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Effect of long-range electrostatic repulsion on pore clogging during microfiltration
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We perform computer simulations based on adhesive contact mechanics to demonstrate the clogging process
of charged microparticles at the single-pore level. The effect of long-range Coulomb repulsion on clogging is
characterized in terms of bulk permeability, the number of penetrating particles, and particle capture efficiency.
Results indicate that the repulsion among particles delays or even totally prevents the formation of clogs. A

clogging phase diagram, in the form of the driving pressure and a proposed charge parameter «, is constructed
to quantify the clogging-nonclogging transition. In addition, a critical state, where the capture efficiency of
particles decreases to its minimum, is identified as a clogging-nonclogging criterion for repulsive particles. The
distributions of the local volume fraction show that the structure of clogs is mainly determined by short-range
adhesion. With relatively strong adhesion, a loose clog will be formed and it is easier for particles to penetrate.
Finally, a schematic representation of the clogging process, considering both long-range repulsion and adhesion,
is proposed to show the relationship between the clogging results and the interparticle interactions.
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I. INTRODUCTION

Clogging of pores caused by microscale particles exists
universally in engineering processes, including transport of
biological cells [1], aerosol filtration [2], assay applications of
colloidal particles [3], and microreactors [4], where both the
small size of the microchannel and their consequent sensitivity
to particle adhesion raise the tendency of clogging significantly
[5,6]. Various clogging mechanisms have been reported. The
simplest one is based on the steric effect, where particles block
the pores that are smaller than their diameter [7]. Clogging also
happens if the size of the pore is only a few times larger than
the particles and the flow is jammed due to a sufficiently high
local volume fraction of particles [8,9]. It has been suggested
that common behavior exists in systems of a very different
nature and scale, and the clogging process can be unified by a
qualitative clogging phase diagram [10].

Adhesion due to van der Waals attraction of molecules
is ubiquitous in particulate systems across almost all areas
of engineering, biology, agriculture, and astrophysics [11,12].
During the microfiltration process, particles with sufficiently
strong adhesion will stick onto the wall or onto other particles
when they come into contact. Then bridges are formed,
spanning across the channel entrance and eventually blocking
the channel, even at a solid volume fraction lower than 10%,
which is far less than the jamming limit [13]. Compared with
van der Waals adhesion, electrostatic forces can exert their
influence across a much longer distance. These long-range
forces can cause profound changes in a particulate system, such
as particle clustering, self-assembly [14], as well as levitation,
and they provide the ability to affect and even manipulate
particles at the microscales [15].

Various experimental and numerical studies have been pub-
lished on the clogging phenomenon associated with adhesive
or repulsive microparticles. An experimental study of aerosol
filtration with long-range electrostatic repulsion is reported by
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[16]. The collection efficiency of a filter degrades as more
particles are loaded and a minimum efficiency is obtained
at steady state. Further study of Huang et al. observed the
morphology of charged particles on a single fiber, where
straight chains with branches were formed under the combined
effect of adhesion and repulsion [17]. Most of the existing
studies in aerosol filtration focus on either capture behavior
of a single fiber or filtration performance of a macroscale
filter. Few of them have dealt with the problem of the
clogging-nonclogging transition at the single-pore level. With
the help of microfluidic technology, there have been many
observations of clogging at the single-pore level in colloidal
systems in recent years. It was found that the variation of the
strength of particle-particle adhesive or repulsive interactions
significantly changes the clogging probability as well as the
structures of the clogs [18-20]. However, among most of the
experimental observations, only macroscopic properties can be
measured. The inability to obtain detailed information about
the various forces exerted on particles and the structure of
deposited aggregates has greatly limited the understanding of
these microscale clogging processes.

Particle dynamics simulation in the framework of the La-
grangian method, where interparticle forces are considered ex-
plicitly at the particle level, offers a helpful tool to understand
microscale clogging. Kim et al. [21] analyzed numerically a
two-particle behavior when the particles flow through a pore
in the presence of both electrostatic repulsion and Brownian
motion. The calculations demonstrated that the presence of a
second particle can significantly alter the particle trajectory
through long-range interactions. More recently, based on a
direct calculation of the coupled equations of the motion of
particles and fluid, Agbangla et al. investigated the dynamics
of clogging at a single pore [13] as well as blockage inside
straight microchannels [22] with both short-range adhesion
and long-range repulsion. It was demonstrated that both the
dynamics of the particle capture and the structures of clogs are
drastically influenced by adhesive or repulsive interactions.
In most of the simulation studies, simplified assumptions are
often made that particles are “frozen” onto the wall or onto
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other deposited particles when contact occurs. This is suitable
only if the adhesion is significantly larger than any other
forces. However, rearrangement and resuspension of deposited
particles are often observed during the filtration of aerosols,
where the flow stress is comparable with adhesion [23,24].
In these cases, a thorough calculation of particle motion—
including normal deformation, relative sliding, rolling, and
twisting—after contacts is essential to capture the structural
evolution during clogging.

Recently, a Johnson-Kendall-Roberts (JKR) -based soft-
sphere discrete-element method (DEM) was developed by
Li and Marshall [24,25], which has also included a fast
multipole method (FMM) and an average-field method to
accelerate calculations of electrostatic interactions [26,27].
This novel DEM has been applied successfully to the studies
of particle capture by a fiber with and without electrostatic
interactions [24,28,29], where the predictions for dendrite
length and capture efficiency are found to agree well with
the experimental data [17].

In this paper, this DEM is extended to simulations of
microfiltration to clarify the influence of long-range Coulomb
repulsion on clogging at the single-pore level. A brief de-
scription of the method and the two-way coupling between
the particle and the gas phase is given in the following
section. Then, we try to establish the relationship between
microscopic adhesive or repulsive forces and macroscopic
clogging quantities, i.e., flow permeability, the number of
penetrating particles, particle capture efficiency, and clogging
structures. Finally, morphological changes of the deposits are
shown through varying the strength of the long-range Coulomb
repulsion and the short-range adhesion.

II. MODELS AND METHOD

A. Simulation conditions

A sketch of the simulated system is shown in Fig. 1. The
pore is formed by two parallel cylindrical fibers with radius
r¢ = 10rp. This system can be regarded as a basic composition
unit of widely used fibrous filtration systems. The dimensions
of the simulation domain are X = 300r,, ¥ = 30r,, and Z =
40r,. Periodic boundary conditions are set for both fluid flow
and particles along the Y and Z directions. A constant fluid
velocity, Uy, in a laminar regime (Re < 1) is imposed on the
inlet, and a nonslip boundary condition is applied on the fibers’
surfaces. The constant rate condition can be directly compared
with the applications of exhaust-gas treatment for vehicles or
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FIG. 1. Sketch of the simulated system.
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TABLE 1. Parameters for computer simulations.

Physical parameters Values Units
Particle

Particle radius (rp) 1.0,2.5,3.0,5.0 um
Particle density (o,) 2500 kg/m3
Poisson’s ratio (o},) 0.33

Elastic modulus (E,) 2 x 108 Pa
Restitution coefficient (e) 0.7

Friction coefficient (ty) 0.3

Surface energy (y) 1.0-30.0 mJ/m?
Charge density (q/47r]) 0-10.0 uwC/m?
Gas phase

Gas density (or) 1.25 kg/m3
Dynamic viscosity (u¢) 1.79 x 1073 Pas
Permittivity (&r) 8.85 x 10712 F/m
Inlet velocity (Up) 0.1 m/s

power plants, and it has been widely used in both experimental
[2,30] and numerical studies [13,24]. Particles are randomly
seeded at the inlet face with a constant volume fraction ¢
lower than 1%, and they are assumed to be neutrally buoyant
to avoid the gravity effect. The ratio of the pore gap (the
minimum distance between the two surfaces) to the particle
radius is fixed as 10. Thus, pore clogging results only from
the successive deposition of individual particles on the fibers
[19,31]. Other physical parameters of our simulations are listed
in Table I. Note that the surface energy y within the range 10—
15 mJ/m?, which is the typical range of silica microspheres, is
used to reflect the effect of van der Waals adhesion. The surface
charge density of the particle is determined according to the
typical value due to diffusion and field charging for micro-
particles [12].

B. Summary of CFD-DEM

In our simulations, the gas-phase governing equations for
mass and momentum conservation are solved in the framework
of the open-source MFIX code [32]. These equations are
similar to those in traditional single-phase computational fluid
dynamics (CFD) but with additional coupling terms due to the
drag from the solid phase. The solid phase is modeled by our
JKR-based soft-sphere DEM.

1. Gas phase

The governing equations of the gas phase, which is assumed
to be incompressible with a constant dynamic viscosity pf and
fluid density py, are written as

3
(";‘;’) D 4V (Georu) = 0,

D =V (=Pl+%) -1 1
E@fpfvf)— (=Pl +T) — Iy (D

Here, vy and P; are the volume-averaged gas-phase velocity
and the gas-phase pressure, and ¢y = 1 — ¢ is the gas-phase
volume fraction. The gas-phase shear stress tensor, T, is given
by

T = welVor + (Vop)']. 2)
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The momentum transfer term I, between the gas and the solid
phase on the grid node located at x;, is calculated as

1
k dr d
Iy = 3 2 Fiien K" i), ©

where F{':%,. is the drag force on the ith particle located at xy,;
inside the kth computational cell, whose geometric volume is
Vi. K%%(x,;,x;) is a generic kernel with compact support
that determines the influence of the particle’s force on the grid
node.

Given the momentum transfer term I, the disturbance of
particle motion on flow is well considered. The equations of
the gas phase [Eq. (1)] are solved using a staggered grid finite
volume scheme. The computational details of the MFIX code
can be found in the user manual [33,34] as well as published
papers with a series of verification tests [32]. This kind of
two-way calculation method has been widely used to simulate
pore clogging in flowing colloids [13], particle motion in a
vortex [32], and a gas-solid fluidized bed [35].

2. Solid-phase: Discrete-element method

The DEM solves the linear and angular momentum equa-
tions of particles, where the forces and torques exerted on a
particle can be written as

miv; = F;ol — F?Tag + Fl_Coul + Flgon’
LR = M = M"™ 4+ Me", )

In these equations, m; and I; are the particle mass and moment
of inertia, and v and R are the translational velocity and the
rotation rate of a particle. The total force or torque consists
of three terms: (i) hydrodynamic drag (F922/M%3¢), (ii) the
long-range Coulomb repulsive force (F Couly “and (iii) forces
or torques resulting from contact with other particles
(FCOH/MCOI]).

3. Hydrodynamic drag

Particles moving in a viscous fluid are subject to various
hydrodynamic forces. The dominant force or torque in flows
at small Re is the viscous drag, which can be given by the
modified Stokes drag law [36]:

Ifﬂjra‘g = —3]T/Lfdp(v - vf)fﬂ

M = —g pid) (R — So), 5)

where ¢ is the fluid vorticity. The friction factor, f =
f(Rep, o), is used to correct for particle crowding as well
as particle inertia. It is given by the correlation proposed
by Benyahia et al. [37]. This drag correlation, blending the
Hill-Koch-Ladd (HKL) drag correlation with known limiting
forms of the gas-solids drag function [38,39], is applicable to
full ranges of Re (from 0.01 to 1000) and the gas-phase volume
fraction.

4. Short-range contact forces

When particles come in contact with the fibers’ surfaces
or other particles, short-range contact interactions, in both
normal and tangential directions, are instantly calculated with
an ultrashort collision time step. In the current work, the JKR
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model together with a dynamic damping model are employed
to describe the contact force in the normal direction. The
normal force acting on particle i during a collision with particle
J can be expressed by

Fij = FIf + Fif' = —4Fe(@) = &%) = vy - nyy. (©)
The first term in Eq. (6) is derived from the JKR model, which
combines the effects of van der Waals adhesion and elastic
deformation of particles. Fc = 37 R;;y is the critical pull-off
force, and 4;; equals the contact radius a;; normalized by its
value a; o at the zero-load equilibrium state, where the elastic
repulsion is balanced by the adhesive attraction. For details,
see Ref. [12]. The second term of Eq. (6) represents the solid
dissipation force, which is proportional to the deformation rate
v;; - n;j. The normal dissipation coefficient ny = av/m*k is
described in the literature [25], and the coefficient « is related
to the restitution coefficient e by a six-order formula.

In addition to the deformation in the normal direction, the
interparticle sliding, twisting, and rolling frictions are also
considered and approximated by spring-dashpot-slider models
[12,25]. The force and torques are expressed as

13
F = —min [kT(/ v (1) tsdr> + nrvij - ts, F,jcm],

fo

) k a2 t a2
M} =—rn1n|: Tz ( / QT(r)dt) + "Tz Qr, M;crn} @)
fo

t
MIR, = — min |:4Fcfl?//2 . (/ VL(r)dT)’ Mil}.crit]’
fo

where v;; -ts, Qr, and vy stand for the relative sliding,
twisting, and rolling velocities between two contact particles.
When these resistances reach certain critical limits, termed as
F} v M i and ME ., they stay constant and the particles
start to slide, spin, or roll irreversibly relative to each other.
These critical limits are all related to the effect of van der

Waals adhesion, and they can be expressed as

S _ ne
Fjj e = | Fij + 2Fc|,
S
MT _ 37'[(1,']' Ej,cri[ (8)
ijcrit — 16 ’
R _ £3/2,
Mij,cril = 4Fcaij OcrltRij-

The friction coefficient 7; is set to be 0.3, and for the critical
rolling angle we use 6.4 = 0.01, based on experimental data
[40]. Our adhesive DEM has been successfully applied to
simulations of various adhesive particle behaviors, including
particle-wall collisions [11] and deposition of particles on a
fiber [28], with a series of experimental validations.

5. Long-range electrostatic repulsion

In addition to the aforementioned contact and fluid forces or
torques, the presence of charged particles induces an electric
field throughout the whole computation domain. The Coulomb
force on a charged particle i is given by

F{ = g,E = g : ) 9

where ¢g; is the charge on particle i, rij; = x,; — Xp ; is
the vector from the centroid of a source particle j to the
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target one, and & is the permittivity of the fluid. For systems
with thousands of particles, direct calculation of the pairwise
Coulomb interactions leads to a low simulation efficiency.
Thus, a fast multiple method (FMM) is employed to reduce
the computing cost from O(N?) to O(NlogN), where N is the
number of particles in the system, with the precision controlled
by an analytic error bound [41]. In this method, all particles
are grouped into boxes, and the electric field generated by a
box [ at the target particle r located sufficiently far away can
be expressed in terms of the multipole expansion as

+00 (_ 1)m+n+k

Er)= )

m,n, k=0

aln+n+kKC0ul(r _ rl)

, (10
Axmayndzk (10)

minlk!

where [ ;¢ is the box moment, and the interaction kernel
KC(Ar) = Ar/4me(Ar)® depends only on the location of
the box centroid r; and the target point r. For details, see
Refs. [12,26].

C. Key parameters

A variety of dimensionless parameters that influence the
clogging process have been proposed and discussed, including
the flow Reynolds number Re, the particle Stokes number St,
the particle volume fraction ¢ [13], and the ratio of pore gap
to particle size, I' [10,19]. Here, we introduce two additional
parameters governing this process. The equation of motion,
Eq. (4), for the ith particle in a flow can be expanded as

2

dv q rij
m— = 3w usdy(v — vg) +
dt Mt P( f) 47T8fd§ %z: rijfizj

+3n’dpy<2nij(&i3j —&3/2)) (11

i,cont

For the sake of simplicity, the friction factor in the drag force,
f, is omitted. Particles are assumed to be charged with the
same value g. Only the conservative force in the normal
direction, E.'}e, is selected as a representative of contact forces.
Nondimensionalizing velocity by Uy and time by r¢/ U,
Eq. (11) becomes

D L - 5) 4 @] + Adw (12)

— = —[(Vf —? K i i

di — St i :
Here ®; and W; are functions of the particles’ position vectors
(r1,ra, ...,ryp). Two dimensionless parameters that influence
the clogging process are indicated by Eq. (12). The first is the
charge parameter, kg, defined as

q2

- 13
T 2rped3 U (13)

kq is interpreted as the ratio of the order of magnitude of
particle-particle Coulomb interaction to that of viscous drag
in the flow field. It measures the ability of a particle to move
relative to the local streamline due to the Coulomb force. The
other parameter is the adhesion parameter, written as

14

Ad = 5
ppUpp

(14)
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which is defined as the ratio of interparticle adhesion to particle
inertia [24]. This parameter estimates the sticking probability
of a particle when it collides with a surface, and it has been
used to quantify the effects of adhesion and particle inertia
on packing structures [27,42]. For particles of size 10 um or
smaller, the Ad is usually larger than unit and the strong van der
Waals adhesion leads to the formation of particle agglomerates
at the pore surfaces. These agglomerates will be rearranged
or broken up by the flow stress or the impact of incoming
particles, which significantly disturbs the local hydrodynamic
conditions [11]. A proper description of the agglomerates’
behavior is thus essential to understand the underlying physics
of clogging.

III. RESULTS AND DISCUSSIONS

A. Clogging-nonclogging transition

We start by studying the influence of the strength of the
long-range repulsive Coulomb interaction through varying the
charge parameter k4. During our simulation, the information
from all particles (position, velocity, and forces) and flow field
(velocity and pressure) was recorded simultaneously. Thus
the temporal evolution of the clogging process can be easily
captured.

Side views of the computational domains are shown in
Fig. 2(a). Particles are projected onto the x-y plane, and the
snapshots are plotted at 7 = 120. It can be found that a transi-
tion from the clogging state to the nonclogging one is obtained
by increasing the charge parameter «4. Figure 2(b), taken from
the case kg = 0 in Fig. 2(a) at a different time, clearly shows
particle rearrangement during the clogging process. The red
particle chains, initially aligning along the direction of the main
flow, are gradually bent into short clusters. This indicates a
compression of the particle cake caused by the flow stress. The
dynamic behavior of particle agglomerates distinguishes our
system from those with “frozen” particles and demonstrates
the necessity of the DEM calculation [13].

The delay of pore clogging can be further quantified
by the temporal evolution of the bulk permeability derived
from the Darcy law [shown in Fig. 2(c)]. The variation of
the permeability k() = usUpX /AP reflects the evolution of
the pressure drop AP and is scaled by its initial value kg
free of attached particles. At the initial stage of 7 < 75, the
permeability for particles with different x4 decreases at almost
the same rate. The reason is that, during this stage, the repulsive
interaction among particles is still dominated by the flow
stress due to the low concentration of particles in the bulk
flow and the limited number of captured particles. Once the
fiber surfaces are covered by a certain number of particles,
a sufficiently strong local electrostatic field is established. It
forces the particle to move relative to the fluid. The subsequent
permeability reduction depends significantly on the strength
of the repulsive interaction. For the case with k; = 0.14, the
scaled permeability does not drop toward 0 any longer but
fluctuates around 0.4. This indicates that no clogging occurs
with sufficiently strong Coulomb repulsion.

We then measure the number of particles, N*, that flow
through the pore prior to clogging. Because of the variations
from one run to the next for the same physical parameters,
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FIG. 2. (a) Side views of the particle flow projected into the
x-y plane at 7 = 120 with Re = 0.087 and kq =0, 0.079, and 0.14.
Particles located at z < 0 are colored light gray, and particles at
z > 0 are colored dark gray. (b) Schematic representation of particle
rearrangement during the clogging process. (c) Scaled permeability
vs time for different values of «; the time is scaled by r;/ U.

typically three runs with different realizations of particle
injection positions were performed to provide a meaningful
average and standard deviation. The change of N* with
Coulomb repulsion «4 in a typical case is shown in Fig. 3(a),
where a two-regime behavior can be found. In the first regime,
at low k4, N* almost remains constant. In the second regime,
where N* increases rapidly with «q, the particle’s trajectory
is modified when it approaches the deposited ones due to
the strong repulsive Coulomb barrier. When g increases to a
certain value, no clogging occurs in all three simulation runs.
Thus, this value can be regarded as the critical value kg, crit
for the clogging-nonclogging transition. No clogging can be
observed with «q larger than i cri. To further characterize the
transition, the number of penetrating particles is normalized as
N* = Ni/N*(kq), where N is the value for the case without
Coulomb repulsion (x4 = 0). In addition, the charge parameter
kq is scaled by the corresponding critical value kg crie. It can
be seen from Fig. 3(b) that the normalized N* for particles
with different Stokes numbers have a similar trend and can
be fitted with power-law functions, N* = 1 — (kq/kqerit)"s

= ]
0.6 o St=0.16
04+t e St=027
o St=0.39
0.2} A St=047
0.0 1 1 1
10 10° 107 107 10°
Kq/Kq,crit

FIG. 3. (a) Number of particles, N*, that flow through the
constriction prior to the clogging as a function of Coulomb repulsion
kgq. (b) Normalized N* as a function of Kq/Kq.eri for different St. The
curves are fitted by N*=1- (kq/ Kq.mt)A and error bars have been
removed for the sake of clarity.

with A and kg cric related to the Stokes number. The curves
remain flat in the regime of very small «q/kq crit and then drop
rapidly toward O when K/ kg crie approaches 1, indicating a fast
clogging-nonclogging transition.

We have also compared our simulation results with the
qualitative representation of the clogging phase diagram [10].
All the variables affecting the clogging process are grouped
into three generic parameters: a length scale, such as the size
ratio between the pore and the particle diameter; a compatible
load parameter related to the pressure or other driving force;
and an incompatible load parameter related to background
noise that prevents the clogging formation. Then the transition
from the clogging state to the nonclogging one can be sketched
in this phase diagram.

In our simulation, the characteristic length scale is fixed
by setting a constant ratio between the pore size and the
particle size. Thus the three-dimensional phase diagram is
reduced to a two-dimensional form, and the clogging simply
arises due to the competition between the compatible load
and the incompatible load. It is generally accepted that for
microfiltration systems, the pressure or the driving force is
responsible for the development of clogging [43]. Thus, we
consider the initial pressure drop of the pore completely free
of particles (Py) as the compatible load. On the other hand,
the pairwise repulsive Coulomb force, which prevents particles
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FIG. 4. Clogging phase diagram in the k4 ~
for particles with long-range repulsion.

1/ P plane obtained

from being captured, is supposed to be the incompatible load
[31]. Then, a x4 ~ 1/P; projection of the clogging phase
diagram is obtained as shown in Fig. 4. Given a fixed 1/ Pf,
the increase of x4 leads to a transition from clogged systems
to nonclogging ones. The dependence of the critical value
kq,crit Tor the clogging-nonclogging transition on 1/ Py is well
described by a power law, kg i o< (1/ Po*)ﬂ , with the exponent
B = —1.44. This indicates that charging the particle is an
effective way to reduce the possibility of clogging. The results
also extend the latest proposed clogging phase diagram to the
specific situation of microfiltration.

B. Measurement of particle capture efficiency

To quantify the clogging process, we introduce a method to
calculate the instantaneous particle capture efficiency using
simulated data. In this method, the positions of deposited
particles and the flow field are output from a certain case.
Then hundreds of test particles are uniformly released at the
inlet plane with their trajectories followed. We set 20 releasing
points in the z direction and 15 points in the y direction on
the inlet plane. Consequently, the particle capture efficiency
n, given by the ratio of the number of captured particles to
that of total released ones, can reach a resolution as high as
0.5%. Two typical trajectories for neutral and charged particles
released at the same point are shown in Fig. 5(a). The neutral
particle directly hits the particle cake and is captured, while
the charged particle penetrates the cake and escapes. As shown
in Fig. 5(b), the remarkable growth of the area of the white
part when «4 increases from 0 to 0.079 indicates an obvious
decrease in the capture efficiency.

Intuitively, the results in Sec. IIT A are likely caused by two
mechanisms. One is that the repulsive Coulomb interaction
among charged particles changes the particles’ trajectory and
inhibits the capture. Thus particles with a higher «, are
more likely to penetrate the deposited particle cake. On the
other hand, with distinct values of particle-particle interactions
(both hydrodynamic and electrostatic ones), various types of
structures are observed, which may also affect the clogging
process [27]. To separate the effect of long-range repulsion
from the structural effect, two series of measurements of
the particle capture efficiency are performed, which are
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FIG. 5. (a) Two typical trajectories for natural and charged
particles released at the same point. (b) Releasing points at inlet
planes; white and blue parts stand for releasing points of escaped
particles and captured particles, respectively.

summarized in Table II. In Series 1, the effect of long-range
repulsion is studied by measuring the capture efficiencies n for
different «4 based on identical structures. Since the number
of deposited particles (Ngep) also influences the repulsion,
we extract several cake structures with different Ny, from a
basic clogging case. For instance, we fix a cake structure with
Ngep = 200 and apply the long-range repulsions with x4 = 0,
0.035, 0.079, 0.107, and 0.14 and then measure the capture
efficiency with the aforementioned method, respectively. Next
we repeat the measurements by fixing another cake structure
with Ngep = 400, and this process is reproduced. In this way,
the difference of 7 is independent of the structure and is
only due to the effect of repulsion. In Series 2, four different
structures are constructed with different Ad and «4. We first
compare them and investigate the influences of adhesion and
long-range repulsion on the structure formation. Next the four
structures are fixed and 7, is measured respectively with the
same method by removing the long-range repulsion. Such
measurements can reflect the ability of particle capture of
different structures.

C. A critical state as a clogging-nonclogging criterion

The effect of long-range repulsion on the dynamics of
particle capture, from the measurements in Series 1, is shown

TABLE II. Parameters for capture efficiency measurement.

Cases Structures Repulsions
kg =0

Series 1 kq = 0.035

Fig. 6(a) Nyep = 0—800 kq = 0.079
kq = 0.107
kq=0.14

Ad=32,k,=0
Series 2 Ad =32,k = 0.079 kg =0
Fig. 9(a) Ad =480,k =0

Ad = 480,k = 0.079
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FIG. 6. (a) Particle capture efficiency as a function of the number
of deposited particles. The structures for different cases are all the
same. (b) and (c) The scaled capture efficiency n(kq)/n(0) as a
function of the charge parameter, «,, for different Ng.,. Here n(0)
corresponds to the capture efficiency without repulsive interaction.

in Fig. 6(a). For particles without repulsive interaction, n
increases monotonically as Ngep increases. This is due to
the decrease of the passable channel area with the growth
of the deposited layers [19]. In the presence of the repulsive
interaction, 7 is obviously reduced and even a decreasing-
increasing trend appears when «q reaches 0.079. When «4 gets
to the critical value kg ¢ (=0.107 in this series) or larger,
the capture efficiency n decreases toward zero, leading to a
nonclogging situation.
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Interestingly, with either a very small or a very large Ngep,
the effect of Coulomb repulsion is inhibited. To better illustrate
this two-regime behavior, we replot the data in the form of the
scaled capture efficiency 1n(Ngep.kq)/1n(Ngep,0) in Figs. 6(b)
and 6(c), where 1(Ngep,0) corresponds to the capture efficiency
without repulsive interaction. For a given Ngep, this scaled
efficiency is a function of the charge parameter, 4, and it can
be simply recorded as n(xq)/n(0). In the initial state, as already
explained, the particles’ trajectories are mainly determined by
the flow stress, and the repulsive interaction among particles
has only a minor effect on the particle capture efficiency. Thus
relatively flat curves appear in Fig. 6(b) when Ny, is small.
As Ny increases, the fiber surfaces are gradually covered by
the particles, and a sufficiently strong local electrostatic field
is established to force the particle to move relative to the fluid,
leading to an increase in the curves’ slope.

However, when Ngep, reaches a certain critical value (ap-
proximately 230 here), a further increase of Ngep will inhibit
the effect of repulsion, which corresponds to the flattening
of the curves in Fig. 6(c). The reason is that the steric
effect on particle capture gets stronger as the passable channel
area decreases. When Ny, reaches 700, almost all the
channels are blocked and a clogging state is nearly established.
These results indicate that the long-range Coulomb interaction
among particles has a dramatic effect on the particle capture
only when the number of deposited particles is moderate and a
sufficiently strong repulsive force can push the particle through
the pores inside the cake.

Summarizing the results above, we can build a better
understanding of the clogging mechanisms for particles with
long-range repulsion. A qualitative description of the clogging
process is proposed in Fig. 7. During the initial stage
of filtration, the flow stress dominates the particle capture
process and the repulsion barely affects the particle trajectory
[Fig. 7(a)]. As particles accumulate on the surface of the fiber,
the local field of repulsion gets stronger. If the repulsion is
strong enough to counteract the steric effect, a critical state,
in which the capture efficiency decreases to its minimum,
will be reached [Fig. 7(b)]. Then, two distinct scenarios
can be identified according to the magnitude of long-range
interaction. With a sufficiently strong repulsion, the deposition
of particles is prevented and the capture efficiency almost
drops to zero [corresponding to the case with kg = 0.14 in

1

1
R

K A

nonclogging situation

)

\

wf
1
S —

strong repulsion, #~0

steric effect dominated clogged state

FIG. 7. Mechanism of pore clogging with particles in the presence of long-range repulsive force.
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FIG. 8. (a) Distribution of the local volume fraction of clogging structures with Ad = 32 and 480 and «q = 0, 0.035, and 0.079. In each
frame, the black scatters stand for data obtained when Ny, = 500, while the blue and green ones stand for data obtained at Ny, = 1000 and
1500, respectively, and the dashed lines indicate the average volume fractions. (b) Voronoi tessellations for a dense particle cluster and a loose

one.

Fig. 6(a)]. Under these circumstances, the coming particles
keep escaping through the gaps among the deposited particles,
and no clogging happens [Fig. 7(c)]. On the other hand, if the
repulsion is not strong enough, the minimum capture efficiency
will be significantly larger than zero. Particles will continue to
deposit on the fiber surface and the process enters a steric effect
dominated regime, where the capture efficiency increases until
the final clogged state is established [Figs. 7(d) and 7(e)].
Therefore, the minimum value of the particle capture efficiency
can be regarded as a clogging-nonclogging criterion during
the filtration of particles with long-range repulsion. It is worth
noting that, at sufficiently small «4 (e.g., kg = 0 and 0.035),
the capture efficiency increases monotonically with Ngep. In
these cases, the initial state (Ngep = 0) can be regarded as the
critical state.

D. Correlation between structure and microscale forces

The spatial structures of the cake are closely related to
particle-particle interactions, and they may significantly affect
the clogging process. The current section characterizes the
clogging structure in terms of distributions of the local volume
fraction of the deposited particles. The aim is to find the
correlation between structure and microscale forces, and to
demonstrate the effect of structure on the clogging process.

The local volume fraction ¢, for each particle inside the
clogging is measured. It is defined as the ratio between the
particle’s volume V}, to its Voronoi volume W;, as depicted
in red in Fig. 8(b). The distributions of ¢, which have been
grouped into sections with an increment of 0.1, are given in
Fig. 8(a). For each case, the distributions are measured at
three typical snapshots taken at Nge, = 500, 1000, and 1500 to
illustrate structural evolution. It is easy to see the compression
over time: the average volume fraction grows approximately
30% as the number of deposited particle increases. This
phenomenon is mainly due to the compression exerted by
the flow stress, and it is quite different from the recent results
found in packing systems without a flow field, where the loose
structures formed in the presence of adhesion or repulsion are
stable over time [27,42].

By comparing the cases in the horizontal direction in
Fig. 8(a), we find that long-range repulsion has a negligible
effect on the clogging structure. It distinguishes our system
from that of ballistic packings of charged particles under
vacuum conditions, where long-range repulsion leads to a
significantly looser structure through its influence on particle
inertia [27]. The dissimilarity is mainly due to two reasons:
The first is that the change of the particles’ inertia, caused by
long-range repulsion, is smaller in the presence of the fluid
compared with that in the vacuum-packing cases. Instead of
using a conventional Stokes number in fluid to reflect particle
inertia, here we directly compare the variation of particle
velocity for the vacuum and fluid cases. We assume a simple
case, in which a charged particle with initial velocity Uy moves
across a distance L in the presence of a typical electrostatic
force F..Inthe vacuum environment, the energy balance yields

imiUs — F.L = im;U*. (15)

The variation of the velocity (inertia) of the particle scales as
AUyacuum ™~ % In the presence of fluid, this variation can be
directly derived from the force balance between viscous drag
and the electrostatic force Fe, yielding AUjgyig ~ 37”1';—6%. With
parameters listed in Table I, we evaluate the ratio between
the inertia variations with or without fluid, and we have
%::L ~ 0.2, which confirms the statement above. On the
other hand, there is a big difference between the time scales
of the formation of a stable structure in these two cases.
During a vacuum packing process, once the packing has been
formed, the kinetic energy of the particles is immediately
dissipated through inelastic deformation, relative sliding, and
rolling. A mechanical stable structure, determined by the
inertia-adhesion or inertia-friction competing mechanism, is
formed at a time scale of particle convection T, = d,/Up. In
the present study of constant rate filtration, the pressure drop
increases as the cake thickness grows and makes the cake
undergo a continuous compression, which lasts through the
entire clogging process.

It can be inferred that, during this process, the strength of
adhesion becomes the decisive factor that affects the clogging
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FIG. 9. (a) Particle capture efficiency n as a function of the
number of deposited particles Ny.p. The structures are taken from
the cases with (blue solid circles) Ad = 32, ky = 0; (pink diamonds)
Ad = 32, k4 = 0.079; (black hollow circles) Ad = 480, x, = 0; and
(green triangles) Ad = 480, k4 = 0.079. The curves are fitted with
Eq. (16). (b) Schematic representation of the clogging mechanism
in the presence of both long-range repulsion («4) and short-range
adhesion (Ad).

structures. Thus a remarkable difference between the structure
of Ad = 32 clogging and that of Ad = 480 clogging can be
found by comparing the top panel to the bottom one in Fig. 8(a).
This can be explained through a brief mechanical analysis of
the particle agglomerate: a deposited particle will remain at
rest if the contact resistances can balance the external forces
or torques. Based on our contact models in Eq. (8), particles
with small adhesion (Ad = 32) will be more likely to roll or
slide irreversibly relative to their neighbors, which leads to a
denser clogging structure [42]. For a detailed discussion of the
mechanical stability of a particle cake, see [44].

E. Effect of cake structure

To investigate the effect of cake structure on particle capture
dynamics, we use the method introduced in Sec. IIIB to
measure the capture efficiency 5. Four typical cake structures,
which are listed as Series 2 in Table II, as well as the
corresponding flow fields were extracted and measured. By
removing Coulomb repulsion during the measurement, the
differences between the four n ~ Ny, curves reasonably
reflect the influence of the cake structure, as shown in Fig. 9(a).
We found that the structures formed with different Ad have a
strong influence on the evolution of 1, whereas the curves

PHYSICAL REVIEW E 94, 063108 (2016)

TABLE III. Fitted capture efficiency as a function of Ny, for the
four cases.

Structures Fitting expressions

Ad =32, =0
Ad = 32,k = 0.079
Ad = 480,1c, = 0

Ad = 480,k, = 0.079

n = 1.17exp(—212/Nyep) + 0.123
n = 1.24 exp(—218/Ngep) +0.123
n = 1.50exp(—418/Ngyep) 4+ 0.123
n = 1.40 exp(—395/Ngep) + 0.123

with different x4 almost coincide with each other, which is
consistent with the above discussion stating that the cake
structure formation is not obviously affected by long-range
repulsion. To quantitatively measure the difference, we have
fitted the data in the form

N,
= — , 16
n xeXP( N >+no (16)

dep
where x is a prefactor and 7o is 0.123 for all four cases,
referring to the same initial capture efficiency when the fiber
surfaces are free of attached particles. This expression also
indicates a typical number of deposited particles, N, that
needed to form a cake with a certain capture efficiency. The
fitting expressions for the four cases are listed in Table III. It
can be found that N, for structures 1 and 2 are much smaller
than the values for structures 3 and 4, indicating a faster growth
of particle deposits. Since a denser clogging structure formed
with small adhesion (Ad = 32) has a lower probability of par-
ticle penetration, this results in a higher capture efficiency. The
results also indicate that the variation in structure caused by
long-range repulsion is small and has a minor effect on particle
capture. It is also interesting that, when Ad decreases further
below 12, the deposited particles will be continuously resus-
pended into the fluid, and no stable cloggings can be formed.

Based on the above results, a schematic representation of
the clogging mechanism in the presence of both long-range
repulsion (kq) and short-range adhesion (Ad) is provided in
Fig. 9(b), which summarizes different results obtained in
our simulations. The presence of strong adhesion leads to
the formation of dendrites and loose structures. For particles
with moderate adhesion, when a deposit is formed, the
particle structure is compressed by hydrodynamic forces
and its permeability is relatively low. When the adhesion is
sufficiently low, no stable deposits can be formed. Compared
with the adhesive forces, the electrostatic repulsion exerts its
influence across a much longer distance and mainly affects the
capture of particles by modifying their trajectories. However,
it has little effect on the structure of clogs. With sufficiently
strong repulsion, the deposition of particles will be prevented
once a strong local electrostatic field is established, leading to
a nonclogging situation.

IV. CONCLUSIONS

We have demonstrated the feasibility of our particle
dynamics simulation for the study of clogging behavior with
charged microparticles. The effect of long-range Coulomb
repulsion on clogging is characterized in terms of bulk
permeability, the number of penetrating particles, particle
capture efficiency, as well as the distributions of the local
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volume fraction. It is observed that clog formation is delayed
or totally prevented by repulsion, and the normalized number
of penetrating particles can be well described by power-law
functions. A clogging phase diagram, in the form of the driving
pressure and a proposed charge parameter «q, is constructed
to quantify the clogging-nonclogging transition. Furthermore,
the instantaneous particle capture efficiency is calculated to
resolve the temporal evolution of the clogging process. The
results indicate that long-range Coulomb repulsion (k) among
particles has a significant effect on particle capture only when
the number of deposited particles is moderate. In addition, a
critical state, in which the capture efficiency is decreased to
its minimum, is identified as a clogging-nonclogging criterion
for repulsive particles. The distributions of the local volume
fraction show that the structure of clogs is determined mainly
by short-range adhesion (Ad). With relatively strong adhesion,
a loose clog will be formed and it is easier for particles
to penetrate, whereas long-range Coulomb repulsion has
little effect on the structure of clogs. Finally, a schematic
representation of clogging, considering the effects of both
long-range repulsion (kq) and short-range adhesion (Ad), is
proposed to show the relationship between the clogging results
and the interparticle interactions.

PHYSICAL REVIEW E 94, 063108 (2016)

Several avenues for future investigation have also been
indicated based on our results. First, our investigation is
restricted to the specific clogging problem of charged particles
in the absence of an external electrostatic field. Expanding our
model to include the effects of higher-order multipoles and an
external field, which lead to the phenomena of particle chaining
and ordering, seems worth pursuing [14,45,46]. Moreover,
polydispersity and particle shape are also crucial factors that
need to be considered as well, thus much more effort is
warranted in the relevant studies.
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