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Abstract 
 

Any harbor should be protected from incoming waves. However, these waves are always diffracted at the entrance of 

the harbor and a fraction of the waves enters the harbor area. In the present paper, by the use of Boussinesq equations 

solved by Mike21 numerical software, a parametric study on the length of entrance of a simple harbor has been 

conducted and the diffraction of waves after passing the harbor entrance has been analyzed. As a result, the effects of 

the length of the entrance have been investigated on the safe zone behind the breakwaters of the harbor. To this end, a 

parameter called angle of safety is defined as a representative of the safe zone. Finally, an equation is presented to 

describe the behavior of the safe zone with respect to the length of the entrance. It has been observed that the angle of 

safety has a minimum of 57.5 degrees which increases with respect to the length of entrance which consequently 

increases the safe area behind the breakwaters. 
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1. Introduction 

In order to create an area of calm water and safe from the sea waves, the combination of breakwaters may be used. 

However, when a wave encounters any obstacle, its direction changes and its path bends around the obstacle causing it 

to reach the area behind it. This phenomenon called wave diffraction occurs in the gap between two breakwaters. 

Therefore, a portion of the incoming waves enters the area behind the breakwaters with smaller amplitude that causes an 

area of turbulence. This reduces the usable space behind the breakwaters. However, it has been observed that by adding 

a ledge to the breakwaters, as illustrated in Fig.1, the diffraction of the waves is more focused toward the center of the 

gap and the diffracted waves are reduced behind the breakwaters. 

                           
Fig. 1:Geometry of the Validation Model. 
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The purpose of the present study is to investigate the effects of the length of these ledges (called as the length of the 

entrance from now on) on the diffracted waves behind the two breakwaters. To this end, Mike21 software has been used 

to solve Boussinesq equations for flow around the breakwaters in question. 

Several works have been conducted in this field by numerous researchers. A numerical model for studying the effects of 

directional spreading of random wave propagation and transformation in coastal regions was developed by Dingemans 

et al 1986 [1]. In 1987, small-scale model tests were performed by Suh and Dalrymple [2] to examine the effects of the 

geometric parameters of single and multiple offshore breakwaters in a spiral wave basin on the morphological change in 

their vicinity. Also, another experimental work has been conducted by Pos and Kilner 1987 [3] where breakwater 

configurations with several gap-to-wavelength ratios have been investigated, and the results were compared with 

analytical diffraction diagrams given by the Shore Protection Manual. Vincent and Briggs 1989 [4] have also 

experimentally investigated the directionally spread of irregular waves passing over a submerged elliptical mound.  

In 1992, a shoaling, non-breaking, directionally spread wave field has been simulated by Elgar et al. 1992 [5] in a 

laboratory basin. Also, it should be mentioned that the refraction, shoaling and breaking of multidirectional waves have 

been investigated by Suzuki et al. 1994 [6] by the use of model test. 

A three-dimensional model study of wave diffraction for regular and irregular waves around a semi-infinite breakwater 

was conducted by Brigges and Thompson 1995 [7]. The results of this work have been used for validations of the 

present study. 

Also, Zyserman et al. 1998 [8] investigated the morphological aspects of the design of shore-parallel breakwaters 

through a series of tests using a two-dimensional numerical morphological modeling system with mike21 software.  

After reviewing the main experimental works on different aspects of breakwaters, the solution of governing equations 

should be briefly reviewed. These equations, commonly known as Boussinesq equations, were introduced in 1872 by 

Joseph Boussinesq [9] for approximation of water waves. These equations are valid for weakly nonlinear and long 

waves. In this approximation, the main idea is to reduce the computational cost by eliminating the vertical coordinate 

from the flow equations and considering the effects of the vertical flow in other directions. Here, some of the studies 

conducted in solving and using these equations are briefly introduced. 

Modeling the irregular wave propagation on slowly varying bathymetry has been introduced by Madsen and Sørensen 

1992 [10] by the use of a new form of the Boussinesq equations. Boussinesq equations have been solved using Finite-

Element Method by Y.S. Li et al. 2000 [11]. Wang et al. 2008 [12] presented an expansion of the Boussinesq equations 

for modeling the propagation and transformation of periodic nonlinear waves (cnoidal waves) in a shallow-water basin. 

Violante et al. 2009 [13] used SWAN (a wave model introduced by Ilic et al. in 2007 [14]) for approximating the 

diffraction of waves in a harbor. They presented a Phase-resolving Boussinesq wave model together with measurements 

conducted on a small-scale model behind a breakwater. Zheng et al 2011 [15] developed WABED which is a near-

shorewave transformation model for the wave refraction, diffraction, reflection and wave-current interaction for 

predicting the irregular wave refraction-diffraction around structures in coastal regions.  

After the above introduction, the mathematical formulation of Boussinesq equations is presented in the next section. 

Afterward, a validation versus experimental data is conducted in section 3 for wave diffraction in the gap between two 

breakwaters. After introducing the problem setup, the results and discussion of the results are presented in Section 4 

which is followed by a conclusion part where the main achievements of the present work are briefly presented.  

2. Mathematical formulation 

As discussed in the introduction, there are many methods for free surface modeling. In this study, the time-domain 

formulation of the Boussinesq equations is used. This formulation has been introduced and adopted by Madsen et al 

1991, 1992 and 1997 [12], [16], [17] and Sorensen et al 2001 and 2004 [19, 20] for wave disturbance in coastal areas. 

The basis of this method consists of eliminating the vertical momentum equation and solving a three-dimensional 

problem by considering the effect of vertical accelerations on the pressure distribution in other dimensions. 

Nonlinearities as well as frequency dispersion are included in the Bousinesq equations. 

Momentum equation in x direction: 
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Momentum equation in y direction: 
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Continuity: 
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Here, the Boussinesq terms 𝛹1 , 𝛹2 are defined by  
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(In x direction) 
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(In y direction) 

Subscripts x, y, and t indicate partial differentiations in space and time, respectively. Also, a gradient –stress relation is 

used to describe the horizontal stress terms as follows: 
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where 𝜈𝑡 is the horizontal eddy viscosity. Here, the terms 𝑅𝑥𝑥 , 𝑅𝑋𝑦, and 𝑅𝑦𝑦 represent the excess momentum originating 

from the non-uniform velocity distribution due to the presence of the roller and they are defined by the following 

equations: 
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where 𝛿 = 𝛿(𝑡, 𝑥, 𝑦) is the thickness of the roller. Also, 𝑐𝑥 and 𝑐𝑦 are the components of the roller celerity [17], [21]. 

This approximation is expected to be valid for water waves and weakly nonlinear waves and also for long waves. The 

Boussinesq equations are frequently used in coastal engineering for simulating water waves, especially in shallow 

waters and harbors. 

In this study, Mike21 BW has been used to solve the above equations. 

3. Numerical validation and problem setup 

To assess the validity of Mike21 in modeling wave-breakwaters interactions, a gap between two breakwaters has been 

modeled as illustrated in Fig.2. This setup has been experimentally tested by Yu et al. 2000 [18]. 

A 260*270 grid with a sizing of 0.1m has been used to mesh the numerical domain. As observed in Fig.2, the opening is 

placed in the middle of the domain. To provide radiation boundary condition at the boundaries, Sponge layers have 

been used as numerical wave absorbers at the boundaries. The details of the model are presented in Table 1. 

 
Table 1: Model Settings. 

Internal Wave Generation JOHNSWAP Spectrum 

N Number of Sponge Layers 10 

Bv Base Value 5 

Pv Power Value 0.5 

𝐿0 𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 1.96m 
D Depth -0.4m 

𝑇𝑃𝑀𝑖𝑛
 Minimum period time 0.5s 

𝑇𝑡 Run Period 10 min 

∆𝑡 Time step 0.02s 

http://en.wikipedia.org/wiki/Water_waves
http://en.wikipedia.org/wiki/Non-linear
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Fig. 2:Geometry of the Validation Model. Sw= Scattered Waves, Iw= Incoming Waves 

 

The sponge layer coefficients are calculated using the following formula: 

 

𝐶𝑠𝑝𝑜𝑛𝑔𝑒 = 𝑎𝑟𝑖−1
 𝑖 = 1, 𝑁𝑆𝑝𝑜𝑛𝑔𝑒                                                                                                                                         (11) 

 

where a is the base value, r is the power value and NSpongeis the number of sponge lines (counting from the closed 

boundary towards the first grid line). Also, L0is the Wave length, D is water depth, T is the period time, and Run period 

is total time of simulation. 

The directional spectrum of unidirectional random waves used in this numerical model is generated by Eq.12. 
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𝜎 = 𝜎𝑎 = 0.09 𝑓 > 𝑓𝑝
                                                                                                       (12) 

 

In these equations, γ is the peak frequency and α is the Philips constant. The peak enhancement factor is equal to 4. 

Validation has been conducted for two different wave periods. In both cases, wave direction is normal to the 

breakwaters. The main specifications of the validation cases are presented in Table 2. 

 
Table 2:Wave Parameters in the Validation Cases. 

 Wave Type 
Hm0 

Wave Height 
Wave Period Peak Enhancement, γ 

1 

2 

Unidirectional 

Unidirectional 

0.05 m 

0.05 m 

0.92 s 

1.2 s 

4 

4 

 

Comparison of the current numerical analysis and experimental data presented by Yu et al 2000 [18] is illustrated in 

Fig.3. This comparison shows good agreement between the model outputs and the experimental data. In this figure, 

solid lines represent numerical result, while dashed lines represent experimental result by Yu et al 2000 [18]. 

After the assessment of numerical accuracy of Mike21 in modeling wave-breakwater interaction, the main parametric 

study has been conducted. As pointed out in the introduction, the purpose of the present study is to investigate the effect 

of entrance length of a harbor on the diffraction of waves behind its breakwaters. The geometry under investigation is 

illustrated in Fig.4. 

 

 

 

Incoming waves 

 

Scattered waves 
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(a) B=3.92,Hm0=0.05 m,Tp=1.2 s, B/L=2, γ=4; (b) B=3.92,Hm0=0.05 m,Tp=0.92 s, B/L=3, γ=4; 

  
Fig. 3:Diffraction Diagrams of Unidirectional Random Waves: Γ = 4. 

 

 

 
Fig. 4:Schematic View of the Breakwaters Opening Model and Definition of the Safe Zone. El = Entrance Length, Α = Angle of Safety. 

 

As illustrated in Fig.4, the entrance length is expected to affect the diffraction of waves behind the breakwaters. To 

assess these effects, a safe zone is defined where the diffraction coefficient is less than 0.15. This leads to the definition 

of the angle of safety, α, which is demonstrated in Fig.4. By definition, having a greater angle of safety results in a 

wider safe zone which is more convenient for sheltering the shoreline. However, the manner in which the entrance 

length affects the angle of safety needs to be investigated. Therefore, a parametric study is conducted on this issue in the 

next section. 

4. Results and discussion 

As discussed in the previous section, a parametric study has been conducted on the entrance length of a harbor to assess 

the effects of this parameter on the angle of safety of the breakwaters. Twenty different cases have been analyzed by 

changing the entrance length (L) which has a value between 0.2λ and 4λ where λ is the incoming wave length which 

has been assigned a value of 1.96 meters in all cases. Figure 5 illustrates the results of wave diffraction for six sample 

cases. 
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Fig. 5: Diffraction of the Wave for Different Entrance Lengths (6 Cases among 20 Analyzed Cases are Presented), L = Entrance Length, Λ = Wave 
Length. 

 

As observed in Fig.5, as the length of entrance rises, the angle of safety grows and a wider safe zone is obtained behind 

the breakwaters. To quantitatively assess the effect of the entrance length on the safety zone, a diagram is presented in 

Fig.6. 

 

 
Fig. 6: Angle of Safety Versus 
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It is observed in Fig.6 that for a constant opening width of the breakwaters, the angle of safety increases with respect to. 
L

λ
. This increase seems too converge to a number which his 90 degrees for a high enough  

L

λ
. However, there should be a 

limit for this value because of the application considered in this study. 

To better describe the behavior of the angle of safety with respect to 
L

λ
, equation 13 is extracted by defining a trend line 

on the diagram in Fig.6 whose equations is found to b e 

 

θ = −1.1 (
L

λ
)

2

+ 10
L

λ
+ 57.5 0 ≤

L

λ
≤ 4                                                                                     (13) 

 

5. Conclusions 

It is very important for a harbor to be safe from the incoming waves. Therefore, most harbors use breakwaters to protect 

the shoreline. However, the gap between the breakwaters allows in a portion of the waves inside the harbor which may 

decrease the usable or safe space behind the breakwaters. In the present paper, a safe zone behind the breakwaters has 

been defined where the diffraction of waves is less than 0.15. Furthermore, the geometry of the safe zone has been 

defined by a key parameter named angle of safety. Different lengths of the entrance of the harbor have been considered 

and the effect of increasing the length of the entrance has been investigated on the angle of safety and the safety zone. 

Calculations have been conducted using Mike21 as a strong Boussinesq equations solver. This solver has been validated 

by implementing the diffraction of waves passing through an opening between two breakwaters and comparing the 

results with available experimental data. 

It has been shown that the angle of safety has a minimum of approximately 57.5 degrees, which is constant for small 

lengths of entrance. However, the angle of safety increases with respect to length of the entrance. Finally, an equation 

has been introduced to calculate the angle of safety with respect to the length of entrance for application in harbor 

design. 
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