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Abstract. A three-dimensional stochastic simulation was developed to simulate growing process of
particles deposit on a single fiber in Kuwarbara cell due to the collection mechanisms from inertia
impaction and interception. The distributions of size of particle dendrites were calculated to
quantificationally describe the complex deposit morphologies. The resultsindicate that the deposition
morphologies strongly depend on Stokes number and interception parameter. A small stokes number
tends to give a fewer but larger particle dendrites with a more open and loose structure, whereas a
greater stokes number leads to a compact structure. The interception parameter shows different
influencing degree to deposition morphology at different Stokes numbers. In the case of low Stokes
number, thereisno significant differencein heights of particle dendrites between various interception
parameters, whereas for high Stokes number, the interception parameter plays asignificant rolein the
morphologies transition from compact structures to dendritic. In addition, a larger interception
parameter may weaken the effect of particle inertia on formation and growth of particle dendrites.

Introduction

Fibrous air filter is awidely adopted and highly efficient method to capture respirable particlesin
personal protective equipment, to reduce air contaminants in clean rooms, for particulate emission
control in various industrial situations and many more. When aerosol particles flow through afibrous
filter, some of the particles are captured on the surface of the fibers constituting the filtration medium,
resulting in a formation of chainlike agglomerates known as “paticles dendrites”. These dendritic
structures, in turn, cause a continuing change in the medium structure, leading an increase of the
pressure drop cross filtration medium as the filter medium becomes clogged. Therefore, rational
design, optimization, operation and innovation require the knowledge of a dynamics of dendrite
growth and relevant important information about such deposition structure. The comprehensive
theoretical model of dendritic deposition of submicron particles on asingle fiber was first proposed
by Payatakes and Gradon [1]. In their work, only interception effect was considered to be collection
mechanism for simplicity. Later on, Payatakes and Gradon extended this model to include other
collection mechanisms such as inertial impaction, diffusion and electrostatic force [2,3]. More
realistic structures of dendrites on asingle fiber in Kuwabara’s cell in regimes of inertial impaction
and diffusion were obtained from the Monte Carlo simulations by Kanaoka, Emi, and Myoja [4,5],
based on control surface concept and calculations for particles tragjectories. Bahners et al. also used a
similar stochastic ssimulation to estimate the dendritic deposition on parallel cylindrical fibres, but
present only qualitative pictures of deposits.

Recently, some new numerical method (e.g., lattice-Boltzmann methods, boundary element and
Fluent code based on finite element) have been used to simulate particle deposit formation on filter
fibers, taking into account the two-way coupled particle-fluid [6-9]. However, this approach forbids
the use of large numbers of particles due to its excessive computational requirement, thus being
limited to treating small amounts of depositing particles or the case of two dimensions. In order to
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obtain some morphological properties that characterize large scale features of particles dendrties, a
considerable number of deposited particles have to considered in three dimensional simulation.

The present study, we extended the previous simulation studies by Kanaoka et a using a three
dimensional off lattice Monte Carlo method so that the particle deposition in fiber media may be
simulated morerealistically. However, no consideration of the complex interactions between particles
and fliud is made for the reasons mentioned above. In addition, the relationship between the
deposition mechanisms (inertial impaction and interception) and the relevant morphologies
characteristics of the deposit wasinvestigated in terms of the distribution of size of particle dendrites.

1. Modeling growth of particlesdendrites

AsshowninFig. 1, thesinglefiber in Kuwabaracell will be adopted for analyzing growing process
of particles dentrites on fibrous filtration medium. In this model one fiber collector of diameter df is
placed centrally in aunit cell. A control surface (or release surface) is set far upstream from the fiber
with its center perpendicularly located on x-axis. This control surface is considered as the reference
plane from which trgectories of approaching particles originate, and the initial positions of each
approaching particle is assigned by the random numbers within the range from 0 to 1. Once the flow
field around the collector is known and the initial positions of approaching particle is assigned, the
trajectories of the approaching particle can be calculated by applying Newton’s second law including
inertial and aerodynamic forces. From the trgectory of the approaching particle, one can then
determine whether this particle will be deposited onto the surfaces of a collector or onto the
previously deposited particle. If a particle is collected by collectors (fiber or previously deposited
particle), or move beyond unit cell, then this particle is discarded from the simulation and a new
particleis released from control surface.

Release surface (y-z plane, A=L;" 2b)

Fig. 1. Schematic of the three dimensional simulation of particle dendrites on asingle fiber
1.1 Kuwabaraflow field

In the present study, Kuwabara’s model is adopted to describe the flow field around the collector.
Generally, Kuwabara’s model is identical to Happel’s model except that velocity of flow field
vanishes at the boundary of the fluid envelope r=b around the collector, and the envelope’s radius b
can be defined asb = R ¢ ™%, where R istheradius of the collector and ¢ isthe packing density of the

filter bed (seein Figl). Components of gas velocity for Cartesian co-ordinate system (U, , U, ) havea
form [10]
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where
¢ = packing densityK u = Kuwabara hydrodynamic factor =- 0.5In° +c¢- 0.5¢% - 0.75
r =acylindrical coordinate
X, y = Cartesian coordinate

U, = undisturbed approach velocity of air
U = mean velocity inside thefilter=U,, / (1- c).

1.2 The Langevin trajectory equation

In the present paper, only the interception and inertial impaction are considered, if the gravity and
electric forces are ignored, the Langevin trgectory equation describing the balance on a spherical
particlewith adiameter D, iswritten as
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where m, isthe mass of the particle, V is the particle velocity vector, tisthetime and F; isthe drag
force which can be expressed by F, =3pmD, (u-v)/C, . By substituting the expression of the drag
force shown in Eq.(11), the force balance in the x-derection and the y-derection yield:

whereD, is particle diameter, r jis particle density, mis fluid viscosity, t is time, U, and U are air
velocity componentsin x and y directions, respectively, V, and V, is particle velocity componentsin x
and y directions, respectively.

For the convenience of numerical solution of Eq. (3), aset of dimensional quantities areintroduced as

follows
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In acartesian coordinate system, applying above dimensional quantilties, the Eq. (3) may be rewritten
indi mensi onless components form in x and y, respectively.
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Where St is Stokes number, St :2CmrprU¥ /9mD; , D is fiber diameter and R, and R are the

radius of particle and fiber, respectively.
Solving Egs. (4) and (5) may determine the particle trgjectories for different initial coordinates and
different Stokes numbers.

2. Results and Discussion

A typical set of resultsis presented in Fig. 2, in which various view of the deposits are shown. Itis
observed that the deposition morphologies strongly depend on Stokes number, St, which measured
the domination of inertial impaction. Generally, asmall stokes number tend to give afewer but larger
particle dendrites with a more open and loose structure, whereas a greater stokes number leads to a
compact structure (St = 2). Moreover, these dendrites are lack of regularity in morphologies, it is
necessary to use a statistical means to quantificationally describe the deposit morphologies. For the
purpose of illustration, the size distribution of particle dendrites were adopted to describe deposit
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morphology and its evolution on the basis of the average results of alarge of simulations at the same
set of filtration conditions. The sizes of particle dendrites may be classified by grouping dendritesina
manner shown in Tablel, which issimilar to that used by Jung and Tien (1993) in their simulations of
aerosol deposition on granular media[11], and the fractional contributions of each group of dendrites
to the extent of deposition may be to estimated in terms of the ratio of the number or volume of
particles contained in each group of dendrites to the total number of particles deposited.

Table 1 Classification of particle dendrites
dendritetype  Number of particlespresentinthe dendritetype Number of particles

z dendrite z present in the dendrite
1 1 11 26-30

2 2 12 31-35

3 3 13 36-40

4 4 14 41-50

5 5 15 51-60

6 6-8 16 61-80

7 9-10 17 81-100
8 11-15 18 101-150
9 16-20 19 151-200
10 21-25 20 200-500

The distributions of size of particle dendrites as function of the extent of deposition (namely, the
number of particles deposited on fiber surface, N¢) asshownin Fig. 3. For the case of St =0, It can see
that the majority of dendrites contain less than six particles at earlier deposition stage. As the number
of deposited particlesincrease up to five hundreds, some dendrites aslarger as having more than two
hundreds particles (i.e., dendrite type is 20) were observed, which means that the approaching
particles can be collected very effectively due to significant interception effect from the huge particle
dendrites in such condition. However, for the case of St = 2 where particles have relatively higher
inertia when moving towards collector, the dendrites having one to two particles are predominant at
earlier deposition stage, and few large dendrites having more than twelve particles was found even at
higher degree of particle deposition (N = 500). Therefore, ones may expect that the heavier particles
with higher inertia are more likely to form many but small dendrites on fiber surface, and resulting
more dense packed structure, whereas the particles with lower density tend to form afewer but larger
particle dendrites at the same amount of deposited particles and filtration vel ocity.

Fig. 2. Effect of Stokes number on the morphologies of particle dendrites on afiber.
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Fig. 3. Contributions of different particle dendrite type to total extent of deposition for different St at
different deposition amount. (df = 10 nm, L¢ = 50 mm, d, =1 mm, a = 0.03).

The effect of interception on the morphologies of deposit is shown in Fig. 4. In case of St=0, it can
not seem that the marked differences in the morphologies of particle dendrites amonge three
interception parameters (i.e., Nr= 0.1, Nr = 0.2 and Ng = 0.5), and these dendrites have almost same
morphologies, which are quite close to the experimental observations by Kasper et a. (see Fig. 6in
their paper, 2010) [12]. As for a higher stokes number (St = 2), it is clear that an increase in
interception causes a more open and loose particles dendrites in shape. It should note that when Ng =
0.5, considered to be the case of high interception parameter, the resulting deposition structures have
rather similar heights and widths regardless of the magnitudes of Stokes numbers.These results
indicate that an increase in interception parameter is possible to weaken the influence of particle
inertia on formation and growth of particle dendrites on afiber surface.
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Fig. 4. Effect of interception parameter on the deposition morphologies on afiber.
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The results of the size distributions of particle dendrites in Fig. 5 further confirm that the
interception parameter have different influencing degree to deposition morphology for different
Stokes numbers. For example, when St = 0O, various types of particle dendrites formed on fibers with
different diameters have similar contributions to the total number of deposited particles, whereas at
higher Stokes number (i.e., St = 2), the particle deposition tend to form larger dendrites with
increasing Nr.
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Fig. 5. Contributions of different particle dendritetypeto total extent of deposition for different Ng at
different Stokes number. (Ly =50mmm d, =1 mMm, a = 0.03)

3. Conclusions

In the present study, a three-dimensional stochastic simulation was developed to obtain useful
insights into morphology of the deposit in the regime of inertial impaction and interception based on
the information of the position of the deposited particles. The simulation results show that fairly good
agreement in morphology of particle dendrites was obtained with experimental observations by
Kasper et a without particles rebound behavior, and offer a useful information for a further
understanding for particle deposition in fibrous media.
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