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The present work is focused on the evaluation of wave–current interactions through numerical simula-
tions of combined wave and current flows with the Code_Saturne (Archambeau et al., 2004), an advanced
CFD solver based on the RANS (Reynolds Averaged Navier–Stokes) equations. The objectives of this paper
are twofold. Firstly, changes in the mean horizontal velocity and the horizontal-velocity amplitude pro-
files are studied when waves are superposed on currents. The influence of various first and second order
turbulence closure models is addressed. The results of the numerical simulations are compared to the
experimental data of Klopman (1994) and Umeyama (2005). Secondly, a more detailed study of the shear
stresses and the turbulence viscosity vertical profile changes is also pursued when waves and currents
interact. This analysis is completed using the data from Umeyama (2005). A relationship between a
non-dimensional parameter involving the turbulence viscosity and the Ursell number is subsequently
proposed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The coastal environment is a complex system in which distinct
physical processes with different temporal and spatial scales inter-
act. The design of coastal protection and harbour structures, the
evaluation of sediment transport and coastal erosion, the assess-
ment of wave power potential or the impact of a park of wave en-
ergy devices are examples of possible applications that can benefit
from an enhanced knowledge of these phenomena.

The combined effects of waves and currents in free surface
flows have been the subject of many studies due to their impacts
on coastal hydrodynamics. In this environment, horizontal and
vertical velocities, as well as shear stresses, depend strongly on
the interactions of waves and currents. The vertical profiles of
these variables are modified and these are major issues in near-
shore waves and currents modelling. Some experiments have been
designed to evaluate these modifications. The experiments were
initially driven by the motivation to understand how these interac-
tions affect the bottom boundary layer and the near bed shear
stresses, which may have consequences on sediment transport.
Therefore, these experiments were focused on the bottom bound-
ary layer.

Kemp and Simons (1982, 1983) carried out laboratory experi-
ments in a flume with rough and smooth beds, and with waves fol-
lowing and opposing currents, over the entire depth. They
observed that when waves were following the current, the mean
horizontal velocity reached a maximum value at a level between
the bottom boundary layer and the wave trough. On the other
hand, when waves were opposing the current, the mean horizontal
velocity reached a maximum at the free surface which is higher
than the value observed with the logarithmic profile for a only cur-
rent case. The reader is also referred to the references therein for a
discussion of previous experiments. Similar results were obtained
by Klopman (1994) in a series of experiments in a wave flume with
a rough bed. His measurements included both the mean horizontal
velocity and the horizontal-velocity amplitude for regular and
irregular waves with (i) waves opposing currents, (ii) waves fol-
lowing currents, (iii) only waves, and (iv) only currents. In the case
of only currents, more detailed observations were made, including
shear and normal stresses. The observed velocity shear is in agree-
ment with the conclusions of Kemp and Simons (1982, 1983).
Klopman (1994) also reported a reduction in the near-bed veloci-
ties and the presence of a wave-induced streaming. Albeit the high
quality of Klopman’s (1994) experiments, they were mainly fo-
cused on the characteristics of the mean horizontal velocity. The
tests with waves and currents provided no data on the Reynolds
stresses.

More recently, Umeyama (2005) conducted experiments in a
laboratory flume with a smooth bed for the purpose of measuring
turbulence properties with only currents, only waves, and waves
following and opposing currents, for different incident wave condi-
tions (by varying the wave height and/or wave period). For the
mean horizontal velocity, he presented the same conclusions as
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Table 1
Wave heights and wave periods for the four test cases of Umeyama (2005).

Tests T1 T2 T3 T4

Wave height (m) 0.0202 0.0251 0.0267 0.028
Wave period (s) 0.9 1 1.2 1.4

M.J. Teles et al. / Ocean Modelling 68 (2013) 72–87 73
Klopman (1994), but also identified the importance of the wave
period. His results concerning near-bed mean velocities differ par-
tially from Klopman’s (1994) measurements.

In recent decades, many efforts have been made to improve the
description of the combined effects of waves and currents. These
studies are based on either purely analytical approaches with sim-
ple models of the wave boundary layer (in particular, relying on the
concept of an eddy-viscosity), or numerical simulations to accom-
modate more sophisticated models of the primitive equations.

The work of Grant and Madsen (1979) follows the first ap-
proach, stating that the influence of waves on steady currents
above the wave boundary layer can be parametrized by an appar-
ent increase in the roughness experienced by the current. Addi-
tional examples of simplified wave boundary models include:
Christoffersen and Jonsson (1985) with an eddy-viscosity approach
(also a wealth of references on previous studies, particularly on
purely oscillatory boundary layers), You (1996) with a parabolic
distribution of the turbulence viscosity, Nielsen and You (1996),
who explicitely take into account the wave induced Reynolds
stresses, Huang and Mei (2003) who formulate a boundary-layer
theory, and Yang et al. (2006) with a simplified mixing-length
hypothesis.

Numerical approaches range from the inclusion of the Craik–
Leibovich vortex force in the mean-current equations (Dingemans
et al., 1996), to the Generalized Lagrangian Mean approach (GLM)
(Groeneweg and Klopman, 1998; Groeneweg and Battjes, 2003), to
a three-dimensional Navier–Stokes equation model (e.g. Olabarrie-
ta et al., 2010).

The Code_Saturne model (Archambeau et al., 2004) is based on
the three dimensional RANS (Reynolds Averaged Navier–Stokes)
equations. The model was developed at the EDF R&D (Electricité
de France, Research and Development) in Chatou, France and was
initially designed for pressurized flows in large industrial installa-
tions. A number of adaptations had to be made to render the model
suitable for the study of wave and current interactions considering
turbulence effects in free surface flows. For these kinds of simula-
tions, the Arbitrary Lagrangian Eulerian (ALE) methodology
(Archambeau et al., 1999) was used.

Among the turbulence closure models available in the code, the
choice was made to evaluate the first-order k–� and k–x models,
which are widely used because of their simplicity, and the sec-
ond-order Reynolds stress transport model Rij—�.

A tentative parameterisation of the turbulence viscosity in
terms of the Ursell number will be proposed using the results of
the numerical simulations obtained by Code_Saturne.

The paper is organised in the following way. After this introduc-
tory section, the laboratory measurements used to verify the mod-
el are introduced in Section 2. Section 3 describes the numerical
model and the options chosen to configure the model. Section 4
analyses the accuracy of the mean horizontal velocity profiles, pre-
ceded by a sensitivity analysis of the turbulence closure models. In
Section 5, a discussion of turbulence intensities modelling is pre-
sented. The conclusions are summarised in Section 6.
2. Laboratory data

Klopman (1994) carried out a series of laboratory experiments
with two computer controlled wave boards (one generating waves
and another absorbing the waves) and a flow circulation circuit
able to provide a constant discharge of about Q � 80 l/s. The chan-
nel was 46 m long (x direction), 1 m wide (y direction) and the
water depth was 0.5 m (z direction). Waves were generated with
a second order signal to minimise free long waves. Based on the
mean flow velocity, the flow was characterised by a Reynolds num-
ber of approximately 67,000.
Numerical simulations were carried out for the test cases with
currents only, waves only, and monochromatic waves following
and opposing currents. The wave height was H ¼ 0:12 m, and the
wave period was T ¼ 1:44 s. During each test, mean horizontal
velocity profiles and horizontal velocity amplitudes were mea-
sured by a laser-Doppler velocimeter (LDV) at the middle of the
channel (x ¼ 22:5 m and y ¼ 0:5 m). For the case with only cur-
rents, a description of the shear stress was also made through
the LDV measurements.

The experiments from Umeyama (2005) were completed in a
channel 25 m long and 0.7 m wide, with a water depth of 0.2 m.
Regular waves were generated with a piston-type wave maker
and dissipated with a wave absorber at the opposite end of the
channel. Four combinations of wave height and wave period used
in tests with only waves, waves following currents, and waves
opposing currents (Table 1). The mean flow velocity in the channel
was about 12 cm/s. For each test, the horizontal and vertical veloc-
ities were measured by a Laser Doppler Anemometer (LDA) 10.5 m
from the wave generator. Mean velocity profiles and shear stresses
were obtained.

For Klopman (1994) and Umeyama (2005), the relative wave
heights were approximately H=h � 0:24 and H=h � 0:1, respec-
tively, which qualifies them as intermediate non linear waves.
With dimensionless depth kh � 1, these experiments are typically
characterised as intermediate water depth.
3. Code_Saturne model

3.1. Introduction

Over the last few decades, increases in computing capacity and
expansion of Computational Fluid Dynamics (CFD) software as a
simulation tool has led to the possibility of solving complex and
varied fluid flow problems, including the simulation of three-
dimensional, time-varying flows.

The Code_Saturne (Archambeau et al., 2004) is a computational
dynamic code that solves the Navier Stokes equations for laminar
and turbulent flows in two and three dimensional domains. It is
based on a Finite Volume approach that handles structured or
unstructured meshes. The mass and momentum equations are
written in a conservative form and then integrated over control
volumes.

@q
@t
þr:ðquÞ ¼ 0 ð1Þ
@qu
@t
þr:ðqu� uÞ ¼ r:rþ Su ð2Þ

The additional momentum source term, Su, can be prescribed by
the user, q is the density, u the mean flow fluid velocity vector, and
r the stress tensor. For a turbulent flow, the stress tensor r in-
cludes the effects of pressure, viscous stresses s, and the turbu-
lence Reynolds stress tensor Rij. In order to close the system of
Eqs. (1) and (2), the Reynolds stress tensor has to be modelled. In
Code_Saturne, a large range of first and second order turbulence
closure models have been implemented. While in a first-order tur-
bulence model, the Reynolds stress tensor is linked to the mean
flow velocity through the Boussinesq hypothesis and the turbu-



Fig. 1. Model grid. Application of the ALE module to the free surface moving mesh
representation.
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lence viscosity approximation, in a second-order turbulence mod-
el, the Reynolds stresses are solved explicitly with transport type
equations.

In the present work, the first-order two-equation models k—�
with linear production (Guimet and Laurence, 2002), and the
k—x SST (Menter, 1994), were evaluated in comparison to the sec-
ond-order Reynolds stress transport model Rij—� SSG (Speziale
et al., 1991).

The k—� (Guimet and Laurence, 2002) and Rij—� SSG (Speziale
et al., 1991) models are so-called High Reynolds number models.
For these models, it is necessary to ensure that the thickness of
the first computational cell near the wall is larger than the thick-
ness of the viscous sublayer. Consequently, an analytical treatment
(wall functions) is needed in the area near the wall. The k—x SST
(Shear Stress Transport) model proposed by Menter (1994) is a
combination of a standard k—� model that is suitable for the free
flow and a standard k—x model that exhibits better behaviour
near the wall.

The first order turbulence models need additional equations to
calculate the turbulence viscosity. The transport of the turbulence
kinetic energy k (3) and turbulence dissipation rate � (4) are exam-
ples of equations commonly used as closure, leading to the known
k—� turbulence model.

q
@k
@t
þr: quk� lþ lt

rk

� �
rk

� �
¼ P þ G� q� ð3Þ
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� �
r�

� �

¼ C�1
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k

P þ 1� C�3ð ÞG½ �P � qC�2
�2

k
ð4Þ

mt ¼
lt

q
¼ Cl

k2

�
ð5Þ

The fluid’s dynamic molecular viscosity is expressed by l; lt is
the turbulence viscosity, P accounts for the production of the ki-
netic energy through mean shear stresses, G is the production-
destruction tensor related to density effects,
rk ¼ 1; r� ¼ 1:3; C�1 ¼ 1:44; C�2 ¼ 1:92 and Cl ¼ 0:09 are defined
constants and finally C�3 ¼ 0 if G P 0 and C�3 ¼ 1 if G 6 0.

In the k—x SST model (Menter, 1994), Eq. (3) is solved for k, but
the dissipation is estimated using a so-called specific dissipation
x ¼ �

b�k, where b� ¼ 0:09.
Contrary to first order turbulence models, in Reynolds Stress

Models (RSM), the Reynolds stress transport Eq. (6) accounts for
the directional effects of the Reynolds stress fields and does not in-
clude the eddy viscosity hypothesis. In Reynolds Stress Models
(RSM) there are six transport equations for the six independent
components of the Reynolds stress tensor and one equation for
the dissipation rate.

q
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@t
þr: quRij � lrRij

� �
¼ Pij þ Gij þ dij þUij � q�ij ð6Þ

q
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The turbulence production tensors related to mean shear stres-
ses and gravity effects are Pij and Gij, respectively, Uij is the pres-
sure strain term, dij and d� are the turbulence diffusion terms,
and �ij is the dissipation term (considered isotropic) (Archambeau
et al., 2004). The ij subscripts refer to the tensor components with
values 1, 2 and 3.

Free surface boundaries can be handled using a fixed-mesh or a
moving-mesh approach. Muzaferija and Peric (1997) or Apsley and
Hu (2003) show examples of applications of moving-mesh ap-
proach to modelling free-surface flows using the finite volume
method. The Code_Saturne uses the Arbitrary Lagrangian Eulerian
(ALE) methodology (Archambeau et al., 1999), which allows the
mesh to follow the moving boundaries.

With this module, the Navier Stokes equations gain a new term
which accounts for the vertical velocity of the mesh. At each time
step, the mesh is updated with this velocity, constrained to guaran-
tee a zero net mass flux at the free surface (10). The free surface
vertical motion is distributed proportionally across the water col-
umn, approaching zero near the bottom. Fig. 1 shows an example
of the free surface moving mesh when applying the ALE module.

3.2. Model setup

3.2.1. Wave generation and dissipation
To minimise undesirable free super-harmonic and sub-har-

monic waves, a second-order piston-type wave boundary condi-
tion was applied at one end of the channel. Thus, an horizontal
movement of the mesh was imposed at the lateral wall in order
to produce waves. Waves propagated in positive x-direction. The
following expression for the wave board motion displacement
X0 tð Þ in Eq. (8) (Dean and Dalrymple, 1991) was introduced:

X0 tð Þ ¼ H
2m1

sin
2p
T

t
� �

þ H2

32h
3coshðKhÞ
sinh3ðKhÞ

� 2
m1

 !
sin 2t

2p
T

� �
ð8Þ

with m1 given by:

m1 ¼
4sinhðKhÞ

sinhð2KhÞ þ 2Kh
sinðKhÞ þ 1� coshðKhÞð Þ

Kh

� �
ð9Þ

K represents the wave number, h the water depth, H the wave
height, T the wave period, and t the time. To avoid a sudden move-
ment of the mesh and thus mesh crossover, the signal at the lateral
boundary (8) was progressively imposed in time.

The energy of waves can be dissipated if the waves propagate
into a more viscous fluid. Following this idea, the numerical chan-
nel was extended by about six wave lengths with a less refined
mesh and a linear increasing viscosity distribution was imposed
in the extension.

3.2.2. Mesh generation
The mesh generation is subject to a number of conditions that

the modeller has to take into account. On one hand, in order to en-
sure a good representation of the waves, it is necessary to have
about 10 cells per wavelength. On the other hand, the mesh reso-
lution can not be too fine next to the moving wall to avoid mesh
crossover and the divergence of the simulation.

Mesh resolution in the vicinity of boundaries where a no-slip
condition applies (i.e. near the bottom in our computations) re-
quires special attention when using CFD codes. There are basically
two main approaches that can be followed by such codes: in the
first one, usually referred to as Low Reynolds number model, the
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CFD model is used throughout the boundary layers (including the
viscous sublayer in the vicinity of the boundary) and above, with
a very refined grid in order to resolve the structure of the flow
(which is strongly sheared) when approaching the boundary. In
the second one, the actual use of the CFD code (where the first grid
point lies) starts at a given (small) distance from the wall and an
additional wall function is applied in order to correctly handle
the viscous effects at the boundary. In this case, the resolution of
the grid close to the boundary is coarser compared to the previous
approach. This approach is usually referred to as High Reynolds
number model, or ‘‘wall function approach ’’. With the present ver-
sion of Code_Saturne, we decided to adopt the second modelling
strategy (High Reynolds number model) and to use a wall function
close to the bottom. This was motivated by two main reasons: first,
Code_Saturne is designed to be used preferably with this modelling
strategy and more experience is available on this side, and sec-
ondly we wanted to keep the computational effort moderate for
the first step of our research project.

Since High Reynolds number models were used, there are some
constraints on the relative size of the cells near the bottom. It is
necessary to ensure that zþ > 2:5, but it is preferential that
30 < zþ < 100, where zþ is the dimensionless z-coordinate norma-
lised by the thickness of the viscous sublayer d ¼ m

u�

� 	
. At the same

time, some important effects were analysed in this region, such as
the influence of the roughness on the vertical profile of the mea-
sured quantities, so adequate spatial resolution was required. To
satisfy these conditions, the vertical discretization of the mesh
had a varying resolution of 0:005 m < Dz < 0:025 m for the simu-
lations of Klopman’s channel and 0:001 m < Dz < 0:005 m for the
simulations of Umeyama’s channel.

In the end, the computational domains for Klopman’s and
Umeyama’s channels had approximately 18,500 and 24,000 cells,
respectively.
3.2.3. Boundary conditions at the free surface and bottom
Recently, Cozzi (2010) adapted the ALE method for representing

wave propagation in free surface flows. One of the conditions im-
posed at the free surface, to ensure zero net mass flux, is repre-
sented by the following expression:

w ¼ u:S
ez:S
¼

_mfs

qSz
ð10Þ

The vertical velocity of the mesh is represented by w; _mfs is the
mass flux when the free surface is represented with a fixed mesh,
and Sz is the vertical component of the unit free surface, S.

The modifications made by Cozzi (2010) were appropriate for a
perfect fluid and potential flow, which is typical of a waves only
test case. In the present study, the Code_Saturne was applied with
the objective to study wave–current interactions taking into ac-
count the effects of turbulence on free surface flows. For this pur-
pose, an additional condition (11), proposed by Celik and Rodi
(1984), had to be imposed on the free surface:

� ¼ k3=2

ha
ð11Þ

The turbulence dissipation, �, and the turbulence kinetic energy,
k, are the values at the free surface and a ¼ 0:18 is an empirical
constant. Although the RSM model does not compute explicitly
the turbulence energy k, this variable is estimated as half the
sum of the normal stresses (see point 5.2, (17)). In the k—x model,
� is replaced by xb�k in (11).

This boundary condition accounts for the reduction of the
length scale of turbulence near the free surface, which is physically
consistent and has been observed experimentally by Nezu and
Rodi (1986). With this boundary condition, the turbulence dissipa-
tion, which determines the turbulence length scale, will be higher
than the value obtained when using a zero-gradient surface bound-
ary condition (Nezu and Nakagawa, 1993). Hence from Eq. (5), it
can be seen that the eddy viscosity decreases toward the free
surface.

Additionally, a Neumann condition for the Reynolds stress is de-
fined at the free surface:

@Rij

@z
¼ 0 ð12Þ

Analogous to the above equation, a zero flux condition is also
used for the turbulence kinetic energy. At the bottom boundary,
a rough wall function (13) defining the relation between the tan-
gential velocity of the fluid relative to the wall ðus;IÞ and the friction
velocity at the wall ðu�Þ was imposed (incorporated already in
Code_Saturne):

us;I

u�
¼ f ðzpÞ ¼

1
j

ln
zp þ z0

z0

� �
ð13Þ

The von Karman constant is j ¼ 0:41; zp is a distance from the
wall defined by the size of the first cell and z0 is a parameter re-
lated to the wall roughness that has to be defined by the user.

The following boundary conditions are applied near the wall for
the other turbulence variables:

rðRiiÞ:n ¼ 0; R12 ¼ u�uk; R13 ¼ R23 ¼ 0 ð14Þ

� ¼ u3
k

jz
ð15Þ

k ¼ u2
kffiffiffiffiffiffi
Cl

p ð16Þ

The unit vector normal to the boundary, oriented outwards, is
represented by n and uk is an estimate of u� obtained from the tur-
bulence kinetic energy.

4. Mean horizontal velocity profile

4.1. Turbulence closure model sensitivity

4.1.1. The ‘‘only currents’’ case
An important step evaluation of the ability of a full RANS equa-

tions model (e.g. Code_Saturne) to represent wave–current interac-
tions, is a sensitivity study of the built-in turbulence closure
models. Throughout this sub-section, the Klopman (1994) data
was used for that purpose. Klopman (1994) found in the only cur-
rent experiment a value of z0 ¼ 0:04 mm. Therefore, the same va-
lue was imposed in Code_Saturne.

The numerical model output corresponds to the phase-averaged
values, from which it was possible to estimate the contributions of
the mean flow and the waves. For the cases with waves propagat-
ing in the channel, results were analysed for fifty wave cycles with-
in the 600 s of the total simulation time.

It should be highlighted that this sensitivity test is made with
the default parameters set in the Code_Saturne turbulence models.
Thus, no optimisation of the constants of the model was attempted
for any of the turbulence closure models. For all models, the same
mesh was used, and the same free surface (11) and bottom (13)
boundary conditions were imposed. The time step for each simula-
tion was set to 0:02 s.

The first test case had only currents. The simulation runs until a
stationary current is achieved. Fig. 2 shows the comparison of the
mean horizontal current profiles calculated with the k—�; k—x
and Rij—� turbulence closure models. Good agreement is found be-
tween the simulations with Code_Saturne and the laboratory data.
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Fig. 3. Vertical profiles of mean horizontal velocity for waves only: linear scale (left) and semi-log scale (right). Data from Klopman (1994).

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

U (m/s)

z 
(m

)

Data
Rij − ε

k − ε
k − ω

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
10−4

10−3

10−2

10−1

100

U (m/s)

z 
(m

)

Data
Rij − ε

k − ε
k − ω

Fig. 4. Horizontal velocity amplitude profile for only waves: linear scale (left) and semi-log scale (right). Data from Klopman (1994).
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Near the free surface, there is a slight curvature in the verti-
cal profile of the mean horizontal velocity when the Rij—� model
is applied. This behaviour is not observed with the two other
turbulence models. It could be due to the impact of the side
walls on the mean flow and the three-dimensionality of the flow,
since the ratio between the channel width (B) and water depth
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(h) is B
h ¼ 2. This effect was also observed by Song (1994) for a

turbulent current without waves and with the same range of
values for B

h.
Of the three turbulence closure models, it is possible that the
Rij—� model is the only one capable of reproducing these effects,
since it takes into account the turbulence anisotropy.
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4.1.2. The ‘‘only waves’’ case
The second test case investigated the propagation of waves

(along the positive x axis) in the channel without currents. Fig. 3
presents the numerical results and the experimental data for the
mean horizontal velocity profiles. Near the bed, around
z � 0:02 m, the mean horizontal velocity changes sign, becoming
negative. Below this level, there is a layer where the velocity is po-
sitive and in the direction of wave propagation, representing wave-
induced streaming. These are second-order steady mean velocity
fields that arise in any oscillatory flow. They are a consequence
of viscosity and spatial variation of the velocity field outside this
layer. This was first described by Longuet-Higgins (1953) for sinu-
soidal surface water waves. Holmedal et al. (2009) studied differ-
ent mechanisms causing streaming, in particular, the importance
of the mass transport beneath second-order Stokes waves.

On Fig. 3 it can be observed that neither model can reproduce
the wave streaming effect. Nevertheless the second order Rij—�
model seems to fit better the observations. The negative velocities
in the middle of the water column are due to the undertow, and
they compensate for the positive mass flux between the wave
trough and the wave crest (i.e. the Stokes drift (not shown here))
since conservation of mass is guaranteed.
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Fig. 9. Comparison of the vertical profiles of the mean horizontal velocity in a semi-
log scale for the cases ‘‘only current ’’ (OC), ‘‘waves following the current ’’ (WFC)
and ‘‘waves opposing the current ’’ (WOC). Data from Klopman (1994).
The horizontal velocity amplitude profile is presented in Fig. 4.
The k—x and Rij—� models overestimate the horizontal velocity
amplitude. Even though, the key features of the vertical profile,
i.e. the cosine hyperbolic shape above the boundary layer and
the overshooting before reaching this shape, are fairly well
reproduced.

4.1.3. The ‘‘waves following currents’’ case
The vertical profile of the mean horizontal velocity is signifi-

cantly changed by the presence of the waves, as seen by comparing
Fig. 5 with Fig. 2.

In the case of waves following currents, the velocity shear in the
upper half of the water column decreases and become negative.
Fig. 5 shows that the Rij—� turbulence model was the only model
capable of simulating the reduction in the velocity near the free
surface. The simulations agreed well with the experiments not only
near the bottom but also near the free surface.

The change in the velocity gradient near the free surface can be
caused by different effects. A number of authors (e.g. Groeneweg
and Klopman, 1998; Groeneweg and Battjes, 2003; Huang and
Mei, 2003; You, 1996; Nielsen and You, 1996) attributed this
change in the mean horizontal velocity profile mainly to the wave
0 0.05 0.1 0.15 0.2 0.25

10−4

10−3

10−2

10−1

100
Numerical results

U (m/s)

z 
(m

)

 

 

z0≈ 0.04 mm
za≈ 0.1 mm

OC
WFC
WOC

Fig. 10. Numerical results of the vertical profiles of the mean horizontal velocity in
a semi-log scale for the cases ‘‘only current ’’ (OC), ‘‘waves following the current ’’
(WFC) and ‘‘waves opposing the current ’’ (WOC).
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induced Reynolds stress when waves propagate in a flume. Due to
oscillations induced by the superposition of waves the mean flow
is modified.

When waves are superposed on a turbulent current flowing in
the same direction, the current shear velocity is positive. When
approaching the free surface (where the wave induced stresses
are more important) the wave related propagation contributions
have opposite sign with the current contribution resulting in a de-
crease of the mean velocity shear. It can be even negative as in the
present study.

Yang et al. (2006) analysed other possible effects, such as the
non-uniformity of the flow (existence of a free surface slope along
the channel) and/or secondary currents induced by sidewall ef-
fects. They concluded that both contributions also caused a change
in mean horizontal velocity profile.

The decay of waves when propagating along the channel could
cause a variation of the mean surface elevation and thus giving a
non-uniformity character to the flow.

Klopman (1997) repeated the same experiments as in Klopman
(1994), but this time he completed measurements along the cross
section. He concluded that the secondary circulation cells pre-
dicted by the Craik–Leibovich vortex force theory existed in the
flume. However, Groeneweg and Battjes (2003) concluded that this
effect have a secondary influence on the change of the mean hori-
zontal velocity profile.
The first order turbulence models, k—� and k—x, were not able
to reproduce the reduction of mean horizontal velocity near the
free surface. The accurate results obtained by the Rij—� model are
a natural consequence of the fact that the turbulence dissipation
and the Reynolds stresses are computed explicitly and hence the
model is able to take into account the anisotropy of the flow. In
the first-order turbulence closure models, the Boussinesq approxi-
mation does not take into account the anisotropy of the flow due to
the isotropic eddy viscosity assumption.

Comparing the right panels of Figs. 2 and 5 (semi-logarithmic
scale) a reduction of the near-bed velocities is observed. Again,
the Rij—� model simulations approach the data better.

Fig. 6 shows the horizontal velocity amplitude profile. All of the
numerical simulations slightly underestimate the measurements,
and the Rij—� approach shows the best performance. The above-
mentioned overshooting is not well represented in this case.

4.1.4. The ‘‘waves opposing currents’’ case
In the case of waves opposing the current, an increase in the

velocity near the surface was observed by Klopman (1994) and
others, such as Kemp and Simons (1983). Similar to the case of
waves following currents, the Rij—� model showed the best perfor-
mance, even if the increase of the mean velocity in the upper part
of the water column was slightly underestimated and the mean
current profile in the middle of the water column was overesti-
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mated (Fig. 7). Nevertheless, the mean horizontal velocity profile
showed good agreement through the water column.

Contrary to the waves following the current case, when waves
are opposing the mean flow, the current shear velocity is negative
and therefore with the same sign of wave induced Reynolds stress
contribution. Hence, the mean velocity gradient is going to in-
crease when approaching the free surface.

The mean horizontal velocity amplitude profile in the case of
waves opposing the current is shown on Fig. 8. It can be verified
that the k—� and k—x models underestimate it comparing to the
measurements. Even if slightly overestimated, the Rij—� shows
the best results.

4.2. Brief discussion about the apparent roughness

For combined waves and currents, the variable za is the ana-
logue of the standard roughness length z0. It is an apparent rough-
ness that plays an important role in the interaction of waves and
currents with the bottom boundary layer. It was already identified
by Lundgren (1972) by the association of a reduction of the current
velocity in the presence of waves, to the increase of the viscosity in
the wave boundary layer. It was formalised by Grant and Madsen
(1979) and has been used since by a number of researchers (Christ-
offersen and Jonsson, 1985; Soulsby et al., 1993; Fredsøe et al.,
1999; Houwman and van Rijn, 1999; Perlin and Kit, 2002; Holmed-
al et al., 2003; Huang and Mei, 2003; Van Rijn, 2007; Olabarrieta
et al., 2010). In these studies, it is clear that the apparent roughness
is the dominant roughness factor and a measure of the effect of the
waves on the mean current profile above the boundary layer.

The wave induced velocity field increases the turbulence in the
wave boundary layer and a reduction of near-bed mean horizontal
velocities is observed. This effect is equivalent to an increase of the
roughness of the physical bottom boundary and could be parame-
trized with a high value of the Nikuradse roughness or, which is
equivalent, an additional roughness experienced by the current
(see Fredsøe et al., 1999 for an account of the mechanism respon-
sible for the change of the apparent roughness).

The experimental data obtained by Klopman (1994) showed an
increase in the apparent roughness when waves opposed the cur-
rent as compared to the case with only currents. No such clear in-
crease could be identified in the case of waves following the
current. In Fig. 9 the values of za shown were obtained by linear
extrapolation of the mean horizontal velocities estimated from
the data.

As pointed out, in the present study Code_Saturne was applied
using a High Reynolds number modelling strategy (i.e. a wall func-
tion approach in the vicinity of the bottom) and therefore the mod-
el is not able to fully resolve the bottom boundary layer. It can be
seen from Fig. 10 that the values obtained by linear extrapolation
of the mean horizontal velocities estimated from the Code_Saturne
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model are higher than the initially imposed physical roughness
(z0), both for the waves following and waves opposing the currents
cases. This increase is related to the apparent roughness concept.
4.3. Influence of external parameters

4.3.1. The ‘‘only waves’’ case
A sensitivity test similar to the one presented previously (Sec-

tions 4.2.2–4.2.4) concerning the choice of the turbulence closure
model was also made for Umeyama’s experiments. The same con-
clusions were achieved and so they are not presented here. More
details can be found on Teles et al. (2013). Therefore, the Rij—� tur-
bulence closure model will be used in the Code_Saturne for the
remainder of this section.

In an experimental flume (described in Section 2) with waves
and currents, Umeyama (2005) measured the vertical profile of
the mean horizontal velocity and Reynolds stresses. Four differ-
ent wave heights and wave periods were considered for the test
cases with only waves, waves following currents, and waves
opposing currents. The channel had a smooth bed and, contrary
to Klopman’s experiments, the za parameter did not have an
important role.

Fig. 11 shows the vertical distribution of the mean horizontal
velocity for four different wave conditions (in the case of only
waves). Again, the model is capable of predicting well the mean
horizontal velocity profiles for each case. It is also evident that
when the wave height increases, the wave boundary layer effects
become more significant.
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4.3.2. The ‘‘waves following currents’’ case
Fig. 12 shows the mean horizontal velocity vertical profile when

waves are superposed on a turbulent current. For the four different
conditions of waves following currents, the velocity increases near
the bed and then decreases near the free surface.

The phase-averaged Reynolds stresses induced by the waves
represent the phase-averaged correlation between the horizontal
and vertical velocities. In intermediate waters (like in these exper-
iments), Olabarrieta et al. (2010) pointed out that as the wave
height increases, this correlation increases, and a sharp decrease
in the mean horizontal velocity can be seen. However, as the wave
period increases, the vertical component of the particle motion de-
creases, causing a reduction of Reynolds stresses. The effects of the
wave height and wave period oppose each other, which could ex-
plain why the decrease in mean velocity does not vary significantly
between the experiments. When compared with the experimental
results, it can be concluded that the Code_Saturne model repro-
duces well these effects.
4.3.3. The ‘‘waves opposing currents’’ case
For waves opposing currents (Fig. 13), the velocity profile is ini-

tially logarithmic, but it begins to deviate, and the velocity shear
increases near the free surface. The mean velocity gradient seems
to increase with an increase in wave height and wave period. This
behaviour is very well reproduced by the numerical simulations in
the two more energetic cases. However for the two lower wave
conditions some discrepancies are found. Near the free surface
the modelled velocity gradient becomes even negative
(H ¼ 0:0202 m) or approaches to zero (H ¼ 0:0251 m). Just above
the boundary layer the slight decrease in dU

dz cannot be observed
in the model results.
5. Vertical profiles of Reynolds stresses and turbulence viscosity

5.1. Vertical profile of the Rxz Reynolds stress

5.1.1. The ‘‘only currents’’ case
It was also of great interest to analyse the capacity of the Code_-

Saturne model to reproduce the vertical profile of the Reynolds
shear stress Rxz ¼ �hu0w0i, and therefore to understand better the
different mechanisms that occur in a turbulent flow, such as in a
wave–current environment. Firstly, the vertical profile of the Rey-
nolds stress Rxz with ‘‘only currents’’ was tested. A comparison was
made between the shear stress profile obtained by Klopman (1994)
and the results of the Code_Saturne model using the three turbu-
lence closure models evaluated in Section 4.21. Fig. 14 shows that
the results obtained with both the k—�; k—x and Rij—� models
agree well with Klopman’s data for the entire water column.
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5.1.2. The ‘‘only waves’’ case
Since the Klopman (1994) shear stress data only include the

currents only case, the remainder of the comparisons in this sec-
tion will be completed with the Umeyama (2005) data. The numer-
ical simulations of the Code_Saturne will use the Rij—� closure
approach. As seen in Fig. 15, the shear stress is almost zero when
there are only waves in the flume. In fact, in the only waves case,
the flow is characterised by an almost potential flow. It can be ver-
ified that the model is able to reproduce the expected monotonic
behaviour over the water column. Also the close to zero values
computed are what to be expected. However, it can be concluded
that in the bottom boundary layer Code_Saturne may have some
difficulties in representing the shear stress when only waves are
present.

5.1.3. The ‘‘waves following currents’’ and ‘‘waves opposing currents’’
cases

Figs. 16 and 17 present the changes of the vertical profile of the
Reynolds stress Rxz when progressive waves are superposed on a
current in a flume. The striking feature in Figs. 16 and 17 is the de-
crease in the Reynolds shear stress in comparison with the values
obtained from the only currents experiment (indicated by the +
symbol in these figures). The superposition of waves caused a
reduction in the turbulence stresses, not only near the bottom,
but also over the whole water column. This behaviour was also ob-
served by Kemp and Simons (1982). They refer that somehow the
generation of turbulence is also periodic (because of the waves).
For this reason part of the turbulence intensities are going to be ab-
sorbed into the phase averaged values and do not appear as mea-
sured turbulence intensities.

The Reynolds stress intensity has the same average order of
magnitude over the water column and does not change signifi-
cantly with the wave direction. The numerical simulations repro-
duce well this behaviour, especially in the ‘‘waves opposing
currents’’ case (Fig. 17).

In Fig. 16, a difference in the modelled and measured Reynolds
stresses is observed in the more energetic cases. In particular, the
model does not simulate the observed reverse in sign of the Rey-
nolds stress near the surface.

In general, the Code_Saturne had some difficulties modelling the
shear stress near the free surface. The observed differences could
be caused by neglecting to model the shear stress at the free sur-
face due to interactions between the water and the air (Dore,
1978). In and above the wave boundary layer (in the lower panels
of Fig. 16) no reasons were found for the mismatches observed be-
tween the numerical results and experimental data.
5.2. Vertical profile of eddy (turbulence) viscosity

As previously mentioned, analytical expressions for the vertical
profile of the turbulence viscosity in environments with waves and
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currents have been proposed (e.g. Christoffersen and Jonsson,
1985; Huang and Mei, 2003).
The turbulence closure model Rij—� has the advantage of solv-
ing for the turbulence dissipation � and the Reynolds stresses Rij,
without relying on the eddy viscosity assumption. Nevertheless,
one may estimate the value of the eddy viscosity a posteriori from
the Rij—�model results. In the Code_Saturne model, this estimate is
obtained with Eq. (10), where k is computed as:

k ¼ 1
2
ðRxx þ Ryy þ RzzÞ ð17Þ

These estimates of the turbulence viscosity will be used to
determine a parameterisation over the entire depth in relation
to external variables. First, the conditions of Nezu and Rodi
(1986) experiments, an ‘‘only current’’ (OC) experiment, were
considered and presented in Fig. 18. In this figure, z is the eleva-
tion from the bottom, h is the water depth, and u� is the friction
velocity. At the bottom and at the (moving) free surface the tur-
bulence viscosity is zero, and it has a parabolic shape over the
water depth. These features were well modelled by the Code_Sa-
turne, partially showing the effect of the boundary condition
(11).

Next, waves were superposed on the current for different values
of the wave height and period, as in Umeyama (2005), and the re-
sults are shown in Fig. 19. The general shape of the turbulence vis-
cosity profile does not change significantly when compared to the



0 0.02 0.04 0.06 0.08 0.1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

νt/(u*h)

z/
h

WFC4
WFC3
WFC2
WFC1

0 0.02 0.04 0.06 0.08 0.1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

νt/(u*h)

z/
h

WOC4
WOC3
WOC2
WOC1

Fig. 19. Vertical profiles of the non-dimensional turbulence viscosity obtained by the Code_Saturne using the Rij—� SSG turbulence closure model for tests with different wave
heights and wave periods for ‘‘waves following currents ’’ cases (WFC, left panel) and ‘‘waves opposing currents ’’ cases (WOC, right panel).

2 4 6 8 10 12
0

0.5

1

1.5

2

2.5

3

3.5

4
x 10−5

Ur (HL2/h3)

ν t/(g
U

T2 )

R2=0.9

R2=0.9

R2=0.9

R2=0.8

R2=0.6

z/h=0.005
z/h=0.025
z/h=0.06
z/h=0.1
z/h=0.25

2 4 6 8 10 12
0

1

2

3

4

5

6
x 10−5

Ur (HL2/h3)

ν t/(g
U

T2 )

R2=0.6

R2=0.6

R2=0.6

z/h=0.5
z/h=0.75
z/h=0.85

Fig. 20. Variation of the non-dimensional turbulence viscosity mt

gUT2 for each z=h level as a function of the Ursell number Ur ¼ HL2

h3 .

0 1 2 3 4 5
x 10−5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

νt /(gUT2)

z/
h

Ur4
Ur3
Ur2
Ur1

Fig. 21. Vertical distribution of the non-dimensional turbulence viscosity mt

gUT2 in
function of non-dimensional water depth z=h for different Ursell numbers
(Ur1;Ur2;Ur3;Ur4) corresponding to the four test wave conditions
(OW1;OW2;OW3;OW4).

M.J. Teles et al. / Ocean Modelling 68 (2013) 72–87 85
profile of the ‘‘only currents’’ case. Note that Huang and Mei (2003)
also considered a parabolic and continuous profile when dealing
with smooth bottoms.

The relative similarity of the vertical profiles of the non-
dimensional eddy viscosity observed in this set of experiments
motivated us to search for a simple parameterisation of the eddy
viscosity in combined wave–current flows. This parameterisation
could then be used as an input in more simplified numerical
models.

We therefore sought out a (simple) dimensionless relation be-
tween the turbulence viscosity (mt), acceleration due to gravity
(g), mean velocity (U), water depth (h), elevation from the bottom
(z), wave period (T), wave length (L) and wave height (H). After
considering several possible relations, it was found that the non-
dimensional eddy viscosity mt

gUT2 at each relative elevation z=h ap-
pears to decrease approximately linearly with the so-called Ursell
number (Ur ¼ HL2

h3 ), as illustrated in Fig. 20. The plotted values cor-
respond to the results of the simulations made with Code_Saturne
using the Reynolds stress transport model Rij—�.

The trends observed in Fig. 20 can be used to write an expres-
sion for the vertical distribution of the nondimensional eddy vis-
cosity as a function of the Ursell number.
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Fig. 21 shows the vertical profile of the non-dimensional
turbulence viscosity (from (18)) for the wave–current interaction
simulations. Here, four different wave conditions (OW1;OW2;
OW3;OW4), corresponding to four different Ursell numbers
(Ur1;Ur2;Ur3;Ur4), were superposed on a current.

However, we stress that this tentative parameterisation of the
eddy viscosity needs to be validated with a more extensive set of
data. Once validated, it could be used in simplified models that rely
on the eddy viscosity assumption for the turbulence closure
scheme.
6. Conclusions

With the aim of studying wave–current interactions in a de-
tailed manner, an existing CFD solver based on the RANS equations
(the Code_Saturne Archambeau et al., 2004) was applied to model
combined wave–current free surface turbulent flows. The wave
and current hydrodynamics were thus solved simultaneously at
an intra-wave scale. The Arbitrary Lagrangian–Eulerian (ALE)
method was used to model the time-varying free surface dynamics.

Four different hydrodynamic conditions were considered: only
currents, only waves, waves following currents, and waves oppos-
ing currents. Laboratory data from Klopman (1994) and Umeyama
(2005) was used to verify the numerical results, with particular
attention paid to the vertical profiles of the mean flow velocity,
as well as the amplitudes of the horizontal orbital velocity and
shear stresses for each of the test cases.

A sensitivity analysis of turbulence closure models in Code_Sa-
turne was completed to determine the appropriate model for sim-
ulating wave–current interactions. The results were obtained
without any modification of the default values of the parameters
in the turbulence schemes. A boundary condition for the turbu-
lence dissipation was imposed at the free surface. Celik and Rodi,
1984’s expression for the turbulence dissipation at the free surface
was used, and it was shown to be essential to reproduce correctly
the vertical profile of the Reynolds stresses and turbulence viscos-
ity. In Code_Saturne, the second-order Reynolds Stress Transport
turbulence model (the Rij—� SSG version by Speziale et al.
(1991)) showed the best performance in the modelling of wave–
current interactions when compared to the results obtained with
first-order k—� and k—x two-equation models. For these types of
flows, the second-order Rij—� model has the advantage that the
Reynolds stresses are solved directly, and the model does not have
to make any a priori assumptions about the turbulence viscosity.

As a general conclusion, the various comparisons showed that
the model is capable of resolving the vertical structure of the com-
bined flows. The model reproduced well the change in the vertical
gradient of the mean horizontal velocity profile caused by the pres-
ence of waves following or opposing a mean flow. When waves are
superposed in the same direction as the current, there is a signifi-
cant reduction in the mean horizontal velocity near mid-depth.
When waves propagate in the opposite direction of the current,
the vertical shear of the horizontal velocity increases. Yang et al.
(2006) stated that the wave induced Reynolds stresses, non unifor-
mity of the flow, and secondary currents all contribute to this
effect.

When comparing the model results with the data from Umey-
ama (2005) a good agreement was also obtained. However, no gen-
eral conclusions could be made concerning the changes in the
vertical mean current profiles since the wave height and wave per-
iod increases have opposing effects.

It was also observed that the values obtained by linear extrap-
olation of the mean horizontal velocities estimated from the Code_-
Saturne model are higher than the initially imposed physical
roughness (z0), both for the waves following and waves opposing
the currents cases. This effect is a common feature of the wave
and current combined environment. This is equivalent to an en-
hanced roughness which is the so-called apparent roughness.

It is worth to point out that, as a consequence of using a High
Reynolds number modelling strategy in Code_Saturne (i.e. a wall
function approach in the vicinity of the bottom (Section 3.2.2)),
the model is not able to fully resolve the bottom boundary layer.
In order to reach a fully predictive model throughout the whole
water column, several options might be considered: one relies on
using existing formulas/relationships to predict the apparent
roughness from the geometrical roughness and bulk parameters
for waves and current (e.g. Perlin and Kit, 2002; Van Rijn, 2007)
to be used in a High Reynolds number CFD code for the wall func-
tion, a second one could be to couple the High Reynolds number
CFD with a BBL model (such as the one proposed for instance by
Fredsøe (1984)), and a third option would be to move to a Low Rey-
nolds number modelling strategy with the CFD code. Some of these
possibilities will be explored in the near future to improve the
present model.

With the data from Umeyama (2005), it was also possible to ex-
plore the change in the vertical profile of shear stress for the com-
bined wave–current environment. It was shown that the change of
the bed shear stress is important independent of the relative direc-
tion of wave propagation. With the superposition of waves and
currents a reduction of turbulence stresses is observed not only
near the bottom but also throughout the water column.

Since the Rij—� turbulence closure model offers the advantage of
solving for the turbulence dissipation and Reynolds stresses, we
also attempted to exploit the numerical results of the second-order
scheme to propose a parameterisation of the turbulence viscosity
profile as a function of the Ursell number. This type of parameteri-
sation, together with the knowledge gained from this study on the
effects of wave–current interactions at local scales, will be used in
the forthcoming step of our work to model wave–current interac-
tions at larger scales by using two types of models (one for the
mean flow and one for the waves), which will then have then to
be coupled properly.
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