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Abstract: The permeable submerged breakwater has gained popularity in recent days due to its merits
of reducing incident wave energy without negatively impacting the aesthetics of the ocean view and
allowing for water exchange. However, the effect of porosity on wave nonlinearity and turbulence
motion close to the water/structure interface is not well resolved in the literature. This paper presents
an experimental and numerical study of regular wave propagation over a permeable submerged
breakwater with a wide top width. The laboratory experiments were conducted in a wave flume and
included 45 test cases. The numerical simulations were performed utilizing validated olaFoam. The
results show that the nonlinearity of the waves on the permeable submerged breakwater is weak,
which can effectively suppress and reduce the second harmonic waves. A large amount of turbulent
kinetic energy exists at the interface between the permeable submerged breakwater and the water
body, which helps to dissipate wave energy. For the wider permeable submerged breakwater in this
paper, the wave dissipation capacity is greatest when the porosity is between 0.2 and 0.3, and as the
length of the breakwater increases, the energy transmission coefficient decreases, and the energy
dissipation coefficient increases. Better wave attenuation is achieved when the permeable submerged
breakwater has a certain porosity and a large width.

Keywords: permeable submerged breakwater; wave; nonlinearity; numerical simulation

1. Introduction

Submerged breakwaters are frequently utilized in coastal protection due to their
submergence beneath the water and little influence on the water flow and coastal envi-
ronment [1]. Since 1980, submerged breakwaters have been utilized in Italy to protect the
coastline [2], and by 1996, more than 50 such protection systems had been established. Addi-
tionally, many old emerged breakwaters have been or are being converted into submerged
breakwaters in Italy [3–5]. Permeable submerged breakwaters are less expensive than
impermeable submerged breakwaters, and the pores in the permeable materials produce a
damping effect and promote the dissipation of wave energy, which is effective in protecting
the shore and coastal structures [6,7]. It is thus essential for the scientific community to
gain a comprehensive understanding of wave propagation over permeable submerged
breakwaters [8].

Laboratory experiments are the main method for studying the interaction between
waves and submerged breakwaters; e.g., Chang et al. [9] conducted a series of experiments
to study wave reflection, transmission, and dissipation properties over rectangular sub-
merged breakwaters. Li et al. [10] conducted both analytical and laboratory experiments
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on the interaction between regular waves and a submerged breakwater. Dattatri et al. [11]
experimentally investigated the effect of permeability on wave height dissipation and
confirmed the advantages of permeable submerged breakwaters. Losada et al. [12] experi-
mentally found that permeable structures can increase the effective water depth and reduce
the chance to generate high harmonics. Ting et al. [13] pointed out that the bottom width
of a permeable breakwater has a limited effect on wave reflection and transmission. Peng
et al. [14] studied the effect of permeable submerged breakwaters on wave nonlinearity
utilizing the measurement data set from the DELOS project. They developed a set of
empirical formulas to calculate the wave skewness and asymmetry at the incident and lee
sides of submerged breakwaters. Zou and Peng [15] further improved these equations
and summarized the general law of the variation of the skewness and asymmetry along
a permeable breakwater. Wu and Hsiao [6] studied the variation of isolated waves on a
permeable submerged breakwater composed of smooth spheres. They found that turbu-
lence intensity at the incident side of the permeable breakwater is greater than that at the
transmission side, the wave reflection coefficient decreases as the porosity increases and
the transmission coefficient decreases, and the wave height dissipation increases with an
increase of breakwater width.

Numerical simulation is also an important tool for the study of the hydrodynamic
properties of permeable submerged breakwaters. Boussinesq-type equations developed
originally for describing open water waves over a solid seabed have been extended to
consider wave propagation in or over porous structure, e.g., [16–23]. However, these
models are essentially depth-integrated and fail to accurately describe the distribution
of flow velocity along the water depth, let alone the flow details after wave breaking.
On the other hand, Liu et al. [24] proposed a numerical model based on the Reynolds-
averaged Navier–Stokes (RANS) equations and the volume of fluid (VOF) method. This
model is spatially averaged for porous flow with the assumption that the turbulence inside
the porous media is negligible. Hsu et al. [25] took the volume average of the RANS
equations along with the k–εmodel over a control volume to solve the turbulence effects in
a clear fluid and porous flow. This set of formulas is widely used to model macroscopic
porous media flow in coastal-related problems, e.g., [26–28]. A set of volume-averaged
Reynolds-averaged Navier–Stokes (VARANS) equations coupled with k–ε and shear stress
transport (SST) turbulence models was derived by Jesus et al. [29] and then extended
to 3D coastal-related applications by Higuera et al. [30] who introduced these equations
into OpenFOAM to simulate flow in a permeable medium, and it was verified in a 3D
experiment by Lara et al. [31]. Wu et al. [32] presented a 3D large-eddy simulation model
with macroscopic model equations of a porous flow to investigate solitary waves interacting
with permeable breakwaters and found that the results obtained with macroscopic and
microscopic modeling both fit the measurements well in terms of the free surface elevations
and velocity fields. In a word, the RANS-based models have become state-of-the-art tools
in simulating coastal hydrodynamics related to various types of porous structures.

The majority of the experimental and numerical results mentioned above focus on the
hydrodynamics over the breakwaters with normal top widths. In practical applications,
the width of submerged breakwaters is usually many times the size of an emergent one in
order to achieve a better shielding effect. The placement of such a large structure changes
the local water depth and significantly affects the transformation of the incident waves,
especially modifying the distribution of wave nonlinearities [33]. Regarding this issue,
there has been an increasing interest in studying the nonlinear evolution of waves over
broad underwater sills in recent years using analytical solutions [34], physical experiments
(e.g., [35,36]), and numerical simulations (e.g., [37,38]). However, the broad sills in these
studies are impermeable. Pore resistance from a permeable medium is another key factor
that controls the wave dissipation capability of a submerged breakwater. The effect of the
porosity of a wide submerged breakwater on wave nonlinearity and turbulence motion
close to the water/structure interface is not well-resolved yet.
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In this paper, we investigated the effect of the permeability of a wide submerged
breakwater on nonlinear wave evolution and wave dissipation capacity. The rest of the
paper is laid out as follows. The new physical experiment is detailed in Section 2. Section 3
briefly describes the olaFoam model. The analysis of the experimental data and numerical
results are given in Section 4 and Section 5, respectively. Conclusions are drawn in Section 6.

2. Physical Experiments

The experiment was conducted in a wave flume at the State Key Laboratory of Coastal
and Offshore Engineering, Dalian University of Technology. The flume tank is 56 m long,
3 m wide, and 1 m deep. The flume has a paddle-style wave maker that can generate
regular waves with a maximum height of 0.3 m and periods between 0.5 and 5.0 s. The
experimental setup is shown in Figure 1. A permeable submerged breakwater consisting
of 5 layers of 5 cm glass spheres stacked in a body-centered cubic style (i.e., 4 spheres in
the lower layer and 1 sphere in the upper layer) is positioned 25.62 m away from the wave
paddle. The submerged breakwater has a height of 19 cm, a top width of 4 m, and slopes
of 1:2 and 1:07 on the incident and lee sides, respectively. The porosity of the submerged
breakwater is 0.32. Impermeable submerged breakwater of the same size is also used in the
experiments for comparison aims. A 5 m wide plastic wave absorber is placed at the end of
the flume to avoid wave reflection.
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Figure 1. Setup of physical experiments; 1#~25# represent the locations of the wave gauges.

Twenty-five wave gauges were used to measure the free surface elevation along the
flume, and their locations are sketched in Figure 1. Wave gauges 1–2# and 24–25# were
positioned in front and behind the breakwater, respectively, to measure the wave height of
incident and transmitted waves. The rest wave gauges cover the top of breakwater with
an interval of 0.2 m to measure the wave height variation over the breakwater. All gauges
were calibrated before experiments to ensure linearity and stability. The sampling rate of
the free surface elevation was set to 50 Hz.

The submerged breakwater mainly takes effect by causing breaking as waves enter the
shallower water depth. However, in case of high water levels (due to sea level rise or storm
surge), there is a possible scenario that waves do not break. In this case, the submerged
breakwater enhances the nonlinear transformation of the incident waves, and this is exactly
the issue we focus on. Table 1 lists 45 test cases used in the experiments with a combination
of different water depths and non-breaking incident waves. In Table 1, D1 is water depth at
the wave maker, D2 is water depth on the submerged breakwater, T is wave period, L is
wavelength, and H is wave height. Each case listed in Table 1 was run three times to ensure
repeatability, and the wave maker lasted two minutes for each case.
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Table 1. Test cases of physical experiments.

Case D1 (cm) D2 (cm) T (s) L (m) H (cm)

1~6 30 11 0.8 0.96 2, 3, 4, 5, 6, 7
7~11 30 11 1.2 1.77 2, 3, 4, 5, 6
12~15 30 11 1.5 2.34 2, 3, 4, 5
16~19 40 21 0.9 1.22 3, 5, 7, 9
20~23 40 21 1.2 1.94 3, 5, 7, 9
24~27 40 21 1.8 3.27 3, 5, 7, 9
28~30 40 21 2.5 4.74 3, 5, 7
31~38 50 31 1 1.51 4, 7, 10, 13
35~38 50 31 1.5 2.83 4, 7, 10, 13
39~42 50 31 1.8 3.57 4, 7, 10, 13
43~45 50 31 2.5 5.24 4, 7, 10

3. Numerical Model
3.1. Governing Equations

The OpenFOAM model was chosen for the numerical simulations, which deals with
the flow problems in pore media in two ways, i.e., microscopi– and macroscopic methods.
The microscopic approach requires that the internal structure of the porous material is all
presented during discretization, but this is unrealistic. The macroscopic approach is based
on the average behavior of the flow within the pore material, and the volume-averaging
Navier–Stokes equation allows the pore region to be considered a continuous medium. In
this paper, we follow the second approach and used olaFoam to perform the numerical
simulations, which solves the three-dimensional VARANS equation by the finite volume
discretization method and the VOF method.

The mass conservation equation, the momentum conservation equation, and the VOF
functional convection equation read as [29]:

∂

∂xi
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α1 = 0 (3)

ρ = α1ρ1 + (1− α1)ρ2 (4)

υ = α1υ1 + (1− α1)υ2 (5)

where (ui, i = 1,2,3) is the extended mean velocity or Darcy velocity, n is the porosity, ρ
is the density, ρ1 is the density of water, ρ2 is the density of air, p is the pressure, g is the
acceleration of gravity, v is the kinematic viscosity, v1 and v2 are the kinematic viscosities
of water and air, respectively, and α1 is the phase function of the VOF method defined as
the amount of water in a single grid. If α1 = 1, the grid is filled with water, if α1 = 0, the
grid is filled with air, and if α1 is between 0 and 1, the grid belongs to the free water surface.
The last three terms of Equation (2) are used to account for physical problems that cannot
be solved by volume averaging methods, namely friction, pressure, and additional mass
due to the presence of porous media, with coefficients a, b, and c depending on the physical
material properties of the porous media.

Higuera [30] improved the VARANS equation and introduced it into the IHFoam,
changed the Darcy velocity of the continuum equation to the intrinsic velocity, and made
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an adjustment to Equation (2) by multiplying both sides of the equation by ρ and dividing
by the porosity n in the following form:

U∗ =
U
n

(6)

(1 + c)
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ρui
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uj

n
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∂xj

ρui
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where A = ρa, and B = ρnb. When the Reynolds number of the fluid is small, the flow
resistance is mainly related to A and vice versa to B. The equations for A and B were
proposed by Engelund [39] and modified by Van Gent [40] as follows:

A = α
(1− n)3

n2
µ

D502 (8)

B = β

(
1 +

7.5
KC

)
1− n

n2
ρ

D50
(9)

where D50 is the median particle size of the porous medium, KC is the Keulegan–Carpenter
number indicating the additional friction due to oscillations and instabilities defined as
(T0uM)/(D50n), T0 is the oscillation period, and uM is the maximum oscillation velocity. α,
β, and c are dimensionless coefficients, and they are set to be 500, 2, and 0.34 according to
previous studies (Jesus [29], Jensen et al. [41]).

3.2. Turbulence Model

Reynolds time-averaged models are the most widely used numerical models of tur-
bulence, such as k–ε and k–ω models. k–ε is a high Reynolds number model that can
obtain better results in simulating turbulence away from sidewalls, and the k–ω model is a
low Reynolds number model that is more suitable for the boundary layer problem under
various pressure gradients, but it is more difficult to converge than the k–ε model. In this
paper, the turbulence calculation adopts the k–ω SST model developed by Menter et al. [42],
which is similar to the k–ω model in that it retains the characteristics of the low Reynolds
number model in the vicinity of the boundary wall, but its convergence can be comparable
to that of the k–εmodel, and its expression is as follows:
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Pk = min(G, 10β∗kω) (12)
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υt =
a1k

max(a1ω, SF2)
(14)

where k denotes the turbulent kinetic energy, Pk denotes the generating term of k, v denotes
the kinematic viscosity, vt denotes the kinematic viscosity of the turbulent flow, ω denotes
the specific dissipation rate, S denotes the mean strain rate of the flow, β* = 0.09, and
a1 = 0.31. F1 and F2 are mixing functions with F1 going to 1 close to the sidewalls (activating
the k–ε model) and 0 away from the sidewalls (activating the modes k–ω), and the σk, σω,
β, and γ are determined by a mixing equation.
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Larsen and Fuhrman [43], Mayer and Madsen [44], and Devolder et al. [45] pointed
out that numerical instability can cause excessive growth of turbulent kinetic energy, which
causes artificial wave numerical dissipation and unrealistic attenuation of the wave height;
for this reason, a correction term was added by Devolder et al. [45] in the k–ω SST model
(Equation (10)), and the corrected turbulence level of the flow field matches well with the
experimental measurements and significantly improves the wave attenuation along the
flume, with the expression as follows:

Gb =
υt

σt

∂ρ

∂xj
gj (15)

3.3. Boundary Conditions

The numerical model adopted the boundary wave-generated method. Based on the
linear wave theory, the displacement and velocity of the wave-making paddle are calculated
through the transfer function relationship between the wave height and the stroke of the
wave-making paddle. The formulas are as follows:

Hs =
H
S

=
4sinh2(kd)

2kd + sinh2kd
(16)

X(t) =
S
2

sin(ωt) (17)

U(t) =
S
2

ω cos(ωt) (18)

where Hs is the transfer function, H is the wave height of the regular wave, S is the wave
paddle displacement, k is the wave number, d is the water depth, t is the time, and ω is the
circular frequency of the target wave.

At the end of the flume, the damping layer wave dissipation method is used where
a source term is added to the momentum equation to gradually attenuate the velocity of
the waves in the damping zone. And the active wave absorption method is used in the
vicinity of the wave-making paddle. The wavemaker paddle displacement is corrected
by calculating the correction required to eliminate secondary reflected waves, and the
modified formulas are given by:

X(t) =
S
2

sin(ωt) +
∫

ucorrdt (19)

ucorr = −
ω

Hs
(ηm − η0) (20)

where ucorr is the corrected speed of the wavemaker paddle, and ηm and η0 are the measured
and theoretical wavefronts on the moving boundary, respectively.

A solid wall boundary is used on both sides of the numerical flume, the velocity
field satisfies the no-slip condition, and the pressure field satisfies a velocity gradient of 0.
The free surface tracking is performed by the VOF method where the position of the grid
containing the free surface is obtained after solving for the volume fraction of the phase in
the full domain, which leads to the capture of the wave height.

3.4. Coupling Scheme

Since the continuity and momentum equations are coupled together, the velocity and
pressure need to be solved coupled. Currently, the coupled solution methods can be divided
into the SIMPLE algorithm for steady-state problems and the PISO algorithm for transient
problems. Both adopt the idea of “forecast-correction”, i.e., obtain the velocity according to
the given or assumed pressure, substitute the velocity into the pressure correction equation
to obtain the pressure correction value, and use the pressure correction value to improve
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the velocity. The olaFoam model algorithm is the PIMPLE algorithm whose idea is to
regard each time step as a steady-state problem and solve the problem with the SIMPLE
steady-state algorithm, and the advancement of the time step is completed by the PISO
algorithm.

4. Analysis of Experimental Results
4.1. Spatial Variation of Wave Height

Figure 2 shows the variation of the wave surface elevation on the permeable and im-
permeable submerged breakwater topography for Case 10 (T = 1.2 s, H = 5 cm, D1 = 30 cm).
When the wave propagates to the submerged breakwater, the wave undergoes a nonlinear
deformation due to the rapid decrease in water depth and the transfer of wave energy
to high frequencies. The wave shape changes gradually during this stage with the crest
becoming steep and the trough becoming flat. Under the same incident wave conditions
(see wave gauge 1#), it can be clearly observed that the wave deformation on the permeable
submerged breakwater is significantly smaller than that on the impermeable breakwater.
The waves propagating on the impermeable breakwater are more likely to have sub-peaks
(e.g., wave gauges 11#, 19#, 23#) and exhibit stronger nonlinearity. It is also clearly observed
that permeable breakwaters dissipate more wave energy. Specifically, the wave height at
wave gauge 25# is attenuated by nearly 54% when penetrating the submerged breakwater,
while the wave height after the impermeable submerged breakwater is only attenuated by
14%.
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Figures 3 and 4 show the variation of the wave height for test cases with D1 = 30
(Case 1–15) cm and D1 = 50 cm (Case 31–45), respectively. In the figures, the horizontal
coordinates start from the position of wave height gauge 1#, and the vertical coordinates
are the ratio of the wave height to the wave height from the first gauge.

As shown in Figure 3, the wave height variation on the permeable submerged breakwa-
ter shows a smoother decreasing trend, while the wave height variation on the impermeable
submerged breakwater has a large fluctuation, and the decreasing trend is not obvious. The
wave height attenuation on the permeable submerged breakwater is significantly higher,
and the damping effect caused by the pore space cannot be ignored. The attenuation of
wave height on impermeable submerged breakwaters is extremely limited, and even no
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attenuation occurs when the wave height is small. And as the wave height increases,
the waves on the impermeable submerged breakwater inevitably happen to break, and
the wave height attenuates to a level comparable to that of the permeable submerged
breakwater in Cases 6 and 11. As shown in Figure 4, there is a significant drop in wave
height attenuation once the water depth is increased to 50 cm compared to those plotted
in Figure 3. For some cases with shorter wavelengths and lower wave heights (Case 31),
there is no significant difference in the wave dissipation ability of the permeable and
impermeable breakwaters.
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4.2. Transmission Coefficient

The wave attenuation effect of a submerged breakwater is usually quantified by the
wave transmission coefficient Kt, which is expressed as the ratio of the transmitted wave
height behind the submerged breakwater to the incident wave height at the wave-facing
side:

Kt =

√
Et

Ei
=

Ht

Hi
(21)

where Et and Ei are the transmitted and incident wave energies, and Ht and Hi are the
transmitted and incident wave heights, respectively.

Since the difference in wave heights before and after the impermeable submerged
breakwater is not significant for non-breaking wave conditions, only the transmission
coefficient for test cases with the permeable submerged breakwater was analyzed. The
previous study [46] argued that the water depth at the top of the breakwater (D2) is the
most key factor that affects the transmission coefficient. Following this suggestion, the
variation of the wave transmission coefficient from the present measurements is plotted
with the relative wave height (H/D2) in Figure 5.
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Figure 5 shows the trend of the wave transmission coefficient with the relative wave
height on the permeable submerged breakwater where the relative wave height is the ratio
of the incident wave height H to the water depth D2 at the top of the breakwater. The
effect of the water depth at the top of the breakwater on the transmission coefficient is very
significant, and for similar relative wave height conditions, the wave conditions with a
shallower water depth can achieve lower transmission coefficients; e.g., when the relative
wave height H/D2 = 0.44, the transmission coefficient is as low as 0.47 at a water depth of
30 cm, 0.69 at a water depth of 40 cm, and 0.74 at a water depth of 50 cm. In most cases, the
wave transmission coefficient decreases as the relative wave height increases, but in some
cases, the trend is the opposite, such as the case with a period of 2.5 s at a depth of 40 cm
and the cases with periods of 1.8 s and 2.5 s at a depth of 50 cm; the wavelengths of the
above cases are 4.74 m, 3.57 m, and 5.24 m, which means that when the wavelength is close
to or more than the width of the top of the submerged breakwater, the wave transmission
coefficient increases with the increase in relative wave height, probably due to the fact
that long waves are more penetrating, and the wave dissipation effect of the submerged
breakwater is weakened.

4.3. Spatial Variation of Higher Order Harmonics

After the wave propagates to the submerged breakwater, the wave energy is trans-
ferred to high frequencies as the water depth becomes shallower and the nonlinearity is
enhanced. After spectral analysis and filtering, the variation of the wave spectrum and
amplitude along the water flume can be obtained for each order.
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Figure 6 shows the frequency spectrum and the amplitude distribution of each order
along the range for Case 8 (T = 1.2 s, H = 3 cm, D1 = 30 cm). The horizontal coordinate
of the wave spectrum is the ratio of the frequency to the main frequency, and the vertical
coordinate is the spectral density. The value of the wave spectrum has been processed, and
the original spike has been changed to a flat top in order to show its spectral value more
clearly. The horizontal coordinate of the amplitude distribution of each order is the position
of wave height gauge 1#, and the vertical coordinate is the amplitude corresponding
to each order frequency. From the results of wave height gauge 1# in the figure, the
reflection phenomenon occurring in front of the permeable submerged breakwater is
weaker compared to the impermeable submerged breakwater under Case 8. At wave height
gauge 7# (x = 2.92 m), the waves both showed a significantly high-frequency component
on two breakwaters, but the high frequencies on the permeable breakwaters were less, and
the third and fourth frequency components were not obvious.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 11 of 22 
 

 

 

 
Figure 6. Energy spectrum at different wave gauges and spatial variation of harmonic amplitude 
along the flume (Case 8). 

Figure 7 shows the frequency spectrum and the amplitude distribution of each order 
along the range for Case 11 (T = 1.2 s, H = 6 cm, D1 = 30 cm). Under this condition, the 
waves break on the impermeable submerged breakwater, and the wave attenuation is al-
most the same as that on the permeable breakwater. As can be seen from the above figure, 
with the increase in incident wave height, the reflection phenomenon obviously occurrs 
at wave height gauge 1#. Like Case 8, the waves on both breakwaters show a significant 
high-frequency component at wave height gauge 7# (x = 2.92 m), and there is almost no 
significant difference in the four frequencies of the two cases. Between wave height gauge 
10# (x = 3.52 m) and gauge 22# (x = 5.92 m), the wave attenuation effect caused by wave 
breaking is obvious, and the attenuation amplitude of the main frequency corresponding 
to the amplitude exceeds the amplitude attenuation due to the pore damping effect. At the 
same time, the amplitude corresponding to the double frequency of the wave is also sig-
nificantly attenuated compared to the unbroken cases. Collectively, it seems that under 
the same conditions, the wave height attenuation amplitude after breaking on the imper-
meable submerged breakwater is basically the same as that on the unbroken permeable 
breakwater, and the damping effect of the pore space plays a significant role. 
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From wave height gauge 13# (x = 4.12 m), the high-frequency component on the
permeable breakwater is very weak, and the main frequency is dominant after this point.
At the middle and back of the submerged breakwater (at gauge 16#), the high-frequency
waves on the impermeable submerged breakwater first decrease and then increase, and the
proportion of the second frequency gradually increases; at the back of the impermeable
submerged breakwater, the amplitudes of the second frequency and the main frequency are
basically the same, while the third and fourth frequency components basically disappear.
From the above phenomenon, it is easy to see that the existence of pore space can effectively
suppress the transfer of wave energy to high frequencies.
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Figure 7 shows the frequency spectrum and the amplitude distribution of each order
along the range for Case 11 (T = 1.2 s, H = 6 cm, D1 = 30 cm). Under this condition, the
waves break on the impermeable submerged breakwater, and the wave attenuation is
almost the same as that on the permeable breakwater. As can be seen from the above
figure, with the increase in incident wave height, the reflection phenomenon obviously
occurrs at wave height gauge 1#. Like Case 8, the waves on both breakwaters show a
significant high-frequency component at wave height gauge 7# (x = 2.92 m), and there is
almost no significant difference in the four frequencies of the two cases. Between wave
height gauge 10# (x = 3.52 m) and gauge 22# (x = 5.92 m), the wave attenuation effect
caused by wave breaking is obvious, and the attenuation amplitude of the main frequency
corresponding to the amplitude exceeds the amplitude attenuation due to the pore damping
effect. At the same time, the amplitude corresponding to the double frequency of the wave
is also significantly attenuated compared to the unbroken cases. Collectively, it seems
that under the same conditions, the wave height attenuation amplitude after breaking on
the impermeable submerged breakwater is basically the same as that on the unbroken
permeable breakwater, and the damping effect of the pore space plays a significant role.
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Figure 7. Energy spectrum at different wave gauges and spatial variation of harmonic amplitude
along flume (Case 11).

5. Numerical Analysis

The olaFoam solver was used to carry out vertical two-dimensional (2D) simulations to
obtain details of the flow field and the turbulent kinetic energy. The numerical wave flume
was primarily the same as the physical flume, but for the sake of computation efficiency,
the length was reduced to 24 m, and the flume height was set to 0.45 m. The size of the
submerged breakwater was identical to that used in the physical experiments and was
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positioned 9.62 m away from the wave paddle. The computational domain was discretized
using a rectangular grid with resolutions of 1 cm in the horizontal direction and 0.35 cm
in the vertical direction, yielding a total of 309,600 grids. The time step of the numerical
simulations was 0.02 s.

5.1. The Determination of Resistance Factor

In the VARANS equation, the coefficient c related to inertial acceleration is generally
taken as 0.34 by default; the coefficients α and β related to the laminar and turbulent drag
forces are referred to the results of Lara et al. [27], which are empirically formulated as
follows:

α = 4409.22× D50
0.43 (22)

β = 12.27× n3

(1− n)1.5 D50
−0.1075 (23)

According to the above equation, α and β are 1216 and 1.036, respectively. On the other
hand, Jensen et al. [41] determined a pair of more generalized α and β values of 500 and 2
based on simulations of pore flow in a variety of flow regimes. To determine the coefficients
suitable for this model experiment, 2 groups of 500 and 0.5 and 2000 and 0.5 were added
for numerical simulation. The coefficients of α and β were determined by comparing the
numerical model and physical experiment; the consistency of the numerical results under
different coefficients is better, and most of the cases of the permeable submarine breakwater
can be simulated better under the coefficients of 500 and 0.5, and the wave reduction of the
permeable breakwater in Cases 14 and 25 is obvious with a small transmission coefficient,
and the results of Cases 14 and 25 will be analyzed mainly in the following paper.

Figure 8 shows the simulation results of the wave surface of Case 14 using different
parameter combinations. The wave height attenuation of the numerical results obtained by
setting β to 0.5 based on the coefficients recommended by Jensen et al. [41] is in general
agreement with the measured values. Figure 9 shows the numerical results for Case 25
based on the values of the parameters α and β of 500 and 0.5, and the amplitude and phase
of the numerical simulation are in good agreement with the measurement, which further
shows the reasonableness of the set of parameter values.
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The simulation results of Case 25 on the impermeable submerged breakwater are
shown in Figure 10. The fits of the wave surface at the incident end and the top of the
breakwater are both more satisfactory, while the wave height of the numerical results
behind the submerged breakwater is higher than the measured value, but overall, the
numerical simulation on the impermeable submerged breakwater is still more accurate. In
summary, the olaFoam solver can simulate wave attenuation processes on permeable and
impermeable submerged breakwaters very well.
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5.2. The Flow Field and Turbulent Kinetic Energy

Due to the complex pore distribution inside the permeable breakwater, turbulence is
easily formed, which makes it difficult to simulate numerically using microscopic meth-
ods, and it is generally studied using macroscopic methods. The numerical results of
the permeable and impermeable breakwaters for Case 25 were selected for discussion.
Figures 11 and 12 show the flow field of one cycle near the permeable and impermeable
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submerged breakwaters, respectively. Because the flow velocity inside the permeable
submerged breakwater is small, the arrows in the figures only represent the direction and
do not indicate the magnitude of the flow velocity to facilitate a clear observation of the
water flow direction.
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These two figures show that the surface profile over impermeable breakwater displays
a greater oscillation pattern, indicating a more intense nonlinearity, which is consistent
with the findings shown in Figures 9 and 10. Outside of the permeable and impermeable
structures, the general patterns of flow fields are nearly identical. The most noticeable
difference can be found close to the breakwaters. As can be seen from Figure 11, there is a
certain delay in the flow of water within the submerged breakwater caused by the change
in wave height. The wave crest causes positive pressure at the top of the breakwater, which
causes the water to enter the permeable breakwater, and the wave trough causes negative
pressure at the top of the breakwater, which causes the water to flow out of the permeable
breakwater. In contrast, the flow direction near the impermeable structure is tangent to the
surface of the breakwater.

The pore distribution of permeable breakwaters is susceptible to turbulent flow phe-
nomena. Figure 13 shows the turbulent kinetic energy distribution near the permeable
breakwater in one cycle, and the comparison with the flow field in Figure 11 shows that
the presence of the wave crest causes flow towards the permeable breakwater and causes
an increase in the turbulence intensity in the seepage area. As the waves propagate over
the submerged breakwater, the turbulent kinetic energy induced decays continuously, and
when the wave crest propagates from the front of the breakwater (t = 31.35 s) to the middle
of the breakwater top (t = 32.85 s), the turbulent kinetic energy intensity decreases from
0.005 m2/s2 to 0.0027 m2/s2, an attenuation of 46%. The attenuation of turbulent energy is
mainly due to the water seeping into and out of the submerged breakwater as the wave
propagates over the breakwater, resulting in a decrease in wave height, an attenuation of
flow velocity, and a rapid decrease in turbulent energy.
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Figure 14 shows the turbulent energy distribution near the impermeable breakwater
in one cycle. Unlike the permeable breakwater, the turbulent energy intensity at the top of
the impermeable breakwater at the junction with the water column is very low, so the wave
attenuation is smaller on the impermeable breakwater. Due to the obvious vortex formed
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at the front and back toe of the submerged breakwater, the turbulent energy intensity at
the water bottom in front of the submerged breakwater and the water surface after the
submerged breakwater is larger.
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5.3. Further Discussion

The larger porosity of the permeable submerged breakwater means that more water
enters the submerged breakwater, and the wave dissipation of the submerged breakwater
is larger, but if we assume that the porosity is 1, this means that no submerged breakwater
exists, and there is no wave dissipation; the wave dissipation will shift at a certain value of
the porosity. Hieu and Tanimoto [47] pointed out that when the flow friction of the porous
medium reaches the maximum, the wave energy dissipation also reaches the maximum.
Zhang et al. [48] also analyzed the propagation process of isolated waves in a permeable
submerged breakwater and pointed out that the maximum wave dissipation may occur in
the submerged breakwater when the porosity is 0.6. For the wider permeable submerged
breakwater proposed in this paper (with a width greater than 1 wavelength), there will
also be an optimal porosity size. The wave height attenuation under different porosities
was studied by a numerical model; the simulation conditions were consistent with Case 14
(T = 1.5 s, H = 4 cm, D1 = 30 cm), the size of the submerged breakwater was unchanged,
the median particle size of the porous media was 5cm, and the porosity increased from
0.1 to 0.6. The submerged breakwater was located at the position of 10 m~14 m in the
numerical flume, and the wave height attenuation on the submerged breakwater with
different porosities is shown in Figure 15.

According to the experimental results in Figures 3 and 4, when the wave is unbroken,
the wave height on the impermeable submerged breakwater increases slightly, while the
wave height before and after the submerged breakwater is basically unchanged, so the
transmission coefficients of the wave on the permeable submerged breakwater were mainly
analyzed. As shown in the figure, the wave height attenuation rate and porosity are not
simple linear relationships; with the increase in porosity, the wave height attenuation
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rate shows a trend of first increasing and then decreasing. The porosity increased from
0.1 to 0.2, and the attenuation rate of wave height increased by 0.08, but as the porosity
increased further to 0.6, the attenuation rate of wave height decreased by 0.28. The best
wave dissipation can be achieved when the porosity of the permeable breakwater is around
0.2. Similar conclusions were also obtained in the study of Wu and Hsiao [6] where
the transmission coefficient of the submerged breakwater increases and the dissipation
coefficient decreases when the porosity is greater than 0.5.
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Figure 16 shows the distribution of turbulent energy near the permeable breakwater
under different porosities. The turbulent energy is mainly distributed at the top of the
wave-facing side of the breakwater, and the turbulent kinetic energy in the permeable
breakwater gradually decreases with the increase of porosity, which leads to the weakening
of the wave attenuation at porosity greater than 0.2.
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The wave dissipation effect can be improved by increasing the height of the submerged
breakwater (Zhang et al. [48]), but higher submerged breakwaters have a large impact
on both coastal hydrodynamics and water quality; therefore, increasing the width of the
submerged breakwater rather than the height is used to achieve a better wave dissipation
effect. In order to analyze the effect of the width of the permeable submerged breakwater on
the transmission coefficient, the wave conditions of Case 14 (T = 1.5 s, H = 4 cm, D1 = 30 cm)
were simulated, keeping the porosity of the permeable submerged breakwater at 0.32 and
the particle size of the porous medium at a 5 cm constant. The wave height attenuation on
each submerged breakwater is shown in Figure 17, which shows that as the width of the
permeable submerged breakwater increases, the wave height attenuation increases, and the
transmission coefficient decreases. The effect of the width of the submerged breakwater on
its wave dissipation capacity is predictable; when the width of the submerged breakwater
becomes longer, the wave dissipation effect becomes stronger, resulting in greater wave
attenuation.
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The above results also confirm the conclusions of the isolated wave propagation study
by Wu and Hsiao [6] on a permeable submerged breakwater. The influence of the width of
the submerged permeable breakwater is much more significant because as the width of the
breakwater increases, the speed of the waves decreases due to more wave energy being
dissipated within the porous structure, and the energy transmission coefficient decreases.

6. Conclusions

This paper studies the nonlinear evolution and dissipation of non-breaking regular
waves over a wide permeable submerged breakwater using a series of physical experiments
and a validated olaFoam model. The main conclusions from this study can be drawn as
follows:

(1) Regular waves undergo significant nonlinear transformation over a wide imperme-
able submerged breakwater. The permeable submerged breakwater can effectively
suppress the generation of harmonics and reduce their amplitudes when waves travel
onto and along the breakwater.

(2) The water depth at the top of the breakwater plays a key role in affecting the wave
transmission coefficient. When the wavelength is close to or larger than the width
of the top of the submerged breakwater, the wave transmission coefficient increases
with the increase in relative wave height, whereas wave conditions with shallower
water depth can achieve lower transmission coefficients under similar relative wave
height conditions.

(3) A large amount of turbulent kinetic energy is observed at the interface between the
permeable submerged breakwater and the water body, which helps to dissipate wave
energy. It is discovered that wave dissipation coefficients do not always increase
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with increasing porosity. When the porosity exceeds a certain value, the dissipation
coefficients decrease with increasing porosity, and the transmission coefficients of
the submerged breakwater increase instead. For the wide permeable submerged
breakwater considered in this paper, the wave dissipation capacity is greatest when
the porosity is between 0.2 and 0.3. Better wave attenuation is achieved when the
permeable submerged breakwater has a certain porosity and a large width.

(4) olaFoam reasonably reproduces the measurements after carefully tuning the parame-
ters and could provide more details of the flow field.

Future experimental and numerical investigations will be carried out for irregular
waves. Wave breaking over the permeable breakwater is also intended to be considered,
which complicates the hydrodynamics and deserves in-depth study.
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