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ABSTRACT

Interactions between surface gravity waves and a floating rigid body are complex, as waves may reflect from, break on, and be transmitted
behind the body. Studies of these phenomena are critically important in improving the safety and functional efficiency of offshore structures.
Here, the wave attenuation performance and motions of a type of floating breakwater (FB) are studied through numerical and experimental
approaches. A numerical wave tank (NWT) is developed based on the software OpenFOAM and properties of wave channel from a
laboratory. In the NWT, the air-water interface is captured by the volume of fluid method. The motions of FB are tracked by the six degrees
of freedom model. A mooring system model is developed to simulate the constraints of the FB. Large eddy simulation turbulence modeling is
implemented for the wave breaking processes. A model FB with a scale of 1:20 is tested in both the experimental and numerical wave
channel. Wave heights at the back/front of the FB and the constraint forces of the mooring wires are measured. The numerical models are
validated by comparing the results with experimental measurements. The variations of transmission/reflection coefficients, energy
dissipation rate, and maximum mooring force are calculated. Changes of the response amplitude operators with the ratio of FB width to
wavelength (B/L,,) and wave steepness are analyzed. The wave transmission coefficient will drop below 0.8 if the value of B/L,, is larger than
0.3, but will go over 0.95 if B/L,, is less than 0.1. Wave steepness has a large influence on FB motions and the mooring system. The effect of
Stokes drift is observed by the shift of position of the FB.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142991

I. INTRODUCTION

Floating breakwater (FB) constitutes a common and relatively
cost-effective method for the protection of small harbors, marinas, and
the control of shoreline erosion. It is especially useful for situations

especially pontoons with accessories that can increase wave dissipa-
tion. Pefia et al." evaluated the performance of four different designs of
pontoon type FB and found that the width of the pontoons will consti-
tute one key design parameter. Ji et al.” studied experimentally and
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when mounted breakwater encounters difficulties due to large water
depth or complex seafloor. Historically, the first FB was probably
deployed at Plymouth Port in England in 1811. Dai et al' and
McCartney and ASCE” delineated FBs depending on their geometry
and fundamental features. Alternatively, Sawaragi’ classified FBs into
three groups (reflection type, reflection/wave breaking type, and fric-
tion type), according to the wave attenuation mechanisms. Both wave
breaking and friction lead to wave dissipation.

The main function of the floating breakwater is to attenuate the
incident wave height by reflection or dissipation. Recently, intensive
attention is focused on new FBs combining these two mechanisms,

numerically the hydrodynamic behavior of dual cylindrical pontoon
type FBs attached to one or more rows of plane net. Christensen et al.”
investigated the effect of two different damping mechanisms, wave
radiation and viscous damping, on a rectangular pontoon FB by add-
ing wing plates and porous media to the sides. Zhan et al.” presented a
numerical analysis of the nonlinear interaction between inverse T-type
free surface breakwater and regular/irregular waves using a zonal
hybrid RANS (Reynolds-averaged Navier-Stokes)/laminar method.
There is another type of plastic FBs commonly used in small
marinas and beaches against short waves and wakes. Wang and Sun '’
introduced a novel configuration of FB fabricated with large numbers
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of diamond-shaped blocks and described its performance for wave
attenuation. A porous FB can achieve wave reduction performance by
increased wave breaking and lower mooring force.”*'” FBs with a cross
section extended by wings or similar geometric protrusion can reduce
the motion of FB significantly.”” In the present work, an assembly of
FBs consisting of small plastic modules with a trapezoid cross section
will be studied numerically and experimentally [Fig. 1(a)]. These prod-
ucts are manufactured by the WhisprWave Company [Fig. 1(b)]. The
FB is made of HDPE (high-density polyethylene) modules and can also
be linked together with different configurations to achieve the wave
reduction function.

Interactions between surface gravity waves and maritime struc-
tures are complex. Waves may be reflected by and/or transmitted
behind the FB. Moreover, diffraction, breaking, and overtopping of
waves will occur, rendering the analysis exceedingly difficult.
Analytical solutions were deduced for specific scenarios with simple
configurations or related issues, e.g., wave attenuation by porous visco-
elastic material."'"* Early works on the practical applications of FBs
have actually been carried out through experimental approaches.
Wave gauges, force sensors, and accelerometers are used for measure-
ments of wave profile, mooring forces, and motions of objects, respec-
tively.("g’l * With state-of-the-art measurement techniques of fluid flow,
such as particle imaging (or tracking) velocimetry (PIV or PTV), the
velocity field can be obtained with sufficient resolution and accuracy
to study the wave-structure interactions."””'” Furthermore, high-
speed cameras coupled with advanced machine learning algorithms
had been implemented to investigate the turbulent flow and breaking
waves generated by wave-structure interactions.'” In the present
work, the complex geometry makes tracking the motions of the FB
experimentally an extremely difficult task.

Several numerical methods had been developed recently for
wave-structure interactions, due to fast-growing computer technology
and the development of novel computational physics."” ** Smoothed
particle hydrodynamics (SPH) is increasingly used to model multi-
phase flow, as it is mesh-free and is capable to create a free surface
directly.””** The finite volume method (FVM)***” traces the time-
varying free surface by algorithms such as the Level Set method
(LSM)”® or the volume of fluid (VOF) method.” As polyhedral mesh
will exist in the body-fit mesh around the FB, VOF will be employed
with special interface sharpening technology in this work. For fluid
and structure interaction (FSI) situations, the motions of a rigid body,
e.g., FB, are simulated by the six degrees of freedom (6DoF) model.”
Turbulence will make a significant contribution to wave dissipation.
The large eddy simulation (LES) method is utilized to achieve a
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balance between computational accuracy and constraints on resource.
Indeed, LES and VOF methods have been extensively used for study-
ing wave-structure interactions and energy dissipation during wave-
breaking,”' " especially in the presence of air bubble entrainment.””
In comparison with laboratory measurements, numerical simulations
serve as a flexible and cost-effective alternative, offering access to all
variables for detailed analysis.

In our previous work,”® a three-dimensional (3D) numerical
wave tank (NWT) for wave propagation and breaking is developed
based on OpenFOAM. Computationally significant factors like grid
size, relaxation weight, and time step are investigated to find the opti-
mal parameters of the numerical models for various wave propagation
regimes. The accuracy and performance of the NWT in terms of
reflection coefficient, wave damping, and phase distortion rates are
elucidated. The capacity to simulate wave breaking process is con-
firmed by comparing the numerical results with experimental data. In
the present study, the developed NWT model is utilized and improved
to study wave-floating structure interactions. The performance and
motions of a FB consisting of plastic modules held by wires to the sea-
bed are studied by both numerical and experimental approaches.
Wave properties and mooring forces are measured in a laboratory.
Concurrently, a numerical wave tank mimicking the physical device is
developed based on the finite volume method (FVM). The sequence of
presentation can now be explained. A detailed description of the
design of the FB is given (Sec. II). The theoretical formulation and
numerical schemes are elucidated (Sec. I1T). The experimental setup in
the laboratory is described (Sec. V). Analysis of the experimental and
numerical results is performed (Sec. V). Finally, conclusions are drawn
(Sec. VI).

Il. FLOATING BREAKWATER

The physical prototype of the FB consists of a sequence of identi-
cal modules. Each module is a closed-shell filled with foam [Fig. 2(a)],
connected into a three-layer structure component by tying wire and
other accessories [Figs. 2(b) and 2(c)]. A 10-m-long FB segment
includes 152 modules, 78 of which are in the bottom layer.

Experimentally, a model with a scale factor of 1:20 is employed.
The present FB consists of a regular arrangement of base units
[Fig. 2(c)] with prescribed linear dimensions [Fig. 2(d)]. To reduce the
effects of wave diffraction, the laboratory-scaled model consists of 25
base units and is 1 m long. To achieve efficient usage of computational
resources, the floating breakwater is simplified as one base unit with
special treatment of boundary conditions.

(b)

FIG. 1. (a) Physical model of the FB, WhisrWave, (b) an illustrative case implemented near a seawall in Hong Kong (Courtesy of the Drainage Services Department, Hong

Kong Special Administrative Government).
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Scaled FB (20:1)

Section I-1 \

FIG. 2. Schematic diagram of the geometry and installation of the FB: (a) detailed structure of a module, (b) side view and (c) front view of FB, and (d) detailed structure of a

base unit.

1Il. NUMERICAL MODELING
A. Computational domain and mesh

A three-dimensional model of the wave channel and FB is devel-
oped (Fig. 3). Simulations with free surface and dynamical meshes are
generally computationally expensive. The numerical FB model is sim-
plified as one base unit [Fig. 3(d)], and the surface features of modules
are ignored [Fig. 3(b)]. The computational domain is reduced in the z
axis direction as a simplification of the FB model. For the dimensions
of the numerical wave tank (NWT), the length in the x-direction is 12
times the wavelength of the tested wave. Gravity acts in the negative y
direction, and the y-dimension of the domain is 1.2m. The precise
dimension in the z-direction will depend on the specific scenarios
tested. For one base unit of FB, the NWT adopted is 0.042 m wide in

the z-direction. To avoid wave reflection at the inlet and outlet bound-
aries, two relaxation zones are deployed.

The detailed setup of the NWT for the types of waves tested, the
configuration of the relaxation zone, as well as the spatial and tem-
poral discretization resolution, are described in our previous work.”®
The relaxation zone method is implemented to account for the gen-
eration and absorption of waves at the inlet/outlet boundaries. A
high spatial resolution is needed at the interface. Accordingly, a finer
grid is imposed near the interface (in the region from z=0.59 to
z=0.61), with a grid size Az = 0.0001 m. To minimize numerical
errors in the wave propagation process. The appropriate grid size
and time step should be determined by the wavelength and
period.””*’ LES simulations require a grid that can resolve low-
frequency eddies containing 80% or more of the energy spectrum.
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FIG. 3. Diagrams of computational tests: (a) overall dimensions and setup of NWT, (b) simplification of FB modules, (c) 3D mesh of the left half of NWT, and (d) detailed view

of the surface mesh of the FB boundaries.

The size of the present grid in the directions of gravity and wave
propagation directions are smaller than H,,/20, and L,,/80, respec-
tively, where H,, is wave height and L,, is the wavelength. The grid
size in the z-direction is 0.006 m. Interconnections among the grid
ratio, wavelength, maximum Courant number, and wave period are
discussed in a previous study Peng and Chow® (Fig. 4). The perfor-
mance of relaxation zone methods has been assessed in many stud-
ies."""” To reduce the reflection coefficient at the outlet boundary to
be 1% or less, the length of the relaxation zone is set to be two to
three wavelengths, which is longer than those adopted in relevant
studies.

In transient simulations of wave-FB interactions, the position of
FB is changing with time. The computational domain, which is sur-
rounded by walls of the wave tank and surfaces of the FB, thus needs
to be updated at every time step based on the new position of the rigid
body. The snappyHexMesh utility provided by OpenFOAM has been
used to generate a layer-adapted mesh. The grid size in a region sur-
rounding the FB is further refined to 1 mm to ensure the mesh quality
and the capacity to resolve wave-breaking phenomenon in this area
[Fig. 3(d)]. The dynamic mesh solver then updates the mesh configu-
ration according to the position of the rigid body. The detailed dynam-
ical mesh scheme will be presented in Sec. 111 B 5.

B. Mathematical models

Wave-FB interaction is a multiphase-flow problem involving air,
water, and fluid-rigid-body interaction issues. The numerical model
will invoke these schemes and elements:

@ (b)

_ 0.6 =
2 <10
g B
El d g
é 0.4 2
5 S 6
G z
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=] =1
2 £ 2
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o <
-0 g0
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FIG. 4. Relation among (a) the maximum Courant number and wave period, (b)
grid ratio and wavelength.
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¢ the volume of fluid (VOF) scheme for capturing the moving free

surface,

boundary condition for generating the necessary incident Stokes

waves,

the relaxation zone model for minimizing the effect of reflecting

waves,

the six degrees of freedom (6DoF) method for predicting the

motion of the FB,

* a mooring system model for simulating the restraints on the
movements of the FB.

1. Free surface flow modeling

Water and air are assumed to be incompressible, isothermal, and
immiscible fluids. The VOF method is used for simulating this multi-
phase flow. Both fluids are described by a single set of governing equa-
tions. Both fluids are described by a single set of governing equations,
the continuity and 3D Navier-Stokes equations [Eq. (1)],"

ap B

E+V~(pu) =0, (1a)

J(pu)
ot

Velocity u, density p, and pressure p are the fluid properties of
the air-water mixture, f; is the surface tension, and fxp is the counter-
force from the FB. In interFoam-based solvers provided by
OpenFOAM, the pressure p is more beneficially represented by an
alternative pressure defined by p,g, = p — pgh, where h is the relative
distance between the local cell and a reference level in the direction of
gravity.” Surface tension is a special property of liquid due to the
cohesive nature of the molecules which usually plays a significant role
for small scale (a few centimeters or smaller) free and forced surface
waves. In particular, surface tension effects should be incorporated for

+V - (pun) =V -1 ==Vp+ pg +f5 + frz. (1b)

¢ strongly nonlinear waves with large interface deformation,”” and
* breaking waves with a length scale shorter than 4 m and ampli-
tude smaller than 0.11 m (Ref. 46).

A continuum surface force (CSF) model®” is then implemented
to replace the surface tension force with a volume force, f;, due to sur-
face tension on fluid elements lying within a finite thickness transition
region. The surface tension force could be denoted as a function of the
surface tension, ¢, and the surface curvature, x,

Va
foe=0xVa, k=V- (W)

The surface tension of the air-water surface at ambient temperature
(20°C) is 72.9 mN/m. The surface tension constant o is set to be 0.07.

The interface between air and water is governed by the phase
fraction transport equation [Eq. (2)] in the VOF method,”

—+4u-Va=0. 1c

En (1c)
In the phase fraction transport equation, the volume fraction of
fluid (water), o, is introduced to represent the mixture of fluids in each
computational cell. When o is equal to 0 or 1, the computational cell is
filled completely with air or water, respectively. Otherwise, the cell is at

ARTICLE scitation.org/journal/phf

the interface. Based on the local value of o, from 0 to 1, the properties
of the mixture (denoted as ¢), including density, velocity, and
dynamic viscosity, can be expressed through phase fraction o,

¢ = aqbwuter + (1 - a)qbuir'

Due to the discontinuity nature at the interface, special interpola-
tion schemes are required to capture the sharp interfaces between the
phases and avoid interfacial oscillations during a simulation.”**” In
the present work, a hybrid interpolation scheme provided in the
OpenFOAM library, which is based on piecewise-linear interface calcu-
lation (PLIC) and interface compression is applied in the phase fraction
equation.”’”* PLIC reconstructs an interface of second-order accuracy
by surface-cut, which splits each cell to match the volume fraction of
the phase in that cell. For cells with multiple interfaces or where the
interface is not fully resolved, the interpolation reverts to an alternative
scheme, the standard interface compression which is based on counter-
gradient transport. An artificial advective term including a compression
factor 0. is then added to the transport equation of phase fraction,

O Vo
—4u-Voa+ V- a1l —a)lju =] =0. 2
A compression factor 0, being 0 or 1 corresponds to no compression
effect or conservative compression, respectively. A value larger than
unity represents an enhanced compression scenario.

2. Six degrees of freedom model (6DoF)

The FB is assumed to be a rigid body moving without deforma-
tion during the interactions with wave flow. This motion of a rigid
body is calculated based on the fluid forces and other external forces
acting on the FB. In turn, the motion solver of FB provides feedback to
the fluid simulation. The six degrees of freedom model (6DOF)*"™ is
utilized to predict the motions of FB. This 6DoF dynamical model
allows the FB to execute three-dimensional motions under the influ-
ence of fluid flow and external constraints like mooring. Forces and
moments acting on the FB are expressed as follows:

ZF = fnoor + fhuay +G,

ZM = Z(l‘,‘ — I‘C) X f,‘7

where fj,,, is the net force from the fluid, f,,,r is the external force
from the mooring system, G is the weight of the FB, f; denotes the
forces that can contribute to the moment, r; is the coordinate of the
corresponding action point, and r. is the coordinate of the center of
rotation.

The position and velocities of FB can be regarded as boundary
conditions for the main fluid solver, while the 6DoF solver will calcu-
late the linear and angular accelerations of FB through the conserva-
tion laws of linear and angular momentum,

ZF _ % _ d(mul)

dt e’
ZM’ T

L and H are the linear and angular momentum, respectively, and
oy, ug, and I; are the rotation vector, velocity vector, and moment of
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inertia matrix of the rigid body expressed in the inertial reference
frame. Generally, the direction of the angular momentum is not in the
direction of the rotation vector. In an inertial frame (fixed to the wave
tank) that is stationary, the updates of moments of inertia, I, are com-
plex due to the rotation and irregular geometry of FB. To avoid this
difficulty, the motions of the rigid body could be formulated in an axis
system fixed to the rigid body, which is a body-fixed frame. While in
the body-fixed frame, which is not an inertial frame, Newton’s
and Euler’s laws cannot be applied directly. By converting the deriva-
tive d/dt from the inertial axis to the fixed-body axis, the governing
equations of the rigid body are expressed as follows:

ZF,- = d(;r:u) + o X (mu),

ZMi :d(Id-tw) +ox (1 o).

The quantities u = (u, v, w), ® = (w;, ®,, w3) are the velocity vec-
tor, rotation vector about mass center, and I is the moment of inertia
of the rigid body expressed in the body-fixed frame. In OpenFOAM,
the angular momentum of the rigid body is stored in the body-fixed
frame. The body-fixed axes are chosen to align with the principal axes
of the FB, such that the cross product of inertia I (i # j) is zero and
the inertia tensor is in principal component form. The conservation of
angular momentum is then expressed in terms of moments of inertia
about the principal axes,

M, = Lon + U)SCUZ(IZZ - Iyy)7
My = Iyy“Z + wle(Ixx - Izz)7
M, = I ;03 + wymy (Iyy — Ixx)7

F, = m(og + waw — w3v),
Fy, = m(op + w3u — o1w),
F, = m(o3 + w1v — wyu).

These expressions constitute the rotational and translational
equations of the FB. Since the axes are fixed to the body, it is easy to
follow the changes in axis location as the body rotates. Three solvers of
the equation set are provided in OpenFOAM, including Newmark,
symplectic, and CrankNicolson.

3. Mooring system model

The FB is held to the bottom of the wave channel by mooring
wires. In the laboratory study, the mooring line is modeled by a nylon
wire. The maximum mooring force measured by load cells is smaller
than 6 N. With reference to the tension elongation curves from the
previous works™”” and the data of the laboratory tests, a nonlinear
spring model is developed for the physical mooring system. In the
NWT, the mooring wire is represented as a hybrid model of a nonlin-
ear spring and a no-tension joint, depending on the distance L
between the FB and the anchor point. The rest length of the mooring
wire is denoted by L,.;. When the distance L is larger than L,., the FB
is held in place by a wire under tension. Otherwise, the FB is consid-
ered as being freely suspended in water. Theoretically, the tension
force f,,,00r is calculated as

scitation.org/journal/phf

f _ k(L - Lrest) lfL > Lrest:
moor 0 if L < Lyest,

where k is the spring stiffness, which measures the resistance offered
by an elastic body to deformation. In this mooring wire model, the
stiffness measured by a cubic function (Fig. 5),

Al
Almax

k:5+h( ), k. = 150,

where k, is the maximum axial stiffness, Al is the extension of rope,
and Al (the maximum extension of rope before breaking) is set to
be 5% of the rest length of the mooring line. The unit of stiffness entry
k in OpenFOAM is N/m. This nonlinear mooring system model is val-
idated by experimental results in Sec. V B.

4. Wave generation and absorption

Proper boundary conditions (BCs) should be implemented at the
inlet and outlet of the NWT for generating and absorbing waves. The
relaxation zone method is adopted at both the inlet and outlet bound-
aries to avoid wave reflection. A Dirichlet-type wave BC'"** at the
inlet is employed for the velocities, phase fraction, and pressure from a
typical finite amplitude wave train, e.g., the fifth-order Stokes wave.”®
In the relaxation zone at the inlet, all fluid variables are gradually
made to change from analytical values specified by the Stokes wave BC
to computational values. The BC at the outlet for all variables is the
fixed value type. In the relaxation zone of the outlet, all fluid variables
are also gradually varied from the computational values to fixed values
specified by the outlet BCs. More precisely, velocities are smoothly
reduced to zero, the free surface is brought to the still water level, and
the pressure is relaxed to the hydrostatic value.

The relaxation zone technique is based on a linear combination
between the computed and target solution of the fluid variable. The
explicit approach in the relaxation zones is given as follows:

d) = XRd)computed + (1 - XR)¢turget7 IR = 1- ee __11 ’ [ &3.55

8 @) 300 —&)
6 £

g % 200

g 4 Z

= £ 100
2 2
0 0

0 5 0 5

Extension (%) Extension (%)

FIG. 5. Mooring system model: (a) mooring force and (b) stiffness coefficient.
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where yr the relaxation weight is a function of a local coordinate sys-
tem, X, in the relaxation zone. Here, the weight is presented as an
exponential function with a coefficient being set to 3.5 as suggested by
Fuhrman et al.”” The relaxation weight will be used to update the val-
ues of the fluid parameters after each time step. If the time step is very
small, repeated multiplications by the relaxation weight in a short time
interval then will result in a sharp decay of wave variables in the relax-
ation zones. To avoid this problem, the relaxation weight will be cor-
rected based on the local Courant number, Co, and the maximum
Courant number, C0,,,, as follows:”®

. _ . Co/Copax
AR = AR :

5. Dynamic mesh scheme

The computational fluid domain often changes because of the
deformation or motions of one or more boundaries. Dynamic mesh
models, including, but not limited to, mesh morphing, slide mesh, and
overset mesh, allow the mesh varying with the computational domain.
Mesh morphing technology accommodates the motion of boundaries
by simply moving the grid points without changes in topology and the
number of nodes. In comparison with other dynamic mesh methods,
it introduces no further discretization error and is easier to implement.
However, for large deformation cases, this scheme may lead to mesh
quality issues and difficulties in convergence.

The extent of the movement of the FB is relatively small in com-
parison with the dimensions of the whole NWT. Consequently, a partial
mesh morphing scheme, instead of a re-meshing of the entire computa-
tional domain, is utilized for reducing the computational cost. Only the
grid in a specific region, namely, the dynamic mesh zone [Fig. 3(a)], is
morphed to accommodate the position changes of the FB with time.
The dynamic mesh area is defined by the distance from the FB, a region
between two concentric spheres. The radii are specified, respectively,
through two parameters, innerDistance, and outerDistance. The center
point aligns with the mass center of the FB."* The motions of the
boundary are divided into two classes, prescribed and solution-
dependent boundary motion. For the latter, additional equations of
motion, e.g., 6DoF equations, should be solved for the displacement of
points of the surface grid on the moving boundary, ;. The point dis-
placement then is added to the position of the points at the previous
time step, 1", to obtain the location of the new points, "1 (Ref. 59)

(a)
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The 6DoF solver will resolve the motion and position of the FB based
on hydrodynamic forces and external restraints assigned to the FB.
The points of the mesh in the dynamic mesh region will move accord-
ing to the previously solved displacements to adjust to the new posi-
tion of the FB (Fig. 6).

A high-quality mesh smoothing method, e.g., Laplacian smooth-
ing, is needed for a smooth transition from the displacement of the
moving boundaries toward zero displacement at the outer boundaries.
In OpenFOAM, several solvers are provided to treat the mesh motion
equation, e.g., “displacementLaplacian” and “displacementSBRStress,”
which handle the elliptic Laplace equation and the solid body rotation
(SBR) stress equation, respectively, for the displacement.” Typically,
the FVM provides the solution in cell centers, but a description of the
motion is required on grid points. Hence, a cell-center mesh motion
equation and interpolation schemes are implemented. In the present
work, the Laplacian smoothing method is utilized. The dynamic mesh
area is considered as a linear elastic body, and the cell center displace-
ment, ¢, is governed by the Laplace equation with variable diffusivity,

1
V- (yVeq) =0, r=7

The variable diffusivity, y, controls the diffusion of the mesh motion
through this area. Efficient diffusivity choices are functions of cell dis-
tance to the nearest moving boundary of FB, [, and the default choice
is the inverse of the distance. Once the cell center displacement is
obtained, the spherical linear interpolation (SLERP) of displacement
and rotation is used by default to define the point displacement of
mesh in a dynamic region, r; based on the distance of each grid cell
from the moving surface of Fig. 7(c).

6. Turbulence model

Large eddy simulation (LES) is utilized for providing information
about turbulent flows. LES calculates the large, energy-carrying eddies
explicitly, and quantifies the small eddies through a sub-grid scale
(SGS) turbulence model. All variables of the flow field, including the
velocity u and the pressure p, are treated with a filter of dimension of
the mesh size, except for the SGS stress tensor T, which is resolved
by a local one-equation eddy viscosity SGS model,”’

(b)

FIG. 6. Mesh morphing: (a) t/T =0 and (b) T = 0.5.
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FIG. 7. The experimental setup: (a) experimental setup in the wave channel, (b) manufacturing of scaled FBs through 3D printing, and (c) pictures of the FB model and load cell.

dp _
at V- (pa) =0, (3a)
8(5;1) + V- (pun) — puV -V — V - g

=Vu - Vu— Vpe +ghVp + oxVa + fp. (3b)

The SGS stress tensor is expressed in the form
Tsgs = Uillj — ﬁiﬁj.

The solution scheme will be discussed in Sec. V' A. Employing the
Boussinesq eddy viscosity hypothesis, the SGS stress tensor is
described by Eq. (4), where d;; is the Kronecker delta.”" The isotropic
part of the SGS stresses, Tx, is not modeled but is incorporated in the
pressure term. Eddy viscosity SGS model using a modeled balance
equation [Eq. (5)] is invoked to simulate the behavior of SGS turbulent
kinetic energy (TKE) kg, (Ref. 62).

The SGS eddy viscosity, v, is then calculated using the resolved
scales [Eq. (6)],

sgs — Vsgs | 7 _51" ’ 4
T Vg (836] + 6x,> +3 itk ( )
1 1
ksgs = = Tkk E(ui - ai)v
Okg kg 0w KE 0 [ ok O
ot Toxg,  Fox A o\ ¥ ox )
ngs = Ckk:g/szAf. (6)

where Af =2 x ( Vcell)l/ 3 is the filter size, and C; and C, are dynami-
cally determined using the method presented in earlier works in the
literature.”’

C. Numerical schemes

The numerical study on the motions of waves and FB is con-
ducted by using OpenFOAM, an open-source software for computa-
tional fluid dynamics. The numerical model is developed based on the
existing solver, interFoam."* The relaxation zone method is adopted
for eliminating the effects of the reflected wave.”” The time traces of
the velocity and phase fraction at the inlet boundary are pre-set using
the waveVelocity and waveAlpha models. The fluid variables at the
outlet are set to fixed values. Two side-planes of the NWT are treated
as symmetric BCs. The top boundary in the y-direction is open to the
atmosphere, and the bottom boundary is governed by a no-slip wall
BC. The boundary of the FB is a moving BC, where all variables are
calculated using a 6DoF solver.

The PIMPLE algorithm, a combination of PISO (Pressure
Implicit with Splitting of Operator) and SIMPLE (Semi-Implicit
Method for Pressure-Linked Equations) methods, is applied as the
fluid solver. This could facilitate the transient solutions at higher
Courant numbers."* For the purpose of convergence and numerical
stability, the PIMPLE and PISO iteration numbers are set to be 5 and
3, respectively. The gradient and Laplacian terms of the filtered
Navier-Stokes (N-S) equations are discretized utilizing the second-
order-accurate Gauss linear scheme. The divergence terms are discre-
tized by the Gauss linear upwind scheme. The second-order-accurate
Crank-Nicolson scheme is used for the time derivative terms, with an
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off-centering coefficient of 0.9. The equations of velocity u and SGS
TKE kg are solved utilizing smoothSolver with asymmetric
Gauss-Seidel smoother. The pressure terms p and p,g, are handled by
the GAMG (Generalized geometric-algebraic multi-grid) solver. A
semi-implicit version of the multi-dimensional limiter for explicit
solution (MULES) is applied to the transport equation of the phase
fraction [Eq. (2)]. It maintains the boundedness and stability of the
solver at an arbitrary large Courant number."*”’ We set the maximum
number of MULES iterations over the limiter to five.

All transient simulation cases adopt adjustable time steps that
conform to the Courant-Friedrichs-Lewy (CFL) condition. To avoid
stability and accuracy problems due to large cell volume changes
between iterations caused by a dynamic mesh, a small time step should
be chosen. The solution tolerances of SGS TKE k., and velocity u are
set to be 107>, A tolerance of 107%/10~% is employed for the pressure
p/volume fraction o, respectively. The maximum Courant number of
the computational domain varies according to the period of the tested
wave. The maximum Courant number of the phase fraction equation,
maxAlphaCo, is set to be smaller than the maximum Courant number
of the N-S equations.

IV. EXPERIMENTAL SETUP

To verify the predictions of these numerical simulations, the
wave attenuation performance of this FB is also measured experimen-
tally [Fig. 7(a)]. As a full analysis of the laboratory data will be reported
in a future publication, only a brief sketch of the experimental proce-
dure will be described here. Experiments are performed in the
Hydraulics Laboratory of the Hong Kong Polytechnic University. The
dimensions of the irregular wave channel are 27 m in length, 1.5m in
width, and 1.5m in height. Only regular waves are investigated in this
project. The water depth is 0.6 m.

The FB components are fabricated by a 3D printer [Fig. 7(b)]
and assembled through tight wires. The laboratory-scaled model is
1 m long and consists of 25 base units. The assembled FB model is
then mounted to a steel angle through four wires, which are evenly
spaced at 0.25 m apart. The length of each mooring wire is 0.59 m. The
steel angle is then installed on the bottom of the wave tank. Three sets
of wave gauges and four sets of load cells are used for the measurement
of wave height and mooring forces. The weight of the load cells far
exceeds the weight of the mooring wires. To minimize the effects of
the load cells on the mooring system, they are installed directly on the
steel angle, as the anchor points of the mooring wires [Fig. 7(c)].

The experimental results generally confirm the trends obtained
computationally, with precise details to be given in a subsequent publi-
cation. A noteworthy point is the potential for applying FB as a coastal
defense mechanism against storm surge during severe weather. A sin-
gle FB alone cannot compete with oceanic swell generated by a
typhoon/hurricane. However, suitable arrangements of multiple FBs
with appropriate spacing can offer a certain degree of protection
against a range of wavenumbers in the long wave regime.

V. RESULTS AND ANALYSES
A. Case study

The performance of the FBs varies with the incoming wave-
length. A non-dimensional parameter, B/L,,, is introduced to formu-
late the relation between wave attenuation capacity and wavelength,
where B is the width of the FB in the wave propagation direction and

scitation.org/journal/phf

L,, is the wavelength. We shall identify a few non-dimensional param-
eters to gain insight into the wave dynamics. The water depth (D) is
0.6m. Hence, a “long wave parameter” = D/L,, varies from 1.54 to
0.24, and thus, we are studying waves mostly in transitional water
depth regime.”* “Wave steepness” is defined as the ratio of wave height
(distance from peak to trough), H,,, to wavelength L,,. It is a measure
of wave nonlinearity. The FB performance (wave attenuation),
motions, and mooring force are studied in terms of these dimension-
less parameters. The data collected are divided into four groups, A, B,
C, and D (Table I). The first two groups describe the changes in FB
performance and mooring system with the parameter B/L,,. One
group (A) displays constant steepness but various wave heights, and
the other one (B) includes constant wave height but varying steepness.
Groups C and D concentrate on the effect of wave nonlinearity for
two specific wave periods, 0.67 and 0.89s.

In the experimental study, the test duration is 30s for each of
these test runs, and the data acquisition frequencies of the wave gauge
and load cell are 40 and 1000 Hz, respectively. All simulation cases are
designed to run for a time ranging from twenty to forty wave periods.
The number of grid elements of the present 3D NWT with FB ranges
from 2 120 000 to 3 930 000. Computations are conducted on the HPC
2021 system of the University of Hong Kong, where eight Intel Xeon
6226R processors (each processor has 16 cores) are used. The actual
computing times vary from 48 to 63 h. Table I shows the conditions
tested in the laboratory and numerical experiments.

B. Validation of the numerical model

The measurements of the position, posture, and motions of
the FB in a laboratory is difficult. Advanced measuring techniques,

TABLE |. List of scenarios studied in this work.

Wave Wave D/L,, B/L, (FB  H,/L,
periods height, (longwave dimension  (wave
Groups Item (s) H, (m) parameter) parameter) steepness)

Phys. Fluids 35, 045112 (2023); doi: 10.1063/5.0142991
Published under an exclusive license by AIP Publishing

A 1 0.5 0.016 1.54 0.4 0.04
2 0.55  0.02 1.27 0.33
3 0.67  0.028 0.86 0.22
4 089 0.05 0.49 0.13
5 1.34 0.1 0.24 0.06
B 2 0.5 0.02 1.27 0.33 0.04
6 0.6 1.07 0.28 0.036
7 0.67 0.86 0.22 0.0285
8 0.89 0.49 0.13 0.016
9 1.34 0.24 0.06 0.008
C 7 067  0.02 0.86 0.22 0.028
3 0.028 0.04
10 0.04 0.057
11 0.05 0.07
D 8 0.89  0.02 0.49 0.13 0.016
12 0.03 0.024
13 0.04 0.0325
4 0.05 0.04
14 0.07 0.057
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e.g., high-speed particle image velocimetry (PIV) or a combination of
posture sensor and accelerometer, are generally used. Here, the mea-
surements are challenging as the FB consists of many smaller modules
and the geometry is complex. The installation of sensors inside the FB
and the reconstruction of FB geometry in the post-processing of PIV

pictures create significant difficulties. Hence, only the wave profiles
and mooring forces will be measured in the laboratory, with the goal
of verifying the accuracy of the numerical model of wave-structure
interaction. Numerical simulations will be performed for the same
measurement conditions as the laboratory tests. The motions and
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trajectories of the FB will also be tracked. Grid independence and the
capacity to provide adequate resolution of the turbulent fields had
been verified in our previous work.”

The comparisons of the numerical and experimental results of
the three cases, in terms of the surface elevation and mooring force,
are shown in Figs. 8 and 9. The three cases are experimental runs 2, 5,
and 12, with wave periods of 0.55, 1.34, and 0.89 s, and wave heights of
0.02, 0.1, and 0.07 m, respectively. Figure 8 depicts the time traces of
the surface elevation measured at three positions, in a time axis nor-
malized by the wave period. The results show excellent agreement.
The differences in data measured at wave gauge 2 (WG2) are slightly
larger than the other two. WG2 represents the wave gauge closest to
the FB, and is thus most heavily affected by the small perturbations
caused by the motions of the FB.

A remark on the figure captions is in order. For compactness, a
notation “T'0.55H0.02” in Fig. 8 will denote results for a wave train
with period (T) being 0.55s and a wave height H of 0.02 m. This sys-
tem of nomenclature will apply to all similar figures in this paper.

In contrast with the surface displacements, the mooring force
patterns display significant changes. The laboratory FB model incor-
porates 25 base units and four mooring wires, while the numerical FB
consists of only one base unit and two mooring lines. To compare the
characteristics of experimental and numerical results, the numerical
data are scaled up by a factor of 12.5 according to the simplification of
the FB model. The mooring forces may have one, two, or three peaks
(Fig. 9). The signals of the load cells have been preprocessed using a
lowpass filter to remove noise with a frequency higher than 50 Hz, as
such signal is physically impossible for the motions of FB. The moor-
ing force of the 0.55 s period wave case still shows fluctuations at rela-
tively high frequency (times of the incident wave frequency). The
likely cause is that the mooring force is relatively small in comparison
with the measuring scope of the load cell, which increases the uncer-
tainty on the results. These computational approaches generally give
very satisfactory description of wave-FB interactions (Fig. 9).
Accuracy starts to degrade only for sufficiently large amplitude.

C. Analysis and comparison of results
1. Wave attenuation and energy dissipation

The measurement of the surface elevations at the front and rear
portions of FB can be used to analyze the performance of the FB in
terms of the transmission coefficient, reflection coefficient, and the
energy dissipation rate. The transmission and reflection coefficients, K,
and K, respectively, correspond to the ratio of the transmitted and
reflected wave height to the incident wave height, respectively. The
transmission coefficient is computed using the data of WG3 and the
formula below:

K — mean(Hygs) .
Hy
Hygs stands for the wave height at wave gauge 3. The reflection
coefficient is calculated through Ursell’s method®” and the data of
WG,

_ max(Hwe1) — min(Hwe)

K = .
" max(Hwe) + min(Hwe)
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Energy dissipation rate, E ;, is defined to determine the amount
of wave energy lost due to the viscous effect in the wave interactions
and breaking caused by FB structure.

Egiss =1 —E, — Et>

where E, and E, are the energy reflection and transmission rate, which
are the ratio of the reflected and transmitted wave energy density to
incident wave energy density, respectively. According to the linear
wave theory, the energy density per unit area of gravity waves on the
water surface is proportional to the wave height squared, H;, H,, and
H,, which are the incoming wave height, the reflected and transmitted
components, respectively. The energy dissipation rate could be calcu-
lated as follows:
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FIG. 9. Comparison of mooring forces: (a) T0.55H0.02, (b) T0.89H0.07, and (c)
T1.34H0.1.
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Egis =1 — (H‘H;ZH’) =1-K- K~ situations with constant wave steepness (group A) and with identical

Figure 10 shows the reflection (K,) and transmission (K;) coeffi-
cients, and dissipation energy (E;,) for the four groups of tests. For

wave height (group B), K; decreases with larger values of B/L,,. A sim-
ilar trend is observed for the transmission coefficients with increasing
wave heights (groups C and D). The transmission coefficient decreases
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FIG. 13. Motions of FBs: (a) T0.55H0.02, (b) T0.89H0.07, and (c) T1.34H0.1.
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slightly for the larger wave steepness scenarios for tests with a 0.67 s-
period wave. However, K; is over 0.9 and almost constant for all tests
with a 0.89 s-period wave. For a relatively longer wave (0.89 s-period),
the capacity of FB to attenuate incident waves is entirely satisfactory,
even with moderate wave height.

Figure 10 also illustrates that the wave reflection coefficients of
the four groups are very small, mostly less than 0.1. The reflected wave
is very weak because the effective reflective area of the FB is relatively
small. As shown in Fig. 2(c), the FB is porous, and the ratio of the
frontal area of FB to the pore area is around 3:1. The FB surface con-
tains symmetric segments. These features can generate further
reflected waves that offset each other. When the incoming wave
impinges on the FB, water will pass through the gaps and not much
fluid will be reflected by the FB. This conjecture can be further verified
by the contour figures of velocity and vorticity in Sec. V C2. As the
wave reflection coefficients of this FB are very small, it is reasonable to
assume that the wave is attenuated mainly by the mechanism of wave
dissipation [Fig. 10(c)].

As mentioned in Sec. III A, in the numerical study, the geometry
of FB has been simplified, and all the fine features on surfaces designed
for strengthening friction and wave breaking are eliminated to avoid
mesh quality problems. The effect of this simplified geometry is not
significant in the comparison of numerical and experimental results.
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The effects of these fine surface features on the performance of FB are
probably similar in magnitude as the numerical error.

In comparison with other types of FBs,”*'** as shown in
Fig. 11, the wave attenuation performance of the studied FB is rela-
tively weak. The porous structure of this FB may reduce the strength
of the reflected wave. The slack mooring system has not provided
strong constraints, which leads to little relative motions between FB
and wave flow, and indeed, small energy dissipation caused by wave
breaking and turbulent flow.

2. Maximum mooring force

The safety and capacity of the mooring system are also important
aspects for practical applications of FB. To design or improve a moor-
ing system that could grapple with extreme wave conditions,
the maximum mooring force, a prime indicator for evaluating the
strength of the mooring line, should be predicted in advance. The
effects of two factors, B/L, and wave steepness, are considered. As
shown in Fig. 12, in groups A and B, two contradictory trends emerged.
The maximum mooring force decreases with larger values of B/L,, for
group A but increases slowly in group B. While the trends in groups C
and D are consistent, the maximum mooring force increases signifi-
cantly with wave steepness. Hence, the wave steepness has a small effect
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FIG. 14. Trajectories of FBs: (a) T0.55H0.02, (b) T0.89H0.07, (c) T1.34H0.1, and (d) using a straight line representing the position and orientation of FB.

Phys. Fluids 35, 045112 (2023); doi: 10.1063/5.0142991
Published under an exclusive license by AIP Publishing

35, 045112-14

86:8%:20 G20z Aenuer ¢|


https://scitation.org/journal/phf

Physics of Fluids

ARTICLE scitation.org/journal/phf

10 Group A 10 Group B 106 Group C 10 Group D
% 8 8 8 8
g
@ % ° i . b )
S 4 4 4 4 X\A\A\Z
3 \
9 y) 2 3
0 02 04 0 02 04 002 004 004  0.06
1.2 1.2 1.2 1.2
g
g 1 1 1 1
b = oo o &
o 08 0.8 0.8 0.8
~ \
®0.6 0.6 0.6 0.6
0 0.2 04 0 02 04 002 004 0.04  0.06
1 1 I 1
g
g 09 0.9 0.9 0.9/
() 208 0.8 0.8 0.8
2 D \
% 0.7 0.7 0.7 0.7
0.6 0.6 0.6 0.6
0 02 04 0 02 04 002 004 004  0.06
B/Lw B/Lw Hw/Lw Hw/Lw

FIG. 15. Comparison of response amplitude operators (a) roll, (b) sway, and (c) heave, in groups A (H,/L, = 0.04), B (H,, = 0.02m), C (T=0.895s), and D (T = 0.67 s).

on the wave attenuation performance of FB, but plays an important propagate in the x-direction, while the structure of FB is plane-

role in the motions of FB and the load of the mooring system.

3. Motions and trajectory of the floating breakwater

symmetric about the central plane (with a normal vector parallel to
the z axis) of NWT. The translation of FB in the z-direction and rota-
tions around the x and y axes are very small and are ignored. The

For a fully 3D simulation, the motions of FB in six degrees of =~ motions of FB in the other three degrees, in general notation, roll,
freedom are solved. In this study, waves are monochromatic and sway and heave, are analyzed. They are found to be directly related to
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the restraints of the mooring system and incoming wave properties.
The motions of FB in three tests are shown in Fig. 13. The roll and
sway motions of FB are in a sinusoidal way similar to the incident
wave perturbation. Similar features hold for the heave motion for
small wave height scenarios. However, if the wave height is larger than
a critical level, the heave of FB shows different motion profiles, due to
the constraint impacted by the tight mooring line. The time trace of
heave motion echoes with the mooring force pattern in each scenario
(Fig. 9), which has 1/2/3 peaks, respectively.

To express the motions of FB more directly and clearly, the tra-
jectories of FBs in three cases are plotted in Figs. 14(a)-14(c) in a
concise way. The FB is represented by a straight line [the red solid
line in Fig. 14(d)]. The trajectories of the FB are illustrated using the
position and orientation of the line and the trajectory of the center
point of this line. The blue dash lines in Figs. 14(a)-14(c) represent
the initial x axis position of FB in each scenario. There is a constant
position shift of the FB in the wave propagation x-direction after a
certain amount of time. This is the effect of Stokes drift. When the
FB reaches the limit position, the mooring line forces the FB to
move back and forth and form closed paths. The FB moves periodi-
cally with a period of the incident wave but with a different ampli-
tude [Figs. 14(a)-14(c)]. By comparing the trajectory of FB with a
free fluid element, the constraints of the mooring system on the
motion of FB are shown visually.

To assess the constraints of the mooring system on the motion of
the FB, the maximum displacements of FB, in the tests of four groups,
are derived and analyzed (Fig. 15). The parameter, normalized
response amplitude operator (RAO), is defined as the ratio of the
amplitude of the FB to the amplitude of the incoming wave,

RAO, — G 7
H,/2

i=1-6,

where RAO,; and (; are the response amplitude operator and amplitude
for the motion in different degrees.” The motions of FB are driven by
wave flows and constrained by the mooring system simultaneously,
which lead to complex variations of RAOs with the parameter B/L,,
and wave steepness. From the results of groups C and D, the RAOs of

Ux or Uy (m/s)
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roll and sway motions decrease with the increase in wave steepness.
The RAO of heave has very gradual changes for low wave steepness
scenarios, and then decreases significantly with larger values of wave
steepness. A possible explanation is that both roll and sway motions
are mainly controlled by the mooring line in all situations due to the
Stokes drift. The heave motion of FB is not limited by the mooring sys-
tem in low wave steepness tests, but is dominated by the flow-
following ability of the FB.

In comparison with the RAOs of other types of FB in previous
studies (Fig. 16), the values of RAOs of sway and heave motions
fall within the interval of existing results, while the RAO of the roll
motion is slightly higher. There are two possible reasons for the
relatively larger roll motion. The inertia momentum component of
this FB of this degree of freedom is smaller than other FBs, or
the mooring system used in this work effects weaker restraints on
this degree of freedom for the FB. This situation can be improved if
one additional row of mooring lines parallel to the existing one is
added.

D. Wave-FB interactions

Based on the results from the analysis of wave coefficients in
Sec. V C 2, we conclude that this FB attenuates waves basically by wave
dissipation due to viscosity. Viscous damping occurs both during the
processes of wave propagation and wave interactions. An analytical
solution of viscous damping had been given earlier in the literature.”®
For propagation over a short distance, i.e., over a few wavelengths, the
effect of viscous damping is not significant. However, the presence of
the FB does indeed disturb the flow, and moderates the wave profile
(see Fig. 17). The interactions between wave flow and FB makeup the
main contribution for wave attenuation.

Compared to a mounted breakwater, the wave transmission of a
floating one is higher, due to two reasons. Part of the wave energy is
translated through the water flow underlying the FB, and another part
of the energy is transferred through the motions of FB (FB is disturbed
by the incident wave from one side, then the motions of the breakwa-
ter cause wave radiation to the other side). The motions of the FB are
constrained by the mooring system, which leads to relative motions
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FIG. 17. Comparisons of the velocity contours of case T0.89H0.07: (a) NWT alone and (b) NWT with FB, and (c), (d) are detailed views of velocity in x (Uy) and y (U,) direction

around FB.
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FIG. 18. Contour figures of (a) velocity and (b) vorticity of the regions around the FB, T0.89H0.07, FB with mooring system.

with wave flow, and generate eddies. The eddies interact with each
other, during which turbulence kinetic energy of fluid elements dissi-
pates into internal energy, and then increases the viscous damping of
the wave. Figure 18(a) shows the fluctuation of a component of veloc-
ity component, u,, in the region around the FB. Figure 18(b) depicts
the vorticity generated due to the interactions between wave flow and
FB, with a color bar indicating the magnitude of vorticity.

VI. DISCUSSIONS AND CONCLUSIONS

The wave attenuation performance and motions of a type of
FB (WhisprWave) are investigated numerically and experimentally.

The laboratory tests are conducted in the wave channel of the Hong
Kong Polytechnic University. Wave gauges and load cells are used for
recording the wave properties at the back/front of the FB and mooring
forces in the mooring lines. A numerical model for wave-structure
interactions is developed. The computational experiments are carried
out using the HPC 2021 system of the University of Hong Kong. A
mooring system model was developed and validated by experimental
measurements. LES turbulence modeling is implemented for the wave
breaking in the neighborhood of the FB.

The variations of wave transmission, reflection coefficient, dissi-
pation energy rate, maximum mooring force, and RAOs with B/L,,
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and wave steepness are calculated and analyzed. The wave transmis-
sion coefficient can drop to less than 0.8 if the value of B/L,, is larger
than 0.3, but increase over 0.95 if the B/L,, is smaller than 0.1.
To effectively protect structures behind this FB from wave erosions,
e.g., a 3mwide FB is needed to attenuate waves shorter than 10 m.
The performance of the FB in attenuating long wave may not be
entirely satisfactory. Our results also show that wave steepness has a
larger impact on the motions of the FB and the mooring system. The
maximum mooring force measured in this work can be used for the
design of a mooring system in practical applications.

The motions and trajectory of FB from the results of numerical
experiments are analyzed and illustrated. The time traces of heave
motion are consistent with the variation of mooring force. The effect
of Stokes drift on the FB movement is observed by the shift of position
of the FB in the wave propagation direction. The combined effect of
the constraint of the mooring system and flow following ability of the
FB itself is shown through the RAO of heave motion. In low wave
steepness tests, the heave RAO is limited by the flow following ability
of FB, while in high wave steepness ones, the RAO is constrained by
the mooring system. Relative motions between wave flow and the FB
generate breaking waves and complex flow structures, which can accel-
erate the dissipation of wave energy. Reduction of RAOs, by using a
tight mooring line or weakening the flow follow ability of the FB, can
then help to enhance the wave attenuation performance.

In comparison with other types of FB studied in previous papers,
the performance of this FB may need improvements in the long wave
regime. Different assembly methods of the base module and section
structures of this kind of FB, and improved mooring systems may
enhance the efficiency in wave attenuation. Nevertheless, this type of
FB exhibits many merits, e.g., flexibility of the fabrication process,
diversity of the assembly modes, and convenience in transporting the
equipment. Various shapes (e.g., V-shaped or arc-shaped) or arrange-
ments (e.g., symmetric configurations) of breakwaters may involve dif-
ferent analysis and distinct performance characteristics.'**” Indeed,
wave scattering mechanisms are important issues in many marine
applications, e.g,, fishing cage systems.”® A further study of this type of
FB is, thus, well deserved.
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