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Abstract 9 

A pile-restrained floating wave energy converter (WEC) array is proposed as an alternative 10 

to a single floater of the size of the array for use as a floating breakwater. The hydrodynamics 11 

of the WEC are modelled based on the Navier-Stokes equations and the model is verified by 12 

comparing its results with existing experimental data. The model then is used to characterize 13 

the array composed by a line of three WECs in terms of floater heaving, wave energy 14 

conversion, wave reflection, transmission and dissipation, for different layouts.  15 

In the examined array configuration, the aligned arrays exhibit superior performance 16 

compared to the staggered arrays, comprehensively considering both wave energy conversion 17 

and wave transmission. Specifically, when khi > 1.73, the wave energy conversion efficiency 18 

of the aligned array with a spacing of 0.1 times the WEC width ranges from 0.141 to 0.330, 19 

while the wave transmission coefficient ranges from 0.187 to 0.472, indicating the effectiveness 20 

of the arrays in simultaneously reducing wave transmission and converting wave energy under 21 

shorter-wavelength conditions. Compared to a single WEC of the same dimensions, the array 22 

exhibits a remarkable increase in wave energy conversion efficiency and effectively reduce 23 

wave reflection. 24 

Keywords: Wave energy converter (WEC); Array; Wave energy conversion; Wave 25 

transmission; Wave dissipation; Pile-restrained.  26 
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1. Introduction 27 

Floating breakwaters (FBWs) are increasingly being used as wave dissipation structures 28 

due to their low disturbance to water circulation, flexible movement, and wide range of 29 

applications (McCartney, 1985). FBWs can be broadly classified into two types based on their 30 

installation forms: mooring-type and pile-restrained-type (Dai et al., 2018; He et al., 2012; Ren 31 

et al., 2017). The pile-restrained FBW, which is limited to heave motion, has a simple structure 32 

and is easy to install, making it a popular focus for researchers studying its hydrodynamic 33 

behaviour. 34 

Isaacson et al. (1998) developed a numerical model of a pile-restrained FBW with a 35 

rectangular section under the action of normally incident waves and studied the influence of the 36 

gap between the pile and the FBW. Their findings suggest that when the gap width is 37 

comparable to the incident wave height, the FBW behaves similarly to a free-floating 38 

breakwater. Traditionally, the FBWs reduce wave transmission through two primary 39 

mechanisms: wave reflection and turbulent dissipation. (Dong et al., 2008; Koutandos et al., 40 

2010). With the advancement of wave energy harvesting technology, the integration of FBWs 41 

with wave energy converters (WECs) has been proposed and gained significant attention. This 42 

approach involves integrating the power take-off (PTO) system of the WEC with the FBW to 43 

enhance wave dissipation while capturing wave energy. Furthermore, the shared use of the 44 

floating platform between the WEC and the FBW can reduce the offshore equipment costs. 45 

Ning et al. (2016) conducted an experimental investigations of a pile-restrained FBW 46 

system with an integrated PTO system. Their results indicate that when the transmission 47 

coefficient is kept below 0.50, the capture width ratio (CWR) can reach around 24%, indicating 48 

effective performance of the integrated system. The FBW is tested in a wave tank, with the 49 

dimensions along the wave direction and wave crest direction being equal, and nearly matching 50 

the width of the wave tank. However, to effectively reduce wave transmission, FBWs are 51 

typically designed with larger dimensions along the wave crest direction compared to the 52 

dimensions along the wave direction, as illustrated in the left diagram of Fig. 1. In contrast, 53 

heave WECs are generally designed with the same size along both directions and are 54 

specifically intended to capture the vertical motion of waves and convert it into usable energy. 55 

The heave float drives the gear to move up and down on the rack, thereby driving the generator 56 
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shaft to rotate and converting mechanical energy into electrical energy. Consequently, directly 57 

combining WECs with FBWs can be challenging due to the differences in their sizes and 58 

functionalities. To address this, a pile-restrained floating WEC array composed by a line of 59 

WECs is proposed as an alternative to a single large WEC for use as an FBW, as shown in Fig. 60 

1. This configuration offers a potential solution for wave energy harvesting while providing the 61 

wave attenuation capabilities of an FBW. 62 

 63 

 64 
Fig. 1. Schematic of a single FBW and an array of WEC, constrained by vertical piles. 65 

The hydrodynamic characteristics of point-absorbing WEC arrays have been extensively 66 

investigated (Bailey et al., 2018; López-Ruiz et al., 2018; Murai et al., 2021; Neshat et al., 2022; 67 

Shi et al., 2016; Sun et al., 2021; Teixeira-Duarte et al., 2022). These studies have shown that 68 

the arrangement scheme of the WEC array can have a significant impact on energy harvesting 69 

performance. Siddorn and Eatock Taylor (2008) observed a significant increase in wave height 70 

around an array of floaters in close proximity, while Kara (2016) found that the interaction 71 

factor due to diffracted and radiated waves between floaters decrease exponentially as the 72 
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transverse and longitudinal spacing of the floaters increases. Erselcan and Kükner (2017) 73 

discovered that the average energy generated by each WEC in an array is less than that 74 

generated by a single isolated WEC, and the amplitude of the reduction increases with the size 75 

of the array. Wu et al. (2017) analysed the hydrodynamic characteristics of a single-row array 76 

consisting of three solo Duck floaters and found that the CWR of the middle floater differed 77 

most from that of the individual WEC due to wave radiation from the floaters on either side. 78 

Bailey et al. (2018) used the normalised standard deviation and the frequency content 79 

relationships between the power of an individual WEC and an array of WECs to determine that 80 

the WECs are independent when the separation distance is greater than a specific value, and the 81 

WEC architecture and movement degrees of freedom were shown not to affect the 82 

independence. Murai et al. (2021) found that optimizing array arrangement increase power 83 

generation efficiencies by 15%. Sun et al. (2021) studied a cylindrical oscillating buoy array 84 

and found that the overall CWR could be effectively improved by arranging the lengths of buoy 85 

actuating arms staggered. Ghafari et al. (2022) discovered that hydrodynamic interactions 86 

between multiple WECs reduce the average power generated, while Zhong and Yeung (2022) 87 

found that multi-body wave-interactions have a destructive effect on array power production. 88 

Overall, these studies have shed light on the influence of the arrangement scheme of point-89 

absorbing WEC arrays on their energy harvesting performance. However, less work has been 90 

dedicated to investigating the mechanism of the variation of the wave dissipation performance 91 

with the arrangement scheme of the array. 92 

To date, most studies have mainly focused on analysing the dynamics of single FBWs 93 

without accounting for multi-body interactions, or on the energy harvesting of WEC arrays 94 

without fully considered wave reflection, transmission, and dissipation within the array. This 95 

paper proposes a pile-restrained floating WEC array consisting of multiple WECs aligned in a 96 

line as an alternative to a single large WEC for FBW applications (Fig. 1). This study primarily 97 

focuses on the hydrodynamic analysis of a three-unit WEC array under regular wave conditions. 98 

The PTO system of the WEC can be implemented using various technologies, such as hydraulic 99 

cylinders (Chen et al., 2016), direct-drive linear generators (Chen et al., 2017), or mechanical 100 

components (Ai et al., 2014). In this paper, Coulomb damping force is applied to represent the 101 

PTO force (Babarit et al., 2012). A numerical model is set up using the Reynolds-average 102 

Navier-Stokes (RANS) equation to simulate the nonlinear interaction of the wave and the 103 
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WECs. The reliability of the numerical model is assessed by comparing the obtained results 104 

with existing experimental data. Subsequently, the numerical model is employed to investigate 105 

the influence of different array arrangements on the motion of WECs, as well as the phenomena 106 

of wave reflection, transmission, energy absorption, and energy dissipation within the array. 107 

Finally, the hydrodynamic characteristics of the investigated WEC arrays are compared with 108 

those of a single WEC with identical dimensions to the array. This comprehensive analysis 109 

aims to provide insights into the performance and potential benefits of utilizing WEC arrays as 110 

FBWs compared to single WEC configurations. 111 

The paper is organised as follows. In Section 2, the numerical model is presented. In 112 

Section 3, a validation is performed using the available published data. The numerical results 113 

are discussed in Section 4. The conclusions are given in Section 5. 114 

2. CFD-Setup 115 

A 3D numerical wave tank (NWT) is created based on the Reynolds time-averaged 116 

Navier-Stokes (RANS) equation, as depicted in Fig. 2. The WEC array is arranged within the 117 

NWT, and the hydrodynamic problem is solved using the Cartesian coordinate system (O-x, y, 118 

z). The origin of the coordinate system (O) is located at the still water surface. The x and y axes 119 

correspond to the directions of wave propagation and the wave crest line respectively, while 120 

the z axis denotes the vertical direction. The length of the NWT along the x-axis is 12 times the 121 

wavelength λ, and its height along the z-axis is twice the still water depth H.  122 

Fig. 2 illustrates the six boundaries of the NWT: the left boundary is a velocity inlet 123 

boundary, the right and top boundaries are pressure outlet boundaries, and both the side and 124 

bottom boundaries are no-slip walls. The distance from the velocity inlet boundary to the 125 

leading edge of WEC array is 5λ. The dimensions of a single WEC are denoted by L (length), 126 

D (height), B (width), and d (draft). The spacing between adjacent WECs along the x-axis and 127 

y-axis are xl  and 
yl , respectively, while the distance between the side walls of the WECs and 128 

those of the NWT is δy. 129 

In this study, we adopt a staggered arrangement that has been commonly employed in 130 

various investigations concerning heave WEC arrays to optimize power extraction (Child and 131 

Venugopal, 2010; Mercadé Ruiz et al., 2017; Stratigaki et al., 2014). This article's scope is 132 
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restricted to a configuration involving three WECs arranged in a row, wherein the middle WEC 133 

alternates backward in relation to the two neighboring WECs. It should be noted that the 134 

application of the WECs shown in Fig. 2 is within a closed water environment, which has been 135 

investigated in previous studies (Chen et al., 2016). However, it is important to clarify that the 136 

present study does not specifically address open water applications, where the domain width 137 

would need to be sufficiently large to eliminate side boundary effects. 138 

 139 

 140 
Fig. 2. Schematic of the NWT and the WEC array within it. 141 

2.1. Mathematical model 142 

2.1.1. Fluid motion 143 

It is assumed that the fluid is incompressible. The mass continuity equation is expressed 144 

as 145 

 0 =v  (1) 146 

where v is the fluid velocity vector. The momentum conservation is described by Navier-Stokes 147 

equations as  148 
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d 1 1

d
p

t  
= −  +   +

v
T S  (2) 149 

where t is time;   is the fluid density; p is the pressure; T is the viscous part of the stress 150 

tensor; S is the body force (such as gravity). For incompressible Newtonian fluids considered 151 

here, T is defined as 152 

 ( )( )T=  + T v v  (3) 153 

where   is the dynamic viscosity of the fluid. 154 

2.1.2. Structural movement 155 

The motions of the floaters are written as 156 

 h, d,i i i i im m= + +v g F F  (4) 157 

where im , iv  are the mass and the acceleration of the i-th floater, respectively; g is the 158 

gravitational acceleration; h,iF  is the hydrodynamic force acting on the i-th floater; d,iF  is 159 

the PTO force acting on the i-th floater. The hydrodynamic force h,iF  is obtained by 160 

integrating the pressure and shear stress over the i-th floater surface Si as 161 

 ( )h, d
i

i

S

p s− =  T I nF  (5) 162 

where n is the unit normal vector of the floater surface element. The PTO force d,iF  adopts 163 

friction damping, specifically Coulomb damping (Babarit et al., 2012), and is represented by 164 

the following equation: 165 

 
d

d,

, 0

0, 0
i i i

i

i

f− =  =

v v v
F

v
 (6) 166 

where df  is the value of friction damping. 167 

2.1.3. Boundary condition 168 

The motion of the floaters and fluid are fully coupled by velocities and forces at the fluid-169 

structure interface as (Chen et al., 2021) 170 

 s     on S=v v  (7) 171 

 s f 0    on S+ =F F  (8) 172 
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where sv  is the velocity vector of the floater on the fluid-structure interface; sF  is the vector 173 

of traction acting on the floater on the fluid-structure interface; fF  is the vector of stresses 174 

exerted on the fluid on the fluid-structure interface. 175 

The water particle velocities are specified at the inlet boundary based on the characteristics 176 

of the fifth-order Stokes wave (Fenton, 1985). The static pressure at the pressure outlet 177 

boundary of the NWT is outp gz= . To mitigate the numerical reflection caused by the outlet 178 

boundary, a numerical beach is applied by adding a momentum damping term dS  in the z-179 

direction momentum equation (Eq. (2)) within a distance of 0‒2λ from the pressure outlet 180 

boundary. The dS  is given by Park and Kim (1998) as 181 

 
2

s b
d

e s b fs

z

x x z z
S

x x z z

 − −

= −  − − 
v  (9) 182 

where   is a parameter to be controlled, which is set as 10 initially and should be larger if the 183 

wave is not dissipated enough in the numerical beach zone; sx and ex  are the start and end 184 

positions of the dissipation zone in the x-direction, respectively; bz  and fsz are the bottom and 185 

free-surface positions of the dissipation zone in the z-direction. Consider, for instance, a wave 186 

with a period of 1.37 s and a wave height of 0.20 m. In this scenario, the maximum spectral 187 

density of the incident wave is estimated to be approximately 1000 times greater than that of 188 

the reflected wave. The reflection coefficient is approximately 0.02. Consequently, the wave 189 

reflection is deemed negligibly small within the damping zone. 190 

2.1.4. Wave separation and data analysis 191 

Fig. 2 illustrates the deployment of four wave gauges for the measurement of surface 192 

elevation. Two gauges are positioned in front of the WECs, while the remaining two gauges 193 

are placed behind the WECs. The wave data collected by the front gauges enables the separation 194 

of incident and reflected waves by applying the GODA two-point method (Goda and Suzuki, 195 

1977). Similarly, the wave data recorded by the gauges positioned behind the WECs is utilized 196 

to separate the transmitted wave and the wave that undergoes slight reflection by the numerical 197 

beach. Then, the reflection coefficient rK  and transmission coefficient tK  are calculated as  198 

 r r i/K h h=                          (10) 199 
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 t t i/K h h=                          (11) 200 

where rh  is the average reflected wave height across the transverse direction; ih  is the 201 

incident wave height. th  is the average transmitted wave height across the transverse direction. 202 

The total wave dissipation coefficient dK  is defined as He and Huang (2014): 203 

 2 2
d r t1K K K= − −                          (12) 204 

The turbulence specific dissipation rate   is given by Wilcox (1998): 205 

 
C I

 =                          (13) 206 

where   is the value of turbulence dissipation rate, which is estimated by Eq. (14); C  is 207 

the model constant of 0.09; I  is the kinetic turbulent energy, which is calculated by Eq. (15). 208 

 1/2 dU
C I

dz
 =                          (14) 209 

 2 2 2
u v w

1
( )

2
I   = + +                          (15) 210 

where U  is the profile of vertical velocity in the AIJ power-law method; u , v , and w  211 

are the standard deviation of U, V and W, which are turbulent velocity at x-, y- and z-direction, 212 

respectively. 213 

Wave dissipation within the WEC array consists of two components. The first component 214 

corresponds to the turbulent dissipation around the WEC array, while the second component 215 

represents the energy captured by the PTO system of the WECs. The WECs' PTO system 216 

converts wave energy into mechanical energy, subsequently transforming it into electrical 217 

energy. However, the analysis within this study does not encompass the mechanical efficiency 218 

and generator efficiency. The focus is solely on the efficiency of the PTO system regarding the 219 

conversion of wave energy into mechanical energy, denoted by η, and can be expressed as 220 

follows 221 

 d

a in

=
P

B P
                             (16) 222 
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where dP  is the average power that the WEC array captures through the PTO system; aB  is 223 

the width of the WEC array; inP  is the incoming wave power per unit width of the wave front. 224 

The dP  is calculated as 225 

 d,d d
1

i T

iiP
T

t= F v                        (17) 226 

And inP  is given as 227 

 
( )

2
 i

in

2
1

sin 216 h

gh kH
P

kk H

   
= + 

  
                  (18) 228 

where ω and k are the wave angular frequency, and wave number, respectively. 229 

2.2. Numerical method 230 

ANSYS Fluent is employed to solve the fluid motion equations using the finite volume 231 

method. The motion equations of the wave energy converters (WECs) are solved using a self-232 

developed program that utilizes the 4th-order Runge-Kutta method. This WEC motion program 233 

is integrated into the Fluent solver through user-defined functions (UDFs). The computation 234 

flowchart is depicted in Fig. 3.  235 

At the beginning of each time step, the UDF provides Fluent with the motion parameters 236 

of the WECs (i.e. iv , and iv ). Then the moving structure surface Si is updated using the 237 

dynamic mesh with diffusion-based smoothing (Fluent user's guide, Chapter 10)  [31]. By 238 

appling the updated structure surface boundaries, the fluid motion is solved by pressure-based 239 

segregated solver. The PISO method is applied to couple the pressure and velocity fields, while 240 

a second-order implicit time discrete format, least squares cell based gradient discretization 241 

method, PRESTO! pressure discretization method, and second-order upwind convection 242 

discrete format are used. The Geo-Reconstruct method is utilized to capture the free surface. 243 

During the iterations in Fluent, the UDF retrieves p, T, n once per iteration from the Fluent 244 

solver. These values are then used to calculate h,iF  and d,iF  as determined by Eq. (5) and Eq. 245 

(6) respectively. Additionally, the UDF solves the motion of the WECs once per time step by 246 

employing Eq. (4). If the termination criterion is not satisfied, the solution is transferred to the 247 

next time step by the UDF. 248 
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 249 
Fig. 3. Computation flowchart. 250 

The calculation domain is discretised using hexahedral grid cells. The calculation domain 251 

can be divided into six regions based on grid partitioning characteristics: the air area, water area, 252 

wave surface refinement area, floater refinement area, transition area, and wave dissipation area, 253 

as depicted in Fig. 4. The cell sizes refer to the research of Finnegan and Goggins (2012), Chen 254 

et al. (2017) and Marques Machado et al. (2018), as summarized in Table 1 .Along the wave 255 

propagation direction, the cell size Δx ranges from 1/143λ to 1/8λ. In the wave surface 256 

refinement area, the cell size is approximately 1/40λ. In the transition area, Δx decreases from 257 

1/40λ to 1/143λ with a growth rate of 1.08. The floater refinement area has a uniform Δx of 258 

1/143λ. In the wave dissipation area, Δx gradually increases from 1/40λ to 1/8λ with a growth 259 

rate of 1.11. The cell size Δy along the crest line is approximately 0.4Δx. Along the vertical 260 

direction, the cell size Δz varies from 1/20 ih  to 4/7 ih , with a Δz of 1/20 ih  in the wave surface 261 
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refinement. In the air area, Δz increases gradually from 1/20 ih  to 4/7 ih  as the z-coordinate 262 

increases, with a grid growth rate of 1.15. In the water area, Δz increases gradually from 1/20 263 

ih  to 2/9 ih  as the z-coordinate decreases, with a grid growth rate of 1.05. 264 

Table 1. Grid settings. 265 

Area Cell size Growth rate 

Δx   

Wave surface refinement area 1/40λ 1 

Floater refinement area 1/143λ 1 

Transition area 1/143λ‒1/40λ 1.08 

Wave dissipation area 1/40λ‒1/8λ 1.11 

Δy   

All areas 0.4Δx 1 

Δz   

Wave surface refinement area 1/20 ih  1 

Air area 1/20 ih ‒4/7 ih  1.15 

Water area 1/20 ih ‒2/9 ih  1.05 

In this study, a fixed time step is employed to solve the problem. While Finnegan and 266 

Goggins (2012) recommend a time step of t  = T/50, this study uses a smaller time step of 267 

t  = T/270 to more accurately capture the water surface. The CFL number ranges from 0.03 268 

to 0.46 in this study.  269 

  270 
Fig. 4. Grid of the NWT with the air area above the floater refinement area removed. 271 

3. Convergence analysis and model validation 272 
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To validate the accuracy of the numerical model, a comparison is conducted between the 273 

numerical results and the experimental results of Ning et al. (2016) for the hydrodynamic 274 

characteristics of a WEC. The geometric and physical parameters used in the experimental 275 

model are replicated in our numerical model, and Table 2 summarizes these parameters. 276 

Mesh convergence tests are conducted to demonstrate the effectiveness of the adopted grid 277 

accuracy. Apart from the medium mesh created according to Table 1, two additional grid 278 

resolutions, namely the coarse grid and the fine grid, were also designed. Fig. 5 illustrates the 279 

vertical sections of the coarse, medium, and fine grids surrounding the WEC. The respective 280 

element numbers for these three grids are 0.146 million, 0.785 million, and 3.044 million. Fig. 281 

5 also indicates that the relative deviation of results obtained from the medium and fine grids 282 

is approximately 3.0%, suggesting a reasonable level of agreement between the two grids. 283 

Considering the need to save computational costs and ensure numerical accuracy, subsequent 284 

examinations deem the medium grid to be sufficient. 285 

  286 
Fig. 5. Mesh convergence results in terms of rK , tK ,   and dK  for T = 1.37 s and ih  = 287 

0.2 m.  288 
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Table 2. Geometric and physical parameters of the single WEC. 289 

 

Parameter  Value 
L (m) 0.80 
B (m) 0.78 
D (m) 0.60 
d (m) 0.25 
δy (m) 0.05 
fd (N) 0‒175 
H (m) 1.0 
hi (m) 0.2 
T (s) 1.37 
λ (m) 2.858 

Fig. 6 illustrates the experimental and numerical results for the hydrodynamic coefficients 290 

of the WEC, including rK , tK ,   and dK , under regular waves with T = 1.37 s and ih  = 291 

0.2 m. The results exhibit a consistent curve trend between the experimental and numerical data, 292 

indicating the reliability of the numerical model. 293 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6. Comparison between the experimental and numerical results for the hydrodynamic 294 

coefficients of the WEC: (a) rK ; (b) tK ; (c)  ; (d) dK . 295 

To further evaluate the accuracy of the numerical model, the difference between the 296 

experimental and numerical results is quantitatively analysed using the Mean Absolute 297 

Percentage Error (MAPE ). The MAPE is defined as: 298 
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ˆ1
MAPE 100

n
i i

i i

y y

n y=

−
=  ％  (19) 299 

where ˆ
iy  and iy  represent the calculated and measured values, respectively, and n is the 300 

number of data points. The MAPE values for rK , tK ,   and dK  are 7.6%, 5.3%, 14.4% 301 

and 5.4%, respectively, suggesting an acceptable level of agreement between the numerical 302 

results and the experimental results. It is worth noting that the MAPE value for    is relatively 303 

larger compared to the other variables. This can be attributed to the unavoidable difference in 304 

PTO damping force between the experimental and numerical models, as shown in Fig. 7. In the 305 

experimental setup, a current controller-magnetic powder brake system is utilized to simulate 306 

Coulomb damping, but it is acknowledged that this system may not perfectly represent ideal 307 

Coulomb damping. On the other hand, in the numerical simulation, ideal Coulomb damping is 308 

assumed. Consequently, there exists a slight deviation between the damping force curves 309 

obtained from the experimental and numerical results. The impact of the damping force is more 310 

pronounced on  , which explains the higher MAPE value. Nevertheless, despite this 311 

discrepancy, the overall agreement between the experimental and numerical results remains 312 

acceptable. 313 

 314 
Fig. 7. Difference in PTO damping force between the experimental and numerical models. 315 

The numerical model is then used to predict the interaction of multiple heave floats, which 316 

has been studied experimentally by Zhao et al. (2019). Fig. 8 compares the simulated heave 317 

time series curves of the heaving floats under a regular wave of T = 1.17 s and hi = 0.12 m with 318 

the published experimental results, demonstrating a good agreement between the numerical and 319 

experimental results.  320 

Jo
ur

na
l P

re
-p

ro
of



16 

 

  
Fig. 8. Comparison of the heave response between the numerical and experimental results. 321 

All the above demonstrates the effectiveness and reliability of the model as a tool for 322 

predicting the hydrodynamic performance of heave WECs operating under regular wave 323 

conditions. 324 

 Results and discussion 325 

The numerical model is utilized to investigate the hydrodynamic characteristics of a WEC 326 

array consisting of three box-shaped heave WECs. The individual WECs within the array 327 

possess the same geometric and physical parameters as the single WEC (summarized in Table 328 

2). The configuration of the array is depicted in Fig. 2 and determined by xl  and 
yl , which are 329 

non-dimensionalized as  330 

 x xl l L=  (20) 331 

 y yl l B=  (21) 332 

In this study, xl  varies from 0 to 1, while yl  varies from 0.05 to 0.15. The geometric and 333 

physical parameters specific to the WEC array are presented in Table 3. This study examines 334 

the effects of array arrangement on the heave amplitude of the WECs, as well as rK , tK ,  , 335 

and dK . Additionally, it compares the hydrodynamic characteristics of the WEC array with 336 

those of a single WEC of the same dimensions. 337 

 338 
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Table 3. Geometric and physical parameters of the WEC array. 339 

Parameter Value 

xl  0.05, 0.10, 0.15 

yl  0, 0.5, 1.0 

fd (N) 90 
H (m) 1.0 
hi (m) 0.2 
T (s) 1.37 

Number of grid elements Nc 2.67×106 

Time step Δt (s) T/270 
λ (m) 2.858 

4.1. Effect of array arrangement on heave amplitude 340 

The dimensionless heave amplitude   is defined as the ratio of the WEC heave 341 

amplitude zA  to incident wave height ih . Due to symmetry, the   values of the side WECs 342 

are identical and represented by s , while the   value of the middle WEC is represented by 343 

m . Fig. 8 illustrates the variations of m , s  and m s   with xl  and yl  for df  = 90 344 

N, T = 1.37 s and ih  = 0.2 m. 345 

In Fig. 8 (a), it can be seen that for a given yl , as xl  increase, m  initially increases and 346 

then decreases, reaching its maximum value when xl  = 0.5. To explore the underlying reasons 347 

for this variation in m  with respect to xl , Fig. 9 and Fig. 10 display the changes in 348 

instantaneous wave surface elevation and instantaneous specific dissipation rate around the 349 

array for different xl  and yl , respectively. Fig. 9 shows that when xl  = 0.5, waves converge 350 

in front of the middle WEC, resulting in an increase in the heave amplitude of the middle WEC. 351 

Conversely, when xl  = 0.0, more waves are reflected by the WEC array, and when xl  = 1.0, 352 

more waves are transmitted to the rear through the gap between WECs. This leads to a smaller 353 

value of m  at xl  = 0.0 and 1.0 than at xl  = 0.5. Furthermore, Fig. 10 reveals that when xl  354 

= 1.0, more energy is dissipated around the WEC array, resulting in a lower value of m  355 

compared to when xl  = 0.0 and 0.5. 356 

It can also be seen from Fig. 8 (a) that, for a determined xl , m  increases with the 357 

increase of yl . This phenomenon can be attributed to the fact that an increase in yl  leads to a 358 
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greater diffraction of waves from the side WECs, which drives the heaving motion of the middle 359 

WEC (Wu et al., 2017). 360 

Fig. 8 (b) illustrates that  decreases as both xl  and yl  increase. This is due to that an 361 

increase in xl  and yl  results in more waves bypassing the side WECs to drive the middle 362 

WEC to heave or transmit to the downstream, thereby reducing in less waves driving the side 363 

WECs to heave. 364 

Additionally, Fig. 8 (c) demonstrates that m s   varies significantly between 0.551 and 365 

2.367. This indicates that the variation in xl  and yl  significantly impacts the hydrodynamic 366 

interaction among the WECs, ultimately affecting the heave amplitude of each WEC in the 367 

array. 368 

  
(a) 

 
(b) 

  
(c) 

Fig. 8. Variations of m , s , and m s   with xl  and yl  for df  = 90 N, T  = 1.37 s, 369 

and ih  = 0.2 m: (a) m ; (b) s ; (c) m s  . 370 
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 371 
Fig. 9. Variation of instantaneous wave surface elevation around the WEC array with xl  and 372 

yl  for df  = 90 N, T  = 1.37 s, and ih  = 0.2 m. 373 

  374 
Fig. 10. Variation of instantaneous specific dissipation rate of wave surface around the WEC 375 

array with xl  and yl  for df  = 90 N, T = 1.37 s, and ih  = 0.2 m. 376 

4.2. Effect of array arrangement on rK , tK ,  , and dK  377 

Fig. 11 illustrates the variations of rK , tK ,  , and dK  with xl  and yl  under the 378 

conditions of df  = 90 N, T  = 1.37 s, and ih  = 0.2 m. The figure reveals that within the 379 

considered range of xl  and yl , the impact of yl  on rK , tK ,  , and dK  is minor. It is 380 

worth noting that the impact of yl  on these hydrodynamic characteristics may vary when yl  381 

exceeds 0.15. However, this possibility is beyond the scope of this paper. 382 
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Fig. 11 (a) shows that the value of rK  decreases as xl  increases for a given yl . 383 

Particularly, when xl  falls between 0.0 and 0.5, rK  exhibits significant changes. Fig. 9 384 

suggests that, when xl  = 0.0, the water surface elevation in front of the WEC array reaches a 385 

conspicuous maximum, indicating that more incident waves are reflected by the array.  386 

As shown in Fig. 11 (b), when xl  increases from 0.0 to 0.5, and yl  increases from 0.05 387 

to 0.15, tK  varies slightly, ranging from 0.255 to 0.305. However, as xl  approaches 1.0, tK  388 

increases significantly by approximately 40% to 0.362‒0.400. Similarly, Fig. 11 (c) indicates 389 

that   remains relatively stable as xl  increases from 0.0 to 0.5 and yl  increases from 0.05 390 

to 0.15, ranging from 0.274 to 0.304. However, when xl  reaches 1.0,   decreases by about 391 

70% to 0.074‒0.100. 392 

Fig. 11 (d) demonstrates that as xl  increases from 0.0 to 0.5, dK  increases by 393 

approximately 16%. However, for xl  values between 0.5 and 1.0, the change in dK  is less 394 

than 5%. The parameter dK  comprises two components, namely, the turbulent dissipation 395 

energy coefficient around the WEC array and   of the damping system to harvest wave 396 

energy. Fig. 11 (c) shows that   remains almost unchanged as xl  varies from 0.0 to 0.5. 397 

However, Fig. 10 reveals that when xl  = 0.5, there is greater turbulence dissipation around the 398 

WEC array than when xl  = 0.0, which causes an increase in dK . As xl  increases from 0.5 to 399 

1.0,   decreases significantly. Nevertheless, the turbulent dissipation around the WEC array 400 

increases considerably, as shown in Fig. 10, resulting in a negligible difference in dK  between 401 

xl  = 0.5 and xl  = 1.0. 402 
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(a) (b) 

 
(c) 

 
(d) 

Fig. 11. Variations of rK , tK ,   and dK  with xl  and yl  for df  = 90 N, T  = 1.37 s, 403 

and ih  = 0.2 m: (a) rK ; (b) tK ; (c)   (d) dK . 404 

Fig. 12 shows the variation of tK  with   under the conditions of df  = 90 N, T  = 405 

1.37 s, and ih  = 0.2 m. It can be seen that there is a negative correlation (correlation coefficient 406 

of 0.9448) between tK  and   ( t 0.5047 0.4288K = − + ). This suggests that as the wave 407 

energy conversion efficiency of the WEC array improves, there is generally a decrease in wave 408 

transmission coefficient. In other words, when the array becomes more effective at converting 409 

wave energy, it tends to allow less wave energy to pass through. This relationship highlights 410 

the importance of maximizing wave energy conversion efficiency to minimize wave 411 

transmission through the array. 412 

Jo
ur

na
l P

re
-p

ro
of



22 

 

 413 
Fig. 12. Variation of tK  with   for df  = 90 N, T  = 1.37 s, and ih  = 0.2 m. 414 

The wave energy conversion efficiency of the middle WEC and both side WECs are 415 

denoted as m  and s , respectively. Fig. 13 (a) shows that as xl  increases from 0.0 to 0.5 416 

and yl  increases from 0.05 to 0.15, the ratio m s   varies significantly between 0.550 and 417 

2.380, despite the small overall change in   (as shown in Fig. 11c). When xl  = 0 and yl  = 418 

0.05, m s   = 0.550, which suggests that wave energy conversion is dominated by the side 419 

WECs. Conversely, when xl  = 0.5 and yl  = 0.15, m s   = 2.380, indicating that wave 420 

energy conversion is dominated by the middle WEC. Fig. 13 (b) further reveals a strong positive 421 

correlation (correlation coefficient of 0.9994) between m s   and m s  . This correlation 422 

further emphasizes the significance of the heave amplitude ratio in determining the efficiency 423 

of wave energy conversion. A higher heave amplitude ratio indicates a higher efficiency ratio, 424 

implying that optimizing the heave amplitude ratio is crucial for achieving optimal wave energy 425 

conversion efficiency in individual WECs. This highlights the decisive role played by the heave 426 

amplitude ratio in determining the wave energy conversion efficiency of each WEC within the 427 

array arrangement. 428 
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(a) 

 
(b) 

Fig. 13. Variations of m s   with xl , yl , and m s   for df  = 90 N, T  = 1.37 s, and ih  429 

= 0.2 m: (a) m s   varies with xl  and yl ; (b) m s   varies with m s  . 430 

4.3. Comparison of hydrodynamic characteristics between WEC arrays and a single WEC 431 

Taking into account the significance of both   and tK  as essential parameters for 432 

evaluating the performance of the WECs, we introduce the benefit coefficient, denoted as 433 

1 2 tY k k K= − , to comprehensively incorporate the effects of both parameters. Here, 1k  and 434 

2k  represent the respective weights assigned to   and tK . It is worth noting that the sum of 435 

1k  and 2k  is constrained to be equal to 1, ensuring a balanced evaluation that adequately 436 

considers both parameters. 437 

According to Fig. 11 (b) and (c), when xl  = 1.0,   is smaller and tK  is larger, 438 

respectively, than those for xl  = 0.0 and xl  = 0.5. This implies that Y for xl  = 1.0 must be 439 

smaller than those for xl  = 0.0 and xl  = 0.5. Additionally, comparing to the arrays for xl  = 440 

0.5, the array of xl  = 0.0 and yl  = 0.10 has larger or equal  , and smaller tK , and therefore 441 

larger Y.  442 

The above analysis indicates that Y is greater for xl  = 0.0 than for xl  = 0.5 and 1.0. This 443 

suggests that the performance of aligned arrays ( xl  = 0.0) is superior to that of staggered arrays 444 

( xl  = 0.5 and 1.0). Fig. 14 shows the variation of Y with respect to 1k  for different yl , with 445 

xl  = 0.0. It is evident from the figure that for 1k  < 0.514, the Y with xl  = 0.0 and yl  = 0.05 446 

is the largest, while for 1k  > 0.571, the Y with xl  = 0.0 and yl  = 0.15 is the largest. When 447 
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0.514 < 1k  < 0.571, the Y with xl  = 0.0 and yl  = 0.10 is the largest. It is evident from Fig. 448 

11 that tK  and   of the three arrays with xl  = 0.0 are within the range of 0.255‒0.290 and 449 

0.274‒0.304, respectively. This indicates the effectiveness of the arrays in simultaneously 450 

reducing wave transmission and converting wave energy. 451 

 452 
Fig. 14. Variations of Y with 1k  for xl  = 0.0, and yl  = 0.05‒0.15. 453 

The hydrodynamic characteristics of the aligned arrays are further compared to those of a 454 

single WEC, where the single WEC has the same dimensions as the array, specifically with a 455 

length (L) of 0.80 m and a width (B) of 2.34 m. Fig. 15 and Fig. 16 illustrate the instantaneous 456 

wave surface elevation and instantaneous specific dissipation rate around the WEC, 457 

respectively. Comparing these figures with Fig. 9 and Fig. 10, it can be observed that the wave 458 

height is greater for the single WEC configuration, indicating a higher level of wave reflection. 459 

Additionally, less energy is dissipated around the WEC in the single WEC case.  460 

To quantify the differences, the relative increments ( R ) of rK , tK ,  , and dK  for the 461 

WEC arrays compared to the single WEC is calculated as 462 

 2 1

1

x x
R

x

−
=   (22) 463 

where 1x  and 2x  denote the hydrodynamic characteristics of the single WEC and the WEC 464 

array, respectively. rR , tR , R , and dR  represent the relative increments of rK , tK ,  , 465 
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and dK , respectively. Table 4 displays the rR , tR , R , and dR  of the three aligned arrays. 466 

It can be seen that comparing to a single WEC, the aligned WEC arrays increases dK  by 467 

4.78%‒6.09%, tK  by 7.46%‒22.21%, and   by 14.62%‒27.16%, while reducing rK  by 468 

8.30%‒14.39%. 469 

 470 
Fig. 15. Instantaneous wave surface elevation around the single WEC. 471 

 472 
Fig. 16. Instantaneous specific dissipation rate of wave surface around the single WEC. 473 

Table 4. Relative increments of rK , tK ,  , and dK  for the three aligned arrays compared 474 

to the single WEC. 475 

Array parameters rR  tR  R  
dR  

xl  = 0.0， yl  = 0.15 -14.39% 22.21% 27.16% 6.09% 

xl  = 0.0， yl  = 0.10 -11.64% 15.46% 22.15%  5.51% 

xl  = 0.0， yl  = 0.05 -8.30% 7.46% 14.62% 4.78% 

The performance of both the aligned array arrangement with yl  = 0.10 and the single 476 

WEC are further tested under different regular wave conditions. T varies from 1.16 s to 2.42 s 477 

and, correspondingly, the khi varies from 2.98 to 0.94. Detailed wave conditions are provided 478 

in Table 5. 479 

Table 5. Wave condition parameters. 480 
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T (s) hi (m) khi 
1.16, 1.37, 1.58, 1.79, 2.00, 2.42 0.2 2.98, 2.20, 1.73, 1.41, 1.18, 0.94 

Fig. 17 illustrates the variations of rK , tK ,  , and dK  of the aligned array and single 481 

WEC for different khi. Fig. 18 shows the relative increments of rK , tK ,  , and dK  for the 482 

aligned array compared to those of the single WEC. 483 

Fig. 17 (a) and Fig. 18 (a) show that Kr of the aligned array consistently remains smaller 484 

than that of the single WEC across different khi values, with Rr ranging from -2.6% to -21%. 485 

Fig. 17 (b) and Fig. 18 (b) reveal that Kt of the aligned array exceeds that of the single WEC 486 

for most khi, with Rt ranging from -1.2% to 15.5%. This discrepancy is likely attributed to wave 487 

diffraction from the gap between the WECs towards the rear. Examining Fig. 17 (c) and Fig. 488 

18 (c), it is evident that η of the aligned array consistently surpasses that of the single WEC for 489 

different khi values, with Rη ranging from 0.8% to 29%. This improvement may due to the 490 

enhanced wave energy capture resulting from the interaction effects between different WECs 491 

within the array (Zheng et al., 2019). Furthermore, Fig. 17 (b) and (c) indicate a lack of 492 

significant distinction in both the Kt and Kd curves between the aligned array and the single 493 

WEC when khi < 1.18. This behavior primarily arises from that the aligned WEC array 494 

effectively resembles a single WEC under long-wavelength conditions (Nader et al., 2012). 495 

Specifically, when khi = 0.94, the ratio of the corresponding wavelength to the WEC gap is 85.5, 496 

thus causing the aligned array to behave as a single WEC. Fig. 17 (d) and Fig. 18 (d) show that 497 

when khi > 1.73, Kd of the aligned array is greater than that of the single WEC, with Rd ranging 498 

from 5.5% to 12.2%. Overall, the aligned WEC array exhibit a significant increase in wave 499 

energy conversion efficiency, as well as a considerable increase in wave transmission. It is 500 

worth noting that generally the aligned array effectively enhances wave energy dissipation and 501 

reduce wave reflection. This indicates that the arrays are more suitable to reducing wave in 502 

enclosed water compared to a single WEC, as less wave would be reflected back at the boundary 503 

(Chen et al., 2016). 504 

Fig. 19 illustrates the variations of Y of both the aligned array and the single WEC with 505 

khi for k1 = 0.54. When khi < 1.73, the Y value of the aligned array is almost the same with that 506 

of the single WEC, while when khi > 1.73, the Y value of the aligned array exceeds that of the 507 

single WEC. In addition, Y gradually increases with increasing khi and subsequently decreases 508 
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after reaching its peak value at khi = 2.20 for both the aligned array and the single WEC. This 509 

trend suggests that both the aligned array and the single WEC perform more effectively under 510 

shorter-wavelength conditions. Notably, when khi > 1.73, as evident in Fig. 17 (b) and (c) for 511 

Kt and η respectively, the aligned array demonstrates a Kt range from 0.187 to 0.472 and an η 512 

range from 0.141 to 0.330. This observation indicates the aligned array's effectiveness in both 513 

reducing wave transmission and converting wave energy under shorter-wavelength conditions. 514 

  
(a) (b) 

  
(c) (d) 

Fig. 17. rK , tK ,   and dK  of the aligned array with yl = 0.10 and the single WEC for different 515 

khi. 516 
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(a) (b) 

  
(c) (d) 

Fig. 18. Relative increments of rK , tK ,   and dK  for the aligned array with yl  = 0.10 517 

compared to those of the single WEC. 518 

 519 
Fig. 19. Variations of Y of both the aligned array and the single WEC with khi for k1 = 0.54. 520 

Conclusions 521 
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Based on the Navier-Stokes equation, the hydrodynamics of pile-restrained WECs are 522 

modelled. The model is verified by comparing the numerical results with existing results, and 523 

then applied to examine the impact of different array arrangements on the motion of WECs, as 524 

well as the phenomena of wave reflection, transmission, energy absorption, and energy 525 

dissipation within the array. Based on the research findings, the following conclusions can be 526 

drawn: 527 

1) The aligned arrays ( xl  = 0.0) exhibit superior performance compared to the staggered 528 

arrays ( xl  = 0.5 and 1.0), comprehensively considering both wave energy conversion and wave 529 

transmission. Specifically, when khi > 1.73, the wave energy conversion efficiency of the 530 

aligned array with yl = 0.10 ranges from 0.141 to 0.330, while the wave transmission 531 

coefficient ranges from 0.187 to 0.472, indicating the effectiveness of the arrays in 532 

simultaneously reducing wave transmission and converting wave energy. 533 

2) In comparison to a single WEC of the same dimensions as the array, the aligned WEC 534 

array with yl = 0.10 demonstrate a substantial increase in wave energy conversion efficiency 535 

up to 29.0% across the examined range of khi. Furthermore, it shows a notable increase in the 536 

wave transmission coefficient for most khi values, up to 15.5%. Specifically, the benefit 537 

coefficient Y of the aligned array significantly exceeds that of the single WEC under shorter-538 

wavelength conditions. In addition, the aligned WEC array generally enhance wave energy 539 

dissipation and reduce wave reflection. 540 

3) In the examined array configuration, a higher efficiency ratio of wave energy 541 

conversion between the middle WEC and the side WEC is indicated by a higher heave 542 

amplitude ratio between them. Moreover, there is a general tendency for a higher wave energy 543 

conversion efficiency of the array to be associated with a smaller wave transmission coefficient. 544 

This article exclusively focuses on the Coulomb damping model, restricting the WECs to 545 

a box shape and comprising only three units. However, further investigation into the variations 546 

of both the shape and the quantity of WECs within the array is warranted. 547 
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Nomenclature 556 

zA    WEC heave amplitude 557 

B    WEC width 558 

aB    Width of the WEC array 559 

C    Model constant of 0.09 560 

D    WEC height 561 

d    WEC draft 562 

h,iF    Hydrodynamic force acting on the i-th floater 563 

d,iF    Damping force acting on the i-th floater 564 

sF    Vector of traction acting on the floater on the fluid–structure interface 565 

fF    Vector of stresses exerted on the fluid on the fluid–structure interface 566 

df    Friction damping value 567 

g   Gravitational acceleration 568 

H    Still water depth 569 

ih    Incident wave height 570 

I    Kinetic turbulent energy 571 
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rK    Reflection coefficient 572 

tK    Transmission coefficient 573 

dK    Wave dissipation coefficient 574 

k   Wave number 575 

1k    Weight assigned to   for calculating benefit coefficient Y 576 

2k    Weight assigned to tK  for calculating benefit coefficient Y 577 

L    WEC length 578 

xl    Spacing between adjacent WECs along the x-axis 579 

yl    Spacing between adjacent WECs along the y-axis 580 

im    Mass of the i-th floater 581 

cN    Grid cell number 582 

n   Unit normal vector of the floater surface element 583 

dP    Power of WECs PTO system to convert wave energy 584 

inP    Incoming wave power per unit width of the wave front 585 

outp       Static pressure at the pressure outlet boundary of the NWT 586 

p   Water pressure 587 

rR    Relative increments of rK  for the WEC arrays compared to the single WEC 588 

tR    Relative increments of tK  for the WEC arrays compared to the single WEC 589 

R    Relative increments of   for the WEC arrays compared to the single WEC 590 

dR    Relative increments of dK  for the WEC arrays compared to the single WEC 591 

S   Body force 592 

dS    Momentum damping term 593 
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T   Viscous part of the stress tensor 594 

T    Incident wave period 595 

t   Time 596 

U    Profile of vertical velocity in the AIJ power-law method 597 

v   Fluid velocity vector 598 

iv    Acceleration of the i-th floater 599 

sv    Velocity vector of the floater on the fluid-structure interface 600 

sx    Start positions of the dissipation zone in the x-direction 601 

ex    End positions of the dissipation zone in the x-direction 602 

1x    Hydrodynamic characteristic of single WEC 603 

2x    Hydrodynamic characteristic of WEC array 604 

Y    Benefit coefficient 605 

ˆ
iy    Calculated value 606 

iy    Measured value 607 

bz    Bottom positions of the dissipation zone in the z-direction 608 

fsz    Free-surface positions of the dissipation zone in the z-direction 609 

σ   Dimensionless heave amplitude of the WEC 610 

m    Dimensionless heave amplitude of the middle WEC 611 

s    Dimensionless heave amplitude of the side WEC 612 

u    Standard deviation of U, which are turbulent velocity at x-direction 613 

v    Standard deviation of V, which are turbulent velocity at y-direction 614 

w    Standard deviation of W, which are turbulent velocity at z-direction 615 
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    Efficiency of the WEC PTO system to convert wave energy 616 

m    Wave energy conversion efficiency of the middle WEC 617 

s    Wave energy conversion efficiency of the side WEC 618 

    Dynamic viscosity of the fluid 619 

δy   Distance between the side walls of the WECs and those of the NWT 620 

    Wave length 621 

ω   Wave angular frequency 622 

    Control parameter of the damping term 623 

    Turbulence specific dissipation rate 624 

    Turbulence dissipation rate 625 

t    Time step 626 

Δx   Cell size in x-direction 627 

Δy   Cell size in y-direction 628 

Δz   Cell size in z-direction 629 

References 630 

Fluent user's guide, Chapter 10: Modeling flows using sliding and dynamic meshes. ANSYS, 631 

Inc. 632 

Ai, J., Lee, H., Liang, C., Zuo, L., 2014. Ocean wave energy harvester with a novel power 633 

takeoff mechanism, International Design Engineering Technical Conferences and 634 

Computers and Information in Engineering Conference. American Society of 635 

Mechanical Engineers, p. V008T011A086. 636 

Babarit, A., Hals, J., Muliawan, M.J., Kurniawan, A., Moan, T., Krokstad, J., 2012. Numerical 637 

benchmarking study of a selection of wave energy converters. Renewable Energy 41, 44-638 

63. 639 

Jo
ur

na
l P

re
-p

ro
of



34 

 

Bailey, H., Robertson, B., Buckham, B., 2018. Variability and stochastic simulation of power 640 

from wave energy converter arrays. Renewable Energy 115, 721-733. 641 

Chen, W., Dolguntseva, I., Savin, A., Zhang, Y., Li, W., Svensson, O., Leijon, M., 2017. 642 

Numerical modelling of a point-absorbing wave energy converter in irregular and 643 

extreme waves. Applied Ocean Research 63, 90-105. 644 

Chen, W., Zhang, Y., Yu, H., 2016. Numerical study on the performance of a twin-raft wave 645 

energy dissipator in a stilling basin. Journal of Fluids and Structures 66, 170-182. 646 

Chen, W.C., Zhang, Y.L., Yang, J., Yu, H.F., Liang, S.D., 2021. Experiments and CFD 647 

modeling of a dual-raft wave energy dissipator. Ocean Engineering 237, 109648. 648 

Child, B.F.M., Venugopal, V., 2010. Optimal configurations of wave energy device arrays. 649 

Ocean Engineering 37 (16), 1402-1417. 650 

Dai, J., Wang, C.M., Utsunomiya, T., Duan, W., 2018. Review of recent research and 651 

developments on floating breakwaters. Ocean Engineering 158, 132-151. 652 

Dong, G.H., Zheng, Y.N., Li, Y.C., Teng, B., Guan, C.T., Lin, D.F., 2008. Experiments on 653 

wave transmission coefficients of floating breakwaters. Ocean Engineering 35 (8-9), 654 

931-938. 655 

Erselcan, İ.Ö., Kükner, A., 2017. A numerical analysis of several wave energy converter arrays 656 

deployed in the Black Sea. Ocean Engineering 131, 68-79. 657 

Fenton, J.D., 1985. A fifth-order Stokes theory for steady waves. Journal of waterway, port, 658 

coastal, and ocean engineering 111 (2), 216-234. 659 

Finnegan, W., Goggins, J., 2012. Numerical simulation of linear water waves and wave–660 

structure interaction. Ocean Engineering 43, 23-31. 661 

Ghafari, H.R., Ghassemi, H., Abbasi, A., Vakilabadi, K.A., Yazdi, H., He, G., 2022. Novel 662 

concept of hybrid wavestar-floating offshore wind turbine system with rectilinear arrays 663 

of WECs. Ocean Engineering 262, 112253. 664 

Goda, Y., Suzuki, Y., 1977. Estimation of Incident and Reflected Waves in Random Wave 665 

Experiments, Coastal Engineering 1976, pp. 828-845. 666 

He, F., Huang, Z., 2014. Hydrodynamic performance of pile-supported OWC-type structures 667 

as breakwaters: An experimental study. Ocean Engineering 88, 618-626. 668 

Jo
ur

na
l P

re
-p

ro
of



35 

 

He, F., Huang, Z., Wing-Keung Law, A., 2012. Hydrodynamic performance of a rectangular 669 

floating breakwater with and without pneumatic chambers: An experimental study. 670 

Ocean Engineering 51, 16-27. 671 

Isaacson, M., Baldwin, J., Bhat, S., 1998. Wave propagation past a pile-restrained floating 672 

breakwater. International Journal of Offshore and Polar Engineering 8 (04). 673 

Kara, F., 2016. Time domain prediction of power absorption from ocean waves with wave 674 

energy converter arrays. Renewable Energy 92, 30-46. 675 

Koutandos, E., Prinos, P., Gironella, X., 2010. Floating breakwaters under regular and irregular 676 

wave forcing: reflection and transmission characteristics. Journal of Hydraulic Research 677 

43 (2), 174-188. 678 

López-Ruiz, A., Bergillos, R.J., Raffo-Caballero, J.M., Ortega-Sánchez, M., 2018. Towards an 679 

optimum design of wave energy converter arrays through an integrated approach of life 680 

cycle performance and operational capacity. Applied Energy 209, 20-32. 681 

Marques Machado, F.M., Gameiro Lopes, A.M., Ferreira, A.D., 2018. Numerical simulation of 682 

regular waves: Optimization of a numerical wave tank. Ocean Engineering 170, 89-99. 683 

McCartney, B.L., 1985. Floating Breakwater Design. Journal of Waterway, Port, Coastal, and 684 

Ocean Engineering 111 (2), 304-318. 685 

Mercadé Ruiz, P., Ferri, F., Kofoed, J., 2017. Experimental Validation of a Wave Energy 686 

Converter Array Hydrodynamics Tool. Sustainability 9 (1). 687 

Murai, M., Li, Q., Funada, J., 2021. Study on power generation of single Point Absorber Wave 688 

Energy Converters (PA-WECs) and arrays of PA-WECs. Renewable Energy 164, 1121-689 

1132. 690 

Nader, J.-R., Zhu, S.-P., Cooper, P., Stappenbelt, B., 2012. A finite-element study of the 691 

efficiency of arrays of oscillating water column wave energy converters. Ocean 692 

Engineering 43, 72-81. 693 

Neshat, M., Mirjalili, S., Sergiienko, N.Y., Esmaeilzadeh, S., Amini, E., Heydari, A., Garcia, 694 

D.A., 2022. Layout optimisation of offshore wave energy converters using a novel multi-695 

swarm cooperative algorithm with backtracking strategy: A case study from coasts of 696 

Australia. Energy 239, 122463. 697 

Jo
ur

na
l P

re
-p

ro
of



36 

 

Ning, D., Zhao, X., Göteman, M., Kang, H., 2016. Hydrodynamic performance of a pile-698 

restrained WEC-type floating breakwater: An experimental study. Renewable Energy 95, 699 

531-541. 700 

Park, J.-C., Kim, M.-H., 1998. Fully nonlinear wave-current-body interactions by a 3D viscous 701 

numerical wave tank, The Eighth International Offshore and Polar Engineering 702 

Conference. OnePetro. 703 

Ren, B., He, M., Li, Y., Dong, P., 2017. Application of smoothed particle hydrodynamics for 704 

modeling the wave-moored floating breakwater interaction. Applied Ocean Research 67, 705 

277-290. 706 

Shi, H., Cao, F., Liu, Z., Qu, N., 2016. Theoretical study on the power take-off estimation of 707 

heaving buoy wave energy converter. Renewable Energy 86, 441-448. 708 

Siddorn, P., Eatock Taylor, R., 2008. Diffraction and independent radiation by an array of 709 

floating cylinders. Ocean Engineering 35 (13), 1289-1303. 710 

Stratigaki, V., Troch, P., Stallard, T., Forehand, D., Kofoed, J., Folley, M., Benoit, M., Babarit, 711 

A., Kirkegaard, J., 2014. Wave Basin Experiments with Large Wave Energy Converter 712 

Arrays to Study Interactions between the Converters and Effects on Other Users in the 713 

Sea and the Coastal Area. Energies 7 (2), 701-734. 714 

Sun, P., Hu, S., He, H., Zheng, S., Chen, H., Yang, S., Ji, Z., 2021. Structural optimization on 715 

the oscillating-array-buoys for energy-capturing enhancement of a novel floating wave 716 

energy converter system. Energy Conversion and Management 228, 113693. 717 

Teixeira-Duarte, F., Clemente, D., Giannini, G., Rosa-Santos, P., Taveira-Pinto, F., 2022. 718 

Review on layout optimization strategies of offshore parks for wave energy converters. 719 

Renewable and Sustainable Energy Reviews 163, 112513. 720 

Wilcox, D.C., 1998. Turbulence modeling for CFD. DCW industries La Canada, CA. 721 

Wu, J., Yao, Y., Zhou, L., Chen, N., Yu, H., Li, W., Göteman, M., 2017. Performance analysis 722 

of solo Duck wave energy converter arrays under motion constraints. Energy 139, 155-723 

169. 724 

Zhao, X.L., Ning, D.Z., Liang, D.F., 2019. Experimental investigation on hydrodynamic 725 

performance of a breakwater-integrated WEC system. Ocean Engineering 171, 25-32. 726 

Jo
ur

na
l P

re
-p

ro
of



37 

 

Zheng, S., Antonini, A., Zhang, Y., Greaves, D., Miles, J., Iglesias, G., 2019. Wave power 727 

extraction from multiple oscillating water columns along a straight coast. Journal of Fluid 728 

mechanics 878, 445-480. 729 

Zhong, Q., Yeung, R.W., 2022. On optimal energy-extraction performance of arrays of wave-730 

energy converters, with full consideration of wave and multi-body interactions. Ocean 731 

Engineering 250, 110863. 732 

 733 

Jo
ur

na
l P

re
-p

ro
of



Declaration of interests 

  

☒ The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

  

☐ The authors declare the following financial interests/personal relationships which may be considered 

as potential competing interests: 

 

 

  

  

  

 

Jo
ur

na
l P

re
-p

ro
of



https://dspace.org/

Hydrodynamic performance of a three-unit heave wave 
energy converter array under different arrangement
Chen, Wenchuang; Huang, Zhenhai; Zhang, Yongliang; Wang, Liguo; Huang, 
Luofeng

2024-02-01
Elsevier
https://doi.org/10.1016/j.renene.2023.119808
Chen W, Huang Z, Zhang Y, et al., (2024) Hydrodynamic performance of a three-unit heave 
wave energy converter array under different arrangement. Renewable Energy, Volume 221, 
February 2024, Article number 119808

Downloaded from a DSpace repository. https://dspace.org/

https://dspace.org/
https://doi.org/10.1016/j.renene.2023.119808
https://dspace.org

