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In the present work, the OpenFOAM® newly developed wave generation and active absorption boundary
condition presented in the companion paper (Higuera et al., submitted for publication) is validated. In
order to do so the simulation of some of the most interesting physical processes in coastal engineering is car-
ried out and comparisons with relevant experimental benchmark cases presented. Water waves are found to
be generated realistically and agreement between laboratory and numerical data is very high regarding wave
breaking, run up and undertow currents.
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1. Introduction

The main purpose of the present work is to validate OpenFOAM®
as a tool to simulate a great number of relevant physical processes in
coastal engineering. This is the second part of a paper in which wave
generation and active absorption in a three-dimensional scenario
were introduced as a first step to generalize the use of OpenFOAM®
to the coastal engineering field (Higuera et al., 2013-this issue). The re-
sults shown could have not been reproduced to the presented degree of
accuracy without such developments. In order to validate the model,
several well-known experiments are replicated and in some cases fur-
ther analysis is obtained from the numerical results. The simulated pro-
cesses include wave breaking, the interaction of a long wave with a
transient wave group, the rip current development in a 3D beach,
wave induced run up or the effect of bottom friction.

The use of Reynolds–Averaged Navier Stokes (RANS) equations to
model coastal engineering processes is growing in importance. One of
their greatest features is the capability to obtain three dimensional
pressure and velocity profiles, which allow for a more realistic treat-
ment of all the dynamics, being capable of accurately simulating
wave conditions along the whole spectrum of relative water depth.
Their continuous Eulerian approach makes it easier to track magni-
tudes in any point of the mesh. SPH models (Dalrymple et al., 2010;
Shao, 2006), which follow a Lagrangian approach, have to address
the inherent discontinuity between individual particles. Although
the results are very promising, the models are still in an early stage
rights reserved.
of validation for real applications. Additionally, the RANS equations
are solved without further assumptions, which is an advantage in
comparison with Boussinesq models or other wave theories, for
which wave breaking process must be triggered artificially (Liu and
Losada, 2002). The principal drawback of RANS approach is that it is
highly computationally demanding.

The practical applications of RANS are huge. Some of them were
introduced in the first part of this paper (Higuera et al., 2013-this
issue), from which Lubin et al. (2003), Li et al. (2004), Wang et al.
(2009) or Lara et al. (2012) and del Jesus et al. (2012) are remarked.

Several turbulence models have been considered in the present
work. The κ−� model has been initially considered as it is a widely
used model. It has proven to be quite accurate to simulate shear
flows in the free flow region. However, its performance appears to
be poor near the walls, within the boundary layer region. Therefore,
the κ−ω SST model has also been considered to account for such lim-
itation. κ−ω SST had never been used for wave–structure interaction
problems until del Jesus et al. (2012). This model was introduced by
Menter (1994), and takes the best from κ−� and κ−ω. This combi-
nation makes use of the first one in the free flow region and the sec-
ond one in the boundary layer region. Each of them performs well in
their application zone, and in between a linear combination of both
models is considered.

This paper is structured as follows. After this introductory part, the
validation cases are presented. First the three-dimensional free sur-
face and pressure induced by a solitary wave interacting with an im-
pervious obstacle on a wave flume are numerically simulated. Once
the model performance to simulate accurate pressure profiles has
been proven the next step to consider is wave breaking. In a first
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approach, the modelling of long waves induced by the breaking of a
transient wave group on a beach is presented to simultaneously test
the accuracy of second order generation and wave breaking in 2D.
However, wave breaking is a 3D process, therefore the performance
for wave breaking is further analysed in a full 3D case, to check the
generation of three-dimensional patterns from an initially 2D wave.
After that, the evolution of general currents on a barred beach is
modelled. Wave breaking in this case occurs at different points and
suffers from wave–current interaction. The generation and magnitude
of the rip current are studied in detail. Last, but not least, a case to
estimate wave run-up of a solitary wave in a circular island is shown.
Taking advantage of RANS capabilities, additional results of wave-
induced shear stress at the bottom are obtained. Finally, some conclu-
sions are remarked.

2. Validation for coastal engineering applications

The interest of the present paper is to present the practical appli-
cation of OpenFOAM® to simulate coastal engineering processes.
OpenFOAM® features a three-dimensional, two-phase RANS solver
called “interFoam”, which was presented in detail in Higuera et al.
(2013-this issue). The dynamics is solved for both water and air in
all the cases presented in this paper, which is an advantage, as it is
a more complete approach. Some comparisons are made with
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previous simulations which involved one-phase solvers, of water
and void. Water is simulated with density ρ=1000 kg/m3 and kine-
matic viscosity ν=10−6 Pa/s, while air has density ρ=1 kg/m3 and
kinematic viscosity ν=1.48 10−6 Pa/s.

Each of the cases is structured as follows. A brief introduction pre-
senting the importance of the physical processes analysed is given
first. Then the laboratory experiments are described. Next, the nu-
merical set up is described, including information about the mesh,
the waves and the numerical sampling instruments. Finally, the nu-
merical results are presented and compared with the existing labora-
tory data.
3. 3D dynamic pressure induced by a solitary wave on a ver-
tical structure

One of the main variables which has to be correctly replicated by a
numerical model in order to obtain relevant results for coastal engi-
neering purposes is pressure. Stability of coastal structures is derived
from the pressure laws which reach their maximum values when
water collapses onto them, so in order to assist the design of such
elements (specially non standard ones) the RANS models can be of
great use. In this case a solitary wave, initially 2D interacts with a
structure, generating 3D free surface evolution and pressure fields.
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Fig. 2. Comparison of the numerical and experimental free surface elevation (part I).
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3.1. Description of the physical experiments

The physical experiments are presented in Lara et al. (2012). They
were performed in the University of Cantabria wave flume, which is
20.62 m long, 0.58 m wide and 0.8 m high. Waves were generated
by a piston-type wave maker.

Inside the flume, an impervious rectangular column made of meth-
acrylate was placed. Dimensions were 30 cm in the cross-flume direc-
tion and 24 cm in the long-flume direction (Fig. 1). Some of the walls
were drilled to accommodate pressure gauges. The closest face to the
wave paddle was located 10.84 m away from the wavemaker mean
position.

Eight pressure gauges were placed to measure the pressure
exerted by the waves in the faces of the obstacle, with a sampling
rate of 360 Hz. Their location is shown in Fig. 1. A total of 12 free sur-
face resistive gauges were placed along the flume, as it can be seen in
Fig. 1, with a non symmetric distribution because even though the
test is carried out in a wave flume, it is not 2D. More gauges are placed
downstream the structure, as the most relevant eddies travel that
way. The sampling rate for the free surface gauges is also 360 Hz.

Several cases were tested, and efforts were done to prove the re-
peatability of the experiments. Still water depth varied from 0.25 m
to 0.45 m depending on the case. Solitary waves and regular wave
trains were tested. The solitary waves ranged from 5 to 14 cm in
height, while regular cases considered 4 and 6 cm for four different
wave periods (0.5, 1, 2 and 4 s).

3.2. Description of the numerical experiments

The complete flume (20.62×0.58×0.8) is replicated in 3D. The ob-
stacle is removed from the initial geometry prior to meshing. The
longest length of the flume corresponds to the X axis, and it is meshed
varying the cell discretization, which allows for better resolution in
critical zones as near the obstacle, while providing adequate resolu-
tion for other zones where dynamics are less restrictive. Resolution
in the X direction starts with 3 cm from both ends (the wavemaker
and the end of the flume), growing towards 1 cm near the structure.
This 1 cm discretization is kept constant from 2 m away from the
obstacle. The other horizontal and vertical directions feature a con-
stant discretization of 1 cm. This disposition totals 5.5 million cells,
with cell aspect ratio (H:V, X:Z) varying between 3 and 1. Turbulence
is modelled using κ−ω SST, since flow separation from the walls is
clearly visible in the experiments.

The case with the highest solitary wave height (14 cm) is selected
for numerical simulation because higher turbulent levelswere expected
to be induced in the vicinity of the structure. The solitary wave is
generated using the newly developed boundary condition (Higuera et
al., 2013-this issue), using Boussinesq theory and without active ab-
sorption. This matches the laboratory set up, in which the paddle acts
as a reflecting boundary. Data is acquired in the model at 20 Hz.

A series of 15 s is simulated, which includes the first impact of the
wave with the structure, but also the first reflection that reaches the
obstacle again, generating two vortices each time. Simulation time
is approximately 2 days using 8 cores (2.93 GHz). Mesh decomposi-
tion is handled by the scotch method, 1 which is very convenient be-
cause it is automatic.

3.3. Results

The results for the free surface gauges are shown in Figs. 2 and 3.
The pressure gauges are presented in Fig. 4. The continuous line rep-
resents the laboratory measurements, while the dash–dot line shows
OpenFOAM® results.
1 http://www.labri.fr/perso/pelegrin/scotch/.
Regarding free surface, the solitary wave initially propagates in 2D
along the flume, until it reaches the structure. From that moment, the
gauges placed in the same x coordinate start to show a 3D behaviour
(e.g. gauges 1–2, 3–4, 6–7, 8–9 and 11–12). In gauges 1 and 2 the
shape of the solitary wave is highly influenced by the reflection of
the impervious structure, and therefore the profile is distorted, with
a small overestimation of the numerical reflection. Gauge number 7
shows the worse agreement between both series, because of the loca-
tion of the sensor, right in the place where big eddies are generated
when the wave passes, as shown in Fig. 5. The process is so violent
that the free surface is close to breaking, hence influencing the result
of this gauge and despite the fact that the free surface is not accurate-
ly captured at every time step, the general trend in the movement is
adequate. Between the first solitary wave arrival and the second
one, which corresponds to the reflection of the initial wave at the
end wall of the flume, all the numerical gauges show a correct
behaviour, representing small oscillations caused by reflections and
the eddies. In spite of the initial good results, there is a general
disagreement between both series, systematic to all the gauges, and
this is that the reflected numerical solitary wave reaches the gauges
earlier than what it is observed in the experiments. Also the reflected
numerical wave presents higher height for gauges from 4 to 12. A
number of causes can originate the first effect. Some feasible causes
are the change in celerity due to the higher wave amplitude, errors
measuring the wave flume or even the discretization near the
reflecting wall. The second effect is somehow less clear, nevertheless,
it is very small, on the order of 1 cm.

Fig. 5 shows the evolution of the free surface as the solitary wave
passes for the first time around the impervious structure. The first
large eddies appear due to high gradients in free surface level be-
tween the seaward and the leeward parts of the obstacle. As the
wave propagates, the eddies detach from the corners and travel in

http://www.labri.fr/perso/pelegrin/scotch/
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Fig. 4. Comparison of the numerical and experimental gauge pressure.

Fig. 5. Free surface evolution when the solitary wave interacts with the impervious
obstacle.
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Fig. 3. Comparison of the numerical and experimental free surface elevation (part II).
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the same direction. This causes an increase in water level in the vicin-
ity of the eddies, which is finally dissipated radiating in all directions.
A trapped air pocket can be seen at 6.90 s. The numerical simulation
has shown that the air trapped by the vortices reaches the bottom,
confirming visual observations.

In Fig. 6 the dynamic pressure (excess in pressure respect to the
hydrostatic) is presented for the same instants as shown in Fig. 5.
For each instant, the top panels show the pressure at the faces of
the structure, as shown in Fig. 1. The bottom panel is a 3D view of
the obstacle from the leeward side, which also includes bottom pres-
sure. Free surface is also represented, as a white line. Positive pres-
sure comes into sight as the wave gets closer, and negative ones
appear when it flows away.

The evolution in time shows the generation of the vortices, which
affect the whole structure from the free surface to the bottom, lower-
ing pressure. It is remarkable that the seaward vortex attaches to the
transverse face of the structure, which leads to its dissipation prior to
the leeward one. The leeward vortex is generated by the second cor-
ner of the structure, and rapidly detaches from the face (t=6.40 s).
From that time it can be seen at the bottom as a circular large drop
in pressure, which is still moving away from the structure at the last
time presented (t=7.65 s).

4. Transient wave group

Wave breaking process is one of the most difficult to replicate nu-
merically, as it is a three-dimensional, turbulent and fully non-linear
mechanism, highly dependent on the initial wave conditions. Prior
to studying a full 3D case, the model accuracy is checked for a mere
2D simulation, with some peculiarities: second order wave genera-
tion and precise water depth setting are considered, as accuracy of
the waves and of the water level is of special interest to study

image of Fig.�3
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correctly the processes of the surf-zone. The specific implementation
of such model capabilities is presented in the companion paper
(Higuera et al., 2013-this issue). In this case the cross shore prop-
agation of an infragravity wave induced by a transient focused
short wave group over a sloping bottom is studied.

4.1. Description of the physical experiments

The physical experiments, along with a 2DV numerical replication
are presented in Lara et al. (2011) and were also carried out in Uni-
versity of Cantabria wave flume, which has already been introduced
in the previous case. The wavemaker movement was controlled
using second order theory which is explained in detail in the compan-
ion paper. The still water level was kept constant at 0.4 m.

The bathymetry resembled a steep beach profile in two parts, with
a central horizontal section and was entirely built of plexiglass. The
geometry along with the free surface gauges location is presented in
Fig. 7.

Thirteen resistance wire gauges were placed within the flume,
mounted on a carriage, to measure free surface elevation. The first
three gauges, positioned between the wave paddle and the beginning
of the slope, were used as control gauges. The rest of them were
placed over the built bathymetry, to capture shoaling and breaking
processes. Data was acquired at 60 Hz to provide a high temporal
resolution.

Several cases were generated, defined by N=50 individual wave
components of equal amplitude, and uniformly spaced over a speci-
fied band of the frequency domain in order to obtain a “top-hat” spec-
tral shape. The control variables were defined as follows: component
wave height Hi ¼ H

N, where H is the total wave height; f1 is the mini-
mum frequency component, and fN is the maximum one, in between
them fi varies linearly; the frequency bandwidth is Δf= fN− f1. A
number of combinations were considered, refer to Lara et al. (2011)
for further details.

4.2. Description of the numerical experiments

The wave flume is replicated in 2D. The base for the mesh spans for
thewhole 20.62 m in length, and 0.7 m in height. Vertical cell resolution
is constant, and equal to 0.5 cm. Horizontal resolution varies from cell
size equal to 1.5 cm in the generation boundary up to 0.5 cm on top of
the slopes, where more resolution is needed. Then the basic mesh is
intersected with the bathymetry surface (using “snappyHexMesh”),
and the resultant cells are subdivided twice to create a high density in
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resolution, allowing better simulation of rush up and backwash in the
swash zone and a well defined boundary layer. The resultant mesh is
completely smooth, which is a clear advance of OpenFOAM® with
respect to the castellated approach used in Lara et al. (2011), as it also
permits easier and more physical inundation in the swash zone. The
final mesh has 250,000 cells, which can easily be run subdivided into 4
processors. Mesh decomposition is handled by the scotch method.

A case which was not included in the original paper (Lara et al.,
2011) was chosen to be reproduced numerically. The characteristics
of the wave group are: f1=0.42 Hz, fN=0.77 Hz, H=0.08 m, and
Iribarren number Ir=0.40, which is defined as

αffiffiffiffi
H
L0

q

where α=1:20 and L0 ¼ gT2

2π is the wave length component in deep
water. The wave focusing was calculated to occur in the constant
depth bottom between the slopes, for 100 s. The generation proce-
dure is the one explained in the part I of this paper (Higuera et al.,
2013-this issue). All the wave components have been obtained
and constitute the input. First order wave generation is the sum-
mation of the individual components using linear theory for each
one. The second order interaction is considered and handled inter-
nally by the boundary condition following Longuet-Higgins and
Stewart (1960).

OpenFOAM®'s “interFoam” solver is a two phase model, hence
this simulation is affected by air as well, unlike the original numerical
replication (Lara et al., 2011). κ−� and κ−ω SST turbulence models
were tested. In the end no major differences are observed between
the two. Numerical gauges were placed at the same locations as in
the laboratory test. Courant number was set to 0.3. A total of 200 s
were simulated to have full description of the long wave generated,
including reflections. The full simulation runs in 1 day in the men-
tioned 4 (2.93 GHz) cores.

4.3. Results

The surface elevation on the free surface gauges is presented in
Fig. 8. The continuous line corresponds to the laboratory series and
the dashed line is the numerical result. Only κ−ω SST results are
presented, as κ−� are virtually the same. The series with the tran-
sient wave group are at scale 1:1, according to the scale on the left
hand side. The long waves are also superimposed in the same figure,
but they have been amplified by a factor of 10. They have been
obtained filtering the original signal using a window filter with fre-
quencies between 1/200 and 0.3 Hz.

The agreement between both series is almost perfect. The wave
group is extraordinarily well captured during the propagation and
shoaling phases (gauges 1–7). Wave breaking also shows very good
results, having only a somehow lower wave towards the end of the
group. The long wave is correctly replicated in the initial part along
the whole set of sensors, which supports the idea of the good accura-
cy of the wave breaking process. Maximum absolute deviation is
3 mm, approximately a 3%. After the long wave gets reflected on the
paddle and returns, the differences grow. This is likely to be caused
by the movement of the physical paddle, as small variations of the



Fig. 9. Bathymetry of the 3D solitary wave breaking case. The coordinate system is
shown (units in metres).
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length of the flume influence the long wave, and this effect is not pre-
sent in the numerical simulation.

When the results are compared with the simulation of IH-2VOF
(Lara et al., 2011), it can be seen that there is an improvement,
which may be caused by two factors. First, including the air effects,
the original simulations in Lara et al. (2011) were run using a single
phase VOF model. Since the real experiments were carried out with
air it is reasonable to consider it, as OpenFOAM® does. Currently
there is no way to run interFoam simulations disregarding the effect
of air, due to the solving procedures (floating point exception is
obtained when considering air as a zero-density phase). The efforts
done towards this objective include setting the air velocity to zero
every time step (Jacobsen et al., 2011) but, obviously, the effect is a
huge damping because momentum continues to be transferred be-
tween both phases. Second, is the more accurate definition of the bot-
tom. This one is due to the adaptative mesh approach followed by
“snappyHexMesh” tool, which generates a smooth mesh by adapting
and refining the cells intersected by a given surface (bathymetry),
versus the old cutting cell method present in IH-2VOF, which leaves
sawtooth-type surfaces.

5. 3D breaking of a solitary wave

Wave breaking is always a full 3D process, but particularly when the
bathymetry varies along the wave front propagation. Now that it has
been studied in 2D with very accurate results, a special bathymetry is
set up in this case in order to have a 3D plunging break of a solitary
wave on a basin. The goal of this simulation is to continue validating
the model generation, and to check its performance when the wave
breaks inducing 3D patterns in thewave flow. A solitary wave is chosen
in order to better identify the wave generation, propagation and later
breaking in detail.

5.1. Description of the physical experiments

The physical experiment is part of Swigler (2009), which can cur-
rently be accessed online, as it is part of 2009 ISEC (Inundation Science
& Engineering Cooperative 2) workshop. It was carried out at Oregon
State University O.H. Hinsdale Wave Research Laboratory, which has a
large wave basin: 48.8 m long, 26.5 m wide, and 2.1 m deep. The
39 cmhigh solitarywavewas producedwith a piston-typewavemaker,
which has 29 paddles, but they all moved at the same time, acting as
one. The bathymetry was made of smooth concrete in order to reduce
the boundary effects due to friction.

The coordinate system of the laboratory was as follows: x=0 m at
the wavemaker and the positive X axis pointing the end of the basin;
the Z axis corresponding to the vertical upward direction, and y=0 m
set at the symmetry line. The bathymetry was designed so that the
wave breaking was symmetric with respect to the centre line of the
basin, and it was formed of two superimposed geometries. The first
was a 1:30 slope planar beach, which began at x=10.2 m and ex-
tended to x=31 m with a height of 0.95 m. On top of it, and begin-
ning at the toe of the planar beach, a three dimensional shallow
water shelf was built. When seen from above this element had a
triangular shape, with its apex located at x=12.6 m. The still water
level was kept constant at a depth of 0.78 m during all the experi-
ments, so it intersected the built bathymetry at x=25.75 m. This
geometry can be seen in Fig. 9, note that the vertical scale has been
amplified by a factor of 5.

Three types of instruments were used to make measurements
during the experiments: 14 resistance wire wave gauges (WG) used
offshore the shallow water shelf, 5 ultra sonic wave gauges (usWG)
used onshore of the shallow water shelf to measure free surface
2 http://isec.nacse.org.
elevation and 11 acoustic-Doppler velocimeters (ADV) to measure
fluid velocities. Both the WG and usWG were fixed on a bridge, which
was moved to provide records in several positions. Data was obtained
at a 50 Hz rate.
5.2. Description of the numerical experiments

The whole experimental facility has been replicated numerically
for the first test. Although Swigler (2009) stated that the bathymetry
was fully symmetric, the one provided from the laser scanning was
not, since minor differences existed in the initial horizontal bottom.
As a result no symmetry was used in a first test. As stated, the basin
is 48.8 m long, 26.5 m wide, and 2.1 m deep. Since not all the depth
was needed, only 1.2 m in the vertical direction was meshed. Since
43.6 m was the effective length in which the experiment took place,
the additional 5 m was left out. In the end, the simulation results
were found almost symmetric, hence for the second test only half of
the domain is replicated.

The general discretization of the mesh is 0.10 m in the horizon-
tal directions and 0.06 m in the vertical one. The cells intersected
by the bathymetry and their neighbours were subdivided twice
(0.03 m×0.015 m) to obtain an adequate boundary layer, which
in this case will make the inundation of the swash zone easier,
and will allow a better definition of the water film attached. Also
cells between z=0.75 and 1.2 m (wave propagation range) were re-
fined, leaving a discretization in that zone equal to 5 cm in the horizon-
tal directions and 3 cm in the vertical one. The final mesh is near
12 million elements.

In the previous case no major differences appeared in the compari-
son between the performance of κ−� and κ−ω SST. Therefore, for
the first test, a Direct Numerical Simulation (DNS) (no turbulence
model is considered) is carried out, although we are aware of the fact
that the cell discretization used is not fine enough to fully account for
the turbulence effects. The reason to consider a DNSwas to check the in-
fluence of a turbulence model in a 3D wave breaking. Turbulence is
modelled using κ−ω SST in the second case, as it seems to work well
in the case of swash and boundary layer flows (del Jesus et al., 2012).
The second mesh is identical to the first one, but takes advantage of
the symmetry by covering just one of the halves of the wave tank,
hence having half of the number of cells.

In the simulation a 39 cm height solitary wave was generated
using the new boundary condition in the same way as in the first
case. The simulation was parallelized using scotch method into 36
processors (1.9 GHz). To simulate for 15 s a total of approximately
7 days were needed. The time steps were very short because Courant
number was enforced to be lower than 0.3 and cells in the swash zone
were very small. Furthermore, the breaking process produces high
velocities.

http://isec.nacse.org
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Fig. 10. WGs in cross-shore direction along y=−5 m of the 3D solitary wave breaking case.
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5.3. Results

All the available data were used to validate the model, i.e. water
elevation at 17 points, 12 from the WG data set and 5 from the
usWG. WG data is divided in two transects along y=0 m (centre line)
and y=−5 m, with x=7.5, 11.5, 13, 15, 17 and 21 m. This second
transect is shown in Fig. 10. usWG records are presented in
Fig. 11. In both figures laboratory and numerical results are plotted
using a solid line, dash–dot line (DNS) and a dotted line (κ−ω SST),
respectively.
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Fig. 10 shows very high agreement between the laboratory and
the numerical series. This indicates, again, that the wave generation
boundary condition is realistic, as agreement is almost perfect for
the 4 top panels. As the wave is affected by shoaling and approaches
the breaking point (x=17 m) some differences arise, as the numeri-
cal wave front is less abrupt than the experimental one in both cases.
Still, wave height is well captured. Once the wave is fully broken
(x=21 m) differences are larger. The free surface is properly repli-
cated for the DNS case, while κ−ω SST turbulence model tends to
smooth the solution, increasing the differences with the experiments.
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Regarding the longshore transects (Fig. 11) it can be seen that re-
sults are not as accurate as those from the previous gauges. All of
these gauges are placed behind the breaking point, so they measure
the shape of the bore. Apparently in the DNS some small disturbances
arrive prior to the solitary wave front. Those are the droplets of the
broken wave which travel sliding on top of the free surface, and are
clearly smoothed when using the turbulence modelling. In the two
cases the numerical wave height shows a higher amplitude than
expected for the gauges closest to the central line (y=0 and 2 m).
DNS makes the bore travel somehow faster, while κ−ω SST delays
the arrival. Moving away from the centre line shows a general im-
provement in timing and height, especially for the DNS, except for
the gauge located at y=10 m. This may be explained by a combina-
tion of the mesh resolution plus slight variations in the bathymetry,
which can change the wave breaking point. This change affects the
places at which the broken wave bounces, increasing the error, due
to local effects. Once again the turbulent model solution is smoother,
which shows higher differences from the experimental profile. It
would be expected that the turbulent solution should lie below the
DNS one, as it involves energy dissipation. However, the turbulence
Fig. 12. Free surface evolution of the DNS 3D sol
model may also change the breaking point, which can be inferred
from the bore arrival time at each gauge in Fig. 11. Again, this change
in the breaking can create these unexpected results due to local
effects.

Other issues are presented as follows. Air entrainment in the bore
is one of the processes which may affect the results in two ways. First,
a well known problem is that the laboratory results can be affected by
uncertainties in the determination of the free surface level because
resistive and ultra sonic gauges are not prepared to deal with im-
mersed bubbles. On the top of that, air entrainment in terms of bub-
bles within the bore is not modelled in “interFoam” either. Another
factor is that cells are relatively large, so surface tension effects are
not accurately represented. As a result, there is no generation of fin-
ger jets. Increasing the resolution will address this issue, as presented
in Watanabe et al. (2005).

Snapshots of the evolution of free surface are presented in Fig. 12,
starting at the time when the solitary wave is shoaling and right
before breaking (t=6.15 s). The evolution of the breaking wave,
showing the three dimensional structures can clearly be seen
(from t=7.75 s). The last two panels in the bottom show the
itary wave breaking case. Height in metres.
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inundation of the slope. The formation of surface ripples, caused
by the irregular bottom, is remarkable.

6. Rip current on a barred beach

The morphology of a beach is the dominant factor which controls
wave breaking and the generation of water recirculating patterns.
Transverse bar and rip is the morphological state in which the rip is
clearly visible and with the strongest undertow current development.
This is the case reproduced here, in which undertow and wave–current
interaction are studied.

6.1. Description of the physical experiments

The physical modelling is included in Dronen et al. (2002). The ex-
periments were carried out at ISVA's laboratory, in which the wave
tank is 30 m long and 4 m wide. A bathymetry consisting of a bar
with a rip channel was constructed. A sketch of the geometry can be
seen in Fig. 13. An initial part with a horizontal bottom was consid-
ered until x=6 m. Then the bar was placed on a plane with 1:27
slope which continued until x=12.4 m. The bar crest was 0.13 m
high, 4.8 m long and 3 m wide, which left a 1 m wide rip channel.
Right before the final 1:17 planar beach (which started at x=14.3 m),
a 1.9 m horizontal section was left to act as the bar trough.

Several types of waves were generated, regular waves ranging from
6 to 20 cm in height and from 1 to 2 s in period. Irregular waves ranged
6 to 18 cm in Hrms and 1 to 2 s of peak period. Water depth varied from
5 to 15 cm in the highest point of the bar crest. In all of the experiments
the wave generator was run for at least 50 waves prior to data acquisi-
tion in order to measure only once the steady state has developed. Free
surface elevation, velocity and particle tracking were recorded.

6.2. Description of the numerical experiments

The mesh reproduces the complete domain: 30 m long, 4 m wide
and 1.2 m high. The initial discretization is 10 cm in the horizontal di-
rections and 4.8 cm in the vertical one. After the mesh is intersected
by the bathymetry (“snappyHexMesh”) the cut cells are refined
only once, since no run-up study is intended. The resolution in the
bottom is then equal to 5 cm in the horizontal directions and
2.4 cm in the other one. The cells from 15 cm below and above the
still water level are refined twice, ending up in 2.5 cm of horizontal
resolution and 1.2 cm in the vertical one. This distance is chosen to re-
fine even the trough of the bar, and to account for shoaling effects, the
expected increase in wave height experimented by the wave–current
interaction and the increase in the mean level due to the nearshore
set-up. It also refines the efficient swash zone of the final beach.

Since velocity measurements near the lateral walls are to be recorded
and the resolution near them is not sufficient to represent the boundary
Fig. 13. Bathymetry reconstructed from th
layer, the walls and the bottom have been modelled using a free slip
boundary condition. The final mesh totals 3.1 million cells. A total of
90 s were simulated, which corresponds to 60 wave periods. Using 24
cores (2.6 GHz) almost 20 s were simulated per day.

The simulated case presents a regular wave train with H=15 cm
and T=1.5 s, with 5 cm of still water depth at the highest point of
the bar. This allows waves to be discretized by more than 12 cells in
height, so they are well defined. Waves are generated using Stokes
II wave theory with active wave absorption connected. This is one
of the advances presented in part I of this paper (Higuera et al.,
2013-this issue), without which this simulation could not be so accu-
rate. It makes the whole boundary to behave as a single wavemaker,
generating the target waves, ensuring at the same time that reflected
energy flows out and that the free surface level does not rise.

Wave breaking starts in this simulation once the waves reach the
bar, so it is a major driver factor. Another very important dynamic to
account for is inundation of the swash zone, which influences the
nearshore circulation patterns. This makes the boundary region a
very important part of the simulation. Therefore, turbulence was de-
cided to be modelled using the κ−ω SST closure model.
6.3. Results

Fig. 14 presents the free surface (top panel) and the cross-shore
velocity (bottom panel) evolution of a point within the rip channel.
This point is located at the middle of the rip, in both horizontal direc-
tions (x=10 m, y=3.5 m in Fig. 16). Until t=25 s, the water level
rises as the wave set-up develops. From that point, the waves start
to change due to the interaction with the opposing undertow current,
which at that moment reaches its maximum value. The immediate re-
sult is that the waves increase in height. The stationary state is ap-
proximately reached at t=60 s of the simulation, with a decrease in
current magnitude and wave height. After that moment, 30 more
seconds are simulated in order to obtain the results as mean value
over 20 waves. Such stationary state is achieved so early because of
the linked wave generation and active wave absorption, otherwise
the water level and the energetic level of the system would continue
increasing.

In Fig. 15 the cross shore velocity in the rip channel as a function of
long-shore positions at x=11.40 m and 1/3 depth from the bed is
represented, comparing it with the experimental results in Dronen
et al. (2002). The asterisks represent measured data, and the dashed
line is the best fit proposed by Dronen. The continuous line represents
the numerical data. OpenFOAM® models correctly the velocity pat-
tern within the cross section of the rip. The numerical shape is more
or less linear, which contrasts with the apparent parabolic shape of
the laboratory measurements. However, the results are very good as
only differences of at most 5 cm/s appear.
e original data. Dimensions in metres.
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Fig. 16 presents the depth-averaged velocity on a regular grid.
Although the wave conditions for this case and the presented magni-
tudes are different, this figure can be compared with Fig. 4 in Dronen
et al. (2002). In this case the upgrade of the resolution helps to
visualize the water circulation pattern. The most intense currents do
not appear within the rip channel, but in its vicinity, where water is
taken from. The main circulation pattern is formed, as expected, by
the onshore current along the bar crest and the offshore current in
the rip. There is also a secondary circulation which happens at the
bar trough, where water flows from the rip to the bar in the section
close to the shoreline and in the opposite direction near the bar
crest. This double circulation has been described in the literature, in-
cluding Haller et al. (2002), Yu and Slinn (2003), Calvete et al. (2005)
or Garnier et al. (2008), with topographically generated rip currents.

The evolution of the free surface along a wave period, showing the
cross-shore velocity component on it, is presented in Fig. 17. The bar
is represented as a rectangle. The top and bottom panels correspond
to the same situation, as they are separated a full wave period
(1.5 s). It can be noted that the largest negative velocities appear at
the wave troughs within the rip channel.

The progress of the rip channel velocities from an early stage until
the end of the simulation can be seen in Fig. 18. The change in wave
shape due to the interaction with the current is clear, as waves
show a higher steepness. Also the three dimensional evolution in
the distribution of velocities can be noted, as current is stronger
near the tank wall.
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of the depth from the bed.
7. Run-up on a conical island

Wave run-up has always been a key parameter to calculate or to
model in order to control the effect on structures that are built very
near to the shoreline. Nowadays its importance has increased dra-
matically due to the devastation of recent tsunami events. A model
which can simulate accurately run-up from a solitary wave can aid
to design coastal structures such as seawalls, capable of reducing
the damages in case of a tsunami. Another very important magnitude
than can be evaluated using RANS models is shear stress, which can
determine the dragging force produced by the waves and be used to
evaluate sediment transport and erosion. Here a highly 3D run-up
pattern is induced by an initially 2D wave, in the absence of wave
breaking.
7.1. Description of the physical experiments

This case is broadly used in literature to validate Boussinesq type
models, as presented in Chen et al. (2000) or Tonelli and Petti (2010).
The results of the experiment are included in Liu et al. (1995), but the
physical experimental work was performed by Briggs et al. (1995). All
the data can be accessed online at the NOAA Centre for Tsunami
Research web site, 3 as it is part of a benchmark case.

Experiments were performed in a wave basin at the US Army
EngineerWaterways Experiment Station, Coastal Engineering Research
Center. Thewave tankwas 30 m large and 25 m long. The island placed
inside was a frustum of a cone, with a bottom radius of 3.60 m and a
slope of 1:4. Its centre was located at x=15 m, y=13 m. The surface
3 http://nctr.pmel.noaa.gov/benchmark/Laboratory/Laboratory_ConicalIsland/index.
html.
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Fig. 17. Instantaneous cross-shore component of the velocity on the free surface. Units
in m/s.
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of the island and the floor of the basin were made of smooth concrete.
The geometry of this case can be seen in Fig. 19.

The wavemaker was located at y=0. Its total span was 27.43 m
and it had 60 individual paddles. In this case all of them moved in
phase to produce solitary waves. Two water depths were considered
during the experiments: 0.32 m and 0.42 m. Three different solitary
wave heights were tested in the case when the water depth was
Fig. 18. Cross-shore velocity in a transect over the bar and within the rip channel. Units
in m/s.
0.32 m. In terms of wave nonlinearity, defined as wave height over
depth �¼ H

hÞ
�

, the target values were = 0.05, 0.1 and 0.2.
A total of 27 capacitance free surface gauges were placed inside

the basin with a symmetric disposition. This disposition and the sym-
metry of the experiment practically led to 19 data sets. Amongst
those, only gauges 1 to 4, 6, 9, 16 and 22 were available in the bench-
mark data. The data series are 60 s long, and include several reflec-
tions of the solitary wave at the walls of the tank. The position of
these gauges is presented in Fig. 20.

Also 24 radial transects to the island are available to evaluate the
run-up, but they were not evenly spaced. Sixteen were equally spaced
every 22.5∘ around the perimeter. Then four radial transects with un-
even spacing were located on the back side of the island to increase
the resolution in that place, which is the most critical, since the two
parts of the wave collide. The run-up experimental data can be seen
in Fig. 22, as black dots.

7.2. Description of the numerical experiments

Two numerical simulations for this case have been set up. In order
to save computational cost, and since the domain is fully symmetric
only half of the domain has been simulated. The mesh is 15 m in
the X direction, 25 m in the Y direction and 0.65 m in the Z direction.
This configuration still leaves 1 cell between the top of the island and
the atmosphere. The basic mesh covers the mentioned domain with a
discretization of 10 cm on the horizontal directions and 5 cm on the
vertical one. Then from this orthogonal and structured mesh the is-
land is removed using “snappyHexMesh” meshing tool. Furthermore,
cells intersected by it get refined once. So do the cells between levels
z=0.30 m and 0.40 m, to increase the resolution near the free sur-
face where the wave propagates. These cells (which also cover the ef-
fective swash zone) are refined twice, to fulfil an adequate vertical
representation of the solitary wave, which is very small in this
experiment, and of the boundary layer. The final mesh has nearly
8 million cells, and is presented in Fig. 21. It was subdivided in 24
domains using scotch method, and the whole 15 s simulation con-
cluded in around 3 days in 2.6 GHz processors.

The case with the highest wave height was chosen, but to account
for the real wave height generated by the wavemaker the resultant
steepness is lower than the target value. Steepness equal to 0.18 is
used, because it is the experimental result. This yields a wave height
of 0.058 m. Both turbulence models κ−� and κ−ω SST were tested.
In this case wave breaking is not present, so the comparison of perfor-
mance is focused towards the inundation behaviour. Courant number
was set to 0.3, and since the wave did not break the simulation
showed a good evolution, with not too small time steps.

7.3. Results

The results from the free surface gauges are presented in Fig. 22.
Sensors 3 and 4 are not represented because their location is symmet-
rical to 1 and 2. Only the results from the κ−ω SST case are pres-
ented, because κ−� produces the same results, no difference can be
observed due to the absence of turbulent effects at the location of
the free surface gauges.

From the first two free surface gauges the quality of the generated
wave can be checked. The solitary wave is highly accurate in height,
with an absolute difference in height of barely 3 mm. The shape of
the wave is slightly different as the numeric alone decays less abrupt-
ly. This influences the reflected wave, which is smaller and can be no-
ticed around t=12 s. At the gauge number 6, which is located at the
toe of the island, and therefore is still not affected by shoaling, the
wave height continues to be well captured and reflection is smaller
again. The laboratory data of gauge number 9 presents some anoma-
lies in the maximum and minimum values of the measurements, as if
the wave gauge has reached its physical limits. The minimum value

image of Fig.�18


Fig. 19. Run-up on a conical island: laboratory geometry(Briggs et al., 1995). (a) General view. (b) Section of the island.
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could happen if water level dropped more than 8 cm, but this is not
the case. The gauge number 16 shows a high degree of accordance,
while the higher water level due to the reflection is still present.
The last gauge (number 22) exhibits the highest discordance between
signals, as the numerical wave reaches the location late, in a more
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Fig. 20. Run-up on a conical island: free surface gauges. Note that wave generation oc-
curs in plane Y=0, therefore waves come from the left according to this figure.
abrupt way and with a higher height. However, these discrepancies
are not observed in the run-up, as explained later.

The maximum run-up line is plotted in Fig. 23 along with the
laboratory discrete data. The numerical run-up is shown in a contin-
uous bold line and has been evaluated by checking the values of the
VOF function within all the owner cells of the faces which constitute
the conical island. An alpha1 value of 0.1 has been used to consider
a cell as inundated. This 10% threshold translates in an effective
water height on those cells of 1.25 mm, which is a convenient value
regarding the resolution of experimental devices. Surrounding it,
the experimental data are presented as dots. The large circle repre-
sents the base of the conical island; the medium circle in dotted line
is the initial water level and the smallest circle in dashed line is the
top of the island. Directions every 30° are plotted as a dash–dot line.

Both turbulence models produce virtually the same result. This be-
haviour is as expected, because turbulence does not play a relevant
role in this case since there is no wave breaking. The results are with-
in 3 cm of the absolute error from the real measurements in the hor-
izontal direction.

In Fig. 24 the evolution of shear stress on the bottom of the conical
island is presented as a potential result to be studied in the future.
This magnitude is important because it serves as an indicator of the
erosion power of the wave. For each of the panels, the left semicircle
presents κ−ω SST results and the right one κ−�. Differences are
minimal between them. However, for t=9.70 s and t=11.45 s
there is a different pattern on the swash zone due to a different dispo-
sition of small water droplets attached to it. The general behaviour
shows that the largest shear stresses appear when water is retreating

image of Fig.�19
image of Fig.�20


Fig. 21. Conical island resultant mesh seen from the symmetry plane. Note the base resolution, how it is refined once near the conical island, and twice covering the free surface
variation area.
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(compare t=7.90 s versus t=9.15 s), and when the wave advances
in the lateral part of the island (t=9.70 s).
8. Conclusions

In the present paper OpenFOAM® is validated to simulate several rel-
evant coastal engineering processes. This is done by applying the specific
wave generation boundary conditions, linked with active wave absorp-
tion, presented in the first part of this paper (Higuera et al., 2013-this
issue). The five cases considered indicate that OpenFOAM® with RANS
modelling is a suitable tool for coastal engineering, not only for the
good results, but also for the reasonable computational time for relatively
large cases not using a very high number of cores.
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Fig. 22. Free surface gauges on the conical island. The continuous line is the laboratory
All the cases show globally a physically correct behaviour of the
wave generation boundary condition, as the matching between the
laboratory waves and the numerical ones presents a high degree of
agreement. Therefore, wave generation presents a realistic behaviour,
which was one of the goals of the current work. Furthermore the re-
production of the surf zone hydrodynamics is also very accurate. As
the dynamics of this zone is highly influenced by the correct water
depth and wave height, it has probably been decisive to use the water
level set method aswell as the realistic wave generation boundary con-
ditions presented in Higuera et al. (2013-this issue).

The dynamic pressure results are as accurate as the free surface
ones. This is important, especially in this case in which important
eddies develop and influence pressures along the faces of the obstacle
and down to the bottom.
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measurements and the dash–dot line is the numerical result for the κ−ω SST case.

image of Fig.�22


Y
(m

)

11 12 13 14 15 16 17 18 19

9

10

11

12

13

14

15

16

17

(a)
X(m)X(m)

K−OmegaSSTK−Epsilon

11 12 13 14 15 16 17 18 19

9

10

11

12

13

14

15

16

17

(b)
Y

(m
)

Fig. 23. Run-up results on the conical island. The continuous bold line is the numerical result and the dots are the laboratory measurements. (a) κ−� turbulence model. (b) κ−ω
SST turbulence model.

133P. Higuera et al. / Coastal Engineering 71 (2013) 119–134
Wave breaking is also correctly modelled. First in 2D, where the
wave gauge results show an outstanding agreement, which yields the
fact that the energy transfer to the low frequency wave is very well
Fig. 24. Shear stress (units in Pa) on the conical island.
replicated. Taking the air phase into account, and having a smooth
and very refined bathymetry also helps to obtain better results than in
the original paper (Lara et al., 2011).

As with regards the three dimensional plunging breaker simula-
tion, the difficulty arises in the fact that it is highly influenced by tur-
bulence and surface tension effects. For the current resolution the
general performance is more than acceptable, but probably having
smaller cells within DNS could improve the results, as presented in
Lubin et al. (2003). Nevertheless, the breaking process generates
three-dimensional structures, as expected.

The rip channel case proves again that OpenFOAM® can handle
long time simulations, which are perfectly stable and do not suffer
from an increasing mean water level within the domain. When
waves break, the set-up appears. This accumulation of water causes
an unbalanced distribution of the mean water level, which tends to
be levelled by generating currents. The distribution of currents is co-
herent with what is observed empirically. The rip developed shows
an undertow close to the experimental data, which is a promising re-
sult. The use of RANSmodels with OpenFOAM® is a very powerful ap-
proach to study all the detailed phenomena, as numerical probes can
be placed anywhere without perturbing the flow, and may shed some
light to finally discover why the secondary circulation appears.

Finally, wave run-up has also been correctly modelled. Similar or
even better results are obtained with OpenFOAM®, compared to those
presented in Chen et al. (2000) or Tonelli and Petti (2010) with other
modelling techniques. The shear stresses on the island show a coherent
distribution, andnegligible differences between both turbulencemodels
tested. The results are promising, but further analysis has to be carried
out in the future.

In conclusion, OpenFOAM® is a promising set of solvers and utili-
ties that can now be used to successfully simulate some of the most
relevant cases of coastal engineering, thanks to the boundary condi-
tions and validation presented in the companion paper (Higuera et
al., 2013-this issue). OpenFOAM® still lacks the porous media as de-
fined in del Jesus et al. (2012) and Lara et al. (2012), so it can only
deal with impervious structures by now. To extend the current capa-
bilities towards a more complete approach, the porous media is cur-
rently under development. In a near future, stability studies for
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breakwaters with porous layers, cores and foundations could be car-
ried out.
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