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Summary. Fluid-particle interaction contributes to important behaviors of soils.
This paper presents a numerical method to model the interaction by coupling the
Computational Fluid Dynamics (CFD) with the Discrete Element Method (DEM).
The particle motion of the granular system is simulated by the DEM, and the CFD
solves the locally averaged Navier-Stokes equation for the flow of pore fluid. The
interaction between pore fluid and particles is considered by exchange of
interaction forces between DEM and CFD. The numerical method is further
benchmarked and validated by several geomechanics problems.
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1

Introduction

Fluid-particle interaction underpins the key behavior of granular soils in many
applications. Conventional approaches have been based on continuum,
phenomenological theories of porous media and cannot offer important information
at the microscale governing the interacted system of particles and fluid. While the
microscopic behavior of the fluid-particle interaction may provide insights to the
overall understanding of granular materials, a coupled CFD-DEM numerical tool will
be developed in this study to simulate the fluid-particle interactions in granular soils.

2

Formulation and Approach

In a particle system simulated by the DEM, the following equations are assumed to
govern the translational and rotational motions of a particle:
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where

U ip and ωi denote the translational and angular velocities of particle i ,

respectively.

Fijc and M ij are the contact force and torque acting on particle i by

particle j or walls, and

nic is the number of total contacts for particle i . Fi f is

the particle–fluid interaction force acting on particle i, which include both buoyancy
force and drag force in the current case.

Fig is the gravitational force. mi and I i

are the mass and moment of inertia of the particle. The Hooke contact law in
conjunction with Coulomb’s friction law is employed to describe the interparticle
contact behaviour. For the fluid system, the following continuity equation and
locally averaged Navier-Stokes equation will be solved by the CFD:

 ∂ ( nρ )
+ ∇ ⋅ ( nρ U f ) = 0

 ∂t
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where U is the average velocity of a fluid cell, ρ is averaged fluid density. n
defines the porosity (void fraction). p is the fluid pressure in the cell; μ is the
p

averaged viscosity; f is the interaction force averaged by the cell volume the
particles inside the cell exert on the fluid. g is the body force vector.
The drag force and buoyancy force are considered to be the dominant interaction
forces between fluid and particles for low Reynolds number pore flows. The
following expression is employed for the drag force (see [1-2]):

1
F d = Cd ρπ d p2 ( U f − U p ) U f − U p n1− χ
8

(3)

where dp is the diameter of the considered particle. Cd and χ depend on the Reynolds
number of the considered particle Rep
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and

(5)

Re p = n ρ d p U f − U p μ .

The buoyancy force adopts the following expression:

1
F b = πρ d p3 g
6

(6)
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The general computational scheme is outlined as follows (see also [3]). The fluid
phase is discretized with a typical cell size five to ten times of the average particle
diameter. At each time step, the DEM package will provide such information as the
position and velocity of each individual particle. The position of each particle is
then matched with the fluid cell to calculate relevant information of each cell such
as the porosity. Eq. (2) is solved by the CFD program for the averaged velocity and
pressure for each cell. The obtained averaged velocity and pressure of a cell are then
used to determine the drag force and buoyancy force acting on the particles within
the cell. Iterative schemes may be required to ensure the convergence of relevant
quantities such as fluid velocity and pressure. When a converged result is obtained,
the information of the fluid-particle interaction forces will be taken into account for
the next step calculation of the DEM part. Ideally, information on interaction forces
should be exchanged once after each step of calculation for DEM or CFD. This,
however, may be computationally extremely expensive in practice. For most
problems, numerical experience indicates that for each CFD computing step,
exchange of information after every 100 steps of DEM calculation will ensure
sufficient accuracy as well as efficiency. If the time steps for DEM and CFS are
sufficiently small, more steps for DEM are also acceptable.

3

Benchmarking and Application

Two classic geomechanics problems are first employed to benchmark the proposed
CFD-DEM method. One is the one-particle settling in water problem, and the other
is the one-dimensional consolidation problem. Analytical solutions to both
problems are available in soil mechanics text books. Predictions by the numerical
tool for the two problems are compared against the analytical solutions in Figure 1.

(a)

(b)

Fig. 1. Benchmarking of the CFD-DEM method with analytical solutions for (a) the
single-particle settling in water problem; (b) one-dimensional consolidation problem
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For the single particle settling problem, it is evident from Figure 1a that the
settling velocity of a sphere particle in water predicted by the CFD-DEM agrees
well with the analytical solution. Sharp reduction of settling velocity of the particle
when it hit the water is accurately captured, along with the settling process in the
water. The bounce back from the bottom of the contained is also reproduced well.
For the 1D consolidation problem, Figure 1b shows that the simulated dissipation of
excess pore water with time also compare reasonably well with the analytical
solution. However, it is also noticed (not shown here) that at very early stage of
consolidation, i.e., when Tv < 0.1, the numerical prediction deviates slightly from
the analytical solution. This is because the Terzaghi’s analytical solution assumes
an instantaneous build-up of excess pore pressure throughout the column once the
surcharge is applied, whereas the CFD-DEM calculation needs some time to build
up the excess pore water.
The CFD-DEM method has also been applied to investigating the formation of
sandpile in water. Shown in Figure 2a demonstrates the formation process of a
sandpile in water through hopper flow. The case without water has also been
simulated for comparison. Meanwhile, the rolling resistance has been regarded
important in simulating the sandpiling problem (see [4]), and will be considered
here. Presented in Fig. 2b is the pressure dips observed in sandpiles obtained in the
various cases. The overall profile of the vertical pressure in the wet case is higher
than the dry case. The pressure dip is found to be moderately reduced by the
presence of water as compared to the dry case. Consideration of rolling resistance
may lead to enhanced pressure dip, and the difference is more appreciable in the wet
case than in the dry case. From a further inspection of the force chain network it is
found that the presence of water may lead to more homogeneous contact force
distribution in the sandpile, which may help to explain the reduced pressure dip in
the wet.

(a)

(b)

Fig. 2. CFD/DEM simulation of sandpiling in water. (a) Schematic of forming a sandpile in
water through hopper flow; (b) Comparison of pressure dip in sandpiles formed in dry/wet
conditions and with/without consideration of rolling resistance.
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Conclusion

A CFD-DEM numerical tool has been developed to simulate the fluid-particle
interaction in granular soils. It was benchmarked by two classic geomechanics
problems and was further applied to the sand pile formation in water. It is shown
that important behavior of fluid-particle interaction in soils can be well captured.
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