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Abstract
The work investigates the applicability of the unresolved Computational Fluid
Dynamics and Discrete Element Method (CFDDEM) technique based on
empirical equations for fluid-particle coupling. We first carry out a series of
representative volume element simulations using the high-resolution particle-
resolved Lattice Boltzmann method and Discrete Element Method (LBMDEM)
coupled by an Immersed Moving Boundary (IMB) scheme. Then, we compare
the results obtained by both LBMDEM and empirical equations used in unre-
solved CFDDEMwith analytical solutions. It is found that the existing empirical
equations used in solving fluid-particle interactions in 2D CFDDEM fail to accu-
rately calculate the hydrodynamic force applied to solid particles. The underlying
reason is that the existing empiricalmodels are obtained based on 3D experimen-
tal results and thus are not applicable to 2D problems. Based on the simulation
results, a new drag coefficient model is then proposed. The estimated drag
forces using the new model are compared favourably with the simulated ones,
indicating the good performance of the proposed model.
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1 INTRODUCTION

Fluid-particle interactions are very common yet complicated processes involved in many geotechnical, chemical and
petroleum engineering problems, such as liquefaction analysis, internal/surface erosion, particle migration in filters, sub-
marine landslides, debris ormud flows, fluidised bed, sand production and hydraulic fractures.1–6 Because of the high cost
and technical limitations, detailed microscopic investigations for fluid-particle interactions in laboratory experiments are
extremely hard to be conducted. To this end, the computational simulation becomes an alternative way to gain insight
into the particle-fluid system.7–10
In dealing with the particle-fluid system, macroscopic Euler-Euler approaches, based on the two-fluid model (e.g.11,12)

are capable of modelling large-scale engineering problems but limited in providing microscopic information on
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2 ZENG et al.

movement and interaction of particles.7,13 To address this limitation, various coupled numerical methods have been
developed. These include the Computational Fluid Dynamics and the Discrete Element Method (CFDDEM) coupled by
empirical equations based on averaging techniques,2 the high-resolution CFDDEM coupled by the Immersed Boundary
Method (IBM)14; and the coupled Lattice Boltzmann Method and Discrete Element Method (LBMDEM).15 Among them,
most published examples within the geotechnical and chemical research communities (e.g.8,4,16–22 have used the CFD-
DEM coupled by empirical particle-fluid force models, such as Gidapow2 and Di Felice23 models. This type of CFDDEM
method is also termed the unresolved CFDDEM, in which the size of the local fluid cell used to solve the Navier-Stokes
equations ismuch larger than the sizes of particlesmaking up the solid phase. The flow around each particle is not resolved
but volume-averaged within a local cell through solving the locally averaged Navier-Stokes equations. Empirical correla-
tions are necessary to calculate the hydrodynamic forces on the particles using the mean volume fraction and the fluid
velocity at the particle location interpolated from the cell nodes.24
Although the unresolved CFDDEM has been extensively used for modelling engineering problems for three decades,

the primary drawbacks of the employed coupling theory and the averaging technique based empirical hydrodynamic
force model have been highlighted since 2000 (e.g.25,26). Currently, unresolved CFDDEM models are often calibrated
based on the experimentally determined bulk permeability or standard validation tests, but then applied to simulate a
very different problem.6,27–29 In recent years, several researchers have noted that empirical particle-fluid models should
be limited to uniformly distributed particle packings and are not valid for heterogeneous systems.24,30,31 Additionally, the
hydrodynamic force is highly dependent on the empirically correlated drag force calculation.28,32 Akiki et al.24 obtained a
lower drag force using the CFDDEMmodel than the LBMDEMmodel while dealing with the particle–fluid interaction in
heterogeneous fluidised beds. Similarly, Zhang et al.32 investigated the particle-fluid interaction in fluidised beds using the
unresolved CFDDEMmodel with the drag force correlations of Gidaspow,33 Sarkar et al.34, Cello et al.35 and Rong et al.36,
and indicated that none of the aforementioned models could accurately predict the experimental segregation degree at
different gas velocities. Kanitz and Grabe28 found that the Di Felice, the Schiller and Naumann, and the modified Schiller
and Naumann drag force models resulted in quite different behaviour in the numerical simulation of suffusion, even
though they depicted a similar particle settlement in consolidation tests.
In addition to the absence of rigorous validation of these empirical drag models, the unresolved CFDDEM is unable

to correctly calculate the hydrodynamic forces in geotechnical applications like pore-scale porosity and permeability due
to the requirement of a coarse mesh.37 Knight et al.6 found that, compared with a high-resolution immersed bound-
ary method for calculating fluid-particle interaction forces, existing drag models poorly capture the forces on individual
particles in the flows with low Reynolds numbers. In these cases, the simulated fluid flow cannot represent the real
fluid-particle systems under consideration.13,24
In our view, it is still an outstanding issue if the averaging technique based empirical models can accurately describe

the particle-fluid interaction at the particle level. Since many of published work have adopted the Gidaspow and Di
Felice models in their 2D simulations, we are curious about the accuracy of these empirical drag models and tried to
figure out the problem. Thus, we choose to focus on two-dimensional (2D) problems because 2D unresolved CFDDEM
simulations are still extensively used to investigate engineering problems, especially for certain fluid-particle systems,
due to the limitation of present computing capability. In this work, we will further discuss some potential issues of
averaging technique-based fluid-particle coupling models used in the unresolved CFDDEM technique. After the LBM-
DEM simulations reach stable states, the high-resolution LBMDEM simulations of fluid flows within granular particle
packings will be carried out. Then, the stabilised inlet or outlet velocity from LBMDEM simulations and particle vol-
ume fraction will be used to calculate the drag forces applied to particles by empirical equations which is the key for
fluid-particle coupling in the unresolved CFDDEM technique. Then, we should be able to evaluate the applicability of
the empirical coupling models by comparing them with the high-resolution LBMDEM simulations and the analytical
solution.
The remainder of this work is organised as follows: Section 2 will briefly introduce the averaging-based empirical

equations for solving fluid-particle interaction in the unresolved CFDDEM. Section 3 presents the fundamentals of the
high-resolution LBMDEM technique and its coupling theory using the Immersed Moving Boundary (IMB) scheme. It is
followed by the detailed introduction of seepage flows in granular materials with various void fractions and particle diam-
eters using high-resolution LBMDEM models in Section 4. The obtained average velocity from LBMDEM simulations is
then used to calculate the hydrodynamic force by empirical correlations in the unresolved CFDDEM. A thorough compar-
ison will be made in Section 5 for the hydrodynamic forces obtained by both LBMDEM and existing empirical equations
used in unresolved CFDDEM with analytical solutions. Considering the drawbacks of existing models, a new drag force
model is proposed in Section 6. Finally, Section 7 will summarise the primary findings of the work.
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ZENG et al. 3

2 FLUID-PARTICLE INTERACTION FORCES IN UNRESOLVED CFDDEMMETHOD

The fluid-particle interaction force, also called hydrodynamic force, is typically considered by a combination of a viscous
component, called drag force, Fd, and a pressure gradient induced component Fp. The pressure gradient acting across
each particle can be well approximated by the global pressure gradient:

Fp = Vp∇P (1)

where Vp is the particle volume and ∇P is the fluid pressure gradient. In unresolved CFDDEM, the drag force Fd can be
calculated according to Equations (2) and (3) proposed by Di Felice23 and Gidaspow,33 respectively:

Di Felice model:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

𝐹d =
1

8
𝐶D𝜌f𝜋𝑑

2
p(𝐔 − 𝐕)|𝐔−𝐕|𝜀1−𝜒

𝐶D =

(
0.63 +

4.8√
𝑅𝑒p

)2

𝑅𝑒p =
𝜀𝜌f 𝑑p|𝐔−𝐕|

𝜇

𝜒 = 3.7 − 0.65 exp

[
−

(1.5−log10𝑅𝑒p)
2

2

]
(2)

where 𝜌f is the fluid density, dp is the diameter of a particle,U is the fluid velocity at the particle’s location,V is the particle
velocity,Rep is theReynolds number,CD is the drag coefficientwhich depends onRep, and ε−χ denotes a corrective function
accounting for the presence of other particles in the system on the drag force of the particle under consideration.

Gidaspow model:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

𝐹d = 𝛽𝑉p(𝐔 − 𝐕)

𝛽 =

⎧⎪⎨⎪⎩
150

∅p𝜇f

∅f 𝑑
2
p

+ 1.75
𝜌f

𝑑p
|𝐔−𝐕| ∅p > 0.2

0.75𝐶∗
D

∅f

𝐷p

|𝐔−𝐕|∅−2.65
f

∅p ≤ 0.2

𝐶∗
𝐷 =

⎧⎪⎨⎪⎩
24

𝑅𝑒∗p

[
1 + 0.15(𝑅𝑒∗p)

0.687
]

𝑅𝑒∗p ≤ 103

0.44 𝑅𝑒∗p > 103

𝑅𝑒∗p = ∅f𝑅𝑒p

(3)

where Vp is the volume of particle, 𝜇f is the fluid viscosity, ∅p is the volume fraction of particle, ∅f is the porosity with
∅f= 1−∅p , 𝐶∗

D
is the drag coefficient and 𝑅𝑒∗p is the volume-weighted Reynolds number.

3 PARTICLE-RESOLVED LBMDEM TECHNIQUE

3.1 Lattice Boltzmannmethod (LBM)

Unlike conventional CFD, the fluid phase in LBM is treated as a group of (imaginary) particle packages that reside at the
lattice nodes. Each particle package includes several particles, such as 9 particles in the commonly usedD2Q9modelwhich
is adopted in this work. Both mass and momentum of fluid particles are characterised by the fluid density distribution
functions. The fluid flow can be modelled through resolving the particle collision and streaming processes which are
described by the Lattice Boltzmann Equation (LBE):

𝑓𝑖(𝑥 + 𝐞𝒊Δ𝑡, 𝑡 + Δ𝑡) − 𝑓𝑖(𝑥, 𝑡) = Ω𝑖 + 𝐹𝑖Δ𝑡 (4)
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4 ZENG et al.

F IGURE 1 LB discretization and D2Q9
model: (A) a standard LB lattice and (B) D2Q9
model

where fi is the fluid density distribution function in the i direction, x and ei are the coordinates and velocity vectors (see
Figure 1A) at the current lattice node, and t, Ωi, and Fi are the current time, collision operator and body force term,
respectively. The nine velocity vectors, ei, in D2Q9 (see Figure 1B) are defined as

𝑒i =

⎧⎪⎪⎨⎪⎪⎩

(0, 0) (i = 0)

C
(
cos

π(𝑖−1)

2
, sin

π(𝑖−1)

2

)
(i = 1, … , 4)√

2C
(
cos

π(2𝑖−9)

4
, sin

π(2𝑖−9)

4

)
(i = 5, … , 8)

(5)

in which C is the lattice speed which can be described using the lattice spacing h and time step Δt:

𝐶 = ℎ∕Δ𝑡 (6)

There are mainly two collision operators available: the single relaxation time Bhatnagar-Gross-Krook (BGK) and mul-
tiple relaxation time (MRT) collision operators. In this work, only the BGKmodel will be used, where Ωi is characterised
by a relaxation time τ and the equilibrium distribution functions 𝑓eq

𝑖
(𝑥, 𝑡):

Ωi = −
Δ𝑡

𝜏

(
fi(x, 𝑡) − 𝑓

eq

i
(x, 𝑡)

)
(7)

Additionally, for the D2Q9 model, 𝑓eq

𝑖
(𝑥, 𝑡) is defined as follows:

𝑓
eq

𝑖
= 𝜔𝑖𝜌

(
1 +

3

𝐶2
𝐞𝑖 ⋅ 𝐮 +

9

2𝐶4
(𝐞𝑖 ⋅ 𝐮)

2 −
3

2𝐶2
𝐮 ⋅ 𝐮

)
(𝑖 = 0, … , 8) (8)

where ρ and u are the macroscopic fluid density and velocity, respectively. ωi are the weighting factors:

𝜔0 =
4

9
𝜔1,2,3,4 =

1

9
𝜔5,6,7,8 =

1

36
(9)

The macroscopic fluid density ρ and velocity v can be calculated using the distribution functions

𝜌 =

8∑
i=0

𝑓𝑖, 𝜌𝐮 =

8∑
i=1

𝑓𝑖𝐞𝑖 (10)

The fluid pressure is given by

𝑃 = 𝐶2
s 𝜌 (11)
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ZENG et al. 5

where 𝐶s is termed the fluid speed of sound and related to the lattice speed C by

𝐶s = 𝐶∕
√

3 (12)

The kinematic viscosity, 𝜂, of the fluid is implicitly determined by

𝜂 =
1

3

(
𝜏−

1

2

)
ℎ2

Δ𝑡
=

1

3

(
𝜏−

1

2

)
𝐶ℎ (13)

3.2 Fluid–particle coupling

The Immersed Moving Boundary (IMB) scheme38 is employed in this work to couple the DEM for particle simulations
and the LBM for fluid flow simulations, because of its high efficiency in solving fluid-particle interactions, especially for
dense particle packings. In order to retain the advantages of LBM, namely the locality of the collision operator and the
simple linear streaming operator, an additional collision term,Ω𝑆

𝑖
, for the boundary nodes covered partially or fully by the

solid is introduced to the standard collision operator of LBM. The modified collision operator for resolving the fluid-solid
interaction in IMB is given by10

Ω= −
Δ𝑡

𝜏
(1−𝐵)

[
𝑓𝑖(𝑥, 𝑡)−𝑓

eq

𝑖
(𝑥, 𝑡)

]
+ (1−𝐵)Δ𝑡𝐹𝑖+𝐵Ω𝑆

𝑖
(14)

where Fi is the body force and B is a weighting function that depends on the local solid ratio, ε, defined as the fraction of
the solid particle area over the nodal area. It should be highlighted that the following weighting function could smoothly
represent the solid boundary during movement of particles

𝐵 =
𝜀(𝜏−0.5)

(1−𝜀) + (𝜏−0.5)
(15)

When ε= 0, B= 0; when ε= 1, B= 1. As the effective evaluation of the local solid ratio ε is very important for generating
the smoothness and stability of the fluid-moving boundary calculations, for a detailed discussion on this issue can be
found in Wang et al.39
The additional collision term ΩS

𝑖
is based on the bounce-back rule for the nonequilibrium part

ΩS
i
= 𝑓−𝑖(𝑥, 𝑡) − 𝑓𝑖(𝑥, 𝑡) + 𝑓

eq

𝑖
(𝜌,𝐔s) − 𝑓

eq

−𝑖
(𝜌, 𝐮𝑖) (16)

where 𝐔s is the velocity of the particle under consideration and 𝐮𝑖 is the velocity of the fluid at the node. The resultant
hydrodynamic force (Ff-d) and torque (Tf-d) exerted on the solid particle can be evaluated by

𝐹𝑓−𝑑 = Ch

[∑
𝑛

(
𝐵𝑛

∑
𝑖

ΩS
𝑖
𝐞𝑖

)]
(17)

𝑇𝑓−𝑑 = Ch

[∑
𝑛

(𝑥 − 𝑥𝑝)

(
𝐵𝑛

∑
𝑖

ΩS
𝑖
𝐞𝑖

)]
(18)

Validations of our LBMDEM code can be found in our previous work.10,39–41

4 MODEL SETUP AND TEST CASES

Flow past a cylinder has long been a subject of interest to researchers in fluid dynamics. Extensive work including exper-
iments and numerical simulations has been undertaken. In our simulations, this problem is extended to consider steady
flows around circular cylinders placed in a long rectangular channel with pressure and periodic boundary conditions as
shown in Figure 2. Predesigned circular cylinders are randomly distributed to represent various porosities. A pressure
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6 ZENG et al.

F IGURE 2 Model setup including boundary conditions and initial conditions

F IGURE 3 Simulated average hydrodynamic force (A) and numerical error (B) for the samples with various domain sizes and under a
hydraulic gradient of 0.001

boundary condition is applied at both the inlet (left) and the outlet (right) boundaries of the fluid domain. The periodic
boundary conditions (PBC) considering solid particles, fluid flow and fluid–solid interactions are applied to the top and
bottom of the computational domain to save the computing time and eliminate the boundary effect. Note that all the
granular particles are fixed in this study and the fluid flows within granular particle packings. Physically, the total hydro-
dynamic force applied to all solid particles can be analytically derived as described below. Let the area of the inlet be
𝐴. Based on the applied pressure difference/drop (Δ𝑃) between the inlet and outlet, we can calculate the external force
(𝐹external) applied to the fluid is

𝐹external = 𝐴Δ𝑃 (19)

As the top and bottom of the computational domain are periodic boundaries, the other force influencing the fluid
flow is the fluid-particle interaction which is the reaction of hydrodynamic force applied to all solid particles. To reach
the equilibrium state of fluid flow, the external force must be equal to the total hydrodynamic force applied to the particle
packing. Therefore, themagnitude of the total fluid-particle interaction (also the total hydrodynamic force) at equilibrium
can be given by

𝐹𝑓−𝑑 = 𝐴 Δ𝑃 (20)

which essentially states the total hydrodynamic force is equal to the seepage force in the framework of the Darcy flow.
Then, the hydrodynamic force applied to each particle can be averaged by the particle number as 𝐹𝑓−𝑑∕𝑁p where Np is
the particle number.
Before conducting the simulation tests, several sensitivity tests are performed to examine the convergence of the cou-

pled LBMDEM used in this work. To clarify the effect of domain size on the simulation results, four tests are conducted
on the samples with various domain sizes of 0.02×0.08 m, 0.04×0.08 m, 0.02×0.16 m and 0.04×0.16 m. The constituent
particles are 2 mm in diameter and the porosity is 0.800. To further investigate the grid size effect, four fluid cell resolu-
tions with different grid sizes 0.4, 0.2, 0.1, 0.08 and 0.05 are simulated on the sample with a domain size of 0.02×0.08 m.
The corresponding grid size ratios (the ratio of particle diameter to grid size) are 5, 10, 20, 25 and 40. The variations of the
average hydrodynamic force of each particle with domain area and grid size ratio under a hydraulic gradient of 0.001 are
presented in Figures 3 and 4, respectively. As all numerical errors are within 1%, the simulation results using LBMDEM
are in good agreement with analytical values regardless of the domain size and grid size.
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ZENG et al. 7

F IGURE 4 Simulated average hydrodynamic force (A) and numerical error (B) for the samples with various grid sizes and under a
hydraulic gradient of 0.001

Therefore, the domain of the problem under consideration is selected as 2 cm in height (the Y direction) and 8 cm in
length (the X direction). Four (cylindrical) particle packings are generated, and the particles are uniformly distributed
within the computational domain. The corresponding porosities are respectively 0.80 for the case with 332 particles, 0.80
for the case with 215 particles, 0.80 for the case with 144 particles and 0.90 for the case with 70 particles (the details are
listed in Table 1). To account for the influences of particle size and pressure gradient, 20 more numerical cases with the
diameter of the solid particles ranging from 1 to 4mmand the pressure difference ranging from 0.78 to 7.848 Pa, are carried
out (see Table 1 for details). The lattice space, that is, the fluid element size, adopted in the LBM simulations is 0.1 mm and
thus the fluid domain is divided into 800×200 elements or grids. The corresponding grid size ratio ranges from 20 to 80,
enabling the accurate simulation of seepage force according to Figure 4. The relaxation parameter τ is 0.50005. The contact
stiffness and density of particles are 5×107 N/m and 2.65 g/cm3. The fluid density and kinematic viscosity are 1.0 g/cm3

and 10−6 m2/s.

5 RESULTS AND DISCUSSION

5.1 Evolution of fluid flow in granular packings

As we apply a higher pressure at the left boundary (inlet), the fluid will flow from the left to the right once the pressure
drop is applied. Figure 5 presents the typical velocity contour in the lattice coordinate system of the sample with a particle
diameter of 2 mm under a hydraulic gradient of 0.001. When the fluid flow approaches the front side of the cylinder, the
fluid pressure increases and the fluid is forced tomove around the cylinder surface.When the Reynolds number increases,
the fluid cannot follow the cylinder surface to the rear side but separates from both sides, and a pair of symmetric vortices
are formed in the near wake (t = 0.25 s). As the Reynolds number further increases, the wake becomes unstable.
The evolution of the average horizontal inlet velocity with the elapsed time for the samples at the particle diameter of

2 mm and various porosities is depicted in Figure 6. The average inlet velocities increase quickly with time and then tend
to be stabilised after 0.08, 0.30, 1.68 and 3.42 s for the samples with porosities of 0.53, 0.70, 0.80 and 0.90, respectively.

5.2 Hydrodynamic force

The total hydrodynamic forces applied on all the particles in each packing at each time step are also recorded and the
evolution of the total hydrodynamic force with the elapsed time is illustrated in Figure 7. When the pressure is applied,
the total hydrodynamic forces increase quickly and then reach a similar stabilised value of 0.0157, which is the analytic
value of the hydrodynamic force caused by the applied hydraulic gradient 0.001.
Table 1 summarises the stabilised average horizontal inlet velocity and total hydrodynamic forces of the samples with

various porosities and particle diameters under various hydraulic gradients. The total hydrodynamic forces are also

 10969853, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nag.3496 by T

est, W
iley O

nline L
ibrary on [10/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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ZENG et al. 9

F IGURE 5 Fluid velocity contours at different
instants (with porosity 0.80, particle diameter 2 mm,
and hydraulic gradient 0.01)

F IGURE 6 Evolution of inlet velocity with elapsed time for the samples with the particle diameter of 2 mm and hydraulic gradient of
0.001

presented in Figures 8 and 9. Overall, the total hydrodynamic force increases linearly with the increase of hydraulic
gradient. For comparison, the analytical values are also presented in Figures 8 and 9. For all the samples, the total hydrody-
namic forces simulated using LBMDEMmatch the analytical values well regardless of the porosity and particle diameter,
indicating the good accuracy of LBMDEM in the hydrodynamic force calculation.
Eachhigh-resolution LBMDEMsimulation can be regarded as a representative volume elementmodel, and is analogous

to a single fluid cell in an unresolved CFDDEM simulation. The data in Table 1 give an indication of the applicability of the
aforementioned empirical equations for fluid-particle coupling in unresolved CFDDEM. The horizontal velocity around
particles is derived from the inlet velocity and porosity of the packing under consideration based on mass conservation.
The hydrodynamic forces calculated using Di Felice and Gidaspow equations are presented in Figures 8 and 9. For all the
samples with particle diameter of 2 mm, the calculated values using the above two empirical equations are significantly
lower than the analytical ones regardless of porosity.
Besides the porosity, the hydrodynamic force calculated from empirical equations is also dependent on the particle

diameter. Take the case (see Figure 9) with porosity being 0.795 for example, the calculated hydrodynamic forces using
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10 ZENG et al.

F IGURE 7 Evolution of total hydrodynamic force with elapsed time for the samples with the particle diameter of 2 mm and hydraulic
gradient of 0.001

F IGURE 8 Variation of hydrodynamic force with hydraulic gradient for the samples with a particle diameter of 2 mm and various
porosities of (A) 0.53, (B) 0.70, (C) 0.80 and (D) 0.90

the Gidaspow equation are generally much lower than the analytical values, and are close to those calculated based on
LBMDEM and analytical solution only when the particle diameter is larger than 3mm. In the unresolved CFDDEMbased
on empirical equations for fluid-particle interactions, the fluid velocity within a cell is commonly assumed to be constant,
and the meso-structure of particle distribution within the granular packing is ignored, such as the leading and trailing
edge effects on the left and right boundaries.42 To further account for these effects, we divide the computational domain
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ZENG et al. 11

F IGURE 9 Variation of hydrodynamic force with hydraulic gradient for the samples with a porosity of 0.80 and various particle
diameters of (A) 0.001 m, (B) 0.002 m, (C) 0.003 m and (D) 0.004 m

into 14 segments along the flow direction, and plot the average hydrodynamic force for particles with their centres in each
segment in Figure 10. It can be observed that the hydrodynamic forces are almost the same in the segments except for the
leading and tailing ones in the simulations with porosity being 0.53, 0.70 and 0.80. However, there is still a variation of
18% with the hydrodynamic forces along the flow direction apart from the first and the last segments for the loose particle
packing with porosity 0.9. This suggests that for the dense particle packings, like the seepage within soil in geotechnical
engineering, the averaging may be feasible, but the existing averaging empirical equations are far from sufficient because
they do not take the meso-structure of particle packings into account.
To further investigate the influence of porosity on the particle-fluid interaction force, the total hydrodynamic forces

of samples with 2 mm diameter under a hydraulic gradient of 0.001 are replotted with porosity in Figure 11. It can
be observed that the hydrodynamic forces calculated using LBMDEM and analytical solution are almost constant,
regardless of the porosity. With the increase of porosity, the calculated hydrodynamic force by the Di Felice equation
decreases. By contrast, the calculated hydrodynamic force by the Gidaspow equation decreases as the porosity is lower
than 0.70 and then increases as the porosity is larger than 0.80. This implies that the existing averaging technique based
Di Felice and Gidaspow equations cannot accurately calculate the fluid-particle interaction at least for 2 dimensional
problems.
Similarly, the variation of hydrodynamic force with particle diameter of samples with a porosity of 0.80 and under a

hydraulic gradient of 0.001 is also presented in Figure 12. As the particle diameter increases from 0.001 to 0.008 m, the
hydrodynamic forces from both the LBMDEM simulation and the analytical solution remain constant at 0.0157. By con-
trast, hydrodynamic forces calculated using theDi Felice equation remain constant at 0.0035, while those by theGidaspow
equation increase from 0.0040 to 0.0068.
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12 ZENG et al.

F IGURE 10 Variation of hydrodynamic force along flow direction

F IGURE 11 Variation of hydrodynamic force with porosity under a hydraulic gradient of 0.001

5.3 Drag force

As noted above, the particle-fluid interaction force is mainly decomposed into a viscous component Fd and a pressure
gradient-induced component Fp. The viscous component results from the friction between the particle and the fluid at
the surface of the particle when the fluid velocity is different from the particle velocity.43 By contrast, the pressure gradient
acting across each particle is generally approximated by the global pressure gradient. Note that in LBMDEM simulations,
the hydrodynamic force is directly calculated from the momentum exchange between the fluid and the solid particle, and
the viscous component and pressure gradient induced component are not separately considered. Thus, the drag force in
LBMDEM simulations can be obtained by removing the pressure gradient contribution (see Equation (1)) from the total
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ZENG et al. 13

F IGURE 1 2 Variation of hydrodynamic force with particle diameter of samples with a porosity of 0.80 and under a hydraulic gradient of
0.001

F IGURE 13 Variation of the normalized drag force with hydraulic gradient for the samples with various porosities of (A) 0.53; (B) 0.79;
(C) 0.80 and (D) 0.90

hydrodynamic force:

𝐹𝑑 = 𝐹𝑓−𝑑 − 𝐹𝑝 (21)

The calculated drag force is then normalised using the analytical one. Figures 13 and 14 present the variations of the
normalised drag force with hydraulic gradient for the samples with various porosities and particle diameters. It is clear
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14 ZENG et al.

F IGURE 14 Variation of the normalized drag force with hydraulic gradient for the samples with various particle diameters of (A)
0.001 m, (B) 0.002 m, (C) 0.003 m and (D) 0.004 m

that the normalised drag force for LBMDEM simulations remain at about 1 for all the samples, suggesting that the drag
forces in LBMDEM simulations are almost the same as the analytical values. By contrast, the drag forces using Gidaspow
and Di Felice equations for all the samples are lower than the analytical values. In particular, the normalized drag force
for the Di Felice equation is even close to zero. As the hydraulic gradient increases, the normalised drag force for the
Gidaspow equation increases. For the samples with low particle diameters (smaller than 0.002 m), the normalised drag
force for the Di Felice equation decreases with the increase of hydraulic gradient; on the contrary, for the samples with
high particle diameters (larger than 0.003 m), the force is almost constant regardless of the hydraulic gradient applied.
To better observe the accuracy of empirical equations, the variation of the normalised drag force with porosity and par-

ticle diameter is shown in Figures 15 and 16, respectively. We can see the normalized drag force for LBMDEM is almost
always 1, indicating that the high-resolution LBMDEM models can accurately simulate the drag force regardless of the
porosity and particle diameter of the granular packing. However, it is found that there are remarkable errors in drag calcu-
lation by empirical equations. As the porosity and particle diameter increase, the normalized drag force for the Di Felice
equation decreases. In other words, the drag force obtained by the Di Felice equation is much worse with the increase of
porosity and particle diameter. By contrast, the error of drag force calculated by the Gidaspow equation increases with the
increasing porosity and particle diameter.

6 A NEWDRAGMODEL FOR 2D CASES

As discussed earlier, the prediction performances of the Gidaspow and Di Felice models are not satisfactory for 2D prob-
lems. However, they have been widely applied to 2D fluid-particle simulation (e.g.44,45 due to the lack of better drag
models for 2D simulations. In this work, based on our high-resolution simulations, we attempt to propose a dragmodel for
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ZENG et al. 15

F IGURE 15 Variation of normalized drag force with porosity under a hydraulic gradient of 0.001

F IGURE 16 Variation of normalized drag force with particle diameter of samples with a porosity of 0.80 and under a hydraulic gradient
of 0.001

geotechnical problems where dense particle packings are always encountered. Firstly, the drag forces in LBMDEM simu-
lations for all the samples are calculated by removing the pressure gradient contribution according to Equation (22). The
expected drag coefficient CD are then derived from the drag force of each particle using the following equation46:

𝐹d =
1

2
𝜌f (𝐔−𝐕)

2
𝑑p𝐶D (22)

The variations of the obtained drag coefficient CD with the porosity and Reynolds number are summarised in
Figure 17. It appears that the obtained drag coefficient decreases with the increases of porosity and Reynolds number.
The relationship between the obtained drag coefficient, porosity and Reynolds number can be described below with a
squared correlation coefficient of 0.960:

𝐶D= 28.2087 ∅−7.25
f

𝑅𝑒−1.00 (23)

Based on Equation (22), the drag forces for all the samples are then calculated. The typical calculated results using
the new model are compared with the simulation results using LBMDEM in Figure 18. On the whole, there is a good
agreement between the estimation and the simulation, especially for the packing with a lower porosity, indicating the
good performance of the proposed drag model for geotechnical problems where the dense granular packing with a low
porosity is often encountered.
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16 ZENG et al.

F IGURE 17 Variations of drag coefficient with
porosity and Reynolds number

F IGURE 18 Comparison of drag forces between the proposed model and LBMDEM simulations. (A) The samples with particle
diameter 0f 0.002 m and a porosity of 0.70, and (B) the samples with particle diameter 0f 0.003 m and a porosity of 0.80

7 CONCLUSION

In this work, we have carried out a series of high-resolution LBMDEM simulations for fluid flows in granular particle
packings with various porosities and particle diameters. Based on the high-resolution simulations (representative volume
element models) for fluid flow, we further have calculated the hydrodynamic forces and drag forces applied to the par-
ticle packings at the steady state, and compared them with the analytical solutions and results obtained by LBMDEM
modelling. The primary findings can be summarised as follows:

1. The high-resolution LBMDEMmodels can accurately simulate fluid-particle interactions for granular particle packings
with various porosities and particle sizes. Particularly, from the LBMDEM simulations with porosity being less than
0.80, the hydrodynamic forces within the packing can be regarded as uniform distribution along the flow direction.

2. For most of the cases investigated in this work, the existing averaging-based empirical equations underestimate the
hydrodynamic forces, and the numerical errors are dependent on porosity and particle size of the particle packing.

3. After decomposing the hydrodynamic force into a viscous drag force term and a pressure gradient-induced term, we
find that the error of the existing empirical equations is mainly from the drag force term.

4. Based on the simulation results, a new drag force model is proposed. The numerical comparison conducted reveals a
better performance of the proposed model than both Di Felice and Gidaspow models.
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ZENG et al. 17

As the high-resolution CFDDEM model can accurately solve the fluid-particle interactions, but its huge computing
cost hinders its application to large-scale problems under present computing capability. In contrast, the unresolved CFD-
DEM based on the empirical equations for fluid-particle coupling is more practical for engineering problems in terms
of computing efficiency. Therefore, improving existing averaging techniques or empirical equations by considering the
meso-structure of particle packings is of great importance. To this end, the high-resolution or direct numerical simula-
tions could provide us with an insightful perspective on the correction of averaging-based empirical equations. Notably,
the packings with various particle size distributions were not considered in this study as the empirical equations only
consider the whole hydrodynamic forces applied to the representative packing or element in the averaging technique.
Certainly, the particle size distribution can have a significant effect on the pore curvature and it is a very complex and
challenging problem to consider the particle size distribution in the empirical equations. We will try to address this issue
in our following work.
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