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Simulating the hydrodynamic response of a floater-net system in current
and waves

Hao Chena,∗, Erik Damgaard Christensena

aSection of Fluid Mechanics, Coastal and Maritime Engineering, Department of Mechanical Engineering, Technical
University of Denmark, DK-2800 Kgs. Lyngby, Denmark

Abstract

We present a novel numerical model for simulating current and wave interaction with a floater-net system.
The main contribution of the paper is the integration of the floater motion and the fluid-structure interaction
analysis of the net structure in the same modelling framework via the computational fluid dynamic approach.
The sinker and the mooring lines were not directly resolved, but their effects were partially modelled. The
model couples a hydrodynamic solver, a rigid body motion solver, a mesh motion solver and a structural
solver in a segregated manner. In the numerical model, the net structure was modelled as a set of dynamic
porous zones. A lumped mass model was coupled with it to realize fluid-structure interaction analysis for the
net structure. The floater was treated as a rigid body, which was resolved by the body-fitted computational
mesh in the fluid domain. The motion equation for the floater was set up based on the principle of linear
and angular momentum balance. Different motion integration schemes were implemented and tested in the
numerical model. The numerical model was validated against three sets of available experimental data in
the open literature. The first set of validation cases treated the floater motion in regular waves. The second
set of validation cases focused on the fluid-structure interaction analysis of the net structure. The final one
was related to the whole floater-net system in regular waves, and combined current and wave condition.

Keywords: floater-net system, floating body, fluid-structure interaction, OpenFOAM

1. Introduction

Hydrodynamic analysis on the floating fish cages for offshore aquaculture has been presented during
the past few years. This comes with the fast development of aquaculture industry in the world. With the
growing demand of food due to increasing population over the world, aquaculture is expected to continue
making important contributions on world food security and nutrition supply.

The fish cage itself is a compliant and flexible system, whose components interact with each other. It
usually contains four important components, namely the net cage, the floater, the mooring system and the
sinker system. Each of them plays an important role and has its unique functionality. It is in general
not straightforward to perform global analysis on the floating fish cage system. Some simplifications and
assumptions are needed, in order to set up a realistic numerical model. For instance, there exist a large
number of twines and knots for a net cage, which are usually grouped together into fewer meshes in the
numerical model. The floater may contain several tori, but it is usually simplified into a circular cross section
in the numerical model. However, on the other side one still needs to properly take the effects of all the
components into account, although sometimes it may be not necessary to model all of them.

There have been several publications on dynamic analysis of floating fish cage system in current and waves
in two-dimension, both numerically and experimentally. Fu et al. (2014) conducted series of experiments to
investigate the roles of the net panel and the floater in steady and oscillatory flow. In their experiments, the
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Nomenclature

α volume fraction field

τf torque on the floater

af linear acceleration of the floater

F buoy
f buoyancy force on the floater

F grav
f gravitation force on the floater

Fmoor
f mooring line force on the floater

F net
f force on the floater due to the connecting

net cage

Fwave
f wave force on the floater

F buoy
n buoyancy force on the node in the lumped

mass model

F grav
n gravitation force on the node in the

lumped mass model

F struct
n structural force on the node in the

lumped mass model

Fwave
n wave force on each panel element in the

lumped mass model

F cur
s current forces on the sinker

Fwave
s wave forces on the sinker

g gravitation acceleration

Lf angular momentum

Qf altitude of the floater

qf rotation quaternion for the floater

qm rotation quaternion for the mesh cells

S porous resistance due to net

Tn tension force of the net

u fluid velocity field

uc The convective velocity field in arbitrary
Lagrangian-Eulerian formulation, defined
as uc = u− um

uf linear velocity of the floater

um The mesh velocity field

un velocity field for the net structure

ur compression velocity field

x Cartesian coordinate system

xf center of mass of the floater

xm mesh cell position

〈u〉 volume averaged velocity field

〈pd〉f intrinsic volume averaged pore pressure
field

µ dynamic viscosity

ωw wave circular frequency

ρ density field

C quadratic porous resistance coefficients

Cm
n added mass coefficient of the net

Ctwine
n drag force coefficient of the twines of the

net

Cd
s drag force coefficient of the sinker

CL
s lift force coefficient of the sinker

CM
s inertia coefficient of the sinker, which

equals to Cm
s + 1

Cm
s added mass coefficient of the sinker

Ds diameter of the sinker

dtwine diameter of the twine of the net

fw wave frequency

Hw wave height

kw wave number

Ls length of the sinker

mf mass of the floater

mf,a added mass of the floater

n porosity of the net

p total pressure field

pd excess pressure field

Sn solidity ratio of the net cage

Tw wave period

Uc magnitude of steady current velocity

Us magnitude of horizontal sinker velocity

Uw magnitude of horizontal wave velocity

VP volume of the porous zones

Vs magnitude of vertical sinker velocity

Vw magnitude of vertical wave velocity

Ws mass of the sinker
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wave condition was realized by forced oscillation of the system. Therefore, the effects of vertical motion of
water particles were neglected. The magnitude of the forces on the floater-net system under these conditions
were measured and analysed. Based on the experimental data, a hybrid empirical-numerical method was
proposed in Ma et al. (2016). In Bardestani and Faltinsen (2013), waves were generated in a narrow wave tank
to investigate the interaction between the net, floater and sinker system. Meanwhile, the numerical model
was also developed in their work. The force model they applied was based on the screen type force model
developed in Kristiansen and Faltinsen (2012). A time domain potential code was used for computation
of floater motion, where a convolution integral term was used in the equation to account for the memory
effects. In their experiments, it was found that due to the relative motion between the sinker and the floater,
very high snap load was observed under regular wave condition with certain wave periods and heights. It
lasted very short time, but the magnitudes were several times larger than the static load. Their numerical
model could also reproduce this phenomenon. In addition, the mooring line forces in combined current and
wave conditions were also measured in the experiments and predicted by the numerical model.

Three-dimensional computation on the model scale fish cage has also been presented in the previous
works, but with different level of simplifications. Zhao et al. (2007) presented a numerical study where the
floater, net and bottom sinker were all included. The floater was treated as a rigid body, and six degree
of freedom motion was considered, where the hydrodynamic force on the floater was calculated based on
Morison type force model. The net cage was represented by a lumped mass model, and the forces on the
net were also calculated based on Morison equation. Xu et al. (2013) and Xu et al. (2014) applied a similar
model. Further improvement was introduced in Zhao et al. (2015), where a curved beam model was used for
structural response of the floater. Modal superposition method was introduced to express the deformation
of the floater as a weighted sum of eigenmodes. Kristiansen and Faltinsen (2015) extended his previous
developed screen type force model in Kristiansen and Faltinsen (2012), where other important components
of the fish cage system were included in the numerical model. A truss model was applied to model the net
cage deformation, where a linear system of equations for the truss tensions were solved at each time step.
The hydrodynamic forces on the floater not only include viscous force and Froude-Kriloff force, but also
diffraction and radiation force. A variety of experiments were also conducted in Kristiansen and Faltinsen
(2015) to provide benchmark data for the numerical model.

With the increasing computer resources which enhance the ability to handle nonlinear equations, the
computational fluid dynamic (CFD) approach is progressively gaining attention in coastal and offshore
hydrodynamic community over the past decades. From the recent publications, CFD approach has also
been applied to model flow through fixed fishing nets as shown in Patursson et al. (2010) and Zhao et al.
(2013), where the net was modelled as a sheet of porous media. Therefore, the geometry of the net cage
at pore scale was not resolved, but the effects of the net were represented by a resistance term. In Chen
and Christensen (2016), this term was formulated based on the Morison type force model. In addition, due
to the flexibility of the net, the effects of the structural deformation should also be taken into account in
the numerical model. Attempts have been made to couple the lumped mass model with the porous media
model to achieve fluid-structure interaction (FSI) analysis in Yao et al. (2016), Bi et al. (2014b) and Bi et al.
(2014a), under steady current condition. Chen and Christensen (2017) further extended the work in Bi et al.
(2014b) and Bi et al. (2014a), which made the model applicable in both steady and unsteady conditions.

In general, under steady current condition, the net cage is the main component to stand the current
load. The floater has a displacement effect on the flow field, where the streamlines close to the free surface
were altered by the floater. Meanwhile, a boundary layer was formed in the vicinity of the floater. However,
under wave condition, it is important to consider the floater motion, which is the main contributor to the
forces on the net (Lader and Fredheim, 2006). As mentioned above, due to relative motion between the
floater and the sinker, the net may get slack and very high snap load may occur.

Therefore, in the present work we will further develop our CFD model presented in Chen and Christensen
(2016) and Chen and Christensen (2017). The capability of the numerical model will be extended, where
a six degree of freedom motion solver is incorporated in the numerical model. Hereby it is able to model
the motion of the floater and the deformation of the net simultaneously via the CFD approach. This is
also the main contribution of the paper. Comparing with the existing approaches, application of this CFD
model for dynamic analysis of the fish cage system has several advances: (1) The flow field around both the
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floater and the net can be modelled in the numerical model, where no empirical coefficients are needed to
predict the flow in the wake. (2) For flow around the floater, the inertia effect is dominant while the viscous
effect is minor. On the other hand, regarding the flow around net cage, it is vise versa. The CFD approach
is a direct application of the first principles, namely Navier-Stokes equations. Therefore, by application of
this approach, both inertia and viscous effects of the fluid flow are naturally accounted for in the numerical
model. (3) The nonlinearity of the free surface flow is treated in the numerical model. Therefore, the
numerical model is capable of modelling nonlinear waves and its interaction with the floating floater.

The remainder of the paper is organized as follows. In Section 2 a detailed description of the numerical
model is given, which includes an overview of the numerical model in Section 2.1, a description of the
hydrodynamic model for the floater and the net cage in Section 2.2, a description of the rigid body motion
model for the floater in Section 2.3, a description of the mesh motion model in Section 2.4 and a description of
the structural model for the net cage and its coupling with the floater motion model and the hydrodynamic
model in Section 2.5. Then the numerical model is carefully validated against the experimental data in
the open literature in Section 3. It should be mentioned that as the first step to develop the CFD model
for floater-net system, the present paper restricts the validation to two dimensional cases. The first set of
validation cases concern with the motion of the floater in regular wave conditions, which aims to examine
the performance of floater motion solver in two-dimensional cases. The second set of validation cases are
focused on the plane net panel in steady current, which demonstrates the applicability of the FSI solver for
the net. Then the final validation cases move to the global analysis of the floater-net system, where the
snap load on the net panel and the mooring line forces are compared with the experimental data. Finally,
conclusions are given in Section 4.

2. Description of the numerical model

2.1. Overview of the numerical model

In the present numerical model, we mainly focus on modelling the floater-net system for a fish cage. The
modelling framework was the open source toolbox OpenFOAM, and the version 3.0.x was utilized. Here .x
means bug-fixed version. This version introduced some new features on the rigid body motion solver, hereby
it was preferred and applied. A body-fitted mesh was applied in the numerical model, where the floater was
resolved by the mesh, i.e. the floater was treated as a boundary patch in the fluid domain. A six degree
of freedom motion solver was applied to obtain the motion status of the floater at each time step. The
net structure was modelled as a sheet of porous media, and it was coupled with a lumped mass structural
model. The advantage of the applied coupling scheme is that, the hydrodynamic solver for the net did not
require the mesh to conform the deformed geometry of the net. This means that the mesh only deformed
according to the motion of the floater. Then the porous media zones representing the net structure were
updated based on the nodal position of the deformed net. The relative information was transferred between
the floater and the net by the mutual mass points that were attached in both the net and the floater.

2.1.1. Assumptions and simplifications

Presently in our numerical model, two main simplifications were made. The first simplification was
that the mooring lines were not directly resolved. Instead, the restoring forces from the mooring lines were
added into the motion equation for the floater. There exist different choices for the force-elongation relation.
However, we mainly used the simple linear relation, i.e. the mooring lines were simplified as linear springs.
Therefore, the mooring line dynamics and its coupling with the floater were not considered in the numerical
model.

In addition, the sinker of the fish cage was also neglected in the numerical model. Only the constant
forces on the sinker were added to the bottom mass points of the net. In principle, the sinker was subjected
to gravity force, buoyancy force, the force from the net cage and the hydrodynamic force. The gravity and
buoyancy force were always included, irrespective of the different cases. However, regarding hydrodynamic
force, the force components that were considered in current or wave cases were different. In steady current
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condition, the hydrodynamic force on the sinker was estimated as:

F cur
s,x =

1

2
ρCd

sDsU
2
cLs (1)

F cur
s,y =

1

2
ρCL

s DsU
2
cLs (2)

The drag and lift force coefficient, namely Cd
s and CL

s varies periodically with time due to vortex shedding.
However, the mean drag force coefficient was not zero and it was accounted for in the numerical model.
Meanwhile, the mean lift force coefficient vanished. The transient transverse lift force was not considered in
the numerical model.

However, in wave cases, the situation becomes more complex. Both the wave motion and the motion of
the sinker should be considered. The hydrodynamic force on the sinker in wave cases could be estimated by
the modified Morison equation:

Fwave
s,x =

1

2
ρCd

sLsDs(Uw − Us)[(Uw − Us)
2 + (Vw − Vs)2]1/2 +

D2
s

4
ρLsC

M
s π

∂Uw

∂t
− D2

s

4
ρLsC

m
s π

∂Us

∂t
(3)

Fwave
s,y =

1

2
ρCL

s LsDs(Vw − Vs)[(Uw − Us)
2 + (Vw − Vs)2]1/2 +

D2
s

4
ρLsC

M
s π

∂Vw
∂t
− D2

s

4
ρLsC

m
s π

∂Vs
∂t

(4)

Presently in the numerical model, Fwave
s,x and Fwave

s,y were neglected.
In general, the benefit of this simplification is that, the whole model was simplified from a multi-body

problem to a single body problem. Therefore, it greatly eased the manipulation of the mesh. The mesh
quality for a single body problem is usually much better than for a multi-body problem, especially considering
the amplitude of motion of the sinker. In large steady current flow, the movement of the sinker may
easily distort the mesh. However, the price we paid was that, the unsteady load on the sinker and its
interaction effects with the net structure were not considered. In steady current condition, the influence of
this assumption should be insignificant, since the mean drag force was usually the dominating part. The
oscillating drag and lift force have minor effects. But when it comes to the wave cases, this simplification
might be questionable in some cases. At the given depth where the sinker was located, the orbital motion
of the water wave particle became rather weak. Hereby the second term in Eq. (3) and Eq. (4) have rather
limited influences. But the first and third term were dependent on the relative velocity rather than the
absolute water particle velocity. Neglecting of these two terms serve as an important error source of the
numerical model. In Section 3.3, further error analysis will be given on this issue.

2.1.2. Flowchart of the algorithm

The numerical model was extended based on the solver developed in Jacobsen et al. (2012), which
is a multiphase solver for two incompressible, isothermal and immiscible fluids with the functionality on
generation and absorption of gravity water waves. In the present work, it was coupled with the rigid body
motion solver, the mesh motion solver, and the structural solver for the net in a segregated manner. A flow
chart of the solver is given in Fig. 1.

For modelling of the floater motion in waves, one should be careful on the so-called artificial added mass
effect. This is due to the fact that the densities of the floater and the water are usually in the same order
of magnitude. Therefore, part of the fluid may act as an extra mass on the structural degrees of freedom
at the coupling interface. In sequentially staggered schemes the fluid forces depend upon the predicted
displacement of the floater rather than the corrected ones, which contain a portion of incorrect coupling
forces. It is this artificial contribution to the coupling which yields the instability (Förster et al., 2007).
Therefore, in order to handle this issue properly, we introduced the concept of sub-iteration within one time
step in the numerical model, which converges the computed quantities.

To begin with a sub-iteration, the forces on the floater were updated first by adding the gravity force, the
updated wave force, mooring line force and the force from the net structure. Then the linear acceleration
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Update forces

on the floater

Update the motion state 

of the floater

Start

Move floater

Move mesh

Correct flux field

Floater motion and 

dynamic mesh

Solve volume 

fraction equation

Solve the momentum 

predictors 

Start PISO loop Pressure corrector
N_PISO = 

N_PISOMAX
Yes

No

Update turbulence 

quantities

Calculate rigid 

body motion of the 

net

Calculate forces on 

the net

Distribute the 

forces into each 

associated node

Calculate the nodal 

displacement

N_struct = 

N_structMax
No

Yes
Update the 

net position
k = k_MAX

No

YesT = t+Δt
t = 

t_end

Yes

End

No

N_PISO: The counter for PISO loop.

N_PISOMAX: The maximum number for PISO loop.

N_struct: The counter for sub-cycling of the structural solver within one sub-iteration.

N_structMAX: Maximum number of sub-cycling of the structural solver within one sub-iteration.

Structural solver 

for the net

Figure 1: Flow chart of the custom solver.

af and the torque τf were obtained based on the force and momentum balance equations. Given af and
τf , the linear velocity uf , angular momentum Lf , position of center of mass xf and altitude Qf were
calculated by choosing a proper integration method. Then the boundary patch of the floater was moved,
and the mesh was deformed based on the calculated motion status. Following the dynamic mesh motion
solver, the flow solver solved Navier-Stokes equations for a mixture of water and air phases. Specifically,
in the porous media region, the Navier-Stokes equations were volume averaged to consider the effect of net
structure on the fluid. With the updated pressure and velocity field, the hydrodynamic forces on the net
structure were determined. A lumped mass structural model was coupled with the hydrodynamic model to
resolve its deformation. This forms a closed sub-iteration.

From our practical experience, in many cases with small to medium wave amplitudes, a loosely coupled
algorithm is still capable and can produce results with satisfying accuracy. But when the wave height is
increasing, which leads to large amplitude of floater motion, sub-iterations are necessary. By convergence
test, it was found that 4 - 8 sub-iterations within one time step can produce satisfactory results. Too many
sub-iterations do not necessarily improve the simulation results. Below from Section 2.2 to 2.5, a thorough
introduction on each part of the numerical model is given, with illustrations on how it is coupled with other
solvers.
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2.2. Hydrodynamic model

2.2.1. Hydrodynamic model for the floater

The governing equations in the fluid domain except the net region are the mass and momentum conser-
vation for two incompressible, isothermal and immiscible fluids:

∇ · u = 0 (5)

∂ρu

∂t
+∇ · ρuuc −∇ · µ∇u = −∇pd − (g · x)∇ρ (6)

Due to application of moving mesh technique, the relative velocity uc was applied as the convective velocity
field, which allows the physical quantities to be described in arbitrary Lagrangian-Euler formulation. uc

itself is not necessary to be divergence free. However, it was constrained to obey the space conservation law,
in case any mass conservation error was introduced. In addition, the excess pressure field pd was applied in
Eq. (6), and the total pressure field was reconstructed at every time step as:

p = pd + ρg · x (7)

In order to handle the generation and propagation of free surface waves, a free surface tracking method
needs to be applied. Volume of fluid (VOF) method was applied in the present model, and a transport
equation for the volume fraction field was solved:

∂α

∂t
+∇ · ucα+∇ · (urα(1− α)) = 0 (8)

Eq. (8) is a modified version of the original scalar transport equation, e.g. as shown in Hirt and Nichols
(1981). An extra term was introduced to sharpen the free surface. The formulation itself was inherited from
the two-fluid model, where ur was denoted as the relative velocity between two fluids. However in volume of
fluid method, the slip velocity does vanish. ur was retained solely to numerically compress the free surface,
and it is only active in the free surface region, due to the multiplication of α(1− α).

2.2.2. Hydrodynamic model for the net

The porous media model was applied to describe flow through the net structure, where it was represented
by a sheet of porous media zone. Jensen et al. (2014) revised the formulation for porous media model based
on the volume averaged Navier-Stokes equations, which has been applied in our previous works in Chen and
Christensen (2016) and Chen and Christensen (2017). However, in the present work, again due to mesh
motion, the convective velocity uc should be applied:

∇ · 〈u〉 = 0 (9)

(1 + Cm
n )

1

n

∂ρ〈u〉
∂t

+
1

n
∇ · ρ

n
〈u〉〈uc〉 = −∇〈pd〉f − g · x∇ρ+

1

n
∇ · µ∇〈u〉+ S (10)

In Eq. (10), due to the averaging process, several new quantities were introduced. The coefficient Cm
n

represents the added mass effect on the porous skeleton, and was expressed as:

Cm
n = γp

1− n
n

(11)

where γp is an empirical coefficient, and takes the value of 0.34 (See Chen and Christensen (2016) for the
explanation). The resistance force used in Eq. (10) was expressed as:

S = −1

2
ρC|u− un|(u− un) (12)
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Eq. (12) uses the relative velocity for calculation of the resistance, due to the relative motion between the
fluid and the net. By application of Eq. (12), both the drag force and the transverse lift force exerted on the
net structure are considered. C is the quadratic porous resistance coefficient matrix. In its local coordinate
it is given as:

C =

C1 0 0
0 C2 0
0 0 C3

 (13)

The formula proposed in Chen and Christensen (2016) was applied in the present work to relate the mag-
nitude of C1, C2 and C3 with the physical parameters of the net cage. Regarding the detailed derivation
process, readers are referred to that paper. Here we briefly recapitulate the basic process. The first step
is to obtain the coefficients a and b, which empirically accounts for the interaction effects in-between the
twines. They were functions of the solidity ratio Sn of the given net, and the expressions were given as:

a =


2.3484Sn + 1 0 < Sn ≤ 0.13

1.3128Sn + 1.1346 0.13 < Sn ≤ 0.243

5.3094Sn + 0.1634 0.243 < Sn ≤ 0.317

(14)

b =


0.9241 0 < Sn ≤ 0.13

−0.6310Sn + 1.0061 0.13 < Sn ≤ 0.243

8.7581Sn − 1.2754 0.243 < Sn ≤ 0.317

(15)

Then the porous coefficients C1, C2 and C3 were calculated by

C1 =
1

VP
aCtwine

n (S1 + S2) (16)

C2 =
1

VP
bCtwine

n S2 (17)

C3 =
1

VP
bCtwine

n S1 (18)

where S1 is the total projected area for in-plane twines and S2 is the total projected area for out-of-plane
twines. The definitions of S1 and S2 have been given in Fig. 1 and Fig. 2 in Chen and Christensen (2016).
In addition, VP is the volume of the porous zones, and Ctwine

n is the drag force coefficient of the twines.
Eq. (8) was also revised to include the porosity effect:

∂α

∂t
+

1

n
∇ · ucα+

1

n
∇ · urα(1− α) = 0 (19)

The correction by the factor 1/n ensures that it is only the pore volume, instead of the cell volume, that can
be filled with water. With the reduced volume in the porous zones, the cell has to be filled/emptied faster.
On the other hand, the upper limit of α has to be one in that cell. So that the fluid properties can still be
calculated as a weighted average.

2.3. Rigid body motion model for the floater

A rigid body motion solver was applied to obtain the motion status of the floater, which includes the
altitude Qf , the linear velocity uf , the linear acceleration af , the torque τf , the angular momentum Lf

and the position of center of mass of the floater xf . However, below for simplicity, we only focus on the
linear quantities, namely af , uf and xf . But the angular quantities in principle are obtained in the same
way. It should be mentioned that the momentum balance was evaluated in the local body reference which
was aligned with the principle axis of the inertia and with origin at the center of mass. This is advantageous
since the moment of inertia was not changing in that coordinate system. Transformation of the quantities
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between local and global reference was via the altitude tensor of the body Qf . For instance, the torque was
transformed to the local body reference before calculating the angular momentum as:

τf,local = QT
f · τf (20)

For linear motion of the floater, the governing equation is the Newton’s second law:

mfaf = Fwave
f + F grav

f + Fmoor
f + F net

f (21)

where the wave force on the floater is simply the integration of the total pressure and the viscous forces on
the floater boundary patch at the instantaneous wet surface at each time step:

Fwave
f = −

∫
Sb

pnb dS −
∫
Sb

τ · nb dS (22)

where Sb is the boundary surface of the floater, nb is the normal unit vector of the floater surface pointing
to the fluid domain. τ is the viscous stress of the fluid flow. The gravity force was a constant input from the
user. The mooring forces were determined by the instantaneous position of the floater and the anchor. The
force from the net structure was transferred from the lumped mass model. Then the velocity and center of
mass of the floater was obtained by integrating the acceleration at each time step:

uf =

∫
af dt (23)

xf =

∫
uf dt (24)

There exists different schemes for numerical integration of Eq. (23) and Eq. (24). In the present work
we tested four of them, namely the leapfrog scheme, the Newmark scheme, the implicit-explicit Adams-
Bashforth-Moulton scheme and the Crank-Nicolson scheme. Below we give a brief description on each
scheme for the sake of readers to implement the schemes and reproduce the results.

2.3.1. Leapfrog scheme

The implementation of the leapfrog scheme follows the way as shown in Dullweber et al. (1997), which
consists of three steps to update the motion state:

1. Update the velocity at half new time step (Eq. (25)), and update the position at new time step based
on the half time-step velocity (Eq. (26)).

2. Update the force and acceleration at new time step.

3. Update the velocity at new time step (Eq. (27)).

u0.5
f,n = uf,o +

1

2
af,o∆t (25)

x1
f,n = xf,o + u0.5

f,n∆t (26)

u1
f,n = u0.5

f,n +
1

2
a1
f,n∆t (27)

Here the subscript n denotes the value at new time step, o denotes the value at old time step. The number
at the superscript denotes the number of sub-iteration, e.g. u1

f,n is the velocity of the floater at the first
sub-iteration at new time step, i.e. the predicted velocity of the floater at new time step.

Leapfrog scheme is fundamentally an explicit scheme as seen from the above description. Therefore, when
coupling it with the flow solver, the leapfrog scheme must be applied only once within one time step. This
indeed requires that only weakly/loosely coupled algorithm is allowed for this FSI problem, i.e. no implicit
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iterations within one time step. In addition, leapfrog scheme formally is only stable for fixed time step (see
e.g. Devolder et al. (2015) and Birdsall and Langdon (2004)). Therefore, if the simulation is performed
using variable time step, stability issues may arise due to both reasons. In Section 3.1 when we validated
the motion solver, we suffered from some stability problems using this integration method for simulation of
floater motion in large amplitude waves. Hereby In Section 3.1 no results are presented using this method.

2.3.2. Newmark scheme

The Newmark scheme introduces two parameters β and γ. Based on this scheme, the velocity and
position of the body is updated as:

uk+1
f,n = uf,o + ∆t(γak

f,n + (1− γ)af,o) (28)

xk+1
f,n = xf,o + uf,o∆t+ β(∆t)2ak

f,n + (0.5− β)(∆t)2af,o (29)

We adopted a set of commonly used parameters with γ = 0.5 and β = 0.25, which yields the so-called
constant average acceleration method.

2.3.3. Adams-Bashforth-Moulton scheme

The implementation of Adams-Bashforth-Moulton scheme follows Seng (2012) and Chow and Ng (2016),
which is a predictor-corrector method. It updates the velocity and the position of the floater by the following
steps:

1. At the predictor stage, apply Eq. (30) and Eq. (31) for prediction of velocity and displacement.

2. At the corrector stage:

• Update the force and acceleration based on the velocity and displacement from the previous
iterations.

• Correct the velocity and displacement based on Eq. (32) and Eq. (33).

• Set k = k + 1 and repeat the correctors until k = kmax.

u1
f,n = uf,o +

∆t

2

[(
2 +

∆t

∆t0

)
af,o −

∆t

∆t0
af,oo

]
(30)

x1
f,n = xf,o +

∆t0
16

[(
1 +

8∆t

∆t0

)
u1
f,n +

(
7∆t

∆t0
− 1

)
uf,o +

∆t

∆t0
uf,oo

]
(31)

uk+1
f,n = uf,o +

∆t0
16

[(
1 +

8∆t

∆t0

)
ak
f,n +

(
7∆t

∆t0
− 1

)
af,o +

∆t

∆t0
af,oo

]
(32)

xk+1
f,n = xf,o +

∆t0
16

[(
1 +

8∆t

∆t0

)
uk+1
f,n +

(
7∆t

∆t0
− 1

)
uf,o +

∆t

∆t0
uf,oo

]
(33)

where the subscript oo denotes the value at the previous two time step.

2.3.4. Crank-Nicolson scheme

Crank-Nicolson scheme was introduced as a blending scheme between the explicit and implicit Euler
scheme. Two parameters ωa and ωu were applied to adjust the blending. The formulation of Crank-Nicolson
scheme was given as:

uf,n = vf,o + ∆t(ωaaf,n + (1− ωa)af,o) (34)

xf,n = xf,o + ∆t(ωuuf,n + (1− ωu)uf,o) (35)

If ωa = 0.5 and ωu = 0.5, this method is equivalent to the Newmark integration with γ = 0.5 and β = 0.25.
Presently, ωa = 0.9 and ωu = 0.9 were applied.
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2.3.5. Dynamic under-relaxation factor for the acceleration

As mentioned above in Section 2.1.2 within each time step, we introduced several sub-iterations. From the
second sub-iteration, i.e. the first corrector step, we adopted an under-relaxation factor for the acceleration.
Therefore, the acceleration at kth sub-iteration was relaxed as:

ak
f,n = ωk

na
k
f,n + (1− ωk

n)ak−1
f,n (36)

where ωn is the under-relaxation factor. The purpose to apply under-relaxation is to enhance the stability
of the motion solver. When we compute the acceleration and integrate the motion based on Eq. (21), one
part of the force is in phase with the acceleration, namely the added mass force in Fwave

f . But for a CFD
solver, it is usually impossible to separate this part and move it to the left hand of Eq. (21). Hereby this
is a source that leads to the instability for the numerical integration. Application of under-relaxation could
effectively stabilize the solver.

Proper selection of the relaxation factor is important for the integration schemes. A too high under-
relaxation factor may not work robustly, while too low value may slow down the convergence. We applied
a dynamic under-relaxation factor as the same in Dunbar et al. (2015), and it was calculated as:

ωk
n = −ωk−1

n

rk−1
n · (rkn − rk−1

n )∣∣rkn − rk−1
n

∣∣2 (37)

where rk was defined as the difference between acceleration of the floater at the current and the previous
sub-iteration:

rkn = ak
f,n − ak−1

f,n (38)

Note that application of Eq. (37) requires the availability of rk and rk−1, hereby it was applied from
the third sub-iteration. At the second sub-iteration, we applied a fixed under-relaxation factor. Actually
Söding (2001) found that the optimal relaxation factor was related to the added mass of the floating body:

ak
f,n =

mfa
k
f,n +mf,aa

k−1
f,n

mf,a +mf
= ωk

na
k
f,n + (1− ωk

n)ak−1
f,n (39)

which leads to the following expression:

ωk
n =

mf

mf +mf,a
(40)

Devolder et al. (2015) shows some different convergence behavior by using different relaxation factors when
the ratio between the added mass and mass of the floating body was fixed. If Eq. (40) was applied to
calculate the under-relaxation factor, the solution was converged very fast. However, in the present work we
did not apply Eq. (40), since the added mass is usually not straightforward to estimate and it is frequency
dependent. A fixed value of 0.3 was applied in the second sub-iteration for the acceleration of the floater.

2.4. Mesh motion model

In the present model we applied the deforming mesh technique. This method has the advantages that
it could precisely describe the moving boundary, which means that no interpolation method is needed like
immersed boundary method. However, care should be taken when there exists large amplitude of motion for
the moving boundaries, especially for rotation motion. Mesh quality can often degrade under such motions.
Presently we applied the newly developed mesh morphing technique in OpenFOAM to preserve the mesh
quality near the floater.

By application of this method, the computational domain was divided into three regions based on the
movement of the cells. These three mesh regions were identified by the distance d from the cell center to
the moving boundary. Two values di and do were designated by the user in the input file. For each cell,
if d < di, then it belongs to the inner region. On the contrast, if d > do, the cell is in the outer region.

11

591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649



di do

d

0

1

a
m

Figure 2: Variation of the motion scale am as a function of the distance between the cell center and the moving boundary
patch d.

The rest are in the middle region. The mesh cells in the inner region, which were close to the moving
boundary, were moved like a rigid body following the motion of the moving boundary. Hereby the mesh
quality near the moving boundary was preserved. In addition, there exists an outer region, where the cells
were stationary. Therefore, it is not necessary to move all the cells in the computational domain, which may
significantly reduce the computational time when the domain is large. In between the outer region and the
inner region, the cells were moved based on the interpolated displacement of the floater motion. In practice,
Palm et al. (2016) suggests that di should be in the order of boundary layer thickness, which is the minimum
requirement, since the cells immersed in the boundary layer should be in high quality. Presently we set it
equal to the diameter of the floater. do should be determined based on the motion amplitude of the floater,
but it is limited by the minimum distance to any domain boundary.

The spherical linear interpolation (SLERP) method was applied to interpolate the cell displacement and
rotation in the middle region. A non-dimensional scale parameter am was defined here for SLERP method:

am =
1

2
− 1

2
cos

(
π
do − d
do − di

)
(41)

It was seen that a cosine profile was applied in this region, as shown in Fig. 2 which plots the value of am
as a function of d. This guarantees a smooth transition for the cell displacement and rotation between the
outer region and the inner region.

In OpenFOAM, the implementation of SLERP method uses the concept of quaternion to ease the expres-
sion for rotation motion. In addition, the translation and rotation were wrapped together as the so-called
septernion. Each septernion was composed of a translation vector and a rotation quaternion. The translation
vector for a specific cell at the new time step was scaled as:

xk
m,n = xm,0 + akm,n(xk

f,n − xf,0) (42)

where the subscript 0 denotes the value of the quantity at the initial state. In addition, the rotation
quaternion was scaled based on the rotation quaternion of the floater qf,n:

qkm,n = qI(q−1
I qkf,n)a

k
m,n (43)

where qf,n was transformed from the altitude matrix of the floater at the current time step and at the initial
state, i.e. Qf,n and Qf,0. qI was the unit quaternion defined as 1 + 0i+ 0j + 0k.
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panel elements

node points

bottom

ring

top layer node point 

(attached to the floater)

Figure 3: Illustration of the lumped mass structural model in 2D case.

2.5. Structure model for the net

2.5.1. Introduction to the lumped mass model

In order to resolve the deformation of the net structure at each time step, a lumped mass structural
model was implemented and coupled with the hydrodynamic model. The implementation was based on
Lader and Fredheim (2006). The idea is to represent the net as a set of nodes and panel elements. In 2D
cases the net was vertically divided into panel elements with a node point at the intersection between each
element, as shown in Fig. 3. In 3D cases the node points were placed at the element corners.

The forces acting on each node include hydrodynamic force Fwave
n , structural force F struct

n , gravity
force F grav

n and buoyancy force F buoy
n . F grav

n and F buoy
n were constant and solely determined by the net

properties. Wave force on each panel element was output from the hydrodynamic model based on the flow
velocity and the net velocity:

Fwave
n =

∫
VP

1

2
ρC|u− un|(u− un) dV (44)

This force on the panel was distributed evenly into each node.
The connection between two nodes were modeled as a nonlinear spring. The constitutive relationship of

the spring was obtained from experiments as shown in Lader and Fredheim (2006). The relation between
the structural force and elongation was expressed as:

F struct
n =

{
E1ε+ E2ε

2 ε > 0

0 ε ≤ 0
(45)

where ε is the elongation of the spring. Hereby in the numerical model, the net only has negligible compres-
sion stiffness. The fitted coefficients are E1 = 1160 N and E2 = 37300 N. It should be mentioned that the
experiments were conducted for a specific net panel made from Nylon, with a mass density of 1130 kg/m3.
Therefore, there might be variations for these two coefficients for other type of net material. Furthermore,
the wet net may have a different constitution relationship from a dry net. And the application of anti-fouling
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techniques on the net may also alter the coefficients. However, in the present work we applied this set of
coefficients without further investigations, due to very limited data.

Given the forces on each node, Newton’s second law was applied to obtain the acceleration. The linear
velocity and the displacement were obtained in the same way with the floater motion, as shown in Eq.
(23) and Eq. (24). An explicit Runge-Kutta method provided in OpenFOAM library was applied for the
integration.

2.5.2. Coupling with the hydrodynamic model

The coupling of the hydrodynamic model with the structural model for the net was based on the concept
of dynamic porous zones in the static mesh. This means that in the hydrodynamic model, the net structure
was represented by a set of dynamic porous zones corresponding to the panel elements in the structural
model. The mesh was not deformed again due to the deformation of the net. Instead at each time step, after
moving the mesh due to the motion of the floater, the nodal position was transferred from the structural
model to the hydrodynamic model. Then the grid cells in the porous zones were updated based on the
transferred nodal positions.

Sub-cycling of the time step for the structural solver was applied, as shown in Fig. 1 where the number
of sub-cycling was denoted as Nstruct. This is due to that the structural solver requires a rather small time
step, approximately in the order of 10−5 s, while usually in flow solver the time step was around 10−3−10−4

s. Therefore, the time step in flow solver was set as the global time step. It was assumed that under each
global time step, the hydrodynamic load was constant. Under such constant load, the position of the net
was evolved.

However, one should note that even with sub-cycling, the time step could not be too large. This is due to
two reasons. The first reason is that with very large time step, oscillations were observed on the time series
of the hydrodynamic load of the net structure, as shown in Chen and Christensen (2017). The oscillation
may further pollute the solution from the motion solver for the floater. Meanwhile, the solution for Eq. (8)
also requires a rather small time step, in order to generate the incoming waves with good quality. Hereby
we set the maximum Courant number to be around 0.15 - 0.25.

2.5.3. Coupling with the floater motion

The interaction effects between the floater and the net structure were achieved by utilizing mutual mass
points that were attached to both the floater and the net cage, as shown in Fig. 3 for the top layer node
point. At each time step, the structural force from the top layer node point was calculated based on Eq.
(45), and transferred from the lumped mass model to the floater motion model. After solving Eq. (23) and
Eq. (24), the translation and rotation of the floater at the positions of the mass points were also stored.
Hereby the structural force on the net and the induced deformation were calculated based on the updated
positions of the top layer mass points.

3. Validation of the numerical model

In this section, thorough validations were carried out for the above described numerical model. To begin
with, the motion solver for the floater was validated against experimental results in Section 3.1. Then the
second set of validation cases were on the FSI solver for net structure, as shown in Section 3.2. Finally,
Section 3.3 presents validation cases on the floater-net system.

3.1. Validation of the motion solver

3.1.1. Description of the experimental setup and computational domain

The first set of validation cases were dedicated to the motion of floater without occurrence of the net
structure in 2D. The purpose of the validation was to examine the performance of the motion solver for
the floater, especially the different motion integration schemes. The experimental data we used were from
Kristiansen (2010), where series of experiments were performed on wave interaction with a moored horizontal
cylinder. The experiments were conducted in a narrow wave flume at the Department of Marine Technology,
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Figure 4: General setup for the experiments in Kristiansen (2010) for wave interaction with moored floaters. (a) side view. (b)
top view. The tank dimensions were L×B×H = 13.67× 0.6× 1.3 m. A single-flap wavemaker was located at the far left end
of the tank, and a parabolic beach was at the opposite end. The floater was positioned at the free surface equipped with end
plates. On the wavemaker side, the floater was connected with two mooring lines which further connected to two pulleys. On
the other side towards the beach, two mooring lines were first joined before connecting to the pulley.

Norwegian University of Science and Technology. A general sketch of the setup of the experiments is given in
Fig. 4. The flume has a dimension of 13.67× 0.6× 1.3 m, which was equipped with a single-flap wavemaker
to generate waves. The water depth was set to be 1 m. A circular horizontal cylinder was positioned at the
free surface with diameter of 0.1 m and a length of 0.58 m. At two ends of the cylinder, end-plates made
from transparent plexi-glass were applied to reduce the 3D flow effects. This gave a 5 mm gap at each end
between the end plate and the walls of the tank to avoid any contact. The cylinder was placed at a distance
of 6.5 m from the hinge of the wave paddle and kept its position by four mooring lines. Each mooring line
was pointing nearly horizontally. On the wave maker side, the two mooring lines were applied and connected
to two pulleys. Meanwhile, on the other side towards the beach, two mooring lines were first joined to form
a crowfoot before connecting to the pulley. Readers are referred to Kristiansen (2010) for further details of
the experiment setup.

A 2D numerical wave tank was set up in order to reproduce the experiments. The simplified compu-
tational domain is shown in Fig. 5. The wave generation toolbox developed in Jacobsen et al. (2012) was
applied to generate stream function waves. Two relaxation zones were applied at two ends of the tank to
generate and absorb the waves. Since the end-plates were not modelled, an equivalent mass of 3.940 kg/m
was used in the numerical model for the circular cylinder with the end-plates. The mooring lines were not
resolved but modelled as two linear springs, where the far end was pin-pointed at the coordinates of the
contact point between the mooring line and the pulley. The other end of the mooring line was located at the
model centre, and moving with the body. The equivalent mooring stiffness was set to 88.2 N/m. Five wave
conditions were selected for validation purpose. The relevant wave parameters, Reynolds and KC numbers
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Inlet relaxation
zone

Outlet relaxation
zone

atmosphere

slip wall

Figure 5: Sketch of the computational domain in the numerical model. Two relaxation zones were applied at two ends of the
tank to generate and absorb the stream function waves. A slip wall boundary condition was assigned for the bottom of the
numerical tank. At the top of the numerical tank, a commonly used atmosphere boundary condition was applied. The floater
was located at the free surface. The mooring lines were not resolved, but modelled as linear springs.

Table 1: The parameters of the selected wave conditions for validation of the motion solver

Wave case no. 1 2 3 4 5
Wave period, Tw [s] 0.497 0.544 0.601 0.761 0.878

Wave height, Hw [m] 0.028 0.033 0.040 0.065 0.086
Reynolds (Re) number [-] 1.69× 104 1.82× 104 2.00× 104 2.58× 104 2.96× 104

Keulegan-Carpenter (KC) number [-] 0.84 0.99 1.206 1.96 2.60

are given in Table 1.

3.1.2. Convergence test

Before we started the simulations, convergence analysis was first conducted. In the convergence analysis,
free decay of the floater in heave direction was simulated. Initially, the floater had a displacement of 0.33D
from the equilibrium position. Then the floater was free to oscillate in heave direction. Three levels of mesh
resolutions were applied, corresponding to 35000, 52000 and 76000 cells. The test results are presented
in Fig. 6. It was found that the numerical solutions were monotonically convergent with increasing mesh
resolution. Relatively small differences were observed between each of the solutions, demonstrating that the
solution was insensitive to the mesh resolution. In the numerical simulations presented in Section 3.1.3,
it was decided to apply the medium mesh resolution as the base mesh resolution. However, due to the
difference of the waves that were generated in each case, the length of the relaxation zone was also different.
In addition, the mesh resolution at the free surface was also refined properly for the cases with relatively
small wave height. Essentially, the total number of mesh cells were determined by all these factors.

3.1.3. Computational results

The heave and sway motion of the floater under five wave conditions are given in Fig. 7 - 11. Three
different motion integration methods as described in Section 2.3 were tested for all the five wave conditions.
The relevant results are reported in these figures. The results from leapfrog scheme were not reported, since
we suffered from some stability issues for cases with steep wave conditions, which has been also mentioned
in Section 2.3.

As presented in Table 1, the KC number is between 0-3, which indicates that the inertia effects are
dominant. Viscous effects are secondary. However, when overtopping occurs, strong nonlinearity was found
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Figure 6: Heave motion as a function of time from the numerical free decay test. The heave displacement was nondimensionalized
as η3/η3,0, where η3,0 is the initial displacement of the floater in heave direction. The time was nondimensionalized as t

√
g/D.

on the free surface motions. Snapshots of the free surface wave and the floater at different time for wave case
5 are shown in Fig. 12, which clearly shows an overtopping process. In addition, during the overtopping
process, the flow was locally separated from the boundary layer, where vorticity was induced. This creates
a drag force, indicating that viscous effect plays a role. This has been explained in e.g. Kristiansen (2010)
and Ong et al. (2017).

In terms of the performance of different integration methods, we found that no one performs consistently
better in all the wave conditions than the others. The response amplitude operator (RAO) for heave and
sway motion from the present model, the linear solution and the experiments in Kristiansen (2010) are given
in Fig. 13. It should be mentioned that RAO could only partially reflect the performance of the different
methods. The reason is that the amplitudes of nonlinear motions were obtained as the mean value of half of
difference between the crest and the trough. Therefore, in principle the shift up and down of the numerical
results produces the same RAO value.

It was observed that in relatively long waves, e.g. in wave case 5, the RAO value in heave motion is
approaching one via linear solution. This means that the floater simply follows the evolution of the free
surface waves. This is due to the fact that the ratio between the wave length and the floater diameter is
rather large. Hereby the diffraction effect is negligible. However, in reality, overtopping created a quite
irregular crest for the time series of heave motion, where dual peak may occur as shown in Fig. 11. The
RAO values from experimental data and numerical results also slightly deviate from one. Meanwhile, some
scattering was found on the experimental data in this case. But the numerical results from all the integration
methods are within the bound of the data. Regarding the performance of each methods, we found that in
such long waves, especially Crank-Nicolson scheme and the Newmark scheme have very similar performance.
Adams-Bashforth-Moulton scheme also produced similar results except in wave case 5.

In shorter wave conditions, e.g. in wave case 1 and 2, the numerical results from different integration
methods are distinguishable. For wave case 2, as described in Kristiansen (2010) instability was observed
in the experiments, where the sway motion was increasing until the motion became significantly large and
violent that contact between the model and the side walls occurred. Hereby the RAO value in sway mode in
wave condition 2 is not plotted in Fig. 13. But in Fig. 8, by direct comparison of the time series of the sway
motion, it was noticed that the same phenomenon was also observed from the numerical results. However, the
sway motion was amplified more significantly than in the experiments. Among all the integration methods,
Newmark integration produced the most reasonable estimation. For wave case 1, the steady state condition
was reached in both experiments and numerical simulations. In this case, Adams-Bashforth-Moulton scheme
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Figure 7: Comparison of sway (η2) and heave (η3) motion of the floater from the present numerical model and the experiments
in Kristiansen (2010) for wave case 1 with Hw = 0.028 m and Tw = 0.497 s.

gave a better prediction. In both cases, Crank-Nicolson scheme gave the worst predictions. In the following
part in Section 3.3, for simulating the floater-net system in waves and combined current and waves, the
Adams-Bashforth-Moulton scheme was chosen as the integration method for floater motion equation.

3.2. Validation of the net solver

3.2.1. Description of the experimental setup and computational domain

The hydrodynamic and structural solver for the net were validated against a set of experiments in
Bardestani and Faltinsen (2013) for plane flexible net panels in steady current flow. The experiments were
performed in the same wave flume as in Kristiansen (2010). In the experiments, three different net panels
were applied. The nets were made from Raschel material with square meshes. The unstretched length and
width of the net panels were 0.76 m and 0.51 m, respectively. The solidity ratio and the diameter of the
twines are given in Table 2. Furthermore, three different sinkers were attached in the bottom of the net
panel with the mass Ws =1.2, 1.4, and 1.6 kg. The diameter and the length of the sinker were reported
as 5 cm and 55 cm. No floater was involved in this set of experiments. Instead, the net was top fixed and
deformed freely under steady current.

According to the experiments, we set up a 2D numerical model. A snapshot of the computational domain
and computational mesh is given in Fig. 14. The net was represented by a sheet of moving porous media,
where the thickness is 50 mm. The porous resistance coefficients were calculated based on Eq. (16 - 18),
and the results are reported in Table 2. The bottom wall effect was neglected, where the wall was treated
as a slip wall. This is due to the fact that the boundary layer developed at the bottom has minor effect on
the net. The water depth in the numerical model was the same as in the experiments. However, the length
was shortened to save the computational time. The mesh near the net region was refined, in order to better
capture the geometry of the net.

In addition, it was noticed that in this set of experiments, the diameter of the sinker was significantly
larger than the twine diameter. This indicated that the bottom effect might be important. Since the sinker
was not modelled, only the forces were added to the structural model. Therefore, selection of the drag
force coefficient for the sinker is important. In reality, the net was connected to the sinker, which might
alternate the pressure distribution and the separation point. Bardestani and Faltinsen (2013) mentioned
that in such a condition, where the cylinder was connected with a tripping wire, considerable increase of the
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Figure 8: Same as in Fig. 7, but for wave case 2 with Hw = 0.033 m and Tw = 0.544 s.
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Figure 9: Same as in Fig. 7, but for wave case 3 with Hw = 0.040 m and Tw = 0.601 s.

Table 2: The parameters and calculated porous resistance coefficients for the three nets

Net case no. dtwine [mm] Sn [-] C1 [-] C2 [-] C3 [-]
1 2.5 0.16 6.7183 2.2409 2.2815
2 2.5 0.19 8.0900 2.5693 2.6108
3 1.8 0.23 10.5974 3.1604 3.1894
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Figure 10: Same as in Fig. 7, but for wave case 4 with Hw = 0.065 m and Tw = 0.761 s.
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Figure 11: Same as in Fig. 7, but for wave case 5 with Hw = 0.086 m and Tw = 0.878 s.
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Figure 12: Snapshot of the free surface wave and the floater at different time for wave case 5.
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Figure 13: Comparison of the response amplitude operator (RAO) for heave and sway motion between linear solution, experi-
mental data from Kristiansen (2010) and the present model with different motion integration methods.
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Figure 14: The computational domain and computational mesh for reproduction of experiments in Bardestani and Faltinsen
(2013) for plane net panel in steady current. The origin of the coordinate system was located at the center of the top layer of
the net panel. The mesh in the vicinity of the net panel was refined.

drag coefficient may be expected. Some relevant results have been reported in James and Truong (1972),
according to which we used a drag force coefficient of 1.8 here for all the cases presented in Sec 3.2.3.

3.2.2. Sensitivity analysis on the drag force coefficient of the sinker

As mentioned above, due to the complex flow condition, a large uncertainty was expected with regard
to the selection of the drag force coefficient for the sinker. Following the suggestions given by our reviewers,
we conducted uncertainty analysis for the drag force coefficient. The nominal drag force coefficient was
chosen as 1.8, and a 30% uncertainty was assigned for this coefficient. This means that the drag force varies
between 1.26 and 2.34. The cases that were selected for the uncertainty analysis are with the solidity ratio
Sn = 0.16, the sinker mass Ws = 1.2 kg, and the incoming velocities Uc = 0.1, 0.2, 0.3 m/s.

The results from the numerical uncertainty analysis are presented in Fig. 15. The variation of the tension
force ∆F was computed as

∆Tn =
1

2

2∑
i=1

|Tn,i − Tn,0| (46)

where Tn,0 is the nominal tension force. From Fig. 15, it is seen that for the case with Uc = 0.1 m/s, the
drag force coefficient for the sinker has rather insignificant effects on the final tension force. The difference
is 2% with a variation of 30% for the drag force coefficient. However, with the increase of the incoming
velocities, the selection of the drag force coefficient starts to play a role. For the case with Uc = 0.3 m/s,
essentially the variation of the tension force reaches 14.5%. Therefore, care should be taken on selection of
drag force coefficients in such cases.

3.2.3. Computational results

Examples of the net deformation are given in Fig. 16 for the cases with Sn = 0.19, the current velocity
Uc = 0.2 m/s, and the sinker mass Ws =1.2, 1.4 and 1.6 kg. The experimental results and the results from the
screen type force model are given in Bardestani and Faltinsen (2013). Readers are referred to this paper for
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Figure 15: Results from numerical uncertainty analysis for the drag force coefficient of the sinker. The left figure presents
the upper and lower bound of the normalized tension force due to the variation of the drag force coefficient for the cases with
Sn = 0.16 and Ws = 1.2 kg. The right figure shows the relative error normalized by the nominal value for the same cases.

the photograph of the net deformation in the experiments. In general, by qualitative comparison between the
present model, the screen type force model and the model from the experiments, we concluded that the results
from our numerical model and the screen type force model agree well with the experiments. In Bardestani
and Faltinsen (2013), the figures from the experiments were not given in a coordinate system. Therefore,
quantitative comparison is not possible. But it was observed that our numerical model consistently predicted
a slightly larger deformation than the screen type force model. As mentioned in Bardestani and Faltinsen
(2013), due to use of too few elements, the screen type force model slightly underestimated the deformation.
So, in principle, our numerical model should produce a slightly better result in this case.

Comparison of the tension force is given in Fig. 17 between our numerical model and the experimental
data in Bardestani and Faltinsen (2013). In general, a very good agreement was found. The largest error
occurs for the case with Ws = 1.2 kg, Sn = 0.16 and Uc = 0.3 m/s, where the error reaches up to 20%. For
the rest cases, the errors are all below or around 10%.

3.3. Validation of the floater-net system

The final validation cases are related to the whole floater-net system under various wave conditions
and combined current and wave conditions. The experiments have also been conducted in Bardestani and
Faltinsen (2013) in the same current-wave flume as the experiments in Section 3.1 and Section 3.2. In this
set of experiments, the floater is the same as the one used in Kristiansen (2010), while the mass of the
sinker is 1.6 kg. In the experiments under regular waves, the solidity ratio of the net was 0.23. But under
combined current and wave condition, the net panel with Sn = 0.16 was used. Both of them have been
tested in Section 3.2. The net was connected to the floater using strips.

Again, we set up our numerical model based on the the experiments, which was a combination of the
setup of the numerical model in Section 3.1 and 3.2 A body-fitted mesh was applied in the computational
domain, where the floater was described as a boundary patch in the flow domain. The net was modeled as
a sheet of porous media, which was attached on the floater. The numerical wave tank used in this set of
simulations is the same as used in Section 3.1, while the parameters for the net and sinker system are the
same as in Section 3.2. A snapshot on the initial configuration of the numerical model is given in Fig. 18.
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Figure 16: The deformation of the net panel with Sn = 0.19, Ws = 0.12, 0.14 and 0.16 kg under the incoming velocity Uc = 0.2
m/s.

Table 3: The parameters of the selected wave conditions for validation of the floater-net system in regular waves

Wave case no. 1 2 3 4 5
Wave period, Tw [s] 0.497 0.601 0.672 0.878 1.038

Wave height, Hw [m] 0.028 0.040 0.050 0.086 0.120

3.3.1. Snap load of the net under regular wave condition

For the cases with floater-net system under regular wave conditions, the tension force of the net was
measured in the experiments. Five force transducers were installed at the top layer of the net, and the
average values were reported. A very large snap load was observed for most of the cases. The form of the
snap load was closely related to the relative motion between the floater and the sinker, and the characteristics
of the net material property. Physically, at some specific time in a wave period, due to the relative motion
between the floater and the sinker, the distance between them was smaller than at hydrostatic condition.
Due to the negligible compression stiffness, the net got slack at this time. After that, the floater was moving
upwards while the sinker was accelerating downwards. When the net got taut again, very large snap load
occurred.

In the present work we numerically reproduced the snap load of the system under five wave conditions,
as shown in Table 3. The time series of the snap load under these wave conditions are given in Fig. 19.
Several comments are given for the numerical results: (1) In all the cases, at the beginning of the simulation
before the waves reaches the floater, (approximately from 0 - 4 s, depending on the propagating speed of
the incoming wave), there still exist periodic cycles for the tension force. The reason is that initially the
system was not exactly in equilibrium state. Small amplitude free decay motion was observed. Therefore,
the oscillation period at this stage should be related to the natural period of this floater-net system where
the wet weight of the sinker was added. This could also be demonstrated by the fact that in all the cases,
the oscillation periods at this stage are identical, irrespective of the incoming wave conditions. (2) There
exists two or several peaks within one wave period. This indicates that after the net became taut from slack
status for the first time, strong internal force was generated, which is the reason for occurrence of the snap
load. This internal force caused the net to get slack again and later produced the second peak. However,
in principle, the second peak should be smaller than the first peak, since the energy was dissipated between
occurrence of two peaks. It was noticed that for some cases, e.g. the case with Tw = 0.497 s and Hw = 0.028
m, the second peak has rather high value. This might be due to neglecting modelling of the sinker, where the
damping effects of the sinker was not properly considered in the numerical model. (3) The period between
two largest peaks is the wave period.

Accurate prediction of this type of snap load is not straightforward. It requires that both the motion of
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Figure 17: Comparison of the tension forces on the top layer twines of the net panel between the experimental data in Bardestani
and Faltinsen (2013) and the present numerical model. The tension force was normalized by the initial tension.
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Figure 18: The initial configuration of the numerical model for simulation of floater-net system. The floater was placed at the
still free surface. The porous zone which represented the net panel was attached on the floater.

the floater and the sinker should be predicted accurately. Meanwhile, the structural model of the net should
reflect the property of the net material precisely. Comparison of the average amplitude of the snap load is
given in Fig. 20. It is seen that the snap load is several times larger than the load at hydrostatic condition,
which is about 5 N. Some of the scattering of the experimental data was also observed under the same wave
condition.

In Fig. 20 we noted some deviations between the results from the present numerical model and the
experimental data. The possible reasons for the deviations are given as follows. In the numerical model,
the sinker geometry was not resolved, and the hydrodynamic force on the sinker was neglected. A rough
estimation is given here on the magnitude of the hydrodynamic force on the sinker. The force was estimated
based on Eq. (3) and Eq. (4). It was assumed that the sinker and the floater were connected rigidly, i.e.
the net behaves like a rigid bar. Then the floater and the sinker have the same displacement. Furthermore,
it was assumed that the floater follows the wave motion, i.e. the RAO is one. Therefore, the sinker motion
was the same with the water particle in the free surface. Based on linear wave theory, it was expressed as:

ys =
Hw

2
cosωwt (47)

The sinker velocity then is the same as the particle velocity at the free surface:

Us =
gkwHw

4πfw
cosωwt (48)

Vs =
gkwHw

4πfw
sinωwt (49)

while Uw and Vw are the horizontal and vertical undisturbed wave velocity at that depth:

Uw =
gkwHw

4πfw

cosh(kw(ys + h))

cosh(kwh)
cosωwt (50)

Vw =
gkwHw

4πfw

sinh(kw(ys + h))

sinh(kwh)
sinωwt (51)

Fig. 21 gives the estimated hydrodynamic forces for the case with Hw = 0.086 m, Tw = 0.878 s, which
gives a peak value of 2.93 N. Meanwhile, the snap load from the experiments for this case produces a mean
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value of 26.5 N, as shown in Fig. 20. The peak of hydrodynamic force takes 11% of the total snap load.
Although we should emphasize that this is case dependent, from this study, a rough indication can be given
on the order of magnitude of the error that is introduced due to this simplification.

In addition, the constitutive relationship of the net material used in the present model is another error
source. As mentioned above in Section 2.5, this relation was obtained from the experiments for one specific
net, where the coefficients were determined by least-square fitting. However, since the nets used in Lader
and Fredheim (2006) and Bardestani and Faltinsen (2013) are different, this set of coefficients used in the
numerical model may not precisely reflect the material property of the net used in Bardestani and Faltinsen
(2013). Furthermore, the oscillations of the floater-net system at the beginning of the simulations induced
some wave radiations. The radiated waves might pollute the incoming waves, which introduced errors.
However, the amplitude of the radiated waves was rather small, which should not have significant impact
on the final results, especially in rather high wave conditions, e.g. wave case 4 and 5.

3.3.2. Mooring line forces under combined current and wave condition

Another validation case was carried out under combined current and wave condition, where the wave
height Hw = 0.065 m, wave period Tw = 0.761 s and the current velocity Uc = 0.2 m/s. In the experiments,
the combined current and wave condition was generated by first towing the net panel and the floater
towards the wave maker side until a steady state condition was reached. Then the incident regular waves
were generated, where the net panel already had an offset before the waves propagated through it.

In the numerical model, exact reproduction of the above experimental setup was not possible. The reason
is that with a body fitted mesh grid, it was not possible to move the floater towards the wave maker side
for a long time to reach the steady state condition. Therefore, we chose to directly generate the combined
current and waves from the wave maker side, based on the high order stream function wave theory in Fenton
(1988) with a drift velocity. However, one should note that the wave frequency was changed to the encounter
frequency ωe as shown below:

ωe = ωw −
ω2
wUc

g
(52)

A snapshot of the floater-net system and the free surface wave is given in Fig. 22. It was observed
that within one wave period, the net deformation was largely influenced by the current velocity. On the
other hand, the wave has minor influences. This was determined by the magnitude of the wave and current
velocities at the position of the net. We could estimate the particle velocity induced by the waves using linear
wave theory. Fig. 23 compares the magnitude of the current and amplitude of the wave velocity at various
depth from free surface to the bottom of the net panel. It was noticed that with the increase of the depth,
the wave velocity is decreasing significantly. From approximately y = −0.05 m, the current velocity starts
to exceed the wave velocity. At the bottom of the net panel where y = −0.81 m, the maximum horizontal
velocity of the water particle was estimated as 0.0013 m/s, which was around 0.65% of the current velocity.
Therefore, the current completely dominated the deformation of the net. However, both the current and
the wave played important roles on the motion of the floater.

We compared the mooring line forces between the experimental data in Bardestani and Faltinsen (2013)
and the present model, which is given in Fig. 24. It was observed that the mean value is not zero due to
co-existence of the current. Actually, the mean mooring line force is approximately the same with the drag
force on the panel under current only condition. The oscillation part is then due to the wave that travels on
the current. The experiment and the simulation gave approximately the same mean force on the mooring
lines, which are 3.50 N and 3.06 N, respectively. But the oscillation amplitude was underestimated by the
present model, and some irregular characteristics were also observed from the numerical result.

4. Summary and conclusions

In the present work, a novel numerical model was developed to simulate the responses of a floater-net
system in current and waves. It was an extension of our previous work in Chen and Christensen (2016) and
Chen and Christensen (2017). The main contribution of the paper is that the motion of the floater was

27

1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593



0 2 4 6 8 10 12 14 16 18 20

Time [s]

0

10

20

T
e
n

s
io

n
 T

n
 [

N
]

T
w

=0.497 s, H
w

=0.028 m

0 2 4 6 8 10 12 14 16 18 20

Time [s]

0

20

40

T
e
n

s
io

n
 T

n
 [

N
]

T
w

=0.601 s, H
w

=0.040 m

0 2 4 6 8 10 12 14 16 18 20

Time [s]

0

20

40

T
e

n
s
io

n
 T

n
 [

N
]

T
w

=0.672 s, H
w

=0.050 m

0 2 4 6 8 10 12 14 16 18 20

Time [s]

0

20

40

T
e
n

s
io

n
 T

n
 [
N

]

T
w

=0.878 s, H
w

=0.086 m

0 2 4 6 8 10 12 14 16 18 20

Time [s]

0

20

40

T
e

n
s
io

n
 T

n
 [
N

]

T
w

=1.038 s, H
w

=0.12 m

Figure 19: Time series of the tension force from the present numerical model under different wave conditions.
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Figure 20: Comparison of the amplitude of the snap load under different wave conditions between the present model and the
experiments in Bardestani and Faltinsen (2013). The wave condition is listed in Table 3.
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Figure 21: The estimated hydrodynamic force on the sinker for the case with Hw = 0.086 m, Tw = 0.878 s. The floater and
the sinker were assumed to be connected rigidly. Furthermore, it was assumed that both of them follows the wave motion at
the free surface. The hydrodynamic force was calculated based on Eq. (3) and Eq. (4).
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Figure 22: A snapshot on the free surface and the response of floater-net system at different time in combined current and
wave condition. The wave period Tw = 0.761 s, wave height Hw = 0.065 m and the current velocity Uc = 0.2 m/s.
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Figure 23: Comparison of the current and wave velocity of the water particle at various depth. The wave velocity was calculated
via linear wave theory. The depth varies from free surface (y = 0 m) to the bottom of the net panel (y = −0.81 m).
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Figure 24: Comparison of the mooring line forces between the present numerical model and the experimental data from
Bardestani and Faltinsen (2013) under combined current and wave condition. The current velocity Uc = 0.2 m/s, the solidity
ratio Sn = 0.16, the wave height Hw = 0.065 m, the wave period Tw = 0.761 s, the sinker weight Ws = 1.6 kg.

modelled in the numerical model. Therefore, the numerical model simulated both the floater motion and
net deformation via the CFD approach.

The numerical model was within the framework of OpenFOAM-3.0.x. In the numerical model, the
floating fish cage system was simplified as a floater-net system. The mooring lines and the sinker were not
resolved by the computational mesh. The numerical model couples a hydrodynamic solver for the net cage
and the floater, the rigid body motion solver, the structural solver for the net cage, and the mesh motion
solver in a segregated manner. The numerical model was carefully validated against three sets of cases in
2D. The first set of validation cases were for floater motion responses in regular waves. The second set of
the validation cases were for the plane net panel without floater in steady current. The final validation cases
were related to the whole floater-net system in regular waves and combined current and wave conditions.

Further work will be focused on the resolution of sinker and its motion by the computational mesh, which
requires application of immersed boundary method or overset grid. Readers are referred to e.g. Kristiansen
(2010) and Li et al. (2015) for application of these methods on marine hydrodynamic problems. Furthermore,
extension of the numerical model to 3D cases is also an important part of the future work.
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