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This paper presents a numerical model for the simulation of solitary wave transformation
around a permeable submerged breakwater. The wave-structure interaction is obtained by solving
the Volume-Averaged Reynolds-Averaged Navier-Stokes governing equations (VARANS) and
volume of fluid (VOF) theory. This model is applied to understand the effects of porosity,
equivalent mean diameter of porous media, structure height, and structure width on the
propagation of a solitary wave in the vicinity of a permeable submerged structure. The results
show that solitary wave propagation around a permeable breakwater is essentially different from
that around impermeable one. It is also found that the structure porosity has more impact than
equivalent mean diameter on the wave transformation and flow structure. After interacting with
the higher structure, the wave has smaller wave height behind the structure with a lower travelling
speed. When the wave propagates over the breakwater with longer width, the wave travelling
speed is obviously reduced with more wave energy dissipated inside porous structure.

1. Introduction

Breakwaters have been extensively used for the near-shore protection by the coastal
engineers, and, in composition, it can be impermeable or permeable. One of the main
advantages for applying breakwaters is to dissipate and/or reflect the energy of the incident
waves and consequently prevent erosion in near-shore regions [1]. In the recent years, the
permeable breakwater has become increasingly popular as additional wave energy can be
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dissipated due to the flow friction within the porous media [2-4]. As one can expect, the
flow motion around a permeable breakwater may be essentially different from that around
an impermeable solid surface. Ocean waves travel through the porous media and may
significantly affect the dissipation rate of wave energy [5, 6].

Many studies have been carried out by using laboratory experiments to investigate
the interaction of incident wave and permeable structure. For example, Huang and Chao
[7] experimentally studied the reflection and transmission of a small-amplitude water
wave by a permeable breakwater in an infinitely long channel, and they found that
the reflected wave is greater while the transmitted wave is less for waves of higher
frequency with thicker and less permeable breakwaters. Losada et al. [8] carried out a
set of experiments to investigate the monochromatic wave propagation over a submerged
impermeable or porous step, and concluded that wave energy dissipation due to the porous
material is the main mechanism controlling dissipation in the absence of wave breaking.
For the breaking wave transmission over submerged permeable breakwater, Kobayashi
et al. [9] found that the energy dissipation of wave train is mainly due to the wave
breaking and the porous flow resistance inside the marine structure. All previous research
measurements show that the degree of wave-structure interaction and its resulting energy
dissipation highly depend on the incident wave conditions and structural parameters
[10, 11].

Recently, several mathematical models based on the Navier-Stokes (NS) equations
have been developed to study this topic, such as the model applied by Nakayama and
Kuwahara [12], Liu et al. [13], Pedras and de Lemos [14], Hsu et al. [15], Chandesris et
al. [16], and Karim et al. [17]. Among these models, there are two main approaches to
consider the effect of porous media on wave motion in governing equations. One is to
insert geometric properties and fluid resistance of porous media to the NS equations and
the other is to use volume-averaging theory (applying a volume-averaging operator over
a representative elementary volume to the NS equations). As discussed by Huang et al.
[5], the NS-type models have shown great abilities in modelling the interaction of wave
and permeable structure, overcoming the drawbacks of the other models based on mild-
slope equations [18], finite-amplitude shallow-water wave equations [19], or Boussinesq-
type equations [20].

It is well acknowledged that solitary wave transformation around marine breakwaters
is a critical problem when evaluating the effects produced by tsunami waves in coastal areas
[21]. This study aims to understand the effects of physical properties (porosity, equivalent
mean diameter, structure height, and structure width) of permeable breakwater on the wave-
structure interactions subjected to a solitary wave. The governing equations, together with
boundary conditions and numerical methods, are briefly introduced. Then, this model is
applied to investigate the effects of physical properties of structure on the water elevation
and velocity distribution in the vicinity of breakwater. The breakwater with impermeable
solid surface is considered as a special case with zero porosity, and the simulation results
from this special case is taken as benchmark for comparison.

2. Model Description

A vertical two-dimensional model first presented by Hsu et al. [15] is used for the wave-
structure interactions, solving the Volume-Averaged Reynolds-Averaged Navier-Stokes
(VARANS) equations for the outer and inner flows of permeable breakwater.
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2.1. Governing Equations

The VARANS for the flow motion due to wave-structure interactions can be expressed as
[15]:
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where u; is the flow velocity, x; is the Cartesian coordinate, f is time, p is water density, P
is pressure, 7;; is viscous stress tensor of the mean flow, g; is acceleration due to gravity,
and n and Ds are the porosity and the equivalent mean diameter of the porous material. ¢4
denotes the added mass coefficient, calculated from c4 = 0.34((1 —n)/n). a =200 and = 1.1
are empirical coefficients associated with the linear and nonlinear drag force, respectively
[22]. The influence of turbulence fluctuation on the mean flow, denoted as (u;.u;. ), is obtained
by solving the modified k-¢ turbulence model where k is the kinetic energy and ¢ is the
dissipation rate of kinetic energy [23]. The over-bar represents the ensemble average and the
prime denotes turbulent fluctuations with respect to the ensemble mean. The “(),” Darcy’s
volume-averaging operator, is defined as follows:

1
(a) = v fvf adV, (2.2)

where V is the total averaging volume, and V is the portion of V that is occupied by the
fluid. The “()/” is the intrinsic-averaging operator, which is defined as follows:

1
(a) = — | adv. (2.3)
Vf Vf

The relationship between Darcy’s volume-averaging operator and the intrinsic volume
averaging is

(a) =n(a)’. (2.4)

2.2. Numerical Method

In the model, finite difference solutions to the VARANS for the mean flow field and the
modified k-¢ turbulence model for the turbulent field are obtained on a nonuniform mesh. A
two-step projection method is adopted for the mean flow solutions, aided by the incomplete
Cholesky conjugate gradient technique solving the Poisson equation for the mean pressure
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field. The volume of fluid (VOF) method proposed by Hirt and Nichols [24] is applied to
track water free-surface locations. The idea of VOF is to define a function of F to represent
the fractional volume of water fluid. F = 1 indicates that the cell is full of water, while F = 0
corresponds to a cell fully occupied by air. Cells with a value of 0 < F < 1 contain a water
free surface, and the piecewise linear interface calculation (PLIC) method of Rider and Kothe
[25] is used to reconstruct air-water interface. The algorithm consists of two steps: a planar
reconstruction of air-water interfaces within a cell; then a geometric calculation of volume
fluxes of air and water cross-cell faces. In the numerical simulation, both air and water are
solved.

Appropriate boundary conditions need to be specified in the simulation. For the mean
flow field, no-slip boundary condition is imposed on the sea floor surface, and the zero-
stress condition is adopted on the mean free surface by neglecting the effect of air flow. For
the turbulence field, the log-law distribution of mean tangential velocity in the turbulent
boundary layer is applied in the grid point next to sea floor, and the zero-gradient boundary
conditions are imposed for both k and ¢ on the free surface. The damping zones are located at
two vertical boundaries far away from the concerned region. The detailed implementations
of boundary conditions are referred to [15, 23]. To obtain computational stability, the time
interval (At) is automatically adjusted at each time step to satisfy the Cournat-Friedrichs-
Lewy condition and the diffusive limit condition [13].

3. Numerical Results and Discussion
3.1. Numerical Experiments

A serial of numerical experiments have been performed to investigate the effects of porosity
n and equivalent mean diameter D5 on the solitary wave-structure interactions. As shown in
Figure 1, the computational domain has L = 450 m in x-direction and H = 7 m in z-direction.
The origin of the Cartesian coordinate is located at the left subcorner of the rectangular
permeable submerged breakwater which has w = 50m and h = 3m. The numerical cases
with different 1, D5y of porous material, structure height h and width w are listed in the
Table 1. The permeability K, of porous structure is estimated from n and Ds in the form of
DZn®/ (a(1 - n)?) [19]. Solitary wave is generated by using internal wave-maker method of
[22] on x = —200m (right hand side of permeable submerged structure) at ¢(g/ d)*® = 0s,
with a still water depth d = 5.0m and wave height H,, = 0.75m. The area of source region
in which the source term wave-maker is acting is predefined and keeps constant during the
simulation. As recommended by [22], the source region has a height of 10% of water depth
(0.65d ~ 0.75d) and a width of 5% of wavelength. Different mesh sizes are tested, and a mesh
with Ax = 0.25m and Az = 0.05m is adopted in this study.

3.2. Impact on Wave Transformation

The transformation of a solitary wave travelling over a permeable submerged breakwater
with n = 0.2 and D5y = 0.05m is illustrated in Figure 2. The result shows that the structure
with w = 10d and h = 0.6d significantly affects its adjacent wave propagation. Wave
distortion takes place when the wave is passing over the breakwater, which is mainly due
to the nonlinear effect caused by the breakwater. The interaction between solitary wave and
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Figure 1: A sketch of computational domain.
Table 1: Numerical cases with different breakwater parameters.
Caseno,  Yorosity Equivalent mean Permeability Height Width
(n) diameter (Dsp) (Kp) (h) (w)

1) 0 — — 3.0m 50.0m
(2 0.2 0.05m 1.5625 x 1077 m? 3.0m 50.0m
3) 0.4 0.05m 22222 x 107 m? 3.0m 50.0m
4) 0.6 0.05m 1.6875 x 1075 m? 3.0m 50.0m
() 04 0.03m 8.0000 x 1077 m? 3.0m 50.0m
(6) 0.4 0.07m 4.3556 x 107 m? 3.0m 50.0m
() 0.4 0.15m 2.0000 x 10° m? 3.0m 50.0m
(8) 0.4 0.05m 22222 x 107 m? 2.0m 50.0m
) 0.4 0.06m 22222 x 109 m? 40m 50.0m
(10) 0.4 0.05m 22222 x 107 m? 3.0m 40.0m
(11) 0.4 0.05m 22222 x 10 m? 3.0m 30.0m

breakwater with small width, such as w = 1 d was studied by Huang et al. [5], and no obvious
wave distortion was found.

Figure 3 shows the effect of structural porosity on wave transformation at different
time instances, with the case 1 of an impermeable breakwater being the benchmark for
comparison. The porosity parameter has no impact on the wave propagation until the wave
crest reaches the breakwater at about t(g/d)™ = 49. After that, the friction of porous
media starts to play an important role in dissipating wave energy. Weaker wave deformation
and less wave height occur for the breakwater with large porosity (leading to higher
permeability), as more wave energy is dissipated due to the friction of porous media when
structural porosity increases from 0 to 0.6 (see Figures 3(b)-3(d)). Due to the construction
of breakwater, the cross-section space for passing the solitary wave is partly blocked. As a
result, the wave height can be largely increased when the solitary wave is travelling over the
structure. For example, at time ¢(g/ d)0'5 =49, an increase of 20% of wave height is identified
in the case 1. After passing the permeable breakwater, the wave height becomes smaller than
the generated due to wave dissipation in all cases. The effect of D5 is also studied, and the
results indicate that the variation in wave transformation progress is slight with an increase
of Dgy from 0.03m to 0.15m.
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Figure 2: Transformation of a solitary wave travelling over a submerged breakwater with n = 0.2 and D5y =
0.05m at different time levels: (a) (g/d)"” = 35, (b) H(g/d)"” = 42, () H(g/d)"* =49, (d) (g/d)"” = 56,
(e) t(g/d)* = 63, and (f) t(g/d)"° = 70.
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Figure 3: The effect of structural porosity on wave transformation for porosity n = 0 black curve, n = 0.2
blue curve, n = 0.4 green curve, and n = 0.6 red curve.
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Figure 4: The effect of breakwater height on wave transformation for h = 2.0 m black curve, h = 3.0 m blue

curve, and h = 4.0 m red curve.
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Figure 5: The effect of breakwater width on wave transformation for w = 50.0m black curve, w = 40.0m
blue curve, and w = 30.0 m red curve.
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Figure 6: Velocity field at t(g/ A =49asa solitary wave passes over a submerged impervious (Case 1)
and two different permeable breakwaters (Cases 2 and 4).

The breakwater height varies from 2.0m, 3.0m to 4.0m for the investigation of the
effect of structure height on the wave transformation, and the results are shown in Figure 4.
When the wave is approaching the breakwater, the wave distortion is stronger with more
energy reflection in the case of higher breakwater (see Figures 4(b)—4(f)). After interacting
with the higher structure, the wave has smaller wave height behind the structure with a
lower travelling speed. This is due to more wave energy reflection back to the sea and larger
energy dissipation inside the higher structure. To understand the effect of structure width
on wave-structure interaction, three different breakwater widths (w = 50.0m, w = 40.0m,
and w = 30.0 m) are studied. Before the wave reaches the structure (right-hand-side) end, the
influence of structure width cannot be identified (see Figure 5(a)). After the wave propagates
over the breakwater with longer width, the wave travelling speed is obviously reduced with
more wave energy dissipated inside porous structure (see Figures 5(c)-5(g)).

3.3. Impact on Velocity Field

One of the advantages of solving the extended NS-type equations for the outer and
inner flow of the permeable structure is that the obtained flow field is much closer to
the actual flow field. The velocity filed from VARANS model is used to investigate the
effects of porosity and equivalent mean diameter. Figure 6 shows the velocity fields at
t(g/d)*> = 49 as a solitary wave passes over a submerged impervious (Case 1) and
two different permeable breakwaters (Cases 2 and 4). The circulation region due to flow
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Figure 7: Velocity field at t(g/d)*> = 59.5 as a solitary wave passes over a submerged impervious (Case 1)
and two different permeable breakwaters (Cases 2 and 4).

separation above the left upper-corner of impervious breakwater significantly enlarges in
the case of permeable structure. The porous structure allows the wave to travel through,
and it consequently provides more space for the vortex development. Larger vortex region
occupies for Case 4 in which more porous space is available. While the solitary wave
is passing over the porous breakwater, additional wave energy is dissipated due to the
friction of porous media. As one can expect, stronger solitary wave-structure interaction
leads to more wave energy dissipated. While the solitary wave is leaving the permeable
breakwater, the circulation size of wave-induced vortex in the lee side of structure slightly
depends on the structural porosity (see Figure 7). However, the higher flow velocity can be
seen around the right upper-corner of structure with less porosity. The results also show
that flow structure does not change obviously when the equivalent mean diameter Ds
varies.

Figures 8 and 9 show the effect of breakwater height on the flow velocity field at time
t(g/d)*® =49 and t(g/d)"™ = 59.5, respectively. It can be seen from Figure 8 that the velocity
field around breakwater head with a large height differs significantly from those with a small
height. A strong flow vortex can be clearly identified in the case with h = 3.0mand h = 2.0m.
In the case with h = 4.0m, the flow vortex is very weak at this time t(g/d)** = 49, mainly
due to the space limitation above the breakwater. As indicated by the Figures 8 and 9, the
velocity magnitude is obviously larger in the case of breakwater with a smaller height. The
effect of structure width on velocity field is also investigated. The numerical results indicate
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Figure 8: Velocity field at t(g/d)" = 49 as a solitary wave passes over a submerged breakwater with
different height h = 4.0m (Case 9), h = 3.0m (Cases 3), and h = 2.0m and (Case 8).

that the flow velocity distribution around structure when wave approaching or leaving the
breakwater is very similar in the cases with different structure width.

4. Conclusions

In this study, the flow motion around a permeable submerged breakwater has been
numerically investigated by applying a numerical VARANS model. This model is used to
study the effects of porosity, equivalent mean diameter, structure height, and width on the
wave transformation and velocity field in the vicinity of permeable breakwater. Numerical
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Figure 9: Velocity field at t(g/d)*® = 59.5 as a solitary wave passes over a submerged breakwater with
different height h = 4.0m (Case 9), h = 3.0m (Cases 3), and h = 2.0m and (Case 8).

results show that structural porosity has an important impact on wave transformation
and velocity distribution adjacent. Permeable breakwater provides additional porous
space where wave flow travels through and wave energy is dissipated. In contrast, the
equivalent mean diameter slightly affects the wave propagation and velocity field although
it may increase the permeability of the porous structure. After interacting with the higher
structure, the wave has smaller wave height behind the structure with a lower travelling
speed. When the wave propagates over the breakwater with longer width, the wave
travelling speed is obviously reduced with more wave energy dissipated inside porous
structure.
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