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A B S T R A C T   

Wave energy resources are enormous and widely distributed worldwide and evaluated as resources to replace 
fossil fuels. One of the methods to collect wave energy is using a point absorber device, which is a device 
designed to react sensitively to the movement of the water surface for harnessing wave energy. This paper is 
about the influence of a fixed breakwater on a Wavestar-shaped pivoted point absorber wave energy converter 
(WEC) using computational fluid dynamics (CFD). The fixed breakwater may generate a stationary wave and this 
phenomenon helps to enlarge the movement of the water surface. The numerical model based on CFD was 
validated against the available published data and verified to prove the accuracy of the numerical solution. It was 
found that the present numerical results have a good agreement with the available experimental results. A 
parametric study was conducted to understand the influence of the fixed breakwater on the WEC. The gap be
tween the fixed breakwater and a buoy of the WEC has been changed according to wave period and the results 
depending on the gap have been compared. The results suggest a better hydrodynamic performance of the 
motion responses of the WEC, compared to those without the fixed breakwater. A stationary wave equation 
considering the gap was derived as a trigonometric function in order to investigate the correlation between a 
stationary wave and the motion response.   

1. Introduction 

Due to climate change, many researchers are steadily working on 
ways to reduce greenhouse gases. Since coal, oil, and natural gas for the 
production of electric energy are still mainstream industries, various 
energy industries have been proposed to replace them and have reached 
the commercialisation stage. Among the renewable energy industries, a 
variety of methods have been proposed in the field using wave energy, 
and great efforts are being made to develop it into a commercialisation 
stage. 

A wave energy converter (WEC) device is one of the ways to produce 
electricity from wave energy. The big advantage of the WEC is that it can 
be installed everywhere the waves are observed, therefore, a high 
number of types of WEC have been introduced and the development of 
new WEC concepts is still ongoing to increase the efficiency of energy 
capture from the waves. There are great efforts to put the developed 
WEC devices on the commercial stage, for example, Oscillating-Water 
Column (OWC) plants like Pico (Paparella et al., 2015), the Pelamis 
(Yemm et al., 2012), overtopping WEC types like the Wave Dragon 

(Kofoed et al., 2006), the point absorber type for SEAREV (Ruellan et al., 
2010) and the Wavestar (Kramer et al., 2011). Deep and detailed in
formation on the WEC according to the working principle of the device 
and the location installed such as onshore and offshore can be found in 
(Day et al., 2015; Falcão, 2010; Pecher and Kofoed, 2017). As described 
above, several efforts have been made to deliver the WEC devices to the 
commercial stage, but developments were often suspended due to 
insufficient financial support. In order to proceed to the commercial 
stage, it is essential to produce a prototype and go through its own 
verification and supplementation steps. In addition, most prototypes are 
quite large in size, so costs of construction and maintenance are also 
significantly high. To this end, support from the government and private 
enterprise are inevitable. Although many studies regarding to WECs 
have been conducted, it looks that the more accumulation of technology 
and development are fundamental to lead to the commercial stage. 

Depending on the operating principles of WECs, groups of device 
types using the terms point absorber (PA), terminator, attenuator, 
oscillating wave surge converter (OWSC), oscillating water column 
(OWC), pressure differential, and rotating mass are used by the 
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European Marine Energy Centre (EMEC). A PA is consisted of small sized 
floating structure compared to the wavelength, absorbing energy from 
all direction. Terminators are installed widely parallel to the incident 
wave fronts to capture and break as much of the incoming wave as 
possible. Attenuators are consisted of floating devices which are aligned 
parallel to the incident wave direction and intercept energy from the 
relative motion of subsections of WEC as the incident wave passes 
through the devices. OWSCs use surges of the incident wave to extract 
energy. OWCs contain a submerged air chamber including an opening in 
the front skirt and a hole in the top. The water column inside the 
chamber is forced to oscillate by the incident waves and its movement is 
captured by a turbine in the top. Pressure differential devices are typi
cally located below sea level and pumps fluid through a system using 
pressure change caused by waves. Rotating mass devices capture wave 
energy by the movement of two forms of rotation due to heaving and 
swaying in the waves. 

According to reviews of Mustapa et al. (2017) and Zhao et al. (2019) 
a,b, the combination of WEC device with other marine facilities such as 
breakwaters has become common for coastal areas. The benefits of 
cost-sharing, space-sharing and multi-functionality by the integration of 
marine structures lead reducing the construction cost. Some innovative 
research about floating breakwaters combined with WECs, which gen
erates electricity using the heave motion, can be found in those studies; a 
moonpool type floating breakwater-WEC (Cheng et al., 2021; Tay, 
2022a, 2022b), a pontoon type floating breakwater-WEC (Guo et al., 
2020; Ning et al., 2017, 2018), a vertical pile-restrained WEC type (Chen 
et al., 2020; Ning et al., 2016), a Comb-type breakwater-WEC (Zhao 
et al., 2020, 2021; Zhao et al., 2019a,b) and the Berkeley Wedge (TBW) 
type (Tom et al., 2018, 2019; Zhang et al., 2019). The main objective of 
those research studies is to enhance the performance of the WEC and the 
wave attenuation function of the floating breakwaters. Another 
approach of the integration of breakwaters and WECs is the combination 
of WECs and a fixed breakwater. McIver and Evans (1988), Mavrakos 
et al. (2004), and Schay et al. (2013) found that the power obtained by 
Pas in front of a fixed breakwater was much greater than that obtained 
by the same independent Pas. Coiro et al. (2016) mentioned the sta
tionary wave system which was established in front of the breakwater 
wall itself because of the incident wave and the reflected wave from the 
wall. They expected that the stationary wave system should be very 
sensitive to the incident wavelength, which would affect the perfor
mance of the power output. Reabroy et al. (2019) studied the differences 

in the WEC motion with the distance between the WEC and the break
water wall in a certain wave period and found that the breakwater effect 
indicated that the point absorber type of WEC can improve the hydro
dynamic performance of WEC such as the heave motion of the WEC. 
However, the range of the distance they conducted to obtain the optimal 
distance is relatively shorter than the wavelength which is not expected 
to amplify the motion of the WEC due to the stationary wave. There were 
many attempts to investigate the integration of fixed breakwater-WEC 
using a linear potential flow theory (Konispoliatis and Mavrakos 
(2020), Konispoliatis and Mavrakos (2021) and Zhao et al. (2019)a,b). 
Those studies include the parametric study of the breakwater-WEC 
spacing including the gap between WEC devices and the breakwaters 
and the arrangement study of WECs. Wang et al. (2022) has investigated 
the hydrodynamic performance of the PA with Jarlan-type breakwater, 
which is conventional breakwater type in coastal area. The most com
mon consideration regarding to the integration of fixed breakwater-WEC 
is generally how to adjust the gap between the fixed breakwater and 
WEC device in order to enhance the wave power absorption. 

The numerical studies using computational fluid dynamics (CFD) to 
understand the characteristics of WEC are gradually increasing. One aim 
of these numerical studies is to secure numerical tools through the 
validation of experiments in order to conduct further research. A 
comprehensive review of the WEC research using CFD over the past two 
decades can be found in Windt et al. (2018). When CFD is used in WEC’s 
research and development, cost savings can be obtained compared to 
experiments, and numerical studies can be performed under various 
environmental and physical conditions without significant restrictions. 
Therefore, it is considered that the importance of acquiring the nu
merical tools for WEC using CFD is an increasing trend amongst the 
researchers working in this area. Most of studies related to the combi
nation of WEC device with marine facilities have been investigated by a 
linear potential flow theory and experimental method. To date, majority 
of the CFD studies with WECs have focused on the sole WEC such as their 
heave response to the incident wave. It is expected that this study’s CFD 
work will help to understand the influence of the gap between a WEC 
device and a breakwater at intermediate water depth. 

Given the importance of the integration of breakwater-WEC, to the 
best of the authors’ knowledge, there exists no CFD study dedicated to 
the influence of a gap between the fixed breakwater and the WEC. Thus, 
this paper is motivated to understand the influence of the gap in 
different wave conditions at intermediate water depth. The outline of 

Fig. 1. Schematic of the WEC (not at scale, left) and 3D geometry (right), including the centre of rotation (Point A) and the position of the hydraulic PTO cylinder 
(Point B and C). 
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the paper is organised as follows, Section 2 introduces the principal 
dimensions of the target WEC and the wave conditions. Section 3 de
scribes the numerical modelling. Section 4 presents how to derive the 
analytic solution of the stationary wave due to the breakwater. Section 5 
shows the result of validation and verification, the result of cases 
without breakwater and the result of cases with breakwater, while the 
conclusion is written in Section 6. 

2. Geometry and conditions 

2.1. Target wave energy converter 

The target wave energy converter in this study is a Wavestar-like 
device which is considered a pivoted point absorber WEC. The Wave
star WEC consists of a hemisphere-shaped buoy with a single operational 
degree-of-freedom (DOF) in pitch motion and a hydraulic power take-off 
(PTO) cylinder (Ransley et al., 2017). Fig. 1 shows the schematic view of 
the buoy and the PTO cylinder, and the physical properties of the target 
WEC are presented in Table 1. Point A in Fig. 1 is the centre of rotation of 
the arm connected to the buoy and the buoy has a pitch motion 
following the fixed-point A. The displacement of the cylinder is deter
mined by the distance between points B and C which are a fixed point 
and a moving point according to the position of the WEC device, 
respectively. In this study, the PTO system is not modelled in the CFD 
simulation to match the same conditions as this of the experiment in 
Ransley et al. (2017). In order to build a PTO system on a numerical 
simulation, the information of the coordinates of point C is needed every 
time step and but, in this study, establishing the PTO system on the 
present numerical simulation is not included and the research. 

2.2. Wave conditions 

The numerical simulations were performed at eight different wave 
conditions, as listed in Table 2. The wave period of the investigated 
wave conditions ranged from 1.4 s to 2.8 s. The wave height and water 
depth in the numerical simulations were 0.25m and 3.0m, respectively. 
Fig. 2 shows the validity of wave theories (Le Méhauté, 2013) according 
to wave period, wave height and water depth. The investigated wave 
conditions which are indicated as red dots in Fig. 2 ranged from Stokes 
2nd order to Stokes 3rd order. 

3. Numerical modelling 

3.1. Governing equations 

An unsteady Reynolds-Averaged Navier-Stokes (URANS) method 
was used to solve the governing equations, including the mass and 
momentum of conservation using the commercial CFD software Star- 
CCM+, version 15.04. The averaged continuity and momentum equa
tions for unsteady incompressible flows without body forces are 
expressed in tensor notation and Cartesian coordinates as follows (Fer
ziger et al., 2002): 

∂(ρui)

∂xi
= 0 (1)  

∂(ρui)

∂t
+

∂
∂xj

(
ρuiuj + ρu‘

iu‘
i
)
= −

∂p
∂xi

+
∂τij

∂xj
(2)  

in which τij are the mean viscous stress tensor components, as shown in 
Eq. (2) 

τij = μ
(

∂ui

∂xj
+

∂uj

∂xi

)

(3)  

and p is the mean pressure, ui is the averaged Cartesian components of 
the velocity vector, ρu‘

iu‘
i is the Reynolds stresses, ρ is the fluid density 

Table 1 
Physical properties of the target wave energy converter.   

Unit Value 

Mass kg 220 
Centre of Mass: 

X m − 0.2886 
Y m 0 
Z m 0.3245 

Moment of Inertia kgm2 124.26 
Centre of rotation (Point A) 

X m − 1.684 
Y m 0 
Z m 1.655 

Point B 
X m − 1.147 
Y m 0 
Z m 3.004 

Point C (relative to the centre of mass) 
X m − 0.5684 
Y m 0 
Z m 0.8635 

Submergence (in equilibrium) m 0.4 
Diameter of a buoy (at SWL) m 1.0 
Water depth m 3.0  

Table 2 
Wave cases to which the present numerical simulation is applied.  

Case 
number 
C 

Wave period 
[s] 
T 

Wavelength 
[m] 
λ 

Wave height 
[m] 
H 

Wave 
steepness 
H/λ 

1 1.4 3.06 0.25 0.082 
2 1.6 4.00 0.25 0.063 
3 1.8 5.06 0.25 0.049 
4 2.0 6.25 0.25 0.040 
5 2.2 7.56 0.25 0.033 
6 2.4 8.99 0.25 0.028 
7 2.6 10.55 0.25 0.024 
8 2.8 12.24 0.25 0.020  

Fig. 2. Validity fields of wave theories according to (Le Méhauté, 2013). Red 
dots represent the wave conditions in this study. 
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and μ is the dynamic viscosity. 
In order to compute the fluid flow in the computational domain, the 

RANS solver uses a finite volume method that discretises the integral 
formulation of the governing equations. The continuity and momentum 
equations were solved in a sequential manner with a predictor-corrector 
approach. For spatial, a second-order upwind scheme was applied to 
convection and diffusion terms and for temporal, a second-order tem
poral discretization was used. A semi-implicit method for pressure 
linked equations (SIMPLE) algorithm was used to solve the pressure 
velocity coupling. 

A Realizable k − ε turbulence model was chosen in this study, which 
is generally used in many types of numerical simulations in ocean en
gineering. The two-layer approach, first suggested by (Rodi, 1991), is 
also included in the turbulence model to consider low Reynolds number 
type meshes y+ ∼ 1 or wall-function type meshes y+ > 30. The range of 
the Reynolds number in this study is from 1.5 × 106 to 3.4× 106 and this 
flow can be considered in a turbulent regime. In order to numerically 
model the motion of the WEC in response to external wave forces and 
moments, the dynamic fluid body interaction (DFBI) scheme was 
applied to the WEC which allows the pitch motion. The DFBI scheme can 
calculate the hydrodynamic forces and moments acting on the rigid 
body and solve the governing equations of the rigid body motion to 

determine the next position of the rigid body for the next time step. The 
volume of fluid technique, proposed in (Hirt and Nichols, 1981) is used 
to define the free surface (here, air-water interface). This VOF method 
allows capturing the free surface around the WEC and the regular waves 
in the computational domain. 

3.2. The computational domain and boundary conditions 

The computational domain was generated by a commercial software 
package of STAR-CCM+, which generally uses the Cartesian cut-cell 
method. There are two different domains for the pivoted WEC simula
tion in this study. Fig. 3 shows the size of the computational domain and 
selected boundary conditions for without breakwater cases which 
consist of a background mesh region and an overset mesh region around 
the buoy. For the boundary conditions for the background mesh region, 
a velocity inlet boundary condition, in which the distribution of velocity 
and fluid properties are known was set in the inflow boundary. The 
horizontal and vertical velocities and surface elevation for the inflow 
properties are calculated based on a fifth-order wave model by (Fenton, 
1985). A symmetry plane is placed in the centre of the WEC device, to 
reduce the computational resources. A pressure outlet condition was 
imposed at the outflow boundary. For the buoy of the WEC system, 
no-slip wall boundary condition was used. To avoid the reflection wave 
from the boundaries in the computational domain and the distorted 
wave due to the motion of WEC around inflow, a wave forcing scheme 
mentioned in (Kim et al., 2012) was implemented and applied to the 
inflow and outflow boundaries. In the zone of wave forcing scheme, the 
solution of discretised transport equations is forced gradually into the 
forced solution or theoretical solution of the fifth-order wave model 
according to the distance to the inflow boundary. The initialised solution 
at the beginning of the numerical simulation can be seen in Fig. 5. 

A dynamic overset mesh technique was used to investigate the mo
tions of the WEC model. This technique can be used to capture the body 
motion and interaction with the surrounding fluids. A minimum of two 
independent mesh regions is required for setting up the overset mesh 
technique. In this study, the computational domain consists of the 
background mesh region for simulating a regular wave and overset mesh 
region for cutting a hole out of the background mesh region and rep
resenting a body interaction. 

To simulate the regular waves in the background region, a minimum 
of 12 cells per wave height and 100 cells per wavelength near the still 
water line were generated for avoiding numerical dissipation. The finest 
resolution of cells covers one wave height below and above the still 
water line. The more detailed information related to the resolution of the 
cells along the z-direction can be found in Fig. 4. 

Fig. 6 shows the computational domain for numerical simulations 
with breakwater. To avoid the reflection of wave due to the breakwater 
and the reach of the waves to inflow boundary, the length between 
inflow boundary and the body is relatively longer than the computation 
domain for cases without breakwater. The finest meshes covers the area 
between the body and breakwater because the wave run-up effect 
including diffracted and reflected wave are expected. 

In a numerical simulation with a free surface including two-phase 
flow based on the Navier-Stokes equations, a remarkable effort must 
be made to reduce undesired wave reflections at the computational 
domain boundaries. The simplest and easiest way to eliminate the re
flected waves generated in the computational domain boundaries is to 
increase the computational domain size. However, this will also lead to a 
significant increase in the computer resources and the simulation time. 
In addition, methods for reducing the reflected waves including beach 
(Lal and Elangovan, 2008), grid damping (Kraskowski, 2010; Peric and 
Abdel-Maksoud, 2015), solution forcing or coupling (Kim et al., 2012, 
2013) and damping layer approaches (Choi and Yoon, 2009; Ha et al., 
2011), and further approaches have been developed. Brief descriptions 
of the methods can be found in (Perić and Abdel-Maksoud, 2016). In this 
study, because of the breakwater in the computational domain, the wave 

Fig. 3. The computational domain with imposed boundary conditions for nu
merical simulation cases without breakwater. The units on the figure 
are metres). 

Fig. 4. The cells around the free surface (left) and the distribution of cells along 
the z-direction (right): Different colours represent different cells per wave 
height (CPH). 
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forcing scheme was used among the various methods of the elimination 
of the reflected waves. 

4. Stationary wave 

Stationary wave, also known as standing wave, is combination of two 
identical waves moving in opposite directions. This phenomenon can be 

seen as a wave superposition and can be used to maximise the 
displacement of buoy in wave height direction. In a breakwater simu
lation case, a reflected wave due to the presence of the breakwater and 
an incident wave at inlet yield a stationary wave around the position of 

Fig. 5. Initialised computational domain before a numerical simulation starts.  

Fig. 6. The computational domain with imposed boundary conditions for with 
breakwater cases (Unit: m). 

Fig. 7. Schematic view of a buoy and a breakwater.  

Table 3 
Calculation of the discretization error for the 
grid-spacing convergence study. (N: the 
number of grids, r: refinement ratio, φ: the 
solution of the averaged amplitude of the 
displacement of cylinder of WEC, more 
detailed information of the parameters 
including subscript and superscript can be 
found Section 5.1).   

Value 

N1 2,266,456 
N2 824,604 
N3 297,978 
r21 1.401 
r32 1.404 
φ1 0.0715 
φ2 0.0717 
φ3 0.0720 
p 1.21 
φ21

ext 0.0712 
e21

a 0.2% 
e21

ext 0.5% 
GCI21

fine 0.6%  

Table 4 
Calculation of the discretization error for 
time-step convergence study.   

Value 

Δt1 0.0055 
Δt2 0.0077 
Δt3 0.0109 
r21 1.4142 
r32 1.4142 
φ1 0.0715 
φ2 0.0717 
φ3 0.0719 
p 1.72 
φ21

ext 0.0714 
e21

a 0.2% 
e21

ext 0.2% 
GCI21

fine 0.3%  
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the buoy. Fig. 7 shows the brief view of the buoy and the breakwater and 
the origin of the coordinates is in the centre of the buoy in longitudinal 
direction at still water level. A wave travelling along the +x direction is 
reflected at the breakwater. An incident wave and a reflected wave can 
be described as a function of position x and t in Equation (4) and (5), 
respectively. 

zI(x, t) = zmax sin(kx − ωt) (4)  

zR(x, t) = zmax sin(kx+ωt) (5)  

where zmax is amplitdue of incident wave, k is a wave number (2π/λ), 
and ω is a wave frequency (2π/T). To consider a distance to the break
water, unknown quantity (C) is added in the Equation (5) to consider a 
reflection wave with a different phase due to distance to the breakwater 
and a variant reflected equation is derived as Equation (6). 

zR(x, t) = zmax sin(kx+ωt+C) (6)  

z(x, t)= zI(x, t)+ zR(x, t)= zmax sin(kx − ωt) + zmax sin(kx+ωt+C) (7)  

z(x, t)= 2zmax sin
(

kx+
C
2

)

cos
(

ωt+
C
2

)

(8) 

Using the trigonometric sum-to-product identity, the sum of the 
incident and reflected wave can be derived as Equation (8). At x = B 
where the intersection point between SWL and the breakwater, since the 
maximised wave height is captured, the absolute value of sine term in 
Equation (8) should be maximised. Consequently, the equation (12) is 
derived when x = 0 where the buoy is located in a computational 
domain. 

kB+
C
2
=

nπ
2

(n= 1, 3, 5,…) at x=B (9)  

C= nπ − 2kB (10)  

z(x, t)= 2zmax sin
(

kx+
nπ
2
− kB

)
cos

(
ωt+

nπ
2
− kB

)
(11)  

z(t)x=0 = 2zmax sin
(nπ

2
− kB

)
cos

(
ωt+

nπ
2
− kB

)
(12)  

f(k,B)=
⃒
⃒
⃒2zmax sin

(nπ
2
− kB

)⃒
⃒
⃒ (13) 

In accordance with Equation (12), the analytic solution of the wave 
height at x = 0 depending on the wave period and the distance to the 
breakwater (B) can be obtained. The amplitude of Equation (12) means 
the maximum amplitude of the stationary wave equation, consequently, 
the analytic solution of the stationary wave considering incident and 
reflected wave due to the breakwater is obtained (Equation (13)). A 
more detailed discussion of the analytic solution and comparison results 
on the numerical results is described in Section 5.3.2. 

5. Results 

5.1. Verification and validation 

In this study, the influence of changing the number of iterations on 
the numerical simulations was deemed to be negligible since the number 
of iterations was over 10. A verification study was carried out for the 
lower frequency wave case (Case 8) for grid-space and time-step 
uncertainties. 

The procedure for estimation of discretization error followed the 
Grid Convergent Index (GCI) approach of Celik et al. (2008) based on the 
Richardson extrapolation method (Richardson, 1911). The definition 
and symbol of parameters in the verification study are the same as those 
used in Celik et al. (2008). 

Let N and h denote the total number of grids for a numerical simu

Fig. 8. Comparison of the displacement of cylinder between the simulated and 
experimental data (Ransley et al., 2017), T = 2.8s, H = 0.25m. 

Fig. 9. Comparison of the displacement of cylinder between numerical simu
lation and experimental data (Ransley et al., 2017), T = 1.4s, H = 0.15m. 

Fig. 10. Numerical results of FFT analysis of displacement of cylinder nor
malised by amplitude of incident wave and comparison result with experi
mental data (Ransley et al., 2017), A0 represents the amplitude of undisturbed 
incident wave. 

Fig. 11. Numerical displacement of cylinder data for wave case 4 
without breakwater. 
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lation and representative grid size, respectively, which gives the 
following expression: 

h=

[
1
N

∑N

i=1
(ΔVi)

]1/3

(14)  

r21 = h2/h1 (15)  

r32 = h3/h2 (16)  

where ΔVi is the volume of the i th grid used for the simulation and r is 
the grid refinement factor defined by the ratio of the representative grid 
sizes. For a time-step convergence study, the definition of the time 
refinement factor can be given by γ21 = Δt2/Δt1 and γ32 = Δt3/ Δt2. It is 
desirable that the refinement factor (r) be greater than 1.3 based on 

experience and not formal derivation according to Celik et al. (2008). 
The apparent order of the method, p, can be solved using fixed-point 

iteration: 

p=
1

ln r21
|ln|ε32 / ε21| + q(p)| (17)  

q(p)= ln
(

rp
21 − s

rp
32 − s

)

(18)  

s= 1 • sgn
(

ε32

ε21

)

(19)  

where ε32 = φ3 − φ2, ε21 = φ2 − φ1, and φk denotes the solution on the k 
th grid. Note that q(p) = 0 for r = const. The extrapolated values are 
calculated from 

Fig. 12. Variation of the free surface around the buoy at 4 instants along a time period, top view. (Wave case 4: T = 2.0s, H = 0.25m).  

Fig. 13. Variation of the free surface around the buoy at 4 instants along a time period, side view. (Wave case 4: T = 2.0s, H = 0.25m).  
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φ21
ext =(rp

21φ1 − φ2)
/
(rp

21 − 1) (20) 

The approximate relative error and extrapolated relative error, 
respectively, are described: 

e21
a =

⃒
⃒
⃒
⃒
φ1 − φ2

φ1

⃒
⃒
⃒
⃒ (21)  

e21
ext =

⃒
⃒
⃒
⃒
φ21

ext − φ1

φ21
ext

⃒
⃒
⃒
⃒ (22) 

Finally, the fine-grid convergence index is calculated: 

GCI21
fine =

1.25e21
a

rp
21 − 1

(23)  

5.1.1. Grid-spacing convergence study 
Case 8 (T = 2.8s, H = 0.25m) was selected for the grid-spacing 

convergence study. The grid-spacing convergence study was per
formed with three different grids, which are regarded as fine, medium, 
and coarse grids corresponding to grid numbers of 2,266,456 cells, 
824,604 cells, and 297,978 cells, respectively. Table 3 shows the 
calculation procedure for the three different grids. As can be seen from 
the results of Table 3, the numerical uncertainties of 0.6% was estimated 
for the displacement of cylinder. 

5.1.2. Time-step convergence study 
The same wave case (Case 8) of the grid-spacing convergence study 

was selected for the time-step convergence study. Three different time- 
steps were employed with a uniform refinement ratio (r) of 

̅̅̅
2

√
, starting 

Fig. 14. Variation of the free surface nearby the buoy and on the wall of the buoy at 4 instants along a time period, side view. (Wave case 4: T = 2.0s, H = 0.25m).  

Fig. 15. Numerical data and analytic solution for wave case 8 at three different wave probes.  
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from Δt = T/512. Table 4 shows the result of the calculation of the 
temporal discretization error. As can be seen from the result listed in 
Table 4, similar to the grid-spacing convergence study, small levels of 
uncertainty were estimated for the displacement of cylinder. 

5.1.3. Validation 
The computational domain for a validation work including the pa

rameters of grid size and time-step was selected by the process of veri
fication results. For the validation of the present numerical model, the 
experimental data of the displacement of cylinder from Ransley et al. 
(2017) were compared with the result of the present numerical 
simulations. 

Fig. 8 shows the comparison of the displacement of cylinder between 
the present numerical simulation and experimental data from Ransley 
et al. (2017). The target wave for the validation work is the same as 
Wave Case 8 (wave period of 2.8 s and wave height of 0.25m). It should 

be noted that a positive displacement corresponds to a lifting of the 
buoy. The solid black line indicates the experimental data of the 
displacement of cylinder (Ransley et al., 2017) and the red dotted line 
indicates the present numerical simulation. Relatively large fluctuations 
with slightly different phase in the beginning of the numerical simula
tion are shown in Fig. 8. It is likely that the initial condition with fully 
developed wave field in the numerical model shown in Fig. 5 would 
affect the large amplitude of the motion. However, after around 10 s the 
numerical WEC device is beginning to oscillate with the same frequency 
as that found in their experiments and the displacement of cylinder for 
the numerical model shows good agreement with that of their experi
mental data. 

Fig. 9 shows the comparison of the displacement of the cylinder 
between the numerical simulation and experimental data (Ransley et al., 
2017) when the target wave period is 1.4 s and the wave height is 0.15m. 
Before comparing the experimental results with the present CFD results, 
Ransley et al. (2017) mentioned that the low-frequency beating of the 
displacement was captured due to the reflected waves in the physical 
basin at short wavelength. The low-frequency beating of the displace
ment indicates that the amplitude of the displacement of cylinder keep 
increasing and decreasing. This beating behaviour was not captured at 
long wavelength. Similarly, the present numerical result shows the same 
pattern of the low-frequency beating but the amount of the beating is 
relatively lower than that of their experimental data. It can be found that 
the low-frequency beating would be related to not only the reflected 
wave due to a wall in the physical basin but also a diffraction wave 
around the WEC device. As with the previous validation case, because of 
the initial condition of the computational domain results in the large 
amplitude of the motion of the WEC device in the beginning part. 
Overall good agreement between the present numerical and experi
mental (Ransley et al., 2017) results is observed. 

Fig. 16. Comparison between stationary wave amplitude and normalised spectral value of displacement of cylinder according to distance to breakwater (B). (A0: 
amplitude of incident wave). 

Table 5 
Numerical result of the first harmonic component of cylinder displacement ac
cording to distance to breakwater (B).  

Wave case, C First harmonic component 

B = 1.0m B = 1.5m B = 2.0m B = 3.0m 

1 0.0566 0.0851 0.0723 0.0741 
2 0.0683 0.0817 0.1163 0.0814 
3 0.0741 0.0920 0.1179 0.1325 
4 0.0367 0.1033 0.1377 0.1648 
5 0.0667 0.0324 0.1113 0.1641 
6 0.0811 0.0290 0.0371 0.1424 
7 0.0923 0.0532 0.0119 0.0845 
8 0.0956 0.0678 0.0324 0.0449  
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5.2. Cases without breakwater 

Numerical simulations without a breakwater were investigated ac
cording to wave period. From the results of the numerical simulations 
without the breakwater, the characteristic of the target WEC according 
to wave period can be obtained such as a natural frequency and a 
response to an incident wave of the target WEC. For the analysis of the 
numerical simulations, the displacement of the cylinder, considering 

eight consecutive wave periods has been recorded and the recorded 
displacement has been analysed by fast the Fourier transform (FFT) 
method in order to obtain the first harmonic component. The first har
monic component was normalised by the amplitude of the incident wave 
and presented in Fig. 10. In addition, for comparison with the results of 
the experiment data (Ransley et al., 2017), the result values were 
included in Fig. 10. It can be found that the numerical simulation results 
are slightly overpredicted. Fig. 11 shows the time history of the 

Fig. 17. Variation of the free surface around the buoy with breakwater, top view. And location of wave probes (Wave case 4: T = 2.0s, H = 0.25m and B = 3.0m).  

Fig. 18. Variation of the free surface around the buoy with breakwater, side view. (Wave case 4: T = 2.0s, H = 0.25m and B = 3.0m).  
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displacement of the cylinder for wave case 4 (T = 2.0s) for 30 s, which 
showed the largest WEC motion amongst the selected wave cases. After 
approximately 5 s the displacement of the cylinder in the numerical 
simulation begins to oscillate stably, and the data during the eight 
consecutive wave periods were selected for the FFT analysis. The largest 
motion is captured in wave case 4 (T = 2.0s) and a similar natural period 
of the WEC was captured in their previous experimental research 
(Jakobsen et al., 2016). 

Fig. 12 shows the view of the free surface around the buoy in Case 4. 
It should be reiterated that the maximum displacement of the cylinder is 
observed in Case 4 amongst the selected wave cases in this study. 

Figs. 12 and 13 show the free surface variation around the buoy for 
wave case 4 without breakwater, respectively, at 4 instants along a time 
period; (a) zero-up crossing of the displacement of the cylinder, (b) the 
maximum lift of the WEC device, (c) zero-down crossing of the 
displacement of the cylinder and (d) the minimum lift of the WEC de
vice. The absolute value of the maximum and minimum range in a 
contour in Fig. 12 is the wave height of the incident wave. A wave crest 
propagating toward the WEC device can be seen in Fig. 12 (a) and this 
leads the maximum lift of the WEC device and then the generated and 
distorted wave due to the motion of the WEC device is observed in 
Fig. 12 (c) and (d). 

Fig. 13 shows variation of the free surface on the symmetry plane in 
the computational domain. There are only 2 contour colours, which red 
colour indicates the water and blue indicates the air, to clearly identify 
the free surface. Fig. 14 shows the clear views of the free surface nearby 
the buoy and on the wall of the buoy. During the propagation of the 
incident wave, the change in the wet surface of the WEC device ac
cording to the position of the WEC device can be seen. 

5.3. Cases with breakwater 

5.3.1. Stationary wave analysis 
A simplified analytic stationary wave equation was derived and 

compared to this study’s CFD results. The free surface elevations from 
the analytical solution and the present numerical model are compared 
directly at three different wave probes (x = − 1.917m, x = 0m, and x =
0.75m). The positive x-direction is towards the breakwater in the 
computational domain and x = 0 means the location where the buoy is 
located. For the comparison between the analytical solution and the 
present numerical model, the buoy was not installed to capture the 
stationary waves due to the breakwater. 

Solid lines and dotted lines in Fig. 15 indicate the analytical solutions 
derived from Equation (11) and the numerical results, respectively. 

Different colours represent the location of the probe. For the case of B =
1.0m which is the shortest distance to the breakwater, overall good 
agreement between the analytical solution and the numerical data is 
observed except at x = − 1.917m, as shown in Fig. 15 (a). A possible 
reason for the mismatch between the analytic and numerical results is 
that the amplitude of the free surface elevation is relatively too small to 
capture the superposed wave in the numerical simulation. Another 
possible reason can be that the analytical solution does not consider the 
higher order wave equations. 

For the cases of B = 1.5m and B = 2.0m (Fig. 15 (b), (c)), the free 
surface elevation results obtained from the analytical solution and the 
numerical data match reasonably well, whereas slightly over- and 
under-prediction of the wave crests and troughs at x = − 1.917m are 
found, respectively. For the case of B = 3.0m which is the longest dis
tance to the breakwater in this study, a similar trend regarding the 
mismatch is found at x = − 0.75m which is shown the small amplitude of 
free surface elevation (Fig. 15 (d)). As a result of the comparison in 
Fig. 13, it was thought that the analytical solution is reasonably accurate 
to calculate the amplitude of the free surface elevation around the 
location where the WEC buoy is located with the breakwater. 

5.3.2. Cases with breakwater analysis 
In this section, the results of numerical simulations with a break

water and the analytical solutions discussed in Section 4.0 were 
compared. The first harmonic components by FFT analysis method were 
obtained, considering six consecutive wave periods of numerical simu
lations with the breakwater. In this case, it is highlighted that a rela
tively small amount of consecutive wave periods should be considered 
due to the possibility of a strongly distorted incident wave. Even though 
the wave forcing scheme works well near the inflow boundary, the 
possibility to occur the numerical error cannot be ignored. To find a 
correlation between the motion of WEC and stationary wave, the first 
harmonic components have been compared with the amplitude of the 
stationary wave. 

Solid lines shown in Fig. 16 represent the result of the analytical 
solution based on Equation (13) and the circle symbol means the first 
harmonic component by FFT analysis. Table 5 shows the result of nu
merical solutions and comparison result, where B represents the distance 
to the breakwater. For B = 1.0m, which is the shortest distance to the 
breakwater, the amplitude of the stationary wave by analytical solution 
decreases rapidly, reaches the lowest point approximately at T = 1.6s, 
and then increases gradually. In the case of numerical results for B =

1.0m, the smallest value of the first harmonic component is captured at 
T = 2.0s. As the wave period increased from T = 2.0s, the first harmonic 

Fig. 19. Variation of the free surface nearby the buoy and on the wall of the buoy with breakwater, side view. (Wave case 4: T = 2.0s, H = 0.25m and B = 3.0m).  
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component also tended to increase until T = 1.8s and then to decrease. 
In terms of the lowest point, it can be seen that the results of the 
analytical solution and CFD do not match, and this phenomenon can be 

seen, in a similar fashion, at different distances to the breakwater. One 
possible explanation can be that the analytical solution in this study 
considered only the reflection waves from the breakwater and the 
incident waves towards the breakwater, in order to simplify the equa
tion, whilst the numerical model included diffracted, radiated, reflected 
waves with all non-linearities. Despite the ignorance of the complicated 
waves between the WEC buoy and the breakwater in the analytical so
lution, the result of the analytic solution appears similar to the trend of 
the numerical results. 

For B = 1.5m and B = 2.0m, the amplitude of the analytical solution 

Fig. 20. Comparison of wave elevations for Wave case 4. Black solid line means 
the result of cases without breakwater, Red dashed line means the result of 
cases with breakwater (B = 2.0m) and Green dashed dot line represents the 
result of cases with breakwater (B = 3.0m). 

Table 6 
Location of wave probes (WP).  

Probe WP1 WP2 WP3 WP4 WP5 

x-coordinate [m] − 2.0 − 1.0 1.0 2.0 3.0  

Fig. 21. Comparison of FFT results for Wave case 4 by wave probe. Black solid 
line means the result of cases without breakwater, Red dashed line means the 
result of cases with breakwater (B = 2.0m) and Green dashed dot line repre
sents the result of cases with breakwater (B = 3.0m). 
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and the first harmonic component of the numerical result according to 
wave period can be seen in Fig. 16 (b). As in the case of B = 1.0m, the 
results of analytical solutions and numerical results show the similar 
trend in terms of the position of the lowest point. At T = 1.4s for B =

1.5m, the analytical solution shows the maximum stationary wave 
amplitude, and it is likely that the stationary wave caused the increase of 
the motion of the WEC device. Even in the short-wave period regime (i. 
e., T = 1.4s), which showed the lowest motion response in the numerical 
case without breakwater, the result of the first harmonic component 
increased by 41%. 

For B = 3.0m, which is the longest distance to the breakwater, the 
amplitude of the analytical solution and the first harmonic component of 
the numerical result according to wave period can be seen in Fig. 16 (d). 

Except for the short-wave period regime, overall good agreement be
tween the analytical solution and the numerical results is observed. In 
the case of B = 3.0m, the maximum stationary wave amplitude is 
distributed near the natural frequency of the WEC device and was ex
pected to have a significant effect on the motion of the WEC device. As a 
result, the WEC device showed the highest response at T = 2s (near the 
natural frequency of the WEC device), which is 17% higher than that of 
the numerical case without the breakwater. 

Generally, when comparing the results of the analytical solution and 
the numerical solution, it is similar to show a tendency to gradually 
increase after the lowest point of the motion response, but the biggest 
difference between the two results is the position where the lowest point 
is recorded. As the trend of the numerical results is also comparable to 
that of the analytical solution, it seems clear that the stationary wave has 
an effect on the results, but it is considered that accurate estimation is 
difficult since the analytical solution is composed of two waves com
ponents only. Nevertheless, the correlation between the breakwater 
distance and the motion of the WEC device could be estimated even with 
a simple analytic solution. It was confirmed that this can be suggested as 
a way to amplify the floating body motion according to the position of 
the breakwater. 

Each scene of Figs. 17 and 18 shows the time instants of (a) zero-up 
crossing of the displacement of the cylinder, (b) the maximum lift of the 
WEC device, (c) zero-down crossing of the displacement of the cylinder 
and (d) the minimum lift of the WEC device when the wave period and 
wave height are 2.0 s and 0.25m, respectively, and the distance to 
breakwater (B) is 3.0m. Fig. 19 shows the clear views of the free surface 
nearby the buoy and on the wall of the buoy with breakwater. The right 
side of each scene is the location of the breakwater. More complicated 
wave distribution and higher wave amplitudes are captured in the nu
merical case with breakwater compared to those in without breakwater. 
It is noted that the WEC buoy has been covered with water due to the 
green water effect, the water elevation on the position of the WEC buoy 
has also increased and decreased. The wave run-up effect is also 
observed near the breakwater, where the free surface elevation reached 
two times of incident wave height. 

Fig. 20 shows the change in wave elevation for Wave case 4 (T = 2.0s 
and H = 0.25m) according to each wave probe position. Probes of WP1 
and WP2 are located in upstream of the WEC buoy and rest of probes 
(WP3-5) are in downstream of the WEC buoy. It should be noted that 
WP4 and WP5 are installed where the breakwater is located. The x-co
ordinate of the wave probe location can be seen in Table 6 and Fig. 17. 
The records of WP1 and WP2 in Fig. 20 show the change of the free 
surface in front of the WEC buoy. It can be seen that the changes of the 
free surface are more complicated when there is the breakwater than 
when there is no breakwater. This is because the reflected waves 
generated from the breakwater make the waves around the WEC buoy 
more disturbed. The records of WP3 in Fig. 20 show the change of the 
free surface in the downstream of the WEC buoy by 1.0m. In this case, in 
the wake region behind the object, a clearer change in waves can be seen 
depending on the presence of the breakwater. When there is the 
breakwater, the waves that may occur between the WEC buoy and the 
breakwater are as follow. It is organised into disturbed incident waves, 
radiation waves generated by the motion of the WEC buoy, reflected 
waves of the disturbed incident waves from the breakwater and reflected 
waves of the radiation waves. Due to these wave components, it is 
believed that more complicated waves are measured in the wave region 
behind the WEC buoy. The final two records (WP4 and WP5) show the 
changes of the free surface at the breakwater when the distance is B =
2.0m and B = 3.0m. The biggest difference is that the wave height has 
increased significantly due to the breakwater. And the wave height of 
the free surface in the breakwater is about twice the wave height of the 
incident wave. 

In order to further investigate higher harmonic contributions around 
the WEC buoy, Fig. 21 shows a FFT analysis of the free surface records. 
At all wave probes, it was possible to confirm the first, second and third 

Fig. 22. Comparison of motion of WEC according to the presence of break
water. (a): Displacement of cylinder, (b): pitch. Black solid line means the result 
of cases without breakwater, Red dashed line means the result of cases with 
breakwater (B = 2.0m) and Green dashed dot line represents the result of cases 
with breakwater (B = 3.0m). 

Fig. 23. Comparison of horizontal and vertical forces. (a): horizontal force, (b): 
vertical force. Black solid line means the result of cases without breakwater, 
Red dashed line means the result of cases with breakwater (B = 2.0m) and 
Green dashed dot line represents the result of cases with breakwater (B 
= 3.0m). 
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Fig. 24. Pressure distribution of the WEC buoy for Wave case 4 (T = 2.0s and H = 0.25m). Case without breakwater (the first column), case when B = 2.0m (the 
second column) and case when B = 3.0m (the third column). (a): zero-up crossing, (b): maximum lift, (c): zero-down crossing, (d): minimum lift. 
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harmonic components. In particular, in WP3 corresponding to wake 
region, higher harmonic components than the third harmonic can be 
observed. 

Figs. 22 and 23 show the motion and forces on the WEC buoy, 
respectively. Each plot includes the result of the case without the 
breakwater, when B = 2.0m (the distance to the breakwater is 2.0m) and 
B = 3.0m. The positive of displacement of cylinder and represents the 
lifting of the WEC buoy above the still water level. The horizontal force 
graph shows relatively the larger difference between the present nu
merical results. It is interesting to note that the horizontal force on WEC 
buoy follows the similar trend of the displacement of cylinder. As a 
result, the combination of vertical and horizontal forces must have an 
effect on the displacement of cylinder, but it can be assumed that the 
influence of vertical force on the motion of WEC buoy is greater than the 
horizontal force. 

Fig. 24 show the pressure distribution on the bottom of the WEC 
buoy. Each scene in Fig. 24 shows the time instants of (a) zero-up 
crossing of the displacement of the cylinder, (b) the maximum lift of 
the WEC buoy, (c) zero-down crossing of the displacement of the cyl
inder and (d) the minimum lift of the WEC buoy when Wave case is 4 (T 
= 2.0s and H = 0.25m) and distance to the breakwater is 2.0m (B =
2.0m). There are significant differences in the pressure distribution at 
time instants of (b) and (d). When the WEC buoy reaches at the 
maximum lift point, the shape of pressure distribution for B = 2.0m and 
B = 3.0m shows more complicated than that of the case without 
breakwater. The reason for this is thought to be that the location of the 
WEC buoy (e.g. displacement of cylinder) and the waves around the 
WEC buoy have become more sophisticated. Depending on how high the 
WEC buoy rises, the wetted surface area should change and the pressure 
distribution may change accordingly. Similarly, when the WEC buoy is 
down to its minimum lift point, it can be confirmed that a greater 
pressure is generated because the movement increases in the presence of 
a breakwater. 

6. Conclusion 

The work presented in this paper describes the validation of a nu
merical model of the pivoted WEC device with the available experi
mental data (Ransley et al., 2017) including the verification of the 
numerical model. In order to understand the hydrodynamic perfor
mance according to the distance between the breakwater and the WEC 
device, a total of four different distances to breakwater were set and the 
results were compared. To understand the stationary wave in the case 
with breakwater, an analytical solution which considers only the inci
dent and reflected wave is derived. The maximum wave height by the 
analytical solution is compared with the numerical results via an FFT 
analysis to understand and find out the influence of the presence of the 
breakwater on the motions of the WEC body. 

The validation of the numerical model has a good agreement with 
the published experimental data (Ransley et al., 2017) in two different 
wave period cases. Based on the validated numerical model, the motion 
response of the pivoted WEC body according to the distance to the 
breakwater has been investigated and the numerical model has captured 
well the changes of the motion response, by considering the effect of the 
stationary wave from the breakwater. 

From the simple analytical solution, it was possible to predict the 
stationary waves around the breakwater, and how these stationary 
waves influence the WEC device, analysing the results of the numerical 
simulations. As a result, when the wave period is 1.4 s, the motion 
response to the waves increased by 41% compared to when there was no 
breakwater, and when the wave period was close to the resonance 
period of 2.0 s, it increased by 17%. Given the simplified assumptions of 
the analytical solution, it can be confirmed that the amplitude of the 
stationary wave is greatly related to the motion of the WEC body 
installed in the breakwater and help to find the optimisation result of the 
WEC device in terms of the distance to the breakwater. Regardless of 

effect of the stationary wave in front of the breakwater, waves induced 
by the movement of the buoy have significant influence on the hydro
dynamic performance of the WEC. Using those numerical models, it 
helps to understand the hydrodynamic performance of the integration of 
the breakwater-WEC at certain environments. For a more practical 
outcome, integrating breakwater-WEC including PTO should be 
considered in the near future. 
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