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ARTICLE INFO ABSTRACT
Keywords: Large-scale spatial configurations combining Wave Energy Converters (WECs) and coastal attenuating-wave
Array OWCs facilities have the potential to exploit marine renewable energy sustainably. In this study, an integrated
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concept of multiple Oscillating Water Columns (OWCs) and a very long floating breakwater is introduced.
Associated energy extraction, gap resonance and hydroelastic interaction problems are examined. A coupled
numerical simulation methodology consisting of a Finite Volume Method (FVM)based solver and a Finite
Element Method (FEM) solver, is developed to investigate the strong fluid and structure coupled problem. The
fluid-structure information is matched in real-time and the flexible modes of the floating breakwater are obtained
by imposing a restrained beam inside the pontoon. The accurate time-domain model is validated against both
simulated and measured data. Extensive parametric studies indicate that the energy conversion has a conflict
with the wave attenuation in terms of determining the along-shore number of OWCs. The highest energy con-
version in medium-period and long-period waves are observed in the OWCs near the end and middle locations,
respectively. Besides, the constructive resonant gap effect between OWCs and the breakwater can amplify the
peaks of energy conversion efficiency, leads to a sudden collapse in transmission coefficient curves. With an
increased sidewall draft, OWCs closer to oblique incident direction generate stronger piston-type and sloshing
oscillations. Additionally, compared with a rigid breakwater, the elastic deformation of the breakwater plays a
destructive role in wave energy conversion, which is attributed to the out-of-phase interference of multi-mode
radiated waves.

Consequently, using Wave Energy Converters (WECs) to extract wave
energy and then generate electricity is a promising solution to mitigate
climate warming. So far, various concepts of WECs have been proposed,
which are generally classified into Oscillating Water Column (OWC),
Oscillating Buoy (OB) and overtopping converter [4]. Nevertheless, the
high deployment cost and the low energy conversion efficiency have
hindered the commercialization of WECs compared with other renew-
able energy, i.e. solar photovoltaic and wind energy [5]. Integrating
WECs with other offshore structures would be an effective way to
enhance the accessibility of commercial-scale wave energy operations.

Offshore WEC-infrastructure integrated systems include WEC-
floating breakwater hybrid system, WEC-Offshore Wind Turbine
(OWT) hybrid system, WEC-floating platform hybrid system, and WEC-
aquaculture facility hybrid system. There are multiple benefits of these
types of offshore integrated systems. Firstly, the total output power per
unit ocean spacewill increase due to sharing of ocean space. Chen et al.
[6] conducted both numerical and experimental investigations on a

1. Introduction

Fossil fuels such as coal, oil and natural gas have been used as energy
resources to drive the rapid development of human society in the past
two centuries. However, the excessive usage of fossil fuels leads to
climate-warming problems i.e. global greenhouse effect. According to
the global energy review, the International Energy Agency (IEA) esti-
mated that energy-related CO, emissions grow to 36.3 Gt in 2021 with a
6% increase compared to the emission level of 2020 [1]. To fight global
warming, a transition from fossil fuels to alternative renewable energy
resources is inevitable. Renewable energy is becoming more and more
competitive in the energy landscape as shown in Fig. 1, which is sum-
marized from the data in Word Energy Transitions Outlook 2022
recorded by the International Renewable Energy Agency (IREA) [2].
Wave energy as one of marine renewable energy, is estimated to have a
2.11 TW potential which is almost 20% of the global energy demand [3].

* Corresponding author.
E-mail address: saishuai.dai@strath.ac.uk (S. Dai).

https://doi.org/10.1016/j.rser.2023.114206
Received 10 April 2023; Received in revised form 14 November 2023; Accepted 9 December 2023

Available online 23 December 2023
1364-0321/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:saishuai.dai@strath.ac.uk
www.sciencedirect.com/science/journal/13640321
https://www.elsevier.com/locate/rser
https://doi.org/10.1016/j.rser.2023.114206
https://doi.org/10.1016/j.rser.2023.114206
https://doi.org/10.1016/j.rser.2023.114206
http://creativecommons.org/licenses/by/4.0/

Y. Cheng et al. Renewable and Sustainable Energy Reviews 192 (2024) 114206
Nomenclature Abbreviations
cv Control Volume
Symbols CFD Computation Fluid Dynamics
a OWC opening ratio [—] FEM Finite Element Method
By breakwater width [m] IEA International Energy Agency
Bg distance between OWCs and breakwater [m] LCOE Levelized Cost of Energy
B, OWC width [m] LIMPET Land Installed Marine Powered Energy Transformer
dp breakwater draft [m] OB Oscillating buoy
dy; OWC front wall draft [m] OSPREY Ocean Swell Powered Renewable Energy
doo OWC sidewall draft [m] OWC Oscillating water column
EI bending rigidity [Nm?] OWT Offshore wind turbine
h water depth [m] PRFB Pile-constrained floating breakwater
H; incident wave height [m] PTO Power take off
Ly breakwater length [m] RANS  Reynolds-Averaged Navier-Stokes
L, OWC length [m] TBW The Berkeley Wedge
N the number of OWCs [—] URF Under relaxation factor
R radius of circular orifice [m] VOF Volume of fluid
T wave period [s] WEC 3-D Wave energy converter Three-dimensional
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Fig. 1. Schematic of an array of box-type OWCs parallelly installed at the facing-wave side of a very long flexible floating breakwater.

hybrid system consists of WECs and an OWT, indicating that the peak
output power can be significantly improved from 16.7 MW to 117 MW.
Secondly, the overall construction cost will be reduced by sharing
mooring lines, supporting devices, grid connections and maintenance
equipment. As pointed out by Falcao et al. [7], the Levelized Cost of
Energy (LCOE) of wave energy can be substantially reduced by inte-
grating wave and offshore equipment. Thirdly, WECs can replace fossil
fuels to meet the daily energy needs of offshore platform automation,
due to low costs and high environmental friendliness. For example,
WECs can satisfy the daily power consumption (4.78 kW h) of a typical
single column-dual row offshore cage [8]. Fourthly, an efficient layout
of WECs along the periphery of offshore structures can reduce the
transmitted wave height and provide a mild wave environment down-
stream, which reduces the motion response of floating bodies. Mean-
while, since reflected waves from offshore structures can cause
constructive effects, the power harvesting capacity of WECs can be
potentially enhanced. Therefore, integrating WECs into offshore struc-
tures can generate significant synergies.

To fully exploit the synergistic effects of the integrated system in
wave attenuation, combining different type WECs with floating break-
waters is an effective way. There are usually two ways to integrate a OB-
type WEC with a breakwater: 1) Mechanically connecting an OB type

WEC with a breakwater. 2) treat a breakwater as the floater of a WEC
and extract energy from the motion of the breakwater. Considering the
simplicity of design and the development potential of Pile-constrained
Floating Breakwaters (PFBs), Ning et al. [9] proposed to integrate a
hydraulic PTO system into a PRFB. Garnaud et al. [10] demonstrated
that several small buoys have better energy conversion performance
than a single buoy with the same total volume. Subsequently, Ning et al.
[11] optimized their previous design of a dual-buoy integrated system,
experimental results indicated that the integrated system can broaden
the frequency bandwidth within which the energy conversion efficiency
is higher than 0.3, compared to a sigle buoy. Favaretto et al. [12] found
that there is a phenomenon of superposition of incident and reflected
waves on the facing-wave side of a breakwater, amplifying the energy
conversion efficiency of WECs. On this basis, Zhao et al. [13] designed a
hybrid system consisting of an OB-type WEC deployed on the weather
side of a breakwater and pointed out through experiments that the ef-
ficiency of the WEC arranged on the breakwater heading-to-wave
measurement was significantly improved compared to isolated cases.
As an extension, Ning et al. [14] investigated the wave extraction
capability of an array of WECs arranged on the weather side of a fixed
breakwater. This study discovered the presence of zero efficiencies at
certain wave frequencies. In order to explain this experimental finding,
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Ouyang et al. [15] followed up with a numerical simulation and
concluded that the destructive effect of the Bragg resonance triggered by
the integrated system leads to the sudden reduction in energy conver-
sion efficiency. Madhi et al. [16] proposed a multi-functional structure
called “The Berkeley Wedge” (TBW), which contains a floating
wedge-shaped breakwater with different front and rear drafts. Corre-
sponding studies showed that the design of the asymmetric wedge
resulted in very small radiated waves on the lee side compared to con-
ventional devices with symmetrical drafts, which facilitated an increase
in energy conversion efficiency [17]. Subsequently, to further explore
the potential of the TBW, Madhi and Yeung [18] analyzed the surviv-
ability of the TBW under extreme conditions. Tay [19] proposed a novel
array of raft-type WECs integrated with a long floating breakwater and
implemented a frequency-domain numerical study. The results show
that the hydroelastic response of the floating breakwater affects the
wave energy extraction of WECs. Cheng et al. [20] examined numeri-
cally the wave energy extraction of modular OB-type floating break-
waters deployed at the facing-wave side of a very large floating
structure, demonstrating that WECs can provide the synergy between
energy extraction and hydroelastic reduction.

As a simple and robust WEC, OWC-type WECs also have attracted
numerous scholars to study the feasibility of integrating with floating
breakwaters. Koo [21] designed a floating box breakwater with an air
chamber in the middle to form an OWC device and investigated its wave
attenuation performance. Thanks to the excellent performance of the
aerodynamic damping for dissipating wave energy, this structure has a
smaller transmitted coefficient compared with conventional box-type
breakwaters. Zhao et al. [22] experimentally compared the hydrody-
namics of OWC devices with different chamber numbers, and found that
multi-chamber OWC possesses higher energy conversion performance.
He et al. [23] discerned experimentally the performance of a floating
breakwater with OWC chambers on both front and back sides, and
concluded that an asymmetrical configuration of front and back cham-
bers can cause larger pneumatic pressure. Furthermore, He and Huang
[24] proposed a plie-based breakwater-OWC integrated system and
concluded that the new concept not only has good wave absorption
performance, but also generates an air-pressure difference in the
chamber suitable for converting wave energy into electricity. Sundar
et al. [25] also developed a novel floating breakwater incorporating a
U-OWC device. The superiority of the U-OWC over other OWC devices
has been confirmed by many theoretical and experimental studies [26].
Unlike conventional OWCs, the U-OWC with a vertical duct prevents the
propagation of incident waves into the inner chamber and uses the
vertical motion of the water at the duct opening to create a new form of
excitation, which results in a longer eigenperiod of the U-OWC and a
higher pressure inside the air chamber [27]. In addition, the U-OWC can
improve the safety of the device by avoiding sand entering the chamber
which may reduce air inhalation at the bottom opening [28]. The results
show that the air-storage chamber is embedded inside of a floating
breakwater without changing the geometry shape of the base structure,
and an air turbine is necessary to be installed at the roof of each
chamber, meaning that the structural reliability can be maintained and
the construction cost is low. There are already some practical engi-
neering applications of integrated OWC-type WECs and breakwaters in
the world. For example; the Pico wave energy plant, rated at 31.7 kW, in
Portugal [29], the Ocean Swell Powered Renewable Energy (OSPREY)
OWC plant, rated at 2 MW, in Japan [30], and the Land Installed Marine
Powered Energy Transformer (LIMPET) project, rated 113 kW, in Scot-
land [31].

Moreover, advanced theoretical, numerical, and experimental
methods have been widely used for simulating the hydrodynamic per-
formance of a hybrid system incorporating OWC devices and floating
breakwaters. Based nonlinear potential flow theory, Martins-Rivas and
Mei [32] conducted an analytical study on the hydrodynamic perfor-
mance of an OWC device installed on a breakwater by matching
eigenfunction. Tsai et al. [33] presented a three-dimensional (3-D)
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Computational Fluid Dynamics model (CFD) to investigate the influence
of front wall submergence, orifice size and porosity of perforated front
wall on a modified breakwater-integrated OWC device including a
perforated front wall. Later, by using a 3D time domain model, Zhou
et al. [34] analyzed the coupled hydrodynamic response of an OWCin-
tegrated into an OWT and compared OWC response and corresponding
air pressure with experimental data. Considering the synergistic effect of
multiple OWCs and a breakwater, Zheng et al. [35] developed a 3-D
analytical model to evaluate the impact of an array OWC integrated
into a breakwater in terms of system efficiency. Elhanafi et al. [36]
pointed out that the draft of the front lip of an OWC device can signif-
icantly alter the wave energy capture efficiency by investigating the
water surface motion inside the chamber of a breakwater-OWC inte-
grated device using the Volume of Fluid (VOF) method. Through
viscous-flow CFD simulations, Majani et al. [37] demonstrated that the
energy extraction of the expiratory mode in the chamber of an OWC
device chamber was lower than that of the inhalation mode. Deng et al.
[38] explored the effect of a horizontal bottom plate with a certain
thickness on the wave energy capture efficiency of a breakwater-OWC
integrated system using a CFD solver OpenFOAM.It was concluded
that by selecting a proper horizontal bottom plate, the efficiency of the
OWC can be increased. Based on the Reynolds-Averaged Navier-Stokes
(RANS) equation, Elhanafi et al. [39] established a 3-D CFD model to
compare the energy extraction efficiency of a single-chamber OWC and a
dual-chamber OWC devices. Results indicated that the dual-chamber
OWC has a higher wave energy conversion efficiency when subject to
medium and long wavelengths. Kuriqi et al. [40] elaborated a rela-
tionship between energy production and ecosystem conservation.
Furthermore, Kuriqi and Jurasz [41] reviewed the current status of
renewable energy production and emphasized the objective of maxi-
mizing water power profitability while ensuring “good” ecological sta-
tus. Cheng et al. [42] adopted fully nonlinear wave theory to investigate
the effect of a gap between OWC and floating breakwater on wave en-
ergy conversion. It was found that wave resonance in the gap would lead
to a sudden reduction of wave energy harvesting efficiency. Following
this study, Cheng et al. [43] compared the power extraction and wave
attenuation performance of an OWC-type dual-pontoon breakwater and
an OB-type single-pontoon breakwater. The study concluded that the
hydrodynamic performance of the OWC-type breakwater is superior to
that of the OB-type breakwater with the same pontoon width and mass.
Howe et al. [44] presented an experimental investigation on a floating
breakwater with an array of OWC chambers. It was revealed that wave
energy conversion from OWCs can be improved within a range of wave
frequencies due to the constructive array effects. Furthermore, Howe
et al. [45] experimentally tested the motion characteristics of the
floating breakwater. The results identified that the wave interaction of
chambers influences the breakwater motions.

Existing studies gave enlightening contributions in the configuration
design and performance analysis of the WEC-floating breakwater inte-
grated system, but focused mainly on rigid floating systems. In practical
engineering, in order to provide sufficient shielding area and achieve a
favourable wave attenuating efficiency, a floating breakwater system is
usually assembled by connecting multiple individual modules, leading
to very long floating systems. The high aspect ratio in the longitudinal
and transvers dimensions suggests that the elastic deflections of such
floating bodies should be considered. Additionally, the inhomogeneous
wave characteristics distributed along the very long structure can result
in non-negligible hydroelastic response, especially for oblique incident
wave conditions. Therefore, in this work, a design of integrating mul-
tiple rectangular box-type OWCs at the facing-wave side of a very long-
flexible floating breakwater is proposed. Where an in-line array of OWC
devices is deployed along the length of the floating breakwater. The
novelty and contributions of this work are twofold: firstly to develop a
two-way fluid and structure coupled hydroelastic model to investigate
the effect of breakwater structural deformation, and secondly to assess
both wave energy conversion and wave attenuation performance of the
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Fig. 2. Numerical computational domain.

integrated system.

. The developed methodology consists of both CFD and FEM, where
the CFD is used to solve the fluid problem while the FEM is used to
realise the structure coupling.Hydrodynamic comparisons of the in-
tegrated system with different designed parameters, i.e. OWC num-
ber, OWC-breakwater gap distance, OWC draft, breakwater bending
stiffness and incident wave angle are also examined in the current
work.

The rest of the study is structured as follows. Section 2 describes the
development of a CFD-FEM hybrid model which includes the principles
of compressed air-water-solid interaction, rigid-flexible coupling mo-
tions and multi-body interferences. In Section 3, the developed numer-
ical model is validated. In Section 4, the parametric sensitivity analysis
is presented, which mainly focuses on the optimal configuration of
OWCs within the integrated system and the contribution of the
hydroelastic response of the flexible breakwater to wave resonance in
the OWC chamber and OWC-breakwater gap. Finally, the conclusions
are drawn in Section 5.

2. Mathematical model

In the numerical simulation, four box-type OWCs are parallelly
deployed along the facing-wave side of a very long flexible floating
breakwater with a bending stiffness EI (where E denotes the elastic
modulus and I is the cross-section rotational inertia), as shown in Fig. 2.
The floating breakwater is a single pontoon-type hexahedron with a
length of Ly, a width of By and a draft of dp. Deflection of the breakwater
is restricted to vertical direction only in this study. The mooring system
is ignored in the present work as a mooring system for such kind of

devices mainly prevents the device from drifting away and has little
effect on the device’s motion response. In order to examine the
hydroelastic effect of the floating breakwater on the wave energy
extraction of OWCs, OWCs are assumed to be stationary. All OWCs have
the same geometrical sizes, i.e. identical chamber length L,, chamber
width B,,, draft d,; of the front wall, and draft d,; for the other walls, and
are numbered in ascending order along the global positive y-direction
(see Fig. 1 for the coordinate system). The total length of all the cham-
bers is set to be same as the breakwater length, i.e. L, = N x L,. The gap
distance between the OWC and the breakwater is denoted by B,. The
scattering waves generated by the floating breakwater can induce multi-
mode wave resonance in the OWC chambers and is the research moti-
vation of this work. The overall WEC-floating breakwater integrated
system is established in a cylindrical computational domain with a water
depth h. A fully nonlinear CFD-FEM hybrid model is developed to
accurately solve the above hydrodynamic problems, which is a two-way
coupling simulation between fluid and structure. Compared with the
traditional one-way coupling simulation [46and47], the two-way
coupling simulation does not only consider the effects of water motion
on the structural deformation, but also captures the hydroelastic scat-
tering waves around the structure which can affect significantly the
wave energy extraction of OWCs. Other advantages of the proposed
advanced numerical method include the consideration of the fluid vis-
cosity in the CFD model and the solution of the precise vibrational
modes in the FEM model, avoiding unexpected inaccuracy and di-
vergency during directly simulating the hydroelastic wave resonance in
the WEC-breakwater gap. This section summarizes the numerical model
briefly and detailed solution procedures are referred to Ref. [48].
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2.1. Fluid simulation

According to the physical characteristics of the flow field, the fluid
motion is assumed to be governed by RANS equations [49], which sat-
isfies the continuity, momentum, space-conservation and transport
conditions of scalar quantities. A suitable turbulence model which
provides the closed relationship for the RANS equations should be
employed to simulate strictly the energy dissipation. In this work, the
realizable k-epsilon two-layer model is selected to obtain the turbulent
kinetic energy k according to the values of the strain tensor P

2
K=20P =5 (¥ % v+ p, 0L )

where K; is the eddy viscosity term, u is the viscosity, v is the flow ve-
locity vector, I is the identity matrix and p,, is the water density. The
two-layer model is an alternative approach to solving low Reynold
numbers, which can add the k-epsilon model into the viscosity layer. In
this model, the layer is divided into two layers which are defined as the
near-wall layer and the away-wall layer according to the wall distance
d+

g+ =2 [ @

viip,

where d is the wall distance from the first prism layer, v is the kinematic
viscosity and 7, is wall shear stress. Thus, in the near-wall layer, the
turbulent variables i.e. dissipation rate ¢ and viscosity y, are expressed as
functions of the wall distance d+, which are transferred smoothly to the
values calculated from the transport equation in the away-wall layer. On
the other hand, the turbulent kinetic energy equation is solved within
the total computational domain.

The computational domain is discretized using the Finite Volume
Method (FVM) which solves the integral forms of governing equations in
a finite number of Control Volumes (CVs). The corresponding physical
variables are satisfied in the cell centres of CVs. Additionally, the water
surface is captured by calculating the volume fraction ¢ of the water or
air into each CV, i.e. 6 = 0 means that a CV is filled with only air and ¢ =
1 is full of water. When o falls into the range of 0-1, there exists a water-
air interface which is simulated using the High-Resolution Interface
Capturing (HRIC) discretization approach. A first-order upwind differ-
ence scheme is adopted to solve the transport equation of air or water as
follows

d o; dp, o dp,
= dV i dA = S,———’dV— —Vi(oipva; —tdv 3
61/‘/6 +f£m} X /v p; dt /Vp (owpivas) dt &)

i

where i = w denotes water and i = a denotes air. V and A denote the
volume and surface integrals, respectively. vq is the diffusive velocity, S;
is the user-specified source term.

The boundary condition of the lateral side is set as velocity inlet
which is prescribed by the fifth-order Stokes wave combined with a
wave forcing method to eliminate the reflected waves. The top of the
computational domain is defined as the pressure outlet which is a
Neumann condition where the airflow is fully developed and thus no
fluctuations and reflections occur. The bottom boundary is a no-slip wall
condition where the normal velocity is zero and thus there is only
tangential velocity of the flow along the wall surface. Cartesian hex-
ahedral meshes with trimmed cells are selected to discretize the whole
computational domain. At the water surface, 20 and 80 meshes per wave
height and wavelength are equally distributed along the vertical and
horizontal directions, respectively. An overset mesh scheme is chosen to
resolve the wave-induced motion of the proposed hybrid system. This
mesh scheme consists of two sets of meshes: a spatially fixed background
mesh contains only fluid, and an overset mesh which can move freely
with the hybrid system (as if the system is a rigid body) The overset mesh
is deployed inside the background mesh. During simulation, fluid in-
formation is exchanged between the background mesh and the overset
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mesh through interested meshes. Inside the overset mesh, a mesh
morphing scheme is adopted to account for the structure deformation of
the breakwater, i.e. individual cells inside the overset mesh will deform
in shape and volume when the breakwater exhibits deformation.

2.2. Structural simulation

The structural motion equation of hybrid system is established ac-
cording to the Hamiltonian principle

5/(U—H+W)dt:0 ©)]

where U, H and W denote the elastic strain energy, the kinetic energy
and the potential energy, respectively. The FEM is used to discretize the
wetted surface of the floating breakwater into a series of rectangular
membrane elements which are subjected to fluid loads and are con-
nected to a hull beam by imposing kinematic coupling constraints. The
hull beam is defined as a regular rectangular section whose dimensions
are determined by the vertical bending stiffness of the floating break-
water, and hence its nodal displacement w is expressed by superposition
of the natural modes

m

w= Zéf(t){Df} ®)

where ¢; and D; denote the i-th modal amplitude and natural mode
vector; m is the first mode number. The first six modes i.e. {D;}(i =
1,2,3,4,5,6) represent the six-degree-of-freedom rigid body motions
including surge, sway, heave, pitch, roll and yaw, and the rest corre-
spond to flexible modes of the floating breakwater. In this work, only the
heave responses including rigid motion and elastic deformation of the
floating breakwater are considered, and other horizontal motions are
assumed to be restrained by mooring systems. The global motion
equation can then be obtained from Eq. (4)

(M]{} + [C]{w} + [K]{w} = {F} (6

where {w} is the displacement vector, [F] nodal load vector obtained by
CFD solutions, [K] is the global bending stiffness matrix, [M] is the
global mass matrix and [C] is the global damping matrix. A Rayleigh
damping model [50] is applied to approximate the structural damping
matrix

[C]=7IK] + uM] Q)

where y and u are the damping coefficients which are proportional to the
stiffness and mass, respectively. These are associated with the critical
damping &

L H
=3tm ®)
where A is the eigenvalue corresponding to the modal shape.

Substituting the modal expansion Eq. (5) of the vertical displacement

into Eq. (6), the motion equation can be assembled as follows

MIIDIC} + [CIIDHEY + KD} = {F} ©)

where [D] is the matrix corresponding to natural modes, { is the time-
dependent modal amplitude vector. The natural modes are accurately
captured by solving straightway the following eigenvector equation of a
vibrating beam in dry air, rather than being explicitly set as orthogonal
beam functions or Legendre polynomials.

[K][D] = [A][M][D] (10)
where [)] is the eigenvalue matrix.

Then, Eq. (9) is pre-multiplied by the transposition matrix [D]”, and
can be generalized as follows
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Fig. 3. CFD-FEM coupling process.

(D] M]IDI{C} + [DI'[CIDI{E} + D] KDY = (D] {F) a1 23 CFD-FEM coupling procedure
After Eq. (11) is solved by using a time-marchir{g app.roach i'?' the In general, the interaction of the waves and the integrated system
fourth-order Runge-Kutta scheme, the modal amplitude is substituted includes two parts: rigid body interaction and elastic body interaction,

back into Eq. (5) to respond to the flow field around the integrated and hence the fluid and structural solvers should be operated in a

system. coupled approach. A one-way coupling approach can provide
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reasonable solutions for the rigid motions with a less computational
resource, but does not capture the scattering waves generated by the
flexible deformations. Additionally, the one-way coupling is only
applicable if the deformation of the structure has a very small effect on
the fluid. The additional mass induced by the fluid motion is evaluated
based on empirical formulas which are uniformly used on the sub-
merged surfaces and can not consider fluid interaction with structural
deflections. In this work, the deformation of the floating breakwater is
not negligible and apparently affects the wave propagation along the
WEC-floating breakwater integrated system. Therefore, a two-way
coupling approach is adopted, in which the structural deflection is fed
back into the fluid solver to update the mesh near the body. The whole
motion equations for both the fluid and the structure are simultaneously
solved by iterating back and forth in a cylindrical computational
domain, as shown in Fig. 2. The two-way coupling can be further clas-
sified into explicit and implicit coupling schemes which are appropriate
for a steady-state solution where the motion velocities of the bodies are
approach very small or even zero and a transient-state solution where
the mutual dependence between fluid and bodies is high at each time
step, respectively. In this work, the implicit coupling scheme is adopted
to exchange information including pressure, velocities and deflections
between fluid and structure solvers more than once at each time step, the
simulation will only march to the next time step when residual of the
previous time step is less than 0.001.

The fluid motion is simulated in the CFD software Star-CCM+, which
is used to conduct co-simulations (coupled) of wave-structure in-
teractions with a finite element solver, i.e. Abaqus, as shown in Fig. 3. In
the structural model, the wetted surface of the floating breakwater is
discretized into 2834 4-node quadrilateral membrane elements, and the
bending beam is simulated using 60 Timoshenko beam elements. The
number of data exchanges between fluid and structure is defined as 8 at
each time step so that the co-simulation displacements converge in a
coupled iteration, which is critical for the accuracy and computational
cost of the fluid-structure interaction. The fluid pressures are transferred
from the CFD solver to the FEM solver which calculates the structural
displacement to feedback to the CFD solver. The geometry and co-
ordinates of the floating body are updated simultaneously in both soft-
ware. The grid flux Under Relaxation Factor (URF) related to the motion
of fluid meshes according to the structural deflections is reduced from
the default value of 1.0 to 0.8 to provide numerical stability. Grid
adaptation in the CFD model is implemented using mesh morphing to
follow the structural deflection based on the cluster or scatter of mesh
nodes obtained by the structure solver. The interpolation techniques are
applied to map the data from one solver to the other, which are decided
based on whether the source data is face-centric or node-centric The
overset grid interfaces move in response to the interpolation field
calculated by the morphing motion.

2.4. Energy conversion

The hydroelastic response of the floating breakwater generates
multi-mode radiated waves which affect the water oscillation and the
airflow in OWC chambers. There is a circular orifice installed at the top
of each chamber to model the damping effect of a PTO system. The air
pressure pg; existing inside i-th OWC chamber is expressed as

1
Pm‘zzf)acd Uai(t)luai(t) (12)

where Ug(t) is the airflow velocity through the orifice. In Eq. (12), the
right-hand term is the pressure drop due to the PTO, which results in the
loss of air pressure. Quadratic pneumatic damping coefficient Cy is
determined by

1 2
Ci= (E - 1) as)
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Fig. 4. FEM model of a 6750-TEU containership.

where «a is the opening ratio of the orifice, which is assumed to be
identical for all chambers. C, is the shrinkage coefficient and can be
approximated by taking the average value of C. = 0.61 for a thin-walled
circular orifice. Thus the period-average power extraction by the i-th
OWC device can be expressed as:

to+T . 3
E, :‘&/ PO 4, 14)
T J, P.Ca

where T is the incident wave period, A, is the horizontal water area in
each chamber. The total extracted power E{,"tal by all chambers can be
obtained

N
EY =", 15)
i=1

The energy conversion efficiency R by the array OWCs can be
calculated as follows

total
Ep

= Foiol
EW

(16)

where E® denotes the incident wave energy along the propagating
direction perpendicular to the breakwater length and is written for
regular incident waves as:

1 » 2%k
EtoraIZ_N,L . . . HZ_ 1 _ 1
W =gl hercosOopy g Hi ( +sinh2kh) an

where g is the gravity acceleration, w is the wave frequency, Hj is the
incident wave height, 6 is the incident wave angle with respect to the
positive x-axis direction, k = 2r/4 is wave number, 1 is the wavelength.

The wave attenuation capacity of the integrated system is quantified
by the transmission coefficient K; downstream the breakwater

H,

Kr = E (18)

where H; is the transmitted wave height downstream from the
breakwater.

In order to describe the hydroelastic response distribution along the
floating breakwater, the nodal displacement Eq. (5) can be rewritten in
terms of the Response Amplitude Operator (RAO)

W 72Wmax
0=
H;
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where wp,y is the maximum value of the hydroelastic response.
3. Modal validation

3.1. Hydroelastic response comparison

In order to examine the accuracy of the CFD-FEM hybrid method for
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Fig. 6. Numerical and experimental comparison of wave energy conver-
sion efficiency.

solving the hydroelastic response, a 6750-TEU containership with a
scale ratio of 1:70 is considered in this section, and its hydrodynamic
experiments have been conducted by Kim and Kim [51]. The experi-
mental model has an overall length of Ly = 4.298 m, an inter-vertical
length of L; = 4.094 m, a ship width of B; = 0.571 m, and a ship
height of d; = 0.346 m, inside which a uniform steel beam with bending
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stiffness EI = 5.95 x 10% Nm? is fixed to simulate the hull beam of this
containership. The present numerical model is shown in Fig. 4 using a
total number of 12,618 elements. Fig. 5(a) shows comparisons of the
time series of the hydroelastic RAO between the present solutions and
the experimental data. The input wave parameters are H; = 0.088 m and
T = 0.95 s (A = 4.381 m). It can be seen that the numerical solutions
match well with the measured data in both values and trends. Further-
more, comparisons of the hydroelastic RAO against dimensionless
wavelength A/L; are shown in Fig. 5(b). The slight differences in certain
periods can be attributed to the simplifications of the physical model i.e.
the mass distribution of the hull and the uniform steel beam model.
Overall, the good agreement suggests that the present hybrid numerical
model can efficiently assess the trend of the hydroelastic RAO of flexible
floating bodies.

3.2. Energy conversion comparison

Wave energy conversion of the OWC device simulated by the present
CFD model is validated based on experiments of a triple-chamber OWC
manufactured by Zhao et al. [20]. Fig. 6 shows comparisons of the en-
ergy conversion efficiency R against dimensionless wave number kh. The
input parameters are: chamber draft d,; = dy2 = 0.2 m, chamber width
B, = 0.64 m, opening ratio @ = 1.0%, wave height H; = 0.05 m and water
depth h = 0.6 m. In order to compare the performance of different
models, results provided by a potential model [40] are also presented in
this figure. From the figure, it can be found that the present numerical
model captures accurately the efficiency peaks and their occurring
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Fig. 7. (a) Transmission coefficient and (b) overall energy conversion efficiency against wave period and chamber number.
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Fig. 8. Efficiency contour of different chambers i.e. (a) four chambers, (b) six chambers and (c) eight chambers.

locations i.e. resonant periods. In addition, the present model is in better
agreement with the experimental data than the potential flow model.
The latter over-predicts the power extraction, especially in long-period
waves. This may be because the viscous effect of fluid is neglected in
the potential flow model. In particular, an accurate energy conversion
efficiency is evaluated by the present model in which the water motion
in the OWC chamber is simulated by using the FVM, and the air
compressibility induced by the Well turbine is taken into consideration.

4. Numerical results

Based on the presented CFD-FEM coupling method, the hydrody-
namic performance of a very long flexible floating breakwater inte-
grated with an array OWGs is investigated, including the transmission
coefficient, the energy conversion efficiency, the hydroelastic response
and the wave field around the integrated system. Unless it is specified,
the geometric parameters of the floating breakwater are given as Ly, x By,
x dy=60m x 16 m x 4 m and EI = 1.53 x 10'° Nm?. The number of
OWCGs installed at the facing-wave side of the floating breakwater N = 4,
and has identical dimensions as d,; =2 m, dyp =4 m, L,=15m, B, =8
m and a = 0.625%. Wave conditions are: H;=3.5m,h=10mand T =4
s-12's (A = 28.5m-117.9 m). After the convergence tests with mesh size
and time step are completed, minimal element length [, = 1/20 and time
step dt = T/50 are selected in the following simulation. The configura-
tion of the OWCs as a function of the OWC number, and the spacing
distance between the OWC-breakwater and the sidewall draft of the
OWC is elaborated. The resonant characteristics of the water in both the
OWC chamber and the OWC-breakwater gap are examined. Further-
more, the influences of the bending stiffness of the breakwater and the

incident wave direction are studied to illustrate the relationship be-
tween the wave energy conversion and the hydroelastic response.

4.1. Effect of the number of OWC chambers

This subsection considers the different number of OWC chambers i.e.
N =4, 6 and 8 which corresponds with chamber length L,/h = 1.5, 1 and
0.75, respectively. Fig. 7(a) and (b) plots the variation of the trans-
mission coefficient and the overall energy conversion efficiency with
wave period for different chamber numbers. It is evident from Fig. 7(a)
that within the simulated wave period range, the transmission co-
efficients are almost identical for N = 6 and 8, and are generally larger
than those for N = 4, especially for long-period waves (T(g/h) > 6). This
is because the characterized dimension of the OWC interacting with
waves is determined by both the OWC length and the OWC width in the
cases of obliquely propagating waves (i.e. § = 45°). Compared with N =
6 and 8, N = 4 has the largest chamber plane area in which the water
column can easily enter to trigger piston-type and sloshing-type reso-
nances, leading to more energy dissipation. This is to say, the resonance
modes in chambers are strongly related to the relative dimension of the
chamber to the wavelength. Additionally, this allows for the conjunction
of the crest and trough portions inside the chamber. Thus, the rising and
falling liquid levels cancel with each other, and the compressibility of
the air is reduced, demonstrating that the multiple OWCs have better
overall energy conversion performance as shown in Fig. 7(b). Compared
Fig. 7(a) and (b), it can be concluded that the configuration of multiple
OWCGCs integrated with the floating breakwater could be preferred to
extract full wave energy from constructive array effects, but does not
contribute much to the attenuation capacity of the breakwater.
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Fig. 9. Wave amplitude distribution around the breakwater-OWC integrated system i.e. (a) four chambers, (b) six chambers and (c) eight chambers.

In order to further illustrate the energy conversion of each chamber,
the efficiency contour as a function of wave period and number of OWCs
is shown in Fig. 8(a)-(c) for different configurations. From the
perspective of maximum energy conversion, it is remarkable that the
chamber closer to the incident wave direction extracts more wave en-
ergy for N = 4 in the moderate wave periods (5.9 < T(g/h)%><8) range,
as shown in Fig. 8(a). This is because the wave energy is gradually
absorbed by OWCs along the wave propagating direction, and the
shielding effect also hinders the OWC performance at the middle loca-
tion. As the number of OWCs increases, the discrepancy in efficiency
between chambers becomes more pronounced, especially for N = 8. As

10

shown in Fig. 8(c), the chambers at both ends have better energy
extraction in the range of wave periods (5.9 < T(g/h)o'5 < 10), while
those at the middle location are more effective for long-period waves
(10 < T(g/h)o'5 < 12). The interaction of the incident wave with the
front wall of OWCs generates a large drop in liquid level at the front
sides of chambers far away from the incident direction, which results in
better energy conversion for more distant chambers at both short and
medium periods. For long-period waves, the large motion and defor-
mation of the breakwater can induce multi-mode scattering waves,
which enhance the wave energy conversion of the chambers located at
the middle location. Consequently, for commercialized productions such
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as wave energy exploitation, more OWC numbers in the along-
breakwater direction would be more appropriate, since not only
higher energy conversion can be achieved but also a broader applicable
range of wave period for the WEC is realized.

To distinguish the wave field around the integrated system, Fig. 9
(a)-(c) shows the spatial dimensionless distribution of wave amplitudes
i.e. 2A/Hj (A denotes the wave amplitude at arbitrary coordinate) for
different OWC numbers. A typical standing wave effect can be observed
at the facing-wave sides of chambers, which would harm the structural
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durability due to the large fluid pressure difference between the wave
surfaces outside and inside the chamber. It is also interesting that the
wave elevation at different measurement points in each chamber be-
comes closer to each other as the OWC number increases from N = 4 to
N = 8, which can drive more synchronized pneumatic air movement and
lead to higher wave energy extraction as indicated by Fig. 7(b). Addi-
tionally, the piston mode motion of the water column in the gap between
the OWC and the breakwater is strengthened with increased OWC
number, which in turn transferred more waves toward the chambers.
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Fig. 11. (a) Transmission coefficient and (b) overall energy conversion efficiency against wave period and breakwater-OWC gap distance.
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However, the wave elevation downstream from the breakwater in-
creases with increasing OWC number.

The deflection distribution of the flexible floating breakwater cor-
responding to different wave periods (i.e. T(g/h)o'5 =4.9,7.9and 10.9)
is plotted in Fig. 10(a)—(c). It is clear, as indicated by Fig. 10(a), that for
short-period waves, the deflections at both ends of the breakwater are
larger than those at the middle location. This can be explained by the
free boundary conditions at the ends, which means that both the
bending moment and the shearing stress are negligible at both ends.
Moreover, the deflections remain approximately the same for different
OWC numbers. This proves that the short-period wave absorption by the
array OWC is basically the same for a range of OWC numbers. As N
increases to 6 or 8, the hydroelastic response of the breakwater is
magnified as shown in Fig. 10(b) and (c), which can be attributed to
more transmitted waves over OWCs to fully interact with the break-
water. Fig. 10(c) illustrates that the ratio of the rigid motion and the
elastic deflection is gradually reduced with increasing OWC number in
long-period waves, which further validates the favourable long-wave
attenuation capacity of OWCs with large plane area. Notably, for N =
4, the hydroelastic response at the fore-end invariably is smaller than
that at the back-end, corresponding to the significant increase of scatting
wave elevation in Fig. 9(b).

4.2. Effect of the gap between the floating breakwater and OWCs

To further determine the optimal spacing distance between the
floating breakwater and OWCs, three different OWC-breakwater spacing
distances, i.e. B/h = 0.4, 0.6 and 0.8 are considered. The OWC number
N = 4 is selected and other parameters are the same as in subsection 4.2.
Fig. 11(a) and (b) display the variation of the transmission coefficient

12

and the overall energy conversion efficiency against the wave period. As
shown in Fig. 11(a), for short-period waves (T(g/h)o‘5 < 7), the trans-
mission coefficient decreases slightly with increasing the spacing dis-
tance. This is reasonable as a wider gap can gather more water column
mass which is excited by the transmitted waves. A collapse of the
transmission coefficient is found at T(g/h)*>® = 9 and 10 corresponding
to N = 8 and 6 (4), due to the wave resonance in the breakwater-OWC
gap. This means that the OWC-breakwater gap performs well in the
long-wave attenuation, broadening the period range for effective wave-
blocking capacity. Fig. 11(b) reveals that the energy conversion effi-
ciency is negatively correlated with the spacing distance in short-period
waves, but is positively correlated with long-period waves. In addition,
the narrower gap is more beneficial for the peaks of energy conversion
efficiency. This is because, for large spacing distance i.e. B/h = 0.8,
short-period transmitted waves intercepted by the breakwater cannot
effectively react on the OWC devices, reducing the synergistic effect
between the breakwater and the OWCs. However, in long-period waves,
the large spacing distance is more favourable for the breakwater to
reflect waves into the chambers. At the same time, the location of the
maximum energy conversion efficiency shifts toward a higher resonance
period in the chamber and the variation becomes more gentle with the
spacing distance, which corresponds to T(g/h)*° = 6, 7 and 8 for By/h =
0.4, 0.6 and 0.8, respectively. This can be attributed to the fact that the
waves reflected by the breakwater and the multi-mode waves radiated
from the breakwater enter the chamber simultaneously, leading to a
phase alteration of waves in the chamber.

Furthermore, Fig. 12(a)-(c) shows the deflection distribution of the
flexible breakwater as a function of the Bg/h for short-period waves (i.e.
T(g/h)o'5 = 4.9), medium-period waves (i.e. T(g/h)o'5 = 7.9) and long-
period waves (i.e. T(g/h)o‘5 = 10.9). As indicated by Fig. 12(a), for
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Fig. 13. (a) Transmission coefficient and (b) overall energy conversion efficiency against wave period and sidewall draft of OWCs.

short-period waves, the hydroelastic response at both ends of the
breakwater decreases with increasing spacing distance, while it is
completely opposite situation for middle parts. This is due to the fact
that the shielding effect of the OWCs is weakened with increased spacing
distance, where the hydroelastic response of the floating breakwater
with a larger spacing distance is more sensitive to oblique waves,
inducing an obvious middle arching effect of the flexible structure. For
medium-period waves, the total deflection of the floating breakwater
monotonically increases with increasing Bg/h as shown in Fig. 12(b),
because the higher-order wave components in the OWC-breakwater are
reduced with increased spacing distance. As the wave period increases
from T(g/h)o‘5 = 7.9 to 10.9, a smaller deflection at the middle location
is observed (as indicated by Fig. 12(b) and (c)), suggesting a relatively
more constructive interacting effect between OWCs and breakwater.

4.3. Effect of the sidewall draft of OWCs

As mentioned above, the overall energy conversion of OWCs is
dependent on the water volume in chambers, which is codetermined by
the plane area and the wall draft. So, in this subsection, the hydrody-
namic performance of the integrated system is examined with three
sidewall drafts of OWGs, i.e. dyo/h = 0.2, 0.3 and 0.4. Fig. 13(a) and (b)
display the varying trends of the transmission coefficient and the energy
conversion efficiency against wave period, respectively. Here, the
spacing distance Bg/h = 0.4 is selected and other parameters have been
fixed to be the same as those set in subsection 4.2. It is worth noting that
the present integrated system attenuates transmitted wave height by

(@ 15 ‘
—I—d02=2 m
-® d=3m
-A--d =4m
1.0
=)
=
" \\ /
TAY -:...-0“ l—-‘-—‘.‘_.‘/
0.0
0 1 2 3 4 5 6

combining wave energy conversion by OWCs, wave energy dissipation
in the OWC-breakwater gap and fluid-structure interaction of the
breakwater. Fig. 13(a) shows the slight amplification of the transmission
coefficient in short-period waves (T(g/h)o'5 < 5) with increased sidewall
draft of OWCs due to the higher wave reflection from the back OWC
chamber wall. However, an opposite trend is observed in medium-
period waves (5 < T(g/h)o'5 < 10), which is a result of more viscous
energy dissipation of the water column inside chambers. Besides, the
wave periods corresponding to abrupt drop of the transmission coeffi-
cient increase with dy»/h, and are T(g/h)o'5 =8,9and 10 for dyo/h = 0.2,
0.3 and 0.4, respectively. This is in accordance with the resonance

period T, = {/472(do2 + 0441A§) /g from the OWC, in which T, is the

resonance period of the water column and A, is the plane area of the
chamber. From Fig. 13(b), it is found that the overall efficiency in short-
period waves decreases with increased sidewall draft of OWCs and more
wave energy transmitted over the integrated system, which coincides
well with the variation of the transmission coefficient indicated by
Fig. 13(a). Similar variation is also observed in the long-wave range (T
(g/h)o'5 > 7). This is not surprising because the sidewall draft of OWCs
changes the wave energy distribution in chambers as illustrated by
Fig. 14. For chambers heading toward incident waves, the conversion
efficiency is positively correlated with the sidewall draft. A deeper
sidewall can more effectively intercept oblique waves, which means that
wave propagation can be hindered. Accordingly, the energy conversion
performance of chambers far away from the incident waves is weakened.
Inversely, the shallower sidewall allows oblique waves to propagate

(b) L5

- -0 -0
P N

0.5

—#—d =2m
-e d=3m

& d =4m

0.0

0 1 2 3 4 5 6
x/h

Fig. 14. Deflection amplitude distribution of the flexible floating breakwater along the length direction for different OWC drafts at (a) T(g/h)*> = 4.9 and (b) T(g/
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with high penetrability, leading to almost identical wave energy con-
version among different chambers.

The hydroelastic responses of the flexible breakwater for T(g/h)%° =
4.9 and 10.9 are plotted in Fig. 14(a) and (b), respectively. It is detected
from Fig. 14(a) that the curves of the deflection in short-period waves
have a slight left shift with increasing sidewall draft of OWCs, suggesting
the amplification of the deflection difference between both ends of the
breakwater. Specifically, the protection of the breakwater by OWCs with
deeper sidewall draft is not uniform along the length direction of the
breakwater, which further validates the results in Fig. 12. In Fig. 14(b),
for long-period waves, a smaller deflection of the breakwater can be
achieved for a deeper sidewall draft. Thus, radiated waves with smaller
amplitudes can be generated with the increase of d,/h, and this
shielding effect by the breakwater becomes better which is consistent
with the trend of the transmission coefficient as shown in Fig. 13(a).

4.4. Effect of the breakwater stiffness

The heaving motion of the flexible breakwater includes contribution
from global heave response due to wave and local elastic deformation
due to breakwater elasticity, in which the elastic deformation is strongly
dependent on the material properties of the breakwater and this is
demonstrated by simulating three bending stiffness of the breakwater, i.
e. EI = 3.07 x 10'® Nm? 1.53 x 10'° N/m? and 0.77 x 10'® N/m%
Fig. 15(a) and (b) present the influence of the breakwater stiffness on the
transmission coefficient and the overall energy conversion efficiency. It
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isnoticed from Fig. 15(a) that the transmission coefficient increases with
decreased bending stiffness, especially for medium and long periods (T
(g/h)o'5 > 7), as a result of the significant multi-mode radiated waves
generated by the deflections of the flexible breakwater. In other words,
the resonant modes of this breakwater are more than one. The basic
mode is expected to dovetail nicely with the rigid heaving motion and
the higher-order modes are induced by the flexible stiffness. When the
flexible stiffness is reduced, more higher-order modes are induced and
cause more radiated wave components. The influence of the bending
stiffness on the wave energy conversion is opposite to that on the
transmission coefficient, as revealed by Fig. 15(b). This is because
increased bending stiffness lead to more reflection from the breakwater.
Moreover, higher-order radiated waves inside the OWC-breakwater gap
may weaken the air flow motion in the chamber because the different
interaction among these waves is out of phase.

The hydroelastic distribution of the flexible breakwater in terms of
the motion amplitude for T(g/h)o'5 =4.9and 10.9 are given in Fig. 16(a)
and (b), respectively. The basic shapes of the deflection curves look like
gradually inverted arches with decreasing bending stiffness in short-
period waves as seen in Fig. 16(a), which demonstrates that the de-
flections subjected to oblique waves would be more crucial than the
rigid motions for short wave periods. For long-period waves plotted in
Fig. 16(b), the overall breakwater structure deflection is much smaller
compared with the short-wave period cases because the wave force
experienced by different sections of the floating breakwater is relatively
smaller.
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Fig. 18. Efficiency contour for different incident angles i.e. (a) 6 = 0°, (b) # = 22.5° and (c) § = 45°.

4.5. Effect of the incident wave direction

The above results indicate that the effective wavelength parallel to
the breakwater length has a significant effect on the hydroelastic
response of the flexible breakwater, further changing the scattering
wave field around the integrated system. In this subsection, three
different incident wave angles i.e. § = 0°, 22.5° and 45° are considered.
Fig. 17(a) and (b) present the transmission coefficient and the overall
energy conversion efficiency of the integrated system for different
incident angles. As shown in Fig. 17(a), the transmission coefficient
generally increases with increasing incident wave angle in the period
range (5 < T(g/h)o'5 < 7) and vice versa in the long period range (8 < T
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(g/h)°> < 10). This appears to be caused by the changes in the projected
area along the direction normal or parallel to wave propagation. When
the heading waves interact with bodies, the integrated system has the
maximum projected area normal to the incident direction and provides
favourable attenuation performance in short-period waves. As the inci-
dent wave angle increases, the effective wavelength normal to the
breakwater is reduced and long-wave attenuation is anticipated. It is
emphasized that, with the increase of 6, the sudden drop values of the
transmission coefficient are reduced, and there is a distinct movement of
these values towards a longer wave period. There are three peaks of the
efficiency curve observed for small incident wave angles as shown in
Fig. 17(b), with the main one around T(g/h)o'5 = 6, the second at T(g/
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Fig. 19. Wave amplitude distribution around the integrated system for different incident angles i.e. (a) & = 0°, (b) 6 = 22.5° and (c) 0 = 45°.

1)%5 = 9 and the third sharp one at long period T(g/h)%° = 11. It also
reveals that smaller incident wave angles are more favourable for array
OWCs extracting wave energy. This would be associated with the fact
that a smaller incident angle enhances the consistency of the liquid level
rising and falling within the chamber, which can be further explained by
the wave field as shown in Fig. 18 (T(g/h)o'5 = 7.9). The high consis-
tency of the liquid motion in the chamber can fully utilize the wave
absorption effect of the pneumatic damping and compress the air inside
the chambers more effectively. Notably, the incident angle changes the
wave propagating characteristics. Specifically, stronger reflected wave
energy is evenly concentrated at the facing side of OWCs with reduced
incident angles, leading to lower wave transmission and a larger
shielding effect of the breakwater.
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Meanwhile, the efficiency distribution along all chambers for
different incident wave angles varies with wave period, as shown in
Fig. 18(a)(c). It can be learned from Fig. 18(a) that for headwaves, i.e. 8
= 0°, the efficiency of each chamber is more or less similar, and the
chambers near the middle location outperform those at the ends, illus-
trating a constructive array interaction between chambers. Fig. 19(a)
shows that the liquid level within the chambers rises and falls with a
high degree of uniformity, which allows the OWC device to fully exploit
the wave attenuation effect of OWC pneumatic damping and compress
the air within the chambers more efficiently. As the incident angle in-
creases to § = 22.5° as plotted in Fig. 18(b), the efficiency difference
among different chambers becomes more obvious, and the energy con-
version performance of OWCs at lee side cannot continuously converter
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wave energy in a broad range of wave periods. For example, for short-
period waves, the chambers closer to the incident direction are more
advantageous, whereas for long-period waves, those near the back end
of the breakwater perform better. When 6 further increases to 45°, the
energy conversion sharply decreases. This can be explained by the
reflection cause by the breakwater. In the open water domain, the height
of undisturbed propagating waves is H;, but that at the facing-side of the
breakwater can reach approximatively a maximum value of 2H; for
incident angle # = 0° based on the principle of complete reflection. This
significantly enhanced the wave energy conversion, simply due to more
available wave power. For oblique incident waves, the reflection by the
breakwater is weakened due to part of wave propagation along the
breakwater length. Also, it can be seen in Fig. 19(b) and (c) that the
fluctuation of the liquid level inside the chamber increases with the
increasing angle of incidence, but this irregular rise and fall of the liquid
level is detrimental to the efficiency of OWCs. Hence, High energy
conversion of OWCs benefits from both the constructive array effect and
the constructive reflection effect introduced by the breakwater.

Fig. 20(a) and (b) shows the hydroelastic response of the flexible
breakwater for T(g/h)o'5 = 4.9 and 10.9. For incident angle 6 = 0°, the
breakwater always maintains an obvious rigid motion and small defor-
mation due to uniform wave loads on the wetted body surface. As
incident wave angle increases in long-period waves, as shown by Fig. 20
(b), the motion response reduces because of the characteristic length of
breakwater along wave propagation direction increases. This leads to
response out of phase with waves, and thus wave loads are more uneven,
making the role of the deformation in the total response more
prominent.

5. Conclusions

Very long floating breakwater systems are more appropriate in
practical coastal engineering to provide sufficient shielding areas and
protect coastal infrastructures. On the other hand, to accelerate
commercialization of WEC devices, an array configuration with efficient
wave energy conversion can be implemented onto a very long floating
breakwater. In this work, the wave energy absorption by multiple OWCs
integrated with a long-flexible floating breakwater is investigated. There
exists a narrow gap between OWCs and the breakwater, inducing
obvious wave resonance and energy dissipation. Combining CFD and
FEM theories, a two-way coupling numerical model is established to
solve the hydroelastic problem, which includes the deflections of the
flexible breakwater in the simulation. The hydrodynamic mechanisms of
the proposed concept, including air-water-solid interaction, rigid-
flexible motions and multi-body interferences of the present integrated
system, are elaborated. The numerical simulation examed the effect of
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different designed variables, i.e. OWC number, gap distance, OWC draft,
breakwater stiffness and incident wave angle, which can obtain the
fundamental rules of both wave energy conversion and wave height
attenuation associated with the integrated system. Some valuable con-
clusions can be summarized as follows

(1) The investigation on the number of OWC devices suggests that a
smaller number of larger-plane OWCs are preferred in terms of
wave attenuation performance, however, a smaller number of
OWCs weakens wave energy conversion. Under the premise of
identical dimensions, the one(s) near the end and middle loca-
tions have the highest energy conversion in medium-period and
long-period waves, respectively.

There is a sudden collapse in the transmission curve with a wave
period around the resonant period of water in the OWC-
breakwater gap. Water motions in a narrower gap can enhance
the maximum energy conversion efficiency when subject to
shorter wave period waves.

Both the wave transmission coefficient and the energy conversion
decrease with increasing sidewall drafts of OWCs.

Due to the large length-width ratio, the floating breakwater lies
on the water surface behaves like a compliant body (hydroelec-
tricity). Simulation results suggest that those multi-mode radi-
ated waves induced by elastic deformations play a destructive
role in wave energy attenuation and wave energy conversion for
most of the investigated wave periods. However, the reflected
waves by the breakwater can boost the excitation energy flux,
leading to a higher energy conversion.

The incident wave angle affects water resonances inside the OWC
chambers and the OWC-breakwater gap, and therefore affects the
wave energy absorption by the integrated system. Specifically,
the wave energy distribution is uniform along the array config-
uration subjected to head waves, whereas that is gradually
balanced by individual OWCs with increasing incident angle.

2

(3)

(€]

)

The design of the array WECs integrated with a long floating
breakwater can provide a promising way to achieve both marine
structural protection and wave energy utilization, helping to guide
optimal configuration and commercial operation. For this very long
floating integrated system, wave-air-structure interaction is a complex
physical problem. The advantages of the present numerical method
include the consideration of fluid viscosity, hydroelastic responses and
multi-body interferences. The limitation of the present work is the
assumption that only the heave motion is considered, and all horizontal
motions are restricted numerically. The horizontal motions may have an
impact on the wave energy conversion of the integrated system and is
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will be included in future study.

When the proposed integrated system is deployed in realistic irreg-
ular waves with spread directions, the hydrodynamic behaviour is more
complicated due to the coexistence of multiple incident wave fre-
quencies and directions, multiple opening structures and multiple
moving modes, which are all coupled to each other. The present CFD-
FEM hybrid method can be extended straightforwardly to an in-depth
study of this mechanism, which will also be explored in the future as a
continuation of this work.
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