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Abstract. Breaking wave effect on Wave Energy Converter (WEC) represents an important 
issue of site selection analysis especially fringing reefs area. To learn a more acceptable sense 
of the influence of this effect, an introspection on the estimate of initial breaker points is 
proposed in the present study. The paper describes an investigation of the impact assessment of 
wave-breaking criteria subjected to WEC recently desired as a benchmark by the previous 
three wave-breaking methods. The numerical simulation is carried out by the Computational 
Fluid Dynamics (CFD) solver. The solver is based on the Finite Volume Method (FVM) to 
create the discretization of the governing equations. Large Eddy Simulation (LES) is solved in 
a global approach together with Volume of Fluid (VoF) for capturing free surface. Reported 
justifications are compared with the experimental data to validate the accuracy of the numerical 
approach and then applied to generate wave-breaker point location on a fringing reef in 
Numerical Wave Tank-based (NWT) of 16 scenarios. The results are discussed with respect to 
relative wave-breaker locations, relative wave-breaker height range, and wave breaking 
probability under various wave steepness, water depth, and slope fringing reef. It is given 
regarding the discrepancy between different methods and recommendations for important 
guidances are outlined. 

1.  Introduction 
Breaking waves are one of the most complicated hydrodynamic models in a coastal area [1]. In terms 
of nearshore region such as reef dimensions, reef roughness environmental loads, wave run-up, and 
sediment transport are governed by local hydrodynamic phenomena specifications. Understanding 
breaking wave generation across the reef is critical not only for extremely low water depths, but also 
for the impact of wave-reef interaction. Breaking waves in some theoretical schemes are applied to 
providing a specific description of shallow-water wave nonlinearity, the eddy viscosity, and the 
macroscopic dissipation [2]. It is also useful for modeling the propagation of long-period waves in 
shallow water depth [3]. 

Describing in nonlinear effects [2], breaking wave characteristics together with wave run-up in the 
reef zone [4], wave-structure interaction and reef current celerity distribution [5], and effects of reef 
morphology configurations [6] are some of the studies for modeling wave dynamics over reefs. 
Following that, a numerical wave tank (NWT) was developed, capable of simulating breaking wave 
and, in many cases, replacing a physical wave tank. Another study focuses on using this 
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computationally wave breaking method, which includes air entrainment [7], wave breaking on a 
sloping beach [8], solitary wave run-up process [9], and a hybrid computational scheme of breaking 
wave dynamics model at specific locations [10]. 

Furthermore, complex surf zone geometries, surf zone energy dissipations, and nearshore breaking 
wave have all been supported by smoothed particle hydrodynamics (SPH) [11]. Despite the fact that 
SPH has become a common technique for ocean engineering problems, its performance in terms of 
boundary conditions and model convergence is still being improved [12]. Newly developed 
Boussinesq equations, on the other hand, are better suited to simulating breaking waves on complex 
reef morphology variations [13]. Even Boussinesq equations are the universal tool due to their 
computational efficiency, there are still a few drawbacks, such as wave breaking not being well 
captured and the inability to resolve breaking wave vertical flow due to polynomial approximation. 
The study generates NWT based on Large Eddy Simulation (LES) to improve the issues of simulating 
the solitary breaking wave over the reefs using Boussinesq. The LES model may be able to explain 
significant large-scale unsteadiness flow in greater detail [14]. Because the solitary wave 
transformation over a reef has been extensively studied in the past, the wave-reef interaction analysis 
is expected to encourage ocean engineering problems [2].  

Yasuda et al. [5] provided experimental and numerical knowledge of breaking solitary waves over 
flat reef. Particle image velocimetry (PIV) was used to measure free-surface capturing and velocity 
distribution in various locations. It also used the fully nonlinear boundary integral method (BIM) to 
numerically model the wave model. Regardless of the fact that the aforementioned studies described 
intriguing findings, this paper was only given a preliminary examination. The Navier-Stokes equations 
collaboration between the Volume of Fluid (VoF) terms for free-surface monitoring [15] and LES for 
turbulence approach [14] is computed by the 3-D NWT. In contrast to a previous study [16], this one 
focuses on the evaluation of breaking wave criteria when subjected to a wave energy converter under 
varying tidal conditions. 

2.  Numerical Modelling 
The high-level schemes for spatial and temporal discretization approach of the three-dimensional wave 
breaking criteria subject to wave energy converter installation is carried out using computational fluid 
dynamic (CFD). The model solves the two-phase fluid turbulent flow problem using large eddy 
simulation (LES) in a finite volume framework [14,17,18]. The volume of fluid (VoF) is purposed to 
realize the interface air and water accurately based on split lagrangian scheme. Futhermore, pressure 
modelling solution is obtained from the generalized minimal residual method (GMRES) which clicks 
on the convergence rapidly, efficient, and recommended for all flow modelling types [18,19].    

The numerical wave tank (NWT) is 22.95 long, 0.55 m wide, and 0.60 high to emulate the wave 
tank used in the experiments. See previous study [16] for detailed laboratory settings. The dynamic 
boundary method (DBM) for wave generation is used, with a TMA spectrum scheme [20,21,22,23]. 
The breaking waves are absorbed at the outlet of NWT using a numerical beach method [24]. The 
detailed implementation of boundary condition can be followed in the previous work [25,26,14] and 
Figure 3(c) in the section 3.1. Furthermore, courant frederick lewis (CFL), automatically adjusted on 
0.50, is adopted to resolve and emphasize the time steps of 0.01 automatically during 200 wave 
propagation simulations. Structured mesh is applied to discretize the computational domain, For the 
whole directions, the mesh size is initially set to be ∆x=∆y=∆z= 0.03 m across the domain as 
illustrated in Figure 1(a). Meanwhile, mesh refinement is constructed circumstantially in the free 
surface, slope reef, and flat reef zone which are presented in Figure 1(b–c-d), respectively. The total 
computational mesh consists of 275400 cells. The simulation duration is not appointed to be 40 
initially to guarantee the significant transient effect of breaking wave height and mean water depth. 
Over 8 processors data processing, it takes approximately 10 to 36 hours per simulation on a bundle 
server with Intel Core I7 7700HQ CPU - 2.80GHz. To assess the performance of the numerical 
simulation, the common coefficient of determination R2, the model Skill value, and mean absolute 
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percentage error (MAPE) are adopted and calculated by [27,28] as mentioned in equation (1) and (2), 
respectively.  

For LES modelling breaking waves over fringing reef, it is crucial to examine the breaking wave 
criteria methods at the incipient of breaker point where strong turbulence is created. It could be 
calculated by equation (3) and (4) concerning locations of relative breaking wave height, equation (5) 
as the estimation ranges of relative breaking wave heights, and equation (6) and (7) for probability of 
breaking waves. The detailed description of those can be established in [29,30,31]. Ultimately, the 
three criteria are considered here to cover most of the existing breaking wave detection methods 
possibly and related to each other. 

  (1) 

  (2) 

  (3) 

 (4) 

  (5) 

  (6) 

  (7) 

 
Figure 1. The structured meshes and boundary conditions of numerical wave tank (NWT) 
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3.  Results and Discussion 
The results and discussion of the CFD study are presented in this section. In order to the breaking 
wave modelling is implemented in real conditions, Spermonde islands, one of Indonesian role model 
located in South Sulawesi, are adopted in this study which correspond to the fringing reef 
configuration of [16] as illustrated in Figure 2. The recording for 30 years of sea states of Spermonde, 
the details are listed in Table 1, is carried out to simulate it by varying water depth h which 
represented tidal conditions as shown in Table 2 [32]. To compose easier several scenarios, the code 
practice is applied such as A-1 which means the wave parameter Hs= 0.321 m, Tp= 5.791 s establish in 
h= 0.364 m, etc. Therefore, 16 scenarios of code practice are being simulated that is to say A-1, B-1, 
C-1, D-1, A-2, B-2, C-2, D-2, A-3, B-3, C-3, D-3, A-4, B-4, C-4, and D-4.  Besides that, the Froude 
number and Reynold number scaling are set up based on [33,34]. 

 

 
Figure 2. Spermonde islands, the role model of this assessment study 

 
Table 1. Sea states parameter of Spermonde islands 

Codes 
Existing Conversion 

Hs [m] Tp [s] Scale Factor Hs [m] Scale Factor Tp [s] 
A 0.321 5.791 λ 0.013 λ1/2 1.158 
B 0.607 4.784 λ 0.024 λ1/2 0.957 
C 0.750 5.036 λ 0.030 λ1/2 1.007 
D 1.000 4.532 λ 0.040 λ1/2 0.906 

 
Table 2. Parameter of various water depths h 

Codes hr [m] h [m] 
1 0.014 0.364 
2 0.028 0.378 
3 0.042 0.392 
4 0.056 0.406 

3.1.  Validation of Numerical Model 
Figure 3 compares the numerical and the experimental cross-fringing reef distribution of the free-
surface elevations on, where cross-fringing reef distribution, on the parallel view, is correlated with 
significant wave heights Hs, mean water level depth hMWL, and wave gauge positions. Figure 3(a), on 
the whole wave gauges, appears that the present numerical Hs generally agree well with the 
experimental results with R2, Skill, and MAPE values equal to 0.991, 0.998, and 3.402%. When 
comparing the predictions to other models at flat reef surface, such discrepancies may be primarily due 
to a complexity flow, shoaling phenomenon as the initial of stopping propagation waves, and wave 
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energy dissipation effects significantly. In addition, it could also be observed that Hs decreases rapidly 
in the flat reef caused by the breaking wave process. 

Figure 3(b) depicts the present numerical hMWL satisfactorily provide prediction results with R2, 
Skill, and MAPE values equal to 0.980, 0.993, and 5.392%, respectively. Decreasing water depth 
could be fallen out in view of cross-fringing reef distribution between the slope reef area and the flat 
reef tip induced by shoaling before waves break. This suggests that unstable wave symmetry and mass 
conservation in NWT must be balanced by decreasing water depth in the reef edge. On the other hand, 
it revealed that wave propagation numerically along flat reef exposes the highest water depth. 
Therefore, the large magnitude of wave energy of flat reef has been reduced by breaking waves and 
bottom friction from itself. Overall, it seems that our prediction better captures the breaking wave 
height and breaking wave depth incident. 

 

 
Figure 3. The numerical modelling validation, (a) Significant wave heights Hs, (b) Mean water level 
depth hMWL, and (c) Wave gauge positions  

3.2.  Implementation of Breaking Wave Criteria Methods 

3.2.1.  Locations of Relative Breaking Wave Height  
Many criteria have been proposed to represent breaking wave on the fringing reef. However, most of 
these criteria only apply to constant water depth and gentle slopes. Consequently, [29] developed a 
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novel criterion method based on cases of breaking waves occurring on a steep slope, in both the slope 
reef and the flat reef are mentioned in equation (3) and (4), respectively.  

 The results using this method are illustrated in Figure 4, where the coefficient of determination R2 
are 0.9018 and 0.9109, which could be said to be emperically and numerically related to the relative 
breaking wave height (H/h)b. Based on these results, it is found that increasing the water depth at 
breaking wave location causes by decreasing (H/h)b. If (H/h)b decreases, the dependence of slope reef 
angle and the critical breaking wave height is relatively more dominant. As a complement to the final 
results of this method, it could be concluded that in the cases B-1, C-1, D-1, B-2, C-2, D-2, B-3, C-3, 
D-3 included in the slope reef area. While the cases of A-1, A-2, A-3, A-4, B-4, C-4, D-4 are in flat reef 
area.  
 

 
Figure 4. The coefficient of determination R2 between the numerical results and the empirical formula 
from Xu et al (2019), (a) Slope reef and (b) Flat reef 

3.2.2.  Estimation Ranges of Relative Breaking Wave Height  
This second criterion method provides empirical constants with minimum and maximum values 
representing the lower and upper thresholds of breaking wave scatter data, respectively. In equation 
(5) proposed by [30] estimates the local maximum ratio of the relative breaking wave height parameter 
(H/h)b for a certain wave period. The estimation range of theses criterion is based on the grouping of 
water depth parameter h, so that it could be written as Group I (A-1, B-1, C-1, D-1), Group II (A-2, B-
2, C-2, D-2), Group III (A-3, B-3, C-3, D-3), and Group IV (A-4, B-4, C-4, D-4). 

In the Figure 5, there is an increasing of relative breaking wave height (H/h)b causes by decreasing 
water depth of relative breaking wave hb/gTp

2. This is due to the higher (H/h)b then shoaling effect is 
more visible and it could be occurred breaking wave quickly when minimum – maximum slope is to 
be gentler. Therefore, the energy dissipation increases drastically as the waves propagates along the 
flat reef.  These criteria are divided into three categories, comprising qualify, overestimate, and 
underestimate. According to Figure 5(a) to 5(d), it could be concluded that the results obtained are 
quite well.  In the qualifying category, there is only maximum two cases per group that match or in 
other words around 43.75% of breaking waves are in the qualify category. It ts different with the 
overestimate category, the simulation of maximum estimated breaking waves is only 25% due to the 
tracking of wave propagation in NWT which is not stable in constant water depth. Most likely the 
equation (6) only applies to the cases of a gentle slope generally. On the other hand, the underestimate 
category obtained 31.25% of the minimum estimated breaking waves. It could be interpreted that the 
breaking wave height is relatively unbroken, and the whole wave asymmetry is stable well. From the 
three previous categories explanation, it could be assumed that several cases that meet the qualifying 
category are consist of D-1, A-2, B-2, B-3, C-3, B-4, C-4. Then, the overestimated category are in A-1, 
C-2, D-2, D-4. Finally, B-1, C-1, A-3, D-3, A-4 are in the underestimated category. 
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Figure 5. The breaking wave criteria according to Goda (2010) are in varying water depths h, (a) 
0.364 m, (b) 0.378 m, (c) 0.392 m, and (d) 0.406 m 

3.2.3.  Probability of Breaking Wave  
When the waves will break through the breaker point location periodically with varying velocity at 
temporal time, the possibility of breaking waves will change their position or unbreak. Therefore, [31] 
proposed the linear wave theory converting concept from temporal to spatial aspects in order to some 
precise estimates of breaking waves as indicated by equation (6) and (7), respectively. According this 
method, the breaking wave occurs when the wave crest acceleration is faster than the wave body 
acceleration itself. Nevertheless, this criterion focuses on the probability of breaking wave with 
respect to the significant wave steepness εs. 

According to Figure 6, it is known as the εs increases significantly causes by increasing in the 
probability of breaking wave occurrence Fbr. The parameters of the probability of breaking wave from 
total propagation waves are determined based on the intersection line between Fbr and εs minimum as the 
smallest probability of occurrence. Then, the intersection line between Fbr and εs maximum is as the largest 
probability of occurrence. Judging from the explanation, there are three possible events resulting from 
these parameters, comprising the probability obtained intersection lines from εs minimum to εs maximum is the 
first event, the second event is obtained from one of the εs minimum or εs maximum only, and the last event 
does not occur intersection line from εs minimum or εs maximum at all.  

After identifying the three probability events from previous statement, the sequential case sets 
listed in Figure 6(a) to 6(p) could be verified in terms of the Fbr. Some cases that fall into the first 
event consist of C-1, D-1, B-2, C-3, D-3, C-4 are attached in Figure 6(c-d-f-k-l-o). The results of 
intersection line of the probability from each wave propagation cases are converted into the number of 
breaking waves, comprising case of C-1= 1.080 – 8.820 times event, D-1= 1.030 – 8.840 times, B-2= 
0.833 – 9.016 times, C-3= 0.990 – 8.145 times, D-3= 0.061 – 5.760 times, and C-4= 0.917 – 8.460 
times. In summary, the wave slope, relative wave height, and relative water depth have a high impact 
on the first probability event. Meanwhile, the cases that fall into the second probability events are case 
of B-1= 1,380 times, B-3= 1,170 times, B-4= 1,092 times, and D-4= 8,460 times which are illustrated 
in Figure 6(b-j-n-p). The wave slope parameter is the main factor in this event. This result could be 
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seen carefully in each case there is only an intersection line, both minimum and maximum 
probabilities. 
On the other hand, Figure 6(a-e-g-h-i-m), the third probability event includes cases of A-1, A-2, C-2, 
D-2, A-3, and A-4. It is no intersection line at all because the wave parameter simulation results have 
the wave slope, relative wave height, and relative water depth tends to be of small, so that the adoption 
of the two previous methods to the six cases of this third probability does not generate in breaking 
wave criteria.   
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Figure 6. The breaking wave criteria according to Massel (2007) under various scenarios, (a) A-1, (b) 
B-1, (c) C-1, (d) D-1, (e) A-2, (f) B-2, (g) C-2, (h) D-2, (i) A-3, (j) B-3, (k) C-3, (l) D-3, (m) A-4, (n) B-
4, (o) C-4, and (p) D-4. Green Lines - probability of breaking wave occurrence Fbr; blue lines – 
minimum significant wave steepness; red lines - maximum significant wave steepness 

3.3.  Impact Assessment for Positioning Wave Energy Converter   
In this subsection, we apply the well-validated breaking wave criteria to examine the scenarios of the 
relative breaking wave height, the relative water depth, wave steepness, and probability of breaking 
wave occurrence that may affect the positioning wave energy converter (WEC). The lists of scenario 
that justify to be assessed in more impact detail are D-1, B-2, C-3, and C-4. The characteristics 
between the propagating wave height and wave nonlinearity from each wave gauge will be studied 
further as presented in Figure 7 and Figure 8, respectively. In order to understand the characteristics 
easily, the propagation of significant wave height Hgauge/Hi is compared with distance of each wave 
gauge on the NWT Xgauge/LNWT.  

The first well-validated scenario, D-1, illustrated in Figure 7(a), shows that the discrepancy of pre-
breaking wave height is the smallest among others of 0.07. It induced by the slope angle of breaker 
point while the breaking waves are taking place in the slope reef area. The occurrence of small 
breaking wave height is due to the low water depth that means shoaling is quite small. Meanwhile, the 
degradation of propagating wave height of 0.64 taken place in post-breaking due to energy dissipation 
over water depth transformation. Second, Figure 7(b) is presented the breaker point B-2 in the slope 
reef. When the wave propagates towards the fringing reef, the incident wave height stands apart post-
breaking wave height of 0.21. In addition, it was found that decreasing wave height of 0.78 after the 
waves is in post-breaking. Moreover, the breaking wave C-3, illustrated in Figure 7(c), is similar to 
previous scenarios too. It was found that the pre-breaking wave height runs counter to 0.345 of the 
largest of all post-breaking. This is produced by sloping area of breaker point. Similar to the difference 
in pre-breaking, the degradation of the post-breaking wave height was the largest of all scenarios at 
0.78 due to the significant energy dissipation. At the las moment, the breaking wave C-4 occurs in flat 
reef area, shown in Figure 7(d). When the wave propagates towards the fringing reef, pre-breaking 
wave height differ 0.197 than average breaking wave height. It may be seen that decreasing post-
breaking wave height is about 0.40.      

In observing the fluid flow, the Froude number Fr is applied and to investigate the wave 
nonlinearity, Ursell number Ur is adopted. Based on Figure 8, it can be said that the Froude number of 
all selected scenarios generally falls into the subcritical flow category (Fr < 1). All simulation results 
of each investigated scenario tend to be similar in terms of the increasing Fr from pre-breaking to 
breaking conditions. Therefore, the breaking wave celerity is very important to harnessing wave 
energy. When breaking condition leads to post-breaking, the Fr of D-1, B-2, and C-3 scenario is 
steeper degradation than C-4. Another phenomenon that needs to be known is that the increasing 
celerity between pre-breaking and breaking was not included in the maximum value. In other words, 
the highest celerity taken place right after the post-breaking incident while the Fr converts to 0.52, 
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0.17, and 0.19. Only scenario C-4 crops up the same celerity before and after the breaking event of 
0.09. This is because the water depth effect on fringing reef hr that greatly affects the breaking wave 
celerity. On the other hand, the Ur results from all scenarios satisfy in the shallow water (Ur > 15) 
referring to Dawson (1981). Further, the Ur value of incident wave was less than thirty. It should be 
noted that scenario D-1, and B-2 are obtained Ur greater than 100. This contradicts the Ur results of C-
3, and C-4 less than 100. This abnormality is highly depended on breaking wave height and breaking 
wave length, respectively. If the Ur is greater, the wave steepness and inconsistency wave geometry 
will also increase.          

                

 
Figure 7. The transformations of wave propagation in each selected scenarios 

 

 
Figure 8. The Froude number Fr and Ursell number Ur in  each selected scenarios 
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4.  Conclusion 
The propagation of breaking waves over a fringing reef in NWT is investigated through LES 
modelling. The free surface is tracked by the VoF method. Three existing numerical and experimental 
studies with varying wave height, wave period, and water depth based on different breaking wave 
parameters are employed to validate the numerical model. The breaking waves are classified based on 
three common criteria available in literature. The investigations show that present CFD model 
outperforms the previously used numerical models in view of its capability to better emulate the 
breaking waves on the slope or flat reef else. The present model is then implemented to examine the 
impact assessments for positioning WEC. All common criteria are reasonably applicable to predict 
breaking wave incident. The results show that the four selected scenarios are most sensitive to the 
whole scenarios. These findings indicate that the energy dissipation occurs significantly during post-
breaking wave height degradation such as C-3, B-2, D-1, and C-4, respectively. From pre-breaking to 
breaking conditions, celerity of breaking waves is expected to experience larger harnessing wave 
energy. Moreover, relative wave-breaker locations, relative wave-breaker height range, breaking wave 
probability, wave steepness, water depth, and slope fringing reef are induced by fluid flow and wave 
nonlinearity for generating violent breaking wave. Further studies could shed more light on the 
relationship between breaking wave force and WEC. 
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