion, enhancing computational efficiency and stability.

The new method was validated with several benchmark problems.
The complexity of the problems was increased gradually. First, the 2D
heaving of a circular cylinder case was simulated to investigate the
capability of the new FSI method to predict the rigid-body and free-
surface interaction. The numerical results showed very good accuracy
even with larger CFL numbers. In the second case, a 2D disc entry
problem was addressed with a prescribed motion. Numerical findings
demonstrate that the level set function accompanied by the PDE-based
reinitialization can capture the waves generated by a structure and the
free surface interaction precisely.

As explained in the introduction part, the FSI algorithms based on
the direct-forcing immersed boundary method in the literature solve ei-
ther one-phase fluid problems for 6DOF motion or two-phase flow with
prescribed motions. As an advancement in this domain, the proposed
new FSI algorithm is capable of solving a freely moving rigid body in
waves. To demonstrate this capability, a 2D free floating box under
regular wave conditions was simulated. Comprehensive verification
and validation studies were presented in Section 3.3. The numerical
results showed the accuracy of the new FSI algorithm, falling within a
range of 10%. Additionally, the method was tested in steep waves by
generating Sth-order Stokes waves to reveal its stability and robustness.
Under steep wave conditions, large motions and strongly non-linear
wave-structure interaction can occur. The presented results show that
the new method is able to keep the numerical stability intact under the
complex hydrodynamic events.

In realistic FSI problems, the mooring dynamics can play a role
and the presented method is incorporated with a finite element base
quasi-static mooring model (Martin et al., 2021b) to take into account
mooring dynamics. In the fourth case, a 3D moored buoy was simulated
in an NWT under regular wave conditions, and the results of the grid
convergence study were given with the experimental data (Fonseca
et al., 2011). The method showed quite a good accuracy for the motion
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Fig. 26. Motion responses of the OC5 structure over time in Wave-1. Comparison of numerical and experimental results.
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Fig. 27. The OCS5 structure in waves, showing the vertical velocity.
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Fig. 28. The OCS5 structure in waves, showing the free-surface elevation.

responses even with a relatively coarse cell. This can be attributed to
the new density interpolation method, which reduces the smoothing
area in the vicinity of the fluid and solid interface, along with a thinner
transition layer separating the fluid and the solid body.

The last numerical study was the most challenging case of a full-
scale floating semisubmersible offshore wind turbine subjected to real
engineering problems. This study revealed the new FSI algorithm’s
capability and features. The geometry of the structure is represented
with an STL file, which underlies the fixed Eulerian grid. The ray-
casting algorithm determines the closest distance information from
neighboring fluid cells to the solid boundary, and a level set function
is created with that information. The motions of the semi-submersible
structure were restricted by three mooring lines, modeled using the
integrated mooring dynamic solver. The motion responses of the struc-
ture were simulated under two different regular wave conditions. Good
agreement was shown between the numerical results and the exper-
imental data in heave and pitch motions in Wave-1 and heave and
surge motions in Wave-2. A discrepancy was observed in surge motion
during Wave-1 and pitch motion during Wave-2. Nonetheless, the
computational efficiency was promising. The complex wave events, as
the results of wave-structure interaction, were captured by the new FSI
method with a relatively coarse mesh, as a result of the new density
interpolation method.

Coastal engineering problems are often driven by inertia forces,
making the method presented in this study well-suited for such scenar-
ios. However, viscous forces play a critical role in other applications,
such as ship hydrodynamic simulations. In future work, the method will
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be enhanced to address these challenges. All these results presented
in this study indicate that realistic fluid—structure interaction problems
can be efficiently modeled using the new algorithm. In summary, the
new rigid-body FSI algorithm makes it possible to efficiently model the
free motion of arbitrarily complex structures in waves.
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