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ABSTRACT 

Combing floating breakwaters with wave energy converters (WECs) and integrating them into 
very large floating structure (VLFS) can provide a viable option to explore economically offshore 
wave energy resources and simultaneously to protect marine structures. In this paper, the 
time-domain numerical model is developed based on the modal expansion theory with nonlinear 
consideration to optimize the design and layout of an integrated system of modular WEC-type 
floating breakwaters and a pontoon-type VLFS, with emphasis on the effects of the WEC 
geometric size and shape, the WEC-VLFS gap distance and the wave nonlinearity on wave energy 
extraction, hydroelastic response, and gap resonance. A hybrid finite element (FE)-boundary 
element (BE) method is presented to simulate the structures as Mindlin plate elements and the 
water waves as fully nonlinear potential flow boundaries, respectively. Breakwaters as WECs with 
deeper draft and larger length are found to more fully interact in phase with long-period waves, 
and receive more wave energy extraction and larger hydroelastic response reduction. The addition 
of breakwaters has a favorable effect on the wave energy extraction, but a destructive effect on the 
hydroelastic reduction. Importantly, wave resonance induced by the multi-modal scattering waves 
in the WEC-VLFS gap leads to multiple peaks of the power capture efficiency, and improve the 
hydroelastic reduction in long-period waves with increasing gap distance. Compared to the 
symmetric-shape WECs, the asymmetric-shape WECs strengthen the gap resonant effect, which 
improves both the wave energy extraction and hydroelastic reduction for a broader frequency 
bandwidth. The findings of this study indicate the synergistic benefits of wave energy exploitation 
and transmitted wave attenuation at the fore-end of VLFSs. 
Keywords: Floating breakwater; Wave energy converter; Very large floating structure; Power 
capture efficiency; Hydroelastic response reduction; Hybrid finite element-boundary element 
method 

1. Introduction  

Ocean wave energy as one of the most promising resources of ocean renewable energy, has 
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received wide attention due to its high energy flux intensity (about 2-3 kW/m2 [1]), low carbon 
impact, and wide-spread availability. According to energy conversion mechanisms, the main 
categories of wave energy converters (WECs) are composed of oscillating-buoy (OB) type, 
oscillating water column (OWC), and overtopping (OT) device [2]. Among these WECs, the 
OB-type device is one of the most popular devices with regard to its simple geometry, and more 
importantly, its cluster application for an array configuration. Generally, the fundamental 
component of an OB-type WEC is an oscillating floater which is connected to a power take-off 
(PTO) system by a mooring system or a rigid driving link. Such floater motion can dirve the PTO 
system directly and be converterd into electricity. Although the hydrodynamic performance of 
OB-type WECs have been extensively studied by researchers and engineers, the anticipated cost 
of wave energy converters is still very high compared to the cost of larg-sclae coal-burning power 
plants [3]. Integrating OB-type WECs into other mairne structures would achieve synergy among 
multi-purpose objectives by sharing construction costs and exploitable space.  

WECs extract part of incident wave energy and reduce the transmitted wave height, while the 
purpose of installing breakwaters is to attenuate wave energy from open sea and provide sheltering 
area for port engineering and marine aquaculture. There is a common feature for WECs and 
breakwaters in terms of the principles of wave absorption, which attracts the attention on the 
hybrid system combing OB-type WECs and floating breakwaters. Ning et al. [4] proposed a 
pile-restrained WEC-type floating breakwater which consists of a rectangular-box floating 
breakwater as a base structure, with a PTO system installed above the box. The experimental 
results revealed that the heave motion of the floating breakwater can be reasonably controlled by 
adjusting PTO coeffcienct, that leads to realization of both capture efficiency with 25% and 
transmission coefficient with 0.5 at moderate wavelength. Based on linear potential flow theory, 
Zhao et al. [5] further investigated analytically the hydrodynamic performance of such kind of 
hybrid system by adopting the eigenfunction matching method. Zang et al. [6] clarified the energy 
extraction difference between regular and irregular wave cases, discovering that the capture 
efficiency of the WEC subjected irregular waves is higher (approximately 5-40%) than that 
subjected to regular waves for the same wave paramters. Chen et al. [7] focused on the effects of 
the bottom shape of the floating breakwater on wave energy extraction by using the particle-in-cell 
method in an OpenFOAM library. Zhang et al. [8] compared the wave attenuation and the energy 
extraction of a floater with square bottom, Berkley Wedge bottom proposed firstly by Madhi et al. 
[9] and triangular-baffle bottom by establishing a two-dimensional computational fluid dynamic 
(CFD) model, obtaining that the asymmetric floater such as Berkley Wedge bottom and 
triangular-baffle bottom has higher converted energy efficiency compared to the symmetric floater 
and the triangular-baffle bottom can enhance the maximum capture efficiency up to 90%.  

Comparing with the single floater system, the dual floater hybrid system including a floating 
breakwater and a WEC at front of the breakwater, can sigficantly enhance the wave attenuaction 
and energy extraction in long wave region due to the increase of effective structural width along 
wave propagation. Martinelli et al. [10] conducted a flume experiment on a hybrid system 
consisting of a WEC device and a floating breakwater. The balance between extracting wave 
energy and attenuating transmitted wave height is ananlyzed in depth. Ning et al. [11] developed a 
theoretical model to estimate rapidly the hydrodynamics of a dual-potoon floating breakwater, 
showing that the dual floater system can broaden the effective frequency bandwith of energy 
extraction compared to the single floater system [4]. Zhao et al. [12] also conducted the relvant 
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small-scale experiments to validated the theoretical solutions, and showed that the wave energy at 
weather side of the floating breakwater can be amplified due to the superposition of incident 
waves and reflected waves. Reabroy et al. [13] applied the commercial Start-CCM+ software to 
explore the effect of vortex field on the heaving motion of the WEC. It is found that the boundary 
layer separation induced by the vorticity effect can enhance obviously the energy extraction. 
Along the same numerical lines, Zhang et al. [14] studied the effect of the gap between two 
floaters on the system performance, revealing that the internal fluid motion in the gap can lead to a 
higher wave energy exraction. Previous studies have shown the efficiency of the floating 
breakwater as an OB-type WEC in extracting wave energy, but have mainly focused on the 
hydrodynamic performance of the floater system. There have been few reports to date about the 
coupling effect of the floating breakwater-WEC device integrated into marine structures, which is 
one of the important considerations for the preliminary design of the WEC-platform integrated 
system. 

Very large floating structures (VLFSs) can be regarded as an effective option of utilizing ocean 
space due to low environment impact, no requirements on marine geological conditions, flexibility 
and most importantly inexpensive in construction. In recent years, VLFSs have been gradually 
appearing in many applications such as floating airports, oil storage facilities, floating artificial 
island and floating piers [15]. A typical VLFS has large horizontal dimensions ranging from 
several hundred meters to sever kilometers, but the depth is only several meters. For example, the 
Mega-Float model which moored in Tokyo Bay has a length of 1000 m, a width of 121 m and a 
depth of 3m [16]. Given such a large ratio of length and depth, the VLFS would behave elastically 
under waves, which indicates that the safety and comfort are directly dependent on the 
hydroelastic response. Thus, many additional devices are proposed to integrate on the weather side 
of the VLFS for reducing the hydroelastic response of VLFS, which has been described by Wang 
et al. [17]. These devices include auxiliary attachments by Khabakhpasheva and Korobin [18], 
fixed breakwaters by Ohmatsu [19] or floating breakwaters by Tay et al. [20], submerged 
horizontal/inclined plates by Cheng et al. [21], porous barriers by Singla et al. [22] and air-cushion 
structures by Ikoma et al. [23]. Motivated by the merits of WECs integrating into marine 
platforms, Tay [24] proposed a PTO system attached on the hinge connerctors between an 
articulated plate anti-motion device and a pontoon-type VLFS, and adopted a finite 
element-boundary element (FE-BE) hybrid method in the frequency domain to illustrate the 
functions of the articulated plate as both anti-motion device and WEC device. Nguyen et al. [25] 
extended the same numerical method to optimize the size and layout of array WEC-type 
articulated plates attached the fore-end of a VLFS, finding that the energy extraction can be 
enhanced by adjusting the array number and PTO damping. Zhang et al. [26] adopted a frequency 
domain discrete-module-beam-bending hydroelsticity method [27, 28] to analyse the vertical 
deflection and energy extraction of a VLFS with a WEC unit. Desmars et al. [29] developed a 
BEM model based on modal decomposition to investigate wave energy extraction generated by a 
heaving WEC connected to VLFS at one end and to the seabed at the other end. Zhang et al. [30] 
peformed a 3D numerical simulation of a modularized VLFS consisting of multiple boxes which 
are coupled by hinges and embedded WECs. It was found that the built-in WECs can extract wave 
energy and suppress heaving motion of VLFS simultaneously. Nguyen et al. [31] investigated the 
effectiveness of two-mode WECs including floating horizontal plates and submerged vertical 
plates for reducing the hydroelastic response of VLFS and extracting wave energy.  
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It is not possible to generalize the effect of adding modular floating breakwaters as array 
WECs to the fore-end of a VLFS from existing hydroelastic investigations. In addition, the 
relating works on the fluid motion in WEC-VLFS gap are still scace, especially for 3D nonlinear 
simulation. The internal fluid motion is complicated due to the multi-modal radiation effects 
induced by the hydroelastic response of the VLFS, and affect the energy extraction performance of 
WECs. Thus, the motivation and novelty of this work is twofold; firstly to develop an accurate 
numerical method to optimize the size and configuration of WEC-floating breakwater integrated 
devices at the weather side of the VLFS from the objectives of both extracting wave energy and 
reducing hydroelastic response, and secondly to examine the influence of nonlinear fluid motion 
in the WEC-VLFS gap on the hydrodynamic performance of the integrated system. This will help 
lead to space-sharing WEC-floating breakwater-VLFS solutions that help reduce the construction 
cost and make wave energy exploitation more competitive. 

This paper is organized as follows. Section 2 describes detailedly the establishment of a 
multi-body hydroelastic model based on modal expansion theory in the time domain. Numerical 
results are compared with the published experimental and numerical results for wave interaction 
with dual-floater system and hydroelastic analysis of a pontoon-type VLFS in Section 3. Then, in 
Section 4, the optimal size and configuration of WEC-floating breakwater integrated devices are 
obtained by conducting a series of parametric solutions including geometric parameters, wave 
parameters and PTO coefficients. Moreover, the motion features of the water surface elevation in 
the WEC-VLFS gap are systematically studied. Finally, the conclusions are given in Section 5. 

2. Mathematical model 

2.1 Problem definition 

A pontoon-type VLFS which is modelled as a floating rectangular plate with dimensions of 
length Lv×width Bv×thickness hv, is considered in Fig. 1. The structural density and bending 
rigidity are denoted by ρv and D= Ehv3/[12(1-k2)], respectively, in which E is the Young's elastic 
modulus and k is the Poisson’s ratio. It is assumed that the horizontal motions of the VLFS are 
completely constrained by the mooring dolphin-rubber fender system [31], and only the vertical 
deflection W(x,y,t) subjected waves is considered. An array of box-type floating breakwaters as 
WECs with identical size are equally placed at the fore-end of the VLFS, in which the independent 
PTO system is installed at the top of each breakwater to control the heave motion of the 
breakwater. The performance of each PTO system is assumed to be linear and is modelled as the 
combination of an elastic stiffness coefficient cpto,i and a mechanical damping coefficient bpto,i. The 
length, width and draft of each floating breakwater are denoted by Lw, Bw and dw, respectively. The 
distance between adjacent floating breakwaters is defined as d1, and the gap between floating 
breakwater and VLFS is d2. In order to simulate accurately the heaving motion of each floating 
breakwater and the hydroelastic response of the VLFS, two right-hand Cartesian coordinate 
systems including space-fixed oxyz, VLFS-fixed ovxvyvzv and each floating breakwater-fixed 
oixiyizi coordinates are defined in Fig. 1, in which these floating breakwaters are numbered from 1 
to NF and i denotes the i-th floating breakwater. It is noted that Bv=NF×Bw+ (NF-1)×d1.  

The integrated system of VLFS and floating breakwaters as WECs floats on an ideal fluid 
domain which is incompressible, inviscid and irrotational, and is subjected to regular waves with 
incident wave height HI and wave period T. The water depth is defined as hw. The wave 
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nonlinearity may cause the significant deviation of wave energy extraction [32], and thus a fully 
nonlinear model in time domain is developed in this paper to capture accurately the fluid motion at 
inner and outer domain. Some wave gauges which are numberd from WG1 to WGNF/2 are installed 
at middle postion of the WEC-VLFS gap along y-axis direction, to measure the instantaneous 
surface elevations induced by the reflection from VLFS and the re-reflection from floating 
breakwater, the hydroelastic response of VLFS and the heaving motion of floating breakwater. 

 

Fig. 1. A diagram of 3D waves interact with the floating WEC-type floating breakwaters deployed at the weather 

side of the VLFS 

2.2 Motion equations of VLFS and floating breakwaters as WECs 

   According to the dynamic theory of the Mindlin thick plate [33], the pontoon-type VLFS is 
modelled as an elastic, isotropic and shear deformable plate. The unkown displacement vector W 
includes three terms: the vertical deflection W(x,y,t), the rotation Ψx(x,y,t) about the y-axis and the 
rotation Ψy(x,y,t) about the x-axis, and statisfies the following differential motion equation 

2( ) sD  + + =1 2 3W W PB B B                                                (1) 

where B1 and B2 are the differential operators and B3 is the the constant matrix which have been 
given in Ref. [34]; P is the fluid pressure on the wetted body surface. In this paper, the VLFS is 
assumed to be not constrained along the z-axis direction, and the free boundary condition at edges 
of VLFS can be derived as follows 

 [ ] 0 / 2, / 2x L y B= =  = fD       for Bending/Twisting moment      (2) 

 [ ] 0 / 2, / 2s x L y B= =  = D       for shear force                    (3) 

where [Df], [Ds], {χ} and {γ} denote the flexural elasticity matrix, the shear elasticity matrix, the 
flexural strain and and the transverse shear strain, respectively. 

Based on the modal expansion theory, the displacement vector W of VLFS can be expressed 
as a series of products of the modal functions and modal amplitudes 

      ( ) x

y

w
j

j j

j

f

t f

f







 
 

= =  
 
  

W f                                                   (4) 

Wave energy extraction and hydroelastic response reduction of modular floating breakwaters as array wave energy converters integrated into a very large floating structure

5



where ζj denotes the j-th modal amplitude; the subscript j is the mode number; f j
w, x

jf   and y
jf   

are j-th resonant modes which are obtanined by solving the following structural eigenvector 
equation 

       ( ) [ ]  + = f sK K f M f                                               (5) 

where [Kf] and [Ks] are the global flexural stiffness matrix and the global shear stiffness matrix for 
VLFS structural model, respectively; [λ] is the square diagonal matrix of j-th resonant frequency. 
   The hydroelastic analysis of the VLFS in the time domain may be conducted by using the 
hybrid finite element-boundary element (FE-BE) method. In this model, the VLFS model is firstly 
discretised with a number of the non-conforming quadratic-serendipity (NC-QS) Mindlin plate 
elements [34]. Each element comprises 8 nodes, and each node has three motion degrees of 
freedom which can be interpolated by basis shape function matrix [N] [34]. Following the FEM 
procedure, the motion equation (Eq. (1)) for VLFS can be written in the following global form: 

            [ ] ( ) + + + + = W W Wf s re wM C K K K F                         (6) 

where [M] is the global mass matrix; [Kre] is the global restoring force matrix; [C] is the 
hyrodynamic viscous damping matrix which is negelected based on the assumption of potential 
flow theory; {Fw} is global wave force vector. All these global matrixes are derived from each 
element matrix. Then, by substituting the displacement expression (Eq. (4)) into Eq. (6) and 
premultiplying both sides of the Eq. (6) by the transposed matrix [f ]T of modal functions, the 
entire set of linear equations can be given by   

         [ ] + + = wGM GC GK GF                                        (7) 

where 

   [ ] [ ]T=GM f M f                                                        (8) 

    [ ]T=GC f C f                                                         (9) 

       [ ] ( )T  = + + f s reGK f K K K f                                         (10) 

   [ ]T=w wGF f F                                                          (11) 

are defined as the generalized mass matrix, the generalized damping matrix, generalized stiffness 
matrix and generalized wave force vector, respectively. 
   Floating breakwaters as WECs are assumed to have heaving motion only, and the motion 
equation of i-th floating breakwater can be written as 

, , ,i i pto i i pto i i f im z b z c z F+ + =&& &                                                     (12) 

where zi, iz and iz  is the heaving displacement, velocity and acceleration of i-th floating 

breakwater, respectively; mi is the structural mass; Ff, i is the vertical wave force on body surface.  
   The wave force vector in Eq. (6) for VLFS and vertical wave force in Eq. (12) for i-th floating 
breakwater are calculated by integrating hydrodynamic pressure over the wetted body surface 
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where ρ is the fluid density; nz, i denotes the unit normal vector along z-axis; g denote the 
acceleration induced by gravity load; sB, i is the wetted area of body surface; the total velocity 
potential Φ represents fluid motion and is obtained using the following BEM solutions. 

2.3 Motion equations of fluid flow 

   The total velocity potential Φ can be divided into two parts i.e. i.e. incident waves ΦI and 
scattering waves ΦS in terms of the scattering principle. In the time-domain fully nonlinear model, 
the fifth order periodic Stokes wave [35] is adopted as incident wave potential ΦI, while the 
scattering potential ΦS must satisfy the Laplace equation, the dynamic and kinematic conditions 
on the water surface, the instantaneous motion condition on the wetted body surface, the 
impermeable condition on the seabed bottom and the radiation condition at far field. Based on the 
second Green’s law, the integral equation about the the scattering potential ΦS can be obtained: 

( ) ( , )( ) ( ) ( , ) ( )S
S S

GG d
n n




 
 = − 

 
q p qp p p q q                                 (15) 

where p(xs, ys, zs) and q(xf, yf, zf) are the source and field points, respectively; α denotes the solid 
angle coefficient which is decided in terms of the relative location between the source point p and 
the field point q; Γ is the whole integral boundary. G is the simple Green function with a Rankine 
source and its image with respect to the seabed bottom as follows 

2 2 2 2 2 2

1 1 1( , )
4 ( ) ( ) ( ) ( ) ( ) ( 2 )s f s f s f s f s f s f w

G
x x y y z z x x y y z z h

 
 = − +
 − + − + − − + − + + +
 

p q  (16) 

   By following BEM solving procedure [36], the whole boundary of computational domain at 
each time step is discretised with higher-order boundary elements i.e. the eight-node quadratic 
isoparametric elements, and Eq. (15) can be written as  

1 2 1 1 1 18 8

1 1 11 1 1 1

( , )( ) ( ) ( , ) ( , ) ( , ) ( , ) ( , )
e eN N

S
S i S i

j i i

GG A J A J d d
n n

          
+

= = =− − − −

 
 = − 

 
     

p qp p p q (17) 

where Ne1 and Ne2 denote the element number on the water surface and other surfaces, 
respectively; J is the Jacobian matrix; ε and ξ are the local intrinsic coordinate in each element; Ai 
is the quadratic shape function. By moving the unknowns i.e. velocity potential on wetted body 
surface and derivative of velocity potential on water surface to the left-hand side of Eq. (17), and 
remaining the rest terms on the right-hand side, the algebraic system can be assembled and solved 
to obtain the velocity potential. Some auxiliary functions [37] are then introduced to calculated 
accurately the first term in Eqs. (13) and (14) (i.e. the temporal derivative of the velocity potential), 
while the calculation of the second term (i.e. the spatial derivatives of the velocity) is 
straightforward by using the same shape functions in Eq. (17). Meanwhile, the dynamic and 
kinematic conditions on the water surface can be regarded as the ordinary differential equations 
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and advanced in time using the fourth-order Runge-Kutta (RK4) approach for the new water 
surface elevation η at the next time. Furthermore, the meshes on the water surface are re-generated 
[38] to avoid the scattering or clustering phenomenon of discrete nodes during update process, and 
the simulation enters the next computational loop. 

2.4 Wave energy extraction 
Based the equilibrium principle of the inertial term and the restoring force [39], the resonant 

periods Tn, i for i-th floating breakwater can be expressed as  

, ,
,

,

( )
2 / pto i z i

n i
i z i

c c
T

m a


+
=

+
                                                    (18) 

where az, i are the added mass which can be obatiend through linear potential model [40] for 
OB-type WEC device; mi is the mass of i-th floating breakwater and cz, i is the corresponding 
restoring force coefficient due to the difference between the hydrostatic term and the structural 
weight. 

For each OB-type WEC with single degree-of-freedom (DOF) motion, the optimal PTO 
damping coeffiecient bopt, i can calculated [41] 

2 2
, , ,

, ,2

(( ) ( ))i z i pto i z i
opt i z i

m a c c
b b





+ − +
= +                                     (19) 

where ω denotes incident wave frequency; bz, i is the radiation damping for i-th WEC. 
   The heaving motion of floating breakwaters is converted into electricity by PTO system, and 
the total average generated power Ep is calculated as follows 

, 2
,

1 1

F F t nTN N
pto i

p p i i
i i t

b
E E z dt

nT

+

= =

= =   &                                                 (20) 

where Ep, i denotes the average generated power of i-th floating breakwater; n is the number of 
motion period;. 
   The capture efficiency R is an important factor to evaluate the wave energy conversion, and 
can be expressed as [14] 

p

w

E
R

E
=                                                                     (21) 

where incident wave energy Ew within one incident wave period can be given by 

 

21 2(2 / )(1 )
16 sin 2(2 / )

I F w
w

gH N B hE
T h

   

 
= +  (22) 

where λ is the wavelength, and Hi is incident wave height. 

   The effectiveness of the breakwaters as WECs for reducing the vertical deflection at fore-end 
is defined as the hydroelastic response reduction (HRR) as follows 

1

0

1 f

f

HRR



= −  (23) 

where ζf0 and ζf1 denote the hydroelastic response amplitude at the fore-end of the VLFS without 
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and with WEC-type floating breakwaters, respectively. 
In order to evaluate the effect of the WEC-VLFS gap on the system performance, the 

coefficient Cw is defined as 

w
i

C
H


=  (24) 

where △η is the maximum wave height recorded by the speficied wave gauge in the gap between 
WEC and the VLFS. 

3. Convergence study and comparison 

3.1 Convergence study 

   An integrated system of a pontoon-type VLFS and three floating breakwaters as an array of 
WECs, is chosen to conducted the mesh, time and modal convergence studies. The 
non-dimensional length, width Bv, thickness hv of the VLFS are Lv/hw=2.17, Bv/hw=0.43 and 
hv/hw=0.026, where the constant water depth is hw=2.3 m referring to Maeda et al. [42]. The elastic 
modulus, structural density and poisson’s ratio of the VLFS is set as E=2.91×106Pa, ρv=615kg/m3 
and k=0.3, respectively. All floating breakwaters are of identical demensions with Bw/hw=0.13, 
Lw/hw =0.217 and dw/hw =0.043. The distance between floating breakwaters and the gap between 
floating breakwater and VLFS are d1/hw =0.021 and d2/hw =0.065, respectively. The PTO system 
installed above each breakwater is simulated by the mechanical stiffness cpto=0. and the 
mechanical damping bpto=9.0 N·s/m. The input wave parameters include wave height HI=0.02 m 
and wave period T=1.1 s. The whole simulated cylindrical domain is defined as 15λ (radius) ×2.3 
m (water depth). On the water surface SF, the radial-circumferential length ratio is set as 1.0, and 
the mesh size along the radial direction increases gradually toward the truncated boundary at far 
field with a fixed ratio i.e. Λ=1.02. Along the vertical direction of the truncated boundary, some 
layers are specified. On the body surface, 7 layers and 9 layers are distributed along the height of 
the VLFS and each breakwater, respectively. Three mesh schemes are examined. Mesh a adopt 15 
segments per wave length on the water surface. And on body surface, along the length and width 
direction, the VLFS is divided into 100 and 20 elements, while the floating breakwater is divided 
into 10 and 13. Mesh b is the finer mesh scheme where the element number on both the water and 
body surfaces is doubled compared to Mesh a. Mesh c is the coarser mesh scheme where the 
element number is two-thirds of Mesh a. Here, the time step is set as dt=T/60. Fig. 2 shows the 
time series of the heaving motion velocity with different mesh schemes for WEC #1 and #2 
indicated in Fig. 1. The motion results of two WECs converge rapidly with decreasing mesh size, 
and the amplitude difference between the Mesh a and Mesh b is less than 3%. This illustrates that 
the intermediate mesh scheme can predict accurately the energy extraction performance of WECs. 
Furthermore, the temporal convergent tests are conducted with three different time steps i.e. 
dt=T/100, dt=T/60 and dt=T/30, as shown in Fig. 3. The results with the intermediate time step 
dt=T/60 can obatin desirable results.  
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Fig. 2. Convergence of the heaving motion velocity of (a) side-WEC and (b) middle-WEC with different meshes 
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Fig. 3. Convergence of the heaving motion velocity of (a) side-WEC and (b) middle-WEC with different time 

steps 

   Next, the vertical deflection convergence of the VLFS is performed with different mode 
number Nm. Because the vertical bending degree of the VLFS without breakwater attachments in 
short-period waves is larger than that of the VLFS with breakwater attachments in long-period 
waves, the deflection convergence of the isolated VLFS is tested in smallest wave period studied 
in this paper, i.e. T=0.7 s. Fig. 4 shows the amplitude distribution of the vertical deflection along 
the longitudinal centerline of the VLFS. It is found that the time-domain modal expansion method 
with mode number Nm=20 is enough accurate to simulate the hydroelastic response of the VLFS. 
Note that the first 3 modes represent rigid heaving, pitching and rolling motions, respectively, and 
the first elastic mode begins at the 4th. Thus, Mesh a, time step dt=T/60 and mode number Nm=20 
are applied in the following calculation. 
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Fig. 4. Convergence of the vertical deflection along the longitudinal centreline of the VLFS with different time 

mode number 
3.2 Comparison  

   The nonlinear numerical model is used to simulate the wave interaction with a dual floater 
system combing a front OB-type WEC and a rear fixed pontoon and compared with the 
experimental data provided by Zhao et al. [12]. The measured water depth is hw=1.0 m. For each 
floater, the width, the length and the draft are Bw=0.6 m, Lw=2 m and dw=0.125 m, respectively. 
The gap between dual floater is d1=0.2 m. The Coulomb damping force generated by the PTO 
system is adjusted by current controller and covers the wave frequency range from 3.2 rad/s to 5.4 
rad/s. Fig. 5 gives the comparison of numerical and experimental heaving amplitude z0 and the 
energy capture efficiency R of the front OB -type WEC. Here, the heaving amplitude z0 is defined 
as the average heaving amplitude by ten stable cycles of the wave period. The predicted motion is 
slightly larger than the measured values, which is reasonable. This is because the frictions between 
the WEC and the vertical pile result into the extra damping loads and the fluid viscous effect may 
dissipate part of surface wave energy. However, the resonant frequencies obatiend by the 
numerical model and the experimental data agree well with each other. Moreover, the variation 
trend of the amplitude and efficiency curves is identical between the numerical and experimental 
results. Nevertheless, the overall comparison between nonlinear potential solutions and measured 
data is sufficient for the purposes of understanding the wave energy extraction and the 
hydroelasticity reduction trends in this paper. 
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Fig. 5. Comparison of (a) the WEC heaving motion and (b) the power capture efficiency with the experimental 
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results in Zhao and Ning et al. [12] 
   To further validate the present hydroelastic model, the developed hybrid time-domain FE-BE 
method is then used to study the fluid-structure interaction of the experimental VLFS model 
conducted by Maeda et al. [42]. In this case, the length Lv, width Bv, thickness hv, bending rigidity 
D, poisson’s ratio k of the VLFS are 3.97 m, 0.97 m, 0.06 m, 50.83 N·m and 0.3, respectively. The 
constant water depth is hw=2.3 m, and the incident wave amplitude is set as HI=0.02 m. The wave 
period T=1.13 s and 1.6 s considered in the tests corresponds to wave length 2 m and 4 m, 
resepctivly. Fig. 6 gives the the vertical deflection along the longitudinal centerline of the VLFS 
model when the hydroelastic motion at the fore-end reaches the maximum value for two cases of 
wave periods. The good correlation between the present nonlinear solutions and those measured 
by Maeda et al. confirms the accuracy of the numerical model in predicting the hydroelastic 
response of VLFS. It is noted that the the deflection degree of the VLFS subjected short waves is 
larger than that subjected to long waves. This is because in high-frequency short wave region, 
compared with incident wave length, the structural length is relatively large, so that the 
hydroelastic response of the VLFS is sensitive to the short waves. Conversely, in low-frequency 
long wave region, the structural length is not large relative to incident wave length, so that the the 
hydroelastic response of the VLFS is not sensitive to the long waves. 
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Fig. 6. Comparison of the vertical deflection along the longitudinal centerline of the VLFS model with the 

experimental results in Maeda et al. [42]: (a) T=1.13 s and (b) T=1.6 s 

4. Numerical results 

   Based on the validated hybrid FE-BE hydroelastic method in the time-domain, extensive 
calculations are performed to explain the hydrodynamic interaction between floating breakwaters 
as WECs and VLFS within a wide range of wave period and wave height. These calculations will 
help to illustrate how the array WEC-type floating breakwaters interact with each other and with 
VLFS, and the effects of the WEC geometric variables including the draft, the width, the shape 
and the number, the distance between WECs and the VLFS on the wave energy extraction and the 
hydrodelasic response reduction. Unless specified hereafter, the VLFS with physical dimensions 
and material properties and the water depth given in Section 3.1, are selected in this section. 

4.1 Consideration of different WEC drafts 

   In this sub-section, the performance analysis of the integrated system is conducted with three 
different WEC drafts in terms of motion amplitude of WECs, power capture efficiency and 
hydroelastic response reduction as well as water surface elevation in the WEC-VLFS gap. Three 
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floating breakwaters with identical demensions i.e. Bw/hw=0.13, Lw/hw =0.217, are deployed at the 
weather side of the VLFS, where water depth is set as hw =2.3 m. Other input parameters are 
constant: HI=0.02 m, T=0.7 s to 2.3 s and bpto=9.0 N·s/m. 

   Fig. 7 gives the variation of the heaving amplitude response operator (RAO) of each WEC 
with dimensionless wave period T(g/hw)1/2 for three WEC drafts dw/hw =0.021, 0.043 and 0.065. 
Here, the motion responses of the WECs at the left and right sides are unisonous and the 
corresponding amplitude are defined as zs, and that of the middle WEC is defined as zm. It can 
been seen that the whole motion increases with wave period until arrives at the peak value, and 
then decreases after that, for all three WECs and different drafts. In short-period waves, the 
motion amplitude of each WEC decreases with increasing WEC draft. This is reasonable since the 
short-period waves can be easily reflected by the floating breakwater. Moreover, the short wave 
energy is concentrated near the water surface and decays rapidly along the submerged depth. 
However, the opposite trend can be obtained in long-period waves, which can be attributed to the 
increased mass of the wave resonance in the gap, meaning that more long waves can be 
transmitted over the floating breakwater and enter into the gap to cause a more prominent 
oscillating motion of internal water. Compared with the peak values of the middle-WEC, the 
maximum heaving motion of the side-WEC increases slightly due to the water column oscillation 
in the gap between the side and middle WECs. In this scenario, the side-WEC would be more 
easily subjected to the fatigue damage in practical applications compared to the midlle-WEC 
device at front of the VLFS. 
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Fig. 7. Variation of the heaving motion response operators (RAOs) of (a) the sie-WEC zs/HI and (b) the 

middle-WEC zm/HI with dimensionless wave period T(g/hw)1/2 for different WEC drafts 
   Fig. 8 shows the vartiation of the power capture efficiency with wave period for different 
WEC drafts. The efficiency curves for both side and middle WECs at each draught follows the 
similar trends to the motion response of WECs. It is remarkable that there exists two peak values 
in the capture efficiency for side and midell WECs. The generation of the first peak is because the 
water resonance in the WEC-VLFS gap may result in more energy dissipation and thus the sudden 
reduction of the capture efficiency occurs at T(g/hw)1/2=2.3 for dw/hw=0.021, 2.7 for dw/hw=0.043 
and 3.4 for dw/hw= 0.065, respectively. The second peak efficiency is induced by the WEC 
resonant motion. The resonant period of each WEC increases with deeper WEC draft, which is 
consistant with the Eq. (18). These corresponding resonant periods are T(g/hw)1/2=3.3, 3.7 and 3.9 
for dw/hw=0.021, 0.043 and 0.065, respectively. In addition, the second peak efficiency is larger 
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than the first peak, indicating that the resonant motion of WECs plays a main role in the maximum 
efficiency. Among three WEC drafts, the total peak efficiency for dw/hw=0.021 is the largest with 
peak value of R=34.1% as shown in Fig. 8(c), which is enhanced with a ratio of 30.7% and 25.9% 
compared with that for dw/hw=0.043 and 0.065, respectively. This can be explained by the wave 
energy distribution along water depth.  
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Fig. 8. Variations of the power capture efficiency of (a) the side-WEC Rs, (b) the middle-WEC and (c) the total 

system with dimensionless wave period T(g/hw)1/2 for three different WEC drafts 

   To further study the hydroelastic characteristics of the VLFS with floating breakwaters as 
WEC attachments, the vertical deflections of the VLFS are studied as shown in Figs. 9-11. Figs. 9 
and 10 display dimensionless vertical deflection amplitude along the longitudinal sideline and 
centreline for T(g/hw)1/2=1.4 and 3.3, respectively. It can be seen that the hydroelastic response of 
the VLFS with WEC attachments is greatly reduced compared with the VLFS-only results, and the 
hydroelastic response for the largest WEC draft dw/hw=0.065 is the smallest for the whole 
longitudinal measured locations. This hydroelastic reduction can be associated with the reason that 
the incident waves can be partly reflected by the floating breakwaters deployed at the fore-end of 
the VLFS and then a proportion of wave energy would not be transferred to the VLFS motion. 
Moreover, the WECs with deeper draft have weaker transmission ability of incident waves, and 
reflect more waves. By comparing Figs. 9 and 10, it can be found that the hydroelastic response 
amplitude increases with increasing wave period due to the increase of wave energy with wave 
length. In addition, the hydroelastic reduction for short-period waves is superior to that for 
long-period waves. The detailed hydroelastic response reduction at the fore-end of the longitudinal 
sideline denoted by HRRs and the longitudinal middleline denoted by HRRm, is shown in Fig. 11. 
There are apparent differences among the hydroelastic response reduction of different drafts in 
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short-period waves, but they almost merge in extremely long waves i.e. T(g/hw)1/2=4.75. The 
maximum HRR at the longitudinal sideline as shown in Fig. 11(a) outperforms that at the 
longitudinal middleline as shown in Fig. 11(b). When the WEC draft is larger than dw/hw=0.021, 
there are also two peaks in the HRR curves. The occurring wave period of the larger peak HRR is 
independent on WEC draft, but that of the smaller peak increases with WEC draft, which are 
mainly related to the water column oscillation in the WEC-VLFS gap. 
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Fig. 9. Distribution of dimensionless vertical deflection amplitude ζ/HI along (a) the longitudinal sideline and (b) 

centreline at T(g/hw)1/2=1.4 for three different WEC drafts 
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Fig. 10. Distribution of dimensionless vertical deflection amplitude ζ/HI along (a) the longitudinal sideline and (b) 

centreline at T(g/hw)1/2=3.3 for three different WEC drafts 
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Fig. 11. Variations of the hydroelastic response reduction at the fore-end of (a) the longitudinal sideline HRRs and 

(b) the longitudinal middleline HRRm for three different WEC drafts 
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   Due to the fact that both the wave energy extraction of WECs and the hydroelastic response 
reduction of the VLFS are affected by the variation of the water motion in the WEC-VLFS gap, 
the distribution of the wave coefficienct calculated by Eq. (24) at WG1 and WG2 with wave 
period for different WEC drafts, is shown in Fig. 12. It can be seen from these figures that the total 
wave coefficienct increases with increasing wave period due to long waves with high transmission 
ability, and decreases with increasing WEC drafts for most of the wave period range selected in 
present simulation. The approximated resonant frequency ωw of the water column in the gap can 
be obtained as 

( 0.41 )w c
w

g
d A

 −
+

=                                                        (25) 

where Ac denotes the water surface area in the gap. Hence, the dependence of the resonant period 
of the water column on WEC draft can be intuitively found in above Eq. (25). The maximum wave 
coefficienct corresponds to the water surface resonance in the gap, which occurs in accordance 
with where the sharp reduction of the power capture efficiency as shown in Fig. 8 and the sharp 
increase of the hydroelastic response reduction as shown in Fig. 11. This illustrates that the water 
surface resonance in the gap can lead to more wave energy disppation and reduce both the wave 
energy extraction of front WECs and the hydroelastic response of the VLFS. 
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Fig. 12. Variations of the wave coefficient Cw at (a) WG1 and (b) WG2 for three different WEC drafts 

4.2 Consideration of different WEC lengths 

   The WEC-type floating breakwater and VLFS integrated system with three different WEC 
length Lw/hw=0.217, 0.326 and 0.435 is simulated to study the effect of the WEC length on the 
hydroelastic performance of the system. The WEC draft is set as dw/hw=0.021 and other 
parameters are kept the same with Section 4.1. Fig. 13 plots the total power capture efficiency and 
the wave coefficient in the gap between the side WEC and the VLFS as a function of wave period. 
As seen in Fig. 13 (a), the capture efficiency decreases with increasing WEC length in 
short-period waves (T(g/hw)1/2<3.9) which can be explained by the corresponding increased WEC 
mass, and the opposite trend appears in long-period waves (T(g/hw)1/2>3.9). However, the 
maximum capture efficiency is almost unchanged with only 5% of difference between the largest 
and smallest lengths. The resonant period of WECs increases with WEC length, which is because 
of the additional fluid mass. The reduction of the wave coefficient with WEC length as shown in 
Fig. 3 (b) is not surprising due to that the reflection from below the breakwater is strengthen with 
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increasing the WEC length, and the interference of the incident wave and the pulsating wave 
opposite to the incident direction is constructive. This demonstrates that the WEC with a larger 
length can weaken the wave penetrability and more effectively interact with incident waves. The 
occruring period of the wave resonance in the WEC-VLFS gap is insensitive to the WEC length, 
which is closed to T(g/hw)1/2=2.3 and where the capture efficiency has a sudden reduction due to 
the more wave energy dissipation induced by the piston-type water column oscillation in the gap.  
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Fig. 13. Variations of (a) the total power capture efficiency R and (b) the wave coefficient at WG2 with 

dimensionless wave period T(g/hw)1/2 for three different WEC lengths 

   The distribution of the hydroelastic response along the longitudinal sideline of the VLFS as 
well as the hydroelastic response reduction at the fore-end with wave period are plotted in Fig. 14. 
From Fig. 14 (a) and (b), it is intuitively expected that the hydroelastic response of the VLFS 
diminishes with increasing the WEC length due to the more wave energy reflected by the WEC 
bottom. The variation of the hydroelastic response reduction with wave period follows similar 
trend for all WEC lengths, and the occurring period of the maximum reduction is almost 
unchanged, as given in Fig. 14 (c). Overall, larger WEC length displays better perofmance as 
wave absorption device. The maximum reduction ratios of the hydroelastic response are 38.76%, 
49.75% and 51.76% for three WEC lengths respectively, all at T(g/hw)1/2=1.8. However, larger 
WEC length also implies more manufacturing budget and increased wave force on the body 
surface. 
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Fig. 14. Distribution of dimensionless vertical deflection amplitude ζ/HI along the longitudinal sideline at (a) 

T(g/hw)1/2=1.4, (b) T(g/hw)1/2=3.3 and hydroelastic response reduction HRR for three different WEC lengths 

4.3 Consideration of different WEC numbers 

   The layouts of WEC-type floating breakwaters at the front side of the VLFS are determined in 
terms of the VLFS width and the distance between adjacent floating breakwaters, and would have 
significant influence on the mutual interference between floating breakwaters and breakwater and 
VLFS. Here, two examples of the layout of floating breakwaters are selected to be deployed at the 
weather side of the same VLFS. The detailed parameters of floating breakwaters are illustrated in 
Table. 1. 

Table 1 Information of different layouts of floating breakwaters as WECs 

Number of WECs Bw (m) Lw (m) dw (m) d1 (m) d2 (m) bpto ( N·s/m) 

3 0.3 0.5 0.1 0.05 0.15 9.0 

2 0.475 0.5 0.1 0.05 0.15 9.0 

  Fig. 15 gives the variation of the heaving amplitude and the power capture efficiency of each 
WEC against wave period with different layouts. It can be seen that both the heaving response and 
the capture efficiency for the dual-WEC layout is apparently smaller than those for the three-WEC 
layout, with the maximum efficiency reduction ratio of 57.89% for side WEC and 42.85% for 
middle WEC both at T(g/hw)1/2=2.3. This is because as the number of floating breakwaters 
decreases, and the WEC-width to -draft ratio increases, the displacement of each WEC becomes 
larger, which shows higher impedance to the motion of WECs under same wave loads. It is also 
interesting that dual-peak characteristic of the capture efficiency curves for the three-WEC layout 
is not found for the dual-WEC layout, indicating that for thinner floating breakwaters as WECs, 
the effects generated by the water resonance in WEC-WEC gap and WEC-VLFS are smaller. To 
extracted more wave energy it is therefore desirable to deploy more, smaller WECs. 
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Fig. 15. Variations of (a) the motion response operator z/HI and (b) the total power capture efficiency R with 

dimensionless wave period T(g/hw)1/2 for different WEC number 

  The distribution of the vertical deflections along the longitudinal sideline of the VLFS for 
different layouts of floating breakwaters is depicted in Fig. 16 (a) at T(g/hw)1/2=1.4 and Fig. 16 (b) 
at T(g/hw)1/2=3.3. It is clear that as the number of floating breakwaters decreases, the hydroelastic 
response reduction is enhanced, especially for long-period waves. This is due to that the heaving 
motion of the WEC with larger width is mitigated under same incident wave action, and thus the 
stronger reflection can be generated which enhancing the wave attenuation capacity of floating 
breakwaters. Fig. 16(c) further displays the comparison of the hydroelastic response reduction at 
the fore-end of the VLFS for different layouts of floating breakwaters. It can been observed from 
this figure that the hydroelastic response reduction of the dual-WEC layout is greatly boosted 
comparied with the three-WEC layout for the whole simulated wave period range, with the first 
maximum HRR from 0.38 to 0.45 at period T(g/hw)1/2=1.8 and the second maximum HRR from 
0.29 to 0.37 at period T(g/hw)1/2=2.7. All peak positions which are independent on the number of 
floating breakwaters, present similar features with Figs. 11 and 14 and reveal that the geometric 
parameters of the WEC have weak effects on the occuring condition of the maximum hydroelastic 
response reduction.  
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Fig. 16. Distribution of dimensionless vertical deflection amplitude ζ/HI along the longitudinal sideline at (a) 

T(g/hw)1/2=1.4, (b) T(g/hw)1/2=3.3 and hydroelastic response reduction HRR for different WEC number 

   Fig. 17 gives the effect of the WEC layout on the water surface elevation in the WEC-VLFS 
gap. In general, for the dual-WEC layout, the wave coefficient in short-period waves is smaller 
than 1.0, and the trend is opposite in long-period waves. This behavior is similar to the wave 
elevation in the side WEC-VLFS gap for the three-WEC layout, which illustrates that long-period 
waves leads to a larger water surface elevation in the gap. The surface wave energy reflected by 
the front side of the WEC increases with decreasing wave period due to the low transmission 
inherent for short-period waves. Consequently, the oscillation amplitude of the water column 
inside the WEC-VLFS gap is smaller than the incident wave amplitude. Within the long-period 
waves relative to the length of the floating breakwaters, the water surface elevation increases with 
wave period due to higher transmission ability of long-period waves. Meanwhile, the oscillation of 
the tramissitted waves trapped into the gap is amplified due to the re-reflected waves by the back 
side of the floating breakwaters and the hydroelastic radiated waves generated by the VLFS 
motion. 
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Fig. 17. Variations of wave coefficient Cw with dimensionless wave period T(g/hw)1/2 for different WEC number 

4.4 Consideration of different WEC shapes 

   Previous studies [8, 9, 13 and 14] indicates that the hydrodynamic performance of the WEC is 
highly contingent on the geometric symmetry in the absence of a VLFS. What’s more, the 
presence of the VLFS would affect the wave energy extraction performance of the floating 
breakwaters due to the multi-reflection between breakwater and VLFS, which in turn change the 
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hydroelastic characteristics of the VLFS. Accordingly, two floating breakwaters with three 
different WEC shapes i.e. symmetric rectangle-shape, symmetric awl-shape and asymmetric 
triangle-shape, are located at the weather side of a VLFS, as shown in Fig. 18. Their length 
Lw/hw=0.217 and displacement V=0.023m3 are remained the same, and thus the draft of both the 
awl-shape and triangle-shape WECs is two times than that of the rectangle-shape WEC. Fig. 19 
gives the variation of the heaving amplitude and the capture efficiency against wave period for the 
three WEC designs. As seen in Fig. 19 (a), the heaving response of the awl-shape WEC is 
generally the smallest among three designs, but that of the asymmetric triangle-shape WEC is the 
largest in the region of 1.5<T(g/hw)1/2<4. The reason for the variation trend is that the effective 
deadrise angle between body bottom surface and the water free surface for the awl-shape WEC is 
much larger than that for the rectangle-shape WEC with flat bottom, so that the awl-shape WEC 
suffers a smaller pressure distribution on the bottom surface and the pressure difference between 
both sides become more obvious. Hence, the wave load on the bottom is divided into the vertical 
and horizontal components for the awl-shape WEC, but is fully transformed into the vertical 
forces for the rectangle-shape WEC. However, for the asymmetric triangle-shape WEC, less wave 
energy is dissipated and larger effective area interacts with incident waves, resulting in the 
amplication of the heaving response. From the comparison of the capture efficiency with different 
WEC designs as shown in Fig. 19 (b), it can be observed that the power capture is greatly 
enhanced by asymmetric triangle-shape WEC compared to the other two symmetric WECs, 
especially near the resonant period. This can be attributed to the fact that the wave energy 
diminishes with submerged depth exponentially, and the asymmetric triangle-shape WEC with 
deep draft absorbs most of wave energy along the water depth by the PTO system. 

 

 
Fig. 18. Schematic diagrams of (a) rectangle-shape WECs, (b) awl-shape WECs and (c) triangle-shape 

WECs integrated at the fore-end of the VLFS 
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Fig. 19. Variations of (a) the motion response operator z/HI and (b) the total power capture efficiency R with 

dimensionless wave period T(g/hw)1/2 for different WEC shapes 

   Fig. 20 gives the distribution of the vertical deflection along the longitudinal sideline of the 
VLFS at T(g/hw)1/2=1.4 and 3.3 as well as the hydroelastic response reduction of the fore-end for 
three WEC designs. It can be seen from Fig. 20 (a) that the hydroelastic response of the VLFS 
with rectangle-shape WEC attachments is generally larger than that with the other two WEC 
designs in short-period waves due to the smaller draft. For the cases of long-period waves as 
shown in Fig. 20 (b), the effectiveness of triangle-shape WEC for reducing the hydroelastic 
response at fore-end of the VLFS is the highest among three WEC designs, and the installation of 
the awl-shape WEC has little contribution. However, the vertical deflection at the back-end of the 
VLFS is basically unchanged and is kept the identical value ζ/HI=0.53. This may be because the 
water domain in the WEC-VLFS gap for the awl-shape WEC is close to the incident wave field, 
which may reduce the hydroelastic reduction ability of the WEC in long-period waves. As the 
transmitted waves propagate below the VLFS and interact with the hydroelastic radiated waves 
generated by the VLFS motion, only slight difference among the vertical deflections with different 
WEC attachments occurs at the back-end of the VLFS. The results in Fig. 20 (c) show that the 
performance of the asymmetric triangle-shape WEC not only enhance the wave energy extraction, 
but also greatly reduce the hydroelastic response of the VLFS. In addition, three peaks in the 
hydroelastic reduction curve are emphasized for the asymmetric triangle-shape WEC. This is 
closely related to the water wave resonance in the WEC-VLFS gap, leading to more energy 
dissipation and enhancing the hydroelastic reduction efficiency. 
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Fig. 20. Distribution of dimensionless vertical deflection amplitude ζ/HI along the longitudinal sideline at (a) 

T(g/hw)1/2=1.4, (b) T(g/hw)1/2=3.3 and hydroelastic response reduction HRR for different WEC shapes 

   Fig. 21 depicts the variation of the water surface elevation in the WEC-VLFS gap against 
wave period for different WEC designs. The water surface elevation in the gap between the 
awl-shape WEC and the VLFS is largest for most of wave periods considered in the simulation, 
which is because the horizontal length under the water surface decreases with submerged depth for 
the awl-shape WEC, resulting into a higher transmission ability. Overall, the wave coefficients are 
larger than 1.0 for the awl-shape WEC and vary slightly with wave period. Compared to the other 
WEC designs, the wave coefficienct for the asymmetric triangle-shape WEC exhibits more 
obvious oscillation with increasing wave period, meaning that wave resonance in the gap between 
the triangle-shape WEC and the VLFS become more sensitive to the change of wave length. These 
wave resonances are close to each other and together cause higher hydroelastic reduction which is 
consistent with the results in Fig. 20 (c). 

1 2 3 4 5
0.0

0.5

1.0

1.5

2.0
 Rectangle-shape WEC
 Awl-shape WEC
 Asymmetric triangle-shape WEC

C
w

T(g/h
w
)1/2

 

Fig. 21. Variations of wave coefficient Cw with dimensionless wave period T(g/hw)1/2 for different WEC shapes 

4.5 Consideration of different distances between WECs and VLFS 

   The influences of the gap between the floating breakwaters and the VLFS are discussed for 
two rectangle-shape floating breakwaters as the dual-WEC system integrated into the fore-end of a 
VLFS . Three different gaps of d2/hw=0.065, 0.273 and 0.548 are selected and all other parameters 
have been given in 4.4. Fig. 22 gives the distribution of the motion amplitude of each WEC and 
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the total capture efficiency with wave period. It can be observed from Fig. 22 (a) that the heaving 
response of the WEC decreases with increasing the gap distance for most of wave period due to 
the weaker reflection of the VLFS. This also leads to the reduction of the capture efficiency as 
shown in Fig. 22 (b), meaning that the WEC system can convert reflected wave energy from the 
VLFS into electric power. The maximum capture efficiency at d2/hw=0.548 is larger thant that at 
other two gaps, with the increase ratio of 51.59% relative to d2/hw=0.065 and 79.91% d2/hw=0.23, 
and occurs at smaller wave period T(g/hw)1/2=1.8. This is because the incident wave length at 
T(g/hw)1/2=1.8 is λ=1.26 m for hw=2.3 m, which is equal to the gap distance d2/hw=0.548. Under 
this circumstance, two individual wave crests including the incident and reflected waves 
simultaneously arrive at the leeside of the floating breawaters, and induce more prominent wave 
resonance which causes larger heaving motion of each WEC as shown in Fig. 22 (a).  
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Fig. 22. Variations of (a) the motion response operator z/HI and (b) the total power capture efficiency R with 

dimensionless wave period T(g/hw)1/2 for different WEC-VLFS gap distances 

   Fig. 23 displays the distribution of the vertical deflection along the longitudinal sideline of the 
VLFS at T(g/hw)1/2=1.4 and 3.3 as well as the hydroelastic response reduction of the fore-end for 
three different gaps. From Fig. 23 (a) and (b), it is clear that the vertical deflection of the VLFS 
decreases with increasing the gap distance, especially for the interior position and the back-end of 
the VLFS at long-period waves. This is because the water mass in the gap increases with the gap 
distance, which would leads to more energy disspation and the reduction of the capture efficiency 
near long-period waves. The hydroelastic response of the VLFS is determined by the sum of 
multi-mode displacements, and generates the radiation waves including many nonlinear 
higher-order components. Consequently, the wave resonance in the WEC-VLFS gap may occur at 
some wave periods, which leads to the sudden increase of the hydroelastic response reduction, as 
shown in Fig. 23 (c). The second maximum HRR slightly decreases with increasing the gap 
distance, and the corresponding wave period are T(g/hw)1/2=2.7, 3.3 and 3.9 for d2/hw=0.065, 0.273 
and 0.548, respectively. 
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Fig. 23. Distribution of dimensionless vertical deflection amplitude ζ/HI along the longitudinal sideline at (a) 

T(g/hw)1/2=1.4, (b) T(g/hw)1/2=3.3 and hydroelastic response reduction HRR for different WEC-VLFS gap distances 

   The comparison of the wave coefficient for different gap distances is given in Fig. 24. It can be 
seen that the occurring period of the maximum wave elevation in the WEC-VLFS gap increases 
with gap distance, which is consistent with that where the second maximum HRR in Fig. 23 (c).  
This is due to the fact that the long-period waves can be reflected by the VLFS with increasing the 
gap distance, causing the synchronous heaving-mode resonance in the gap between each WEC and 
the VLFS. Moreover, the wave elevation decreases with increasing gap distance in the 
short-period waves, indicating that more violent motions of the internal fluid are generated in the 
small gap, which can induce larger hydrodynamic loads on the WEC devices and should be 
avoided. This behavior is similar to dual-floater WEC system subjected to the short-period waves, 
which reveals that the smaller gap distance results in a larger water surface elevation in the gap 
[14]. To further explain this phenomenon, the time histories of the inner water elevation in the gap 
are shown in Figs. 25 for dimensionless wave period T(g/HI)1/2=1.4. It can be seen that there are 
some phase differences among the time series of wave elevation for different gap distances, and 
more higher-order waves are presented as the gap distance increases due to the multiple scattering 
wave modes induced by the hydroelastic response of the VLFS. It should be noted that the mean 
value of the water surface elevation for each gap distance is above the calm water surface. This 
may be explained by the heaving motion of WECs and the vertical deflection of the VLFS leading 
to upper calm water surface. 
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Fig. 24. Variations of wave coefficient Cw with dimensionless wave period T(g/hw)1/2 for different WEC-VLFS gap 

distances 

6 7 8 9 10 11
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0
 d2/hw=0.065
 d2/hw=0.273
 d2/hw=0.548




I

t(g/h
w
)1/2

 

Fig. 25. Time series of the water surface elevation in the chamber as a function of WEC-VLFS gap distance 

4.6 Consideration of wave nonlinearity 
Based on the linear wave theory, the heaving RAO of the WEC device, the vertical deflection 

of the VLFS and the power capture efficiency of WECs are independent on the incident wave 
height. However, the incident waves with large wave steepness would induce some nonlinear 
effects i.e. the water surface deformation, the update of the instantaneous wetted body surface and 
the higher-order wave resonance in the gap, leading to the hydrodynamic simulated deviation of 
the WEC-VLFS integrated system. The distribution of the motion RAO and the capture efficiency 
of WECs are plotted in Fig. 26. It can be seen that both the RAO and the capture efficiency 
decrease as the incident wave height increases from 0.02 m to 0.04, and then slightly increases 
after that. Such the phenomenon can be illustrated by the higher-order waves which comprises free 
wave and locked wave components. When strong nonlinear waves excite the WEC to move up 
and down, the free waves dominates the total higher-order waves and increases with incident wave 
height, which would reduce the total wave energy extraction of WECs due to the phase difference 
between incident waves and free waves. As the wave height further increases, the locked waves 
which have the same phase with the incident waves increase faster in the wave energy than the 
free waves and become the major component in the higher-order waves, leading to the higher 
wave energy extraction, especially near the resonant period. Actually, the occurring period of the 
maximum efficiency and the shape of the efficiency curve are largely unchanged by the incident 
wave height. This conclusion implies that the WEC configuration and the corresponding PTO 
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coefficients designed for a period range of real irregular wave farm and weak nonlinear waves 
should also be appropriate in the presence of strong nonlinear waves. 
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Fig. 26. Variations of (a) the motion response operator z/HI and (b) the total power capture efficiency R with 

dimensionless wave period T(g/hw)1/2 for different incident wave heights 

   Fig. 27 gives the distribution of the hydroelastic response along the longitudinal sideline of the 
VLFS at T(g/hw)1/2=1.4 and 3.3 as well as the hydroelastic response reduction of the fore-end for 
three different incident wave heights. The vertical deflection in Fig. 27 (a) and (b) decreases with 
increasing incident wave height. The reduction is more apparent at the fore-end for short-period 
waves. This is because that the higher-order waves generated by the increased wave height possess 
shorter wavelength than incident waves, and enhance the ratio of the breakwater length to the 
wavelength, resulting in more wave energy dissipation. Additionaly, the seaward area of the 
breakwater can be amplified by the increased wave heights, causing greater energy exchange 
between incident waves and reflected waves and thus smaller hydroelastic response of the VLFS. 
From the Fig. 27 (c), it is observed that the hydroelastic reduction of the VLFS can be 
significantly enhanced with increasing wave height, and the corresponding curve shape is slightly 
changed with wave height. For example, with increasing wave height, the twin-peak features are 
gradually transformed to single-peak features. At HI=0.05 m, the hydroelastic reduction has a 
sudden increase when the wave period T(g/hw)1/2 ranges from 4.0 to 4.7, suggesting that the 
hydroelastic of the integrated system is largely dependent on the degree of wave nonlinearity. 
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Fig. 27. Distribution of dimensionless vertical deflection amplitude ζ/HI along the longitudinal sideline at (a) 

T(g/hw)1/2=1.4, (b) T(g/hw)1/2=3.3 and hydroelastic response reduction HRR for different incident wave heights 

   The effect of wave nonlinearity on the wave coefficient in the WEC-VLFS gap is also studied 
in Fig. 28. In general, the water surface elevation per-unit incident wave height in the gap 
decreases with increasing incident wave height, especially near the wave resonance period. The 
higher-oder waves with low transmissition can account for this behavior. It is worth noting that as 
the incident wave height increases to 0.05 m, the maximum water surface elevation at the 
resonance period i.e. T(g/hw)1/2=2.7 is smaller than the incident wave height, demonstrating that 
the strong wave nonlinearity can mitigate the wave resonance effect in the gap. In long-period 
waves, the water surface elevation in the gap is almost equal to the incident wave height due to 
most of wave energy transmitted over the WEC. 
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Fig. 28. Variations of wave coefficient Cw with dimensionless wave period T(g/hw)1/2 for incident wave heights 

5. Conclusions

In this paper, the indirect modal expansion theory with nonlinear consideration in time-domain
is applied to analyze the wave energy extraction and the hydroelastic performance of a VLFS 
deployed at its fore-end with modular WEC-type floating breakwaters. The hybrid FE-BE method 
is used to accurately and sophisticatedly solve the typical fluid-structure coupled problem, where 
the FEM based on the NC-QS Mindlin thick plate theory and the BEM based on the potential flow 
theory are adopted for the structural and fluid parts, respectively. After completing the 
convergence tests and the validation with the published measured data, extensive simulations are 
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performed to explore the effects of the WEC geometric size and shape, the gap distance between 
WECs and VLFS, and the wave nonlinearity on the motion response of WECs, the power capture 
efficiency of WECs, the vertical deflections of the VLFS, the hydroelastic response reduction of 
the VLFS and the water surface elevation in the WEC-VLFS gap. Some guidance conclusions can 
be drawn as follows. 

(1) The beneficial traits of WEC-type floating breakwaters integrated into a VLFS could be more 
competitive to realize wave energy extraction in collaboration with the hydroelastic reduction 
capacities. Additionally, there would exist multiple peak efficiencies corresponding to the 
multi-modal scattering waves induced by the hydroelastic response of the VLFS. 
(2) By comparing the middle-WEC with the side-WEC, it is found that the water motion in the 
gap between WECs and VLFS has more impact on the hydrodynamic performance of WECs than 
that in the gap between side and middle WECs. The wave resonance in the WEC-VLFS gap leads 
to a sudden reduction in both the power capture efficiency and the hydroelastic response. 
(3) Shallower WECs more effectively interact with short-period waves to advantageous wave 
energy extraction, but this is opposite in long-period waves due to high transmission ability of 
incident waves. The hydroelastic response reduction is further enhanced with increasing the WEC 
draft and the WEC length for most of wave period simulated in this paper. 
(4) Thinner, larger number of WECs play a favorable effect on the wave energy extraction but an 
adverse effect on the hydroelastic reduction when the given layout width of in-line WECs kept 
same. However, the features of the water surface elevation in the gap between side WEC and the 
VLFS is basically unaffected by the numerber of WECs compared with the gap distance and the 
WEC draft. 
(5) Compared to the symmetric WECs i.e. rectangle-shape and awl-shape profiles, the asymmetric 
WECs with trangle-shape profiles have the higher power capture efficiency near resonance period 
and the larger hydroelastic reduction capacity within whole tested period range, which can extend 
the effective bandwidth of hydroelastic reduction. The oscillation degree of the water surface 
elevation in the gap with wave period is amplified by the geometric asymmetry. 
(6) Increasing the gap distance between WECs and VLFS does not necessarily reduce the 
maximum power capture efficiency due to the interference of transmitted and reflected waves at 
the leeside of WECs, but apparently enhances the hydroelastic reduction at the interior position 
and the back-end of the VLFS in long-period waves due to more hydroelastic waves in the gap. 
(7) The higher-order waves in the WEC-VLFS gap comprise two different instrinsic contributors, 
i.e. multi-modal radiation waves induced by the vertical deflection of the VLFS and distorted 
waves induced by wave nonlinearity. Consequently, with increasing incident wave height, the 
water motion in the gap is weakened resulting in smaller wave energy extraction and larger 
hydroelatisc reduction. 

   The findings of this investigation can provide theoretical guidance for the configuration design 
of such breakwaters as WECs and VLFS integrated system, demonstrating the feasibility of wave 
energy utilization in conjunction with large-size platform protection. Then, the multi-body 
hydroelasticity method of the combined rigid and flexible modules can be applied to obtain the 
operational performance of the WEC-VLFS integrated systems and their durability. It is suitable to 
different geometric OB-type WECs and VLFS integration. If the corresponding experimental 
measurements are condudcted, the numerial work can be used to cross-check the interesting 
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results and help to understand possibly un-captured phenomenon. 
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