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Computation of 3D coastal hydrodynamics through
the vortex force formalism implemented by coupling
TOMAWAC and TELEMAC-3D

Maria Jodo Teles, Thierry Fouquet

LNHE, EDF R&D
Chatou, France
maria.teles@edf. fr, thierry.fouquet@edf.fr

Abstract — The implementation of the new TELEMAC-3D-
TOMAWAC coupled system [5] on the latest TELEMAC-
MASCARET version (v8pl) is presented. The new coupled
system, based on a vortex-force formalism [7] is applied on a
barred beach test case. The improvement of three-dimensional
wave-current interaction effects on the hydrodynamics
description is evidenced.

L INTRODUCTION

The coastal domain is a complex hydrodynamic system
where physical phenomena with different time and space
scales interact. This is the case of waves and currents
interaction.

The wave breaking process together with wave-induced
currents can create a dangerous environment for swimmers
and have a great impact on morphodynamics in the nearshore
areas. Depending on the bottom morphology and on the
incident wave field, currents can have different
characteristics. If obliquely incident waves break on a
alongshore uniform planar beach, a longshore current is
generated. If the beach has, for example, sand bars or cusps,
rip currents can be generated.

The wave-current environment is well described in a
2DH framework by the work of [1], through the radiation
stress concept, already implemented by coupling the
hydrodynamic model TELEMAC-2D [2] and spectral wave
modelling TOMAWAC [3]. A couple of years ago, this
approach was extended to TELEMAC-3D code assuming a
uniform distribution of the radiation stresses over depth.
Therefore the vertical structure of the flow was not properly
assessed.

Nevertheless the three-dimensional (3D) structure of the
flow can give relevant information about sediment transport,
linked to the value of the velocities near the bottom, or to
assess wave power availability at a certain location.
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During the PhD thesis of Teles [4], [5] a new
TELEMAC-3D - TOMAWAC  coupling system  was
developed, based on a vortex force formalism.

The theoretical framework chosen was the glm2z-RANS
[7] equations. To do so, the three-dimensional TELEMAC-
3D equations were modified together with new boundary
conditions and new parametrizations were included in
TOMAWAC to calculate the wave forcing terms.

The purpose of this paper is to present the
implementation of the developed TELEMAC-3D -
TOMAWAC coupled system [4], [5] on the Ilatest
TELEMAC-MASCARET version (v8pl). The improvement
of wave-current interaction effects on the 3D hydrodynamics
description is evidenced.

In the following section a brief description of the new
wave forcing terms included in TOMAWAC and the
modified equations implemented on TELEMAC-3D is given
together with the new key-words created in the steering file
to activate this coupling mode.

In section III, a barred beach test case is used to analyse
the vertical structure of the flow, followed by section 1V,
where some concluding remarks and perspectives are given.

II.  COUPLING SYSTEM

A. Governing equations

To take into account the 3D effects of the combined
environment the mathematical framework proposed by [7],
the glm2z-RANS equations, was implemented. Following [8]
the vertical current shear was neglected in the wave forcing
terms.

The wave forcing terms are calculated in new fortran
subroutines created in TOMAWAC model, namely:
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e The momentum lost by waves from bottom induced
wave breaking, through the variables FDX, FDY,
calculated in fdiss3d.f;

e The momentum lost by waves due to bottom friction,
through the wvariables FBX, FBY calculated in
fbott3d.f;

e The wave enhanced mixing (Vy,), with the variable
FDK, calculated in fdissk.f;

e  The bottom friction modified from the wave-current
environment, with the variable CFW, calculated in
fric3d.f;

e The Stokes drift (Ug), through the variables UST,
VST, calculated in uvstokes.f

e The wave induced pressure (J), with the variable
WIP, calculated in wipj.f

e The momentum lost by waves due to white-capping
together with the input momentum transferred from
wind to the wave field, with variables FWX, FWY,
calculated in moudiss.f and windiss.f.

These new terms are transferred to TELEMAC-3D model
by means of source/sink terms on the mass (1) and
momentum (2) conservation equations, and boundary
conditions. Considering an incompressible fluid and the
hydrostatic assumption, the new equations become:
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Ga,ﬁ\v) represent the quasi-Eulerian velocities (o = 1, 2
corresponding to horizontal coordinates), defined in a
second order theory approach, by the difference between the
Lagrangian mean velocities and the Stokes drift (U,g, Wy).
S, represents the hydrodynamic model horizontal source or
sink terms of momentum, for instance, the Coriolis force
The acceleration due to gravity is given by g, and S,
represent the hydrodynamic model horizontal source terms,
for instance, the Coriolis force. vy and v, are, respectively,
the horizontal and vertical turbulence viscosities. The
viscosity values can either be prescribed by the user or
computed by a turbulence closure model. Furthermore,
within the wave-current environment and due to wave
breaking there is an enhancement of the vertical mixing. To
take account of this effect, the approach proposed by [12]
was followed by adding the wave-enhanced vertical mixing,
Vyz to the vertical turbulence viscosity v,:
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Qpy represents the wave breaking sink term, D the total
2 .
depth and ky,= %, with a, = 1.2 and ¢, = 0.03.
bls

The vortex force in X, direction, which is represented in
€qu3p(f3+w3)Up,, is defined by the vectorial product
between the mean flow vertical vorticity wj and the
horizontal Stokes drift Ugs . The Stokes-Coriolis force is
represented by €313 Up,.

Moreover, the bottom shear stress in the hydrodynamic
model was modified in order to take into account the wave-
current interaction effects on the bottom roughness (CFW),
following [9]’s theoretical framework.

To guarantee mass conservation, the mass transport
induced by the Stokes drift in the depth-integrated continuity
equation (5) was included. The overbar symbol denotes a
depth-integrated variable.

ch I ohily _ ) 0hUg ( 5)
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At the offshore open boundary, in the case of no other
external forcing terms (such as tidal forces), two conditions
are imposed for the phase-averaged elevation (6) and the
horizontal velocities (7) [11]:

J

A=-3 (©)
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The momentum lost by waves due to depth-induced wave
breaking (FDX, FDY) and bottom friction (FBX, FBY) is
imposed in the hydrodynamic model as free surface and
bottom stresses, respectively. The momentum lost by waves
du to white-capping together with the input momentum
transferred from wind to the wave field (FWX, FWY) is also
imposed as a surface stress in the hydrodynamic model.

B. Implementation

In the following, we give a brief explanation on the way the
coupled system works (Figure 1) [5]. Both TOMAWAC and

TELEMAC-3D models run with the same horizontal mesh.
TELEMAC-3D starts the calculation. The Nikuradse
roughness, the z-levels, and the computed depth-integrated
velocities and mean surface elevation are communicated to
TOMAWAC. In its turn, TOMAWAC computes, over a time
step, the wave forcing terms: the Stokes drift components,
the wave-induced pressure, the wave breaking and the
bottom-induced dissipation momentum contributions. The
last two terms are imposed as surface and bottom stresses,
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respectively, in the hydrodynamic model. Furthermore, the
wave model calculates the wave-enhanced vertical mixing
coefficient v, that is added to the vertical turbulence
viscosity in TELEMAC-3D. This process is repeated each
time step or made within a coupling period defined by the
user. The coupling period between TELEMAC-3D and
TOMAWAC can be larger than the time step of the models.
The time step of each of the models does not have to be the
same, just a multiple of each other.

Offshore boundary Offshore spectra
Bathymetry Bathymetry
o O
TELEMAC-3D TOMAWAC

O . O

Stokes drift (Ug,, W,)
Mean free surface elevation (77 ) Wave-induced pressure ()
Depth-integrated velocities (i) Friction coefficient (CFW)
z-levels Vertical diffusion velocity coefficient (v,,)
Nikuradse roughness (k;) Wave breaking stress (FDX,FDY)
Bottom-induced dissipation stress (FBX, FBY)

Wind-wave breaking stress (FWX, FWY)

p

Figure 1 Scheme of the different terms computed and exchanged by
TELEMAC-3D and TOMAWAC

C. Steering file: new key words

In order to compute a wave— current environment in a 3D
framework, with the coupling system based in the vortex
force formalism described above, the user must include the
key word COUPLING WITH: TOMAWACT3D in the
steering file. The existing coupling, where the radiation
stresses are distributed uniformly over the depth, is then
distinguished from the new developments.

If the user wants to include the momentum lost by waves
due to bottom friction the key word BOTTOM FRICTION
DUE TO WAVES must be set to TRUE in the steering file.
Please be aware that this term shall be included only when
the vertical resolution near the bottom in TELEMAC-3D is
sufficiently refined.

Moreover the wave enhanced vertical mixing formulation
follows [12] approach with the same parameters used in that
paper. A sensitivity analysis would be advised if the wave
enhanced vertical mixing is expected to have a predominant
role in the 3D flow dynamics.

III. TESTCASE

In the present section the capability of the new coupled
system to model rip currents is tested and the vertical
structure of the flow is evidenced. The comparison of
numerical results between the existing TELEMAC-3D —
TOMAWAC coupling, based on the radiation stresses
uniformly distributed over depth, and the new one, based on
a vortex-force formalism is made.

A. Rip current

The present test-case is based on laboratory wave-basin
experiment [10]. The bathymetry is made of two bars which

induce wave breaking and the generation of a rip current
system. The wave basin is 17.2 m in the cross-shore direction
and 18.7 m in the longshore direction. The slope is 1:5 from
offshore up to three meters from the wave maker and then
1:30 till the end of the beach. The generated waves are
monochromatic and perpendicular to the beach.

The same wave basin configuration was defined on the
numerical model. The computational domain was discretized
equally for both models with 0.2 m ix x- and y- directions
(Figure 2). In TELEMAC-3D, 8 horizontal planes were
distributed over depth.

The time step was set to At= 0.03 s for both hydrodynamic
and wave models. Conditions (4) and (5) were assigned at
the offshore boundary and walls were defined at lateral and
shoreward boundaries. The Nikuradse roughness was set to
ks= 0.01 m. The k-¢ model was the chosen turbulence model
to compute the vertical turbulence viscosity. To take into
account the wave-enhanced mixing in the hydrodynamic
model due to wave breaking, the parameters c, = 0.03 and
ap = 1.2 were used [12].

A value of vy = 1.102 m?s™! was set for the horizontal
turbulence viscosity and v, = 1.10° m?s!. The numerical
simulations with TOMAWAC were performed with spectral
parameters that match the monochromatic laboratory
experiments. This way, a significant wave height was set to
Hs= 0.067 m. The minimum frequency was set to 0.187 Hz,
the number of frequencies to 7 and the frequential ratio to
1.4. The directional discretization was made through 24
direction bins. For the depth-induced breaking the model
proposed by [12] was chosen with y2 = 1.0.

Bottom elevation (m)

y (m) 0o x (m)

Figure 2 Wave basin bathymetry of the rip current test case

B. Results

The wave height evolution over the domain is of major
importance to correctly obtain the flow pattern of a rip
current system. In its turn the current field is going to have a
significant role on the wave height evolution [10]. Therefore
a great influence is also noticed on the rip currents from the
interaction with waves.
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Figure 3 Wave height (m) and mean free surface elevation (m) patterns over
the domain
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Figure 4 Cross-shore evolution of significant wave height (above) and mean
water level (below) over the bar at y=9.2 m. Comparison between
numerical results (lines) and data (dots) from [14].
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Figure 5 Cross-shore evolution of significant wave height (above) and mean
water level (below) through the rip channel at y=13.6 m. Comparison
between numerical results (lines) and data (dots) from [14].

Due to bathymetry features, the wave pattern in the
domain is quite different in the channel areas and over the
bars (upper panel of Figure 3). The variation of the mean
surface elevation (lower panel of Figure 3) alongshore induces
longshore pressure gradients. The latter generate offshore
oriented currents that converge into the rip channel and
onshore oriented currents over the bar.

The breaking pattern reveals a quite distinct behaviour
between the bar and the rip channel. While over the bars the
waves break suddenly and then near the shoreline a second
less intense breaking is observed, in the channel, due to the
greater water depth, the waves break more progressively and
penetrate further into the inshore zone of the channel,
inducing a longshore current near the shoreline that flows
away from the channel (Figure 6).

The comparison between numerical results and
measurements of the significant wave height and mean water
level over the bar (at y = 9.2 m) and through the rip channel
(y = 13.6 m) are shown on Figure 4 and Figure 5 respectively.
Over the bar the comparisons between the numerical
simulations and data are similar. The waves break suddenly
when encountering the bar and a sudden and significant rise
of the water level occurs due to the strong wave breaking in
this region. Through the rip channel, the coupled system
reproduces quite well the progressive evolution of the wave
set-up up to the shoreline but it shows some difficulties in
reproducing the exact location where waves start to break
through the rip channel. Possibly, the numerical opposing
currents were to strong and induce the waves to break earlier
than observed in the experiments.
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Figure 6 Depth integrated rip current (m/s) patterns over the domain

The vertical structure of the cross-shore and longshore
currents is presented below in the longshore direction of the
domain at x =11.6 m.
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Figure 7 Alongshore variation of cross-shore and longshore current (m/s)
components atx=11.6 m

It can be seen a strong vertical shear of the quasi-Eulerian
cross-shore velocity component above the bar crest. It
increases from bottom to the free surface, being oriented
towards the shoreline. When encountering the bars, waves
break, and a strong mass flux occurs. This can be confirmed
by the vertical distribution of the cross-shore component of
the Stokes drift (upper panel of Figure 8).

Within the rip channels, the vertical profile of the cross-
shore velocities is not so sheared, but it shows relatively high
negative velocities approximately in the middle of the water
column. Then it starts to slightly decrease in magnitude
towards the free surface and the bottom.

The longshore components of the quasi-Eulerian velocity
are one order of magnitude lower than the quasi-Eulerian
cross-shore velocities. This is caused by the weak longshore
component of the Stokes drift (lower panel of Figure §). Even
so, they present high variability along the longshore bars and
channels. At least three inflexion points for the velocities can
be clearly identified: two in each channel and one over the
bar. These inflexion points are generated by the variability of
the mean surface elevation in the longshore direction which

in its turn exists due to the spatial variability of the
dissipation rate of the incident wave field.
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Figure 8 Alongshore variation of crosshore and longshore Stokes drift (m/s)
components at x =11.6 m

In the figures below we plot the evolution of cross-shore
and longshore current components along two cross-shore
directions of the domain (y = 13.6 m in the rip channel and
y = 9.2 m over the bar).
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Figure 9 Crosshore variation of cross-shore and longshore current (m/s)
components in the rip-channel at y = 13.6 m.
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Figure 10 Crosshore variation of cross-shore and longshore current (m/s)
components over the bar at y =9.2 m

It can be seen that in both wave breaking locations there
is a strong vertical shear of the cross-shore quasi-Eulerian
velocity: near the free surface it is directed onshore while
near the bottom an undertow is verified. When analysing the
rip current through the rip channel the velocities oriented
offshore are stronger than the ones observed over the bar.

One of the great advantages of the vortex force formalism
to describe waves and current interactions is that the vortex
force is clearly distinguished. Therefore it is possible to study
the circulations and water motions in the mean flow.
Moreover, within this approach, it is possible to show the
distribution of the vortex force over the domain that in its
turn contributes to the vortices located between the bar and
the channel and near the shoreline.

If the radiation stress is assumed to be uniformly
distributed over the depth, the vertical structure of the flow
cannot be assessed. As it is shown above, there is an
important vertical shear of the velocity at certain locations of
the domain, which can strongly impact the morphodynamics
in similar beach configurations.

IV. CONCLUDING REMARKS

The implementation of the coupled system between the
three-dimensional flow model TELEMAC-3D and the
spectral wave model TOMAWAC [4], [5] in the next official
TELEMAC-MASCARET v8pl version is presented. The
capability of the new coupled system, based on a vortex force
formalism, to represent rip currents on a barred beach is
assessed and the vertical structure of the flow is analysed.

Other parametrizations and vertical distributions of the
non-conservative wave forcing terms should be the subject of
further research.

Moreover in the present work, the vertical current shear is
ignored within the wave forcing terms, and the horizontal
diffusion velocity coefficient was set by using a simple
approach (imposing a constant value along the domain). The
former feature should be included and different and more
complex turbulence modelling approaches should be tested.
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