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Modelling of scour formation using SedFoam, continuum approach
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'University of Poitiers, Institut PPrime, 86000 Poitiers, France.

Abstract. SedFOAM is a two-phase flow solver built upon consecutive laws, based on the CFD toolbox Open-
FOAM. The sediment body is considered as a continuum phase. The intergranular and fluid stresses are modeled
with the dense granular flow rheology and the k — € turbulent model, respectively. The model setup will be based
on an experimental study on the scour due to a water jet subjected to lateral confinement. A comparison study
will be made based on precise experimental data by Martino et al. (2019) that will show the advantages and
defaults of SedFoam. The objective of this work is to reproduce the digging and filling cycle of the scour forma-
tion due to the water jet in a confined canal. The first numerical results show that it needs to use 3D numerical
simulations because of the fluctuation of the jet direction induced by the presence of a driven flow cavity.

1 Introduction

Two phase flow models for sediment transport have been
widely developed in the past decades, in which dynami-
cal equations are applied on both the fluid and particles
phases where the particles are considered as a continuous
body within the fluid. This approach enables us to take into
consideration most of the physical processes such as parti-
cles interactions, turbulence modulation and particle inter-
action with another. Only very recently, a 3D simulation
two- phase flow model, called SedFOAM, has been ap-
plied for sheet-flow sediment transport [1]. The intergran-
ular and fluid stresses are modeled with the dense granular
flow rheology [2] and the k — € turbulent model [3]. In this
work, we will use SedFOAM to simulate a case scenario
of a hydro-sedimentary canal proposed by Martino et al.
in 2019 [4]. Benchmarking will be done based on the ex-
perimental study of Martino et al. on the development of a
scour and mound formation. For a certain flow rate, a dig-
ging and refilling cycle of the sediments inside the scour
is observed. The objective of this work is to be able to
reproduce numerically the same cycle of digging and re-
filling and to be able to conclude the phenomena behind
this type of sediment erosion cycle. This numerical study
will provide the advantages and defaults of SedFOAM.

2 SedFoam
2.1 Mathematical approach

To construct the model based on the Eulerian two-phase
flow approach, the mass and momentum conservation
equations have to be averaged over the fluid and particles
phases. In order to be able to apply this formulation to tur-
bulent flows, turbulence averaging is required. The mass
conservation equations are as following:
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where o and 8 (8 = 1 — @) are the particles and fluid vol-
ume concentrations, u{ and uf’ are the particles and fluid
velocities. The momentum equations for the particles and
fluid phases are expressed as following:
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where p® and p? are the particles and fluid densities, g, is
the gravitational acceleration, f; is an external force, p is
the pressure of the fluid, ‘r? j is the fluid stress, p* and T¢;
are the particles normal and shear stresses, k is the drag
parameter, v is the turbulent viscosity and the inverse of
the Schmidt number Sys = 1/0.. The K — € model is
implemented into the solver. It is a two equation model
that gives a general description of turbulence by means of
two transport equations that take into account the turbu-
lent kinetic energy (TKE) and the rate of dissipation of the
turbulent kinetic energy (€).

2.2 Model solution procedure

The previous mathematical formulation is solved with the
following procedure:

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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1. Solve the sediment concentration @ according to
equation (1).

2. Update the concentration volume 5 =1 — a.

3. Calculate K, the drag parameter:

b
K = 0.75C, dp

eff
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4. Solve the fluid turbulence parameter based on the
chosen model and then calculate the eddy and fluid
effective viscosities.
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5. Solve the particles phase stress based on the chosen
model, the dense granular-flow rheology:

St
—— (6)
V257587

6. Solve the velocity-pressure coupling.

7= up*

3 Scour due to a water jet
3.1 Experimental setup

SedFOAM is used to simulate the hydro-sedimentary
canal setup used in the experimental study proposed by
Martino et al.. The hydro-sedimentary canal setup is a nar-
row channel of dimensions 2 ¢m wide and 140 c¢m long,
with a glass side walls and flow rate Q controlled by a
pump. In the bottom of the canal, there is a flat granular
layer of 10 cm depth and 60 cm length composed of glass
beads of a median diameter of 1.1 mm and density of 2.65
g/cm®. The water depth was 130 mm. A sluice gate is lo-
cated at the upstream of the system with an aperture by. A
rotameter measures the flow rate Q that can range from 2.5
l/min up to 17 I/min. Thus the Reynolds number ranges
between 3790 and 16200. The benchmark experiment
consists of an aperture by = lem and Q = 6.5,7.5,8.5
and 11.5 I/min . The setup is shown in figure 1.

free surface

Y H = 130mm
laperture by X

inlet mesh

rotameter

Initially flat granular bed (ds = 1.1 mm)
600 mm

L

centrifugal pump

Figure 1: Experience setup by Martino et al. (2019).

3.2 Dynamics of the scour process

To understand the process, the scour formation submits
three different phases (see Fig. 2). In the first phase,
the particles are extracted and transported forming the
hole and settled downstream to the right forming a mound
which is a very quick process. This process barely took
few seconds for the formation of the hole. In a develop-
ment phase, the process slows down and the rate of parti-
cles transport decreases. The formation changes from a tri-
angular shape to a trapizoidal shape, the more the particles
accumulate the weaker the flow jet can transport particles
which leads to accumulation of particles on the left side of
the mound until the scour reaches a maximum depth and
the grains on the left side of the mound migrate downs-
lope. In a long term phase, after reaching a critical value
of the resistance of the mound system and when the jets
is not able anymore to support this mound, the left side
of the mound collapses into the scour due to gravity in a
steady recirculation regime and the hole will be partially
refilled and this process will be repeated causing a digging
and refilling cycles.

Figure 2: The digging-refilling (DR) regime, for
by = 1cm and Q = 10l/min.

3.3 Criteria for comparison

To analyse this process, we had to take into account the
variables and compare them with constant values to check
if there is a specific pattern. From this perspective, we
consider the critical time ¢, where the mound submits a
morphological change from a triangular to a trapizoidal
shape as mentioned in the previous section. In the ex-
periment done by Martino et al., t. varies from 8 to 15
seconds for the tested values of the flow rate Q. t. de-
creases with Q. Furthermore, an evolution of the maxi-
mum depth of the scour Y, with Q should also be taken
into account, to be able to understand the scour process in
both the steady regime and the digging and refilling cy-
cle. Figure 4 presents the time evolution of Y, for differ-
ent value of Q. It has been observed that for a flow rate
value lower than a certain critical flow rate, a transaction
between the steady regime (SR) and the digging and re-
filling regime (DR) takes place. During the process, all
the depths of the scour have deviations around the mean
maximum value Y. The amplitude of deviations increases
with the flow rate Q.
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Figure 3: Time evolution of the maximum depth Y; for
different flow rate Q and by = 1cm, SR is the steady
regime and DR is the digging-refilling regime (Martino
etal.,2019).

4 Preliminary results
4.1 Numerical setup and Mesh construction

The flow conditions and particles properties are set accord-
ing to the experiment done by Martino et al.. The particle
diameter is set to be 1.1 mm with a density of 2650 kg/m?.
In the dense granular flow rheology, the coefficients of
friction are fixed to u; = 0.4 and p, = 0.6, as it has been
proposed in the literature for glass beads. The water flow
velocity profile was introduced at the inlet boundary con-
dition using the equation proposed by Martino et al.:

U y \"7 y
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where U, and U, are the maximum water jet velocity and
the mean water velocity, A; and A, are non-dimensional
constant fit parameters that are equal to 1.48 and 0.68 re-
spectively and y;, is the vertical position of the velocity
where U = U,,/2. The results of the numerical water ve-
locity profile of both the 2D and 3D models are in good
agreement with the proposed equation based on the mea-
sured experimental velocity profile (see Fig. 4).

The computational domain has the dimensions with z =
—0.1m and a water column of z = 0.15m and a canal length
of x = 0.3m. BlockMesh, a meshing utility that is part
of extend-Foam in OpenFOAM, was used to construct the
finite volume mesh. In 2D, the mesh is a quasi 3D mesh
with only one layer in the third direction. The mesh is
defined with a cell size in the x-axis direction (stream-wise
direction) of a value A, = 0.0012 m and in the vertical
direction with a value of A, = 0.0005 m for the particles
body and A, = 0.0023 m in the water column. In 3D, the
same setup was used but the mesh was extended 20 cells
in the third direction, making the cells number 20 times
more than the 2D mesh. It will influence dramatically the
CPU time. The CPU time will increase from few days in
2D to about 2 weeks in 3D for a real time simulated of 20
seconds. The time steps were controlled by the Courant
number Cy = 0.1 that was taken smaller than 1 to avoid
numerical instability.

0.44 2.44

Figure 4: Measured experimental water velocity profile in
comparison with the numerical velocity profiles for
Q = 11.5]/min in 2D and 3D.

4.2 2D numerical simulations

Four different flow rate Q were used in the 2D nu-
merical simulation on SedFOAM, Q = 6.5,7.5,8.5 and
11.5 [/min. The scour and dune formation were observed,
but the dune stabilized with a triangular shape, no change
in shape was observed (see Fig. 5).

—=—Ymax Expe Ymax 2D simulation
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Figure 5: 2D numerical results of the scour and dune
formation with Q = 8.5//min (right) and Y,,,,, the
maximum erosion depth for different flow rate O

compared with the experimental data (right).

The maximum scour depth was recorded. As the experi-
ment showed, it increases with increasing flow rate. The
numerical and experimental results have approximately
the same trend, but the scour depth was higher in the ex-
periment as shown in figure 5. As for the water flow, the
jet was always following the morphological change, and
there was no fluctuation on the water. This behavior of
water flow (see Fig. 6) is not in good agreement with the
literature, thus a 3D simulation has to be made, to take into
account the turbulent flow fluctuation inside the scour.

4.3 3D numerical simulations

The 2D numerical simulations couldn’t reproduce the fluc-
tuation flow pattern caused by the scour and mound for-
mation process observed in the experiment. Thus the 3D

12
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Figure 6: 2D numerical results of the water flow jet
downstream of the sluice gate of aperture by = 1cm (left:
U, and right: U,).

numerical simulations were more appropriate to solve this
issue. The water flow in the 3D numerical simulations
is described as following, at first, the water jet is flow-
ing with the particle bed until the scour starts to form, at
this point, a fluctuation of the flow in the scour will be ob-
served with a backward re-circulation, that leads to move
the jet slightly upward, at the same time, the dune will
cause jet flipping towards the surface (see Fig 7). This
description in the literature is also observed.

Ux (m/s)

Figure 7: 3D numerical results of the water flow jet
streamlines downstream of the sluice gate of aperture
by = 1em with Q = 11.5]/min at two times ¢t = 1s (top)
and t = 10s (bottom).

As for the scour and dune formation, a change in the shape
of the dune was observed in the 3D numerical simulations
(see Fig 8) unlike the 2D numerical simulations while the
scour depth was less than the experimental measurements,

Figure 8: 3D numerical results of the scour and dune
formation with Q = 11.5]/min and by = 1cm

4

which indicate that the model needs more optimisation and
parametric study to be able to reproduce the experimental
observations as accurate as possible.

5 Conclusion and perspectives

To be able to take into account the water flow fluctuation,
a 3D multi phase flow model has to be used in the sense
where the flow fluctuation pattern is not observed in sim-
ple 2D numerical simulations as well as the change of the
form of the mound as shown in the previous sections. The
phenomena of jet flipping and formation of a cavity re-

versed flow and change of the mound form was observed
in the 3D numerical simulations. In contrast, the maxi-

mum depth in the 3D numerical simulations was far less
than the experimental results while in the 2D simulations,
the maximum scour depth was almost in good agreement
with the numerical data. Furthermore, the cycle of dig-
ging and refiling was not observed in any of the numerical
simulations and a difference of the scour depth between
the 2D and 3D numerical simulation raise questions on
the calibration of the numerical model’s rheology param-
eters of the inter-granular stresses as well as the hydrody-
namic of the model, as in the proposed equation only the
x-axis direction is considered and there is no enough data
on the turbulence model used. This work is still a work
in progress. More improved numerical simulations will
be performed during the period of the study to assure the
compatibility of the physical models parameters with the
experimental data. To take into account the missing wa-
ter velocities of the water flow in the other directions as
well as the parameters of the turbulent model, interFoam,
a hydrodynamic solver of OpenFoam, will be used to sim-
ulate the flow downstream of a sluice gate to be able to
produce the missing parameters numerically and introduce
them inside the SedFoam simulations instead of the water
jet equation used previously.
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