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a b s t r a c t

In this study, a newly enhanced Fluid-Structure Interaction (FSI) model which incorporates mooring lines
was used to simulate a floating structure. The model has two parts: a Computational Fluid Dynamics
(CFD) model and a mooring model. The open-source CFD OpenFOAM® v1712 toolbox was used in the
present study, and the convergence criteria and relaxation method were added to the computational
procedure used for the OpenFOAM multiphase flow solver, interDyMFoam. A newly enhanced, tightly
coupled solver, CoupledinterDyMFoam, was used to decrease the artificial added mass effect, and the
results were validated through a series of benchmark cases. The mooring model, based on the finite
element method, was established in MATLAB® and was validated against a benchmark analytical elastic
catenary solution and numerical results. Finally, a model which simulates a floating structure with
mooring lines was successfully constructed by connecting the mooring model to CoupledinterDyMFoam.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fluid-Structure Interaction (FSI) is a key aspect of ocean engi-
neering, especially for floating wave energy converters. Numerical
FSI procedures can be classified into partitioned approaches and
monolithic approaches. Due to the advantages of high computing
accuracy and fully developed solvers for both fluids and solids, the
partitioned approach has become the most widely used approach
for solving FSI problems (Hou et al., 2012). However, Yvin et al.
(2018) have pointed out that the artificial added mass effect has
some disadvantages when used for the partitioned approach, such
as a slow convergence rate and instability while computing. F€orster
et al. (2007) showed that the partitioned approach's numerical
instability is caused by the density ratio between fluids and solids,
the time step size, the viscosity of the fluid, and the stiffness of the
structure. To overcome these problems, Küttler and Wall (2008)
and Yvin et al. (2018) suggested adding a relaxation method into
the calculation procedure.

The immersed boundary method and the Arbitrary Lagrangian-
Eulerian (ALE) method describe the boundary between fluids and
structures. van Loon et al. (2007) used the immersed boundary
siao).
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method to capture the boundary condition based on the informa-
tion exchange between the fluid and solid domain without dis-
torting the computational domain when studying FSI problems.
The immersed boundary method is suitable for simulating FSI
problems when there is significant structural displacement; how-
ever, the computational cost of its mesh setup is relatively high due
to the information exchange between the fluid and structural do-
mains. Because of its relatively low computational cost, the ALE
method is still the most used and well-known method for gener-
ating boundary descriptions. However, the ALE method, in which
the fluid-structure interface varies in accordance with the motion
of the structure, can only be used to model FSI problems with little
structural displacement; its tendency to distort the mesh around
the studied object limits the ALEmethod's application in cases with
significant structure displacement.

Dunbar et al. (2015) developed a tightly coupled solver for the
simulation of floating offshore structures, and the solver has been
successfully validated by the benchmark case of a heaving circular
cylinder. Chen et al. (2016) simulated the roll motion induced by
waves for a 2-D floating structure and compared the results with
the experimental data produced by Jung et al. (2006), and found
that the dimensions of a structure and body draft will affect roll
motion. Although there was good agreement between the experi-
mental data and the roll motion of a 2-D floating structure, there
were still significant errors related to dynamic characteristics such
as the damping factor. Using both experimental and numerical
sevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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methods, Ransley et al. (2017) investigated the interaction between
extreme wave events and a hemispherical-bottomed buoy with a
tension-leg type of single mooring line. The numerical model suc-
cessfully described the structural motion in the first wave. How-
ever, the dynamic motion of a floating structure connected with
catenary mooring line has received little academic attention.

Static, quasi-static, and dynamic mooring models have often
been applied to emulate the effects of a catenary mooring line
(Davidson and Ringwood, 2017). However, static models only
consider the effects which constant loads exert on a mooring line,
and can only be used to establish the initial line shape and the
parameters for the dynamic simulation. Quasi-static models as-
sume the mooring line shape is consistent with a catenary equa-
tion, and that the environmental loads remain constant at each
time step. Although the quasi-static model requires fewer compu-
tational resources, it neglects the inertial and hydrodynamic forces,
causing inaccurate calculation of the mooring force, especially
when the water depth is over 100 m (Mavrakos et al., 1996). In
order to obtain a realistic reflection of themotion and tension of the
mooring line, this study uses a dynamic mooring model. Due to the
complexity of acquiring analytical solutions, numerical methods
are used in the dynamic mooring model to accurately measure the
motion and the force on the mooring line based on Newton's sec-
ond law.

The aim of this research is to develop and validate a tightly
coupled solver using the open-source CFD toolbox OpenFOAM®
v1712 for floating structure simulation with an integrated dynamic
catenary mooring model. In order to decrease the effect of the
artificially added mass, the convergence criteria, the relaxation
method have been added into themultiphase dynamicmesh solver,
interDyMFoam. This newly enhanced tightly coupled solver will
henceforth be referred to as CoupledinterDyMFoam, and it has
been validated against several benchmark cases: a heave decay test
(Ito, 1977), a roll decay test (Jung et al., 2006), and a wave-structure
interaction test (Chen et al., 2016). The updated Lagrangian method
was employed to construct the mooring model, and the Newmark-
beta method (Newmark, 1959) has been added into the calculation
procedure to solve for the dynamic motion of a mooring line. By
connecting the mooring model to CoupledinterDyMFoam, a model
for simulating a floating structure with mooring lines has suc-
cessfully been established.
2. Numerical methods for the CFD model

2.1. Governing equations

In this research, the fluid is assumed to be an incompressible
Newtonian fluid and the Reynolds-Averaged Navier-Stokes (RANS)
equations have been used to solve the flow field. RANS equations
were derived based on the Navier-Stokes equations, with the
instantaneous quantity (i.e. uf ) being decomposed into time-

averaged (i.e. uf ) and fluctuating quantities (i.e. u
0
f ). The RANS

equations include conservation of mass (Eq. (1)) and conservation
of momentum (Eq. (2)):

vufi
vxi

¼0 (1)

r
Dufi
Dt

¼ �vp
vxi

þ v

vxj

 
m
vufi
vxj

� ru0
fiu

0
fj

!
(2)

where ufi is the mean fluid velocity component; p is the mean
pressure of the fluid; m is the dynamic viscosity, and r is the density
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of the fluid. �ru0
fiu

0
fj is called Reynolds stresses and is defined as

follows:

�ru0
fiu

0
fj ¼ mt

vufi
vxj

(3)

where mt is the turbulent dynamic viscosity. The following equa-
tion, Eq. (4), is derived by combining Eq. (2) and Eq. (3).
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(4)

where meff is the effective viscosity, as indicated in Eq. (5):

meff ¼mþ mt ¼ rnþ rnt (5)

2.2. Turbulence model

To close the above equation set, the turbulence k� ε model
which has been successfully used in many wave-structure inter-
action problems (e.g., Hsiao et al., 2020; Joung et al., 2012; Lara
et al., 2018; Maza et al., 2013; Wu et al., 2012) is adopted to
approximate the Reynolds stresses, for which the governing
equations are given in Eqs. (6) to (8), representing turbulent kinetic
energy (k), turbulent kinetic energy dissipation rate (ε), and tur-
bulent viscosity (nt) equations, respectively.

DðrkÞ
Dt

¼V , ðrDkVkÞþ P � rε (6)

DðrεÞ
Dt

¼V , ðrDεVεÞþ C1ε
k

�
PþC3

2
3
kV ,uf

�
� C2r

ε
2

k
(7)

nt ¼Cm
k2

ε

(8)

where Dk is the effective diffusivity for k; P represent the turbulent
kinetic energy production rate; Dε is the effective diffusivity for ε;
C1, C2 and C3 represent the model coefficients; and Cm is the model
coefficient for the turbulent viscosity. Dk and Dε are formulated as:

Dk¼ nþ nt
sk

(9)

Dε ¼ nþ nt
sε

(10)

In this research, the default k� ε model coefficients are set as:
Cm ¼ 0:09, C1 ¼ 1:44, C2 ¼ 1.92, C3 ¼ 0:00, sk ¼ 1:0, and sε ¼ 1:3.
Note that for simplicity we have omitted the overbar of the velocity
in the following sections.

2.3. Wave generation

The second-order Stokes wave theory is applied at the wave
generation boundary in this research. The free surface elevation, hf ,
horizontal velocity, uh, and vertical velocity, uv, of the waves are
formulated as:

hf ¼
H
2
cos jþ kw

H2

4
3� s2

4s3
cos 2j (11)
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uh ¼
H
2
u
cosh kwz
sinh kwh

cos jþ 3
4
H2ukw cosh 2kwz

4sinh4kwh
cos 2j (12)

uv ¼H
2
u
sinh kwz
sinh kwh

sin jþ 3
4
H2uk sinh 2kwz

4sinh4kwh
sin 2j (13)

where H is wave height; kw is the wave number; u is the wave
angular frequency; h is the water depth, and j is the phase. The
phase j is equal to kwx� ut, and parameter s represents tanh kwh.
2.4. Structure motion

The force acting on a structure is calculated based on the fluid
field adjacent to the structure. The external force, Fs, is the com-
bination of the pressure, p, and the viscous shear stress, G, exerted
on the surface of the structure. The moment, Ms, is the total
moment around the structure. The equations for external force and
moment are:

Fs ¼msa ¼ ∬
s
ðpnþGÞds (14)

Ms ¼6I ¼ ∬
s
rcs � ðpnþGÞds (15)

where a is the acceleration of the structure, n represents the
normal vector of the structure's surface; I is the moment of inertia;
rcs is the distance from the structure's center of mass to the force
exerting point;ms is the mass of the structure, and6 is the angular
acceleration of the structure.

The solver, interDyMFoam, used in this research is categorized
as a partitioned approach, where the numerical instabilities in-
crease as the calculation time increases. To maintain numerical
stability, convergence criteria are added into the calculation pro-
cedure and the dynamic relaxation factor is used to accelerate the
convergence rate. These are explained further in Appendix A.
Additionally, the interDyMFoam adopts Finite Volume Method
(FVM), the discretization of the temporal and spatial scheme is
shown in Appendix B.
3. Numerical mooring model methods

Luongo and Zulli (2013) showed that when a mooring line is
slender, the torsion and torque can be omitted. The order of the
extension energy, torsion energy, and flexure energy is shown as
follows:

4e ¼O
�
E
r2

l2
u2t

�
(16)

4t ¼O
�
E
r4

l2
qs

2
�

(17)

4f ¼O
�
E
r4

l4
u2n

�
(18)

where 4 represents potential energy, and the subscripts e, t, and f
denote the extension, torsion, and flexure, respectively. E is the
Young's modulus; r is the characteristic radius; l is the character-
istic length; qs is the slope of the deformed structure; ut is tangent
displacement, and un is normal displacement.

Comparing the order of Eqs. (16)e(18) shows that the order of
the torsion and flexure energies are equal and the extension energy
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is greater. Thus, in the present study the torsion and flexure energy
are ignored in the mooring model and only the extension energy is
considered.

3.1. Governing equations

The governing equation of the mooring line can be written as:

M €U þKU ¼ R (19)

where M and K represent the mass and stiffness matrix of the
mooring line, respectively; R is the resultant force acting on the
mooring line, and €U and U are the acceleration and displacement of
the mooring line, respectively.

3.2. Resultant forces

The resultant forces exerted on the mooring line comprise
external loads and internal forces. Davidson and Ringwood (2017)
argue that the external loads on the underwater mooring line
should include drag force, inertial force, self-weight, and buoyancy;
the internal forces should include tension and internal damping.

3.2.1. Drag force
Niewiarowski et al. (2018) separated the relative velocity, vR,

into tangential relative velocity, vT , and normal relative velocity, vN .
The drag force acting on the mooring line is linear to the square of
the relative velocity. The equations for the relative velocity, vR, the
tangential drag force, Fdt , and the normal drag force Fdn, are as
follows:

vR ¼uf � _U (20)

Fdt ¼
1
2
rwCTDjvT jvT (21)

Fdn¼
1
2
rwCNDjvN jvN (22)

where uf is the velocity of the fluid field; _U is the velocity of the
mooring line; CN and CT represent the normal and tangential drag
coefficient, respectively; rw is the density of water; and D is the
diameter of the mooring line.

3.2.2. Inertia force
The water surrounding the mooring line moves as the mooring

line moves, and the inertia force can be calculated using the Mor-
ison equation as follows:

Fi ¼
1
4
CMrwpD

2 €Un (23)

where CM is the added mass coefficient and €Un is the normal ac-
celeration of the mooring line.

3.2.3. Self-weight and buoyancy
The mooring line is assumed to be a submerged structure,

making the buoyancy of the mooring line constant in every time
step. The resultant force, FB, of self-weight and buoyancy is
expressed below:

FB ¼
1
4
pD2ðrm � rwÞg (24)

in which rm and rw represent the density of the mooring line and



Fig. 1. Flow chart of the calculation procedure for CoupledinterDyMFoam and the
Mooring Model. Procedures outlined in red are to be executed with the mooring
model, and procedures outlined in black are to be executed by
CoupledinterDyMFoam.).

I.-C. Tsai, S.-Y. Li, S.-C. Hsiao et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 433e449
water, g is the gravitational acceleration, and D is the diameter of
the mooring line.

3.2.4. Tension
Tension is given by:

T¼ EA
L
Ud (25)

Ud ¼U � Ur (26)

in which E is the Young's modulus; A is the cross-section area; L is
the reference length;U is displacement;Ur is the rigid bodymotion
displacement; Ud is the deform motion displacement, and T is
tension.

3.2.5. Internal damping force
Niewiarowski et al. (2018) have shown that internal damping

force occurs when a mooring line has tension and the velocity of
the nodes are different. The internal damping force, FD, occurs
along the tangent direction of the mooring line. The equation is as
follows:

FD ¼ Cc _Ur (27)

where Cc is the damping coefficient, and _Ur is the relative velocity
between the two nodes.

3.3. Time integration

Newmark's beta method, developed by Newmark (1959), has
been chosen for the dynamic calculation of the mooring system.
The formulations of Newmark's beta method for the velocity of the

structure at current time step _U
tþDt

, and the acceleration of the

structure at current time step, €U
tþDt

, are shown below:

_U
tþDt ¼ _U

t þ Dt �
�
g� €U

tþDt þð1�gÞ� €U
t�

(28)

€U
tþDt ¼Ut þ Dt � _U

t þ Dt2 �
�
b� €U

tþDt þð0:5�bÞ� €U
t�

(29)

where the superscript t þ Dt denotes the current time step; the
superscript t denotes the previous time step; and U , _U , and €U are
the displacement, velocity, and acceleration of the mooring line,
respectively. The suggested values of g and b are 0.5 and 0.25.

4. Modeling procedure for CFD and the mooring model

CoupledinterDyMFoam is a new solver; it is an improved
multiphase dynamic mesh solver which can be used in conjunction
with the mooring model. The CoupledinterDyMFoam procedure
with the mooring model included, is expressed below. The flow
chart is shown in Fig. 1.

(1) CoupledinterDyMFoam initializes the free surface, pressure,
and velocity of the fluid field. The mooring model initializes
the mooring line shape, parameters, and calculation variable.

(2) CoupledinterDyMFoam calculates the position of the
structure.

(3) CoupledinterDyMFoam calculates the external force acting
on the structure based on its position. The mooring model
calculates the tension force based on the position of
436
connecting points and the information of the fluid field along
the mooring line.

(4) CoupledinterDyMFoam calculates the resultant force acting
on the structure, including the tension force of mooring lines
acting on the structure, and obtains the acceleration using
Newton's 2nd law and the under-relaxation method.



Fig. 2. Numerical set-up for the free heave decay in the cylinder test.

Fig. 3. The trajectory of the cylinder in the vertical direction for different cases. (Note
that Z0 is the displacement of the cylinder at time equals to zero.)
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(5) CoupledinterDyMFoam calculates the motion of the
structure.

(6) CoupledinterDyMFoam deforms the mesh to follow the
motion of the structure.

(7) CoupledinterDyMFoam updates the fluid field, including the
free surface, pressure, velocity, etc.

(8) CoupledinterDyMFoam checks the convergence of the
structural motion. If the result is valid, it then proceeds to the
next time step. If invalid, the procedure is rerun from steps
(2) through (7).

As for the mooring model, the tension and the motion of the
mooring lines are calculated during the calculation procedure, and
the information regarding the mooring force exerted on the con-
necting points is transmitted to the CoupledinterDyMFoam solver.
The calculation procedure of the mooring model is expressed
below.

(1) Update the position, velocity, and acceleration of the con-
necting points between the mooring line and the structure.

(2) Calculate the external load exerted on themooring line based
on the fluid field which runs along it.

(3) Apply the Newton-Raphson method to calculate the
displacement of the mooring line.
Table 1
The numerical scheme used in CoupledinterDyMFoam for this research.

Time scheme Terms

First time derivative v= vt default

Spatial scheme Terms

Gradient V default
Divergence V, momentum flux

mass flux
advection of compr
advection of turbul
advection of interna
divergence of the sh
advection of velocit

Laplacian V2 default
Cell to face interpolations default
Surface normal gradient default

Table 2
Comparison of the free heave decay of the cylinder using different types of solvers and t

Case Solver Type Relaxation Factor Per

#S1 Loosely Coupled Static �1.
#S2 Tightly Coupled Static �0.
#S3 Tightly Coupled Dynamic �0.
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(4) Apply Newmark's b method to calculate the velocity and the
acceleration of each node of the mooring line.

(5) Calculate the inertia force of the mooring line and transmit
the information regarding the mooring force on the con-
necting point to CoupledinterDyMFoam.
5. Validation and verification

The boundary condition of the structure surface and the bottom
of the wave tank is set as no-slip condition, and the left side of the
wave tank is the inlet which is able to generate the wave, and the
right side of the wave tank is the outlet which will absorb the wave
to prevent wave reflection.
5.1. Free heave decay of a cylinder

Ito's 2-dimensional semi-submerged circular cylinder heave
decay experiment (Ito, 1977) was chosen as the benchmark test
Numerical Scheme

CrankNicolson 0.5

Numerical Scheme

Gauss linear
Gauss vanLeerV
Gauss vanLeer

ession velocity Gauss linear
ent kinetic energy Gauss upwind
l energy Gauss upwind
ear-rate tensor Gauss linear
y Gauss linear

Gauss linear corrected
linear
corrected

he relaxation factor.

iod Error (%) Amplitude Error (%) Maximum Residual

40 5.21 3.2e-01
46 4.24 3.5e-03
46 4.20 9.9e-04



Fig. 4. Time series of the calculation residuals for different cases.

Fig. 5. Snapshot of the velocity and pressure fields around the cylinder at different times.
velocity, respectively. The pressure distribution is shown by the color gradient.
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case. The diameter and the length of the structure were 6 and 8.5
inches, respectively. The density ratio of the cylinder and water was
0.5, and the water depth was 4 feet. The cylinder was first displaced
1 inch from its equilibrium position and freely released. Fig. 2
shows the numerical set-up of the free heave decay of the cylin-
der. The mesh is dynamic and changes with the motion of the
structure. The initial mesh distribution is a uniform mesh in the
upper 3/4 domain except that mesh snaps to the surface at the
boundary of the structure. For computational efficiency, the vertical
mesh from the lower 1/4 domain to the bottom and the horizontal
mesh from the center 1/3 domain to the sides gradually increase to
10 times. The convergence test results show that the root mean
square errors (RMSE needed for future practical ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
ðy� yexpÞ2=n

s
) of the trajectory (y ¼ Z=Z0) of the cylinder are

about 0.04 in three different mesh sizes (10, 5, and 2.5 mm)
compared with Ito's result. The difference is negligibly small be-
tween three mesh sizes. Therefore, the mediummesh (Dx, Dz) ¼ (5
The length and direction of the arrows represent the magnitude and the direction of



Fig. 6. Numerical set-up for free roll decay in the box test.
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mm, 5 mm) is used in this case.
Table 2 shows the period error, amplitude error, and the

maximum residual for the free heave decay test simulated using the
interDyMFoam (loosely coupled) and CoupledinterDyMFoam
(tightly coupled) solver with both static and dynamic relaxation
factors. With the use of a tightly coupled solver and dynamic
relaxation factor, the numerical results are more accurate. The time
series of the comparison between different cases and Ito's experi-
mental results can be seen in Fig. 3, where good agreement can be
observed between each case and the experimental results. Fig. 4
shows that the calculation residual obtained using the loosely
coupled solver is greater than when using the tightly coupled
solver, where a smaller calculation residual can be achieved by
using the dynamic relaxation factor.

In numerical simulation, the damping coefficient is usually
required for those which do not consider the damping (viscous)
force correctly. For instance, the potential theory can accurately
estimate the potential forces but not the viscous force, the use of
the damping coefficient can take the viscous component into ac-
count (Kim et al., 2020; Koo and Kim, 2015; Malta et al., 2010;
Pinguet et al., 2020). In this study, the damping coefficient is not
required to calculate the motion of floating structure as the viscous
effect is considered in the simulation. This is the reason that the
tightly coupling solver is developed in the study. Nevertheless, the
damping coefficient can provide the helpful information for the
Fig. 7. Numerical and experimental re
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codes which do not consider the viscous effect. The damping co-
efficient is determined by the equation of damping motion. The
equation of damping motionwithout external forces can be written
as:

ðMþMAÞ€xþD _xþKx¼0 (30)

where M is the mass, MA is the added mass, D is the damping co-
efficient, and K is the stiffness coefficient. The terms x, _x, and €x are
displacement, velocity, and acceleration vector, respectively.
Divided Eq. (30) by ðMþMAÞ and defined nature frequency un ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K=ðM þMAÞ
p

, z is defined as damping coefficient (Pinguet et al.,

2020), and critical damping Dcr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KðM þMAÞ

p
(z¼ D=DcrÞ; the

equation can be expressed as:

€xþ2zun _xþ u2
nx ¼ 0 (31)

Linear solution of Eq. (31) can be written as:

x¼X0e
�zuntcosðudtÞ (32)

where damped natural frequency is ud ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

q
un.

The logarithmic decrement d is defined as:

d¼1
n
ln
�
X0

Xn

�
¼ 2pz	

1� z2

1=2 (33)

where n is the n periods of the decaymotion, and d is obtained from
four negative peaks (n ¼ 3). The damping coefficient (z) is 0.166
and the natural frequency is 10.645 rad/s in present case. Using the
same determination method, Ito's experiment result shows the
damping coefficient (z) is 0.169 and the natural frequency is
10.475 rad/s.

Fig. 5 shows the velocity and the pressure fields around the
cylinder from 0.2 to 2.0 seconds. At 0.2 of a sec, the heave motion of
the structure generated fluctuation (waves) on the free surface; at
0.3 of a sec, the magnitude of the velocity field around the cylinder
decreased; the pressure near the free surface decreased, and the
velocity increased; at 0.4 of a sec, which is the first trough point of
the heave motion of the cylinder, the velocity around the cylinder
and near the free surface increased; at 0.6 of a sec, it can be clearly
seen that the pressure below the cylinder caused it to ascend; from
sults for the free roll decay test.
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1.0 to 2.0 sec, big vortices can be observed near the cylinder, which
dissipated the kinetic energy of the cylinder, and the cylinder
gradually returned to its neutral position.
5.2. Free roll decay of a box

The free roll decay test was validated by comparing the results
obtained from the present model and Jung's experiments (Jung
et al., 2006). The box was 0.9 m long, 0.3 m wide, and 0.1 m high.
Thewater depthwas 0.9m, and the draft of the boxwas 0.05m. The
initial set-up is presented in Fig. 6. The box was released with an
initial angle of 15�. In this case, the initial mesh distribution is
similar with section 5.1. The convergence test shows that mesh will
converge when the mesh size is changed from 20mm to 5 mm. The
Fig. 8. Snapshot of the velocity and pressure fields around the box at different times. The le
respectively. The pressure distribution is shown by the color gradient.
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medium mesh size (Dx, Dz) ¼ (10 mm, 10 mm) is used. Compared
with Jung's result, the RMSE of the angle of the box in 10mm case is
0.22�. The time series for the roll of the box for both the numerical
and experimental results is shown in Fig. 7.

Fig. 8 shows the velocity and the pressure fields around the box
from 0.5 to 4.0 seconds. Initially, the box rotated due to the pressure
difference between the two sides of the box. The motion of the box
generated vortexes around it, which dissipated its kinetic energy.
The main factors affecting the motion of the box were fluid vis-
cosity and the shift from the pressure gradient in the flow field due
to inertial force. Fluid viscosity dissipated the kinetic energy of the
box, returning it to the neutral position.
ngth and the direction of the arrows represent the magnitude and direction of velocity,



Fig. 9. Sketch of the wave-structure interaction case.
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5.3. Wave-structure interaction

Jung's experimental results (Jung et al., 2006) and Chen's nu-
merical results (Chen et al., 2016) were chosen as the wave-
structure interaction validation cases. The wave tank was 35 m
long and 0.9 m wide. The rectangular structure was 0.90 m long,
0.30 m wide, and 0.10 m high. The moment of inertia of the
structure was 0.236 kg-m2, and the structure was only allowed to
Fig. 11. The time histories of the roll angle of the structure during two periods. The red line
results.

Fig. 10. Comparison of wave profiles between the results of the proposed model (OpenF
OpenFOAM results, and the dotted black line represents Chen's numerical results. The dotted
offshore side and the onshore side of the structure, respectively.
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have rolling motion. The water depth was 0.90 m, the draft of the
structure was 0.05 m, and the structure was located 20 m away
from the wavemaker. Fig. 9 shows a sketch of a wave-structure
interaction case where the interaction between wave and struc-
ture was investigated with a 1.2 second wave period, a wave height
of 0.067 m, wave steepness of kwA, 0.0849, and dimensionless
water depth of kwh, 2.55. The mesh size (Dx, Dz) ¼ (12 mm, 3 mm)
in this case is similar to Chen's setting.

The wave profile comparison between the present model and
Chen's numerical results is shown in Fig. 10, where the roll angle
found in the numerical results for the present model shows good
agreement with Jung's experimental results, shown in Fig. 11.

In order to provide more detailed insight into the interaction
between the wave and structure, Fig. 12 shows the velocity field
around the structure with a wave period of 1.2 seconds and a wave
height of 0.067 m. The motion of the structure was highly depen-
dent on the flow field around it, and the motion direction of the
structure was identical to the direction of the velocity field. Due to
represents the numerical results, and the dotted black line represents Chen's numerical

OAM) and Chen's numerical results (Chen et al., 2016). The red line represents the
blue line on the left-hand side and the dotted blue line on the right-hand side are the



Fig. 12. Snapshot of the velocity fields around the structure at different times, where t represents time, and T is the wave period (1.2 sec). The length and direction of the arrows
indicate the magnitude and direction of velocity, respectively.
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Fig. 13. Comparison of the analytical solution and numerical solution of the mooring line. The orange line is the numerical solution, and the black line is the analytical solution.

Fig. 14. The error of the mooring line position versus the total number of degrees of
freedom.

Table 3
The periodic and angular error when simulated using different numbers of elements.

Number of elements Time step (sec.) Period (

1 0.01 3.490
2 0.01 3.490
4 0.01 3.490
8 0.01 3.490

Table 4
The periodic and angular error under different simulation time steps.

Number of elements Time step (sec.) Period (

1 0.100 3.600
1 0.050 3.550
1 0.010 3.490
1 0.005 3.485
1 0.001 3.476
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the screening provided by the structure, the velocity behind it was
smaller than that in front.
5.4. Validation of the mooring model

5.4.1. The shape of the elastic mooring line
The analytical solution for the elastic mooring line shape is well

known and is shown as follows:

x¼ TH
ws

sinh�1
�ws

T
s
�
þ TH
EA

s (34)

z¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
TH
ws

�2
þ s2

s
þ ws

2EA
s2 � TH

ws
þ zD (35)

where x and z represent the horizontal and vertical component of
the mooring line position, respectively; s represents the arc-length,
and zD represents the lowest vertical position of the mooring line.
sec.) Periodic error (%) Angular error (%)

0.40 3.72e-04
0.40 3.72e-04
0.40 3.72e-04
0.40 3.72e-04

sec.) Periodic error (%) Angular error (%)

3.57 3.90e-03
2.13 1.80e-03
0.40 3.72e-04
0.25 2.03e-04
0 7.01e-05



Fig. 15. Comparison of the exact solution and numerical solution for the simple
pendulum. The blue line is the numerical solution, and the red line is the exact
solution.

Fig. 17. Sketch of the interaction between a wave and the moored structure.

Table 6
List of wave conditions for monochromatic waves used in this study.

Case Period (sec) Wavelength (m) Wave height (m) kA kh

Case 1 1.2 2.22 0.06 0.0849 2.55
Case 2 2.0 5.06 0.06 0.0372 1.12
Case 3 3.0 8.44 0.06 0.0447 0.67
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TH is the horizontal tension of the mooring line; ws is the weight
per meter of the mooring line; E is the Young's modulus, and A is a
cross-section of the mooring line.

For the computed mooring line, the unstretched length was
100.5m long, the stiffness EAwas 200 kN, and theweight permeter
was 1.738 kg/m. The attachment points were horizontally aligned
and 100 m apart.

The numerical solution shows good agreement with the
analytical solution shown in Fig. 13. Fig. 14 shows that the position
error decreased as the degrees of freedom increased; when the
freedom were greater than 10�, the error was below 10�2.
5.4.2. Simple pendulum test
The equation of the pendulum is well known and is shown as

follows:
Fig. 16. The shape of the line when no current and when a 2 m/s current is crossing it.

Table 5
The tension force error of the line under a constant 2 m/s current when simulated
using different numbers of elements.

Number of Elements Tension Force (N) Tension Force Error (%)

5 525 �1.87
10 532 �0.56
15 534 �0.37
20 535 �0.19
25 535 �0.19
30 535 �0.19
35 535 �0.19
40 535 �0.19
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ml2
d2q
dt2

þmgl sin q ¼ 0 (36)

where m is the mass of the pendulum; g is the gravitational ac-
celeration; l is the length of the rod, and q is the angle between the
pendulum and direction of gravity. For small swings, the pendulum
motion equation can be expressed as follows:

T ¼2p

ffiffiffi
l
g

s
(37)

q¼ q0 � cos
� ffiffiffi

g
l

r
t
�

(38)

where T is the period, and q0 is the initial angle.
For the computed pendulum, the rod was 3 m long; the mass of

the pendulumwas 10 kg, and the initial angle was 3�. Table 3 shows
the period error and the angle with different numbers of elements,
and Table 4 shows the period error and angle for different time step
sizes. Tables 3 and 4 show that the selection of time step size was
more important than the number of elements when the line was
under tension. Fig. 15 shows that the model does a good job of
simulating the motion of the simple pendulum.
5.4.3. Drag test
The numerical solution provided by Niewiarowski et al. (2018)

was chosen as the validation of the dynamic case of the mooring
line. The mooring line was 4.5 m long with diameter D ¼ 0.014 m
and stiffness EA ¼ 105 N. The normal drag coefficient, tangential
drag coefficient, added mass coefficient, and damping coefficient of
the mooring line were 1.5, 0.05, 1.0, 1800 N-m/s, respectively. The
final tension of Niewiarowski's numerical result was approximately
Table 7
Mooring line parameters.

Length (m) 0.90
Diameter (m) 8� 10�3

Weight per meter (kg/m) 4.665
Stiffness (N) 2525
Normal drag coefficient CN 1.21
Tangential drag coefficient CT 0.07
Added mass coefficient CM 1.0



Fig. 18. Numerical results for the sway, heave, and roll angle subjected to case 1.
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536 N, and the final tension of the present mooring model was
approximately 535 N. The mooring line shape before and after the
current crossing is shown in Fig. 16.

In this test, the comparison of applying different numbers of
elements in the mooring model is also presented. It can be seen in
Table 5 that when the number of elements is greater than 20, the
calculation of the tension force will converge.

6. Two-dimensional regular wave interaction with the
moored structure

This section describes the investigation of the dynamic motion
of a floating structure with a mooring line under three different
wave conditions. As a first step, two-dimensional regular wave
interaction with the moored structure was examined. The sche-
matic plot is shown in Fig. 17. The wave tank is 35 m long and 0.9 m
Fig. 19. Numerical results for the sway, hea
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wide, and the water depth for all cases is 0.9 m. The floating
structure was 0.9 m long, 0.3 m wide, 0.1 m high, and the center of
mass was located at the geometric center. The floating structure
was located 20 m away from the wavemaker; the four mooring
lines were catenary chains connected at four attachment points to
the four submerged corners of the floating structure. The three
wave conditions are shown in Table 6, and the parameters of the
mooring line are shown in Table 7.

Figs. 18e20 show the numerical results for the sway, heave, and
roll motion of the structurewhen subjected to eachwave condition.
The structure, when struck by the wave, had periodic movement
with the rotation angle ranging from �3 to 1� and horizontal and
vertical movement displacement ranging from �8 to 5 cm and �3
to 2 cm, respectively. Figs. 21e23 show the numerical results for the
offshore and onshore side mooring line tension under each wave
condition. The tension of the offshore and onshore side mooring
ve, and roll angle subjected to case 2.



Fig. 20. Numerical results for sway, heave, and roll angle subjected to case 3.

Fig. 21. Numerical results for the offshore side and onshore side tension subjected to case 1.

Fig. 22. Numerical results for the offshore side and onshore side tension subjected to case 2.
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Fig. 23. Numerical results for the offshore side and onshore side tension subjected to case 3.

Fig. 24. Three wave periods of the offshore side and onshore side tension and wave profile subjected to case 1.
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line also undergoes a periodic change, ranging between 0 and 30 N.
Figs. 24e26 show the snapshots of tension and generated wave

profile at offshore (x ¼ 19.9 m) and onshore (x ¼ 20.4 m) sides in
three cases. The tension variation is more complicated because it is
affected by wave and the other mooring line. It was observed that
the maximum tension for both the offshore and onshore side
mooring lines occurred when the sway and heave of the structure
were at themaximum. As the floating structuremoved back toward
equilibrium, the mooring line tension decreased rapidly and
became slack. The trend of the mooring line force resembles the
sway motion of the floating structure, and local fluctuations are
related to the heaving of the floating structure. In general, the
mooring line force and three types of the motion of the structure
are periodic with wavemotion. As wave period increases, the peaks
of the tension decrease and wave transmission increases.
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7. Concluding remarks

A new solver, CoupledinterDyMFoam, was successfully vali-
dated against benchmark experimental data and numerical results
from Ito (1977), Jung et al. (2006), and Chen et al. (2016). The
mooring model showed good agreement with the analytical solu-
tion and the numerical results presented by Niewiarowski et al.
(2018).

A model of a floating structure with mooring lines was suc-
cessfully built by incorporating CoupledinterDyMFoam into the
mooring model. Simulations of a floating structure with mooring
lines were performed under three different wave conditions. The
results show that the trend in the changes in the mooring force is
similar to the trend in the sway motion of the floating structure,
and the local changes show a relationship with the trend of the
heave motion of the floating structure.



Fig. 25. Three wave periods of the offshore side and onshore side tension and wave profile subjected to case 2.

Fig. 26. Three wave periods of the offshore side and onshore side tension and wave profile subjected to case 3.
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In this study, it was assumed that the mooring line in the
mooring model is uniform along its length and has a linear strain-
stress relation, where a nonlinear strain-stress relationship may
occur when mooring lines yield, suffer fatigue, or have unique,
heterogeneous material properties. Moreover, an extension of the
current study to three-dimensional problems, which may exhibit
different physical phenomena, is needed for future practical
applications.
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Appendix A

The acceleration, a, and angular acceleration, 6, of the structure
in each iteration can be obtained based on the under-relaxation
method, for which the equations are expressed as:

aiþ1 ¼ uiþ1 � ~aiþ1 þ ð1� uiþ1Þ � ai (39)

6iþ1 ¼ uiþ1 � ~6iþ1 þ ð1� uiþ1Þ �6i (40)

where the subscript i denotes the iteration time, and
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superscript ~ denotes the value before relaxing.
The Aitken's D2 method was used by Küttler and Wall (2008)

and Pomeranz (2017) to calculate the relaxation factor. Chow and
Ng (2016) suggested that its value should be limited to the range
between 0.1 and 1. In this research, the relaxation factor was ob-
tained using the Aitken's D2 method and the value was restricted to
the range between 0.1 and 1. The relaxation factor equations are as
follows:

uiþ1 ¼ui,

�������
Fs;i�1 � ~Fs;i

Fs;i�1 � ~Fs;i � Fs;i þ Fs;iþ1

������� (41)

ui ¼
�

u0 i ¼ 0
min½umax;maxðumin;uiÞ� i � 1 (42)

in which u0 and Fs represent the initial relaxation factor and the
resultant force acting on the structure; the subscript i denotes the
number of iterations, and the superscript ~ denotes the value before
relaxing.

Devolder et al. (2015) indicated that the calculated resultant
force exerted on a structure will gradually stabilize as the number
of iterations increases. The residual between two consecutive it-
erations was calculated and used as a criterion by which to deter-
mine whether the calculation is converging. The equations used to
calculate the force residual (rforce), the moment residual (rmoment),
and the total residual (9) are:

rforce;iþ1 ¼
��Fs;iþ1 � Fs;i

��.msg (43)

rmoment;iþ1 ¼
��Ms;iþ1 �Ms;i

��  ��Ms;i
�� (44)

9iþ1 ¼max
�
rforce;iþ1; rmoment;iþ1

�
(45)

where the subscript i denotes the iteration time.

Appendix B

In the fvSchemes file in OpenFOAM, the numerical scheme is set
as shown in Table 1. A second-order Crank Nicolson method is used
for the time discretization. The Blending vector 0.5 is set to improve
the stability (1 represents pure Crank Nicolson method, 0 repre-
sents Euler method). Gauss theorem transforms the volume in-
tegrals into the surface integrals. Basically, central differencing
(second order) is used, which is named “linear” in OpenFOAM. For
momentum flux and mass flux, the total variation diminishing
(TVD) scheme of Van Leer is employed. For advection of turbulent
kinetic energy and advection of internal energy, upwind scheme is
used to ensure the stability. The scheme “corrected” is chosen to
consider the correction of the non-orthogonal mesh. For more
detailed the readers can refer to the user guide of OpenCFD (2020).
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