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Summary: In this paper, the capability of two major methods for modelling two-phase flow
systems, coupled discrete element method and computational fluid dynamics (DEM-CFD) and
smoothed particle hydrodynamics and discrete element method (SPH-DEM), is investigated.
The particle phase is modelled using the discrete element method DEM, while the fluid phase
is described using either a mesh-based (CFD) or a mesh-less (SPH) method. Comparisons
are performed to address algorithmic differences between these methods using a series of
verification test cases, prior to its application to more complex systems. The present study
describes a comprehensive verification for the fluid-particle simulations with -two different
test cases: single particle sedimentation and sedimentation of a constant porosity block. In
each case the simulation results are compared with the corresponding analytical solutions
showing a good agreement in each case.

1 INTRODUCTION

A wide range of industrial processes involves multiphase granular flows, for example
catalytic cracking in fluidized beds, pneumatic conveying of raw materials and gas-particle
separation in a cyclone. Knowledge of the underlying physics of fluid-solid and inter-particle
phenomena is limited due to wide separation of scales in time and space. Pilot scale
experiments are limited, time consuming and expensive. With the advent of increased
computational power, fluid-particle flows for different regimes (dilute or dense) can be
modelled with a multi-phase modelling strategy [1]. Which strategy employed is mostly a
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trade-off between the desired level of modelling detail and computational expense. Hybrid
schemes are closed by constitutive modelling through micro-mechanical parameterization [2].
Commonly used models employed in literature to model laboratory scale experiments are: the
two-fluid modelling (TFM), coupled DEM-CFD [3] and coupled SPH-DEM modeling [4].
Significant challenges remain, notably in appropriate definition of boundary conditions,
constitutive micro-mechanical modelling and establishing relative significance of effects such
as drag, lift forces and turbulence, and the availability of model verification and validation
test cases.

TFM treats the solid and gas phases as interpenetrating continua, exchanging momentum
[1]. These models are computationally inexpensive, but particle level interactions cannot be
captured and accuracy of the simulations is severely compromised [5]. Direct numerical
simulation (DNS) can be employed to study particle-particle and particle-fluid interaction
(e.g. Lattice Boltzmann simulations), but are so computationally expensive that even
simulation of laboratory scale experiments is not feasible. Nevertheless, these simulations
provide a route to micro-mechanical constitutive modelling to put at continuum scale, as
extensively reviewed in [1]. Lagrangian models can be employed to describe the particle
phase in conjunction with an Eulerian framework to model the fluid phase, an example of this
being DEM-CFD modelling. In this approach, the governing equations for the fluid motion
are averaged, and each particle’s motion is separately tracked. This avoids the DNS of fluid
motion and can capture particle dynamics more accurately than any continuum description of
solid phase[2,6,7].

SPH-DEM is a purely particle-based solution method modelled in a Lagrangian
framework. Rather than using a fixed grid, the Smoothed Particle Hydrodynamics method
models the fluid using an unstructured set of points that move with the fluid velocity [8]. The
fluid variables and their spatial gradients are interpolated between these points using a
Gaussian-like radial smoothing kernel. This is coupled with a DEM model for the solid phase,
avoiding the need for a computational mesh entirely. A brief outline of key differences
between SPH-DEM and DEM-CFD is as shown in Table 1. The difference between the
mesh/grid based and SPH methods leads to different scenarios, where each of the methods can
be advantageous over the other. The main advantage of SPH over the grid-based methods is
its adaptability during time-evolving dynamic processes in time and space [8]. The lack of
mesh is advantageous in applications where the continual updating of mesh connectivity
presents a difficult problem, such as free surface flow or the flow around complicated or
intermeshing moving boundaries. In these cases the mesh can deform considerably or even
change topology entirely, but a particle-based method such as SPH is unaffected. However,
SPH can be affected by particle disorder and suffers from poor accuracy of spatial gradients.
DEM-CFD is a well-established mesh based method to model fluid-particle interactions. CFD
has been studied for decades and has a large literature for mesh discretization schemes and
solutions. Computationally, SPH is more expensive than CFD. However, since the work is in
a coupled framework, the computational load is normally determined by the DEM, depending
on how dilute or dense the system is.
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Table 1: Comparison SPH-DEM and DEM-CFD

SPH-DEM DEM-CFD

Fluid model Lagrangian frame: fluid Eulerian model
discretized to mass “particles”
moving with local fluid

velocities
Discretization of No mesh. Fluid variables Mesh is decided on the basis of
domain interpolated between points convergence of fluid field and
using a radial smoothing kernel ~ minimum number of particles in a
function fluid cell for averaging statistics
Information Information stored based on Porosity, momentum and pressure
tracking the particle movement information is based on the fluid

cell centre or the cell faces

Averaging of Averaged Navier-Stokes (NS) NS equations are coarse-grained to
fluid variables  equations are interpolated over  include particle-level information
each particle and its nearest from DEM at a continuum scale
neighbors using SPH
smoothing kernel

Careful verification and validation (V&V) is required before implementing model codes to
study physical processes. Verification can be referred to as the process of determining
whether the computational model represents the underlying mathematical model and its
solutions. Validation can be referred to as the process of determining the degree to which the
model as applied is an accurate representation of the real world. When analytical solutions are
available, these two aspects can converge. In this work, test cases are used to verify that codes
correctly model the dynamics of two-phase flows and the interaction between phases. Two
sedimentation test cases are studied here: single particle sedimentation (SPS) and a constant
porosity block (CPB). The degree of complexity of these test cases increases from the first
example to the second. Single particle sedimentation checks the drag force implementation
(calculation and integration) for a single particle falling through different fluid media. These
results can be compared to creeping flow single particle approximations in the Stokesian
regime. The CPB checks the drag model implementation for both phases for a constant
porosity field and a simple velocity field. The main objectives of this study are to compare
between the SPH-DEM and DEM-CFD and to establish the level of discrepancy between
these numerical methods and the corresponding analytical solutions.
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2 EQUATIONS OF MOTIONS
2.1 DEM-CFD

DEM-CFD methods are based on the locally averaged Navier-Stokes equations [9]
coupled with a Lagrangian framework to track the motion of each particle by solving
Newton's second law of motion in a two-way coupling approach [2,6]. The DEM-CFD
simulations were performed with an in-house built coupled OpenFOAM and LAMMPS code
[10] and also the commercial EDEM-FLUENT code. The SPH-DEM simulations were
performed using an in-house code which has been previously shown to produce good results
for two test cases [4]. In each method, the fluid phase is described by the conservation
equations of mass and momentum. Newton’s second law of motion tracks translational and
rotational motion of the particles:

0(£py)
at

+ (V.epgu) =0 (1)

0(£py)
at

+ (V.epgu) = —eVp + S, — V. (eT) + epyg @)

& Pg U, Tand p are the porosity, density, velocity, viscous stress tensor and the pressure of
the gas phase respectively. For DEM-CFD, the momentum source term is defined as

_ 1 Npart ,BVa
5, = Vj Za:g S (= VS0 — r)dV 3)

The interphase momentum exchange can be modelled by drag force. [ is the drag law
coefficient.

2.2 SPH-DEM

Here we briefly describe the governing equations for SPH-DEM, based on the locally
averaged Navier-Stokes equations (LANSESs) derived by Anderson and Jackson [9] and given
in equations (4) and (5). For more details on SPH-DEM please see Robinson et al. [4]. We
define a smooth porosity field by smoothing out the DEM particle’s volumes according to the
SPH interpolation kernel W, ;(h) = W (r, — 1}, h)

ga=1- Z We, (R)V, @
]
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where V; is the volume of DEM particle j. For readability, sums over SPH particles use the
subscript b, while sums over surrounding DEM particles use the subscript j. To calculate the
continuity and momentum equations in the LANSEs, we first define a superficial fluid
density p equal to the intrinsic fluid density scaled by the local porosity p = £pf. Substituting
the superficial fluid density into the averaged continuity and momentum equations reduces
them to the normal Navier-Stokes equations. The approach of SPH-DEM is therefore to use
the weakly compressible SPH equations with variable 4 (resolution/smoothing length) terms
and adding fluid-particle coupling terms (as specified below).The rate of change of
superficial density for each SPH particle a is given by

Dpa:iZmu ‘Ag Wy (hy) 5
Dt 'Qa s b%ab a "Wab\'ta ()
0. =1- ahva m aVl/ab (ha)

a — apa e b aha (6)

The SPH acceleration equation is given by

Du, P,
Dt = _z (,Q P + Hab) Ag Wab(ha)

2
ara

P, ) fa (7)
+ + 1, | Ay Wy, (hy) + —
<prg ab a ab\'*b m,

Where the I1,;, models the viscous term and P, is the pressure from the equation of state (see
below). f, is the coupling force on the SPH particle a due to the DEM particles. The
coupling force on SPH particle a is determined by a weighted average of the fluid-particle
coupling forces on the surrounding DEM particles.

m 1
fa="0 < fWaj(ho) ®)
Pa &5
[ is the fluid-particle coupling force calculated for each DEM particle (given by the last two
terms in equation (8)) and S; = X, %ij (hp) is a correction factor to guarantee equal and
b

opposite forces between the two phases. The fluid pressure P, is calculated using the weakly
compressible equation of state where the reference density p, is scaled by the local porosity
to ensure that the pressure is slowly varying with porosity as:
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P, =B ((%)y _ 1) )

The smoothing length h, varies according to the superficial density (and hence with the
porosity) and is calculated by h, = 1.5(m,/p,)"/3.

2.3 Drag models

This section describes briefly how fluid-particle interactions described in sections 2.1 and
2.2 are implemented. In general, drag force on a particle in a multiple particle domain is
given in all Re-number regimes as

1
Fdrag = gcdf(gi)ndzpflutlut (10)
ur = &(vp, — vy) (11)

Where C,; is the drag coefficient which varies with the particle Reynolds number Re =
prlueld/u and f(g;) is the voidage function [11] ; v, — vy is the velocity difference between
the particle and fluid phases . For a single sedimenting particle, the voidage function can be
taken as f = 1. For the DEM-CFD drag model [12] C, is defined as follows:

24
R_e Re < 0.5
Cd = 24 (12)
ﬁ(l.O + 0.15Re?%687) 0.5 < Re <1000

The SPH-DEM Stokes drag is similar but without the Re number dependence for higher Re >
0.5. For higher Re numbers and multiple particle, the Di Felice drag model can be used [11].

C, = [0.63 + 4.8/VRe]? (13)
fled=e* (14)
(1.5 — log,oRe)? (15)

& =3.7—-0.65exp |—

2
Another drag model used in this study which is valid for high Re number, was proposed by
Coulson-Richardson [13].

/A

fa = 7@%psluc|(1.8Re™031 + 0.293Re000)345 (16)
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B (drag model coefficient in equation (3)) as mentioned in Section 2 can be related to C,
through simple mathematical algebraic manipulations as done in [10]. These drag models are
used in SPS or CPB studies according to the applicability. Implementation of drag models for
DEM-CFD and SPH-DEM can be studied from [4,10].

2.4 DEM

The solid phase motion is described using a DEM approach to solve Newton’s 2" Law of
Motion [14]:

d?r

Va
mﬁ = Feontace T Mg + f__g (u-— Va) —VVp (17)

Fcontact 1S the contact force modelled as a linear spring-dashpot model [14]. The coefficient

of restitution (e) provides a route of energy dissipation due to collisions. The last two terms
describe the coupling force on each DEM particle due to the fluid.

3 SIMULATION SET-UP

The simulation domain and solid particle properties are shown in Table 2. The domain
comprises a column under gravity (negative z direction) with a no-slip boundary condition at
the bottom and periodic boundary conditions elsewhere.

Table 2: Simulation domain and particle properties

Parameters Value
Box width (m) 4e-3
Box height (m) 6e-3
Particle diameter (m) le-4
Particle density (kg/m") 2500

The fluid-particle relaxation time is shown in Table 3, which provides a timescale for the
fluid-particle interaction forces. The time-step for the fluid phase is set to an order of
magnitude lower than the relaxation time. The particle Reynolds number is defined using the
superficial velocity (relative velocity of particle with respect to surrounding fluid divided by
porosity) and the diameter of the particle as a characteristic length. The CPB is created using

a regular grid of DEM particles that are separated by a constant Ar = (V /1 — 8)1/ 3 (V is the
particle volume and ¢ is the porosity of the case). The DEM particle positions are fixed
relative to each other during the simulation. To implement this for the CPB tests, the drag
force calculated for each particle is summed over the CPB and then divided equally among
all its component particles, thus ensuring each particle experiences an equal drag force. For
the CFD simulation of the CPB, the fluid mesh is created with respect to the distance between
the particles, giving 8 particles in each fluid cell, placed symmetrically. This means that each
particle would ‘experience’ equal porosity except for the boundary particles which would
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experience a reduced porosity than the rest of the block at certain times (hence the need for
averaging the drag force over all particles).

Table 3: Fluid properties

Parameters Air Water Water-Glycerol
Fluid density (kg/m’) 1.1839 1000 1150
Fluid viscosity (Pa.s) 1.86e-5 8.9e-4 8.9¢-3
Porosity 0.6-1
Calculated terminal velocity (m/s) 0.0102-0.5  1.3-7.6e-3 1.3-8.4e-4
Fluid CFL conditions (s) 1.4-4.5¢-5
Particle Reynolds number 0.65-3.19  0.15-0.85 0.002-0.011
Relaxation time (s) 7.47e-2 1.56e-3 1.56e-4

4 SIMULATION RESULTS

4.1 Single particle sedimentation (SPS)

This section describes comparison of results from SPH-DEM and DEM-CFD for SPS.
Different fluid properties and drag models are tested. In the Stokesian or creeping flow
regime (Re < 0.5), the following analytical equation can be solved to calculate the terminal
velocity:

(pp-P)Vyg

v(t) == (1 —em) (18)

b = 3nud (19)

Here u is the dynamic viscosity of the fluid, d is the diameter of the particle, V is the particle
volume and p, — p denotes the density difference between solid and fluid media. Figure 1
gives the DEM-CFD and SPH-DEM results for single particle sedimentation in air, water and
a water- glycerol solution using the Stokes drag model. Both SPH-DEM and DEM-CFD
results for terminal velocity are within 1% error for water-glycerol, 3% error for water and
5% for air. These results show the terminal velocity dependence on Re number (when greater
than 0.5). In Figure 2, the Di Felice drag model (in the limiting condition of (g; 2 1) and
Coulson-Richardson drag model [13] are implemented to compare against the Stokes drag
model. Fully resolved COMSOL Multiphysics (finite element analysis, solver and simulation
software http://www.comsol.com/) is used for a reference terminal velocity in this study.
Figure 2(a) shows the SPH-DEM terminal velocity % errors with Re number up to 10 using
the three different drag forces. For SPH-DEM, the results for the various drag models differ
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in their prediction by 6% for single particle sedimentation in water (except for Stokes drag,
which diverges for larger Re due to the assumption of creeping flow). In contrast, the Stokes
drag for the DEM-CFD simulations (Figure 2(b)) has an Re dependence for Re > 0.5 and is
thus comparable to the fully resolved COMSOL results.) The Coulson-Richardson drag force
gives the closest results to the reference terminal velocity.

1 X
o 7
0.8 7 s
o 53 .
o
5 0.6 s 2 4 6 8 10
N -3
> N titd
0.4
~+Air
* Water-Glycerol
0.2 < Water
—Stokes law
0
0 2 4 6 8 10
t/td
(a) (b)

Figure 1: (a) Normalized terminal velocity for SPH with different media and coupling (one-ways mean fluid is
not affected by particle motion). (b) Normalized terminal velocity for SPS using DEM-CFD in different

medium.
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Figure 2: (a) Error in SPH-DEM average SPS terminal velocity at different Re number with against COMSOL
fully resolved simulation used as reference (b) DEM-CFD results for terminal velocity vs Re number for
different drag models.

330



M. Ebrahimi, P. Gupta, M. Robinson, M. Crapper, M. Ramaioli, J. Y. Ooi

6.E-11

4.E-11

2E-1

0.E+00

-2.E-11

Lateral velocity (scaled)

-4.E-11

-6.E-11

0 10 20 30
titd

Figure 3: DEM-CFD results for the small fluctuating numerical error in the lateral velocity due to buoyancy and
drag calculations.

In Figure 3, DEM-CFD shows a lateral velocity (magnitude le-11) which can be attributed to
the numerical errors due to discretization schemes. These errors come primarily from the
buoyancy calculations (pressure calculations updated only at the fluid step). Numerical errors
are fluctuating and do not accumulate with time. For SPH-DEM, the smoothing length 4
dictates the fluid resolution as opposed to mesh size in DEM-CFD. DEM-CFD calculates
porosity based on the mesh cell volume, hence predicts lower porosity for finer mesh size.
This can lead to unphysical low porosity even for a single particle in the domain. Usual
DEM-CFD methodology states that the minimum cell size should be sufficiently larger than
the largest DEM particle diameter in order to reduce these unphysical porosities [9]. SPH-
DEM results in [4] indicate that the fluid resolution (i.e. the smoothing length /) should be
kept greater than two times the DEM particle diameter.

4.2 Constant Porosity Block (CPB)

The second test case models the sedimentation of the CPB in water. The simulation
domain is otherwise identical to the SPS test case. Using the Di Felice drag equation, the
expected terminal velocity of the block is calculated by the following equation, based on the
particle Re number

0.392Re? + 6.048Re'> + 23.04Re — 1.3334rs'* =0 (20)

Where Ar = d3 p(pp - p) g/p? is the Archimedes number. Figure 4 shows the scaled
average terminal velocity plotted with respect to porosity. High porosity cases tend to have
lower error compared with low porosity cases. This trend can be explained by the fact that
analytical solution does not consider the effects of interstitial fluid velocity and the porosity is
assumed to be constant throughout the block (the DEM particles at the edge of the block
experience a lower porosity). Figure 5 shows the % error in terminal velocity calculated using
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different time step ratios in DEM-CFD (the fluid time-step was changed while keeping the
DEM time-step constant) it can be seen from these results that a lower time-step ratios tend to
improve the fluctuations in the results. Lowering CFD time step increases the computational
time considerably but does not improve numerical results significantly.

A SPH-DEM
+ CFD-DEM
0.8 ---Calcualted from Eq. 20

0.6r

Average terminal velocity (scaled)

Figure 4: Average terminal velocity (scaled by the expected terminal velocity of single particle calculated by
equation 20) for CPB: SPH-DEM and DEM-CFD in water, for varying porosities
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Figure 5: Errors due to differences in fluid and particle time steps in DEM-CFD, depends upon particle
relaxation times

5 CONCLUSION

SPH-DEM and DEM-CFD have been presented as tools to simulate fluid-particle coupled
systems. Locally averaged Navier-Stokes equations are coupled with discrete element method
(DEM) through momentum exchange terms. SPH-DEM and DEM-CFD can be contrasted to
give the effects of meshless and mesh dependent methods.

* For single particle sedimentation in air, water and water-glycerol, both the methods
give reasonable errors of 1-5 % from analytical solutions (solving the Stokes equation
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under creeping flow conditions). However, it must be noted that the Re < 0.5
condition was violated in cases with air and water. Fluid resolution effects vary in
different ways between the two modelling techniques.

* Mesh effects can be seen more prominently in DEM-CFD as the porosity and
momentum exchange terms are calculated based on the mesh. There is a small
fluctuating lateral velocity in the DEM-CFD results that does not affect the long term
simulation (fluctuations average to zero). The effect of fluid to particle time-step ratio
can be seen on single particle sedimentation in DEM-CFD simulation; a lower ratio
ensures better coupling and information exchange between 2 phases, although
computational costs are higher.

e Multiple particle sedimentation was tested using the sedimentation of a constant
porosity block over porosity ranges 0.6-0.9, and Re 0.002 to 0.85. Results were close
and error limited to 8% in the worst case for DEM-CFD and 5% for SPH-DEM. Error
contributions for DEM-CFD were attributed to the mesh size and fluid-particle time
step.

* SPH-DEM suffered with inability to resolve the porosity field near the edge of the
block, resulting in a reduced porosity field in this region, however DEM-CFD
calculated the porosity in the cell as per the volume contribution by particle, which is
more accurate than the SPH-DEM. High porosity gradients give rise to fluctuations in
SPH fluid velocity leading further to fluctuations in the pressure field (leading to
numerical error in the buoyancy force calculations). DEM-CFD counters these issues,

as the porosity is calculated exactly with respect to the particle contribution to that
fluid cell.

In summary, both SPH-DEM and DEM-CFD simulations were in good agreement with the
analytical equations for the two test cases. However, a challenge remaining in improving
SPH-DEM is the resolution of high porosity gradients. Promising results have been obtained
by calculating the drag separately on the fluid or re-deriving the SPH equations from
Lagrangian formulation. For DEM-CFD, challenges remain concerning the influence of mesh
size on the particle-fluid dynamic system. Optimisation of fluid mesh size with respect to
statistics and the fluid field solution is an important consideration.
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