
Advances in
Geo-Energy Research Vol. 10, No. 2, p. 117-132, 2023

Original article

Numerical modeling of micro-particle migration in channels

Dongying Wang1,2,3 *, Qin Qian1, Anhai Zhong1, Mingjing Lu1,2, Zilin Zhang1

1Petroleum Engineering Technology Research Institute of Shengli Oilfield, Sinopec, Dongying 257000, P. R. China
2Postdoctoral Scientific Research Working Station of Shengli Oilfield, Sinopec, Dongying 257000, P. R. China
3College of Petroleum of Engineering, China University of Petroleum, Beijing 102249, P. R. China

Keywords:
Micro-particle migration
channel
particle agglomerate
lattice Boltzmann method
discrete element method
immersed moving boundary scheme

Cited as:
Wang, D., Qian, Q., Zhong, A., Lu, M.,
Zhang, Z. Numerical modeling of
micro-particle migration in channels.
Advances in Geo-Energy Research, 2023,
10(2): 117-132.
https://doi.org/10.46690/ager.2023.11.06

Abstract:
Physicochemical forces exert non-neligible effects on the migration of micro-particles in
channels. Experiments, analytical and non-resolved computational fluid dynamics models
have failed to decipher the dynamic behaviors of these particles when carried by fluid
flow. In this paper, particle-scale numerical simulation is conducted to study the adhesive
micro-particle migration process during duct flow in channels with a large characteristic
dimension ratio and those with relatively small such ratio based on the coupled lattice
Boltzmann method-discrete element method. The interaction between particle and fluid
flow is dealt with by the immersed moving boundary condition. For micro-particle
migration in duct flow, the effects of hydrodynamic force, adhesive force and particle
concentration on the aggregation of particles are investigated. Based on the concept of
hydrodynamic and adhesive force ratio, a stable aggregation distribution map is proposed
to help analyze the distribution and size of the formed agglomerates. For micro-particle
migration in channels with small characteristic dimension ratio, the general particle
migration process is analyzed, which includes single particle retention, followed by particle
capture, and the migration of large agglomerates. It is concluded that two factors accelerate
single particle retention in a curved channel. Moreover, it is established that higher fluid
flow rate facilitates the formation of large and compact agglomerate, and blockage by this
can cause severe damage to the conductivity of the channel.

1. Introduction
Micro-particle migration and aggregation in fluid flow in

channels are ubiquitous processes in nature and engineering
practice. This is beneficial to some fields, such as the floc-
culation and settling of fine sediment during wastewater treat-
ment and spherical crystallization in pharmaceutical processes.
However, in other fields, the aggregation and deposition of
fine particles will lead to severe problems, especially in oil
& gas exploration. For example, the agglomeration of coal
fines formed during coal-bed methane (CBM) production will
enhance the possibility of blocking of coal cleat and propped
fracture, which can lead to severe damage to coal permeability
(Zou et al., 2014; Wang et al., 2022, 2023). The aggregation
of fine particles is affected by the combined action of various
physical and physicochemical forces. The London/Van der
Waals force resulting from the interaction of dipoles between

two any approaching materials is one of the main physico-
chemical forces and is generally an attractive force between
particles or between particle and plane (Hamaker, 1937).
Although this is a weak interaction force, when the particle
diameter decreases to less than 100 micrometers, it becomes
the dominant factor influencing the dynamic characteristics of
particles by promoting their aggregation. The flocculation of
fine sediment in a colloid system is the macroscopic result of
this attractive interaction. Besides the physicochemical force,
in fluid flow, the main physical force is the hydrodynamic
force. Intense hydrodynamic force can increase the collision
frequency of particles, while it is more likely to tear the
agglomerate apart. Therefore, the size of particle aggregations
is the joint effect of attractive forces and hydrodynamic forces.

In porous media, the solute transport mass balance equation
is commonly used in deep bed filtration (DBF) theory to char-
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acterize colloidal transport (Bradford et al., 2003; Rousseau
et al., 2008; Zamani and Maini, 2009). This theory suggests
that fine particles are prone to deposition and adhesion to the
walls, leading to potential entrapment. Based on the capillary
tube bundle model and the Carman-Kozeny equation, Hu et
al. (2021) studied the permeability evolution model of propped
fracture considering coal powder migration and deposition.
A new DBF network model consisting of the particle mass
balance equation and particle trajectory model was proposed to
evaluate the particle invasion characteristic within the propped
fracture (Qi et al., 2023). Although the filtration theory has
been frequently employed in lab- and field-scale studies, it is
important to note that its filtration coefficients are typically
derived from core tests and the findings are expressed as
macroscopic averages, which causes the loss of information on
the dynamic behaviors of a single particle. Besides, this theory
cannot describe the evolution of the characteristic particle size
with the aggregation of particles under the effects of adhesive
force.

Based on the discrete element method (DEM), the model-
ing of micro-particle dynamic behaviors at the particle-scale
can help us investigate the effects of hydrodynamic force,
adhesive force, inertia force, and collision on the structure and
size of agglomeration (Chen et al., 2019, 2020). Based on com-
putational fluid dynamics (CFD)-DEM considering cohesive
contact, Shao et al. (2021) revealed the clogging mechanisms
of micro-channels caused by fine wet particles. They used
the Stokes number that represents the collision frequency of
particles and the inverse of Weber number that describes the
cohesive action to analyze the clogging-nonclogging transition.
In the CFD-DEM method, the fluid flow is generally described
by solving the Navier-Stokes equations, the particle migration
is described by Newton’s second law, and the fluid-solid
coupling is represented by the interaction force (moment)
between the fluid and the particle (Tsuji et al., 1993; Wu and
Guo, 2012; Norouzi et al., 2016). In practical engineering,
the non-resolved CFD-DEM method is usually used to deal
with the problem of immersed particle migration in view of
the computational efficiency. In this kind of method, a fluid
cell can accommodate multiple particles, and the fluid forces
are calculated by the local averaged method that is related to
the local porosity of the cell. Therefore, it cannot describe the
particle flow at the scale of a single particle (Yang et al., 2020).

The coupled lattice Boltzmann method (LBM)-DEM is an
alternative way to resolve the fluid-solid interaction. The core
of LBM focuses on the description of probability distribution
function within the nodes themselves, which makes imple-
mentation simple without discretizing the non-linear advection
term as that in the conventional CFD equations. Besides,
LBM is well applicable to the laminar flow in channels with
complex geometric shapes such as porous media. Coupled
with LBM and DEM, it can precisely resolve the interactions
between particles and between particle and fluid, which can
help us to replicate the detailed dynamic behaviors of moving
particles. For boundaries with complex geometries that fail
to conform with the Cartesian lattice system, such as porous
media and moving particles, there are mainly three types of
boundary conditions in LBM-DEM: modified bounce back

(MBB) method (Ladd, 1994a, 1994b), immersed boundary
method (IBM) (Peskin, 1972; Feng and Michaelides, 2004)
and immersed moving boundary (IMB) (Noble and Torczyn-
ski, 1998; Cook, 2001, 2004; Wang et al., 2020). In the
MBB method, the real solid geometries are simplified to stair-
case shapes, followed by the application of the bounce back
method. However, as the particles move, the staircase shape
will change, leading to discontinuous hydrodynamic force
and torque. Wang et al. (2019) compared the IBM and IMB
scheme by conducting single particle sedimentation in viscous
fluid, and found that the fluid force calculated by the IMB
scheme develops smoothly, while the drag forces calculated
by the IBM fluctuate significantly. Compared with the MBB
and IBM schemes, the IMB scheme is more efficient and
stable. The LBM-IMB-DEM has been constantly improved
and widely employed in many particle migration problems.
Yang et al. (2019) presented a series of benchmark cases to
validate the numerical accuracy, stability and efficiency of the
LBM-IMB-DEM algorithm. Liu and Wu (2019) and Wang et
al. (2020) proposed the modified weighting function to deal
with the situation where a lattice is covered by two or more
solid particles. Some practical applications with the LBM-
IMB-DEM scheme, such as the initiation and propagation of
hydraulic fracture (Wang et al., 2017), performance of granular
filters (Wang et al., 2018), migration and agglomeration of
adhesive micro-particle suspensions (Liu and Wu, 2020), trans-
port of particles suspended within a temperature-dependent
viscosity fluid (McCullough et al., 2020), and submarine
landslides (Yang et al., 2020), have been presented, which
demonstrates that the coupled LBM-DEM with the IMB
scheme is a promising method.

In LBM-DEM, the fluid domain is finely divided into
regular lattices that have smaller sizes than that of particles,
and it can provide extensive pore-scale information. This is
helpful to find some potential migration mechanisms, while
other models, such as the DBF theory, non-resolved CFD
model, and experimental studies fail to accomplish this task.
However, limited by the large memory demand of LBM, its
restriction for weakly compressible flow, and the much smaller
DEM time step, LBM-DEM is not easy to be upscaled to the
core and field scales. Indirect application can be achieved by
improving the analytical model that can be directly applied to
the real reservoir. For example, the DBF theory is based on
the relatively simple porous media model (such as tube bundle
model (Bedrikovetsky et al., 2011; Hu et al., 2021) and unit
element (Qi et al., 2023)). A thorough understanding of the
dynamic behavior of particles in the channels (if regarded as
the simple porous media model or the unit element in DBF
theory), such as blockage, bridging, sorption, sedimentation,
and aggregation, may be helpful to improve the model of DBF
theory. Moreover, the aggregation of micro-particles will make
the characteristic size of moving particles generally larger
than that of a single particle. Besides the drag force and Van
der Waals force considered in the particle trajectory in the
DBF network model, the lift force and lubrication force also
have important influences on the migration of micro-particles
(Chun and Ladd, 2006; Choi et al., 2010). Therefore, through
current LBM-DEM modeling, specifying the characteristic
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size of agglomerates and their distribution might be helpful
to improve the DBF network model. In further research, with
the improvement of the model and combined with the digital
core, particle migration in more complicate porous media can
be conducted to help determine the empirical coefficients in
the DBF theory.

The aggregation and retention of micro-particles in the
channel are closely related to hydrodynamic force, adhesive
force and the channel geometry, with these factors significantly
affecting the particle size and distribution in the channel. In
this paper, particle-scale numerical modeling of micro-particle
migration in duct flow and curved channel flow are conducted,
in which the fluid flow is described using LBM, while the
DEM with Johnson-Kendall-Roberts (JKR) theory is applied
to resolve the interactions between adhesive particles. The
IMB considering the partially saturated computational cells
based on the local solid fraction is utilized to deal with
the interactions between fluid flow and solid particles. The
characteristic dimension ratio (Rd) is proposed to represent the
particle diameter relative to the size of the channel. Changes
in the size and distribution of stable agglomerates in duct
flow with a large Rd with variations in the pressure gradient,
surface energy and particle concentration are investigated.
Based on the concept of hydrodynamic and adhesive force
ratio (RF ), a stable aggregation distribution map is proposed
and validated to help analyze the distribution and size of the
formed agglomerate in duct flow. For the migration of micro-
particles in channels with a relatively small Rd , based on the
numerical results, the general particle migration process and
the two factors that accelerate the single particle retention in
curved channels are concluded. Moreover, the mechanism of
higher fluid flow rate leading to more severe permeability
damage is investigated, though larger hydrodynamic forces
facilitate the migration of particles in the channel.

2. Numerical model

2.1 Lattice Boltzmann method
LBM is a promising fluid solver that evolved from the lat-

tice gas model in the late 1980s (McNamara and Zanetti, 1988;
Wolf-Gladrow, 2004). The lattice Boltzmann equation (LBE)
with Bhatnagar-Gross-Krook (BGK) approximation (Qian et
al., 1992; Shan and Chen, 1993; Guo et al., 2002), shown in
Eq. (1), is a discrete type of continuous Boltzmann equation:

fi(x+ ci △ t, t +△t)− fi(x, t)

=−△t
τ

[
fi(x, t)− f eq

i (x, t)
]
+Si(x, t)

(1)

τ = 0.5+
v

c2
s △ t

(2)

f eq
i (x, t) = wiρ

[
1+

u · ci

c2
s

+
(u · ci)

2

2c4
s

− (u ·u)2

2c2
s

]
(3)

where fi(x, t) represents probability distribution function in
the ith direction, dimensionless; f eq

i (x, t) represents equilib-
rium distribution function in the ith direction, dimensionless;
△t represents LBM time step, dimensionless; τ represents
relaxation time, dimensionless; Si(x, t) represents the source

term of external force on the fluid phase in the ith direction,
dimensionless; ρ represents fluid density, kg/m3; ci represents
particle discrete velocity in the ith direction, dimensionless; cs
represents lattice speed of sound, dimensionless; v represents
fluid kinematic viscosity, m2/s; wi represents weight in the ith
direction, dimensionless; u represents fluid velocity, m/s.

LBE is generally obtained by discretizing the continuous
Boltzmann equation in velocity space using series expansion
by Hermite polynomials and in time-physical space using
the method of characteristics (Krüger, 2007). It describes the
process of collision, and the streaming of particles that are
included in an imaginary particle package at the lattice node.
The collision is completely local while the streaming is linear,
and this makes LBM easy to implement and parallelize. It
should be noted that lattice units are used and the variables
are defined to be dimensionless, although they are actually not.

Guo’s force scheme (Guo et al., 2002) is used in this paper:

Si(x, t) =
(

1− △t
2τ

)
ωi

[
ciα

c2
s
+

(ciα ciβ − c2
s δαβ )uβ

c4
s

]
Fα (4)

where δαβ represents the Kronecker symbol, dimensionless;
α and β represent the component number of a vector, dimen-
sionless; ciα and ciβ represent αth and βth components of ci,
respectively; Fα represents the αth compnent of external force
density F, kg/(m2 · s2); uβ is the βth components of u, m/s.

The macroscopic fluid properties, such as density and
velocity, can be obtained by the weighted sum of the velocity
moments of fi(x, t):

ρ(x, t) = ∑
i

fi(x, t) (5)

ρ(x, t)u(x, t) = ∑
i

fi(x, t)ci +
F△ t

2ρ(x, t)
(6)

where ρ(x, t) represents fluid density, kg/m3.
In this paper, the D3Q19 model shown in Fig. S1 is

adopted, where D is the number of spatial dimensions and
Q is the number of velocities in the set. The velocity sets and
the corresponding weights are:

[ci, i = 0, · · ·,18] = cei

= c


0 1 −1 0 0 0 0 1 −1 1

0 0 0 1 −1 0 0 1 −1 −1

0 0 0 0 0 1 −1 0 0 0

−1 1 −1 −1 1 0 0 0 0

1 0 0 0 0 1 −1 1 −1

0 1 −1 1 −1 1 −1 −1 1


(7)

where c is a coefficient, dimensionless; ei represents the spatial
directions of velocity set, dimensionless.

wi(i = 0, · · ·,18) =


1/3 i = 0
1/18 i = 1, · · ·,6
1/36 i = 7, · · ·,18

(8)
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Fig. 1. The four types of cells (a) and the specific intersection configuration of sphere and cube (b).

2.2 Immersed moving boundary scheme
There is momentum exchange between moving particles

and fluid. Noble and Torczynski (1998) proposed the IMB
scheme by introducing an additional collision term Ωs

i and
weighting function (B) to deal with problems where the
computational cells are partially saturates by solids. Liu and
Wu (2019) and Wang et al. (2020) modified the weighting
function to make the IMB appropriate for situations where a
cell is covered by more than one particle. The corresponding
lattice Boltzmann equations are therefore revised as:

fi(x+ ci △ t, t +△t)− fi(x, t) =

− (1−B)
△t
τ

[
fi(x, t)− f eq

i (x, t)
]
+∑

p
(BpΩ

s
i )

+(1−B)Si(x, t)△ t

(9)

Bp =
εp(τ −0.5)

(1− εt)+(τ −0.5)
(10)

Ω
s
i = f−i(x, t)− f eq

−i(ρ,u)+ f eq
i (ρ,um

s )− fi(x, t) (11)
where εp represents the solid fraction of one of the solid parti-
cles covering the cell, dimensionless; εt = ∑p εp represents the
total solid fraction of one cell, dimensionless; Bp represents the
contribution to the weighting function from one of the particles
covering the cell, dimensionless; B = ∑p Bp represents total
weighting function, dimensionless; Ωs

i represents additional
collision operator in the ith direction under the effects of solid
particles, dimensionless; f eq

−i(ρ,u) and f eq
i (ρ,um

s ) respectively
represent probability distribution function and equilibrium
distribution function in the reverse ith direction, dimensionless;
um

s is the mean velocity of solid particles covering one cell,
m/s.

The hydrodynamic force F f
k on the kth particle can be

obtained by summing all the momenta transfer along all
velocity directions at all lattice cells covered by the solid
particle:

F f
k =−∑

j
B j

(
∑

j
Ω

s
i ei

)
(12)

M f
k =−∑

j

[
(x j −xk)B j

(
∑

j
Ω

s
i ei

)]
(13)

where j represents the identifier of serial number of cells
covered by the same solid particle, dimensionless; B j repre-
sents the contribution of weighting function in the jth covered
cell, dimensionless; M f

k represents the hydrodynamic torque
on solid particle k, N·m; x j represents the center of the jth
covered cell by the solid particle, m; xk represents the centroid
of solid particle k, m.

The calculations of fluid force and torque exerted on the
particle are closely related to the weighting function that is
linked to the solid fraction of a cell (Eqs. (12)-(13)). Therefore,
the solid fraction should be accurately identified for all cells
at each time step. However, with the increasing number of
particles and particle size, the computational cost will be
greatly increased. Two kinds of measures can be taken to
resolve this problem. The first is to identify the cells covered
by the solid particle in advance, and the second is to efficiently
calculate the intersection volume of sphere and cube. The cells
are classified into four types (Liu and Wu, 2020; Wang et
al., 2020). The green, yellow, blue, and white filled cells in
Fig. 1 are solid cells, solid boundary cells, fluid boundary cells,
and fluid cells in a two dimensional situation, respectively.
Obviously, the solid fractions of fluid and solid cells are 1 and
0, respectively. For fluid boundary cells and solid boundary
cells, an efficient boundary cell tracing method called layer-
by-layer tracing method is used, which is both applicable to
two dimensional and three dimensional situations proposed in
our previous research (Wang et al., 2022).

Jones and Williams (2017) summarized the currently ap-
plied methods for calculating the sphere-cube intersection
volume, such as Monte-Carlo sampling, sub-division sampling,
edge-intersection averaging, and polyhedral convex hull. After
comparing these methods, they proposed one fast computation
method called linear approximation. This method is a specific
analytical solution when the grid element orientation with
respect to the particle surface is shown in Fig. 1(b), and the
solid fraction is linearly calculated as:
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Fig. 2. Interactions between two adhesive particles: (a) Normal impact, (b) necking in normal extension, (c) shearing, (d)
twisting and (e) rolling.

εp =−L+Va − r+0.5 (14)
where L represents the distance from the cell center to the
particle surface, m; Va represents the summation of intersection
volume Vi and the volume of the cube between the lower
cell face and the particle center Vb, which can be obtained
by integration based on the spherical equation, m3; r is the
radius of the particle, m.

2.3 Discrete-element method
In DEM, the linear and angular velocities can be updated

using Newton’s second law, as shown in Eqs. (15)-(16),
and the particle interaction models are mostly based on the
Hertz model (Hertz, 1882) or the JKR theory extended by
Johnson et al. (1971) when the Van der Waals adhesion is
considered. In this study, the forces exerting on the particles
include hydrodynamic forces that are obtained by the IMB
scheme, gravity, and contact forces. For the contacted forces of
adhesive particles, besides the elastic forces and the damping
forces, the Van der Waals adhesive force and the resultant
resistances are also taken into account (Marshall, 2009) (Fig.
2):

mk
duk

dt
= Fc

k +F f
k +(ρk −ρ)Vkg (15)

Ik
dΩk

dt
= Mc

k +M f
k (16)

where mk represents the mass of solid particle k, kg; uk
represents transitional velocity of solid particle k, m/s; Fc

k
represents the total contact forces of solid particle k exerted by
other particles and walls on it, N; ρk represents solid particle
density, kg/m3; Vk represents the volume of solid particle k,
m3; Ik represents the inertia tensor of solid particle k, kg·m2;
Ωk represents the local rotational velocity of solid particle k,
rad/s; Mc

k represents the sum of the contact torques on solid
particle k, N·m; g represents the acceleration of gravity, m/s2.

The contact force Fc and torque Mc between two colliding
particles are expressed as (Marshall, 2009):

Fc = Fnn+Fsts (17)

Mc = rFs(n× ts)+Mr(tr ×n)+Mtn (18)
where Fn represents normal force, N; Fs represents tangential

force due to the sliding friction, N; Mr represents rolling
resistance, N·m; Mt represents twisting resistance, N·m; n,
ts and tr are respectively the normal, tangential, and rolling
direction unit vectors, dimensionless.

The magnitude of normal forces for non-adhesive Fn
n and

that for adhesive particles Fa
n are given as (Liu and Wu, 2020):

Fn
n =−Fe

n −Fd
n =−knδn −ηnuRn (19)

Fa
n =−Fe

n −Fd
n =−4FC

[
(a/a0)

3 − (a/a0)
3/2
]
−ηnuRn (20)

where Fe
n and Fd

n respectively represent the magnitude of
normal elastic force and damping force, N; kn represents
elastic stiffness, N/m; FC = 3πγR represents critical force, N;
R represents effective particle radius, m; γ represents surface
energy, J/m2; δn represents normal overlap, m; a represents
contact region radius, m; a0 represents equilibrium contact
region radius, m; ηn represents normal dissipation coefficient,
kg/s; uR represents relative velocity at the contact point, m/s.

The variations in the normal elastic force with the change
of overlap of normal particles are not the same for the non-
adhesive particles and adhesive particles (Fig. S2, in which
the particle diameter, elastic modulus and surface energy are
5 µm, 0.99 GPa and 3 mJ/m2, respectively). For non-adhesive
particles, when δn is 0, then Fe

n is also equal to 0. However,
for adhesive particles, even when δn is negative, as presented
in Fig. 2(b), there is still a tensile force. The maximum tensile
force is the critical force FC that is positively related to the
surface energy.

The sliding, rolling and twisting resistances are given as:

Fs =−min [ktξt ts +ηtuRts,Fc
s ] (21)

Mt =−min [kqξq +ηqωt ,Mc
t ] (22)

Mr =−min [krξrtr +ηrultr,Mc
r ] (23)

where kt represents sliding stiffness, N/m; kq represents
twisting stiffness, N·m; kr represents rolling stiffness, N; ξt
represents sliding displacement, m; ξq represents twisting
displacement, rad; ξr represents rolling displacement, m; ηt
represents tangential dissipation coefficient, kg/s; ηq represents
torsional friction coefficients, N·m·s; ηr represents rolling
friction coefficients, N·s; ul represents rolling velocity, m/s;
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Fig. 3. Flowchart of the LBM-IMB-DEM scheme.

Fc
s , Mc

t , and Mc
r represent the corresponding critical resistance

values; ωt represents relative twisting rate, rad/s.
The coefficients and the corresponding expressions in Eqs.

(17)-(23) are concluded in Table S1 of the Supplementary
material.

2.4 Implementation of LBM-IMB-DEM
The interaction between the fluid and solid particles is

achieved by the IMB scheme that is still in the frame of
LBM. The implementation of LBM-IMB-DEM is achieved by
an in-house C++ code and includes an initialization module
and solving modules (Fig. 3). In the initialization module,
information about the fluid field (fluid density, viscosity,
pressure gradient, etc.), DEM parameters (stiffness, restitution
coefficient, surface energy, etc.), and evolution parameters,
are firstly read, and then the fluid field is initialized. When
it comes to the solving modules, in each DEM sub-cycle,
the boundary cells of particles are traced using the layer-
by-layer tracing method mentioned in section 2.2. Based on
the tracing results, the contacts between particles and those
between particle and wall are determined. After introducing
the contact forces (Eqs. (17)-(18)) and the hydrodynamic
forces (Eqs. (12)-(13)) into Newton’s second law (Eqs. (15)-
(16)), the velocity and position of particles can be updated.
In the IMB module, based on the tracing results of the layer-
by-layer tracing method, the solid fractions of fluid boundary
cells and solid boundary cells are calculated by the linear
approximation method (Eq. (14)), and that of solid cells is
set to be 1.0. For cells partially or fully covered by particles,
the weighting function Bp (Eq. (10)) and additional collision
term Ωs

i (Eq. (11)) are introduced to Eq. (9) to reflect the

effects of particles on the fluid flow. For cells not covered by
particles, the original LBE Eq. (1) is applied to obtain the
fluid field. The LBM module includes BGK collision for fluid
cells, streaming, and moment update, which are the general
processes of LBM calculation.

3. Model validation
Numerical simulations of the duct flow with different △x

are conducted to verify the numerical accuracy of LBM, the
single particle sedimentation in viscous fluid to validate the
interaction between flow and particle, and the two-particle
Drafting-Kissing-Tumbling (DKT) simulation to reflect the
interaction between particles.

As described in section 2.1, lattice units are used in LBM
calculation. The lattice constant △x, the time step △t and
the average density ρ0 are generally set as the basic reference
variables. Firstly, according to the size of fluid flow space and
the possible maximum velocity in the flow field, the values
of △x and △t are determined to make the total number of
cells not too large and the dimensionless maximum velocity
in the flow field much less than cs. Then the relaxation time
τ calculated by Eq. (2) is checked to be larger than 0.5 and
not much larger than 1. For example, in a 58 × 58 × 200 flow
space, with △x = 1 µm, △t = 5 × 10−8 s and ρ0 = 1,000 kg/m3,
and the maximum number of cells is 672,800, the maximum
dimensionless velocity u∗ in the fluid flow field with a 4.0
m/s maximum physical fluid flow velocity is 0.2, and the τ is
0.65. Once the basic reference values have been obtained, the
other variables can be non-dimensionalized through dimension
analysis. For example, the dimension of Youngs modulus is Pa
(kg/m/s2), and its lattice value can be obtained by multiplying
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Table 1. The parameters used in LBM modeling duct flow
with different △x values.

Parameter Physical value Lattice value

Lattice constant 1, 2 µm 1

Fluid density 1,000 kg/m3 1

Fluid kinetic
viscosity

1 × 10−6 m2/s 0.05

Time step 5 × 10−8, 2 × 10−7 s 1

Relaxation time / 0.65

Channel size 100 × 30 × 30 µm 100 × 30 × 30,
50 × 15 × 15

Fig. 6
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Fig. 4. Velocity profile in duct flow with different lattice
constants.

it with the coefficient △t2/ρ0/△x2, which is equal to 2,475.

3.1 Duct flow
Numerical simulations of duct flow with different △x are

conducted to verify the numerical accuracy of LBM, and the
parameters are shown in Table 1. The lattice constant and time
step are adjusted to make the relaxation time constant.

The x-velocity distribution in duct flow can be analytically
calculated by (Liu and Wu, 2019):

ux(y,z) =
1

2µ

∂ p
∂x

y(Lh − y)

−
4L2

h
µπ3

∂ p
∂x

∞

∑
m=1

sin(βmy)
(2m−1)3

sinh(βmz)+ sinh [βm(Lw − z)]
sinh(βmLw)

(24)
where µ represents fluid dynamic viscosity, Pa·s; p represents
pressure, Pa; y and z respectively represent the position co-
ordinates in the flow field in y and z directions; Lh and Lw
respectively represent the height and width of the channel, m;
β = (2m−1)π/Lh.

The velocity profile in duct flow along the y direction in
the z plane passing through the central line has a parabolic
shape (Fig. 4, in which y is the y-coordinate, m; W is the
width of the channel, m). It can be found that the numerical
results both with 1 and 2 µm lattice constant agree well with
the analytical results. From the point of fluid flow modeling

Table 2. Parameters for single particle sedimentation in
viscous fluid.

Parameter Physical value Lattice value

Lattice constant 5 × 10−5 m 1

LBM time step 4.167 × 10−5 s 1

Fluid density 1,000 kg/m3 1

Fluid kinetic
viscosity

0.25, 0.5, 1, 2
× 10−6 m2/s

0.004167, 0.008334,
0.016668, 0.033336

Relaxation time / 0.5125, 0.525,
0.55, 0.6

Particle diameter 2.5 × 10−4 m 5

Particle density 2,000 kg/m3 2

DEM time step 4.167 × 10−7 s 0.01

Size of flow space 2.5 × 2.5 × 6 mm 50 × 50 × 120

efficiency, a large lattice constant should be applied. However,
in this study, the particle size is 5 µm, and a 2 µm lattice
constant will decrease the resolution of the particle, which
can affect the accuracy of interaction between the fluid and
particles. Therefore, in this study, the lattice constant is
determined to be 1 µm.

3.2 Single particle sedimentation in viscous fluid
Single particle sedimentation is a common case that can

be applied to validate the coupled LBM-DEM scheme. The
simulation parameters are shown in Table 2.

After the velocity of particle settling has stabilized, the
drag coefficient CD can be calculated by the following equa-
tion:

CD =
2FD

πρr2u2
t

(25)

where FD represents the magnitude of drag force, N; ut
represents the settling velocity of particle, m/s.

The expression of drag coefficient for a settling sphere
particle is expressed by (Abraham, 1970):

CD =C0

(
1+

δ0√
Rep

)2

(26)

where δ0 represents a parameter for drag coefficient and is
equal to 9.06, dimensionless; C0 represents a parameter for
drag coefficient and C0δ 2

0 = 24, dimensionless; Rep denotes
particle Reynolds number, dimensionless.

The simulated drag coefficient and the one calculated
by Eq. (26) are compared, and the result is presented in
Fig. 5. It can be found that the numerically obtained and
correlation calculated drag coefficients agree well when the
Rep is relatively low, while the error appears when the Rep is
high.

3.3 Two-particle DKT simulation
When two particles placed at a limited distance in the

vertical direction are settling under the effects of gravity, some
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Fig. 5. Drag coefficient for a settling particle in viscous fluid.

direct interactions or indirect ones delivered by the fluid
may occur, called the DKT phenomenon. DKT is generally
used to validate the coupled LBM-DEM scheme (Strack and
Cook, 2007; Wang et al., 2020; Chen et al., 2021). In this
simulation, particle 1 is statically placed at (50.025, 10, 390)
and particle 2 is statically place at (49.975, 10, 377.5). The
small position deviation of both particles from the center line
in the x direction is set to break the strong symmetry of the
flow field (Tao et al., 2018; Chen et al., 2021). For the DKT
simulation of adhesive particles, the surface tensions between
the particles and those between the particle and wall are set
to be 3 mJ/m2. The simulation parameters are shown in Table
3.

The trajectories of the pair of particles both considering
non-adhesive and adhesive effects are shown in Fig. S3(a).
During the short period of time after being released, as
shown by Figs. S3(b)-S3(d), the two particles have almost the
same velocity evolution process. However, when the catching
particle (particle 1) is affected by the local low pressure area
caused by the trailing vortex of the leading particle (particle 2),
it has a higher accelerated velocity than the leading particle
as a result of low flow resistance, and it starts to catch up
with the leading particle, defined as the drafting process. There
is no difference between non-adhesive and adhesive particles
during this process, because in JKR theory, the adhesive force
is assumed to only work in the contact area. For non-adhesive
particles, after the catching particle kisses the leading one,
the temporary elongated body formed by the two particles
could be affected by the small perturbations from the ambient
flow field, that would push the leading particle to the left and
make the catching one tumble to the right. During the tumbling
process, the leading particle continually exerts a y+ moment
of force on the leading one, which leads to an increasing y
rotation velocity of two particles in opposite directions, as
shown in Fig. S3(d). When these two particles are separated by
the fluid forces, their y rotation velocities gradually decrease
as a result of hydrodynamic resistance and eventually to 0
when they collide with the bottom wall.

For adhesive particles, after the pair of particles have
collided with each other, they form a more stable elongated
body bonded by the strong adhesive force. The hydrodynamic
forces fail to push them apart and they settle as an agglom-
erate and rotate together. The vertical settling velocity of the
agglomerate is larger than that of a single particle, which can

Table 3. Parameters for DKT simulation.

Parameter Physical value Lattice value

Lattice constant 1 × 10−4 m 1

LBM time step 5 × 10−4 s 1

Fluid density 1,000 kg/m3 1

Fluid kinetic viscosity 1 × 10−6 m2/s 0.05

Relaxation time / 0.65

Particle diameter 1 mm 10

Particle density 1,020 kg/m3 1.02

DEM time step 5 × 10−6 s 0.01

Size of flow space 10 × 2 × 40 mm 100 × 20 × 400

be explained by that the bonded particle pair has lower rotation
speed compared with that of the non-adhesive particle, as
shown by Fig. S3(d). The rotation motion reduces the particle
velocity (Chen et al., 2021). In general, the variation trend of
the particles agrees well with that in the literature (Strack and
Cook, 2007).

4. Numerical results and discussion
The characteristic dimension ratio reflects the degree of

the particles being affected by the wall. Under a large Rd ,
the collision frequency between particles and the wall is low.
Besides, most of the moving particles away from the wall feel
slight effects from boundary. Numerical simulations of particle
migration in two kinds of fluid flow are conducted: duct flow
with a large Rd and fluid flow with a relatively small one. In
the modeling of particle migration in the channel with small
Rd , the effect of the wall becomes significant and particle
migration in different channel shapes is investigated. The
periodic boundary condition for fluid flow and particle periodic
boundary condition for particle migration in the x direction are
applied. The simulation is carried out under the background
of coal particle migration in cleat during single water phase
drainage stage in CBM production. In the CBM reservoir,
the aperture of the coal cleat falls in between 0.1 and 100
µm (Close, 1993), while the size of produced coal particles
ranges from 1-1,000 µm (Zhao et al., 2016), which include
large coal particles from hydraulic fractures. Therefore, the
physical properties of water and coal are applied as those of
the fluid and solid particles, and the coal cleat is regarded as
the geometric model. The density of coal is between 1,250
and 1,700 kg/m3 (Berkowitz, 2012). The Young’s modulus of
coal ranges from 0.5 to 14 GPa and the Poisson ratio ranges
from 0.2 to 0.4. The surface energy of coal calculated based
on the adsorption method lies between 0.8574 to 38.39 mJ/m2

(Wu, 1994). The parameters are finally chosen as shown in
Table 4.

4.1 Micro-particle migration in duct flow
During the migration of adhesive particles, the agglomerate

size and position are comprehensively affected by a variety of
factors, with the three main ones being the fluid flow rate, the
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Table 4. General parameters used in the simulation.

Parameter Physical value Lattice value

Lattice constant 1 µm 1

Fluid density 1,000 kg/m3 1

Fluid kinetic viscosity 1 × 10−6 m2/s 0.05

Time step 5 × 10−8 s 1

Relaxation time / 0.65

Particle diameter 5 µm 5

Particle density 1,400 kg/m3 1.4

Time step 5 × 10−10 s 0.01

Youngs modulus 0.99 GPa 2,475

Poisson ratio 0.31 0.31

Friction coefficient 0.3 0.3

Restitution coefficient 0.6 0.6

Critical rolling angle 0.01 rad 0.01 rad

adhesive contacted force, and the particle concentration (Cp).
LBM-DEM particle-scale simulations of micro-particle migra-
tion in duct flow under different factors are conducted and the
flow channel & initial distribution of particles are shown in
Fig. 6. The size of the channel is 200 × 60 × 60 µm3, which
is much greater than that of the particle, and the characteristic
dimension ratio is 12.

Table 5 Provides the simulation parameters. Cases 1-3 are
set to investigate the effects of pressure gradient on the lateral
distribution of non-adhesive particles, and cases (4, 6, 9),
5-7, 8-10 are set to study the effects of pressure gradient,
particle concentration and surface energy on the aggregation
of adhesive particles.

In Poiseuille flow, the dispersed non-adhesive neutrally
buoyant particles tend to laterally move to a position at a
certain distance away from the central line of the channel.
When the Reynolds number (Re) is increased, this phe-
nomenon generally becomes more obvious. Feng et al. (1994)
numerically studied the forces affecting the migration of
particles and found that the repulsive force resulting from the
lubrication effect between the particle and the wall, as well
as the lift force that drives the particles close to the wall,
lead to this phenomenon. The Re in cases 1-3 is 6.75, 50 and
101, respectively, and the lateral distributions of non-adhesive
particles are shown in Fig. 7. Under a low Re, as shown in Fig.
7(a), the particles still evenly disperse in the lateral direction
after they have reached a relatively stable state. When the Re
is increased to 50, the lateral distribution of these particles
presents an annulus pattern and they locate away from the
central line of the channel at a distance ranging from 0.3H-
0.7H, where H represents half of the side length. When the
Re is further increased, the annulus distribution is divided into
four parts and the particles start to aggregate close to the
four sides of the channel. The lift force in Poiseuille flow is
positively dependent on the shear velocity gradient, and under
a larger Re, higher lift force can better drive the particles la-

Fig. 6. Geometry of the channel and the initial distribution of
particles therein.

terally to move them close to the wall. This concentrated
distribution enhances the collision frequency, that will also
significantly affect the aggregation of adhesive particles.

With the increase in adhesive contacted force, the size of
agglomerates increases while their number decreases (Figs.
8(a)-8(c)). Hydrodynamic force can tear the agglomerate apart,
and the larger the aggregation, the harder it is that it will
stay intact. Fig. 8(b) and Figs. 8(d)-8(e) show the particle
distribution with the increase in Re. At a low Re, more than
half of the particles disperse in the form of single particle
or small agglomerate composed of a few particles, and some
particles are trapped by the wall under the effects of adhesive
force. When the Re is increased, as shown in Fig. 8(e),
the particles obviously move close to the central line of
the channel and some large agglomerates appear. When the
Re is further increased, the agglomerates become loose and
small agglomerates appear again. The formation of a stable
agglomerate has two requirements: the particles are able to
collide with each other, and the adhesive force can withstand
the disturbance of hydrodynamic force. With the increase in
Re, the enhanced lateral movement of particles facilitates their
collision; however, a higher hydrodynamic force is unfavorable
for the existence of the formed agglomerate. Figs. 8(e)-8(g)
depict the variation in particle distribution with the change
in Cp. There is no difference in the number of agglomerates,
while their size obviously changes. When the Cp is low, the
size of the agglomerate is small, while when it is increased
to 1%, the agglomerates enlarge evidently. After the Cp is
further increased to 1.5%, there is no obvious increase in the
characteristic size of the agglomerate.

Based on the above analysis, it is known that the aggre-
gation of adhesive particles is closely related to the hydrody-
namic force and adhesive force. The ratio (RF ) shown in Eq.
(27) between the two kinds of force is defined to determine
whether particles in a specific lateral position of the channel
can form a stable agglomerate. For an agglomerate composed
of more than two particles, the △U in Eq. (18) is the fluid
flow velocity difference between the particle center and the
agglomerate center, and the fluid flow velocity is calculated
using Poiseuille’s law. When RF = 1, the hydrodynamic
force and adhesive contacted force are evenly matched. When
RF < 1, the adhesive contacted force prevails and the particles
in the agglomerate can firmly stick together. With a given
surface energy and Re, for each specific center position of
agglomerate, there are velocity upper and lower limits within
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Table 5. Simulation parameters for micro-particle migration in duct flow.

Case Pressure gradient (MPa/m) Surface energy (mJ/m2) Particle concentration (%)

1-3 1, 7.4, 15 0 1

4 1 3 1

5-7 5 3 0.5, 1, 1.5

8-10 10 1, 3, 30 1
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Fig. 7. Lateral distribution of non-adhesive particles under different pressure gradients: (a) Re = 6.75, (b) Re = 50 and (c) Re
= 101.

which the agglomerate can keep stable. Thus, the stable dis-
tribution map in which two curves are obtained by connecting
the limit points representing the upper and lower boundary can
be obtained.

RF =
FD

FC
=

µds
p|△U |
γre

(27)

where ds
p represents the diameter of smaller particle, m; △U

represents the fluid flow velocity difference between the center
of two particles, m/s; re represents the equivalent radius of two
contacted particles, m.

In the stable aggregation distribution maps, the x-axis
represents the distance between the agglomerate center and
the central line of the channel, and the y-axis represents the
distance between the member particle center and the central
line of the channel (Fig. 9, Figs. S4-S5). If the y value falls
between the upper and lower limits, this particle can stably
adhere to the agglomerate. Otherwise, it will be torn apart by
the hydrodynamic force. This map can help us analyze the size
of agglomerate and their distribution. Fig. 9 presents the stable
aggregation distribution map with varying surface energy
values. When the surface energy is increased, the stable area
becomes wider. Under a low surface energy, the stable area
between the upper and lower limit lines for the agglomerate to
keep intact has an elongated stripped shape, and it is difficult
for particles to form large agglomerates under such a weak
adhesive contacted force. Fig. S4 shows the map of changes
in the stable aggregation distribution with the increase in Re.
In this case, the stable area gradually narrows as a result of the
stronger disturbance of hydrodynamic force. Fig. S5 portrays
the stable aggregation distribution map for different particle
concentrations; under the same Re and surface energy, they
have the same shape.

In order to validate the above stable aggregation distribu-

tion map, the agglomerates are extracted from Fig. 8 and the
results are shown in Fig. S6. For each extracted agglomerate,
the distance between its center and the central line of the
channel (position of the agglomerate) can be obtained. This
distance is the corresponding x-value in the map, while the
distance between every member particle of this agglomerate
(the position of member particle) is the corresponding y-value.
The center of the circumscribed box of the agglomerate is
specified as its position (Fig. S7(a)). As for the position of
member particle, Fig. S7(b) presents the search of the far end
particles of the agglomerate, and Pf and Pn have the longest
and the shortest distances away from the central line of the
channel, respectively. The centers of most of the agglomerates
are located at positions with a distance ranging from 12 to 18
away from the central line of the channel (2/10 to 3/10 of the
characteristic dimension of the channel). The member particles
in the agglomerates almost distribute in the stable area. A few
upper far end particles in the agglomerate in case 9 are beyond
the upper boundary. This means that the particle distribution
does not reach a completely stable state and these particles
beyond the boundary will be torn away from the agglomerate
by hydrodynamic force.

4.2 Micro-particle migration in curved channel
flow

For micro-particle migration in channels with a small
characteristic dimension ratio, besides the interaction between
particles, the effects of wall on the particle migration also
play a key role. The geometric models of curved channels
with different open angles (α) are built, where α reflects the
magnitude of tortuosity and the initial distribution of micro-
particles in them (Fig. S8). The channel apertures are the same
and equal to 20 µm with a characteristic dimension ratio Rd
of 4.0. The length along the flow direction and the width for
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Fig. 8. Distribution of adhesive particles under different simulation parameters: (a) Re = 67.5, γ = 1 mJ/m2, Cp = 1%; (b) Re
= 67.5, γ = 3 mJ/m2, Cp = 1%; (c) Re = 67.5, γ = 30 mJ/m2, Cp = 1%; (d) Re = 6.75, γ = 3 mJ/m2, Cp = 1%; (e) Re = 33.75,
γ = 3 mJ/m2, Cp = 1%; (f) Re = 33.75, γ = 3 mJ/m2, Cp = 0.5% and (g) Re = 33.75, γ = 3 mJ/m2, Cp = 1.5%.

Table 6. Simulation parameters for micro-particle migration
in a curved channel.

Case Open angle
(◦)

Pressure gradient
(MPa/m)

Hydrodynamic and
adhesive force ratio

1-2 60 3.19, 2.0 0.101, 0.064

3-4 90 2.7, 1.7 0.101, 0.064

5-6 120 2.33, 1.46 0.101, 0.064

7 180 2.0 0.101

these four geometric models are 130 and 30 µm, respectively.
In the simulation, the surface energy for both particle and wall
are set to be 3 mJ/m2, and the particle concentration is 3%.
Besides, the periodic boundary condition for fluid flow is used
in both the x and the y directions, and the periodic boundary
condition for the particle is applied only in the x direction. The
boundary in the y direction is defined as the wall for particles
without adhesive contact interaction with other particles.

The simulation parameters are listed in Table 6. For cases
1, 3, 5 and 7, the pressure gradients are set to make them
exhibit the same average velocity magnitude of clean flow

field. When the open angle is relatively small, such as α = 60◦

and α = 90◦, part of the flow space in Fig. 10 at the curved part
has a relatively low velocity magnitude and the effective flow
space is compressed. Smaller pressure gradients in cases 2, 4
and 6 are used to investigate the effects of hydrodynamic and
adhesive force ratio on the migration and retention of particles.

During the migration of adhesive micro-particles in the
channel, the collision between particles facilitates the forma-
tion of agglomerates. Besides the interaction between parti-
cles, for cases with small Rd , the effects of wall cannot be
ignored. A video is useful to investigate the process of particle
aggregation and retention. The link to the Videos of particle
migration in curved channels from case 1 to case 7 can be
found in the Supplementary material. While the particles near
the wall are driven forward by the fluid flow, they will move
towards the wall under the pushing action of other particles
colliding with them and then will be captured by the wall,
as shown in Fig. S9(a). The change of the velocity direction
of particles at the curved part also increases the possibility
of their collision with the wall. These captured particles stop
on the surface of the wall or slowly move forward, and will
further capture the following particles that collide with them.
Therefore, the retention of single particles on the wall surface
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Fig. 9. Stable aggregation distribution map for different adhesive contacted forces: (a) γ = 1 mJ/m2, (b) γ = 3 mJ/m2 and (c)
γ = 30 mJ/m2.
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Fig. 10. The clean flow field: (a) α = 60◦, (b) α = 90◦, (c) α = 120◦ and (d) α = 180◦.

is a significant factor to induce agglomerate formation. After
a moving agglomerate collides with a captured one, resulting
from the collision force and larger drag force, the newly
formed larger agglomerate might detach from the wall and
move in the channel again, as shown in Fig. S9(b). However,
the newly formed large aggregation might also temporarily
block the channel at the straight part or curved part, as
shown in Figs. S9(c)-S9(d). The corresponding flow field slices
depicted in Fig. S9 illustrate that the moving state of particles
will have an obvious influence on the flow field, and the
retention of particles can greatly decrease the conductivity of

the channel.
The numerical results for all cases are concluded and a gen-

eral particle migration process in a channel with small charac-
teristic dimension ratio is obtained. The black-filled circle in
Fig. 11 refers to the captured particle by the wall. The particle
migration process includes single particle retention, capture
of following particles, and migration of large agglomerate. If
there are many particles contacting with the wall in a large
agglomerate, the hydrodynamic force cannot overcome the
adhesive force and will be blocked, as portrayed in Fig. 11(c).
However, under the effects of drag force, the geometrical shape
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Fig. 11. Schematic diagram of the migration of adhesive particles in a channel with small characteristic dimension ratio: (a)
Single particle retention, (b) capture of following particles, (c) large blocked aggregation and (d) large moving aggregation.
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Fig. 12. Evolution of average velocity in channels: (a) RF = 0.101 and (b) RF = 0.064.

of the agglomerate and its contact conditions with the wall can
gradually change, which may make it detach from the wall and
move in the channel again, as shown in Fig. 11(d).

As described above, single particle retention is the factor
promoting the formation of agglomerate. After analyzing the
videos, the two factors accelerating the single particle retention
in a curved channel are concluded. The first one is that the
particles mainly distribute in the effective flow space that
is compressed in the curved channel, and the high apparent
particle concentration increases the particle collision frequency
and promotes the particle movement towards the wall. The
second factor is that some particles in the low velocity area
of the channel that is enclosed by the red line in Fig. 10 are
more likely to collide with the wall when they migrate in the
flow and then stop or slowly move on the wall surface. The
two factors above lead to the single particle retention in the
curved channel occurring earlier and easier.

Under high RF , the particles in channels with α = 90◦ and
α = 180◦ are finally captured by the wall and the agglomerates
are loose and dispersed, while particles in channels with α =
60◦ and α = 120◦ finally suspend in the fluid in the form
of compact ellipsoidal agglomerate (Fig. S10(a)). Although
the suspended ellipsoidal agglomerate in this study seems to

have negligible effects on the fluid flow, in a real fracture
system, the suspended large agglomerate is more likely to be
blocked by a narrow channel during its migration and will
greatly decrease the conductivity of the channel. After the
RF is decreased, as shown in Fig. S10(b), the particles in
all channels are captured by the wall. Compared with that
under high RF , the captured agglomerates are looser and more
dispersed. The high RF means relatively larger drag force from
the fluid flow and the particles cannot firmly stick to the wall.
The temporarily captured particles are more likely to detach
from the wall again. Therefore, under high RF , the repeated
capture and detachment of particles promote the formation of
a large and compact agglomerate.

The evolution of dimensionless average velocity can reflect
the variation in the conductivity of the channel (Fig. 12, in
which the v0 is the average velocity in the clean flow field).
The initial v/v0 decline rates in the curved channel are higher
than those in a channel with α = 180◦, particularly in a channel
with α = 60◦, where the average velocity decrease is the
fastest and the largest. The curved channel can accelerate and
improve the retention of particles on the wall. The repeated
capture and detachment of agglomerate leads to the fluctuation
of average velocity. The two troughs of average velocity in a
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channel with α = 60◦ in Fig. 12(a) correspond to the temporary
blockage in Figs. S9(c)-S9(d), respectively. The two significant
average velocity decreases are caused by blockage by large
and compact agglomerate. The size and compaction degree
of the captured agglomerate determines the falling range of
average velocity. In a channel with α = 180◦, although most
particles are eventually captured by the wall, the agglomerates
are relatively small and dispersed, and the average velocity has
a lower deceasing rate than that in a channel with α = 90◦.

In a channel with open angle = 90◦, under low RF , because
the agglomerates are loose and dispersed, the final average
velocity decrease rate is less than that under high RF (Fig.
12(b)). Under the speculation that the suspended compact
ellipsoidal agglomerates under high RF shown in Fig. S10(a)
are eventually captured by a narrow channel, the final average
velocity decrease rate under low RF will be generally less.
In the experimental study on the fluid velocity sensitivity of
coal by Tao et al. (2017), the permeability damage deteriorated
with the increase in flow rate. Wei et al. (2019) experimentally
studied the migration of fines in propped fracture, and the
conductivity variation with the change in flow rate was not
stable and monotonous. These experimental results can be
explained by the above findings.

5. Conclusions
In this work, the LBM-DEM method coupled using the

IMB scheme was introduced. Based on this method, particle-
scale numerical simulations of micro-particle migration in
duct flow in channels with large characteristic dimension ratio
and with small characteristic dimension ratio were conducted.
Based on the numerical results, the following conclusions can
be drawn:

1) When the Re is increased, the enhanced lateral move-
ment of particles facilitates the collision among them;
however, a higher hydrodynamic force is unfavorable
for the keeping of the formed agglomerate. The size of
the agglomerate does not monotonously change with the
increase in Re.

2) From the perspective of the balance between fluid force
and adhesive force, a stable distribution map is proposed
and validated. The center of the agglomerate generally
locates at a lateral position away from the central line of
the channel in a range of 2/10 to 3/10 of the characteristic
dimension of the channel.

3) The particle migration process includes single particle
retention, capture of following particles and migration of
large agglomerate.

4) Single particle retention is a main factor promoting ag-
glomerate formation. Two factors in the curved channel,
namely, compressed effective flow space and the curved
part, increase the collision between a particle that passes
through it and the wall.

5) A higher fluid flow rate facilitates the formation of a large
and compact agglomerate, and blockage by this can cause
severe impairment of the conductivity of channel.
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