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Abstract 

A number of Wave Energy Converters (WEC) have been proposed by many researchers, but most of them are not 
economically competitive as a contender in the energy market. This article intends to contribute to the development 
of very viable concept, which called as Overtopping Breakwater for Energy Conversion (OBREC) aims to fully 
utilize traditional breakwaters and capturing wave energy. The OBREC and its concept have been physically 
modeled and tested in Aalborg University since 2012 until 2014 and showed the promising results. In present work, 
the most-recent CFD of FLOW 3D technology is used to provide a more reliable approach in analyzing wave flow 
over the structure, in particular, OBREC device. Thus, the numerical simulations are carried out for validating 
overtopping discharge performance from the previous experimental and prediction methods. The result shows a 
good agreement with the experimental data. Hence, FLOW 3D is highly capable in handling coastal issues, 
especially for evaluating overtopping wave parameters. 
 
© 2017 The Authors. Published by Elsevier Ltd. 
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1. Introduction  

Much research attempting to explore ocean wave technologies, but there are unable to reach the level of technical 
maturity and only a few devices have reached full-scale prototype development. The challenges are typically due to 
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construction, installation, maintenance and prototype cost, which are relatively high [1-2] and the overall efficiency 
is  

Nomenclatures 
 

 
is average overtopping discharge in the reservoir, l/s/m 
is incident significant wave height in the frequency domain at the toe of the structure, m 

 is crest freeboard of reservoir; i.e. the vertical distance between the crest of the sloping plate and 
the stillwater level, m 

 Rr / Hm0= relative crest freeboard of reservoir, [-] 
 deep water wave length referenced to Tm-1,0, m 

 is height of sloping plate, m 
 is Rc dw, m 

 
 
SrR* 

 

is crest freeboard of crown wall; i.e. the vertical distance between the crest of the vertical wall 
and the still water level, m 
is non dimensional wave-structure steepness 
is spectral incident energy wave period at the toe of the structure, s 

normally lower [3]. To resolve this issues, much focus has been on the development of the hybrid concept utilizing 
OBREC device, which is seen more suitable and competitive as a renewable-energy device. 

OBREC integrated with breakwater has intensively been modeled and tested by Vicinanza in 2012 [1] [4-7]. This 
device essentially is an integration between a traditional rubble mound breakwater and a reservoir to store the wave 
overtopping from the incoming wave to extract energy via low head turbines. The present study focuses on hydraulic 
performance and impacts of wave loads on the breakwater using the experimental approach. 

The general problems with physical models of coastal structure test are costly and time-consuming[8].Therefore, 
the study aim to utilize the feasibility of using CFD of FLOW 3D technology as a cheaper  approach in analyzing 
wave overtopping on the OBREC structure. The specific purpose is to validate the performance of the numerical 
model against the experiments of the OBREC presented in [1][4]. 

2. Current Approach 

Past research by Vicinanza [1] used a scale of 1:30 model to conduct the test in a wave flume (1.5 m wide and 25 
m), as shown in Figure 1. His results have shown the overtopping wave over the breakwater structure can be reduced 
by installing reservoir, which functioning as collecting water for energy generation. More recent work by Vicinanza, 
aims to examine the wave loading and hydraulic performance on OBREC structure are reported in [4-5]. However, 
the used of numerical method is still limited and this present work attempts to explored this technic. 

 
 
 
 
 

 
 

Fig 1. Experimental setup by current researcher 
 

3. Numerical Simulation 

Computer Fluid Dynamic (CFD) of FLOW 3D is based on the RANS which designed for turbulence simulation 
and Volume of Fluid (VOF) for free surface computation methods [9]. Latest descriptions of FLOW 3D 
performance in wave analysis are presented in references [10-17]. In the present study, validation is used to assess 
how accurately the computational of FLOW 3D compare with the experimental data. Therefore, all previous 
experimental geometries in reference [1] have been reconstructed using structural design parameters, as shown in 
Table 1. 
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Table 1. Wave characteristics and reservoir geometrical parameters for OBREC 

 
Test h Hm0 Tm-1,0 Rc       Rr Br

(Simulation ID) [m] [m] [s] [m]       [m] [m] 
A1 (Min) - 0.27 0.08 1.48 0.27      0.105 0.415 
A11 (Max) Production  0.059 1.65       0.155 0.488 
A12 (Min) - 0.3 0.081 2.33 0.2      0.075 0.415 
A22 (Max) Extreme 0.34 0.052 1.51 0.24      0.125 0.488 

 
The OBREC and breakwater geometries for each case were design in CAD software, subsequently these 

geometric files are exported to the CFD system namely FLOW-3D codes. A numerical wave flume was set up in 
order to carry out the numerical simulation based on typical experimental arrangements, which consists of the 
lengths 1 m in x direction, 25 m in y direction and 1.5 m in z direction. From the initial bottom of the flume (at 0 m 
in y direction) was characterized without the presence of a paddle as such in physical experiment and followed by a 
distance of 6.5 m towards a 1:98 slope until reaching to the model. The computational domain is divided into two 
sub-domains (Figure 2). The general mesh block domain represents the area where the fluid is flowing and while, 
the local mesh block domain represents the area of structural geometry to be located. 

 
 
.  
 

 
 

Fig 2. Computational boundary meshing for numerical wave flume. 
 

The former experimental studies use JONSWAP wave spectrum (random waves) with the peak enhancement 
factor,  is 3.3. In order to numerically simulate and validate against the physical experiment, JONSWAP random 
wave energy spectrum has been obtained from[9] containing approximately 100 waves.   

4. The Governing Equations  

The most important part from the OBREC studies is to understand the potential energy and overtopping wave 
that could be harnessed. The general models accepted for wave energy converter (WEC) of overtopping wave 
devices are presented in Equations (1) and (2), respectively. [18] [19] 

        (1) 

        (2) 

The non-dimensional wave-structure steepness, ( Eq. 3) has been introduced by Vicinanza [1]. In the Equation 
He included new parameter in the  prediction formula of the OBREC device for determining the non-dimensional 
average overtopping discharge in the reservoir,  as was expressed in (Eq.4).  

      (3) 

      (4) 

The range of application of Eq. (4) is  based on physical experiment 
presented in [1].  



169 M. Azlan Musa et al.  /  Procedia Engineering   194  ( 2017 )  166 – 173 

5. Result and Discussion 

5.1. Mesh Convergent Study 

 Mesh convergence studies have been conducted by using seven meshing parameters to estimate the most 
appropriate meshing for all geometries in order to reduce computational burdens. The ratio between fine and course 
mesh is 1:2 as suggested by FLOW 3D inventor. Figure (3a) shows the result of volumetric of overtopping 
discharge over simulation time, while, Figure (3b) is average overtopping against fine mesh size. The highest 
average overtopping discharge obtained within the graph is quite consistent between three mesh sizes namely 0.004 
until 0.006. The mesh sizes are perfectly suitable to be applied in further research, but the most preferred (coarse 
domain) mesh for all computations was chosen to be made up of 0.01 size of cell, 20x0.03x0.6 m, and while the 
(fine domain) mesh was 0.005 size of cell, 2.5x0.03x0.6 m.   
 

 
 

  
 
 
 
 
 

 
 

 
Fig. (3a) and (3b) Mesh convergence studies results 

5.2. Numerical Against Experimental Results 

 Figure 4 shows snapshots of wave's behavior in the reservoir during run-up, overtopping and reflection for 
validation to the experimental views. While, Figure (5a) and (5b) has shown a strong negative correlation between 
experimental and simulation results of Dw Low and Dw High. The OBREC with overall identical dimensions used 
in simulation was based on experiment, but the overall SRr* and Rr* is slightly increased when compared with 
experiment. In fact, larger overtopping was expected in simulation due to the usage of smooth type of rock shape in 
the numerical breakwater. In general, the results have shown an encouraging relationship between both results 
indirectly proving the simulation is importance to obtain the preliminary results before the physical experiment is 
carried out. 

 
 

 
 
 
 
 
 

 
 
Fig.4 Comparison of waves run-up, overtopping and reflection behaviors in reservoir between experimental against 
numerical 3D & 2D 
 
 

0

10

20

30

40

50

60

0.0 100.0 200.0

V
ol

um
et

ric
 o

ve
rto

pp
in

g 
di

sc
ha

rg
e 

(m
3 )

Time (s)

0.01

0.009

0.008

0.007

0.006

0.005

0.004

Fine Mesh Size

0

0.1

0.2

0.3

0.4

0.5

0 0.002 0.004 0.006 0.008 0.01 0.012

A
ve

ra
ge

 O
ve

rto
pi

ng
 

D
is

ch
ar

ge
 (m

3/
s)

Mesh Size (Fine)



170   M. Azlan Musa et al.  /  Procedia Engineering   194  ( 2017 )  166 – 173 

 
 
 
 
  
 
 
 
 
 
 
Fig. (5a) and (5b) Simulated result of non-dimensional average reservoir overtopping discharge vs experimental 
results 

 
The main difference between simulated and experimental results is due to the probability of difficulties in 

defining the real situation during numerical simulation configuration. Typically, this behavior may be due to the 
sampling effect associated with the limitedness of the wave series employed (approximately in the range of 80 to 
90), but may also have a more rigorous physical explanation [20].  

5.3. Numerical Result Against Prediction   

Figure (6a) and (6b) shows a comparison between simulated and prediction formula of OBREC device by a 
current researcher in Eq. (3) and Eq. (4) [5]. The prediction formula was used to investigate the different level of 
crest freeboard of the reservoir in the range of 0.105< Rr <0.155 (representing Dw high) for “production” wave 
condition and also in the range of 0.075< Rr <0.125 (representing Dw low) for “extreme” wave condition (refer to 
Table 1). The result shows same inclination pattern. It is obvious as the crest freeboard of the reservoir is increased, 
the overtopping rate in the reservoir declines, and vice versa. Hence, the result has shown a good agreement between 
simulated results of Dw, low and Dw, high against experimental results. 

 
 
 
 
  
 
 
 

 
 

 
 

Fig. (6a) Comparison of using Eq. (3) and Fig (6b) using Eq (4) against simulation results 

5.4.  Results of Analysis Compared to Others Researchers  

 Figure 7 illustrates the non-dimensional wave overtopping rate in the reservoir of the simulated result by 
comparing with physical experiment and different existing design formula by Van der Meer (1998) [21], Kofoed 
(2002) [18], EurOtop (2007) [22] and Victor and Troch (2012) [23]. 
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Fig. 7 Overall result in comparison to results of others researchers on non-dimensional overtopping discharge. 
 
The coefficient of determination R2 in statistical modeling for Dwlow has shown about 96% of the variation in 

non-dimensional average overtopping discharge in the reservoir and whilst, about 86% of the variance is associated 
with regression line in simulated result of Dwhigh (Figure 7). Its indicates that both regression lines are fitted with 
the simulated data. Moreover, the different design formulae among several researchers show a good relation where 
the dots are tightly clustered around the other regression lines. Nevertheless, there is significance difference related 
to the slope presented by Dwlow and Dwhigh of simulated results compared with other results, which demand for 
further explanation and might end up to uncertainty. 

5.5. Statistical Analysis of Different Approaches  

Table 2. shows the overall statically percentage difference between numerical with the experimental and 
prediction formula by a previous researcher [1]. 

 
Table 2. Statistical Percentage Difference Approaches 

 

Approach Condition 
N (number of 
data analyzed) 

Percentage of Average Overtopping 
Discharge Difference (%) 

Mean  
Standard
Deviation  Median  

Experimental 
Dw low 12 28.44 69.05 31.27 
Dw high 12 20.55 62.16 26.25 

Formula 
Dw low  12 4.80 38.74 14.64 
Dw high 12 11.18 40.25 29.11 

 
There are large differences between the numerical and experimental result, while, the variant between numerical and 
prediction formula is more relevant with the average differences within 6%. The difference between the methods is 
probably due to difficulties in defining the real situation during numerical simulation configuration. However, in 
general aspect it can be realized that the numerical result is still in the range of studies done by many researchers as 
shown in Figure 7. 
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6. Conclusion 

This paper presents the numerical simulation of wave overtopping discharge over the OBREC by using different 
relative crest freeboards. Previous experiments and prediction formula were used to validate the modeling accuracy. 
The outcomes of the CFD simulation showed a similar trend when compared with the experimental and formula 
based on qualitative observation on the graphs. There are few improvements in this study may be taken for further 
research, which related to the number of the waves employed, porosity upon the existence of the breakwater, and 
surface roughness used on rock mound. Although presently, there are several issues in query, but a cost-benefit 
analysis by using CFD simulation to study on overtopping discharge of the OBREC has given adequate outcome. In 
another word, overtopping discharge estimated using RANS/VOF method of FLOW-3D is sufficient to provide the 
accurate preliminary prediction results rather than using laboratory test, which is costly and time consuming. 
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