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Abstract: The microscale simulation of ultrafine particle transport and deposition in fibrous filtration
media was achieved with a novel particle tracking model using a 3D Monte Carlo model. The particle
deposition process is governed by the convection—diffusion field. Simulations were performed by
considering the fibrous filtration media as an array of identical parallel fibers, in which the flow field
was accurately described by an analytical solution. The model of particle movement was described by
the random probability distribution characterized by a dimensionless factor, the Peclet number (Pe),
based on a convection—diffusive equation of particle transport in fluid. The influence of the particle
Peclet number (Pe) on the particle deposition process and the resulting deposition morphology was
investigated. The results were analyzed in terms of dust layer growth, particles’ trajectories and
dust layer porosity for a vast range of Peclet numbers. The development of distinct deposition
morphologies was found by varying the Peclet number (Pe). With a small Peclet number, diffusion
dominated deposition and led to the formation of a more open and looser dust layer structure,
while with larger Peclet numbers, convection dominated deposition and was found to form compact
deposits. According to the change in the location of the packing densities along the dust layer height
direction, the dust layer structure could be divided into three typical parts: the substructure, main
profile and surface layer. In addition, the deposit morphologies observed for a high Pe were in good
agreement with the experimental results found in the literature.
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1. Introduction

The impact of fine particulate matter has directly or indirectly caused serious environ-
mental and health concerns such as hazy weather, acid rain and climate change owing to
rapid economic development, industrial expansion and urbanization [1-3], and has led
to great global concern. A bag filter based on the fiber filtration principle is an effective
means of controlling particulate emissions with an overall mass filtration efficiency of
>99% [4]. During the operation of a bag filter, the particles in the dust-laden gas will
continuously be deposited on the surface of the filter material to form a dust layer, which
causes a steep increase in pressure drop, meaning that additional energy will be consumed
for sustaining the gas flow rate through the filter [5,6]. In order to optimize the design and
operating conditions of the bag filter, it is necessary to obtain information on the dust layer
morphology and the closely related filtration pressure drop.

In the past few decades, many theoretical and experimental studies have been carried
out for understanding the deposition behavior of particles in fibrous filtration and the
related components. Myojo et al. and Payatakes et al. observed the multi-mechanism
deposition behavior of particles on a single fiber surface, considering the effects of convec-
tive diffusion, inertial collision and electrostatic fields [7-9]. Kasper et al. studied particle
deposition on the surface of parallel fibers under inertial collision and rebound by a more
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elaborate experimental method, and quantitatively measured the porosity of the particle
deposits [10,11]. Calle et al. and Song et al. investigated the relationship between the
filtration pressure drop and the amount of deposition in fibrous filtration media from a
macro perspective [12,13]. These experimental results confirmed that the filtration operat-
ing conditions play a crucial role in the evolution of the dust layer’s morphology, which, in
turn, affects the filtration characteristics.

Predictions of dust layer growth and the associated microstructure are often difficult to
make, since they involve large-scale movements of the particle-laden host fluid and small-
scale interactions (at the particle level). A set of analytical models of particle deposition on a
single fiber for the period during which particle dendrites do not intermesh was developed
by Payatakes [14,15]. However, these analytical models can only present phenomenological
descriptions of dust layer growth, and are not capable of predicting the evolution of
the deposits’ structure and micromorphology. Computer modeling of this process has
drawn great interest. There are two microscopic modeling techniques for modeling fine
and ultrafine particles’ transport and deposition controlled by Brownian diffusion and
convection in fibrous filtration, namely Brownian Dynamics modeling (BD) and Monte
Carlo techniques (MC). In the BD models, the particle motion information in a particle
system is obtained by tracking the trajectory of an individual Brownian particle, which
is determined by the well-known Langevin equation including the Gaussian distribution
of the random force. The uniqueness of BD lies in its ability to account for timescale
separation, allowing the consideration of complicated mechanical behavior, e.g., van der
Waals forces between the surfaces of the particles and the collector or between particles,
as well as external forces [16-20]. However, the BD technique requires the time step to be
much smaller than the particle relaxation time in numerically integrating the Langevin
equation for particle motion, requiring a high computational cost due to the small time
step size.

The Monte Carlo (MC) method is a statistical simulation method for a direct approx-
imate solution of the underlying microscale processes by using random numbers and
probabilities [21]. Unlike conventional numerical methods, the Monte Carlo method uses
probability density functions to directly simulate a system without requiring a complicated
numerical solution, and thus much less computational cost is required compared with BD;
hence, it has been successfully applied in the field of particle science. For example, Kanaoka
et al. adopted a stochastic simulation method to simulate particles’ deposition behavior on
a single fiber surface under various deposition mechanisms, and a single fiber’s collection
efficiency was estimated on the basis of the simulation results [22-24]. Veerapaneni and
Wiesner simulated the colloid deposition on a one-dimensional permeable surface from a
uniform flow field by using Monte Carlo simulations, considering the effects of particle
size, fluid velocity, and particle density on the transport of particles [25]. Rodriguez-Pérez
et al. used an on-lattice dynamical Monte Carlo simulation for simulating particle deposit
growth by advection—-diffusion towards a 2D surface [26]. Song et al. developed a controlled
kinetic Monte Carlo method based on classical kinetic Monte Carlo models to simulate
nano-particle deposition processes in the field of thin film coating [27]. Hoflinger and Jeon
et al. developed a 2D computer simulation model for the compressible dust cake build-up
on a model filter composed of an array of identical parallel fibers, and analyzed the local
pore characteristics during the growth of the dust layer [28,29], but the convective diffusion
of particles and the flow characteristics near the fibers were ignored; this model is therefore
suitable for the deposition of larger particles without stochastic motion due to Brownian
diffusion. Due to the geometrical constraints, these simulations performed in 2D space
primarily provided qualitative insights into the real particle deposition process. Recently,
some studies have applied 3D modeling to explore particles’ deposition behavior in fibrous
filtration in view of more realistic observations [30-33]. However, these studies treated
the deposition surface and the closely related deposition morphology as simple collectors
(e.g., a single fiber or a flat surface), which could not reproduce the real microstructure of
particle deposition.
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In the current study, in view of the convection—diffusion deposition of ultrafine par-
ticles in fibrous filtration, we extended our prior work on 2D space to 3D [34], in which
the deposition surface was portrayed as a model filter composed of an array of identical
parallel fibers instead of a single fiber or flat surface, and the flow field of the fibers was
accurately described by an analytical solution. The objective of this study was to reveal
the relationship between deposit morphology and the transport mechanism, followed by
the structural evolution of dust layer described by the local porosity distribution. It is
believed that the results predicted in this study can improve our understandings of particle
deposition processes on the microscopic level, although the present model’s application to
actual processes is still limited.

2. Models and Methods
2.1. Physical Description and Assumptions

We considered the build-up of dust filter cakes on a three-dimensional model filter
composed of an array of identical parallel fibers placed transverse to the flow, as shown in
Figure 1a. The filtration media were represented by cylinders arranged in parallel, and the
particles were generated randomly in the release surface and then moved towards filtration
medium surface by convection—diffusion effects. When the distance between the center of
the approaching particle and the fibers’ surface was less than a particle radius or when the
distance between the approaching particle and any deposited particles was less than the
sum of the two particles’ radii, the particle was considered to be deposited.

@ Flow direction
(a) (b)

Release surface

_____ -
X : EERER
| | ty
—_ ! i Yy
= :
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Particle trajectory

Deposited particles
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Figure 1. (a) Schematic of the simulation of a dust layer; (b) Kuwabara flow configuration.

In real dust filter cake growth, there are extremely complex mechanical behaviors
including particle-particle, particle—filtration medium and particle-airflow interactions.
To simplify the analysis, some assumptions were used in the calculations. These were as
follows: (1) The particles entering the calculation area were assumed to be spherical with the
same physical parameters. (2) Static electricity, gravity and other forces in the particles were
assumed to not exist. (3) The effect of the dust layer on the flow field around the fibers was
ignored. (4) The effect of inter-particle interaction forces on particle motion was ignored,
and thus the dust cake was incompressible. (5) Only the deposition behavior of individual
particles was considered in the particle motion calculations, and once an approaching
particle had made contact with either any fibers or any previously deposited particles,
it stuck to the collector (fibers or deposited particles) without rebounding. (6) There
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was a strong adhesive force between the particles to inhibit particle detachment due to
aerodynamic forces, and thus a stable dust layer formed on the fibers” surface.

2.2. Model of Particle Motion

Based on the above physical assumptions, the transport equation for the particles
deposition is given as

?n 92 *n on

n
D—+D-—+D— —uy— =

a2 " ay? TRz T dy
The first three terms in Equation (1) are the diffusion terms in the x, y and z directions,
and last term is the convective term in the y direction. In Equation (1), n is the number of
particles per unit of volume at position (x, y, z), u, is the migration velocity due to fluid

drag at position (x, y, z) and D is the diffusion coefficient of particle, defined as [35]:

0 )
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where kg is the Boltzmann constant and T is the absolute temperature, d,, is the particle
diameter, y is the dynamic viscosity of air and C; is the Cunningham slip correction, which
is taken to be [36]:
A dy
Cs =1+ —-[2.514 4+ 0.8exp(—0.55—")] 3)
dp A
Here, A is the mean free path of the surrounding fluid, which can be evaluated from
the expression below [37]:

A =kT/(v/2md2P) (4)

where d, is the diameter of air molecules and P is the fluid pressure.
In order to write Equation (1) in a dimensionless form, dimensionless variables were
introduced as follows:

. N X oY . z; Uy u*:ﬂpe:uwl
l l U Y Ueo D

X
n* = n—ox =7y =
where ny is the background particle number concentration in a gas to be purified, [ is a
characteristic length (I esd taken to be unity in the present simulations) and Pe is the Peclet
number, a dimensionless parameter usually used to measure the relative importance of the
diffusion mechanism and others in a mass transport process [38-40].
In this study, the Peclet number, Pe, was used to describe the ratio of convective
movement (fluid velocity) to diffusive movement. By multiplying both sides of Equation
(1) by I2/(D ny), it may be rewritten in a dimensionless form as:

%n* n *n* n ?n* B Pe(u*% Lon*
ox*2 ay*z 0z*2 Y Ox* ay*

+uy=—) =0 (5)

In the Monte Carlo simulation of particle deposition, the particles’ motion probabilities
were derived from the macroscopic conservation equation, i.e., Equation (5). If dx*, éy*and
0z* are the step size in the x, y and z directions, respectively, then the discrete version of
Equation (5) can be converted by the differential operators as follows:

an* * *

dx* = (nx,y,z - nx—l,y,z)/éx* (63)
on* " .

ay* = (nx,y,z - n;kc,y—l,z)/(sy (6b)
on*

*

dz* = (nx,y,z - n;,y,z—l)/52* (6¢)




Atmosphere 2022, 13,1319

5o0f 14

an*

92 = (n;kc—l,y,z + nj(-‘,—l,y,z - 27’1;/%2)/(53(*2 (7a)
on* .

ayi*z = (n;kc,y—l,z + n;,y+1,z - zn;,y,z)/‘sy 2 (7b)
on* * * * *2

922 = (nx,y,zfl + My yz41 2nx,y,z)/5z (7¢)

By substituting Equations (6a)—(6c) and (7a)—(7c) into Equation (5), and imposing the
condition of dx* = dy* = §y* = 1, we obtain:
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If we apply the relationship between particle concentration and the probability of a
particle moving in three-dimensional space to Equation (8), the probability of the particle
moving in the six directions is [41,42]:

P _ 1 P _ 1+ Peus P _ 1
x+1,yz = 6-+Pe(uz+uy)’ x—1,yz = 6-+Pe(uz+uy)’ =% y+lz = 6-+Pe(uz+uy)’

p _ (1+Peuy) P _ 1 P _ 1
x,y—1z 6-+Pe(ux+uy)’ =% yz+1 6-+Pe(ux+uy)’ =% yz-1 6-+Pe(ux+uy)

©)

As can be seen from Equation (9), the motion probabilities depend upon the dimen-
sionless parameter Pe. Under the limiting condition of Pe—0, the transport probability
of particles in each direction will be 1/6, and the deposition behavior is reduced to the
well-known diffusion-limited deposition [43,44]. On the other hand, for the case of Pe—co,
the diffusion effect is negligible, and convection is the dominant transport mechanism, i.e.,
the approaching particles follow the streamline exactly. In the middle region, the particles’
motion is controlled by a combination of particle diffusion and convection. Pe can therefore
be used to describe the relative importance of these two particle transport mechanisms (i.e.,
diffusion and convection).

Note that in Equation (9), the determination of the probabilities of particle motion
requires knowledge of the local flow velocities (i.e., uy*, uy* and u;*) in the simulation
domain. In the present study, we restricted the analysis to the filtration at a low Reynolds
number (Re < 1) and the simplified filter model as described in Figure 1, so the flow around
the filtration medium can be considered to be creeping flow in two-dimensional space. In
this case, the modified Kuwabara flow model including the slip effect at the fiber surface is
valid [45,46] and can be used to estimate the flow velocity in proximity to a fiber. The flow
field beyond the Kuwabara cell was assumed to be rectilinear for simplicity. In the polar
coordinates in Figure 1b, the stream function ¥ for the Kuwabara model is described by:

_wr

1/)_

2
A 4B+ cm(”f

- AG r)+D(§)2 sin (10)

where:

A=c/2—1—cKn,B=1-¢, C=—4(1/2+Kn), D= (1/2+Kn)c, c = (rf/b)z, Kn=A/r

and:
J=3+2Inc—4c+c? 4 Kn(2+4Inc —2c?)

where u is the mean velocity inside the filter,u = U/ (1 — ¢), in m/s; U is the undisturbed
approach velocity of the gas (i.e., the filtration velocity), in m/s, ¢ is the packing density
of the filter, defined as the ratio of the volume of the fibers to that of the Kuwabara cell;
Kn is the Knudsen number; and b and #¢ are the radius of the Kuwabara cell and the fiber,
respectively (see Figure 1b).
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With Cartesian coordinates, the velocity components of the Kuwabara flow field in
the x and y directions are found by using [45]:

re oY _r? 0y

_ hh S S = 11
r2sin 6 26’ " rsin@ ar 1z 0 (1)

Uy =
In the Monte Carlo simulations, the initial position of the individual approaching
particle on the “release surface” located above the filtration medium was first assigned
using a random number with a uniform deviation between 0 and 1 (see Figure 1). Once
released, the particle was allowed to move in any of six directions in terms of the motion
probabilities determined by Equation (9) at a given Pe, and thus its trajectory could be
determined. The knowledge of the particle’s trajectory, in turn, determined whether or not
a given particle would be deposited and, if so, the deposition position. If a particle migrated
outside the simulation domain in the x and z direction, it re-entered on the opposing side at
the same height (i.e., periodic boundary conditions). If a particle migrated through the fiber
layer, it was discarded from the simulation and a new particle was released. This procedure
was repeated until the number of the deposited particles reached a preset value. A more
detailed description of the simulation procedure can be seen in the flow chart (Figure 2).

Start
@ Read values of parameters @
Pe, R, dry L, W, 1, ¢y dy, H I
¢ Record the center position of a new

deposited particle and its diameter

Generate a particle on the release surface and ; i
in an inventory.

two random numbers R, and R, which
uniformly distribute in [0, 1], then assign the
initial position of the particle, i.e.,
Xo=RixW:yw=H;zo=R xL

A d

Draw a sphere to represent the newly
l collected particle with its position (x,

v, z) and diameter, a'l,.

Gencerate a uniform random number in [0, 1],

@_> then updalc the pgrllclc position using the v
probability equation of particle motion
(Equation (9) in Scction 2.2). Ne = Ne, 1

l

Desired number of the released
particles reached?

l Yes

Ng i1 =Ng +1

Yes Determine whether the particle
contacts with the fibers
FlE(d,+d )i2 7

ie.,

Yes Determine whether the particle is makin;
contact with any collected particles
ie|F-F|<(d,+d, )/2 72

P

Desired number of simulation
runs reached?
Determine whether the particle escapes
from the calculation domain,

Note: N denotes the number of deposited particles, Mg denotes the number of released particles.

Figure 2. Flow chart of the simulation procedure.
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3. Results and Discussion
3.1. Validation of the Computational Method

The numerical model used in this study was validated against the experimental
observations given by Kanaoka et al., and Bhutra and Paratakes [47,48], and the results
are shown in Figure 3. The conditions under which the simulations were made were
identical to those used in the deposition experiments, and the specific parameters were
as follows: (a) Case 1: ue = 0.5 m/s, dp =1 pum, d¢ = 10 um, pp = 11.34 g/cm3, fiber
length L¢ = 50 pm, number of the deposited particles Nc = 800; (b) Case 2: ue = 0.3 m/s,
dp =3.3 um, di = 25 um, pp, = 0.66 g/cmS, fiber length L¢ = 125 um, N¢ = 300. The packing
density of the fibrous filter was set to 0.001 (as an approximation of an isolated fiber used in
the experiments) for both cases. For Case 1, the inertial effect of particles was significant due
to their high density; the incoming particle moved almost in a straight-line trajectory until it
contacted the fiber, and the effect of the flow field around the fiber on the particle’s motion
was negligible. However, for Case 2, the particle moved toward the fiber almost along
the flow streamline due to the very low density; this case corresponded to the limiting
condition of Pe—0, i.e., a purely convective transport mechanism. In a comparison of
the simulation experiments, the straight-line and streamline trajectories were therefore
applied for particle motion for Cases 1 and 2, respectively. Figure 2 shows that fairly good
agreement on the morphology of particle deposition was obtained between the simulations
and the experimental observations. The verifications confirmed that the proposed stochastic
simulation model was capable of simulating particle deposition and then providing the
particle deposition morphology. In addition, a comparison of the deposit morphologies
between Case 1 and Case 2 suggested the possibility of the strong effects of the transport
mechanism on the morphology of the deposits on the fibers’ surface. This will be discussed
in the next section in detail.

l direction of gasflow

e S

(b)

Figure 3. Comparisons of the deposit morphologies on a fiber between the simulations and the
experimental observations. (a) Comparison of the simulation results in Case 1 with the experimental
results of Kanaoka et al. [47]. (b) Comparison of the simulation results in Case 2 with the experimental
results of Bhutra and Paratakes [48].

3.2. Dust Layer Growth

To investigate the effect of the abovementioned particle transport mechanism (mea-
sured by Pe) on the resulting microstructure of the dust layer, simulation runs were per-
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formed for different values of Pe with a range from 0.2 to 5000. The number of deposited
particles Nc was set to 5000 for Pe > 1 and 2000 for Pe < 1 in order to reduce the compu-
tational time. In present study, for each case, at least five independent simulation runs
were performed repeatedly for obtaining a meaningful ensemble average of the simula-
tion results. The other simulation parameters used in the present study were as follows:
filter packing density ¢ = 0.2, i.e., the spacing between fibers was 5d; (here, d; denotes
the fiber diameter) and the number of fibers was five in all simulation runs; the ratio of
the particles” diameter to the fiber was set to 1; the size of the deposition surface was set
toL x W=20d; x 20ds for Pe>1or L x W =40d; x 40 d; for Pe < 1 (here, L and W denote
the length and the width of deposition surface, respectively).

According to the definition of Pe in Section 2.2, a small Pe (e.g., Pe < 1) means that
Brownian diffusion is the controlling transport mechanism of particle deposition, while
a large Pe (e.g., Pe > 1) means that convection is the dominant transport mechanism.
The dust layer’s growth was simulated for two typical cases of Pe = 0.5 and 5000. The
three-dimensional morphologies caused by particle deposition on the surfaces of the fibers
in three typical deposition stages are shown in Figure 4.

(a-1) Ne=180 (b-1) Ne =250
(b-2) Nc=600 f
Stage 1l
(b-3) Nc= 2000
Stage III

(a) (b)

Figure 4. Typical simulated morphological structures of dust layers: (a) Pe = 0.5; (b) Pe = 5000.

Figure 4 indicates that the process of particle deposition can be characterized as
occurring in three stages, namely the particle adhesion stage (Stage I), the dendrite growth
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stage (Stage II) and the dust cake growth stage (Stage III). During Stage I, the particles
were deposited directly on the fibers’ surface, and acted as a new collection point for
the deposition of subsequent particles. Following this, a dendritic (or chain-like) particle
deposit formed and grew until it interacted with the particle dendrites on the adjacent
fibers, eventually forming a porous network-like structure. Finally, the particle deposition
process entered the filter cake growth stage. This stage was characterized by the fact that
the particles were completely captured by the previously deposited particles, whereas the
fiber almost lost the capacity to collect approaching particles.

In addition, significant differences in the morphologies of the dust layers under the
two conditions of Pe = 0.5 and 5000 can be observed in Figure 4. When Pe = 0.5 (see
Figure 4a), the particle diffusion effect was stronger than advection transportation, and
the dust layer grew as a more open and looser structure. It was noted that the dust layer
simulated for a small Pe by the present 3D model was different from that characterized as
a huge open tree-like morphology in the 2D space [25,34]; this was because the particles’
movement in 2D space was geometrically more restricted than that in 3D space and had
fewer opportunities to penetrate into the dust layer. For a large Pe (Pe = 5000), a compact
dust layer was observed, as shown in Figure 4b.

In order to explain the differences in the deposits’ morphologies under different values
of Pe, the trajectories of the particles for a set of Pe values were calculated, as shown in
Figure 5.

(© (d)

Figure 5. Characteristics of particle trajectories: (a) Pe = 0.2; (b) Pe = 0.5; (c) Pe = 1; (d) Pe = 5000.
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It can be seen that when Pe = 0.2, the particle trajectories showed strong random
walk characteristics, which suggested that the particles at the tip of the deposit had a
greater opportunity to adhere the incoming particles compared with those at the bottom
of the dust layer, and the dust layer grew as a “non-equilibrium” state. However, when
Pe = 5000, the particle trajectories almost followed the streamline, and the particle transport
mechanism was dominated by convection. In this case, the deposition positions of the
particles depended on their initial positions. Since the initial positions of the approaching
particles were uniformly and randomly distributed, from a statistical point of view, the
probability of each point on the dust layer contacting the approaching particles was equal,
resulting in a relatively uniform deposition surface. It was thus evident that the transport
mechanism plays a crucial role in the evolution of particle deposition morphologies.

3.3. Pore Structure of the Dust Layer

The packing density is an important parameter that describes the pore structure of a
dust layer, and it is also a key parameter that affects the filtration pressure drop and other
dynamic behaviors of the dust layer (such as dust layer collapse and compression) that
are closely related to filtration performance. Therefore, it is necessary to analyze the effect
of the particle transport mechanism on the variation in the characteristics of the packing
density of the dust layer. The dust layer density p. was defined as the ratio of the total
volume of particles in a sampled dust layer to the volume of the dust layer. The height of a
particle diameter was taken as the sampling layer thickness along the y direction, and then
pc could be calculated by:

np(H)
Y nd
i=1
pe(H) = m (12)

The spatial distributions of the packing densities of dust layers under different Pe
numbers are given here to observe the pore structure characteristics of the dust layers in
detail. The calculation results are shown in Figure 6. The abscissa in the figure represents
the dimensionless dust layer’s thickness, H, which is defined as the ratio of the thickness of
the dust layer to the particle diameter d,.

(a)0.20 - (b)0.20 ¢ .
! surface layer \ : Pe=02
substructure
. il I Pe=05
015 E ‘ Mf\m\d\«l'“ Pe=5000 015 I main layer | Pe=1
Pe = 1000 j ‘l‘—”| .
—=substructure | Pe— 100 \
| ! I surface layer
g 0.10 1 main layer ! Pe=50 % 0.10 f it : Y =
] I Pe=10 i
1 li
I f
0.05 : 0.05 {
1 1
.\ :
0.00 ' L il PR 0.00 L '
0 10 20 30 40 50 60 0 10 20 30 40
i H

Figure 6. Dust layer density, pc, vs. height, H: (a) Pe > 1; (b) Pe < 1.

Figure 6a shows that for the case of Pe > 1, the packing densities of the dust layers first
experienced a sharp rise with the increase in the thickness (see the gray area in Figure 6a),
then entered a relatively stable stage and finally decreased sharply with the increase in
thickness. According to the single fiber filtration theory [49], the efficiency of ultrafine
particle collection by the fibers was low for a large Pe. As a result, the number of particle
dendrites formed on the fiber surface was relatively small, and the number of particles
contained in a single particle dendrite was also lower, resulting in a low dust layer density
at the bottom of the dust layer. When the particles dendrites grew to a certain height, the
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number of particles contained in a single particle dendrite increased significantly, leading
to an increase in the dust layer density.

Unlike the case of Pe > 1, when the transport mechanism of particles evolved to be
dominated by diffusion (Pe < 1), the number of particles captured by the fibers increased
significantly based on fibrous filtration theory, leading to a high dust layer density. However,
due to the “non-equilibrium” growth of particle dendrites under this condition, larger
dendrites had more opportunities to contact the approaching particles and continue to grow,
while relatively small dendrites were shielded by the adjacent larger ones from capturing
the approaching particles, thereby stopping their growth; this process inevitably caused
the dust layers density to decrease as the thickness increased (gray area in Figure 6b). In
addition, it can be observed in Figure 6b that with the decrease in Pe, the dust layer density
in the stable stage gradually decreased with the increase in the thickness of the dust layer.

Although there are differences in the changes in the dust layer density with thickness
for different values of Pe, the dust layers can still be divided into three typical structures.
At the bottom of the dust layer, there was a dust layer structure whose packing density
increased or decreased sharply with the height (depending on the particle transportation
mechanism), in this study, it was called the “dust layer substructure “, which played a key
role in the formation rate and stability of the dust layers. The density of the dust layer
above the substructure layer remained relatively stable along the thickness. This layer was
called the “main layer” and it mainly contributed to the formation of the filter pressure
drop. The area where the dust layer density had a sharp drop was called the “surface
layer”. It should be pointed out here that the division of the dust layer structure based
on the density and the division of these three stages in the process of dust layer growth
pertained to the description of different physical problems. The dust layer substructure
was the dust layer structure formed by particle adhesion and particle dendrite growth,
while the dust layer’s main layer and surface layer were the results of dust cake growth.

4. Conclusions

The growth of a dust layer by the convective-diffusive arrival of ultrafine particles in
a model filter composed of an array of identical parallel fibers placed transverse to the flow
were simulated through an off-lattice Monte Carlo method. The parameter that determined
the structure of the dust layer was identified in terms of an appropriate Pe number, and the
pore structure of dust layer was analyzed. The principal results are as follows:

(1) The particle transport mechanisms (i.e., diffusion and convection) play a key role in
determining the morphology of the dust layer. For Pe < 1, the dust layer grew as a
more open and looser structure with a very rough top surface boundary. For Pe > 1,
convection became the controlling transportation mechanism for particle deposition,
resulting in more compact, less porous dust layers.

(2) In the current 3D simulation, a les dense dust layer near the fibrous filtration medium
could be observed in the case of Pe > 1, owing to not having enough deposition area
for particle deposition compared with the wall substrate, whereas for a smaller Pe
(e.g., Pe < 1), this phenomenon was not observed.

(38) Thedustlayer’s morphology can be divided into three typical parts of the substructure,
the main layer and the surface layer along the direction of dust layer growth. In the
substructure, the dust layer’s density increased sharply with its thickness for Pe > 1
and decreased for Pe < 1. In the main layer, the density remained relatively constant
with the thickness, while in the surface layer, the density decreased sharply for a
larger Pe.

It should be pointed out that the present simulation model does not take some complex
dynamical behaviors of the particle deposition process into account, such as the rebound
of impacting particles, or the collapse and re-entrainment of particle dendrites formed on
the fiber’s surface, whereas these ‘secondary’ behaviors may occur in the actual filtration
process and have a tendency to compress the dust layer, making its porosity reduce.
Obviously, a quantitative analysis of these dynamical behaviors requires the van der Waals
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forces of particle—fiber and particle-particle interactions, and two-way coupling between
the gas-deposited particle (or particle dendrites). Moreover, in practical circumstances,
particles in dust-laden gas are likely to be nonuniform in size, i.e., a monodisperse particle
system. Although it is often possible to approximate polydisperse particles by their average
size, dust-laden gas containing particles with the same mean particle size would not
necessarily behave in the same way. The particle size distribution is obviously an important
factor for particle deposition. In further work, a more real numerical simulation model
should be developed to account for these factors and to give greater insights into particles’
deposition behavior.
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