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Abstract

The present work is to evaluate the performance of the RANS turbulence models for simulating regular wave
propagation over a submerged breakwater using the open-source Computational Fluid Dynamics (CFD) soft-
ware OpenFOAM. The present numerical results of four turbulence models (k − ε model, k − ω SST model,
buoyancy-modified k − ω SST model, and stabilized k − ω SST model) are compared with published experi-
mental data for free surface elevations and velocities at gauges. Moreover, the results of the turbulent kinetic
energy (TKE) are compared and assessed between the turbulence models. Results show that the buoyancy-
modified k−ω SST model and the stabilized k−ω SST model predictions agree very well with the experimental
data, although the turbulence kinetic energy is still significant differences between the two models. Therefore,
these two models should be used in the future for simulating the interaction between waves and submerged
breakwaters.
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1. Introduction

Submerged breakwater is an effective solution for beach protection or restoring beaches. The
wave-structure interaction processes change the parameters of the wave and those are very complex.
Understanding the parameters of the wave field around the submerged breakwater is essential for the
design of the structure. The research method of physical models using wave flume has been applied
by many authors [1–7]. The main results often are empirical formulas, the most common of which are
the wave transmission coefficient formulas. The experiment’s research is often not very informative
about hydrodynamic characteristics and wave fields around the submerged breakwater.

In recent years, with the development of computers and software, Computational Fluid Dynamics
(CFD) has become an effective tool to supplement and partially replace experimental research. Many
numerical models have been developed to simulate wave-submerged structure interactions by the
research of the authors such as Shen et al. [8], Peng and Zou ([9], Rahman [10], Kamath et al. [11],
Liang et al. [12], Ning et al. [2], Liu et al. [4], Li and Zhang [13], Srineash et al. [14], Abdullah et al.
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[15], Xu et al. [16], Kamath et al. [6]. The Reynold-Averaged Navier-Stokes (RANS) equations model
can simulate well nonlinear waves and flow fields around the structure.

The turbulence models are used in the numerical models to more accurately simulate wave-
submerged structure interactions, most commonly two-equation RANS turbulence models, e.g. k − ε
model [8], k − ω model [11], k − ω SST model [13]. These standard turbulence models have been
demonstrated to be unconditionally unstable, and the turbulent kinetic energy (TKE) is predicted
large to be excessive and might cause a significant decrease in wave height over the length of the nu-
merical wave flume. Recently, several authors have proposed modified turbulence models to solve this
problem. Devolder et al. [17, 18] proposed buoyancy-modified turbulence models that use a buoyancy
term added to the TKE equation. Larsen and Fuhrman [19] proposed stabilized-modified turbulence
models that use the addition of stress-limiting modification. OpenFOAM is an open-source software
popular among researchers and industry, across many areas of offshore, and coastal [13, 17–19]. The
library waves2foam is a plug-in toolbox to OpenFOAM [20]. Waves2foam is used to generate and
absorb free surface water waves with the possibility of modeling the interaction between free surface
waves and a permeable medium such as breakwaters and scour protection [19, 21–23].

Previous studies have shown that using different turbulence models will greatly affect the results in
numerical models, especially for nonlinear wave problems such as breaking waves or wave-structures
interaction [23, 24]. The interaction between waves and submerged breakwaters changes the parame-
ters of the wave and those are very complex. Therefore, it is necessary to evaluate the performance of
different turbulence models on wave propagation over a submerged breakwater.

In this paper, we present a study to evaluate the performance of the RANS turbulence models
for simulating wave propagation over a submerged breakwater. The study uses open-source software
OpenFOAM with the toolbox waves2foam [20]. The two-dimensional numerical simulation cases
with four turbulence models (k − ε model, k − ω SST model, buoyancy-modified k − ω SST model,
and stabilized k − ω SST model). The paper is organized as follows. First is the introduction section.
In Section 2, the governing equations for the numerical model are presented. Section 3 includes a
description of the computational domain and the convergency studies of the numerical model. Subse-
quently, the present numerical results are compared with published experimental data and discussed
in detail in Section 4. Finally, the main conclusions are drawn in Section 5.

2. Numerical method

2.1. Governing equations

The numerical model uses the incompressible RANS equations:
Mass conservation equation:
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= 0 (1)
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y-component of momentum equation:
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where u, v, w are the Cartesian components of the fluid velocity, ρ is the fluid density, p is the
pressure, gx, gy, gz is the gravitational acceleration in x, y, z direction, µ is the kinematic viscosity.

The Reynolds stress tensor σ̄t is defined as:

σ̄t = −ρ


u′u′ v′u′ w′u′

u′v′ v′v′ w′v′

u′w′ v′w′ w′w′

 (5)

2.2. Turbulence modeling

a. The k − ε model

Turbulent kinetic energy k equation:
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Turbulent kinetic energy dissipation rate ε equation:

∂ε

∂t
+ u j

∂ε

∂x j
=

∂

∂x j

[(
νt

σε
+ ν

)
∂ε

∂x j

]
+ C1ε

ε

k
νt

(
∂ui

∂x j
+
∂u j

∂xi

)
∂ui

∂x j
−C2ε

ε

k
(7)

where νt is the turbulent kinematic viscosity, the constants for this model are: σk = 1.0, σε = 1.3, C1ε
= 1.44, C2ε = 1.92.

b. The k − ω SST model

In the k − ω SST model, the turbulence kinetic energy k and the turbulence specific dissipation
rate ω are solved using two additional transport equations defined as:
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where Pk is the production term of k, vt is the turbulent kinematic viscosity.
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Pk = min
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The constants of αk, αω, α and β are blended using the equation:

ϕ = F1ϕ1 + (1 − F1)ϕ2 (11)

The constants for this model are: β∗ = 0.09, α1 = 5/9, β1 = 0.075, σk1 = 0.85, σω1 = 0.5, α2 = 0.44,
β2 = 0.0828, σk2 = 1, σω2 = 0.856.

c. The buoyancy-modified k − ω SST model

The buoyancy-modified k − ω SST model was proposed by Devolder et al. [17, 18]. The density
ρ is included in two equations of the standard k −ω SST model and the buoyancy term Gb is added to
the TKE equation.
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where the buoyancy term Gb is treated implicitly, the scalar σt = 0.85.

d. The stabilized k − ω SST model

The stabilized k − ω SST model was proposed by Larsen and Fuhrman [19]. The buoyancy term
Gb is added to the TKE equation and stress-limiting modifications to the standard k − ω SST model.
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where λ2 is an additional stress limiter coefficient, and the default value is 0.05.

2.3. Free surface capture

The interface between the water and the air is tracked using the volume of fluid (VOF) method
[25]. The method is based on a volume fraction coefficient α, which is 0 for air and 1 for water. The
volume fraction is solved by an advection equation:

∂α

∂t
+
∂ (αui)
∂xi

+
∂ [α (1 − α) uir]

∂xi
= 0 (18)
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where uir is the relative velocity between the water phase and the air phase.
The density and kinematic viscosity at the interface is obtained by a weighted value based on the

volume fraction coefficient.
ρ = αρw + (1 − α) ρa

ν = ανw + (1 − α) νa
(19)

where ρw and ρa are the densities of water and air, νwand νa are the kinematic viscosity coefficients
of water and air.

2.4. Relaxation method

The wave relaxation zone technique was presented by Jacobsen et al. [20] in the waves2foam
toolbox. Relaxation zones are implemented to avoid wave reflection at the inlet and outlet boundaries.
The relaxation function is in the following way:

ϕ = γRϕcomputed + (1 − γR)ϕtarget (20)

where ϕ is either velocity ui or volume fraction α, γR is the weighting factor defined as:

γR (χR) = 1 −
exp

(
χ3.5

R

)
− 1

exp (1) − 1
f or χR ∈ [0, 1] (21)

3. Numerical implementation

3.1. Computational domain

Figure 1. The dimensions of the numerical wave tank, units (m)

The numerical model setup is accorded to the setup from the physical experiment conducted by
Liu et al. [4]. The dimensions of the numerical wave tank (NWT) are shown in Fig. 1. The length of
NWT is reduced compared to those of the physical wave flume to decrease the computational domain.
The water depth of the NWT is 0.6 m. A regular wave test case is selected from experimental data
with a wave height of 0.1 m and a wave period of 2.2 s, and 2nd order Stokes theory is used for all the
simulation cases presented. A relaxation zone of approximately one wavelength, L, is applied at the
inlet and outlet boundary. Six wave gauges (W1-6) and three velocity gauges (V1-3) are placed at the
same locations as the experimental, as shown in Fig. 2.
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Figure 2. Locations of gauges, units (m)

3.2. Boundary conditions

The types of boundary conditions for this simulation are given in Fig. 1: inlet on the left, outlet on
the right, and atmosphere on the top. The bottom and the structure’s surface are modeled as smooth
solid walls. The no-slip condition for velocity and zero gradient condition for pressure is employed
in the front, back, bottom, and structure’s surface boundaries. The velocity is specified based on the
2nd order Stokes wave theory at the inlet boundary. At the outlet boundary, both the water and air
velocities are set to zero. At the atmosphere boundary, the pressureInletOutletVelocity is applied to
the velocity.

3.3. Convergence study

This study performs spatial and temporal convergence studies for the numerical wave tank without
structure. All the present simulations are performed for 50 seconds. The free surface elevations at the
six probes are used as metrics in the convergence studies.

For the spatial convergence study, the grid size in the free surface region is refined, as shown in
Fig. 3. The vertical cell size is normalized by the wave height, and the horizontal cell size ensures
an aspect ratio of 1. In this study, three size options are chosen: 5, 10, and 20 cells per wave height
(CPH) [26].

Figure 3. The mesh around the free surface

For the temporal convergence study, the time step is varied by controlling the maximum Courant
number (Comax). In this study, three Comax are used: 0.25, 0.50, and 1.00. Thus, different meshes and
Comax cases are shown in Table 1.
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Table 1. Parameters of convergence study cases

Cases Mesh 1 Mesh 2 Mesh 3

Minimum vertical cell size ∆z (m) 0.020 0.010 0.005
CPH 5 10 20

Number of Cells 97852 190350 519075
Comax 0.5 0.25/0.5/1.0 0.5

Simulation results corresponding to three mesh sizes with Comax of 0.5 are shown in Fig. 4. Free
surface elevations at six gauges (W1-W6) are shown as full-time simulations and magnified views.
The results show good agreement with comparing three mesh sizes, only differences can be observed
in the magnified view versions. The relative errors of peak free surface elevations (averaged over the
last ten wave periods of simulation) are shown in Fig. 6(a), where, ε12 is the relative error between
Mesh 1 and Mesh 2, ε23 is the relative error between Mesh 2 and Mesh 3. The results show that the
mesh size option of 10CPH is sufficient for accuracy for spatial convergence.

Figure 4. Free surface elevations at wave gauges with three mesh cases
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Figure 5. Free surface elevations at wave gauges with three Courant number

(a) Spatial convergence study (b) Temporal convergence study

Figure 6. The relative error between the results of the convergence study cases

Similarly, the results corresponding to three Comax cases with Mesh 2 option are shown in Fig. 5.
The relative errors of peak free surface elevations are shown in Fig. 6(b), where, ε12 is the relative
error between Comax = 1.0 and Comax = 0.5, ε23 is the relative error between Comax = 0.5 and Comax
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= 0.25. The results show only small differences with Comax = 1.0 case, and good agreement between
the other two maximum Courant number cases. Thus, Comax = 0.5 case is sufficient for accuracy for
temporal convergence.

Therefore, the mesh size option of 10CPH and an aspect ratio of 1 (in the free surface region)
with a maximum Courant number of 0.5 is chosen and will be used in subsequent simulations.

4. Results and discussion

In this study, four simulations corresponding to four turbulence models are conducted. The nu-
merical results of free surface elevations and velocities at gauges are compared with experimental
data from Liu et al. [4]. Moreover, the results of the turbulent kinetic energy (TKE) are compared and
assessed between the turbulence models. All the present simulations are performed for 50 seconds.
The simulation time is chosen to ensure that the waves in the NWT fully develop and become stable,
and the results after that point have a sufficiently long time interval corresponding to the experimental
data, for free surface elevations of 10 seconds and the horizontal velocity of 5 wave periods.

Figure 7. Free surface elevations at wave gauges with four turbulence models
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The root means square error (RMSE) for free surface elevations and horizontal velocities is used
to compare the performance of the various turbulence models.

RMS E =

√√√√ n∑
i=1

(
Xnum − Xexp

)2

n
(22)

where n is the number of data, Xnum is the numerical model results, and Xexp is the experimental value.

4.1. Free surface elevation

Fig. 7 presents the comparison of free surface elevations at six wave gauges (W1-W6) between
four numerical simulations corresponding to four turbulence models. The results are shown as full-
time simulations and magnified views.

It is seen that good agreement between all numerical models at the two first probe locations
(Fig. 7(a) and (b)), at the remaining four probe locations, shows the significant discrepancy between
the k − ε model and the other three turbulence models (Fig. 7(c), (d), (e) and (f)).

Figure 8. Comparison of free surface elevation between numerical models and experimental data
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Fig. 8 shows the numerical results and the corresponding experimental data in ten seconds at six
wave gauges. Note, for experimental data, t = 0 s is defined as after the wave has fully developed
and becomes stable, for present numerical models, results obtained in ten seconds near the end of the
simulation time are used for comparison.

Prediction of all the numerical models shows good agreement in the free surface compared to
experimental data at two wave probes in front of the submerged breakwater. However, the k− ε model
predicted was poorly accurate at four other wave probes, especially the last two (Fig. 8(e) and (f)).
Three other turbulent models generally show reasonably well with experimental data. The k − ω SST
model predicted a significantly different secondary wave at the fifth wave gauge (W5).

Figure 9. RMSE of peak free surface elevations with four turbulence models

Fig. 9 shows RMSE results of peak free surface elevations at six gauges. The buoyancy-modified
k −ω SST and the stabilized k −ω SST models are almost the same at all wave gauges and agree best
with the experimental data.

4.2. Velocity

Fig. 10 and Fig. 11 compare horizontal and vertical velocities at three gauges (V1-V3) between
four turbulence models. The results are shown as full-time simulations and magnified views. The
results show that, similar to the free surface elevation, the k − ε model has a significant discrepancy
compared to the three other turbulence models.

Figure 10. Time series of horizontal velocities with four turbulence models
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Figure 11. Time series of vertical velocities with four turbulence models

Fig. 12 presents the comparison of horizontal velocities between numerical models and experi-
mental data in five wave periods, where t/T is the normalized time.

Figure 12. Comparison of horizontal velocities between numerical models and experimental data

Figure 13. RMSE of peak horizontal velocities with four turbulence models
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Fig. 13 shows RMSE results of peak horizontal velocities at three gauges. It is seen that the three
turbulence models (k − ω SST, buoyancy-modified k − ω SST and stabilized k − ω SST) agree well
with the experimental data at all probes.

4.3. Turbulent behavior

The turbulent behavior of turbulence models is judged through TKE k analysis. Fig. 14 shows the
contour plot of the TKE of the four turbulence models. It is seen that the k − ε model predicted the
TKE largest, followed by the k − ω SST model and buoyancy-modified k − ω SST, and the stabilized
k − ω SST model predicted the TKE smallest.

Figure 14. Snapshots of the turbulent kinetic energy k (m2/s2) with four turbulence models

As can be seen, the k − ω SST model and the buoyancy-modified k − ω SST model give almost
the same results in the wave propagating zone in front of the structure. For the k − ω SST model, the
TKE is pretty large in the above and behind the dike, which does not affect the prediction results of
the prime wave much but significantly affects the prediction results of the secondary wave. This is
improved when using the buoyancy-modified k − ω SST or the stabilized k − ω SST model. There is
a significant difference in TKE prediction between the buoyancy-modified k − ω SST model and the
stabilized k−ω SST model, but it does not affect the results of free surface elevations and the velocity
results at gauges, the results are almost the same between the two turbulence models.

Numerical models give results consistent with previous studies. The standard turbulent models
(k − ε, k − ω SST) are demonstrated which results in the exponential growth of the TKE and eddy
viscosity [19]. The modified turbulent models (buoyancy-modified k − ω SST, stabilized k − ω SST)
significantly reduce the TKE [17–19].

The turbulent kinetic energy is a component of total kinetic energy that will be diffused and dis-
sipated by viscous forces during wave propagation. Therefore, the larger the turbulent kinetic energy,
the faster the total kinetic energy decreases, leading to the corresponding decrease in potential energy.
As a result, the free surface elevations also decrease [23]. For the k − ε model, the TKE phenomenon
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large to excessive is the cause of wave height decline as discussed in free surface elevations. Conse-
quently, there was no wave breaking as observed in the three other numerical models.

5. Conclusions

In this paper, we analyzed four RANS turbulence models that predicted waves through submerged
breakwater using open-source CFD software OpenFOAM with the toolbox waves2foam. In the present
study, the results of numerical models are compared to published experimental data, from this, the
main conclusions are drawn as follows:

(i) The k−εmodel over-predicts turbulent kinetic energy leading to wave height attenuation during
wave propagation through the submerged breakwater.

(ii) The k − ω SST model predicts free surface elevations and velocities pretty well, although the
turbulent kinetic energy is still quite large, especially at the fluid field behind the dike, the significant
error is the result of the prediction of the secondary wave.

(iii) The buoyancy-modified k − ω SST model and the stabilized k − ω SST model predict free
surface elevations and velocities almost the same and agree well with the experimental data, although
the turbulence kinetic energy is still significant differences between the two models.

Thus, open-source CFD software OpenFOAM/waves2foam with turbulent models, i.e. the buoyancy-
modified k − ω SST and stabilized k − ω SST models, can be applied to simulate the interaction of
waves and submerged breakwaters.
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