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ABSTRACT: For ship and offshore applications, the fluid-floating object interaction is of particular impor-
tance and accurate numerical calculations are required. However, low-order accurate methods are not sufficient
to have decent results even though they are computationally efficient. Therefore, high-resolution fluid-floating
body coupling modeling is still needed in computational fluid dynamics (CFD) based solvers. In this study,
the capability of a direct forcing immersed boundary approach to model a floating object in fluid domain is
investigated. This method is implemented to be able to handle rigid-body motion within the high-resolution
computational fluid dynamics (CFD) solver REEF3D::CFD which is used for numerical calculations. The val-
idation study includes the heave motion tests of a three-dimensional buoy. Here, the free surface is calculated
with the level set method, convection terms are discretized with fifth-order WENO schemes, and a third-order
TVD Runge-Kutta scheme. The numerical results are compared with the available data in the literature.

1 INTRODUCTION

Fluid-structure interaction problems in the marine and
coastal engineering fields are even more challeng-
ing due to the complex hydrodynamic behavior of
the free surface. With the advances of the Compu-
tational Fluid Dynamics (CFD) algorithms, the com-
plex nonlinear fluid-floating object interaction prob-
lems can be calculated by solving the Reynolds-
averaged Navier-Stokes equations. Nevertheless, effi-
cient and accurate numerical tools are still needed and
various research is devoted to contributing to a better
understanding of the fluid-floating object interaction,
particularly in wave conditions.

The recent research addresses the numerical mod-
eling of rigid body motion in the fluid domain and
loads&stresses on the structure which are crucial for
determining the safety of the structure under certain
conditions. Kamath et al. (2016) used REEF3D::CFD
model to calculate the interaction between break-
ing wave and a vertical cylinder. The numerical re-
sults were compared with experimental data numeri-
cal findings show that the model can be used for wave-
structure interaction. Similar structure was used un-
der regular and irregular waves conditions to calcu-
late breaking forces by Alagan Chella et al. (2017)
and Aggarwal et al. (2017). A high-resolution two-

phase flow solver was developed by Calderer et al.
(2018) to carry out floating offshore structures inter-
action with realistic sea conditions. The solver uses a
high-order spectral method with a level set method to
model airflow and waves. Similarly, Liu et al. (2017)
also investigated a floating offshore wind turbine un-
der wind and wave conditions using OpenFOAM. Is-
lam and Guedes Soares (2020) carried out a valida-
tion study for free heave decay test and heave de-
cay test under regular wave conditions with a sphere
using OpenFOAM. The numerical results were com-
pared with the numerical results of the other research
groups.

In this study, a heaving sphere is investigated using
the CFD code REEF3D (Bihs et al. 2016). REEF3D
is an open-source hydrodynamic framework being de-
veloped at NTNU with a focus on wave hydrody-
namics and coastal and marine applications. A con-
tinuous direct-forcing method is implemented to han-
dle fluid-rigid body interaction and three-dimensional
applications were already carried out (Martin et al.
2021, Wang et al. 2022). In order to assess the ca-
pability of the current rigid-body motion algorithm,it
is tested with a buoy case similar to study of Islam
and Guedes Soares (2020). The numerical results ob-
tained from REEF3D is compared with the other re-
sults available in the literature.



2 NUMERICAL METHODS

2.1 Governing Equations

The conservation of mass and momentum which are
written in compact tensor notation should be satisfied
for an incompressible fluid.
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Here, u is the velocity, p is the density of the fluid,
p is the pressure, v is the kinematic viscosity, v; is
the eddy viscosity and g; the acceleration vector due
to gravity and it is valid only in the z-direction. In
REEF3D::CFD, the two-equation k£ — w turbulence
model is implemented (Wilcox 1994). The eddy vis-
cosity v; is calculated from the turbulent kinetic en-
ergy k and specific turbulent dissipation rate w as
v = k/w. The k and w equations are defined as fol-
lows:
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where P} is the turbulent production rate, and the

coefficients have the values o = 2,8, = 55,8 =
%, o, = 2 and o, = 2. This turbulence model is suit-
able for unsteady two-phase fluid problems as shown
in (Kamath et al. 2019) because of the linear relation-
ship between k and w. A limiter for the eddy viscosity
is taken into account to avoid over-production of tur-
bulence in highly strained flows outside the boundary

layer (Durbin 2009):
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where |S| is the magnitude of the strain tensor. Due to
the reduced turbulent length scales, turbulence dissi-
pation is increased in the vicinity of the free surface.
Also, the turbulence fluctuations are damped normal
to the free surface and this leads to enhanced intensity
parallel to the free surface. Through the implementa-
tion of the following additional turbulence damping

boundary condition (Naot & Rodi 1982) at the free
surface, this behavior can be included in the turbu-
lence model with the specific turbulent dissipation wg
at the free surface:
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where €, = 0.07 and x = 0.4.The variable /' is the
virtual origin of the turbulent length scale, and was
empirically found to be 0.07 times the mean wa-
ter depth (Hossain & Rodi 1980). Including the dis-
tance y* from the nearest wall gives a smooth tran-
sition from the free surface value to the wall bound-
ary value of w. Aforementioned damping is activated
only around the interface with the Dirac delta function

6(¢):
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where € = 1.6Ax and Az is the grid size.

2.2 Free surface representation

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

>0 if ¥ € phase 1
O(z,t)=<=0 ifFel ®)
<0 if ¥ € phase 2

The Eikonal equation |V®| = 1 should also be satis-
fied in order to ensure mass conservation. A convec-
tion equation for the level set function
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is solved using the fluid velocity field u. The level set
function is reinitialized after each time step to keep
the signed distance proporties. In REEF3D, a PDE
based reinitializion equation is solved (Sussman et al.
1994):
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where S(®) is the smoothed sign function (Peng et al.
1999). And then, the density and viscosity is calcu-
lated using
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p = putl(®) + pa(1 — H(P)) (11)

V= v H(®) + v,(1 — H(®)) (12)

Here, w and « indicate water and air properties,
respectively. The following Heaviside step function



H(®) is used for smoothing of the sharp change of
the fluid properties at the interface
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with an interface thickness of € = 2.1Az.

2.3  Numerical schemes

The system of equations is solved using finite differ-
ences on a rectilinear staggered grid. A fifth-order ac-
curate weighted essentially non-oscillatory (WENO)
scheme (Jiang & Shu 1996) is applied for the convec-
tion terms. The fifth-order accurate Hamilton-Jacobi
WENO method of (Jiang & Peng 2000) is used
for discretization of the convection term in eq. (9).
For diffusion terms, the second-order accurate cen-
tral finite difference scheme is applied. An incremen-
tal pressure-correction algorithm (Timmermans et al.
1996) is used for the solution of the pressure gradi-
ent term in the RANS equation as described in (Mar-
tin et al. 2021). In the predictor step, the conserva-
tion equation for momentum eq. (2) is solved without
considering the pressure gradients. An intermediate

velocity field ug*) is calculated in each k-th Runge-
Kutta sub-step using the following equation:
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Here, o, =1.0, 1/4, 2/3, B, =0.0, 3/4,1/3 and k£ =1, 2,
3. The third-order accurate Total Variation Diminish-
ing (TVD) Runge-Kutta scheme (Shu & Osher 1988)
is applied for the solution of the time derivatives as
well as for eq. (9) and eq. (10). The time step size
is controlled under the restriction of the CFL condi-
tion to ensure numerical stability efficiently. An im-
plicit Euler method is applied for the time advance-
ment of k£ and w equations to prevent a significantly
smaller time step size due to the CFL criterion. More
detail can be found in (Bihs et al. 2016). Diffusion
term of the RANS equation is treated implicitly to re-
move their CFL restriction. The Poisson equation for
the pressure of the new time step is formed by the in-
sertion of the predicted velocities into the continuity
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The Poisson equation is solved for the pressure cor-
rection terms p.,, by the fully parallelized BiCGStab
algorithm of the HYPRE library (van der Vorst 1992)
with the geometric multigrid pre-conditioner (Ashby
& Flagout 1996) to increase the computational per-
formance. Finally, the pressure and divergence-free
velocity field are calculated using the following equa-
tions:
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2.4 Rigid Body-Fluid Interaction

To calculate rigid-body motion in the Eulerian fluid
domain, a continuous direct forcing method is avail-
able in REEF3D (Martin et al. 2021). A floating ob-
ject can be represented with an STL geometry consist-
ing of multiple non-connected triangles. A ray casting
algorithm (Bihs et al. 2017) is utilized to get inside-
outside information in the vicinity of the body. Thus
a signed distance function ®, can be generated. Eq.
(11) and eq. (12) are extended to distinguish between
fluid and solid domain.
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Here, s indicates solid and H(®;) is used for repre-
senting the transition of fluid to solid. A direct-forcing
method is used to couple the solid and fluid domain.
Here, the additional source term f is included in the
momentum equations to ensure the correct boundary
conditions at the interface. Following the derivation in
(Yang 2018), the following term is added to the pre-
dicted momentum. After the predictor step, smoothed
f can be calculated as follows:
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The body forces and moments are calculated on the
STL surface using an integration over all N triangles:
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Here, n is the surface normal vector, 7 is the viscous
stress tensor and r represents the distance vector to
the centre of gravity. Further information about imple-
mentation and applications of the continuous direct
forcing method can be found in (Martin et al. 2021)
and (Wang et al. 2022).

3 RESULTS

3.1 Heave Decay Simulations

In this part of the study, heave decay test are car-
ried out for a sphere in order to investigate the capa-
bility of a direct forcing immersed boundary method
within REEF3D::CFD (Martin et al. 2021). The sim-
ulations conditions are taken into account based on
a study of literature (Wendt et al. 2017, Islam and
Guedes Soares 2020). The general characteristics of
the sphere are given in Table 1 and natural draft posi-
tion of the sphere in the z-direction is 0 m. 2 different
initial displacement (1.0 m and 5.0 m) are performed
for free-decay test. The simulation domain of the nu-
merical wave tank (NWT) is generated 10 times of
the sphere diameter along the x and y direction and 6
times along the z direction. Grid stretching is applied
around the sphere in order to represent of the sphere
properly which can be seen in Figure 1.

Table 1: General characteristics of the sphere.

Parameters Specifications
Sphere radius 5.0m
Sphere origin 0.0, 0.0, 0.0 m
Center of gravity 0.0,0.0,-2.0m
Mass of the sphere | 261.8 x 103
Water depth Infitinite
Water density 1000 kg/m3

The free-decay test with 1.0 m initial displacement
was simulated for 25 s. Three different mesh size is
used as D/25, D/50 and D/100 where D is the diame-
ter of the sphere. CFL number is kept as 0.1 through-
out this study. For this reason, temporal convergence
is not considered. For heave decay simulations, the re-
sults were adjusted to zero level same as the results in
Islam and Guedes Soares (2020) for proper compari-
son. Figure 2 shows the heave motion time history for
the case with 1.0 m initial displacement. The mesh
size of D/25 shows to differ after the first peak of
the heave motion. The mesh sizes of D/50 and D/100
are slightly different from each other and show good
agreement with results of Islam and Guedes Soares
(2020) until 10.0s. After that, the motions start to
differ. For better representation of the sphere mesh

size of D/100 will be used for all simulations. Fig-
ure 4 shows the heave motion time history where the
black line represents REEF3D::CFD results and the
red line represents the result in the study of (Islam and
Guedes Soares 2020). The other available numerical
results in literature also can be seen in Figure 3 and 5.
While the result from 1 m initial displacement shows
good agreement with that the results from the other
research groups, there is a clear discrepancy between
the results for the case with 5 m initial displacement.
Numerical results show that REEF3D::CFD predicts
smaller motion amplitude than the other codes and
the motion amplitude damped quickly. It is known

Figure 1: Computational grid for heave decay simulations.

that added mass and hydrodynamic damping, which
are proportional to the velocity, are functions of the
frequency of oscillatory motion. In this study, a con-
tinuous direct forcing method is used to calculate
rigid body motion. In this method, the forcing term
is calculated on the fluid-solid body interface and a
smoothed Heaviside step function is used to transfer
quantities between Lagrangian end Eulerian domain.
This smoothing process may smear fluid-solid body
interface and the tangential velocity in the vicinity of
the solid body can be problematic. As a result, the nat-
ural frequency damped quickly, especially for the case
with 5 m initial displacement, may have been caused
by the aforementioned reason. This issue with the
continuous direct forcing immersed boundary method
is still under investigation and further improvements
will be carried out.

To further investigation of the results, the horizon-
tal velocity distribution on the lateral section (Fig-
ure 7 ) and vertical velocity distribution on the free-
surface (Figure 8) are given. REEF3D is able to cap-
ture higher-order wave radiation effects (Figure 8)
and overtopping of water (Figure 7 which are created
by the instantaneous sphere cross-section area at the
first oscillation of the free-decay motion, particularly.
In addition, REEF3D captures the breaking radiated
waves (Figure 6) around the sphere clearly.
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Figure 2: Comparison of heave motions of a sphere with 1.0 m
initial displacement.
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Figure 3: Heave motions of a sphere with 1.0 m initial displace-
ment from literature Wendt et al. (2017).
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Figure 4: Comparison of heave motions of a sphere with 5.0 m
initial displacement.

3.2 Heave Motions in Regular Wave Conditions

A floating sphere is simulated under regular wave
conditions based on the work of Islam and
Guedes Soares (2020). In that work, three different
wave steepness are considered as 0.0005, 0.0020 and
0.0100. For validation purpose, only 2 case are car-
ried out for a moderate wave steepness of 0.002. Here,
only the heave motion of the sphere are considered.
The length of the numerical wave tank (NWT) is cho-
sen depending on the wave length. Several wave gen-
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Figure 5: Heave motions of a sphere with 5.0 m initial displace-
ment from literature Wendt et al. (2017).
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Figure 6: Breaking radiated waves for the case with 5.0 m initial
displacement.

eration and absorption methods are included such as
the relaxation method, the Dirichlet-type method, and
the active wave absorption method within REEF3D
numerical framework (Miquel et al. 2018). In this
study, the relaxation method is used for both the wave
generation and absorption and the wave generation
absorption beach is equivalent to one wavelength.
2nd-order Stokes theory is used for the waves. Com-
putational domain and grid stretching which is ap-
plied around the sphere can be seen in Figure 9. The
heave motion Response Amplitude Operator (RAO)
for the sphere is shown in Table 2. The RAO is calcu-
lated as follows:

RAO = \/ mpeak/gpeak (23)

where myq) 18 the first-order peak of the heave mo-
tion power spectral density (PSD) and (. is the first
order peak of the wave elevation PSD. The simula-
tion conditions which is considered in this study and
comparison of RAO value are given in Table 2. In ad-
dition, the time history of for heave motion for the
wave period of 3.0 s and 7.0 s are given in Fig. 10 and
Fig. 12, respectively.Additionally, the spectral analy-
sis of the heave motion for both incident waves are
shown in Fig. 11 and Fig. 13. For the 3.0 s wave pe-
riod, the heave motion response is irregular and nu-
merical results show differences at some peaks. The
high-order strong responses in the heave motion for
the 3.0 s wave period is also clearly seen in Fig. 11.
There is a noticeable second-order peak at about 0.35



Figure 7: Horizontal velocity distributions on lateral section.

Figure 8: Vertical velocity distributions on free-surface.

Hz for the 3.0 s wave period. Furthermore, the sinkage
can be clearly observed for the first incident wave in
Fig. 10 since the initial center of gravity of the sphere
in the z-direction is at -2 meters. This result is plau-
sible because, in the low wave period, the sphere and
the radiated waves from the sphere encounter more
with the incoming waves and this can increase the
nonlinearities which may cause to change in the rel-
ative position between the instantaneous free-surface
and heaving sphere.

On the other hand, heave motion response obtained
from REEF3D for the wave period of 7.0 s is quite
similar to the result of Islam and Guedes Soares

(2020). Additionally, the spectral analysis result is
given in Fig. 13 and ROA results are too close each
other which can be seen in Table 2.

Figure 9: Computational grid for wave simulations.




Table 2: Result of the sphere in regular wave conditions.

Wave Wave  Wave Wave RAO RAO
Period Lenght Height Steepness (REEF3D) (Islam and
T(s) A(m) H(m) o) Soares 2020)
3.0 14.04 0.177 0.0020 0.147 0.136
7.0 76.44  0.961 0.0020 1.092 1.14
—--=- REEF3D —— Islamé&Soares, 2020
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Figure 10: Comparison of the time history for the heave re-
sponse,( T=3.0s, H=0.177 m and S=0.002).
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Figure 11: Power spectral density of the heave motion,( T=3.0s,
H=0.177 m and S=0.002).
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Figure 12: Comparison of the time history for the heave re-
sponse,( T=7.0s, H=0.961 m and S=0.002).
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Figure 13: Power spectral density of the heave motion,( T=7.0s,
H=0.961 m and S=0.002).

4 CONCLUSIONS

In this paper, the capability of a direct-forcing im-
mersed boundary method which is implemented
within the numerical hydrodynamic framework
REEF3D has been investigated for a 3-dimensional
having sphere. Numerical results have been compared
with the available numerical results in the literature.
Free-decay tests show that REEF3D predicts smaller
motion amplitude in comparison to other tools which
is needed to be investigated further. On the other hand,
REEF3D is able to capture high-order wave radiation
effects and breaking radiated waves, precisely. In ad-
dition, numerical findings from the wave simulations
agree well with the other numerical result, and it is
quite promising. For further studies, the other wave
conditions also will be performed and the results will
be presented.
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