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Abstract. Fluid-driven granular flows are usually found in nature, such as the transport of fine and coarse sediments at
the bottom of rivers and the formation of sand dunes in deserts, and have been studied for a while; however, understand-
ing their behavior remains a challenge. In this work, we develop numerical simulations by using an Eulerian-Lagrangian
approach, where the fluid flow is solved by Computational Fluid Dynamics (CFD) and the particle interactions are com-
puted by the Discrete Element Method (DEM), being the drag force, which computes the fluid-particles interactions, an
important parameter that couples both methods. Thus, this study aims to test and validate different drag force correla-
tions in order to analyze size segregation that coarse grains experience in a dense granular flow. To run the numerical
simulations, we used a rectangular channel filled with grains of two different sizes, where, we imposed a Couette laminar
fluid flow by moving the top wall of the channel. This induced the motion of particles by bedload, which consists in a thin
moving layer in the surface of the granular bed, and creep, which corresponds to a larger layer underneath the bedload
layer. To mimic a long infinitely river, we set periodic conditions at the inlet and outlet of the channel in the streamwise
direction. Our preliminary results show that coarse grains segregate towards the bed surface from the creep layer, for
which we plotted the trajectories of coarse particles over time for different fluid flows conditions. Besides, we analyze the
influence of 3 different drag models in our simulations and how they affect the segregation rate. Finally, we also validate
our simulations with experiments that have been running lately. Our results will lead us to understand the segregation
behavior that may be found in more complex scenarios such as rock river beds.

Keywords: sediment transport, size segregation, bedload transport, drag model correlations.
1. INTRODUCTION

In nature, we can find non-cohesive coarse materials such as sand, gravel, beads, or pebbles that are entrained by the
fluid flow,as happens in the bottom of the gravel bed rivers, where these materials are usually transported by processes
of small jumps, rolling, and sliding which leads to a thin moving layer in the surface of the granular bed (Bagnold,
1973). This phenomenon is known as bedload transport or sediment transport, which is responsible for diverse river
shapes, changes in the coastal morphologies, and the evolution of landscapes. Besides, it involves different spatial-
temporal scales: 1) large scales such as traversing immense distances for a long time, eroding, transporting, and depositing
sediments along the way; ii) small scales as the interaction between particles (sand, gravel, beads, etc.) within the bedload
causes the onset of erosion, deposition, and segregation of particles in short or mid time scale (Popovié et al., 2021;
Lajeunesse et al., 2017; Gallop et al., 2015).Thus, the interactions between the particles within granular beds on small
scales influence the transport characteristics on larger scales. However, understanding the behavior from these interactions
remains a challenge.

The onset of interaction between the particles in the sediment transport is when an incipient motion is detected due
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to shear stresses applied by the fluid (73' +). The incipient motion can be characterized by the Shields number (#), defined
as the ratio between the fluid shear stresses modulus at the top of the granular bed and the apparent weight of a single
particle (Shields, 1936). When this number is above a critical value (f..), it causes an incipient motion of a few particles.
In contrast, up to a value of five times the critical Shields number (6.), the particles move in a bedload regime (Bagnold,
1973). Several experimental studies found that the critical Shields number for viscous flows reach a constant value,
around 0.12; it was tested for a wide range of particle sizes and fluids, in most cases for mono-dispersed beds (Houssais
et al., 2015; Ferdowsi et al., 2017; Ouriemi et al., 2007). However, sediment transport usually involves a wide range of
grain sizes (Savage and Lun, 1988), such as at a bi-disperse granular bed where the critical Shields number decreases
linearly with the surface fraction of small grains (Houssais and Lajeunesse, 2012). If transporting sediments composed of
particles with different diameters, size segregation may appear, therefore understand and predicting segregation is relevant
to processes where separation of different species may be either desired or avoided (Fan et al., 2014).

In a bi-disperse sediment, transport it is common to see how coarse particles located inside of the granular bed go
toward the surface, this phenomenon being called size segregation, which is characterized by two behaviors, one due
to the rapid motion from the bedload layer at the bed surface, that is driven by the fluid shear stresses, whereas the
other one is the result of to slow creeping motion far below the surface where the contact forces contribute to granular
motion (Aussillous et al., 2013; Houssais et al., 2015, 2016; Ferdowsi et al., 2017). Thus, size segregation can be observed
from both rapid and slow granular flow regions, and it can extend from the bottom to the top of the bed (Ferdowsi et al.,
2017). Indeed, the bedload layer motion influences the large layer underneath which is called creeping (Houssais et al.,
2015). For this reason, as shown above, the segregation in bedload transport depends mainly on the drive of the fluid and
its coupling with the particles. Therefore, some experiments and numerical simulations were developed to analyze the
behavior of particles both mono-dispersed and bi-dispersed granular beds driven by a fluid.

Experiments and theories show that the laminar bedload is similar to its turbulent counterpart in many respects. There-
fore, Charru et al. (2004) and Houssais et al. (2015) ran experiments using an annular flume to study the evolution of
a mono-dispersed granular bed sheared by a viscous Couette flow. Thereby, Charru er al. (2004) observed that the bed
begins to compact due to the local rearrangement of the particles. In order to understand the erosion and deposition pro-
cesses at the top of the bed surface, the authors proposed a linear relationship between the compaction of the granular
bed and the Shields number. Following the studies of Charru et al. (2004), Houssais et al. (2015) and Ferdowsi et al.
(2017) employed refractive-index matching between the fluid and particles (Wright ef al., 2017) as the optical technique
allowed measurements within the bed. The authors ran experiments from shear rates next to the critical to shear rates high
enough to obtain the bedload. Houssais et al. (2015) showed that exists a regime called creeping, which appears even for
shear rates lower than the threshold for particle motion; this regime usually appears just beneath the bedload layer where
grains present a solid-like behavior. The authors also identified a kink point from the velocity profiles, which marks the
boundary between the bedload layer and the creeping regions. Similarly, Ferdowsi et al. (2017) studied the size seg-
regation experimentally in laminar bedload transport, and concluded that the near-surface layer drives rapidly advective
segregation, which is shear rate dependent. The creeping grains beneath the bedload layer give rise to slow but persistent
diffusion-dominated segregation. In addition, the authors show that a coarse surface armoring layer develops how large
grains are delivered from below; first more rapidly by bedload, and then more slowly by creep. In brief, according to
the results mentioned above, the development of a surface armouring due to size segregation (Ferdowsi et al., 2017) will
affect the erosion and deposition processes at the top of the bed surface mentioned by Charru ef al. (2004). Thus, their
model could be modified to a transient model for a bi-dispersed granular bed. Consequently, the critical Shields number
will also decrease (Houssais and Lajeunesse, 2012).

Together with the experiments, numerical simulations were developed using both discrete and continuum models to
reproduce the results discovered in the laboratories and quantify them. Ferdowsi et al. (2017) added to his investigation
dry granular flow simulations with Discrete Element Models (DEM); moreover Chassagne et al. (2020b) developed
simulation DEM coupled with Computing Fluid Dynamics (CFD) for turbulent flow in 1D, in a gravity-driven water-
free surface flow that induces a downslope shear-driven bi-dispersed granular flow. Both authors modified parameters
such as the coefficient of advection-diffusion from Gray and Thornton (2005) continuum modelaAZs, which allowed the
continuum model to reproduce the discrete simulations quantitatively. In addition, Chassagne et al. (2020a) identified
four transport regimes of bi-disperse bedload, which depend on the mobility grade which is a consequence of the reduction
of the roughness of the underlying small particles that play the role of a conveyor belt for the large particles at the surface.
Besides, bi-dispersed granular flow sheared by viscous flow was studied by Vowinckel ef al. (2021) and Rettinger
et al. (2022). They computed from their simulations with DEM+CFD the local shear rate of the fluid, particle volume
fraction, total shear, and granular pressure, information needed to investigate the rheological behavior from parameters
as the viscous number and the inertial number; the first authors set the sediment transport as a pressure-driven Poiseuille
flow, whereas the second authors set such as a shear-driven Couette flow. Finally, Zhou et al. (2020) analyzed the size
segregation downslope of dense granular flow immersed in different fluids using CFD+DEM numerical simulation. The
authors defined three fluid regimes and showed that each one exhibits distinct flow dynamics in which different segregation
rates were observed, moreover the presence of a viscous fluid effectively diminishes the degree of separation and slows
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down segregation. In this study, the boundary conditions and the segregation behaviors are relevant to submarine flows
and subareal saturated debris flows, where buoyancy and fluid drag are likewise relevant. As shown above, numerical
simulation enables us to analyze the fluid-driven size segregation of a granular bed and study its behavior in both grain
scales and overall. Thus, if drag force models are to be included in the numerical setup, then it is crucial to select an
accurate drag force correlation that neither underestimates nor overestimate the segregation rate aiming to achieve a good
agreement with experimental results obtained in different conditions.

In this work, we test and validate the drag force correlations developed by Gidaspow ef al. (1991), Koch and Hill
(2001), and Di Felice (1994), in order to analyze the size segregation that coarse grains experience in a dense granular
flow driven by a viscous fluid by performing numerical simulations through the open source code CFDEM (https://www.cf
dem.com/), which couples the open-source codes OpenFOAM (CFD) and LIGGGHTS (DEM). To run the numerical
simulations, we designed a rectangular channel filled with grains of two different sizes immersed in a viscous fluid; we
imposed a mean velocity at the top of the channel and set periodic conditions at the inlet and outlet of the channel in the
streamwise direction, thus mimicking a long infinite river. Finally, we also validated our simulations with experiments
that have been running lately.

2. FORMULATION OF THE NUMERICAL MODEL

In this work, we carried out numerical simulations by using an Eulerian-Lagrange approach, where the fluid flow is
described by the Navier-Stokes equations for multiphase flows and solved by using the open source code OpenFOAM
(https : / Jwww.open foam.org); and the discrete phase is computed by using Newton’s second law, where each particle
interaction is computed based on Discrete Element Method-DEM by using the open source code LIGGGHTS, (Kloss
et al., 2012), (https : Jwww.liggghts.com). Finally, OpenFOAM and LIGGGHTS are coupled with the open source
code CFDEM (Zhou et al., 2010), (hitps : //www.cfdem.com/).

2.1 Governing equations

The two types of particle motion, translational and rotational, are computed based on Newton’s second law obtained
from the linear and angular momentum equations Eq. (1) and Eq. (2), respectively:
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where m,, and @, are the mass and the velocity of the particle respectively. The terms on the right-hand side of Eq. (1)
represent the forces generated by the liquid; drag force Ffp — I, forces due to pressure and stresses gradients Fj..; =
—V,VP +V, V- 7 = Vop f(— g) where (DD ) is the material derivative, virtual mass force F,,,, acceleration of

gravity ¢, contact forces between particles FC i; and contact forces between particles and the tube wall FC iw- INEq. (2),
I, and &, are the moment of inertia and angular velocity of a particle, respectively, and the terms on the left-hand side,
Tp i; represents the torque generated by the tangential component of the contact force between particles i and j, and Tp iw
the torque generated by the tangential component of the contact force between particle i and the wall. The inter-particle
forces and torques are summed over the V. - 1 particles in contact with particle i, where IV, is the total number of particles
in contact. The particle-wall forces and torques are summed over the N, particles in contact with the wall. The contact
forces between particles and between particles and the wall are computed based on the soft-particle method (Cufiez and
Franklin, 2019).

Locally-averaged incompressible Navier-Stokes equations compute velocity and pressure fields. The mass and mo-
mentum equations are given by Egs. (3) (4), respectively:
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where P is the pressure, 7 ¢ is the stresses tensor, and @ and o represent the mean velocity and volume fraction of
the fluid phase, respectively. Coupling between liquid phase and particles is achieved through the momentum exchange
coefficients Fj,r, (Li et al., 2017), and it can be computed by Eq. (5)
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where V,.;; and V,, are the volumes of the considered cell and particle, respectively, /3 is the coefficient of momentum
transfer between phases due to the drag force, it can be calculated from some correlations as Eq.6, Eq.8 or Eq.10, which
were tested in this work, finally iy, is the liquid velocity at the particle position. The latter is usually obtained by
interpolation and determined for each particle.

2.2 Drag forces correlations

The main momentum exchange coefficient between a fluid phase and solid particles is the drag force, which in dense
systems has a complex dependency on the porosity, which coincide with the V,.¢;; liquid volume fraction ¢, and on the
particle Reynolds number; Rep () = (apdp(s,)|tip — Uys|)/v , the subscripts s and [ denoting large and small particle,
respectively. Several works were developed to find correlations of coefficient of momentum transfer 5. We tested the
following formulations.

Gidaspow et al. (1991), developed a correlation that allows to work well in both dense and in dilute regions

3 pr(l—as)(|8ps,—Usl)  —1.65
CpH fdp(s,z() Dt o for ay>0.8
8= 2 o (©)
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where;
Cp = 24 [1+0.15(Reps.1))" %) (7)
Rey (s,

Koch and Hill (2001), proposed a correlation on the basis of Lattice-Boltzmann simulations of fluid flows through
arrays of spheres

B = 180£f(F() + 0.5F10(1R€p(571)) (8)

where;
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Di Felice (1994), considered data from several systems and showed that the coefficient of a oy should not be constant
but should instead be a function of the particle Reynolds number.

B =0.75Cp Rey(s 1y (11)
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2.3 Numerical setup

The 3D channel has dimension of length, width, and height of 50d, x20d, x 15d,, whereas large particles of diameter
d; =3 mm and small particles of diameter d; = 2 mm (size ratio d;/ds = 1.5) are deposited randomly by gravity inside a
channel, in order to form a 24 mm fixed bed with 10236 particles (volume ratio V/V; = 1.75), see Fig. 1a. The particle and
fluid densities are fixed respectively as p, = 2500 kgm 3 and p; = 1400 kgm 2, and the viscosity is v = 6x10~% m?s~1,
these properties correspond to glass spheres and a sodium iodide (Nal) solution at 35% (w/w) in glycerin, respectively.
We set periodic boundary conditions in the stream-wise (x), and no-slip condition both on the bottom and lateral walls
of the channel. We imposed a Couette laminar flow setting up a mean velocity of ., = 0.083 ms~" at the top of the
channel. The section of liquid above the bed measure sy = 6 mm, in these condition we calculated: The Reynolds number
based on the height of the fluid is Re = u¢hy/v = 0.97 and the Shields number 8 = 74 /(g9ds(pp — py)) = 0.45 for small
particles. All simulations were executed for 200 seconds in a hexahedral coarse domain of size L, XL, XL, =40x17x20
cells.
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Table 1. The parameters for discrete element method (DEM)

Parameters Value
Young’s modulus of glass beads E(V) 0.46x10° GPa
Poisson/s ratio of glass beads v/(7) 0.245
Friction coefficient between glass bead particles At 0.60
Restitution coefficient between glass bead particles COR ) 0.051

(1) (Tang et al., 2019)
(2) (Gollwitzer et al., 2012)

Figure 1. a) 3D view of the of physical setup; b) Vertical profile of the granular bed from simulations; c) A slice of the
granular bed from the experiments

3. RESULTS

We compare the numerical results with the data from experiments that we have been running lately in a closed-top
annular flume, which through the use of refractive-index matching techniques allows us to obtain images of a vertical
profile of grains (Gonzalez et al., 2021), as shown in the Fig.1b. We estimate the particle velocity frame by frame by
using the Lagrangian particle tracking from Ouellette et al. (2006) that stitch positions at different frames into tracks. For
this work, the running time of experiment was 10 min.

We can see in Fig. 1c a slice from the center of the 3D channel. Both the experimental and numerical vertical profile
of the granular bed shows a qualitative similarity. However, the role that the drag models play on a granular bed affects,
directly and indirectly, the bedload layer and the layers beneath it, respectively.

3.1 Role of the drag forces

As shown in the equations, the various force definitions only differ in the dependency on the porosity, which coin-
cides with the V¢ liquid volume fraction oy and the particle Reynolds number Rep(&l). The solid (and hence fluid)
packing fraction can be observed from Fig. 1b and Fig. 2a its ranges within the bedload layer vary from dilute to dense
concentration, where the values of solid packing fraction are between 0.1 up to 0.5; while from the layers beneath the
bed load layer to bottom is quite constant, comparable to a packed bed, with solid volume fraction values of about 0.6.
Particle Reynolds number has more influence mainly on the surface of the bedload layer than on the underlayers where
the threshold of the motion is found. However, the velocity gradient decreases linearly from the channel lid to the granular
bed surface, its influence affects the erosion and deposition processes of particles on the bed, due to the presence of small
jumps, collisions, and sliding of particles, where the particle Reynolds number has significant variations. Thus, both the
effect of the packing concentration and particle Reynolds number in the drag force correlations have major consequences
on the surface of a bi-dispersed granular bed surface, due to an increase in the packing fraction and variation of particle
diameter, being the segregation rate of coarse particle towards the surface of the granular bed the result more visible. Fig-
ures 2b and 2c, show the snapshot of channel cross-section view only with coarse particles; before segregating and after
segregating, respectively. The empty areas are occupied by fine particles, which segregated downwards through kinetic
sieving processes.

We calculate the spatial-time-average velocity magnitude for the three drag forces correlation tested, and plot it with
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Figure 2. a) Packing fraction; b) Snapshot of channel cross-section view, before segregation; c) after segregation

respect to height channel, these velocity profiles of the granular bed are shown in the Fig. 3a and contrasted with ex-
perimental data. We can see that none of the models can give a perfect prediction of the granular bed velocity profiles.
Nonetheless, The DiFelce model seems to represent the best results considering the bedload layer region, where both the
porosity and the particle Reynolds number have a wide range of values. The Gidaspow and Koch-Hill models behave
similarly in this region with velocities higher than the experiments; it means more mobility on the surface of granular bed.
Overall, all models overestimate (around one magnitude order) the velocity value in the layer beneath the bedload layer
as a consequence of the great mobility within the bedload layer. As result, the segregation of coarse particles towards the
surface bed is faster in the simulation than the observed in the experiments. The behavior of the velocity, mainly in the
layers beneath the bedload layer, can be improved by implementing a smoothing of exchange fields (e.g., particle volume
fraction, drag force), that dampen local fluctuations of the fluid volume fraction «y calculated in neighboring CFD cells,
an isotropic diffusive smoothing is applied (Blais et al., 2016; Pirker et al., 2011). This smoothing method is chosen
because it is conservative, easy to implement, and can be easily controlled via the smoothing length. The Fig. 2b shows
the velocity profile of the granular bed for different smoothing length values evaluated, where s = 2dp; is sufficient to
improve the results of all simulations.
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Figure 3. Spatial-time-average of the stream-wise velocity profile, solid and dashed lines are from simulations and dotted
lines is from experiment: a) Drag force correlations; b) Smoothing length coefficient by DiFelice drag model
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3.2 Size segregation

The particles marked with the red color shown in the Fig. 4b were selected considering the localization within the
granular bed from the surface to half of the bed and numerated ascending from one to five, being the number one the par-
ticle more close to the surface. Figure 4a shows that only particle number five did not segregate showing an imperceptive
displacement throughout the simulation time, while the other particles segregated to the surface of the bed, the number
one showed fast segregation, whereas the others manifested moderate segregation. The coarse particles segregated from
below towards the surface of the granular bed undergoing several processes at different time scales; they depend on the
depth at which the particles are found with respect to the bed surface, see Fig. 4b. Thereby, three regions are observed
from Fig. 4a; i) fast, ii) moderate, and iii) slow segregation. The first one has a direct influence of shear stresses by
fluid, which leads to instant segregation combined with fragile contact forces between particles, besides the drag force
calculated from DiFelice correlation. In this region, small jump, sliding, and rolling processes are present. Moderate seg-
regation is located at the underlayers of the previous one, they correspond to the deeper layers within the bedload layer,
it is a collisionless region where the contact forces are moderate, where both the sliding and rolling processes between
particles lead to the segregation with a low influence of shear stresses. The last one, slow segregation, is located at the
layers beneath the bedload layer (creeping), where the stronger contact forces are found, their intensity and direction lead
to the segregation towards the next over layer. Thus, the particles in this region need a long enough time to reach the bed
surface. Finally, these processes also match the kinetic sieving the fine particles, which percolates through a moving bed
due to a difference in the particle’s size, which results in a downward flux of the smaller particles.
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Figure 4. Mobility regions in a granular bed flow and segregation: a) Trajectories of red particles colored in b), showing
a vertical profile of the onset granular bed, blue solid line is the velocity profile and green solid lines are the trajectories

4. CONCLUSIONS

We tested three drag force models to investigate their role in granular size segregation in sediment transport. The model
of Di Felice (1994) with the addition of the smoothing length coefficients showed a good agreement with experimental
data from the spatial-time-average stream-wise velocity profile. We observed that the velocity within the bed is directly
related to the creeping region (where velocity is negligible) and bedload layer (where there is noticeable movement).
Thus, the segregation of coarse particles was more noticeable within the bedload layer where the drag force is directly
involved.
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