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a b s t r a c t

This paper presents a full 2-D X/Z numerical model for sediment transport in open channels and estuaries
using a two-phase (fluid–solid particle) approach. The physical concept and the mathematical back-
ground of the model are given and test-cases have been carried out to validate the proposed model. In
order to illustrate its feasibility for a real estuary, the model has been applied to simulate the sus-
pended-sediment transport and the formation of turbidity maximum in the Seine estuary. The numerical
results show that the main characteristics of estuarine hydro-sediment dynamics in the Seine estuary are
in fact reproduced by the proposed model. A qualitative agreement between the numerical results and
the actual observations has been obtained and is presented in this paper.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The main feature of fine-grained sediment transport in macro-
tidal estuaries is the formation and displacement of ‘‘turbidity
maximum” (TM), a phenomenon that has been well documented.
The TM, characterized by a high-suspended matter concentration
zone, is a trap for the most important organic, trace metal or radio-
nuclide pollutant resources in estuaries. Sediment transport and
TM modelling must therefore be carried out in advance of any
environmental study.

In the last two decades, many numerical models of suspended-
sediment transport in estuaries and coastal zones have been
made [1–11]. Most of the existing numerical models, which are
single-phase (classic at the time) are based on the hypothesis that
solid particles move at the same velocity as fluid-particles, with
the exception of their falling velocity. This is known as the ‘‘pas-
sive scalar” hypothesis. One important advantage of single-phase
models is that they do not require significant CPU time and can
provide results which may be used to solve engineering problems.
However, there remain a number of flaws regarding the physical
concept. The impact of particle motion upon fluid flows, for
example, is ignored. Nor are particle–particle interactions, which
can be very strong in dense flows, taken into account. Another
ll rights reserved.
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problem arises from the definition of the estuary beds. It is well
known that near the bottom of the estuary, there is usually a
layer of fluid mud, whose concentration exceeds 20–100 g l�1.
In this layer, processes of sedimentation (or re-suspension), of so-
lid-particle consolidation and of bed settling occur. The bed–fluid
exchange is in fact deposition and re-suspension on the surface of
this layer. Since the processes of consolidation and of bed settling
could not be taken into consideration in the single-phase models,
a fictive bed, where the solid concentration exceeds about
100 g l�1, should be introduced in order to define the computing
domain of the model. The mud layer beyond this fictive bed con-
stitutes a limited fine-grained reservoir for sediment exchanges
between the fluid and the bed. Models for solid-particle Consoli-
dation and Settling Bed (CSB) are necessary and the state of the
art of such models is available in Winterwerp and Van Kesteren
[12]. Single-phase models should be then coupled with CSB mod-
els in order to provide a complete model of sediment transport.
The coupling is based on the balance of sediment fluxes ex-
changed between these two models.

The major difficulties in such a modelling are met in deter-
mining the erosion and deposition rates and the falling velocity
of solid particles in fluid. The exchange between fluid and bed
is evaluated through deposition and erosion fluxes crossing the
fictive bed surface by several empirical formulas. Blaas et al.
[1], and Gleinzon et al. [3] have separated the bed sediment into
two layers – a top layer of unconsolidated sediment and a bot-
tom layer of consolidated sediment. Gleinzon et al. [3] use the
formula for the erosion rate proposed by Mehta et al. [13] for soft
unconsolidated sediment and by Ariathurai and Arulanandan [14]
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for hard, consolidated sediment. Also [14] has been used in Blass
et al. [1], Li et al. [4], Nguyen et al. [9]. The formula for the ero-
sion rate proposed by Partheniades [15] has been used in Liu et
al. [5], Lumborg [7], Lumborg and Pejrup [8], and the one pro-
posed by Hayter and Mehta [16] has been used in Lopes et al.
[6]. As far as the deposition rate is concerned, the formula pro-
posed by Krone [17] is used in most of the existing modellings.
In these empirical formulas, many parameters must be defined
a priori by users. These parameters depend on geological condi-
tions such as bed materials and on the degree of bed consolida-
tion – data that is often incomplete or even absent altogether.
Only a sufficient number of field surveys would allow us to cal-
ibrate the model by tuning these empirical parameters. And only
after (at least) one serious calibration and some verification,
could the model provide accurate simulations. However, these
simulations would only be correct in the specific conditions close
enough to those of the calibration and verification. Consequently,
the single-phase models are likely to lose predictive capacity and
eventually, their utility. In order to correct the flaws mentioned
above, another approach, which consists of studying the flows
in two-phase – flows (fluid and solid particles), has been
developed.

In a two-phase sediment transport model, the computing do-
main is extended to the ‘‘true” non-erodible bottom, while the gov-
erning equations are the same for both high and low concentration
areas of the domain. Fluid flows are free surface and considered as
non-hydrostatic. The main physical processes for sediment trans-
port such as fluid–solid particles, particle–particle interactions,
particle–wall collision, and fluid-bottom exchanges are integrated
into the equations of motion and treated as momentum exchanges
between phases. The fluid mud is handled as a non-Newtonian
fluid. In the physical sense, this approach is more complex, but
more realistic than the single-phase modelling.

There are very few two-phase models for sediment transport in
existence. Teisson et al. [18] were the first to propose a quasi 1-D
vertical, two-phase model, based on the work done by Simonin
[19]. In this model, horizontal gradients are nil, except for the pres-
sure gradient, which is imposed as an external force. Fluid and so-
lid particles thus move at the same horizontal velocity. Vilaret and
Davies [20] present a comparison between the classic, single-phase
model and Teisson et al.’s model, focusing on fluid and non-
cohesive particle interaction. The authors show the value of the
two-phase approach in describing the physical process of sus-
pended-sediment transport, especially in the mud layer near the
bottom. Greimann and Holly [21] used the two-phase flow equa-
tion to develop relations for the vertical profiles of concentrations
in an open-channel and for uniform flow over a flat sediment-
starved bed with single-sized sediment in suspension. In Barbry
et al. [22], a brief presentation of a 2-D two-phase flow model for
estuaries is given. The technique for determining the free surface
level in non-hydrostatic flows initially proposed by Guillou et al.
[23] has been used in this model. Some test-cases are then pre-
sented to qualitatively validate the model. However, as the authors
show, developments of the model have not yet progressed beyond
the preliminary stages.

The purpose of this article is therefore to present the fully im-
proved 2-D X/Z model for the suspended-sediment transport in
variable-width channels and estuaries using the two-phase (fluid
and solid particle) approach. Section 2 briefly presents the
mathematical and numerical background of the model. Several
test-cases which validate the current model are given in Section
3. Some results of the application of the model to the Seine estu-
ary (France) are presented in Section 4 as an illustration of the
feasibility of the model. Section 5 explores the prospects for
developing and improving two-phase models of sediment
transport.
2. Description of the two-phase flow model

2.1. Mathematical background

In an Eulerian formulation, the averaged governing equations
for the k-phase are provided by Drew and Lahey [25]. In the partic-
ular case of a 2-D XZ model a width-integrated set of equations can
be written (continuity and momentum equations):
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where ak represents the volume fraction of the k-phase, with
as þ af ¼ 1;qk is the averaged density, B is the width of the estuary
or the channel and~uk is the averaged velocity vector of k-phase. k is
‘‘f” for the fluid phase and ‘‘s” for the solid phase. g

*
is the gravity

acceleration and ~Mk is the momentum exchanged between these
two phases. pk is the pressure, sk is the shear stress tensor and sRe

k

is the turbulent Reynolds stress tensor for k-phase.
In the present work the fluid turbulence is addressed using a

simple zero equation model in which the influence of sediments
on the turbulence is neglected. Due to the complexity of two-phase
models, fluid-particles turbulent interactions and two-phase tur-
bulence modelling are beyond the scope of this paper, but readers
can find details concerning this point in Chauchat and Guillou [24].

The viscous shear stress of the fluid depends on the strains of
the fluid and of the solid. They are determined on the base of the
model proposed by Lundgren [26]:

af sf ¼ lfsDs þ lff Df asss ¼ lssDs þ lsf Df ð2Þ

In that relation Df and Ds are the strain tensors of the fluid and solid
phases given by:
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The coefficients for the fluid are related to the viscosity of the fluid
by (4), whereas the coefficients for the solid are related to the vis-
cous effect of the particle taken into account by the introduction
of the coefficient b in (5). Thus the non-Newtonian properties of
the solid-particle phase are taken into account.

lff ¼ af lf lfs ¼ aslf ð4Þ
lss ¼ asblfs lsf ¼ asblff ð5Þ

lff ; lfs; lsf and lss designate viscosity effective coefficients, which
are proportional to the viscosity of fluid, lf . b is the amplification
factor of viscous stresses and depends on n – the distance between
solid particles. It is introduced to take the particle–particle interac-
tion into consideration. Following Einstein’s formula [27], b ¼ 5=2
for diluted suspensions, as < 0:03. In estuaries and coastal zones,
sediment concentration can (and usually does) vary from very di-
lute to extremely dense in turbidity maximum. A theoretical model,
which covers all of the cases met in nature, from diluted suspen-
sions to compacted particulate layers was presented by Graham
[28]:
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where n is the inter-distance between nearby solid particles and d is
the size of solid particles. Ratio n/d is given by:
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n=d ¼ 1� ðas=as;maxÞ1=3

ðas=as;maxÞ1=3 ð7Þ

where as;max is equivalent to the maximum value of the solid-parti-
cle concentration, which must be experimentally determined. For
rigid spheres, as;max is usually taken as equal to 0.625. It must be
noted that, as;max-value can greatly affect numerical results.

Enwald et al. [29] show that the ‘‘pressure” in a particulate
phase, ps, is the result of a combination of three effects: the first
one, ps;cin, corresponds to the transport momentum engendered
by the fluctuation of the solid-particle velocity. The second one,
ps;coll, is due to particle–particle interaction (collision). The latter,
pf , represents the contribution of the fluid pressure. Because the
kinetic pressure is often negligible, the pressure gradient of the
solid-particle phase is written by (8).

~rðaspsÞ ¼ ~rðasps;collÞ þ ~rðaspf Þ ð8Þ
~rðasps;collÞ ¼ �Gðaf Þ~ras ð9Þ

The first term of RHS of (8) is the solid pressure gradients collision
effects. The last term represents the buoyancy effect, i.e. the solid-
particle pressure can be increased or decreased, depending on the
sign of the fluid pressure gradient. The pressure gradient by colli-
sion is determined by (9). The term ~rðasps;collÞ, which refers to the
force of particle–particle interaction, keeps solid particles separated
from one another, so that the particle phase does not become too
dense and compacted. Gðaf Þ is equivalent to the elastic module of
the solid-particle phase and is modelled empirically. Massoudi
et al. [30] proposed two models for Gðaf Þ:

Gðaf Þ ¼ G0e�Cðaf�a�Þ and Gðaf Þ ¼ 10B1afþB2 ð10Þ

Constants B1, B2, G0, C and a� are empirically determined and given
by Enwald et al. [29]. Eqs. (9) and (10) take into consideration the
collisions between solid particles. This phenomenon has the effect
of hindering the process of sedimentation.

The transfer laws, describing the interactions between the
phases are given by:

~Mf ¼ pfi
~raf � sfi

~raf þ ~M0
f

~Ms ¼ psi
~ras � ssi

~ras þ ~M0
s

ð11Þ

where ~M0
f ¼ �~M0

s, which will be detailed below; pki and ski are the
pressure and the shear–stress tensor of k-phase at the interface.
The fluid pressure at the interface is determined by Bernoulli’s
equation as follows:

pfi ¼ pf �
qf

4
uf
!
�us
!��� ���2

ð12Þ

Because of constant temperature, the classic Laplace equation gives
the following relationship between psi and pfi:

psi ¼ pfi: ð13Þ

The shear–stress tensor of the fluid and solid-particle phases at
the interface is calculated by:
Fig. 1. Co-ordinate system transformation: physic
ssi ¼ sfi ¼ bsf ð14Þ

The momentum exchanged between two-phases ~M0
s ¼ �~M0

f is the
sum of the forces exerted on the solid particles: the virtual mass
force, the lift force, the Faxén force, the Basset force and the drag
force. In estuarine and coastal flows, the drag force is dominant,
and hence the only one to be retained is the drag force Hsu et al.
[37], Guillou and Chauchat [24]. Then, the momentum exchanged
is written as:

~M0
s �~FD ¼

asqs

sfs
~ur ð15Þ

where~ur is the relative velocity of fluid-particles, and sfs is the par-
ticle relaxation time, which represents the entrainment of the par-
ticles by the fluid phase. The relative velocity of fluid-particles is
defined as ~ur ¼~us �~uf �~ud. The drift velocity ~ud ¼ h~u0f is represents
the correlation between the fluctuating velocity of the fluid phase
and the instantaneous spatial distribution of the solid-particle
phase (Peirano and Leckner [31], Deutch and Simonin [32]). As
the flow is laminar it is not considered here. sfs is defined by:

sfs ¼
4dqs

3qf CDk~urk
ð16Þ

In that relation, CD ¼ 24
Res

f ðRes;wÞ is the averaged drag coefficient,
depending on the Reynolds number Res ¼ dk~urk

mf ð1þasbÞ, and on the so-
lid-particle shape W. In cases where Res < 1; f ¼ 1, then the coeffi-
cient CD retains Stokes’ formula. Some formulas for function
f ðRes;wÞwhen Res increases do exist. More recently, Haider and Lev-
enspiel [33] have proposed a formula for Res < 25 � 103 :

CD ¼
24
Res
½1þ e2:3288�6:4581w2Re0:0964þ0:5565w

s �

þ Rese4:905�13:8944wþ18:4222w2�10:2599w2

Res þ e1:4681�12:2584wþ20:7322w2þ15:8855w2 ð17Þ

As Res varies, in estuaries, from 10�6 for clays to 4 � 102 for coarse
sands. Therefore, (17) is the most suitable for suspended-sediment
transport modelling.

2.2. Numerical techniques

The application of the model to estuaries and coastal zones,
where tidal range and bathymetrical variations are very large,
needs an adaptative Eulerian grid in a sigma co-ordinate system.
This technique perfectly fits the first and last grid lines into the
bottom and the water surface, respectively (Fig. 1). A co-ordinate
transformation from the Cartesian co-ordinate system (x, z, t) into
the sigma system (x*, r, t*) is done as follows:

x� ¼ x; r ¼ zþ h
gþ h

¼ zþ h
H

; t� ¼ t ð18Þ

where x is the longitudinal co-ordinate; z is the ascending vertical
co-ordinate; g is the water surface level; h is the bottom depth
and H ¼ g + h is the total water depth.
al plan (left) and computational plan (right).



Table 1
Boundary conditions for the test-cases 3–1, 3–2 and 3–3.

West end East end Bottom

H @g
@n ¼ 0 @g

@n ¼ 0
uk uk ¼ 0 uk ¼ 0 uk ¼ 0

wk
@wk
@n ¼ 0 @wk

@n ¼ 0 wk ¼ 0

U @/
@n ¼ 0 @/

@n ¼ 0
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Obviously, r varies from 0 to 1 when z varies from �h to g. Let
us now consider a scalar variable, /ðx; z; tÞ ¼ /ðx�;r; t�Þ. The rela-
tionship between the /-derivates of two co-ordinate systems is gi-
ven as follows:

@/
@x
¼ @/
@x�
þ 1

H
@h
@x�
� r @H

@x�

� �
@/
@r

@/
@z
¼ 1

H
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ð19Þ

The application of (19) to equations of system (1), which are pro-
jected in x and z directions, yields the continuity and momentum
equations for the fluid phase (A.1)–(A.3), and for the solid-particle
phase (A.4)–(A.6) which may be found in the Appendix of this
document.

Chorin’s projection method [34] is applied to calculate the pres-
sure pf and the velocity~uf for the fluid phase as Guillou et al. [23].
To prevent the appearance of spurious oscillations on the pressure
for such a method [35] a staggered grid is used in conjunction with
the finite-difference technique. Eqs. (A.1)–(A.3) are then solved in
three steps: convection–diffusion, pressure and velocity-correc-
tion. In the convection–diffusion step, Eq. (A.8) is solved using a
hybrid or TVD 2nd order scheme for convection and diffusion
terms, an explicit scheme in x-direction and an implicit scheme
in z-direction. The combination of the equations in (A.9) yields a
Poisson-type equation (A.10) for a single unknown variable, pf .
The pressure terms are then discretised by a centered, and then a
2nd scheme. The GMRES (Generalised Minimal RESidual) method
is then used to solve the linear equation system that results from
the discretising equation (A.10). At the new time step, as the water
surface level g is not yet known and the pressure distribution is
non-hydrostatic, an iterative procedure should be integrated into
the model in order to determine the water surface elevation and
the fluid pressure with respect to the cinematic and dynamic con-
ditions at the free surface (A.7a) and (A.7b). When the new values
of the fluid pressure and the water surface level are known, Eq.
(A.9) may be used for the velocity-correction step to up-date the
velocity values.

Once the pressure and velocity fields are known for the fluid
phase at the new time step, the solid-particle velocity vector, ~us,
can be determined from the momentum equation (A.5) and (A.6),
by the same method that is used for determining ~uf , and then
the volume fraction, as, can be calculated from the continuity equa-
tion (A.4). Our experiences show that in order to insure the conver-
gence of numerical result of a two-phase problem, the mass
conservation should be strictly respected. Therefore, the continuity
equation for the solid phase (A.4) is written in the conservative
form and solved using a finite volume method. The volume fraction
for fluid, af , can be then obtained using the relationship
af ¼ 1� as.

The procedure of calculation for a time step is as follows:

(1) Initialising the variable values pf ; ~uf , af ; ~us; as and g at
t ¼ tn.

(2) Determining g the boundary conditions on the surface (A.7a)
and (A.7b).

(3) Calculating~uf in the convection–diffusion step when solving
(A.8).

(4) Determining pf by iteration at t ¼ tnþ1 using (A.10).
(5) Correcting the fluid velocity by (A.9) with the new values of

g and pf .
(6) Determining as by solving equation (A.4) and then deducing

af ¼ 1� as.
(7) Calculating ~us and ps using (A.5) and (A.6).
(8) Test of convergence j/mþ1 � /mj 6 e, where / may be the

pressure, the velocity components and the volume faction
of each phase; e is a tolerant value and m is the index of iter-
ation step; if the convergence is still not reached, return to
step 2.

(9) Ending the time step t ¼ tnþ1 if the convergence criteria are
satisfied. In general, 2–3 iterations are sufficient to reach
the convergence.

Clearly the above-cited iteration procedure insures a coupling
between the two phases even in a time step.

3. Validations

3.1. Sedimentation of polystyrene particles in a still fluid

This section presents a quantitative test-case. Let us consider
the sedimentation of suspended polystyrene particles (diameters
of 290	 30 lm, density of 1:05 kg m�3Þ, falling through a tank of
silicon oil (viscosity of 20 m Pa s�1, density of 0:95 kg m�3Þ. Pham
Van Bang et al. [36], using Magnetic Resonance Imaging (MRI),
experimentally studied the evolution of particle-concentration
profile in this tank. A mixing procedure was used to obtain a
well-mixed fluid of uniform concentration, initially as ¼ 0:48, i.e.
the mixed fluid is very dense. The profiles of polystyrene-particle
concentration were averaged over 16 samples every 3 s.

The present model is employed to reproduce the sedimentation
of the polystyrene particles numerically. An 11 � 91 grid with
refinement in proximity of the bottom is then used to discretise
the mixed-fluid tank of 2.5 cm width and 10 cm height. The time
step is 5 � 10�4 s. The boundary conditions are also given in
Table 1. as;max-value is fixed at 0.6 in this test-case. The maximum
relative error is a minute 2 � 10�7.

Fig. 2 presents the iso-values of the solid volume fraction, as at
5 min intervals. As on the experimentation of Pham Van Bang et al.
[36], the numerical results show the presence of two interfaces:
one that separates the clear fluid and the mixed fluid of
as ¼ 0:48, and another one between the mixed fluid and the con-
solidated sediment of as;max ¼ 0:6. The latter corresponds to a luto-
cline. The positions of these interfaces evolve in opposite
directions, as shown in Fig. 3, in which the numerical and experi-
mental results are compared. Evidently, there is a strong agree-
ment between the two of them.

Fig. 4 shows the vertical profiles of the solid volume fraction ob-
tained from the model and from Pham Van Bang et al.’s experi-
ment, at different times. The agreement observed in this diagram
confirms the capabilities of the two-phase model in modelling
the sedimentation of non-cohesive solid particles in a very dense,
particle-laden flow ðas > 0:48Þ.

3.2. Sedimentation and consolidation of cohesive solid particles in a
still water

Let us consider an experiment concerning the sedimentation of
fluid mud in a tank of 1.50 m height and 0.2 m width. This



Fig. 2. Solid volume fraction field for different time. Evolution of the interface
between clear fluid-mixed fluid and the lutocline.

Fig. 3. Evolution over the time of the interface between the clear water and the
mixture, and of the lutocline: computed (—) and experimental data (+++).

Fig. 4. The instantaneous profiles of the solid volume fraction at different times:
computed (—) and measured data (- - -).

Fig. 5. Evolution of clear water–sediment interface for 1000 min: computed —;
Experimental }.
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experiment is described by Rouas [38]. Initially, the solid volume
fraction of the fluid mud is as ¼ 0:02 ðqs ¼ 2650 kg m�1Þ every-
where. As the flocculation process is not taken into account, this
test has the ambition to show the limits of the actual assumptions.
It is well known that for a mud settling test in clear water, three
phases can be observed: constant rate settling; hindered settling;
and consolidation (crushing of the flocs). During the second phase,
the sediment concentration increases rapidly as the flocs accumu-
late on the bottom, and the settling velocity slows down. During
the consolidation process, a continuous solid skeleton is formed
and evolves under its self-weight.

Within the simulation, the diameter of solid particles is set to
20 lm. Under the effect of sedimentation, the clear water–sedi-
ment interface slowly falls during the experiment. Fig. 5 shows
the evolution of the computed and measured water–sediment
interface versus the time for a period of 1000 min. It should be
noted that until t = 200 min, a fairly strong agreement between
the numerical and experimental results is obtained. It corresponds
to the constant rate settling phase and to the beginning of the hin-
dered settling phase of the total process.

The results show that by an appropriate choice of the particle
diameter (corresponding to the mean diameter) it is possible to
fit quite well the experimental results during the settling phase.
Obviously it is more difficult to simulate the hindered settling
and the consolidation processes with the actual assumptions (the
flocculation and deflocculating processes are not account for).

The conclusion of this test is that the actual model is able to rep-
resent reasonably the fine-grained suspended-sediment transport
in an estuary but not the very concentrated sediment bed evolu-
tion. Future research will concern the development of the floccula-
tion and the consolidation modelling in the frame of the two-phase
flow approach.
4. Application to the Seine estuary (France)

An attempt has been made to simulate the suspended-sediment
transport in a real estuary, the Seine estuary, in order to illustrate
the feasibility of the present model. The Seine estuary extends over
about 160 km from the mouth to the Dam of Poses (Fig. 6). It is a
macro-tidal and hyposynchronic estuary with mean tidal ranges
of about 7 m. The annual mean river flow is nearly 500 m3 s�1, with
lowest and highest values of 100 and 2000 m3 s�1, respectively. A
turbidity of about 2 g l�1 is frequently observed in the TM.



Fig. 6. Location of the computed domain for the Seine estuary.
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The Seine estuary, the bathymetry of which has been extracted
from the SHOM (Service Hydrographique et Océanographique de la
Marine, France) map, is discretised by a computing mesh of 320
longitudinal points and 31 vertical points with refinement near
the bottom and near the mouth.

The tidal conditions are imposed at the sea boundary. A river
flow of 300 m3 s�1, corresponding to a low discharge period, is
specified at the upstream boundary. No solid discharge is set at
the inland boundary, i.e. the water is clear, and as ¼ 0. Initially, a
stock of sediment of 16 lm diameter is positioned as a 100 cm
thick layer at a distance of 45 km between La Roque and Caudebec.
This represents a sediment stock of 650,000 tones. The simulations
have been performed for a half moon cycle (14 days).

It is necessary to note that the computing domain could not be
extended into the English Channel and does not cover the Seine
bay, in which there are sediment exchanges with the Seine estuary.
A 2-D horizontal model for sediment transport in the Seine Bay
could be proposed and eventually coupled with the present model
to obtain the boundary conditions for sediment fluxes coming from
the sea. However, it currently lies beyond the scope of this study. A
virtual reservoir is therefore introduced into the model to allow
these exchanges to be taken into account. Initially, this reservoir
is empty, but over time it is filled by the sediment fluxes flowing
out of the estuary. For inflow, the solid fraction at the sea boundary
will be calculated by the ratio of the mass of sediment in the res-
ervoir over the total water volume, flowing out during the previous
ebb period. While such conditions may leave the model open to
criticism, they do ensure total mass conservation in the model. A
mixed length model is used to simulate the fluid phase turbulence
in which the mixing length is modelled by the formulation of Escu-
dier [39].
Fig. 7. Calibration results in spring tide
Water levels and mean current velocity are compared with
measures of the SHOM for spring and neap tide at different stations
along the Seine (Fig. 7). The curve of water levels is almost sinusoid
at Honfleur (8 km from the river mouth) and becomes asymmetric
at Duclair (87 km from the river mouth). The flood lasts 4 h
whereas it is 8 h for the ebb. This asymmetry can be observed in
current velocity. As a consequence, current velocity during the
flood is stronger than during the ebb. These strong currents are
partially responsible for erosion of the river bed, a phenomenon
called ‘‘tidal pumping” (Allen et al. [40]). In the Seine estuary, this
process is of major import for sediment transport (Brenon and Le
Hir [2]).

The tidal and river flow conditions used here are closed to those
used by SAUM (SAUM – Schéma d’Aptitude et d’Utilisation de la
Mer – see Avoine et al. [41]). It has been observed that in neap tide
and at low river flow, the quantity of suspended matter is low and
the turbidity is about 0:2 g l�1 (Avoine [42]). The TM has clearly not
been reached. Similarly, the numerical model predicts a low quan-
tity of suspended matter in neap tide, of about 0.1 g l�1 near Hon-
fleur, where the TM is not detected by the model either.

Fig. 8 shows the numerical results and observations in spring
tide. The observations show that the TM developed over the entire
water depth at Low Water Levels (LWL) and a strong decantation at
High Water Levels (HWL). The observed concentration could reach
more than 1 g l�1. The TM moves over the longitudinal distance be-
tween Honfleur and Tancarville during a tidal cycle. The numerical
model predicts a TM obviously formed with a maximal concentra-
tion of about 1 g l�1. Its core is located at 8 km from the river
mouth, near Honfleur, at LWL and at 20 km, near Tancarville, at
HWL. This corresponds to a horizontal displacement of 12 km as
observed during a tidal cycle. However in comparison with the
observations, the TM reproduced by the present model is not en-
ough developed on the vertical. Indeed, at LW moment the model
predicts a concentration of less than 0:1 g l�1 in the upper half
depth whereas the observations show a TM fully developed over
the entire water depth with a concentration of more than
1:0 g l�1. Similarly, at HWL the concentration observed in the bot-
tom half depth is about 1:0 g l�1 over a distance of 18 km while the
calculated concentration in the same layer is below 0:1 g l�1 (see
Fig. 8). This is explained by the fact that the hindering process is
not correctly simulated by the model, thus the solid particles are
not sufficiently maintained in suspension. This default should be
corrected in the future development.
: computational (�); measured (+).



Fig. 8. Contour map of turbidity in spring tide from the two-phase model (left) and from the observations: (a) at LW; (b) LW+3; and (c) HW.
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Although the quantitative agreement between the numerical
results and the observations is not satisfying yet, the main
characteristics of estuarine hydro-sediment dynamics of the Seine
estuary have been reproduced by the proposed model. Moreover,
the formation and displacement of the computed TM in the Seine
estuary are in an overall agreement with the observed results.
The results demonstrate the acceptable behavior of the model for
the suspended-sediment transport in a real estuary in different ti-
dal conditions. One of the benefits of a two-phase model resides in
the treatment of the river bed. The fluid-mud layer moves horizon-
tally, under the influence of tidal currents and river flows and
serves as a solid-particle reservoir for the TM. This cannot be de-
scribed in a classic sediment transport model which in itself illus-
trates one of the major attractions of a two-phase model. At
present, such a model requires considerable CPU time: 33 h CPU
on a PC of 2.66 GHz for a 14 day simulation.

5. Conclusions and perspectives

A full 2-D X/Z two-phase model based on the theory of granular
flows has been developed and presented above for the simulation
of sediment transport in estuaries. As this model takes into consid-
eration the fluid–solid particles and particle–particle interactions,
it could reproduce the sedimentation processes such as described
in test-cases 3.1 and 3.2, which no single-phase model can simu-
late. Additionally, the numerical results, when quantitatively com-
pared with the experimental data, illustrate the accurate behavior
of the model in describing the transport and the sedimentation of
non-cohesive particles even in very dense, particle-laden flows
ðas > 0:48Þ. However, the flocculating and deflocculating processes
are yet to be taken into consideration. This is an area of research
which could further improve the capacity of the model to accu-
rately simulate cohesive-sediment transport. The Seine estuary
application shows that the model allows us to overcome the major
difficulties met in modelling sediment transport in estuaries: (i)
the computed domain extends from the true and non-erodible bot-
tom; (ii) no empiric formula is needed to calculate the deposit and
erosion fluxes These sediment exchange fluxes are calculated in-
side the model. Cleary, the Seine estuary application shows
encouraging results of the model for simulating suspended-sedi-
ment transport in a real estuary.

Future research will focus on flocculation processes, and turbu-
lence modelling that are important in the frame of estuarine appli-
cations. Note that some work concerning two-phase flow
turbulence modelling for sediment transport models was con-
ducted by Chauchat and Guillou [24]. This work concerns small
scale laboratory experiments and gives a strong improvement
compared to classical sediment transport models. But more work
has to be done on turbulence modelling at estuaries scale.
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Appendix A. Governing equations


 For the fluid phase:

Continuity equation:
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where u;w are the velocity components in x- and z-direction,
respectively.
Momentum equation:
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 For the solid phase:
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Momentum equation:
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Appendix B. Boundary conditions


 On the surface, two conditions are imposed as follows
(i) Dynamic condition: the fluid pressure on the free surface,

pf ;z¼g should be equal to the atmospheric pressure,
patm : pf ;z¼g ¼ patm: ðB:7aÞ
(ii) Kinematic condition:
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u ¼ ða u þ a u Þ
	

where g f g;f s g;s
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are the velocity components

on the free surface in x- and z-direction, respectively. This
condition is replaced by @g
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@Qm
@x ¼ wg, where Qm ¼

R g
�h umBdz

represents the horizontal volume flux of fluid-particles
mixture.

 On the bottom, the non-slip condition for velocity uz¼�h ¼
ðaf uf þ asusÞz¼�h ¼ 0 and wz¼�h ¼ ðaf wf þ aswsÞz¼�h ¼ 0, and the
reflection condition for the pressure @pf

@z ¼ �qf g are imposed.

Appendix C. Chorin’s technique

Eqs. (A.1)–(A.3) for the fluid phase are resolved in two succes-
sive steps:

– Convection and diffusion step:
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– Pressure step:
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In this step, the combination of three equations of (A.9) allows
us to establish the equation for an only unknown that is the fluid
pressure:
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where dpf ¼ pnþ1
f � pn

f .
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