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ABSTRACT

We develop numerical solvers to study and under-
stand the phenomena of aggregation and clogging of
rigid microparticles suspended in a Newtonian fluid pass-
ing through a straight microchannel. Initially, we use
a time-dependent one-way coupling Discrete Element
Method (DEM) technique to simulate the movement
and effect of adhesion on microparticles in 2D & 3D.
The aggregation and deposition behavior of particle-
particle and particle-wall contacts are investigated by
varying the Reynolds number and adhesion parameter
in a non-periodic channel. The contact mechanics be-
tween particle-particle interactions was implemented by
using the Johnson-Kendall-Roberts (JKR) theory of ad-
hesion. In addition, we also employ a two-way coupling
(CFDEM coupling) approach. One and two-way coupling
techniques will provide us an insight on hydrodynamic ef-
fects by predicting wall deposition and clogging behavior
in microfluidic devices. Results in terms of microstruc-
tures, aggregates percentage and spatial and temporal
evaluation of aggregates in 2D & 3D will be compared,
respectively.
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1 Introduction

Microfluidics has achieved a positive response in the
industrial sector in the last two decades, i.e., due to
its minute size plus control over all the chemical and
physical properties at various flow rates (Re 1-10) and
with less safety issues [1]. However, utility and lifetime
are some of the common challenges present with those
devices to sustain a flow without disruption. Particularly,
microparticle wall deposition which initiates dendritic
structures which end up clogging the whole microchan-
nel or microfluidic device [2, 3]. Therefore, extensive
academic and industrial studies have been carried out to
inspect the clogging behavior happening in microfluidic
devices for suspension flows under numerous situations.

Generally, particulate flow experience different forces
frequently, i.e., surface forces with nearby channel walls,
inertial forces, buoyant weight and drag force [4, 5, 6].

Aggregation is initiated due to weak (van der Waals)
attraction forces which leads to larger size aggregates
and this phenomenon is called agglomeration. However,
another phenomenon is present in suspension flow, where
large size aggregates break down in smaller aggregates
which is called fragmentation [7]. But any unbalance
between the agglomeration and fragmentation process
can lead the system towards clogging of the channel.

To understand the physical mechanism of clogging is
extremely complex, with the simplest description that
the microchannel cross-section is constricted due to par-
ticle deposition, which, together with an increase in the
agglomerate size, leads to clogging. Another possibility
is arch formation, where particles position themselves in
an arch formation in such a way that high shear forces
hold particles together and along the channel walls thus
jam the whole arch [8, 9, 10].

In the current study, we used a Discrete Element
Method (DEM) to simulate the aggregation, agglomera-
tion and fragmentation of spherical rigid particles sus-
pended in a Newtonian fluid flowing through a straight
microchannel. As compared to previous literature, we
adopt a non-periodic channel that is initially filled by
the Newtonian fluid without any particles. Later, rigid
microparticles are injected in the microchannel through
the inlet section at a fixed injection rate so the over-
all volume fraction is maintained at a constant number.
Thus, it is quite helpful for us to understand the aggrega-
tion/fragmentation phenomena during the initial stage
of injecting particles in the microchannel. We investi-
gate the aggregate formation and breakage based on two
parameters, the Reynolds number and adhesion force
strength. 2D & 3D one-way coupling simulations are
compared in order to check the effects of the dimension-
ality on aggregate formation and clogging phenomena,
plus 3D two-way couplings simulations are also compared,
respectively.

2 Mathematical model

We study a suspension flow of spherical particles
in a microfluidic channel with 2D and 3D (cylindrical
channel). Here, we assume that the particles are trans-
ported only by the fluid, plus the particles do not modify
the carrying fluid flow field, and this whole method is
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called one-way coupling approach [11]. The overall parti-
cles dynamic is simulated through the Discrete Element
Method (DEM), where particle translational and angular
velocities are solved [12, 13, 14].

m
dv

dt
= FD + FA (1)

I
dΩ

dt
= MD + MA (2)

where, m is the particle mass, I is the momentum
of inertia, v is the particle translation velocity and Ω is
the particle angular velocity. We neglect the motions of
sliding, rolling and twisting of a particle on another. The
forces considered here are only the fluid drag force FD,
and the sum FA of the van der Waals adhesive force
and the elastic collision force. Based on our assumptions,
Eq. (1) is decoupled from Eq. (2), i.e. it is not required
to compute the particle angular velocity to calculate
the translation velocity. Therefore, we use only Eq. (1)
throughout our simulations. In addition, we assumed
a ’freeze’ boundary condition for particles. So, when a
single particle touches a channel wall, it will permanently
attached at the wall during the whole simulation.

In these studies, we implement a JKR model [17], to
simulate the agglomeration and aggregate formation in
suspension flow [11, 15, 16].

The fluid force experienced by each particle present
in laminar flow is given by the drag force FD:

FD = −3πdµ(v − u) (3)

where, u is the fluid velocity and µ is the fluid viscos-
ity. The adhesion and collision force FA shown in Eq. (1)
is modeled based on our assumption, by neglecting the
overall effect of the sliding of each particle over another
particle [15]. Hence, the interparticle adhesion/collision
force contains only the normal force:

FA = Fnn (4)

where, Fn is the normal force magnitude and n is the
unit vector which connects the centers of two particles:

n =
xj − xi

|xj − xi|
(5)

where, xi and xj are the position vectors of two
particles i and j.

The normal elastic force magnitude Fn can be calcu-
lated as a function of the contact region radius a [17, 18]:

Fn

FC
= 4

(
a

a0

)3

− 4

(
a

a0

)3/2

(6)

where, FC is the critical force:

FC = 3πγR (7)

in which, γ is the van der Waals surface potential
energy and R represents the effective radius of the col-
liding particles. The contact region radius a is linked
to the particle normal overlap δN, through the following
equation:

δN
δC

= 61/3

[
2

(
a

a0

)2

− 4

3

(
a

a0

)1/2
]

(8)

with the critical overlap

δC =
a20

2(6)1/3R
(9)

In above Eqs. (6), (8) and (9), a0 is the equilibrium
radius:

a0 =

(
9πγR2

E

)1/3

(10)

For each particle Eq. (1) is integrated over time.
Therefore, to boost the computations, we generate a
look up table for Eqs. (6)-(8) before the simulations.
In addition, we use a neighbor-list algorithm so that
only particles at a certain distance from each other are
included in the collision/adhesion force evaluation step.
Furthermore, the whole channel length is distributed
into vertical blocks (d + δC) in a manner that the col-
loidal/adhesion forces are calculated only for particles
residing in three consecutive blocks.

2.1 Parameter definition

Table 1: Parameters used in the simulations. The last
columns indicate the final time for the 2D and cylindrical
(3D) channel cases.

Cases dp Re φ λ t2D, t3D(sec)

A.1 10 5.25 15 2.93 · 108 5
A.2 10 5.25 150 2.93 · 108 5
A.3 10 5.25 1500 2.93 · 108 5
A.4 10 5.25 15000 2.93 · 108 5
B.1 10 7.0 15 1.65 · 108 5
B.2 10 7.0 150 1.65 · 108 5
B.3 10 7.0 1500 1.65 · 108 5
B.4 10 7.0 15000 1.65 · 108 5
C.1 10 10.5 15 7.35 · 107 5
C.2 10 10.5 150 7.35 · 107 5
C.3 10 10.5 1500 7.35 · 107 5
C.4 10 10.5 15000 7.35 · 107 5

Our system contains particles of d = 10 µm in di-
ameter with a microchannel length of L = 2 mm. In
2D, the channel width (gap) is set to H = 0.25 mm,
and in 3D the channel radius is set to Rcyl = 0.125 mm.
Initially, there are no particles present in the fluid. The
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Figure 1: Total number of particles present inside the
channel

particles are injected at a fixed frequency near the inlet
section with a velocity, which is set equal to the local
fluid velocity. We used two different volume fraction
values of φV = 0.1 for the 2D case and φV = 0.05 for
the 3D case. To replicate the realistic approach in our
system we used non-periodic boundary conditions, so
when any particle crosses the outlet section, it is imme-
diately removed from the simulation. The values of the
parameters are selected for rigid particles with the parti-
cle density ρp = 1000 kg/m3, the fluid density ρf = 1000
kg/m3, the fluid viscosity µ = 10−3 Pa·s, and the elastic
modulus of the particles E = 1 GPa. The average fluid
velocity is taken to be uavg = 2.91, 3.889, 5.83 mm/s.
The values of the Reynolds number, the adhesion param-
eter and the elasticity parameter used in the simulations
are showed in Table 1. Furthermore, a very small time
step is required to assure steadiness and accuracy of the
numerical computations to calculate the collision and
adhesion force between particles.

3 Results and Discussion

In the current studies, dynamics of particle-particle,
particle-aggregate, aggregate-aggregate and aggregate-
wall interactions are investigated by changing the Reynolds
number and adhesion parameter. Figures 2 display in-
stantaneous images of the particle distribution over the
entire microchannel (2D case) for Re = 5.25, 7.0, 10.5,
respectively. In this figure, twelve images are shown cor-
responding to different values of the adhesion parameter
increasing from 15 to 15000 from top to bottom. All the
screen shots are taken at the final time step. To study
the rate of aggregate creation, we define three sections
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Figure 2: Snapshots of the particle distribution through
a channel for all 2D cases

that divide the whole microchannel in four parts. The
channel inlet is at x = 0.0 and the outlet is at x = 8.0
(where x represents the dimensionless coordinate in flow
direction), the first section point is at x = 2.0, the second
section point is at x = 4.0, the third section point is at
x = 6.0, and the last point is at the outlet x = 8.0.

It is observed, that higher adhesion parameter values
increase the formation of large aggregates at a fixed
Reynolds number (Fig. 2)(d) for all Re#. However, a
lower adhesion parameter value shows no major influence
on aggregate formation, as only small aggregates made
up of 2–3 particles are generated, but an increase in
the adhesion parameter value results in the formation
of large size aggregates, specifically in the near wall
region. As the number of wall attachment increases, these
aggregates are later detached from the channel walls due
to the high shear forces exerted by the incoming fluid.
When the CFDEM coupling technique is used by fixing
the adhesion parameter and at a high Reynolds number
of Re = 10.5, both the formation of large aggregates and
wall attachment is observed.
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4 Conclusions

The results indicate that aggregates start to be gen-
erated near the walls, where the highest velocity gradi-
ents are present. The particle-aggregate and aggregate-
aggregate interactions may produce new contacts with
the walls. We impose a freeze boundary condition, so
when the first layer of particles is developed on the
walls, then there is either the possibility that parti-
cles/aggregates may attach to that layer or are detached
from the layer due to the large fluid induced force. If this
fluid induced force is not large enough then a growing
structure arises at the microchannel walls, which eventu-
ally leads to the clog/blockage of the whole microchannel.
The increase in the total number of particles inside the
microchannel and the investigation of the size of the
aggregates show that the creation of larger aggregates is
promoted by large Reynolds numbers and high adhesive
forces. However, 3D results show that the size of the
aggregates are much larger than in the 2D case, whereas
the 2D case exhibits a high aggregate formation rate
with very few particles.

Furthermore, we used a two–way coupling approach
to investigate the dynamical effect of particles/aggregates
on the fluid phase in 3D. There we observe that a
large number of wall attachments are formed at a large
Reynolds number of Re = 10.5 compared to the one–way
coupled case.
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