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Abstract The nearshore hydrodynamics and coastal circulation result from the
contribution of a variety of phenomena which have complex physical interactions
at different scales. Among these interactions, we focus here on the interaction
between waves and current. In the present work, the evaluation and analysis of
wave–current interactions is made through numerical simulations based on Rey-
nolds averaged Navier–Stokes (RANS) equations, applied to the modelling of the
complete flow motion, namely waves and current simultaneously (i.e., without
decoupling the two phenomena). The advanced CFD code Code_Saturne [1] is
used for this purpose. The code is adapted for the study of waves and current
interactions, using the arbitrary Lagrangian–Eulerian (ALE) method for dealing
with free surface tracking, and considering turbulence effects in free surface flows.
Several turbulence closure models are considered and compared, including two-
equation models, namely k–e and k–x models, largely used in this kind of studies
for their simplicity, and also a second-order Reynolds stress transport model Rij–e.
In particular, we show that imposing additional boundary conditions at the free
surface was crucial to model the interaction effects. Numerical results are com-
pared with experimental data from [2] for the following four types of flow con-
ditions: (1) only current, (2) only waves, (3) waves following current and (4)
waves opposing current. A detailed study of the changes in the vertical profiles of
mean horizontal velocities and shear stresses when waves and current interact is
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presented, with a discussion about the effects of the turbulence closure model used
in the simulations.

Keywords Wave–current interaction � Turbulence model � Code_Saturne � Eddy
viscosity � Reynolds shear stress

1 Introduction

The interaction between waves and current in free surface flows is of a great
importance for the hydrodynamics of coastal waters. It has been a subject of
several experimental and numerical studies. The most important issues in such
wave–current combined environments (in comparison with the cases where either
only waves or only current is present) are the changes in the horizontal and vertical
mean velocities and in the Reynolds shear stresses.

The design of coastal protections and harbour sheltering structures, the evalu-
ation of sediment transport and coastal erosion, the assessment of wave power
available at a certain spot or the impact of a farm of wave energy converters are
examples of possible applications that will benefit from an enhanced knowledge
and modelling of the effects of this two-way wave–current interaction.

The present work aims at studying the changes that occur when waves are
superimposed on a turbulent current, with particular attention to the modifications
of the vertical profiles of (1) the mean horizontal velocity, (2) shear stresses and
(3) turbulent (eddy) viscosity. For this purpose, a RANS CFD model capable of
resolving all this combined effects will be employed, namely Code_Saturne [1].
Some sensitivity tests will also be made regarding the turbulence closure model
that exhibit the best performance to model this kind of flows.

2 Laboratory Data

A series of laboratory experiments were carried out by Umeyama [2] in a wave–
current flume. This flume was 25 m long, 0.7 m wide. The bottom of the flume
was flat, and it was filled with a water depth of 0.20 m. The flume was equipped
with a flow circulation circuit able to deliver a constant discharge, which was
about Q = 59 l/s for all the tests considered below (when a current is present).

Regular (monochromatic) waves were generated through a piston-type wave
maker located at an end of the flume, and dissipated with a wave absorber at the
other end of the flume. A series of four pairs of wave parameters (height and
period) were successively considered (see Table 1).

Tests were run under the four following conditions: (1) current without waves
(or ‘‘only current’’), (2) waves without current (or ‘‘only waves’’), (3) waves
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following current, and (4) waves opposing current. For each test, vertical profiles
of mean velocities and shear stresses were measured at a distance of 10.5 m from
the wave generator, by a laser Doppler anemometer.

3 Code_Saturne Model

3.1 Introduction

Code_Saturne [1] is a CFD code for laminar and turbulent flows in two- and three-
dimensional domains, developed at the R&D division of Electricité de France
(EDF). It solves the Reynolds averaged Navier–Stokes (RANS) equations by using
a finite volume method. The equations are written in a conservative form and then
integrated over the control volumes of each cell of the 3D mesh:

oq
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þr: quð Þ ¼ C ð1Þ
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ou
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where q is the fluid density, u the fluid velocity vector, C a mass source term, P the
pressure, s the viscous stress tensor, R the Reynolds stress tensor and Su a
momentum source term.

In order to close the system (1)–(2), a model has to be introduced for the
turbulent correlations of the Reynolds stress tensor R. Code_Saturne has imple-
mented a large range of first- and second-order turbulence models (see Ref. [1] for
details). In the present work, it was decided to proceed to the analysis of the wave–
current interactions with the two-equation models k–e [3] and k–x [4] and a
Reynolds stress model (RSM), the so-called Rij–e SSG model [5].

The first two models were chosen due to their relative simplicity and because
they are often used in this kind of studies of wave–current interaction. The second-
order turbulence closure model choice was made since the Rij–e model accounts for
the directional effects of the Reynolds stress fields (anisotropy) and does not rely on
the eddy viscosity hypothesis. It solves six transport equations for the six compo-
nents of the Reynolds stress tensor and one equation for the turbulent dissipation
rate e, without making any a priori assumption on the eddy viscosity distribution mt

(which can nevertheless be estimated a posteriori from the results of that model).

Table 1 Wave heights and
wave periods for the four
different test cases from [2]

Tests T1 T2 T3 T4

Wave height (m) 0.0202 0.0250 0.0260 0.0280
Wave period (s) 0.9 1.0 1.2 1.4
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Regarding the modelling of a time-varying free surface, Code_Saturne has
incorporated in its code the arbitrary Lagrangian–Eulerian (ALE) method. With
this module, the Navier–Stokes equations gain a new term, which is the velocity of
the mesh. For each time step, the mesh is updated accordingly. In this way, it is
possible to represent of the free surface variations due to waves.

3.2 Model Set-Up

Regarding the model set-up, some conditions have to be ensured. For the mesh
generation, in the direction of wave propagation, a number of about 10 cells per
wave length had to be guaranteed in order to reach a good representation of the
surface waves. On the other hand, right next to the moving wall corresponding to
the wave maker, the mesh velocity had to be compatible with the fluid velocity in
order to avoid mesh crossover and provoke the divergence of the simulation.

As High Reynolds number models were used, the mesh near the bottom could
not be too refined. At the same time, a sufficiently fine resolution was required in
the same region in order to analyse some important effects, such as the roughness
influence on the vertical profile of the measured quantities. On Fig. 1 the com-
putational domain representative of experiments from [2] is shown.

Waves propagate in the positive x direction. In order to generate waves,
Code_Saturne was forced with a horizontal motion of the mesh on the left lateral
boundary. To minimize undesirable super-harmonic free waves, a second-order
wave board displacement of the piston-type wave maker was applied on the flume.
The following expression [6] for the wave board motion X0(t) (3) was introduced:

X0 tð Þ ¼ H

2m1
sin rtð Þ þ H2

32h

3 coshðkhÞ
sinh3ðkhÞ

� 2
m1

� �
sin 2rtð Þ ð3Þ

m1 ¼
4 sin h khð Þ

sin h 2khð Þ þ 2kh
sin h khð Þ þ 1� cos h khð Þð Þ

kh

� �
ð4Þ

where k represents here the wave number (not to be confused with the turbulent
kinetic energy, also denoted k), h the water depth, H the wave height, r the relative
angular wave frequency and t the time. The signal given by Eq. (3) had to be

Lx = 20 m

Ly = 0.7 m

Lz = 0.2 m

Fig. 1 Computational domain representative of experiments from [2]
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progressively imposed at the lateral boundary, to avoid a sudden horizontal
movement of the mesh and thus mesh crossover.

The reflections of waves at the right end of the channel were dealt with an
artificial beach imposed at the downstream boundary, based on a viscous damping
term that increased linearly from the bottom to the free surface.

Regarding the boundary conditions, special attention was devoted to the free
surface. An additional condition had to be imposed for the turbulent dissipation e
[7] in order to get accurate results near the free surface.

e ¼ k3=2

ah
ð5Þ

where is k the turbulent kinetic energy at the water surface and a = 0.18 an
empirical constant. With the imposition of this condition, the turbulent dissipation
e increases and the eddy viscosity decreases towards the free surface. These
variations were observed during the experiments made by [3].

4 Discussion of Results

4.1 Effects of the Turbulence Closure Model on the Mean
Horizontal Velocity

As mentioned in Sect. 2, the experiments from [2] were performed with different
wave heights and periods. These conditions for the four test cases were simulated
with Code_Saturne [8]. In the following, comparisons between numerical results
and data of the vertical profile of the mean horizontal velocity for the test T1 (see
Table 1) are shown for ‘‘only current’’ and ‘‘only waves’’ (Fig. 2), ‘‘waves fol-
lowing current’’ and ‘‘waves opposing current’’ (Fig. 3). A sensitivity analysis was
made regarding the turbulence closure model that best describes this test case. It
must be highlighted that this sensitivity test is made without any parameterization
besides the default conditions and settings defined in Code_Saturne, with the
exception of the boundary condition (Eq. 5) that was imposed for each test.

As it can be observed on these figures, the three turbulence closure models can
represent quite well the vertical profile of mean horizontal velocity for the case
‘‘only current’’. Nevertheless, for the ‘‘only waves’’ case, the Rij–e model is the one
that best fits the experimental data over the water column.

When waves are superimposed on a turbulent current, the profile of mean
horizontal velocity is changed (Fig. 3). While the mean horizontal velocities near
the free surface are reduced for the ‘‘waves following current’’ case, these
velocities are increased when waves are opposing the current. This was observed
by [2] and Code_Saturne was able to well reproduce this change in the current
profile with the Rij–e model, especially when waves are following the current.
When waves are opposing the current, even if the velocities are a bit
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underestimated near the free surface and a bit overestimated in the middle of the
water column, a good overall agreement is observed.

4.2 Effects of the Turbulence Closure Model on the Reynolds
Shear Stress

We also conducted a sensitivity analysis regarding the changes in the vertical
profile of the Reynolds shear stress Rxz ¼ �u0w0 when waves and current interact

Fig. 2 Mean horizontal velocity vertical profile for ‘‘only current’’ (on the left) and ‘‘only
waves’’ (on the right). Comparison with data from [2]

Fig. 3 Mean horizontal velocity vertical profile for ‘‘waves following current’’ (on the left) and
‘‘waves opposing current’’ (on the right). Comparison with data from [2]
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with the aim to determine which turbulence closure model was the most appro-
priate to describe theses changes. In the following, we show the comparison
between Code_Saturne results and experimental data for ‘‘only current’’ on Fig. 4,
‘‘only waves’’ on Fig. 5 and ‘‘waves following current’’ and ‘‘waves opposing
current’’ on Fig. 6.

As it can be seen from Fig. 4, all the three closure turbulence models are
capable to correctly reproduce the shear stress profile obtained through experi-
mental data when there is only a current in the channel. For what concerns the
‘‘only waves’’ test case, the shear stress profile is almost zero, as it can be observed
on experimental data. In this case, Code_Saturne model overestimates the shear
stress values over the whole water column when the k–e and k–x are applied
(Fig. 5 on the left). On the right side of Fig. 5, it can be seen that a good agreement
is found between the results from Rij–e model and data.

When waves are superimposed on the current, the dimensionless Reynolds
shear stress profile is in general well simulated throughout the water depth with the
three turbulence closure models.

From the tests made with Code_Saturne, it can thus be confirmed that the model
is capable to reproduce quite well the wave–current interaction effects.

4.3 Analysis of the Vertical Profile of the Eddy Viscosity

Some experiments were made by [9] in a flume with only a current, and measures
of the vertical profile of the eddy viscosity were obtained. Comparing this data

Fig. 4 Vertical profile of the
dimensionless Reynolds shear

stress
Rxz

u2
�
¼ �u0w0

u2
�

for ‘‘only

current’’ (i.e., no waves).
Comparison with data from [2]
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with Code_Saturne results obtained with the application of the three turbulence
closure models, it can be seen that the same order of dimensionless values was
achieved from all the models even if the k–e and k–x slightly overestimate it
(Fig. 7). It should be noticed that the behaviour obtained in the turbulent viscosity
profile (with a parabolic shape over depth) is achieved due to the boundary con-
dition imposed for the turbulent dissipation rate the free surface [see Eq. (5)].

Fig. 5 Vertical profile of the Reynolds shear stress Rxz ¼ �u0w0 for ‘‘only waves’’ (i.e., no
current) with the three turbulence closure models (on the left) and with only Rij–e model (on the
right)

Fig. 6 Vertical profile of the dimensionless Reynolds shear stress Rxz

u2
�
¼ �u0w0

u2
�

for ‘‘waves

following current’’ (on the left) and ‘‘waves opposing current’’ (on the right). Comparison with
data from [2]
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On Fig. 8, the turbulent viscosity profiles for ‘‘waves following current’’ (on the
left side) and ‘‘waves opposing current’’ (on the right side) are also shown.

In order to get a simple parameterization of the eddy viscosity development
over the water column in this study, where waves and current interact, a dimen-
sionless relation between the turbulent viscosity (mt), acceleration due to gravity
(g), mass transport velocity (U), water depth (h), wave period (T), wave length
(L) and wave height (H) was sought. After considering several possible

Fig. 7 Vertical profile of the
non-dimensional eddy
viscosity mt/(hu*) for ‘‘only
current’’. Comparison with
data from [9]

Fig. 8 Vertical profile of the non-dimensional eddy viscosity for ‘‘waves following the current’’
(on the left) and ‘‘waves opposing the current’’ (on the right)
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dependences, it was found that the non-dimensional eddy viscosity mt/(gUT2) at
each relative elevation from the bottom (z/h) seems to decrease approximately
linearly with the Ursell number (HL2/h3), as illustrated in Fig. 9, where the various
variables correspond to the results of the simulations made with Code_Saturne
with the application of the Reynolds stress transport model Rij–e.

Fig. 9 Variations of the non-dimensional eddy viscosity mt/(gUT2) for each z/h level as a
function of the Ursell number HL2/h3
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This tentative parameterization of the eddy viscosity needs, however, to be
validated against a more extensive set of data. If confirmed, it could be used for
instance in more simplified simulation models that rely on the eddy viscosity
assumption for the turbulence closure scheme.

4.4 Analysis of the Vertical Profile of the Dimensionless
Kinetic Turbulent Energy and Turbulent Dissipation

The dimensionless turbulent kinetic energy and the dimensionless dissipation rate
are shown below with the three turbulence closure models for the cases ‘‘only
current’’ (Fig. 10), ‘‘waves following current’’ (Fig. 11) and ‘‘waves opposing
current’’ (Fig. 12). Semi-empirical formulas [10] were also included for the ‘‘only
current’’ case and used to estimate the dimensionless turbulent kinetic energy (6)
and dissipation rate (7).

k

u2
�
¼ 4:78 e �2z=hð Þ ð6Þ

eh
u3
�
¼ 9:8

z

h

� ��1=2
e �3z=hð Þ ð7Þ

For the ‘‘only current’’ case, it can be observed that the profiles of the non-
dimensional turbulent intensities are quite similar to each other. The comparison of
the numerical simulations with the semi-empirical curves shows, in general, the
same order of magnitude.

Fig. 10 Vertical profiles of the dimensionless kinetic turbulent energy and turbulent dissipation
for ‘‘only current’’ (i.e., no waves)
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Moreover, it was decided to also get the dimensionless turbulent energy and
turbulent dissipation for ‘‘waves following the current’’ and ‘‘waves opposing the
current’’ cases even if no empirical formulas were used.

5 Conclusions

Code_Saturne model was tested in free surface flows in a combined wave–current
environment. Data from [2] was used to verify the performances and capabilities
of the model. Different tests were available: ‘‘only current’’, ‘‘only waves’’,
‘‘waves following current’’ and ‘‘waves opposing current’’. A sensitivity test was
also made, regarding the turbulence closure model that could best represent this
kind of combined flows. Three turbulence closure models were used, namely two
two-equation models, k–e and k–x and a RMS, Rij–e.

Fig. 11 Vertical profiles of the dimensionless kinetic turbulent energy (on the left) and turbulent
dissipation (on the right) for ‘‘waves following the current’’

Fig. 12 Vertical profiles of the dimensionless kinetic turbulent energy (on the left) and turbulent
dissipation (on the right) for ‘‘waves opposing the current’’

484 M. J. Teles et al.



The vertical profile of the mean horizontal velocity is changed when waves are
superimposed on a current. Code_Saturne was able to well reproduce the reduction
of mean velocities near the free surface when waves are following the current and
the increase of velocity when waves are opposing the current. Not only is the mean
horizontal velocity profile changed, but also the Reynolds shear stress profile.
When waves and current interact the bed shear stress decreases when comparing
with the only current case. Once again, Code_Saturne gave quite good repro-
duction of this trend throughout the depth.

Regarding the sensitivity tests for the different turbulence closure model, the
second-order RMS, Rij–e, has showed, in this case, to have the best performance to
model this kind of flows. This second-order turbulence model is more general (and
thus in principle more accurate and powerful) than the two-equation models.
Indeed, it accounts for the directional effects of the Reynolds stress fields
(anisotropy) and does not include the eddy viscosity modelling hypothesis in
contrary to the two-equation models.

Finally, the expression (5) for the turbulent dissipation at the free surface, as
proposed by Celik and Rodi [7], has shown to be essential to correctly reproduce
the vertical profiles of Reynolds stress and eddy viscosity.
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