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Abstract: By adding a cylindrical airbag on the leeward side of a cuboid pontoon, a new-type
double-row floating breakwater is designed to improve the wave attenuation performance, and
its hydrodynamic characteristics are studied through numerical simulations. First, based on the
smoothed particle hydrodynamics (SPH) method, a numerical model used to simulate the interaction
between waves and moored floating bodies is built. The fluid motion is governed by the Navier–
Stokes equations. The motion of the floating body is computed according to Newton’s second law.
The modified dynamic boundary condition is employed to treat the solid boundary. The lumped-
mass method is adopted to implement the mooring system. Then, two physical model experiments on
waves interaction with cuboid and dual cylindrical floating pontoons are reproduced. By comparing
the experimental and numerical wave transmission coefficients, wave reflection coefficients, response
amplitude operators and mooring force, the reliability of the numerical model is validated. Finally,
the validated numerical model is applied to study the influence of separation distance and wave
parameters on the hydrodynamic characteristics of the double-row floating breakwater. The results
indicate that the optimal separation distance between pontoon and airbag is 0.75 times the wavelength.
At such separation distance and within the concerned 1–4 m wave heights and 4–7 s wave periods,
the pontoon-airbag system presents better wave attenuation performance than a single pontoon. This
improvement weakens as wave height increases while it strengthens as the wave period increases.
In addition, the double-row floating breakwater is more effective in a high-wave regime than in a
low-wave regime. In the case of short waves, attention should be paid to the stability and mooring
reliability of the seaward pontoon, while in the case of long waves, care needs to be taken of the
leeward airbag.

Keywords: floating breakwater; wave transmission coefficient; response amplitude operator; moor-
ing force; smoothed particle hydrodynamics (SPH)

1. Introduction

Breakwaters are coastal engineering structures used to provide safe harborage and
reduce coastal erosion. Compared with conventional seated breakwaters, floating break-
waters have the merits of faster construction, lower requirement of seabed conditions,
less hindering water circulation, weaker influence of tidal fluctuation and more aesthetic
pleasure [1]. Therefore, they have been very popular and exhibited enormous potential for
engineering applications.

Floating breakwaters attenuate incident waves mainly through wave reflection and en-
ergy dissipation. The cuboid pontoon [2] (Figure 1a) and cylindrical pontoon [3] (Figure 1b)
are the simplest and most classical types. To enhance the wave reflection, Gesraha [4] added
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two vertical plates on the bottom edge of the cuboid pontoon and thereby constructed a
Π-type floating breakwater (Figure 1c). The number and position of the vertical plates were
further optimized by Koraim and Rageh [5] (Figure 1d). To increase the energy dissipation,
Koo [6] and He et al. [7] added air chambers in the middle (Figure 1e) and to lateral sides
(Figure 1f) of the cuboid pontoon, respectively. Through converting wave energy to electric-
ity, the transmitted wave was efficiently attenuated. Wang and Sun [8] assembled diamond
blocks into a permeable floating breakwater (Figure 1g). Due to the enhanced surface fric-
tion and turbulent flow motion, energy dissipation of the permeable floating breakwater is
significant. In addition, some measures can both increase the wave reflection and energy
dissipation. For example, Mani [9] designed a Y-type floating breakwater by connecting
a row of pipes to the bottom of a trapezoidal pontoon (Figure 1h). The results showed
that more than 50% of the incident wave could be attenuated even if the length of the
Y-type floating breakwater was only 0.15 times the wavelength. Similarly, Nasri et al. [10]
attached porous plates to the bottom of the trapezoidal pontoon (Figure 1i), and found
that increasing the number and height of the plates, reducing the porosity of the seaward
plate and increasing the porosity of leeward plates were all beneficial to the hydrodynamic
performance of the floating breakwater. Dong et al. [11] proposed a horizontal plate-net
floating breakwater (Figure 1j) and measured the effects of the length and stiffness of the
horizontal plate as well as the net spacing on the wave transmission coefficient.

The above work was dedicated to improving the wave attenuation performance by
altering the geometry of the single floating body. Since wave attenuation performance is
closely related to the ratio of structural length to wavelength, deploying multiple floating
bodies is a more intuitive approach. For a rigidly connected dual cuboid pontoon floating
breakwater (Figure 1k), Williams and Abul-Azm [12] investigated the influence of width,
draft, interspacing and mooring stiffness on the wave reflection coefficient. Ji et al. [13]
measured the hydrodynamic characteristics of a rigidly connected dual cylindrical pon-
toon floating breakwater (Figure 1l) and compared it with porous and net cage floating
breakwaters. To further improve the wave attenuation performance, Ji et al. [14] attached
one or more layers of nets to the bottom of the dual pontoon (Figure 1m) and optimized
the number, height and porosity of the nets. A triple cuboid floating pontoon floating
breakwater (Figure 1n) was also analyzed by Syed and Mani [15].

Building composite structures, no matter a single body with complex geometry and
rigidly connected multiple bodies, is difficult and expensive. As an alternative, another
floating body can be added to constitute a double-row floating breakwater. This approach
improves the wave attenuation performance not only by increasing the total length of
the structure but also by utilizing the hydrodynamic interference between floating bodies.
As far as we know, there are only a few studies on the double-row floating breakwater.
Williams et al. [16] investigated the influence of wave and structural parameters on the
wave reflection properties of a pair of cuboid pontoons (Figure 1o). Ji et al. [17] compared
the hydrodynamic performance of double-row and single-row composite structures com-
posed of two cuboid pontoons at the ends and a mesh cage in the middle (Figure 1p). The
results indicated that the eddy losses and moon pool effect made the double-row floating
breakwater more effective, and the separation distance between pontoons significantly
affect the wave attenuation performance and mooring force. Similarly, Ji et al. [18] com-
pared the hydrodynamic performance of double-row and single-row composite structures
composed of two cylindrical pontoons and a mesh cage suspended below (Figure 1q). The
double-row floating breakwater was found to exhibit better wave attenuation performance,
especially in short-wave and high-wave regimes.

In the above studies, pontoons were used on both seaward and leeward sides, which
in fact is not sensible, at least from two aspects. First, the pontoon is solid and reliable
and therefore can be arranged on the seaward side to resist wave impact. Since part of
the wave energy is blocked by the pontoon, it is more appropriate to place a less durable
and more economical structure such as an airbag filled with ballast water on the leeward
side. Second, for floating pontoons that have already been built, it is more convenient to
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add one row of maneuverable airbags than bulky pontoon to temporarily improve the
wave attenuation performance. Before applying the pontoon-airbag system in engineering
practice, it must be well designed based on a systematically hydrodynamic analysis to
obtain the greatest cost-effectiveness. However, no relevant research has been carried out.
By optimizing the separation distance between pontoon and airbag and investigating the
hydrodynamic characteristics under various wave conditions, this paper aims to provide
a scientific basis for the engineering application of the double-row floating breakwater
composed of a pontoon and an airbag.

Computational fluid dynamics methods have been widely used to study the hy-
drodynamic characteristics of floating breakwaters. Under the potential flow theory,
Duan et al. [19] conducted a boundary element method (BEM)-based study on the principal
dimensions of a F-type floating breakwater (Figure 1r). Vijay et al. [20] analyzed the wave
scattering over an array of trapezoidal porous pontoons (Figure 1s) with the dual BEM.
The scaled boundary finite element method was used by Fouladi et al. [21] to solve the
interaction between waves and moored floating breakwaters with arbitrary cross-sections
in an infinite fluid domain. Under the viscous flow theory, Peng et al. [22] simulated
the nonlinear interaction between waves and submerged floating breakwaters by using
the finite difference method (FDM). Qu et al. [23] applied the FDM-based open-source
code REEF3D to investigate the sheltering effects of a floating breakwater on a bridge
deck subjected to cnoidal waves. Zhan et al. [24] used the commercial software FLUENT,
which is based on the finite volume method (FVM), to model the interaction between
regular/irregular waves and T-type fixed and floating breakwaters (Figure 1t), respectively.
Another FVM-based software, Star-CCM+, was utilized by Zhang et al. [25] to examine the
hydrodynamic performance of a wave energy converter-type floating breakwater under
regular waves.

The smoothed particle hydrodynamics (SPH) method [26–30] is a Lagrangian meshfree
numerical scheme that was originally developed for solving astrophysical problems [31,32]
and has been later extended to a wide variety of problems involving single-phase and
multi-phase fluid [33,34], Newtonian and non-Newtonian fluid [35], elastic and plastic
dynamics [36,37], explosion [38], electromagnetics [39], etc.

Compared with the conventional mesh-based numerical schemes, the SPH method
is more convenient for handling boundaries and interfaces with complex geometry, large
deformation, and irregular motion. Thus, it has been attracting much research interest from
the coastal and ocean engineering community. Typical applications are the wave/current–
structure interaction [40–42], wave deformation over topography [43–45], liquid slosh-
ing [46–48], renewable energy utilization [49–51] and sediment dynamics [52–54], and
the reader is referred to the review papers [55–57] to see more examples. Herein, the
SPH method is applied to investigate the pontoon-airbag double-row floating breakwa-
ter due to the feature of the physical problem. The floating breakwater oscillates in the
wave field and meanwhile drifts from the initial position caused by the mean drift force.
The motion of the floating breakwater, in turn, alters the wave field, leading to a more
complicated free surface. These phenomena are what the SPH method excels at. In ad-
dition, several SPH open-source codes have been developed in recent years, such as the
efficiency/economy-optional DualSPHysics [58], the algorithm-inclusive SPlisHSPlasH [59]
and the industry-oriented SPHinXsys [60]. The present study was carried out by using an
in-house code that originated from the classic SPHysics [61].

Historically, breakwaters have been addressed with the SPH method many times.
For seated breakwaters, Rogers et al. [62] simulated the wave striking a caisson-type
breakwater sitting on an impermeable foundation by using SPHysics [61]. The computed
sliding displacement of and the horizontal wave force on the caisson were in reasonable
agreement with the experimental data from Wang et al. [63]. Akbari and Taherkhani [64]
further showed that, by considering the permeability of the foundation, the computed
displacement was in better agreement with the experimental data. Altomare et al. [65]
modeled the interaction between waves and rubble-mound breakwaters by using Dual-
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SPHysics [58]. DualSPHysics [58] was also applied by Zhang et al. [66] to compute the
wave run-ups on a breakwater seated in Chongwu town, China, using the realistic wave
conditions, bathymetry and dimensions. By combining the SPH method and the discrete
element method, Ren et al. [67] and Sarfaraz and Pak [68] investigated the wave profiles,
velocity fields and hydraulic pressure near the armor blocks laid on the slope breakwaters.
Moreover, the stability of the armor layers during wave attacks was inspected.

As for floating breakwaters, Shao and Gotoh [69] simulated the coupled motion be-
tween regular waves and a curtain-wall breakwater (Figure 1u) by bringing the large
eddy simulation technology into the Incompressible SPH (ISPH) model. Delavari and
Gharabaghi [3] evaluated the wave transmission coefficients, wave reflection coefficients
and heave responses of a pile-moored floating breakwater at different drafts and wa-
ter depths. By using SPHysics [61] and by simplifying the mooring system as massless
linear springs, Ren et al. [70] analyzed the influence of structural length, density and
immersion depth on the hydrodynamic performance of a submerged floating breakwater.
Domínguez et al. [71] modeled the interaction between waves and moored floating bodies
by incorporating the open-source mooring library MoorDyn [72] into DualSPHysics. After-
ward, the coupled DualSPHysics-MoorDyn was applied by Liu and Wang [73] to compare
the hydrodynamic performance of floating breakwaters with six different cross-sections
(Figure 1v). Most recently, Cui et al. [74] compiled the open-source mooring analysis
program MAP++ [75] into the SPH code to predict the hydrodynamic performance of a
multi-module floating breakwater.

Not only floating breakwaters, the SPH method was also utilized for other kinds of
moored floating bodies. Gunn et al. [76] modeled the vertical and horizontal oscillations
of a tethered spherical buoy in still water as well as its motion responses subjected to
regular wave excitations. Pan et al. [77] computed the fluid force acting on and the
movement behavior of a simplified semi-submersible floating platform due to solitary
wave attack. In more detail, Rudman and Cleary [78] studied the rogue wave impact on a
realistic semi-submersible floating platform, focusing on the influence of mooring layout
on the platform motion and mooring force. By implementing catenary equations into
DualSPHysics, Barreiro et al. [79] simulated the wave-induced motion of a wind turbine
base moored by three spread lines. Using the same approach, Crespo et al. [80] analyzed
the hydrodynamic characteristics of a floating oscillating water column converter in a
regular wave field. Ardianti et al. [81] coupled the ISPH method and the extended distinct
element method to investigate the tsunami wave force on and the movement behavior of
floating shelters with different structural shapes and mooring layouts.
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This paper is organized in the following manner. After the introduction, Section 2
briefly introduces the SPH-based numerical model. Then, in Section 3, the numerical
model is validated by reproducing physical model experiments on waves interaction with
the cuboid and dual cylindrical floating pontoons, respectively. The validated numerical
model is finally applied in Section 4 to study the influence of separation distance and
wave parameters on the hydrodynamic characteristics of a prototype double-row floating
breakwater composed of a cuboid pontoon and a cylindrical airbag.

2. Numerical Model

The numerical model is outlined in this section, mainly including the equations of
fluid motion and floating body motion and the methods of solid boundary treatment and
mooring system implementation.

2.1. Fluid Equations

The fluid motion is governed by the Navier–Stokes equations composed of the con-
tinuity equation and the momentum equation. In the δ-SPH framework, they can be
discretized, respectively, as [82,83]

Dρi
Dt

= −ρi∑
j
(uj − ui) · ∇iWijVj + 2δhc0∑

j
ψji

(rj − ri) · ∇iWij

‖rj − ri‖2 Vj (1)

ri =
Dui
Dt

= − 1
ρi

∑
j
(pj + pi)∇iWijVj + g + αhc0

ρ0

ρi
∑

j
πij∇iWijVj (2)

where subscripts i and j denote the target and neighboring particles, respectively; t is the
time; g is the gravitational acceleration; ρ, p, V, u and r are the density, pressure, volume,
velocity and position, respectively; ρ0 = 1000 kg/m3 is the reference density; h = 1.5 δp
is the smoothing length with δp being the initial particle spacing; δ = 0.1 is the diffusion
coefficient; α = 8 ν/(hc0) is the artificial viscosity coefficient with ν being the kinematic
viscosity of fluid and c0 being the numerical speed of sound. Its value, in this study, varies
between 2.7 × 10−7 and 2.4 × 10−5 depending on different cases; W is the Wendland C2
kernel function [84] defined as:

W = 7
4πh2

(
1− ∆r

2h

)4( 2∆r
h + 1

)
0 ≤ ∆r ≤ 2h (3)

where ∆r is the transient particle spacing.
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The last term in Equation (1) is a density diffusion added to reduce the numerical
noise that affects the stability of the density field, where ψij has the following expression:

ψij =
(
ρj − ρi

)
− 1

2

(
〈∇ρ〉Lj + 〈∇ρ〉Li

)
·
(
rj − ri

)
(4)

〈∇ρ〉Lj = ∑
j

(
ρj − ρi

)[
∑

j
(rj − ri)⊗∇iWijVj

]−1

∇iWijVj (5)

The last term in Equation (2) is an artificial viscosity also aiming at stabilizing the
numerical scheme and meanwhile providing numerical fluid viscosity, where πij has the
following expression:

πij =
(uj − ui) · (rj − ri)

‖rj − ri‖2 (6)

Equations (1) and (2) are closed by introducing a linearized equation of state written as:

pi = c2
0(ρi − ρ0) (7)

The explicit Symplectic scheme [61] with second-order accuracy is used to solve
Equations (1) and (2), and a variable time step [85] considering particle acceleration,
viscous fluid diffusion and CFL condition is adopted to guarantee the stability of numerical
integration. The formula for the variable time step is given as follows:

∆t = min

0.25

√√√√ h
max

i
(dui/dt)

, 0.125
h2

ν
, 0.5min

i

 h
c0 + hmax

j
πij


 (8)

2.2. Floating Body Equations

For computational convenience, both pontoon and airbag are assumed to be rigid
and their mass distribution does not change with the floating body motion. Thus, the
translation and the rotation around the center of mass can be calculated by:

M
dV
dt

= F f + Fm + Mg (9)

I
dΩ

dt
= T f + Tm (10)

where M, I, V and Ω are the mass, moment of inertia, linear and angular velocities of the
floating body, respectively; Ff and Tf are the fluid force acting on the floating body and its
torque to the center of mass, respectively; Fm and Tm are the mooring force and its torque
to the center of mass, respectively.

2.2.1. Solid Boundary Treatment

The solid boundary is treated by using the modified dynamic boundary condition [86].
Two rows of dynamic boundary particles (DBPs) are fixed on the contours of numerical
wave flume and floating body. They participate in the computations of the continuity
equation, but the obtained densities are corrected by the averaged densities of neighboring
fluid particles. That is:

ρ̃k = χρk + (1− χ)ρi (11)

where ρk and ρ̃k are the original and corrected densities of DBP labeled as k, respectively;
ρi is the averaged density of the fluid particles in the kernel support of DBP k. χ is a weight
coefficient, which mainly depends on the intensity of hydrodynamic force acting on the
solid boundary, the type of kernel function and the smoothing length. On the one hand, a
smaller χ leads to a smooth pressure field near the solid boundary, but the repulsive force
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exerted by the solid boundary can be inadequate, which perhaps results in the penetration
of fluid particles. On the other hand, a greater χ effectively prevents the particle penetration
but gives rise to a fluctuating pressure field which results in unphysical repulsion and
adhesion of fluid particles near the solid boundary. Based on the sensitivity analysis as
well as our considerable experience in the past studies [51,70,86–88], χ should be within
0–0.5 range and 0.2 is a proper choice for simulating waves interaction with floating bodies.

In Equation (11), ρi is calculated by:

ρi =
1

Np

Np

∑
i=1

[
ρi +

∂ρ

∂z
(zi − zk)

]
(12)

where Np is the total number of fluid particles i in the kernel support of DBP k; z is the
vertical position of the particle. According to Equation (7), we have:

∂ρi
∂z

=
1
c2

0

∂pi
∂z

=
ρ0g
c2

0
(13)

By substituting Equations (12) and (13) into Equation (11), it obtains:

ρ̃k = χρk + (1− χ)
1

Np

Np

∑
i=1

[
ρi +

ρ0g
c2

0
(zi − zk)

]
(14)

Apart from the continuity equation, DBPs also take part in the computations of
momentum equations. However, their positions are not updated according to the computed
acceleration. They either keep stationary on the contour of the numerical wave flume or
move with the wavemaker and floating body. The computed acceleration is used to
calculate the fluid force exerted by fluid particle i on DBP k:

fi→k = −∑
i
(pi + pk)∇kWkiViVk + g + αhc0ρ0∑

i
πki∇kWkiViVk (15)

By summing up f i→k of all fluid particles in the kernel support, the total fluid force
exerted on DBP k is obtained:

fk = ∑
i

fi→k (16)

Then, the total fluid force acting on the floating body is obtained by summing up f k of
all DBPs constituting the floating body:

F f = ∑
k

fk = ∑
k

∑
i

fi→k (17)

Correspondingly, the total fluid force moment on the floating body can be calcu-
lated by:

T f = ∑
k
(rk − rc)× fk = ∑

k
∑

i

{
(rk − rc)×∑

i
fi→k

}
(18)

where rc is the position of the center of mass of the floating body.

2.2.2. Mooring System Implementation

The mooring system of the floating body is implemented by using a simplified lumped-
mass method [89]. Specifically, as depicted in Figure 2, the mooring line is broken up into
P even-length segments connecting P + 1 nodes. Each segment is regarded as a massless
spring and its mass is equally distributed to the adjacent nodes. The static force equilibrium
equations at node p are established as follows:

Fm,p cos θp = Fm,p−1 cos θp−1 (19)
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Fm,p sin θp = Fm,p−1 sin θp−1 + ωl0 (20)

where Fm,p is the mooring force between nodes p and p + 1, and Fm,p−1 is the mooring force
between nodes p − 1 and p; θp is the angle between segment p and horizontal axis, and
θp−1 is the angle between segment p − 1 and horizontal axis; ω is the wet weight per unit
length of the mooring line; l0 is the initial length of each segment.
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Based on Equations (19) and (20), we have:

Fx,p = Fm,p cos θp = . . . = Fm,2 cos θ2 = Fm,1 cos θ1 (21)

Fz,p = Fm,p sin θp = Fu +
p

∑
q=1

ωql0 (22)

Fm,p =
√

F2
x,p + F2

z,p (23)

where Fx,p and Fz,p are the horizontal and vertical mooring force between p and p + 1,
respectively; Fu is the uplift force at the anchor point; subscript q is a counter; ωq = ω/2
when q = 1, and ωq = ω when 2 ≤ q ≤ p. Thus,

cos θp =
Fx,p

Fm,p
(24)

sin θp =

(
Fu +

p

∑
q=1

ωql0

)
/Fm,p (25)

According to Hooke’s law, the length of the mooring segment after elongation lq is:

lp = l0

(
1 +

Fm,p

EA

)
(26)

where EA is the tensile stiffness of the mooring line. Therefore, the horizontal and vertical
positions of the mooring end are calculated by:

XP+1 =
P

∑
p=1

(
lp cos θp

)
=

P

∑
p=1

[
l0

(
1 +

Fm,p

EA

)
Fx,p

Fm,p

]
(27)

ZP+1 =
P

∑
p=1

(
lp sin θp

)
=

P

∑
p=1

[
l0

(
1 +

Fm,p

EA

)(
Fu +

p

∑
q=1

ωql0

)
/Fm,p

]
(28)

The process of solving mooring force is introduced as follows. After computing the
motion of the floating body according to Equations (9) and (10), ZP+1 is compared with
the vertical position of the mooring point zm. When ZP+1 < zm, nodes of the mooring line
are lifted successively from No. P + 1 to No. 2. In case all nodes have been lifted, the
uplift force Fu begins to increase to reduce the slackness of the mooring line, hence further
elevating the mooring end. When ZP+1 > zm, Fu decreases, and if ZP+1 is still greater than
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zm when Fu = 0, nodes fall to the seabed successively from No. 2 to No. P + 1. Then,
XP+1 is compared with the horizontal position of the mooring point xm. When XP+1 < xm,
the horizontal mooring force Fx,P+1 increases, and when XP+1 > xm, Fx,P+1 decreases. The
above process is repeated until both the error between ZP+1 and zm and the error between
XP+1 and xm are allowable. Finally, the mooring force Fm,P+1 is calculated according to
Equations (21)–(23).

It should be mentioned that the present lumped-mass model only accounts for the
tensile force, gravity and buoyancy of the mooring line, but neglects the hydrodynamic
force induced by the wave and current, inertial force due to the variable motion of the
mooring line, damping force accompanied by the lengthening and shortening of the
mooring line and frictional force caused by the contact between mooring line and seabed,
etc. This will certainly affect the computed mooring force and thereby influence the
computed hydrodynamic characteristics of the floating body, but will be insufficient to
change the research conclusions. Nevertheless, the sophisticated lumped-mass model
established by Hall and Goupee [72] is highly recommended. Based on that model, an open-
source mooring library MoorDyn was developed and incorporated into DualSPHysics [71],
making the SPH simulation of wave-moored floating body advanced and convenient.

3. Model Validation

A 2-D numerical wave flume was established where two physical model experiments
on waves interaction with the cuboid and dual cylindrical floating pontoons were repro-
duced. The numerical model was validated by comparing the experimental and numerical
wave transmission coefficients, wave reflection coefficients, response amplitude operators
of floating pontoons and mooring force.

3.1. Numerical Wave Flume

The numerical wave flume established to simulate the interaction between waves and
moored floating bodies is shown in Figure 3. A piston was equipped at the upstream end
of the flume, which, based on the active absorption wave-making theory [90], generated
target waves while absorbing the reflected waves from the floating body. At the other end,
a sponge layer was arranged to eliminate the outgoing waves. In the sponge layer, the
momentum equation of fluid particles is rewritten as [50]

ri =
Dui
Dt

= − 1
ρi

∑
j
(pj + pi)∇iWijVj + g + αhc0

ρ0

ρi
∑

j
πij∇iWijVj − β

xi − xs

Ls
ui (29)

where xi is the horizontal position of the fluid particle labeled as i; xs is the horizontal
position of the interface between sponge layer and common fluid domain; Ls = λ is the
length of the sponge layer with λ being the wavelength; β is the intensity coefficient of the
sponge layer, which can be taken from Reference [91]. In this study, β ranges between 0.8
and 5.7 depending on different cases.
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The floating body was restrained by two mooring lines. #4 and #5 load cells were
installed to measure the seaward mooring force Fs and leeward mooring force Fl, respec-
tively. On the upstream of the floating body, #1 and #2 wave gauges were arranged, and
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the two-point method [92] was used to calculate the reflected wave height Hr. On the
downstream of the floating body, #3 wave gauge was placed. Since high-order wave com-
ponents generated during the interaction between wave and floating body were weak, the
transmitted wave height Ht was taken as the height difference between the wave crest and
wave trough. Thus, the wave reflection coefficient Cr and the wave transmission coefficient
Ct of the floating body are defined as

Cr =
Hr
H Ct =

Ht
H (30)

where H is the incident wave height. The response amplitude operators of the sway motion
RAOs, heave motion RAOh and roll motion RAOr of the floating body are defined as

RAOs =
2As
H RAOh = 2Ah

H RAOr =
2Ar
H (31)

where As, Ah and Ar are the amplitudes of the sway, heave and roll motion of the floating
body, respectively. For each wave condition, 30 wave cycles were run and the last 15 wave
cycles were taken for analysis. The height and period of the generated wave were checked
prior to simulating the interaction between wave and moored floating body.

3.2. Validation Case 1
3.2.1. Setup of Physical and Numerical Models

Physical model experiment 1 on waves interaction with a cuboid floating pontoon
was carried out at Jiangsu University of Science and Technology [93]. The wave flume is
45 m long, 0.8 m wide and 1.2 m high. At the one end there is a piston-type wavemaker.
At the other end an absorbing beach composed of armor blocks, inclined and vertical
porous plates is placed. The experiment was designed based on the gravity similarity
criterion, and the model to prototype length scale factor was 1:20. The setup of the physical
pontoon and its mooring system is shown in Figure 4a, and the parameters are listed in
Table 1. Water depth d was fixed at 1.0 m. Two regular wave heights H = 0.10 m and 0.15 m
were adopted, and wave periods T ranged between 1.0 s and 4.6 s. Two wave gauges for
decomposing the incident and reflected waves were placed 5.0 m and 5.4 m upstream
from the pontoon. Three wave gauges were placed 4.0 m, 17.0 m and 17.4 m downstream
from the pontoon, in which the nearest gauge to the pontoon was used to measure the
transmitted waves. The sway, heave and roll motion of the pontoon was captured by using
a 6-DOF tracking system. The seaward and leeward mooring force was obtained from the
load cells equipped on both sides of the pontoon.
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Table 1. Parameters of the cuboid floating pontoon and its mooring system.

Floating Pontoon Length Lf Width Wf Height Hf Draft df Mass M Moment of Inertia I

Exp. values 50 cm 76 cm 20 cm 10 cm 28.6 kg 0.669 kg·m2

Num. values same 100 cm same same 28.6/76 × 100 = 37.63 kg 0.669/76 × 100 =
0.88 kg·m2

Mooring System Tensile Stiffness EA Wet Weight w Bending Length lm Horizontal Length lx

Exp. values 3.15 kN 6.18 N/m 1.6 m 1.15 m

Num. values 3.15 × 2/76 × 100 = 8.29 kN 6.18 × 2/76 × 100 = 16.26 N/m same same

2-D numerical simulations were performed in the numerical wave flume shown in
Figure 3. The numerical pontoon and its mooring system are illustrated in Figure 4b, and
their parameters are listed in Table 1. Note that since the physical model is 3D and the
numerical model is 2D, the mass M and moment of inertia I of the numerical pontoon and
the tensile stiffness EA and wet weight ω of the numerical mooring system were converted.
As a validation case, only conventional wave conditions of H = 0.10 m and T = 1.0–2.2 s
were reproduced. Three particle resolutions H/δp = 5, 10 and 20 (i.e., initial particle spacing
δp = 2 cm, 1 cm and 0.5 cm) were adopted to check the numerical convergence and find
the optimal δp. Under various H/δp and T, a total number of 31,380–799,240 particles were
used, resulting in runtimes of 0.4–61.9 h on an Intel Core i9-9900X CPU @ 3.50GHz.

3.2.2. Comparison of Experimental and Numerical Results

Figure 5 compares the experimental and numerical wave transmission coefficients
Ct and reflection coefficients Cr of the cuboid floating pontoon. Regardless of the particle
resolution H/δp, the overall trends are in reasonable agreement. When T ≤ 1.6 s, the
numerical Ct and Cr are generally less than the experimental data. This is related to the
dissipation nature of the SPH method [94]. Since the physical and numerical wave gauges
used to measure the transmitted and reflected waves are at the same distance from the
pontoon, more energies have been dissipated before the numerical wave arrives at the wave
gauges. The numerical dissipation decreases with the increment of T, and when T > 1.6 s
the numerical Ct and Cr become no longer less but even greater than the experimental
data. The greater numerical results might be associated with the absence of turbulence
model in the present numerical model. On such premise, energy dissipation caused by
the numerical turbulent flow is under-predicted. It can be further observed that both
numerical Ct and Cr basically converge toward the experimental data with the increase
of H/δp. Doubling H/δp from 5 to 10 significantly enhances the numerical accuracy,
while doubling H/δp from 10 to 20 has limited effect. Therefore, based on a trade-off
between numerical accuracy and computational efficiency, H/δp = 10 is a proper particle
resolution in terms of Ct and Cr computations. It is worth mentioning that H/δp = 10 is
also recommended by Altomare et al. [95] as the threshold of accurately and affordably
modelling the wave generation, propagation and absorption.

Figure 6 compares the experimental and numerical response amplitude operators
of the sway motion RAOs, heave motion RAOh and roll motion RAOr of the cuboid
floating pontoon. Intuitively, the experimental and numerical RAOs are in better agreement.
Although the experimental and numerical RAOh and RAOr have the same trends, the
numerical results are noticeably less than the experimental data. However, if taking account
of the different variation ranges of RAOs, RAOh and RAOr, the degrees of agreement shown
in Figure 6a–c are comparable and all acceptable. According to Equations (9) and (10), the
motion of the pontoon is subjected to fluid force and mooring force, which means that the
discrepancies in RAOs, RAOh and RAOr are caused by the computational inaccuracies of
fluid force and mooring force.
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Our previous study on waves interaction with fixed and freely floating bodies [86]
demonstrated the reliability of fluid force computation, so it is speculated that the absence
of hydrodynamic, inertial, damping and frictional contributions in the present mooring
model is responsible for the discrepancies. In addition, the side-wall effect of the physical
experiment also brings certain interference in the motion of the pontoon. Regarding
particle resolution, H/δp = 20 leads to the favorable numerical results compared with the
experimental data. H/δp = 10 yields the second-best numerical results which are sufficiently
close to those of H/δp = 20. Therefore, H/δp = 10 is the optimal particle resolution in terms
of RAOs, RAOh and RAOr computations.

Figure 7 compares the experimental and numerical mooring force on the seaward side
Fs and leeward side Fl of the cuboid floating pontoon. There were two anchor chains on each
side of the 76 cm-wide physical pontoon and there was one anchor chain on each side of the
100 cm-wide numerical pontoon. Thus, the computed mooring force was divided by 2 and
multiplied by 0.76 before being compared with the experimental data. From Figure 7, it can
be seen that the numerical Fs and Fl follow the same trends as the experimental data, but the
numerical results are generally over-predicted. Although the discrepancies seem significant,
the relative errors (RE = |numerical value–experimental value|/experimental value) are
small. Under H/δp = 5, the average REs of Fs and Fl are 8.0% and 5.5%, respectively.
Under H/δp = 10, the average REs of Fs and Fl decrease to 6.3% and 4.1%, respectively.
Under H/δp = 20, the average REs of Fs and Fl are as small as 5.1% and 3.4%, respectively.
The two aforementioned facts could have accounted for the discrepancies in the mooring
force. First, the side-wall effect of the physical experiment slightly interferes with the
motion of the pontoon. It is known that the mooring force is largely dependent on the
mooring position. Thus, the disturbed motion of the physical pontoon lowers the degree of
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agreement between the experimental and numerical mooring force. Second, the present
mooring model neglects the hydrodynamic, inertial, damping and frictional contributions.
As documented by Hall et al. [96] and Davidson and Ringwood [97], the mooring dynamics
are quite different, incorporating or not incorporating these contributions.
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3.3. Validation Case 2
3.3.1. Setup of Physical and Numerical Models

Physical model experiment 2 on waves interaction with a dual cylindrical floating
pontoon was conducted in the same flume at Jiangsu University of Science and Technol-
ogy [93]. The physical pontoon and its mooring system are illustrated in Figure 8a, and
the parameters of the pontoon are listed in Table 2. Except for the pontoon, all the other
setup, including the mooring system, wave conditions and measurement instruments,
were consistent with those in the physical model experiment 1.
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Table 2. Parameters of the dual cylindrical floating pontoon.

Floating
Pontoon Diameter Fc Width Wf Interspacing Lr Draft df Total Mass M Total Moment

of Inertia I

Exp. values 20 cm 76 cm 10 cm 10 cm 19.1 kg 0.474 kg·m2

Num. values same 100 cm same same 19.1/76 × 100 =
25.14 kg

0.474/76 × 100
= 0.624 kg·m2

2-D numerical simulations were also performed in the numerical wave flume shown
in Figure 3. The setup of the numerical pontoon and its mooring system is shown in
Figure 8, and the parameters of the pontoon are listed in Table 2. Again, wave height H
was fixed at 0.10 m and the wave period ranged between 1.0 s and 2.2 s. According to
the convergence analysis made in Section 3.2, particle resolution was taken as H/δp = 10
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(i.e., δp = 1 cm), thus requiring 125,232–199,304 particles in the simulations and resulting in
runtimes of 2.8–6.2 h.

3.3.2. Comparison of Experimental and Numerical Results

Figure 9 compares the experimental and numerical Ct and Cr of the dual cylindrical
floating pontoon. Again, the overall agreement is satisfactory. In Figure 9a, when T ≤ 1.2 s
the numerical Ct are less than the experimental data, and when T > 1.2 s the numerical
Ct are greater. This discrepancy has been explained in Section 3.2.2 as the comprehensive
result of the dissipation nature of the SPH method and the absence of turbulence model
in the present numerical model. It is worth noticing that in Figure 9a the threshold value
(less than which the numerical results are under-predicted while greater than which the
numerical results are over-predicted) of T is 1.2 s which is less than the 1.6 s in Figure 5a.
This is probably because the 2-D numerical model abandons the nine connecting rods of the
3-D physical model. Thus, the turbulent energy dissipation in the process of flow passing
through the rods is neglected in the simulation, resulting in over-predicted numerical Ct.
Unlike the transmitted wave, the reflected wave mainly depends on the frontal area and
structural shape of the floating breakwater. Thus, abandoning the physical rods makes
little difference on the numerical Cr. The manifestation is that the numerical Cr in Figure 9b
has the same threshold value of T, namely 1.6 s, as Figure 5b.
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(b) Wave reflection coefficient Cr.

Figure 10 compares the experimental and numerical RAOs, RAOh and RAOr of the
dual cylindrical floating pontoon. For RAOs and RAOr, the maximum relative errors REs
are 19.9% and 13.7%, which occur at T = 1.0 s and 2.0 s, respectively. These two REs are
remarkable just because the experimental data, as denominators, are small. However,
the average REs of RAOs and RAOr within the entire T range are only 8.6% and 7.5%,
respectively. As for RAOh, T = 1.2 s corresponds to the maximum RE equaling 9.4%, and
the average RE is 5.8%. In view of the insignificant average REs, the RAOs, RAOh and
RAOr computations regarding the cylindrical floating pontoon are reliable.

Figure 11 compares the experimental and numerical Fs and Fl of the dual cylindrical
floating pontoon. Owing to the side-wall effect of the physical experiment and the lack of
hydrodynamic, inertial, damping and frictional contributions in the numerical mooring
model, discrepancies between experimental and numerical Fs and Fl can be observed. The
degrees of deviation are comparable with those in Figure 7, and quantitatively, the average
REs of Fs and Fl are merely 5.4% and 3.6%, respectively. Therefore, the mooring force
computation regarding the cylindrical floating pontoon is also reliable.
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4. Results and Analyses

The validated numerical model was applied to study the influence of separation
distance and wave parameters on the wave transmission coefficient, response amplitude
operators and mooring force of a prototype double-row floating breakwater composed of a
cuboid pontoon and a cylindrical airbag.

4.1. Setup of Double-Row Floating Breakwater

Simulations were performed in the numerical wave flume shown in Figure 12. A
cuboid pontoon and a cylindrical airbag with separation distance s were arranged. The
length Lf, height Hf, draft df1, mass M1 and moment of inertia I1 of the pontoon were 10 m,
2.5 m, 1.5 m, 15 t, and 136.56 t·m2, respectively, and the height of the center of mass cm1 was
0.75 m. The diameter Φ c, draft df2, mass M2 and moment of inertia I2 of the airbag were
5 m, 4 m, 1.5 m, 16.84 t and 76.93 t·m2, respectively, and the height of the center of mass cm2
was 2.18 m. Both pontoon and airbag were restrained by two mooring lines with mooring
angle θ = 30◦, tensile stiffness EA = 2.76 MN and wet weight w = 0.19 kN/m. For pontoon,
mooring points located at its upper corners. The bending length of the mooring line lm1
was 78.67 m and the horizontal distance between mooring point and anchoring point lx1
was 74.56 m. 2# and 3# load cells were installed to measure the seaward mooring force
Fs1 and leeward mooring force Fl1, respectively. For airbag, mooring points located at its
outermost tips, the bending length of the mooring line lm2 was 69.04 m and the horizontal
distance between mooring point and anchoring point lx2 was 65.69 m. 4# and 5# load cells
were installed to measure the seaward mooring force Fs2 and leeward mooring force Fl2,
respectively. 1# wave gauge was placed 0.75λ downstream from the airbag to obtain the
wave transmission coefficient Ct. s varied between λ/4 and λ with an interval of λ/4.
Water depth d was fixed at 20 m. Regular waves of four heights, H = 1 m, 2 m, 3 m and 4 m,
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and four periods, T = 4 s, 5 s, 6 s and 7 s, were tested. Since H/δp = 10 has been shown to be
suitable regarding numerical accuracy and computational efficiency, δp = 10 cm was taken
to handle the minimum wave height H = 1 m. Thus, a total numerical of 204,810–641,780
particles were deployed depending on different T and s, and it took 6.3–42.6 h to simulate
30 wave cycles.
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Figure 12. Numerical wave flume used to simulate the interaction between waves and a pontoon-airbag double-row
floating breakwater.

4.2. Influence of Separation Distance

Taking two wave conditions, H = 2 m, T = 4 s and H = 2 m, T = 6 s, as examples,
Figure 13 shows the wave transmission coefficients Ct of the double-row floating breakwa-
ter with different separation distance s/λ. Meanwhile, the results are compared with Ct of
a single pontoon which is identical to the one used in the double-row floating breakwater.
When T = 4 s, the average Ct of the pontoon-airbag system is 0.03 less than Ct of the single
pontoon, and when T = 6 s, the average Ct of the pontoon-airbag system is 0.14 less than Ct
of the single pontoon. It indicates that adding an airbag on the leeward side of the floating
pontoon helps to improve the wave attenuation performance, and the improvement effect
is more significant in a long-wave regime. In addition, Ct of the pontoon-airbag system
decreases with increasing s/λ and turns to increase after s/λ > 0.75. Thus, s/λ = 0.75 is
the optimal separation distance of the pontoon-airbag double-row floating breakwater in
terms of wave attenuation performance.
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Figure 13. Comparison of the wave transmission coefficients Ct of the double-row floating breakwater
with different separation distance s/λ.

Figure 14 presents the response amplitude operators of the sway motion RAOs, heave
motion RAOh and roll motion RAOr of the double-row floating breakwater with different
separation distance s/λ. It is known that the wave surface measured at 1# wave gauge in
Figure 12 is comprised of the transmitted wave after the incident wave passes through the
pontoon-airbag system and the radiated wave generated by the motion of the pontoon-
airbag system. Thus, the wave height on the leeward side of the pontoon-airbag system
is usually positively correlated with the motion amplitudes of the pontoon and airbag,
and the variation trends of RAOs, RAOh and RAOr with s/λ in Figure 14 are consistent
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with the variation trend of Ct in Figure 13. That is, RAOs, RAOh and RAOr of pontoon and
airbag decrease with increasing s/λ and turn to increase after s/λ > 0.75.
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Figure 15 gives the mooring force on the seaward side Fs and leeward side Fl of
the double-row floating breakwater with different separation distance s/λ. As mooring
force is predominantly dependent on mooring position, Fs and Fl in Figure 15 follow the
same variation trends as RAOs, RAOh and RAOr in Figure 14. The minimum Fs and Fl
are obtained when s/λ = 0.75. However, the maximum Fs and Fl occur when s/λ = 0.25,
which is different from the result that the maximum RAOs, RAOh and RAOr appear when
s/λ = 1.00. In addition, under both wave periods, Fs and Fl of the airbag are greater than
those of the pontoon. This phenomenon is consistent with Figure 14c where RAOr of the
airbag is greater than that of the pontoon, but is different from Figure 14a,b where RAOs
and RAOh of the airbag are less than those of the pontoon. This implies the roll motion of
the floating body has the greatest influence on the mooring force.
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4.3. Influence of Wave Parameters

Section 4.2 has shown that the optimal separation distance between pontoon and
airbag is 0.75 times the wavelength. On this premise, waves interaction with double-row
floating breakwater under wave heights H = 1–4 m and wave periods T = 4–7 s are further
simulated. The computed Ct are plotted in Figure 16, and they are compared with Ct of a
single pontoon when the leeward airbag is absent. In Figure 16a, Ct of both pontoon-airbag
system and single pontoon decrease with the increase of H. The reason may be that as H
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increases, the interaction between wave and floating body is intensified; thereby, the wave
energy loss due to fluid viscosity becomes heavier. In Figure 16b, Ct of both pontoon-airbag
system and single pontoon increase with the increase of T, apparently because longer
waves have stronger transmission capacity. In fact, the above laws hold for most species of
floating breakwaters. Within the concerned wave conditions, the pontoon-airbag system
has less Ct than the single pontoon, i.e., presenting better wave attenuation performance.
For one thing, the improvement weakens as H increases. When H = 1 m, 1.5 m, 2 m, 3 m
and 4 m, Ct of the pontoon-airbag system are 0.23, 0.22, 0.19, 0.19 and 0.13 less than Ct of
the single pontoon, respectively. For another, the improvement strengthens as T increases.
When T = 4 s, 5 s, 6 s and 7 s, Ct of the pontoon-airbag system are 0.07, 0.13, 0.18 and 0.19
less than Ct of the single pontoon, respectively.
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Figure 17 shows RAOs, RAOh and RAOr of the double-row floating breakwater under
different H and T. From Figure 17a–c, it can be seen that H has limited influence on RAOs,
RAOh and RAOr of the pontoon. As for the airbag, since more wave energy is dissipated
during the wave-pontoon interaction with the increase of H, the intensity of the leeward
wave field is relatively weakened, leading to the rapid decreases in RAOs, RAOh and
RAOr of the airbag. These two trends yield that, when H is relatively small, the motion
amplitudes of the airbag are greater than those of the pontoon, while when H is relatively
large, the motion amplitudes of the pontoon become greater. For RAOs, RAOh and RAOr,
the threshold values of H are 3.6 m, 2.1 m and 4 m, respectively.

In Figure 17d–f, RAOs, RAOh and RAOr of the pontoon decrease with the increase
of T, while RAOs, RAOh and RAOr of the airbag increase with the increase of T. This is
evidently because shorter waves have weaker transmission capacity; thus, the wave energy
mainly acts on the seaward pontoon, leading to the greater motion amplitudes of pontoon
than an airbag. The wave transmission capacity grows with T; thus, more wave energy acts
on the leeward airbag, resulting the greater motion amplitudes of the airbag than pontoon.
For RAOs and RAOh, the threshold values of T are 5.7 and 6.8 s, respectively. However,
within the entire T range, RAOr of the airbag is always greater than that of the pontoon,
because the moment of inertia of the airbag, I2 = 76.93 t·m2, is much smaller than that of
the pontoon, I1 = 136.56 t·m2.

Figure 18 presents Fs and Fl of the double-row floating breakwater under different H
and T. Since mooring force is closely related to mooring position, Fs and Fl in Figure 18
follow the same variation trends as RAOs, RAOh and RAOr in Figure 17. That is, under
a given T, Fs and Fl of both pontoon and airbag decrease with the increase of H, and Fs
and Fl of the airbag decrease more rapidly. Under a given H, Fs and Fl of the pontoon
decrease with the increase of T, while Fs and Fl of the airbag increase with the increase of T.
In addition, when H ≤ 2.6 m, Fs and Fl of the airbag are greater than those of the pontoon,
and when H > 2.6 m, Fs and Fl of the pontoon turn to be greater. When T ≤ 6.2 s, Fs and
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Fl of the pontoon are greater than those of the airbag, and when T > 6.2 s, Fs and Fl of the
airbag become greater.
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5. Conclusions and Future Perspectives

A smoothed particle hydrodynamics (SPH) model was established to simulate the
interaction between waves and mooring floating bodies. After being validated by reproduc-
ing two physical model experiments, it was used to study the hydrodynamic characteristics
of a prototype double-row floating breakwater composed of a cuboid pontoon and a
cylindrical airbag. Conclusions are summarized as follows:

(1) The wave transmission coefficient, response amplitude operators and mooring force
of the double-row floating breakwater first decrease then increase with the increase of
the separation distance between pontoon and airbag. The optimal separation distance
is 0.75 times the wavelength.

(2) At the optimal separation distance and within the concerned 1–4 m wave heights
and 4–7 s wave periods, the pontoon-airbag system presents better wave attenuation
performance than a single pontoon. This improvement weakens as wave height
increases while strengthens as the wave period increases.

(3) The wave transmission coefficient, response amplitude operators and mooring force
of the double-row floating breakwater all decrease with the increase of incident wave
height, which indicates its potential application in a high-wave regime.

(4) The wave transmission coefficient of the pontoon-airbag system, the response ampli-
tude operators and mooring force of the airbag increase with the increase of incident
wavelength, while the response amplitude operators and mooring force of the pon-
toon decrease.

Despite the achievements reached in this study, the following aspects are worth
investigating in the future:

(1) The airbag was temporarily assumed to be rigid and its mass distribution did not
change with the airbag motion. To reflect its physical behavior more realistically, the
external flexibility and the internal ballast water should be taken into account.

(2) No turbulence model was adopted in the fluid equations, and the lumped-mass
mooring model neglected the hydrodynamic, inertial, damping, and frictional contri-
butions. To compute the hydrodynamic characteristics of floating breakwater more
accurately, a suitable turbulence model and a sophisticated mooring model should
be employed.

(3) Only the influence of separation distance and wave parameters on the hydrodynamic
characteristics of double-row floating breakwater was analyzed. To design the floating
breakwater more systematically, a parametric study of the pontoon and airbag should
be conducted.
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