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A B S T R A C T   

Wave energy converters(WECs) integrated into floating breakwaters or, more generally, their designs also used as 
wave absorbers can provide a space- and cost-sharing solution to enhance the efficiency of coastal protection. In 
this study, the hydrodynamic performances of an oscillating buoy(OB)-type single-pontoon floating breakwater 
(SPFB) and an oscillating water column(OWC)-type dual-pontoon floating breakwaters(DPFB) are evaluated, 
respectively, and are comprehensively compared with each other. A series of physical experiments were con-
ducted to investigate the effects of wave parameters, geometrical dimensions, gap distances and PTO damping 
coefficients. Numerical simulations based on the fully nonlinear potential flow theory cross-check the measured 
data, and help to further understand the contribution of higher-order waves. It is found that both the wave 
attenuation and energy conversion of the OWC-type DPFB with a non-uniform draft (i.e. shallow front-pontoon 
draft and deep back-pontoon draft) are better than those of the OB-type SPFB with the same displacement. 
Meanwhile, for an OWC-type DPFB, a larger ratio of the chamber width and the total pontoon width has a 
beneficial effect on the wave attenuation, but has an adverse effect on the maximum energy conversion effi-
ciency. Under the premise of the same pontoon draft, the maximum conversion efficiency of the OWC for the 
optimal opening ratio is higher than that of the OB for the optimal PTO damping, but the effective frequency 
bandwidth is almost identical between two devices. Strong wave nonlinearity can generate more energy dissi-
pation induced by the viscous effect and the vortices, resulting into the reduction of energy extraction.   

1. Introduction 

Large-scale blockade caused by the ongoing COVID-19 has contrib-
uted to the global economic recombination, and thus some regions have 
particularly stressed on the reform of energy. Maximizing the utilization 
of renewable energy is an effective way to achieve clean transition of the 
energy mix (Zhu et al., 2022). The International Energy Agency (IEA) 
has reported that power generated by renewable energy will pass 50% of 
the growth of global power generation by 2035 (International Energy 
Agency,). Wave energy as one of the main forms of renewable marine 
energy, has the features of large reserves (total global reserves about 2 
TW), high energy flux intensity (up to 3 kW/m2), and wide distribution 
(Oliveira-Pinto et al., 2020). However, the high Levelised Cost of Elec-
tricity (LCOE) described as the holistic cost of generation power impedes 

the commercial-scale wave power operations. Integrating wave energy 
converters (WECs) with floating breakwaters (FBs) provides a promising 
way to reduce the LCOE due to the cost-sharing and space-sharing 
strategies. Additionally, the synergistic effect between WECs and FBs 
can be realized. For example, WECs can absorb part of incident wave 
energy, enhancing the wave attenuation capacity of FBs. Meanwhile, the 
scattering waves generated by FBs can be gathered near WECs, boosting 
energy extraction performance of WECs. 

From the perspective of enhancing economic competitiveness and 
practical engineering applications, FBs should be as maintenance free as 
possible during the prolonged interaction with incoming waves. Single- 
pontoon floating breakwaters (SPFBs) and dual-pontoon floating 
breakwaters (DPFBs) are the most common structures considering the 
requirements of simple configuration and good durability in design. 
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Therein, a SPFB is generally regarded as a simple geometric configura-
tion such as rectangular type or cylinder type with a certain draft un-
derwater. The SPFB attenuating surface waves mainly depends on the 
process of reflection of incident wave and generation of wave breaking. 
Diamantoulaki and Angelides (2010) compared the hydrodynamic 
performance between single floating breakwaters with and without 
hinge. It is found that the structure of the hinged floating breakwater 
array strongly affects the response and effectiveness of the array. Chang 
et al. (2012) proposed a V-shaped breakwater and discussed the influ-
ence of its parameters on wave height distribution. As a general exten-
sion, Wei et al. (2013) carried out a numerical analysis of the nonlinear 
interactions between water waves and the submerged floating break-
waters. The comparison of the results shows that they are in good 
agreement in terms of free water surface, tension acting on mooring line 
and floating body dynamics. Differently from the previous research 
works, Chen et al. (2012) presented a box-pontoon floating breakwater 
attaching horizontal plates and studied it under two-dimensional linear 
potential flow theory, finding that the width of floating breakwater is an 
important factor affecting the wave transmission coefficient of floating 
breakwater. In addition, horizontal plates help to reduce wave propa-
gation on floating breakwaters. Along with the resemble line, Chris-
tensen et al. (2018) presented a numerical and experimental study on 
the floating breakwater with wing plates. It was found that attaching 
porous wing plates on breakwaters can significantly enhance the motion 
but reduce the transmission and reflection effect. Liu and Wang (2020) 
presented a coupled hydrodynamic-mooring model based on the 
smoothed particle hydrodynamics (SPH) to investigate the performance 
of submerged moored box-type floating breakwaters with different 
shapes numerically. Liang et al. (2022) carried out scaled experiments 
on the SPFB with different mooring configurations, showing that the 
mooring configuration can affect the transmission coefficient in 
long-period waves. 

It is easily understood that the SPFB can be used as an oscillating 
buoy (OB)-type WEC by installing a power take-off (PTO) system above 
the original base structure to absorb the kinetic energy of the motions of 
the SPFB. Michaelides and Angelides (2012) introduced a new type of 
flexible floating breakwater (FFB). Adjacent floating modules by relative 
motion to capture wave energy, the results indicated that the horizontal 
wave can be attenuated by the device to a great extent while realizing 
the utilization of wave energy. Ning et al. (2016a,b) proposed an inte-
grated system of a pile-constrained floating breakwater as an 
oscillating-buoy WEC with PTO system vertically. It was found that the 
energy capture efficiency of the integrated system and wave dissipation 
performance is related to the parameters of the integrated system. Chen 
et al. (2020) implemented a viscous-flow model based on incompressible 
Navier-Stokes (N–S) equations to optimize the geometrical shape of the 
WEC-type floating breakwater studied by Ning et al. (2016a,b). Madhi 
and Yeung (2018) adopted a Weakly Compressible Smoothed Particle 
Hydrodynamics (WCSPH) method to demonstrated the better wave 
attenuation and wave energy extraction capacity of the floating break-
water with an asymmetrical wedge shape. Similar conclusions were 
obtained by Zhang et al. (2021), comparing the hydrodynamic perfor-
mance of symmetric and asymmetric WEC-type floating breakwaters. 
Windt et al. (2021) simulated the hemispherical OB named as Wavestar 
(Kramer et al., 2011) using the two-phase numerical wave tank (NWT) 
to exploit the high-fidelity capability of computational fluid dynamics 
(CFD) models. 

However, the wave attenuation performance of SPFBs is generally 
unsatisfactory in long-period waves due to the finite breakwater width. 
The conventional method to improve the hydrodynamic performance is 
by increasing the draft or width of the floating breakwater, which re-
quires more construction cost. Another interesting idea is by disassem-
bling a single pontoon into double pontoons with the overall structural 
mass kept the constant. Thus, the gap is generated between the double 
pontoons for a DPFB. The design of this configuration is to allow incident 
waves entering into the gap so that the internal water in the gap 

oscillates up and down to lead more wave energy dissipation compared 
to a SPFB. Liu and Li (2014) applied the matching eigen-function 
expansion technique combined with linear potential flow theory to 
examine the gap resonance between two rectangular pontoons. Tang 
et al. (2011) studied a DPFB equipped with a cage for aquaculture, 
finding that the mooring forces and motion responses slightly decrease 
due to the effect of fish net system. Similar design was also proposed by 
Ji et al. (2017), analyzing the characteristics of a dual cylindrical 
pontoon-type FB attached with some rows of vertical plane nets. It is 
demonstrated that the addition of the flexible nets can improve wave 
attenuation by 10% in long-period waves (prototype wave periods >10 
s). Furthermore, Cebada-Relea et al. (2022) numerically simulated five 
pontoon breakwaters to reveal the fluid-structure interaction among 
array multi-modular pontoons. 

In the aspect of design, the gap between two pontoons can be regard 
as an oscillating water column (OWC) where the piston-type motion of 
the internal water compresses the airflow through a turbine to produce 
electricity. Koo (2009) proposed an air chamber floating breakwater, 
which has the characteristics of OWC wave energy device. The hydro-
dynamic research on this type of structure are analyzed based on 
nonlinear numerical flume, and revealed that the wave dissipation 
performance of this type of breakwater is obviously better than that of 
traditional box breakwater. He et al. (2013) compared experimentally 
the hydrodynamic difference between FBs with symmetric and asym-
metric air chambers, and concluded that the asymmetric configuration 
of the air chambers can broaden the effective frequency bandwidth 
extracting wave energy. He et al. (2019) followed up with an analytical 
study and simulated the hydrodynamic performance of a pile-supported 
OWC device as a floating breakwater system. Ning et al. (2016a,b) 
conducted an experiment to investigate the hydrodynamic performance 
of a fixed OWC, showing that the energy conversion can be enhanced by 
a larger chamber width in long-period waves. Following this study, Ning 
et al. (2019) investigated experimentally the hydrodynamics of a 
land-based dual-chamber OWC(the chambers were located along the 
wave propagating direction). Furthermore, Ning et al. (2017) investi-
gated the power extraction performance of a cylindrical dual-chamber 
OWC. This study concluded that the power conversion efficiency in-
creases with increasing the inner-chamber draft or decreasing the 
outer-chamber draft. Elhanafi et al. (2018) developed a numerical wave 
tank based on the N–S equations to study the effect of chamber lip 
draught, chamber width and PTO damping on the performance of 
single-chamber and dual-chamber OWC devices. Correia et al. (2016) 
studied experimentally the motion characteristic of an array 
inter-connected triangular configuration of three OWC spar-buoy de-
vices. Howe et al. (2020) performed an experimental test on the wave 
attenuation performance of a floating breakwater with array OWC 
configuration. The OWC system was installed in the front of the break-
water with a parallel arrangement scheme. The results indicated that the 
hydrodynamic interaction among multiple OWC chambers affected the 
variation of the transmission coefficient with period. Guo et al. (2021) 
also proposed a novel OWC-type breakwater integrated system which is 
attached to a front wall oscillating in the pitch by a torsional spring. It is 
illustrated that the energy conversion efficiency is strongly related to the 
motion response of the front wall. Pawitan et al. (2019) integrated a 
caisson type OWC-WEC into a vertical breakwater, showing that the 
internal water motion can reduce wave loads on the caisson breakwater. 
Zheng et al. (2019) adopted the eigenfunction matching method based 
on linear potential flow theory to investigate the hydrodynamic per-
formance of multiple coast-integrated OWCs. Wang et al. (2022) mainly 
studied the hydrodynamic characteristics of the narrow gap between a 
heaving OWC and a floating stationary breakwater. Through the opti-
mization of the gap distance, the conversion efficiency can be effectively 
amplified at the resonant frequency. 

It is not possible to infer the difference on the hydrodynamic per-
formance between the OB-type and OWC-type FBs from the published 
studies. The motivation and novelty of this paper is twofold: firstly to 

Y. Cheng et al.                                                                                                                                                                                                                                   



Coastal Engineering 177 (2022) 104188

3

consider different WEC-type floating breakwaters including an OB-type 
SPFB and an OWC-type DPFB with the same displacement i.e. mass, and 
secondly to investigate systematically both the wave attenuation and the 
energy extraction performance of the two devices through a series of 
experimental tests. This will help to optimize the configuration of WEC- 
breakwater integration that achieves cost-sharing and space-sharing 
WEC-breakwater solutions. 

The paper is organized as follows: firstly, the description of the 
experimental setup and method involved in the data analysis are given 
in Section 2. Section 3 establishes a numerical wave tank based on the 
N–S equations to further cross-check experimental data. In Section 4, the 
parametric sensitivity analysis is described firstly. Then the detailed 
comparisons between the two WEC-type floating breakwaters discussed. 
Finally, the conclusions obtained from this study are summarized in 
Section 5. 

2. Experiments 

2.1. Experimental setup 

The experiments were conducted in a 40 m long, 0.8 m wide, 1.4 m 
deep wave flume at the Jiangsu University of Science and Technology, 
China. A piston-type wave-maker is located at one end of the wave flume 
to generate incident waves. A slope-type wave beach is arranged at the 
other end of the flume to absorb the transmitted waves. The model scale 
is set as 1:20 based on the Froude scaling principle. In the present study, 
an OB-type SPFB and an OWC-type DPFB are considered with length L =
0.78 m perpendicular to the incoming wave direction, respectively. In 
order to compare the hydrodynamics of the OB-type SPFB and the OWC- 
type DPFB, the displacements and the total pontoon widths are kept the 
same for the two devices. Here, the OB-type SPFB model performed only 
heave motion while the OWC-type DPFB model is fixed on the free water 
surface. 

These models were manufactured from 10 mm thick Perspex sheets. 
The details of the two scaled models are given in Tables 1 and 2, and 
supported by Fig. 1 (a) and (b). The OB-type SPFB model was restrained 
by two slide rails. Each slide rail is made of a linear guide and a sliding 
block, and the friction coefficient is about 0.03 and thus its effect on the 
FB motion is negligible. The PTO system of the OB-type SPFB is modeled 
by an aerodynamic damper which consists of a tunable nozzle, an air 
cylinder and a piston rod. The PTO damping load is generated by the 
reciprocating motion of the piston rod in the cylinder, and is adjusted by 
tuning the nozzle at the damper. A tension sensor was bonded on the 
SPFB and the end of the piston rod to record the PTO damping load. 
Three different PTO damping coefficients (bpto = 40 N/m, 150 N/m and 
300 N/m) are set by fitting the relationship between the damping load 
and the FB motion measured by a non-contact optical Qualysis tracking 
system. It is demonstrated by Zhang et al. (2021) that the transmission 
coefficient of the SPFB is greatly dependent on the body draft. Thus, 
three sets of body drafts (i.e. ds = 0.10 m, 0.15 m and 0.20 m) are 
considered with the fixed FB width bs = 0.3 m. These model drafts are 
adjusted by using the customized steel ballast. The ballasts were fixed at 
the bottom of the model to prevent the ballast from moving during 
measurement and assure the required accuracy. 

The OWC-type DPFB model is fixed by six vertical steel frames 

clamped to the flume sides. The widths of the two pontoons are constant 
bd = 0.15 m which means that the total width of the two pontoons are 
equivalent to the width of the SPFB. Six sets of pontoon drafts (d1 = d2 =

0.1 m, d1 = d2 = 0.15 m, d1 = d2 = 0.20 m, d1 = 0.1 m and d2 = 0.20 m, 
d1 = 0.15 m and d2 = 0.20 m, d1 = 0.1 m and d2 = 0.15 m, where d1 and 
d2 denote the drafts of the front and back pontoon, respectively) are 
examined with the pontoon height above the water surface kept con-
stant ho = 0.2 m. Three widths of the OWC chamber are considered (i.e. 
bo = 0.15 m, 0.25 m and 0.35 m) by changing the gap distance between 
two pontoons. An orifice located on the roof of the OWC chamber is 
designed to model the PTO system of the OWC. Three opening ratios 
which are defined as the ratio of the orifice area Ao and the chamber 
cross-sectional area Aw are selected (i.e. α = 0.393%, 0.769% and 
1.272%) to investigate the effects of the PTO system for the OWC. 

The experimental setup of the two WEC-type FBs is shown in Fig. 2 
(a) and (b), in which these scaled models were placed 20 m away from 
the wave-maker. Some wave gauges with a resolution of 0.01 cm were 
deployed to obtain the wave elevation. For example, two wave gauges 
(WG1 and WG2) were located upstream from FBs to separate the re-
flected wave height Hr by using the two-point method (Goda and Suzuki, 
1976). One wave gauge (WG3) was located downstream from FBs to 
calculate the transmitted wave height Hi. Brendmo et al. (1996) reported 
that when wavelength is long related to the horizontal dimension in the 
chamber, surface motion at one point can denote the whole surface 
variation in the chamber. In the present paper, the horizontal dimension 
inside the chamber is small compared to the prevailing wavelength. The 
water surface motion in the OWC chamber is measured by WG4. The 
pneumatic air pressure induced by the water motion in the OWC 
chamber is recorded by two pressure gauges (PG1 and PG2). The aver-
aged pressure of the two pressure gauges i.e. pa=(pg1+pg2)/2 is selected 
to solve the wave energy extraction from the OWC. A range of regular 
wave conditions were generated to simulate scaled physical wave con-
ditions. In order to discern the nonlinear wave effect on the hydrody-
namic performance of FBs, three different wave heights of Hi = 0.05 m, 
0.10 m and 0.15 m are considered to cover whole period range from T =
0.8 s–2.1 s, where the water depth h = 1.0 m is fixed. The detailed wave 
parameters are listed in Table 3. 

In order to minimize the experimental errors, the measurement for 
each wave case was repeated at least twice. The time history of the 
tested data was analyzed in the regular oscillatory phase of the experi-
ment. It is found by Ning et al. (2019) that a relatively long time window 
should be provided to ensure that the experimental data is not 
contaminated by the re-reflected waves from the wavemaker. Thus, each 
wave test was completed based on the data collected by the WG 3 
covering a time interval of 10 wave periods. The wave elevations at each 
wave gauge were compared for the repeated tests. 

2.2. Data analysis 

According to the reflected and transmitted wave heights obtained 
from wave gauges, the wave attenuation capacity of FBs can be denoted 

Table 1 
Physical parameters of the OB-type SPFB models.  

Pontoon Length 
(m) 

Pontoon width 
(m) 

Pontoon draft 
(m) 

PTO damping (Ns/ 
m) 

0.78 0.3 0.10 150 
0.78 0.3 0.15 150 
0.78 0.3 0.20 150 
0.78 0.3 0.15 40 
0.78 0.3 0.15 300  

Table 2 
Physical parameters of the OWC-type DPFB models.  

Pontoon 
Length 
(m) 

Pontoon 
width (m) 

Front- 
pontoon 
draft (m) 

Back- 
pontoon 
draft (m) 

Chamber 
width (m) 

Opening 
ratio (%) 

0.78 0.15 0.10 0.10 0.25 0.769 
0.78 0.15 0.15 0.15 0.25 0.769 
0.78 0.15 0.20 0.20 0.25 0.769 
0.78 0.15 0.10 0.20 0.25 0.769 
0.78 0.15 0.15 0.20 0.25 0.769 
0.78 0.15 0.10 0.15 0.25 0.769 
0.78 0.15 0.15 0.15 0.15 0.769 
0.78 0.15 0.15 0.15 0.35 0.769 
0.78 0.15 0.10 0.15 0.25 0.393 
0.78 0.15 0.10 0.15 0.25 1.272  
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as 

Kt =
Ht

Hi
(1)  

Kr =
Hr

Hi
(2)  

where Kr and Kt denote the reflection coefficient and the transmission 
coefficient, respectively. 

Fig. 1. Photos of the WEC-type floating breakwaters system.  

Fig. 2. Schematic of the experimental setup for the WEC-type floating breakwater systems.  
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The wave coefficient Cη in the OWC chamber is defined as 

Cη =
Ho

Hi
(3)  

where Ho is the wave height in the OWC chamber and is measured by 
WG4. 

The heave motion performance for the OB-type SPFB can be denoted 
by a response amplitude operator (RAO) as 

RAO =
2ζ0

Hi
(4)  

where ζ is the heave response of the OB-type SPFB and the subscript 
0 denotes the response amplitude. 

Based on the working principle of the OB-type SPFB, the heave 
motion of the FB is absorbed by the aerodynamic damper, and thus the 
extracted wave power Ep(OB) can be defined by averaging data with a 
time interval of n wave periods (i.e. t = 5 T–15 T) as follows 

Ep(OB) =
1

nT

∫ t+nT

t
bpto⋅ζ̇

2
dt (5)  

where ζ̇ is the heave velocity of the OB-type SPFB. 
The average power Ep(OWC) generated by the OWC-type DPFB is 

calculated from the measured pneumatic pressure and wave elevation in 
the chamber, i.e. 

Ep(OWC) =
Aw

nT

∫ t+nT

t
pa(t)⋅

dη(t)
dt

dt (6)  

where dη/dt is the first-order time derivative of the water surface 
elevation at location WG4. 

The incident wave energy per unit wave front is calculated based on 
the input mechanism of wave energy flux 

Ew =
1
8
ρwgH2

i cg (7)  

where ρw and g are the water density and the gravity acceleration, 
respectively. cg is the moving velocity of wave group, and is determined 
by 

cg =
ω
2k

(

1 +
2kh

sinh 2 kh

)

(8)  

where ω is the wave frequency. k is the wave number which satisfies the 
following dispersion relationship 

ω2 = gk tanh(kh) (9) 

The energy conversion efficiency of the two WEC-type FBs can be 
written, respectively as 

ROB =
Ep(OB)

Ew⋅L
(10)  

ROWC =
Ep(OWC)

Ew⋅L
(11)  

where ROB and ROWC are the energy conversion efficiency of the OB and 
the OWC, respectively. 

3. Numerical comparison with experiments 

A fully nonlinear numerical model is developed to compare the 
experimental results of the two type WEC-FB hybrid systems described 
above. The numerical model is based on the potential flow theory with a 
mixed Eulerian-Lagrangian(MEL) time-marching technique. Hydrody-
namic loads are accurately calculated using some auxiliary functions. 
Two linear models for PTO systems of the OB and OWC devices are 
included in the structural and water motion equations, respectively. The 
solving process is briefly summarized in the following section. 

3.1. Numerical model 

In order to involve more general cases, a floating DPFB with an OWC 
chamber is considered to interact with surface waves, as shown in Fig. 3. 
Two Cartesian coordinate systems are defined with a space-fixed oxyz 
coordinate system and a body-fixed o’x’y’z’ coordinate system. When 
the DPFB is located at its equilibrium stage, the two space coordinates 
fully coincide with each other. The total computational domain consists 
of the outer water surface SFo, the internal water surface SFi, the body 
surface SB, the seabed surface SD and the side surface SC. Based on the 
assumption of non-viscous, incompressible and irrotational fluid, the 
water motion can be described by a velocity potential Φ which satisfies 
the Laplace governing equation and the following boundary conditions. 

d(x, y, z)

dt
=

∂Φ
∂(x, y, z)

on SFo and SFi (12)  

dΦ
dt

=
1
2
|∇Φ|

2
− gη −

Pa

ρw
on SFo and SFi (13)  

∂Φ
∂n

=
(

V→+ θ
→

× r→
)

⋅ n→ on SB (14)  

∂Φ
∂n

= 0 on SC and SD (15)  

where η denotes the water surface elevation. V→ and θ
→ is the trans-

lational and rotational velocity vectors of the DPFB, respectively. r→ the 
coordinate vector in the body-fixed coordinate system. n→ is the normal 
vector on the body surface pointing out the computational domain. Pa is 
the air pressure above water surface, i.e. Pa = 0 outside chamber and Pa 
= pneumatic pressure inside chamber. The pneumatic pressure in 
chamber is quadratic relationship with the air flow velocity Ua(t) as 
follows 

Pa =
ρa

2

(
1

αCc
− 1

)2

|Ua(t)|Ua(t) (16)  

where ρa and Ua(t) are the air density and the air flow velocity, 
respectively. Cc is the contraction coefficient obtained from the Chis-
holm expression (Fossa and Guglielmini, 2002). 

Cc =
1

0.639(1 − α)
0.5

+ 1
(17) 

The air flow velocity Ua(t) in Eq. (16) can be calculated according to 
the change of the air volume in the OWC chamber 

Ua(t) =
Vt+Δt − Vt

AoΔt
(18)  

where Vt+△t and Vt denote the air volume at time t+△t and t, respec-
tively, which are obtained by integrating the water surface across the 
chamber at each time step. 

The initial condition at t = 0 in the numerical model is defined as the 
DPFB installed in the incident waves suddenly. Through Green’s law, the 
Laplace equation in the computational domain can be transferred into a 

Table 3 
Wave parameters in experiments.  

Water depth (m) Wave height (m) Wave period (s) 

1.0 0.05 0.8, 1.0, 1.15, 1.3, 1.5, 1.8, 2.1 
1.0 0.10 0.8, 1.0, 1.15, 1.3, 1.5, 1.8, 2.1 
1.0 0.15 0.8, 1.0, 1.15, 1.3, 1.5, 1.8, 2.1  
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water integral equation over its closed surfaces which are divided into 
many higher-order elements i.e. eight node quadratic isoparametric el-
ements. The potential and its normal derivative are interpolated by 
using the shape functions. Boundary conditions are used, and the un-
knowns are then obtained from the solution of the matrix equation. Once 
the solution of the above boundary problem is solved, the hydrodynamic 
loads on the body surface can be obtained as 

Fi = − ρw

∫∫

SB

(
∂Φ
∂t

+
1
2

|∇Φ|
2

+ gz
)

⋅ nidS (19)  

where Fi(i = 1, 2 or 3) denotes the hydrodynamic force along x, y or z 
direction and Fi(i = 4, 5 or 6) denotes the hydrodynamic moment about 
x, y or z direction. 

Based on Newton’s second law, the heave motion equation of the FB 
can be expressed as 

mζ̈ + bptoζ̇ = F3 (20)  

where m is the body mass. The nonlinear hydrodynamic load F3 can be 
calculated by introducing the auxiliary function ψ , and thus Eq. (20) can 
be written as 

(m + K)ζ̈ + bptoζ̇ = Q3 (21)  

where 

K = ρw

∫∫

SB

ψ⋅n3dS (22)  

Q3 = − ρw

∫∫

SB+SFo+SFi

(
1
2
|∇Φ|

2
+ gz

)

⋅
∂ψ
∂n

dS + ρw

∫

SB

∇ψ ⋅ ζ̇⋅n3⋅∇ΦdS (23) 

The elements on the boundary surfaces are generated based on the 
soft-ware Gambit at the initial time. After solving the motion of water 
and structure, the nodes of elements move both horizontally and verti-
cally in the Lagrangian frame of the water surface condition. Hence, the 
discrete elements would cluster and scatter in the process of updating, 
and mesh rearrangement on water surface should be implemented. This 
paper adopts a spring analogy method proposed by Ma et al. (2010) to 
redistribute all nodes with keeping their connectivity. The new co-
ordinates of node i can be expressed 

Xt+Δt
i = Xt

i + δi (24)  

where δi is the displacement vector of node I and can be solved by using 
Jacobi iterative form, i.e. 

δi =

∑Ni

j=1
Kijδj

∑Ni

j=1
Kij

(25)  

where Ni denotes the total number of adjacent nodes; Kij denotes the 
linear stiffness. 

3.2. Comparison with experimental data 

A three-dimensional (3D) numerical model is established to repro-
duce the experiments, and its dimensions including length, width and 
water depth are same with those of the physical flume. The width and 
draft of the OB-type SPFB are set as bs = 0.3 m and ds = 0.15 m, 
respectively. The geometrical parameters of the OWC-type DPFB are bd 
= 0.15 m, d1 = d2 = 0.15 m and bo = 0.25 m. The PTO damping co-
efficients for the OB and OWC devices are set as the opening ratio α =
0.769% and the damping coefficient bpto = 150 N/m. After conducting 
the mesh and time convergence (Cheng et al., 2022), the mesh size on 
the water surface is △x = △y = λ/10, where λ is the wavelength. On the 
body surface, the element length is set as λ/15 along the horizontal and 
vertical directions. The total time of 25 wave periods is selected with an 
uniform time step dt = T/60. 

Fig. 4 shows the numerical and experimental comparison of the time 
series of the SPFB heave for Hi = 0.10 m and T = 1.0 s. The present 

Fig. 3. Definition sketch of 3D waves interact with a WEC-type floating breakwater.  

Fig. 4. Time series of the measured and predicted heave motion of the OB- 
type SPFB. 
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numerical results agree well with the experimental data with a small 
phase difference of around 2%, and a maximum amplitude difference of 
7%. The slightly overestimation of the heave motion can be attributed to 
the in-viscous assumption. Additionally, the gap between the flume wall 
and the body would induce the transverse sloshing motion of water, 
affecting the measured accuracy. Furthermore, Fig. 5(a) and (b) display 
the time series of the wave elevation and the air pressure in the OWC 
chamber for the OWC-type DPFB, respectively. The distinct nonlinear 
phenomenon can be observed in the curves of the wave elevation and 
the air pressure, i.e. multiple peaks or valleys, steeper variation in wave 
trough and asymmetry of peaks and valleys. The higher-order compo-
nents are clearly captured by the fully nonlinear numerical model. 

The contributions from different order non-linear components, such 
as fundamental, second- and third-order, have been obtained by use of 
the fast Fourier transformation(FFT), and plotted against the dimen-
sionless wave frequency ω/ω0 (ω0 is the incident wave frequency) in 
Fig. 6(a) and (b). The relative error between numerical and experi-
mental results δ as expressed in Eq. (43) for each order decompositions 
are also indicated in these figures. It can be seen that the different-order 
contributions exist i.e. up to the fourth-order for wave elevation and the 
third-order for air pressure. The frequencies of n-order components 
correspond to n times wave frequency. The percentages of the total 
arising from the fundamental to fourth-order components for wave 
elevation are calculated as 77.31%, 7.73%, 13.53% and 1.43, and those 
for air pressure are 87.20%, 8.72%, 2.90% and 1.18%, respectively. 
Although the fundamental component is dominant to both wave 
elevation and air pressure, the contributions of the higher-order com-
ponents can not be ignored, and are associated with nonlinear wave in 
Eq. (13) and quadratic air pressure Eq. (16). 

δ =

⃒
⃒
⃒SN

η/P − SE
η/P

⃒
⃒
⃒

SE
η/P

(43)  

where the superscripts N and E denote the numerical and experimental 
spectral values, respectively. 

4. Results and discussion 

In this section, the dependence of the OB-type SPFB and the OWC- 
type DPFB on the designed parameters is firstly investigated in detail. 
Then, the hydrodynamic comparison of the two type FBs is presented in 
terms of the wave transmission coefficient and wave energy conversion 
efficiency. Furthermore, the effect of wave nonlinearity i.e. incident 
wave height is examined. All results are obtained from experimental 
tests. The main objective is to provide the improved knowledge to design 
a hybrid WEC-FB system with favorable performance. 

4.1. Hydrodynamic performance of the OB-type SPFB 

4.1.1. Effect of draft 
Experiments were conducted with three different drafts (ds = 0.1 m, 

0.15 m, and 0.2 m) for the OB-type FB with PTO damping bpto = 150 N s/ 
m. The incoming wave height is kept to Hi = 0.1m, and other variables 
has been described in Section 2.1. Fig. 7(a) and (b) display the variation 
of the reflection coefficient and the transmission coefficient with the 
dimensionless wave period T(g/Hi)1/2, respectively. It can be seen from 
Fig. 7(a) that the reflection coefficient is basically unchanged by the 
body draft with exception of the region 13 < T(g/Hi)1/2<15 in which the 
reflection coefficient increases with d. This is due the fact that the short 
wave energy is mainly concentrated near the water surface with the 
range of a wave height, and decays rapidly along water depth. In this 
particular case, three tested drafts are larger than incident wave height, 
and have weak effects on the reflection coefficient. On the contrary, for 
the long wave region 13 < T(g/Hi)1/2<15, the motion velocity of water 
particles decays more slowly along water depth. Consequently, the 
effective seaward area of the FB increases with draft, which leads to a 
larger reflection coefficient. As shown in Fig. 7(b), the transmission 
coefficient increases with increasing the body draft for the whole range 
of wave periods. This means that the attenuation capacity of the SPFB is 
mainly a function of the body draft, which is consistent with the 
observation by Zhang et al. (2021) (focused on a typical SPFB device). 

Fig. 8(a) and (b) show the heave RAO and the energy conversion 
efficiency of the OB-type SPFB for different body drafts. It can be seen 
from Fig. 8(a) that the heave motion of the SPFB decreases with 
increasing body draft in short-period waves but is insensitive to the draft 
in long-period waves. A similar trend for the conversion efficiency 
curves can be also observed in Fig. 8(b). This is closely related to the 
wave energy distribution along water depth. A shallower draft leads to 
more effectively interaction with short-period waves to a higher ab-
sorption of wave energy. Additionally, the maximum energy conversion 
efficiency is shifted from left to right side that has larger values of T(g/ 
Hi)1/2. This shift can be associated with the formula of the resonant 
period of the SPFB as follows (Zhang et al., 2021a,b) 

Ts =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4π2(ρwgLbsds + az)

ρwgLbs

√

(44)  

where Ts is the resonant periods for the OB; az is the added mass. It is 
clear from Eq. (44) that the resonant period of the SPFB increases with 
increasing body draft. 

4.1.2. Effect of PTO dampings 
In this sub-section, three different PTO dampings (i.e. bpto = 40 N s/ 

m, 150 N s/m and 300 N s/m), are selected to illustrate the effect of the 
PTO system for the OB-type SPFB. The draft of the SPFB is fixed as ds =

0.15 m and other parameters are kept the same with Figs. 7 and 8. Fig. 9 
(a) and (b) give distribution of the reflection and transmission co-
efficients with wave period for different PTO dampings. It can be seen 

Fig. 5. Time series of the measured and predicted (a) wave elevation and (b) air pressure in the chamber of the OWC-type DPFB.  
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Fig. 6. Spectra analysis of (a) wave elevation and (b) air pressure in the chamber of the OWC-type DPFB.  

Fig. 7. Variations of (a) the reflection coefficient Kr and (b) the transmission coefficient Kt with dimensionless wave period T(g/Hi)1/2 for three different drafts of the 
OB-type SPFB. 

Fig. 8. Variations of (a) the heave RAO and (b) the energy conversion efficiency ROB with dimensionless wave period T(g/Hi)1/2 for three different drafts of the OB- 
type SPFB. 

Fig. 9. Variations of (a) the reflection coefficient Kr and (b) the transmission coefficient Kt with dimensionless wave period T(g/Hi)1/2 for three different PTO 
damping coefficients of the OB-type SPFB. 
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from Fig. 9(a) that the reflection coefficient increases with increasing 
PTO damping in long-period waves (T(g/Hi)1/2>12). This can be 
explained by the fact that the motion response of the SPFB increases 
with decreasing PTO damping, which causes more wave energy dissi-
pation including the viscous energy losses and flow separation at the 
bottom edges. Fig. 9(b) reveals that the transmission coefficient de-
creases apparently with increasing bpto from 40 N s/m to 150 N s/m, and 
then almost remains identical after that. This is not surprising because a 
larger PTO damping leads to a higher wave energy absorption at the 
initial stage of increasing PTO damping. When the PTO damping in-
creases to the optimal damping, the wave energy extraction reaches the 
maximum. With further increasing PTO damping, the attenuation per-
formance of the SPFB is close to that of the fixed breakwater. The 
optimal damping bopt based on linear wave theory can be obtained as 
follows (Zhang et al., 2021a,b) 

bopt =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ms + az)ω2 − (ρwgLbs)
2

ω2 + bz

√

(45)  

where bz is the radiation damping coefficient of the SPFB. 
The distribution of the heave RAO and the energy conversion effi-

ciency for different PTO dampings of the OB-type SPFB is given in 
Fig. 10(a) and (b), respectively. As can be intuitively expected, the 
motion response of the SPFB is reduced with increasing as shown in 
Fig. 10(a). In Fig. 10(b), the SPFB becomes more advantageous for 
extracting wave energy with increasing bpto from 40 N s/m to 150 N s/m. 
However, with further increasing bpto from 150 N s/m to 300 N s/m, the 
energy conversion efficiency decreases in the short-period wave region 
of T(g/Hi)1/2<16 and increases in the long-period wave region of T(g/ 
Hi)1/2>16. This phenomenon is due to that the optimal PTO damping 
increases with increasing wave period. According to Eq. (), the optimal 
PTO damping is closer to 150 N s/m than 300 N s/m for T(g/Hi)1/2<16, 
and vice versa for T(g/Hi)1/2<16. The maximum energy conversion ef-
ficiencies corresponding to the resonant period T(g/Hi)1/2 = 11.38 are 
ROB = 0.14, 0.16 and 0.12 for bpto = 40 N s/m, 150 N s/m and 300 N s/ 
m, respectively. This demonstrates that the wave energy is the highest 
when the wave period is around the resonant period and the PTO 
damping is simultaneously the optimal damping i.e. radiation damping. 

4.2. Hydrodynamic performance of the OWC-type DPFB 

4.2.1. Effect of draft 
The draft of the OWC-type DPFB includes the drafts of the front and 

back pontoons denoted respectively by d1 and d2, as verified in Fig. 3. 
Fig. 11 shows the variation of the reflection coefficient, the transmission 
coefficient, the wave coefficient in the chamber and the energy con-
version efficiency of the DPFB with wave period for different pontoon 
drafts. From Fig. 11(a), it can be concluded that the reflection coefficient 
is unaffected by the pontoon draft in short-period waves and increases 

with increasing pontoon draft in long-period waves because of the 
strong transmission ability of long-period waves. Part of wave energy of 
long-period waves that enters into the chamber can be further reflected 
by the back pontoon. In Fig. 11(b), the variation of the transmission 
coefficient against pontoon draft for the OWC-type DPFB is similar to 
that of the OB-type SPFB as shown in Fig. 7(b). It is worth mentioning 
from Fig. 11(c) that the wave elevation in the OWC chamber decreases 
with increasing the pontoon draft in short-period waves but is almost the 
same in long-period waves. This is because the short-period waves can 
be easily reflected by the front pontoon and the waves weakly transmit 
into the OWC chamber. Fig. 11(d) indicated that both the maximum 
energy conversion efficiency and effective frequency bandwidth de-
creases with increasing the pontoon draft, with the maximum ROWC =

0.18, 0.15 and 0.12 respectively. According the following approximated 
formula for the water motion in a moonpool, the resonant periods of the 
water column in the OWC chamber are Td(g/Hi)1/2 = 7.72, 8.91 and 9.89 
for d1 = d2 = 0.10 m, d1 = d2 = 0.15 m and d1 = d2 = 0.20 m, respec-
tively, but the maximum energy conversion efficiency corresponds to 
the same period Td(g/Hi)1/2 = 11.38 for all drafts. This is due to that the 
coefficient 0.41 in Eq. (44) is empirical and is determined by the fitting 
technique. Hence, the accurate resonant period for the OWC with 
different configurations should be done with rigorous tests. The resonant 
period of the water in the OWC chamber is independent on the pontoon 
draft (Veer and Thorlen, 2008). 

Td = −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4π2
(
d1 + 0.41

̅̅̅̅̅̅
Aw

√ )

g

√

(44a) 

To further analyze the effect of the front-pontoon draft, three drafts 
of the front pontoon (i.e. d1 = 0.10 m, 0.15 m and 0.20 m) are considered 
with the draft of the back pontoon kept the same (i.e. d2 = 0.20 m). The 
distribution of the reflection coefficient, the transmission coefficient, the 
wave coefficient in the chamber and the energy conversion efficiency 
with wave period is shown in Fig. 12(a)-(d), respectively. It is remark-
able from Fig. 12(a) that the reflection coefficient is insensitive to d1 in 
short-period waves and increases with d1 in long-period waves due to 
the amplification of the effective seaward area in the direction normal to 
the wave propagation. As shown in Fig. 12(b), the transmission coeffi-
cient decreases with increasing the draft of the front pontoon, especially 
near the resonant region of 10<Td(g/Hi)1/2<14. It can be seen from 
Fig. 12(c) that larger wave elevations in the chamber are measured for 
smaller drafts of the front pontoon. This is because that waves can be 
more easily reflected by the front pontoon with larger drafts. It should be 
noted that the draft of the front pontoon has an obvious influence on the 
energy conversion efficiency, and a shallower front-pontoon draft leads 
to a higher conversion efficiency in the OWC chamber, with the 
maximum ROWC = 0.25, 0.17 and 0.12 respectively. The effective fre-
quency bandwidth is extended and can be seen to shift to the short- 
period wave region. 

Then, what will happen if the front-pontoon draft is kept the same, 

Fig. 10. Variations of (a) the heave RAO and (b) the energy conversion efficiency ROB with dimensionless wave period T(g/Hi)1/2 for three PTO damping coefficients 
of the OB-type SPFB. 
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while the back-pontoon draft changes? To answer this question, three 
back-pontoon drafts (i.e. d2 = 0.10 m, 0.15 m and 0.20 m) are selected 
while keeping the same front-pontoon draft d1 = 0.10 m. Fig. 13 presents 
the variation of the reflection coefficient, the transmission coefficient, 
the wave coefficient in the chamber and the energy conversion effi-
ciency for different back-pontoon drafts. From Fig. 13(a), it can be seen 

that the back-pontoon draft has a weaker influence on the reflection 
coefficient than that of the front-pontoon. The transmission coefficient 
decreases monotonically with increasing the back-pontoon draft, as 
shown in Fig. 13(b). This is reasonable since the back-pontoon has a 
larger draft which leads to much stronger water motion in chamber as 
shown in Fig. 13(c) and thus more wave energy is dissipated. The effect 

Fig. 11. Variations of (a) the reflection coefficient Kr, (b) the transmission coefficient Kt, (c) the wave coefficient Cη in the chamber and (d) the conversion efficiency 
ROWC with dimensionless wave period T(g/Hi)1/2 for three different pontoon drafts of the OWC-type DPFB. 

Fig. 12. Effects of the front-pontoon draft on (a) the reflection coefficient Kr, (b) the transmission coefficient Kt, (c) the wave coefficient Cη in the chamber and (d) the 
conversion efficiency ROWC of the OWC-type DPFB. 
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of the back-pontoon draft on the water motion is incontrast to that of the 
front-pontoon draft. Fig. 13(d) reveals that the wave reflection by the 
back-pontoon can enhance the energy extraction performance of the 
OWC device. The maximum conversion efficiency of the OWC-type 
DPFB is strongly influenced by the back-pontoon draft with ROWC =

0.18 (d2 = 0.10 m), 0.20 (d2 = 0.15 m) and 0.25 (d2 = 0.20 m). A similar 
conclusion was ever by Ning et al. (2017) in their experimental inves-
tigation on an offshore fixed cylindrical dual-chamber OWC. It can be 

concluded that for practical engineering applications such as wave en-
ergy exploitation or marine protection, the OWC-type DPFB with a 
larger back-pontoon draft and a smaller front-pontoon draft would be 
preferred, because not only both higher wave energy extraction can be 
realized, and better wave attenuation capacity is achieved. 

4.2.2. Effect of chamber width 
The effect of the chamber width i.e. the gap distance between two 

Fig. 13. Effects of the back-pontoon draft on (a) the reflection coefficient Kr, (b) the transmission coefficient Kt, (c) the wave coefficient Cη in the chamber and (d) the 
conversion efficiency ROWC of the OWC-type DPFB. 

Fig. 14. Variations of (a) the reflection coefficient Kr, (b) the transmission coefficient Kt, (c) the wave coefficient Cη in the chamber and (d) the conversion efficiency 
ROWC with dimensionless wave period T(g/Hi)1/2 for three different chamber widths of the OWC-type DPFB. 
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pontoons is discerned in this sub-section, and three sets of chamber 
widths (i.e. bo = 0.15 m, 0.25 m and 0.35 m) are selected. It is noted that 
the widths of the two pontoon are kept the same in this paper. The 
identical drafts of the front-pontoon and the back-pontoon are set as d1 
= d2 = 0.15 m. Fig. 14(a)-(d) shows the variation of the reflection co-
efficient, the transmission coefficient, the wave coefficient in the 
chamber and the energy conversion efficiency with wave period. It can 
be found from Fig. 14(a) that the reflection coefficient slightly increases 
with increasing chamber width in long-period waves. This is attributed 
to the reason that the water volume in the chamber increases with 
increasing the chamber width. Hence, more water motion can be 
induced by the waves transmitting into the chamber. This energy ex-
change between outer waves and internal water causes lower trans-
mission coefficient, as shown in Fig. 14(b). In Fig. 14(c), the wave 
elevation in the chamber decreases with increasing chamber width, 
leading to smaller gap resonance effect as the internal water oscillates up 
and down. In this scenario, the fatigue damage to the inner body surfaces 
between the two pontoons can be avoided. It is emphasized from Fig. 14 
(d) that the energy conversion efficiency decreases with increasing 
chamber width in short-period waves. This is attributed to that a smaller 
chamber width leads to a smaller air volume in the chamber, which 
induces more violent change of the internal water motion and the 
pneumatic pressure. In long-period waves, the conversion efficiency 
decreases more slowly for larger chamber width compared with that for 
smaller chamber width. This is because long-period wave energy with 
high transmission ability can be fully absorbed by the large chamber. 

4.2.3. Effect of opening ratio 
In order to obtain the optimal PTO damping for the OWC-type DPFB, 

three opening ratios (α = 0.398%, 0.769% and 1.272%) are considered, 
which correspond to the diameters of the circular orifices D = 0.025 m, 
0.035 m and 0.045 m, respectively. The OWC chamber width is bo =

0.25 m and other parameters are kept the same with those in Fig. 14. 
Fig. 15(a)-(d) illustrate the effects of the opening ratio on the reflection 
coefficient, the transmission coefficient, the wave coefficient in the 
chamber and the energy conversion efficiency, respectively. From 

Fig. 15(a), it can be seen that the reflection coefficient slightly decreases 
with increasing the opening ratio. This is because the total reflection 
includes the reflections from the front pontoon, the back pontoon and 
below the water column in the chamber. The PTO damping in the 
chamber decreases with increasing the opening ratio, resulting in a 
stronger water motion in the chamber which is in accordance with the 
results as shown in Fig. 15(c). Consequently, the reflection from the 
internal water column is reduced with the opening ratio. However, the 
transmission coefficient is insensitive to the opening ratio, which is 
because of the energy exchange between the incoming waves, reflected 
waves and the internal water motion. As shown in Fig. 15(d), the 
maximum energy conversion efficiency increases with increasing the 
opening ratio, even though the effective frequency bandwidth is un-
changed. The opening ratio for maximum efficiency is larger than α =
1.272%. It is interesting that the energy conversion efficiency for α =
0.398% increases when wave period increases from Td(g/Hi)1/2 = 18 to 
21. This is due to the fact that the long-period waves with a higher en-
ergy flux intensity enter into the chamber more easily, and thus a smaller 
orifice (larger PTO damping) can induce larger air pressure in the 
chamber, enhancing the wave energy extraction of the OWC device. 

4.3. Comparison of the OB-type SPFB and the OWC-type DPFB 

4.3.1. Reflection and transmission coefficients 
In this sub-section, the hydrodynamic coefficients i.e. the reflection 

and transmission coefficients of the OB-type SPFB is compared with 
those of the OWC-type DPFB. The pontoon width of the SPFB is equal to 
the overall pontoon width of the DPFB, i.e. bs = 2bd = 0.3 m. Their 
displacements i.e. structural masses are kept same, i.e. V = 0.035 m3. 
Therefore, three combination of pontoon drafts are considered, ds =

0.15 m for SPFB, d1 = d2 = 0.15 m for DPFB and d1 = 0.10 m and d2 =

0.20 m for DPFB. Fig. 16(a) and (b) display the comparisons of the 
reflection and transmission coefficients of the DPFB with different drafts 
and the SPFB. From Fig. 16(a), it can be seen that in the period region of 
10<Td(g/Hi)1/2<14, due to the amplification of the effective seaward 
area, the reflection coefficient of the OB-type SPFB is smaller than that of 

Fig. 15. Variations of (a) the reflection coefficient Kr, (b) the transmission coefficient Kt, (c) the wave coefficient Cη in the chamber and (d) the conversion efficiency 
ROWC with dimensionless wave period T(g/Hi)1/2 for three different opening ratios of the OWC-type DPFB. 
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the OWC-type DPFB. In contrast, in long-period wave region, part of 
wave energy is transmitted into the chamber and is absorbed by the 
OWC device, leading to the smaller reflection of the DPFB compared to 
that of the SPFB. As shown in Fig. 16(b), the transmission coefficient of 
the DPFB with different drafts is smaller than that of the SPFB for the 
whole range of wave periods. It is noted that the transmission coefficient 
is used as a basis for the wave attenuation ability of the FB. This finding 
suggests that the wave attenuation of the pontoon-type FB can be 
enhanced by integrating OWC devices into the gap between pontoons. 

Next, the comparisons of the reflection and transmission coefficients 
of the OWC-type DPFB with different chamber widths (i.e. gap distances 
between two pontoons) and the OB-type SPFB are shown in Fig. 17(a) 
and (b). The drafts of all pontoons are set as 0.15 m and other param-
eters have been given in Fig. 15. It can be seen from Fig. 17(a) that the 
reflection coefficient of the DPFB can be diminished by the small gap due 
to the more wave energy dissipation generated by the gap resonance, but 
is still larger than that of the SPFB in moderate-length wave region. 
Combing Figs. 17(b) and 16(b), from the direct comparison of the 
transmission coefficient of the DPFB with different chamber widths and 
the SPFB, it can be found that when the chamber width is smaller than a 
critical value i.e. 0.25 m in this paper, the gap design for the DPFB 
become disadvantageous in terms of the wave attenuation performance. 
This enlighten us that the gap distance does not always reduce the 
transmission coefficient, and the effectiveness of the single pontoon 
width and the chamber width should be weighed based on the energy 
transform. The optimal ratio of the chamber width of the total pontoon 
width is larger than 0.83, which leads to a larger wave energy absorbed 
by the water in the OWC than that absorbed by the OB motion. 

4.3.2. Energy conversion efficiency 
The comparisons of the energy conversion efficiency for the OWC- 

type DPFB with different designed parameters and the OB-type SPFB 
are plotted in Fig. 18(a)-(c). Fig. 18(a) shows that the energy extraction 

of the OWC device with a shallower front-pontoon draft and a deeper 
back-pontoon draft is significantly higher than that of the OB device 
when the displacements of the two devices are kept the same. This is 
because a larger difference between the drafts of the back and front 
pontoons means a longer, heavier water column converged in the 
chamber as well as more fully interaction between the water outside and 
inside the chamber when the draft of the front-pontoon draft is smaller 
than that of the back-pontoon draft. When the drafts of all pontoons are 
the same and the ratio of the chamber width and the total pontoon width 
is larger than 0.83, the conversion efficiency of the OWC is lower than 
that of the OB in short-period waves, and the opposite is true in long- 
period waves, as shown in Fig. 18(b). Considering the optimal PTO 
damping coefficients, the maximum energy conversion of the OWC de-
vice is enhanced compared to the OB device, by up to 1.26 times, with 
almost identical effective frequency bandwidth, as indicated in Fig. 18 
(c). 

4.4. Wave nonlinear factors 

According to the linear wave theory, both the wave attenuation and 
the energy conversion should be independent on the incident wave 
height Hi. However, some higher-harmonic wave components are 
generated by the interaction of waves with large amplitude and floating 
bodies, even to be comparable to the fundamental waves due to strong 
instantaneous motion of the intersection line between water surface and 
body surfaces. Therefore, three incident wave heights Hi = 0.05 m, 0.10 
m and 0.15 m are considered and other parameters are the same with 
those in Section 2.1. In order to compare the results among different 
wave heights, the dimensionless wave period in Figs. 19–21 was defined 
as T(g/h)1/2. 

4.4.1. Reflection and transmission coefficients 
Fig. 19(a) and (b) shows the effect of the incident wave height on the 

Fig. 16. Comparison of (a) the reflection coefficient Kr and (b) the transmission coefficient Kt of the OB-type SPFB and the OWC-type DPFB for different combinations 
of pontoon draft. 

Fig. 17. Comparison of (a) the reflection coefficient Kr and (b) the transmission coefficient Kt of the OB-type SPFB and the OWC-type DPFB for different cham-
ber widths. 
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reflection and transmission coefficients of the OB-type SPFB, respec-
tively. It can be observed from Fig. 19(a) that the reflection coefficient in 
short-period waves moves slightly toward smaller values with increasing 
wave heights. This is because short-period waves with large amplitude 
are focused on the weather side of the OB, leading to more wave 

breaking by the OB surface. As shown in Fig. 19(b), the wave nonline-
arity has weak influence on the transmission coefficient, demonstrating 
that the model design for a particular range of periods and small wave 
height should also be adequate in the case of extreme wave conditions. 

The reflection and transmission coefficients for the OWC-type DPFB 

Fig. 18. Comparison of the energy conversion efficiency of the OB-type SPFB and the OWC-type DPFB for (a) different pontoon drafts, (b) different chamber widths 
and (c) different PTO damping coefficients. 

Fig. 19. Effects of incident wave height on (a) the reflection coefficient Kr and (b) the transmission coefficient Kt of the OB-type SPFB.  

Fig. 20. Effects of incident wave height on (a) the reflection coefficient Kr and (b) the transmission coefficient Kt of the OWC-type DPFB.  
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are displayed in Fig. 20(a) and (b), respectively. The variation of the 
reflection coefficient in Fig. 20(a) is similar with that for the OB-type 
SPFB, and is insensitive to the wave height. However, the transmission 
coefficient apparently decreases with increasing wave height, especially 
in long-period waves. This is due to the fact that long-period waves with 
large amplitude enters into the OWC chamber to induce more violent 
water motion in the chamber. Some higher-order scattering waves 
including the bounded and free wave components are generated in the 
chamber and are easily re-reflected in the gap between pontoons. When 
the reflections from two pontoons meet in phase, the interference is 
constructive, leading to more wave energy dissipation. Additionally, the 
higher-order waves strength the variation of the air pressure in the 
chamber, which in turn accelerate the generation of higher-order waves. 

Above findings enlighten us that the wave attenuation capacity of the 
OB-type SPFB can be accurately predicted by linear wave theory i.e. 
first-order potential flow theory, but that of the OWC-type SPFB should 
be simulated based on fully nonlinear theory due to the strong interac-
tion among water, air and FB. 

4.4.2. Energy conversion efficiency 
Fig. 21(a) and (b) plot the effect of the wave height on the energy 

conversion efficiency of the OB-type SPFB and the OWC-type DPFB, 
respectively. The conversion efficiency of the OB-type SPFB in Fig. 21(a) 
decreases significantly with increasing wave height near the resonant 
period of the SPFB. This appears to be induced by the wave nonlinearity 
for Hi > 0.05 m, in which the stronger energy loss occurs i.e. the vortex 
in the seaward of the FB, the lee-wake vortices behind the body, the 
turbulence and the wave breaking. As presented in Fig. 21(b), the 
reduction of the conversion efficiency of the OWC-type DPFB with wave 
height covers the whole range of wave periods. This further means that 
the hydrodynamic performance of the OWC-type FB is strongly contin-
gent on the degree of wave nonlinearity. To achieve higher energy 
conversion efficiency in a broader frequency bandwidth, the environ-
mental conditions with small-amplitude waves are more appropriate. 

5. Conclusions 

Two WEC-type floating breakwater hybrid systems are considered in 
this study. One is single-pontoon floating breakwater(SPFB) as an OB 
device with heave motion only, and the other is dual-pontoon floating 
breakwater(DPFB) in which an OWC device is embedded in the gap 
between two pontoons. The principle is that the displacements and the 
total pontoon widths are kept the same for the two hybrid systems. A 
series of physical experiments were conducted to focus on the function 
of the wave attenuation and wave energy extraction simultaneously. The 
PTO systems for the two devices are modeled by an air aerodynamic 
damper installed between the fixed frame and the OB and a circular 
orifice located on the top of the OWC, respectively. Based on the fully 
nonlinear potential theory and the higher-order element method, a time- 
domain numerical model was developed to cross-check the experimental 

data. The present numerical model was developed without the conver-
gent restriction of small wave steepness; hence both fundamental and 
higher-order wave components can be considered to examine wave 
nonlinearity. The influence of the wave parameters, geometrical di-
mensions, gap distances between pontoons and PTO damping co-
efficients was experimentally investigated. Additionally, the 
hydrodynamic performance of the OB-type SPFB and the OWC-type 
DPFB are compared with each other. The following conclusions can be 
drawn. 

The draft of the OB-type SPFB has strong influences on the wave 
attenuation capacity for most of wave periods examined as well as the 
wave energy extraction for short-wave periods less than the resonant 
period. As the PTO damping increases to the optimal damping near the 
resonant period in which the maximum conversion efficiency occurs, the 
transmission coefficient reaches its minimum and then remains about 
the same after that. For the OWC-type DPFB system, the purpose of the 
optimized design is to converge more wave energy in the gap between 
pontoons. Thus, a non-uniform pontoon draft can enhance energy con-
version efficiency of the DPFB dramatically, but has no contribution to 
the wave transmission when the displacement is fixed. The influence of 
the chamber width on the wave attenuation is contrary to that on the 
maximum energy extraction. The wave attenuation is insensitive to the 
opening ratio but the maximum conversion efficiency is enhanced with 
an opening ratio being larger than 1.0%. 

Comparisons of the OB-type SPFB and the OWC-type DPFB showed 
that the hydrodynamic performance for the DPFB with a small front- 
pontoon draft and a large back-pontoon draft is better than that for 
the SPFB with the same pontoon width and displacement. Under the 
premise of the same pontoon draft, when the ratio of the chamber width 
and the total pontoon width is larger than 0.83, the wave attenuation 
capacity of the DPFB design is higher than that of the SPFB, vice versa 
for the maximum energy conversion. Although the maximum conver-
sion efficiency of the OB and OWC devices can be enhanced by the 
optimal PTO damping, the effective frequency bandwidth is not appre-
ciably broadened. 

In cases of stronger wave nonlinearity, the transmission coefficient is 
basically unchanged for the OB-type SPFB and is reduced for the OWC- 
type SPFB. The conversion efficiencies of the OB and OWC devices are 
diminished by wave nonlinearity. That is to say, the influence of the 
extreme wave conditions on the hydrodynamic performance of the 
OWC-type DPFB is more complicated compared to the OB-type SPFB. 

The fully nonlinear factors including the large deformation of water 
surface and the instantaneous motion of floating bodies are considered 
in the developed numerical model. The corresponding experiments are 
conducted to further include the viscous effect, the vortices and the air 
compressibility. The findings of this study are of importance and helps to 
enhance the design of operational performance of such SPFB and DPFB 
devices. In the further work, we will examine the configuration of the 
array combining OBs and OWCs in multi-directional waves which are 
more realistic wave conditions. 

Fig. 21. Effects of incident wave height on (a) the conversion efficiency ROB of the OB-type SPFB and (b) the conversion efficiency ROWC of the OB-type SPFB.  
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