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Simulation of Aerosol Deposition in 
Granular Media 

Yongwon Jung* and Chi ~ i e n ~  
Department of Chemical Engineering and Materials Science, 
Syracuse University, Syracuse, N Y  13244 

- - - -  

A computer simulation method was developed for and counts for the various complications arising from the 
applied in the study of aerosol deposition in granular presence of particle deposits on the media, was estab- 
media. A modified Happel model was used to charac- lished. By combining the use of this correction factor 
terize the structure of granular media. Based on com- together with the simulation method, accurate predic- 
parisons with available experimental data, an empiri- tion of aerosol collection in granular media with sig- 
cal correction factor, the capture probability that ac- nificant deposition can be made. 

INTRODUCTION 

Aerosol deposition in granular media is a 
complex and multifaceted phenomenon. 
With the flow of an aerosol suspension 
through a granular medium, some of the 
aerosols are deposited on the surface of 
the grains constituting the medium. The 
accumulation of deposited aerosols within 
the medium causes a continuing change in 
the medium structure, giving rise to the 
transient behavior of granular filtration, 
which shows an increase of collection ef- 
ficiency and a decrease in permeability as 
the filter medium becomes clogged. 

For an understanding of the problem 
of aerosol deposition, knowledge about 
the formation and growth of particle de- 
posits under the influence of a number of 
forces is required. Such information is 
difficult to obtain experimentally because 
the structure of granular media consists of 
tightly compacted granular substances. 

*Present address: Environmental Engineering Lab., 
Korea Atomic Energy Research Institute, P.O. Box 7, 
Daeduk-Danji, Taejon, 305-606, Korea. 

'TO whom correspondence should be addressed. 

The use of two-dimensional filters (Ushiki 
and Tien, 1985; Yoshida and Tien, 1985) 
to observe aerosol deposition in situ was 
supposed to overcome this difficulty; how- 
ever, it is difficult to extend observations 
from two-dimensional model filters to ac- 
tual media which are three-dimensional. 

A more practical way of obtaining de- 
tailed information on aerosol deposition 
in granular media is through a computer 
simulation that creates particle deposition 
from suspensions flowing past collectors 
of appropriate geometry. The articles by 
Tien et al. (1977) and Wang et al. (1977) 
postulate the basic principle of the depo- 
sition process on the premise that deposi- 
tion may be viewed as the interplay of two 
effects: (a) the singular and random bc- 
havior of aerosol particles and (b) the 
shadow effect of deposited particles. 

The principle of Tien et al. and Wang 
et al. was subsequently adopted by a num- 
ber of investigators. Kanaoka et al. (19801, 
Ho (1981), Tsiang et al. (1982), and 
Ramarao and Tien (1988) applied this 
technique to analyzing aerosol deposition 
in fibrious media. The work of Kanoaka 
et al. dealt with diffusive aerosols. For 
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Simulation of Aerosol Deposition in Granular Media 419 

diffusive aerosols, particle trajectories are 
not deterministic. Consequently, tradi- 
tional trajectory analysis for determining 
collection efficiencies is not applicable. 
Instead, Kanoaka et al. used the simula- 
tion technique for estimating the initial 
collection efficiencies. This approach was 
subsequently adopted by Gupta and Peters 
(1985) in their work of deposition on iso- 
lated spheres. 

Another application of the simulation 
method is its use in examining the effect 
of deposition on collection efficiencies, the 
feasibility of which was demonstrated by 
both Beizaie et al. (1981) and Pendse and 
Tien (1982). Application of the simulation 
method to obtain deposition results under 
practical conditions, however, has not yet 
been done because of the excessive com- 
putational requirement. 

In the present study, we extend and 
refine the previous simulation studies and 
develop a more efficient method than 
those proposed before so that particle de- 
position in granular media may be simu- 
lated under practical conditions. In addi- 
tion, an empirical correction factor was 
introduced in order to account for a vari- 
ety of effects such as the bouncing-off of 
impacting particles and the change of the 
flow field around collectors when the ex- 
tent of deposition becomes significant. 

PRINCIPLE OF SIMULATION 

Simulation of aerosol deposition may be 
carried out based on the premises pro- 
posed by Tien et al. (1977) and Wang et 
al. (1977) previously. The procedure of 
simulation is composed of the following 
steps: 

Selection of a model for granular me- 
dia characterization, 
Generation of particle trajectories, 
Determination of adhesion of impact- 
ing particles, 
Inventory of deposited particles. 

In sum, simulation yields the results of 
the number of particles deposited as a 
function of the number of particles flow- 
ing past (or through) a collector as well as 
the positions of the deposited particles. 
The later information gives the morphol- 
ogy of deposited particles. The former 
results can be used to determine directly 
the unit collector efficiency defined as 

where N is the number of the deposited 
particles and M is the number of particles 
flowing past the collector. 

SELECTION OF POROUS MEDIA MODEL 

To begin simulation, one must first select 
a granular media model. For a reasonable 
prediction of aerosol deposition rates, it is 
obvious that an acceptable model must 
adequately describe the flow field within 
the medium. At the same time, the model 
must be sufficiently simple so that its use 
in simulation is practical. 

Among the several models that have 
been used for aerosol filtration studies, 
only the dense cubic packing model has 
been found to give good results on deposi- 
tion rates (Gal et al., 1985). The structure 
of this model and its flow field expressions 
are, however, too complex to be used in 
simulation. In contrast, for the simpler 
models, neither the Happel nor the con- 
stricted-tube model was found to give rea- 
sonable results as pointed out by Paretsky 
et al. (1971) and Pense et al. (1978). 

The failure of Happel's model in pre- 
dicting correct collection efficiency is at- 
tributed to the underestimation of the 
jetting effects of fluide flow in porous 
media (Snaddon and Dietz, 1980). To cor- 
rect this shortcoming, Vaidyanathan 
(1989) and Vaidyanathan et al. (1989) 
modified Happel's model by considering 
the entry of fluid into Happel's cell as 
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420 Y .  Jung and C. Tien 

being through a window of a given size, 
which may be characterized by the angle, 
2p,  over which the window extends in- 
stead of the entire half sphere of the cell. 
(See Figure 1 for a schematic representa- 
tion.) Furthermore, Vaidyanathan et al. 
assumed that granular media may be rep- 
resented by a collection of such cells with 
the window sizes following a certain distri- 
bution function. Although this idea was 
found useful in improving the accuracy 
of predicting hydrosol deposition, its use 
in simulation is nevertheless impractical 
because of its excessive computational 
demand. 

As an alternative to Vaidyanathan's 
modification, it was assumed in this study 
that the windows for all the cells have the 
same size. The window size was deter- 
mined by carrying out a trajectory calcula- 
tions using different window sizes and 
comparing the calculated collection effi- 
ciencies with experiments. It was found 
that a window of about 20" in size gives 
reasonably good agreement with experi- 
ments. This modification was then used in 
this simulation study. 

DETERMINATION OF 
PARTICLE TRAJECTORIES 

According to the assumption of Tien et al. 
(1977), aerosol particles enter into a 
Happel cell one at a time and are ran- 
domly distributed over the window. Tra- 
jectories of aerosols may be determined 
by integrating the particle equations of 
motion with the knowledge of the initial 
particle velocities and positions. 

Assignment of Initial Positions 

The initial positions of the succeeding en- 
tering particles over the window at the 
fluid envelope may be given by the spheri- 

cal polar coordinates (R,, 8, +). For any 
position (R,, 8, +), 0 5 8 s p ( p = 7r/2) 
and 0 5 + S  27r, the probability of the 
particle's center being within an area ele- 
ment over the window is proportional 
to the volumetric flow rate through the 
element. Thus, one has 

probability (0 5 8 5 /3 ) = 1 (2) 

probability (0 I 4 I 27r) = 1 (3 

From the cumulative probability den- 
sity functions, Gl(8) and G,(+), of ran- 
dom variables O,, and +,,, respectively, 
one can find these random variables by 
using the two uncorrelated random num- 
bers R, and R2 distributed uniformly over 
(0,l) as follows: 

A random number generator, RAN 1 
(Press et al., 1987), was used in this study 
to generate sets of R, and R,. 

Particle Trajectory Equations 

Assuming that inertial, viscous drag, and 
gravitational forces are the only forces 
acting on a particle in motion1 and, fur- 
thermore, that particle motion in + direc- 

'In other words, the mechanisms of particle deposi- 
tion and inertial impaction, sedimentation, and inter- 
ception. 
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Simulation of Aerosol Deposition in Granular Media 42 1 

tion is absent, the equations of particle 
motion for the coordinate system shown 
in Figure 1 are given as 

d2r* dr* 

d20 do 2 N s t d r * d 0  +*+--- t dl r* dt* dt* 
(9) 

v; sin 0 
- 0  - - -N,---- - r * r* 

where r*, 0, and q5 are the dimensionless 
coordinates of the position of the particle 
center and t* is the dimensionless time. 
r*, t* as well as the other quantities pres- 

Wlndow for enterlng fluid 
uz=-a 

FIGURE 1. Modified Happel's model. 

ent in Eqs. 8 and 9 are defined as: 

where t is the time and r is the radial 
coordinate. v, and v, are the particle ve- 
locity components along the r and 0 di- 
rections, and v, is the gas approach veloc- 
ity. R, is the collector (filter grain) radius. 
NG and Nst are the gravitational and 
Stokes parameters. Besides v,, the quanti- 
ties used in defining these two parameters 
include the particle and grain diameters 
d, and d,, the particle and gas densities 
p, and p, the gas viscosity p ,  and the 
gravitational acceleration. 

The fluid velocity components (dimen- 
sionless) v: and v,* can be found from 
the flow-field expression for the modified 
Happel model (Vaidyanathan, 1989) if the 
change in flow field due to particle de- 
posit is negligible. The expressions of v;Y 
and v; are given in the Appendix. 

The initial conditions are 

v: = a sin 0 (11~)  

where cu is flow intensification factor de- 
fined as (Vaidyanathan, 1989) 

Thus, by specifying its initial condition, 
one can determine the trajectory of a 
particle by integrating Eqs. 8 and 9. This 
procedure, however, is impractical be- 
cause of the very hrge number of particle 
trajectories to be determined in a simula- 
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Y. Jung and C. Tien 

tion. Instead, only a small number of par- 
ticle trajectories corresponding to speci- 
fied positions of entry were determined by 
integrating Eqs. 8 and 9. Particle trajecto- 
ries with entering positions other than the 
specified ones may be estimated by an 
interpolation procedure described below. 

Estimation of Particle Trajectories 
by Interpolation 

Because of the axisymmetry of the flow 
field, the trajectory of a particle can be 
described by the r coordinate of the parti- 
cle's position as a function of the corre- 
sponding 0 coordinate and its initial 8 
coordinate value, or, r*(0,, 8). Based on 
this feature, an interpolation method was 
developed as follows. First, Np discrete 
positions of entry at the window of the 
modified Happel cell (namely, at 8, for 
i = 1,2,. . . , N, with ONp = ~ / 9 )  were spec- 
ified. For a particle entering at B,, the r 
coordinate of its trajectory could be ex- 
pected to be greater than 0,. Its trajec- 
tory, therefore, may be described by a set 
of Mp - i discrete values of r*(ein = O,, 0,) 
with j = i, i + 1,. . . , M,, M, = ~ / 2 .  This 
set of r values were then obtained from 
integrating Eqs. 8 and 9 with the initial 
position being r* = b, and 0 = 8,. In other 
words, for a given set of values of O,, the 
trajectory meshes which can be used in 
the interpolation scheme were created. 

For any particle with entry position 
other than those specified, for example, 
with Oi < 0, < 0,+ ,, the radial position of 
the particle at Oj, j = i + 1, i + 2,. . . , Mp, 
were approximated by the following linear 
interpolation formula 

r*(e,, e,) 

= r*(ei, e,) 

where 

Similarly, the radial position of the par- 
ticle at any given 0, with 0, < 0 < e,+ 
approximated as 

r*( e,, 0) 

= r*(ein, 0,) 

where 

To reduce the interpolation error, finer 
meshes were used in the region near the 
axis of symmetry, where the curvature of 
streamlines changes rapidly than those 
used in the region away from the axis of 
symmetry. Specifically, for the region 0 1 
1" the angular increment, be,, was taken 
to be 0.1". For the region 1" < 0 5 20°, A Oi 
was 0.25"; i.e., 

for 8 1 1" AOi = 0.1" A0, = 0.1" (18a) 

for 20" < 8 5 90" AOj=0.25" (18~)  

For particles entering the region with 
its 8 coordinate < O.lO, their trajectories 
were determined directly by integrating 
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Simulation of Aerosol Deposition in Granular Media 423 

Eqs. 8 and 9 with the initial conditions 
given by Eq. 11. 

A similar interpolation procedure was 
used to estimate particle velocities. 

DETERMINATION OF THE OUTCOME 
OF AN APPROACHING PARTICLE 

There are three possible outcomes for any 
particle approaching the collector: 

1. Deposition on the collector surface, 
2. Deposition on a previously deposited 

particle, or 
3. Escape from collection. 

An approaching particle escapes collec- 
tion if the following conditions are satis- 
fied by its trajectory: 

and 

di > 2 N ,  for all i (19b) 

where d, is the distance (nondimensional- 
ized in terms of the radius of a collector) 
between the center of the particle and the 
center of ith deposited particle. 

The requirements for a particle to be 
deposited are: (a) the particle has to make 
contact with either a collector or any one 
of the previously deposited particles, and 
(b) there must be a sufficiently strong 
attractive force such that, once the parti- 
cle makes contact with the collector or 
any previously deposited particles, adhe- 
sion occurs. 

To determine whether or not the first 
condition is satisfied, the particle's trajec- 
tory must be compared with the positions 
representing the collector surface as well 
as the surface of all previously deposited 
particles. In principle, this is accom- 
plished by incrementing the 8 coordinate 
in steps of A8, along the particle trajec- 
tory, checking whether either one of the 
two relations, Eqs. 19a and 19b, is not 

satisfied. Checking in this manner, how- 
ever, requires excessive computer time. 
To reduce the time requirement, the fol- 
lowing scheme was devised: 

1. The entire upper half region of the 
modified Happel cell is discretized 
along the 8 and g5 coordinates, de- 
picted in Figure 2. The size of a grid in 
the direction of 4 was 4" while the size 
of a grid in the direction of 8 was 
made exactly the same as that of tra- 
jectory meshes as stated before. Ac- 
cordingly, the positions of deposited 
particles are identified in terms of a 
three-dimensional grid system where 
they are located, as well as by the order 
of their deposition in the grid. In other 
words, the particles in each grid have 
their own identification numbers ac- 
cording to their order of deposition in 
the grid. For example, for the nth de- 
posited particle in the grid (k, j), one 
can store the position of the particle by 
using a three-dimensional array [i.e., 
X(n, k, j), Y(n, k, j) and Z(n, k, j)l. In 
this way, one can first identify the likely 
region of particle deposition by locat- 
ing the grid with deposited particles, 
thereby significantly reducing computer 
time. 

2. For a grid with no deposited particles, 
it is obvious that the possibility of an 
approaching particle's being deposited 
inside this grid is nil. Thus, the only 
possibility to be checked is that of an 
approaching particle's being deposited 
on the collector surface as it passes 
through the empty grid. 

3. Furthermore, in each and every grid 
the highest radial-coordinate position 
of a deposited particle is monitored 
and updated as the simulation pro- 
gresses. Accordingly, if the radial posi- 
tion of an approaching particle in a 
grid is much higher than the highest 
radial position of deposited particles in 
the grid, particle deposition cannot take 
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Y. Jung and C. Tien 

FIGURE 2. The grid system used for recording deposited 
particles. 

place in the grid, and the particle will 
move to the next grid. 

4. If deposited particles are present in a 
grid, and the approaching particle does 
not make contact with the collector 
while the particle is within the grid, 
then the particle is first returned to 
one of its previous positions, and the 
distances between the approaching 
particle and all the previously de- 
posited particles in the grid are calcu- 
lated to see if particle deposition takes 
place on a previously deposited parti- 
cle. This calculation continues while 
the particle moves forward. 

5. For an approaching particle located at 
a position close to the boundary be- 

tween two adjacent grids in terms of +, 
all the deposited particles in these two 
grids were included in the comparison, 
since the approaching particle may be 
deposited on either one of the de- 
posited particles present in the two 
grids. 

A more detailed description of the al- 
gorithm used in carrying out the checking 
process can be seen from the flow chart 
(Figure 3). 

CRITERIA FOR DEPOSITION 

Two criteria were considered for deter- 
mining adhesion of impacting particles: 
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Simulation of Aerosol Deposition in Granular Media 

1 Generate a panicle on the window 1 
of the fluid knveiope of modified 
Happel's cell I------- 

belongs in terms of 8 and 4 .  

Yes 

Follow the trajectory of the particle 
N 0 

and find r' at 6 = 8, by using interpolation r 
of trajectory meshes 

i.e., 8=0, ,  @=@,,, r * = r * ( O , , @ , , )  

- 
Go to next grid 
k = k + l  

4 

particles in grid (k ,  j ) ,  ( k ,  j- 1) 
or (k ,  j + l )  

lcount (k ,  j -1) = 0 ? 

Ascertain whether the radial position of 
the particle is small enough for depositio N o 

to take place in grid (k ,  j), (k ,  j-1) < o r ( k . j + l )  
i.e., r' < Rmax (k ,  j ) ,  ( k ,  j-  1 ) ,  or (k ,  j+ 1) ? 

__I____ 
t 

FIGURE 3. Flow charts for determining the adhesion of impact- 
ing particles. 
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Push back the panicle to a position in 
the previous grids along its trajectory. 

p l d  the particle 

+ 

position 

Find the position of the particle 
at 0 = O  

I T yes 

1 

FIGURE 3. (Continued). 

1 

,. 
Register the present particle as a new member 
of the dendrite or a seed for a dendrite (i.e., a particle deposited 
on the collector) and find the exact position of 
the particle using the method described Appendix C. 
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Simulation of Aerosol Deposition in Granular Media 

Identify the center position of a newly deposited particle 
in terms of the grid where it belongs, 
i.e.. x = XDEPr Num. kk. i ) 

y = Y D E P ~  ~ u m [  kk: j j 
z = ZDEP( Num, kk, j ) 

And register the particle as a new member of the dendrite 
on which the particle was deposited. 
i.e., IDEN( Num, K K ,  j ) = D N U M ,  which is the identification 
number of the dendrite. 

I 

i.e., Icount( kk,j) = Icount( kk, j ) + l 
Ndep = Ndep + 1 

XDEP( Num, kk,  j) = 

YDEP( Num, kk, j) = 

ZDEP( Num, kk, j) = 

Icount( kk, j ) - - 

Rmax( kk, j - - 

IDNUM - - 

IDEN( Num, kk., j ) = 

Ndep - - 

FIGURE 3. (Continued). 

the center position of the Nurn-th deposited panicle in ,ggd 
(kk, j) in terms of x. 

the center position of the Num-th deposited particle in grid 
(kk, j) in terms of y. 

the center position of the Num-th deposited particle in grid 
(kk, j) in terms of z. 

the number of deposited particles in grid ( kk, j ). 

the highest position of the deposited particle in grid ( kk, j ) 

in terms of r, R,, plus 3 N ,  

(i.e., Rmax( kk, j ) = R, + 3 N ,  ) 

the identification numbers of dendrites 

the identification number of the dendrite where Num-th 
deposited particle in grid (kk, j) was deposited. 

total number of deposited particles. 
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428 Y. Jung and C. Tien 

Particle Bounce-off dynamic interaction effect, the capture 

Dahneke (1972) stated that, when a parti- 
cle collides with a surface, the bounce-off 
or adhesion of the particles onto the sur- 
face depends upon the magnitude of the 
particle's incident normal velocity being 
greater or less than the capture limit 
velocity, V,,, defined as 

where A E is the particle-surface adhesion 
energy, rn is the particle mass, and e is 
the coefficient of restitution defined as 
the ratio of the normal particle velocity at 
the instant of rebound to the normal par- 
ticle velocity at the instant of contact. 

As pointed out by Tsiang (1982), there 
are certain uncertainties in applying Eq. 
20 for adhesion criterion. Dahneke (1972) 
showed that the elastic flattening of a 
sphere and/or indentation of a surface 
caused by the molecular attractions be- 
tween the sphere and the surface 
molecules may cause a substantial in- 
crease in adhesion energy. The adhesion 
energy of flattened particles may be 20 
times that of unflattened particles. Fur- 
thermore, when a particle collides with a 
previously deposited particle, accurate es- 
timation of the particle velocity upon im- 
pact (in particular, the velocity normal to 
the previously deposited particle) is often 
difficult since particle trajectories were 
determined without considering the effect 
of deposition. These two problems make 
the use of the adhesion criterion ques- 
tionable as shown in the later results. 

Capture Probability 

As an alternative to account for the vari- 
ous complications not considered in the 
simulation such as the change in flow field 
due to deposition, the bounce-off of im- 
pacting particles, and the possible hydro- 

p;obability was introduced in- simuiation 
as an empirical correction factor. It is 
defined as the probability of an approach- 
ing particle to be collected on a deposited 
particle or a collector when the approach- 
ing particle makes contact with the de- 
posited particle or the collector based on 
the assumption that there is no change of 
flow field due to particle deposits and no 
hydrodynamic interaction between the ap- 
proaching particles and the deposited par- 
ticle (including the collector). 

One can intuit the capture probability 
to be a function of a number of variables 
including d,, V,, Nst, and NR as well as of 
the shape of particle clusters or dendrites. 
Also, it may be a function of the material 
constants of the impacting particle and 
the collector. Our objective, however, is 
pragmatic and is limited to determining 
an overall value such that the simulation 
results agree with experimental data. The 
justification for and success of this empiri- 
cal approach, of course, are found in its 
ability to define such a parameter with 
consistency and generality. The incorpora- 
tion of the capture probability in simula- 
tion was carried as follows: First, the value 
of the capture probability is selected arbi- 
trarily. Next, the trajectory of an oncom- 
ing particle is monitored until the particle 
makes contact with either the collector or 
a previously deposited particle. If the par- 
ticle makes contact with a collector, a 
uniform random deviate between 0 and 1 
is generated. If the value of the random 
deviate is less than or equal to the as- 
sumed value of the capture probability, 
the particle is assumed to be deposited. 
On the basis of best agreement between 
experiments and prediction, a capture 
probability is determined empirically. 

SIMULATION RESULTS 

Two types of information, namely, the 
number of particles deposited, N, versus 
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Simulation of Aerosol Deposition in Granular Media 429 

the number of particles flowing past the 
collector, M, and the positions of de- 
posited particles may be obtained from 
simulation. The second type of informa- 
tion gives the deposited morphology and 
its evolution with time. The unit collector 
efficiency can be found in the results of N 
vs. M according to Eq. 1. 

The extent of particle deposition may 
be described by the specific deposit, a ,  
defined as the volume of deposited parti- 
cles per unit medium value. In terms of 
N, a may be written as 

where d, and d, are the diameter of the 
aerosol particle and packing grain, respec- 
tively. 

The transient behavior of aerosol depo- 
sition in granular media is characterized 
by the changes in collection efficiency as 
the media becomes clogged. Quantitative 
relationship between 7 and cr is required 
for the rational design of granular filtra- 
tion systems. A body of experimental data 
of 7 vs. a have been collected in recent 
years (Takahashi et al., 1986; Walata et 
al., 1986; Jung, 1991; Jung and Tien, 1991). 
In the following, we compare our simula- 
tion results with the more recent data of 
Jung and Tien (1991). The conditions that 
were used in the experimental work are 
listed in Table 1, and the simulation was 
made using a super computer (IBM 3090- 

TABLE 1. Conditions Used for Simulation 

600E at Cornell National Supercomputer 
Facility, Ithaca, NY). 

Simulation without Considering the 
Effects of Flow Field Change, 
Hydrodynamic Interaction, and 
Bounce-off 

As an initial attempt to compare simula- 
tion with experimental results, the simula- 
tion runs were made with the assumption 
that the flow-field change due to the 
presence of particle deposits, the hydrody- 
namic interaction between an approach- 
ing particle and previously deposited par- 
ticles, and the bounce-off of particles upon 
impact with a previously deposited parti- 
cle are absent (i.e., capture probability is 
1.0). The conditions used in the simula- 
tion runs were the same as those used in 
experiments of Jung and Tien (1991) and 
are given in Table 1. 

A typical comparison of the simulation 
and experimental results is shown in Fig- 
ure 4. Although both sets of results indi- 
cate an increase in 7 with the increase in 
a,  they are not in good agreement. The 
degree of disagreement between them be- 
comes pronounced as the extent of depo- 
sition increases. The collection efficien- 
cies predicted by simulations are always 
greater than those obtained by experi- 
ments as specific deposit increases. Simi- 
lar conclusions were also obtained by 
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Y. Jung and C. Tien 

FIGURE 4. Comparisons between simulations and experi- 
ments-the effect of including particle bounce-off. 

Tsiang et al. (1982) in their study of 
aerosol deposition in model fibrous filters. 

Simulation Results Considering the 
Bounce-off of Impacting Particles 

It can be expected that the difference 
between simulation and experiments 
shown in Figure 4 may be reduced by 
including the effect of bounce-off of im- 
pacting particles in simulation. The 
bounce-off of impacting particles can be 
determined by comparing the inclement 
particle velocity (in normal direction) with 
ihe capture limit velocity V,,, defined by 
Eq. 20. 

To determine V,,,, it was assumed that 
the adhesion energy, A E ,  is 10 times that 
given by the classical Bradley-Hamaker 
theory, as Tsiang assumed previously 
(Tsiang, 1980). According to the classical 
Bradley-Hamaker theory, the adhesion 
energy between two adhering particles of 

diameter d l  and d 2  is 

where H is the Hamaker constant and 6, 
is the separation distance between the 
particles. The value of 6, is not known 
ex%ctly but is often estimated to be about 
4 A (Tien, 1989). By substituting Eq. 23 
into Eq. 21, the capture-limit velocity are 
given as 

The capture limit velocity can, there- 
fore, be calculated if one knows the values 
of H,  e, and 6,. The coefficient of restitu- 
tion, e, is given as (Zener, 1941) 

e=e,+exp(-1.7A) - 1 (25) 
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Simulation of Aerosol Deposition in Granular Media 431 

where e ,  is the thick-body value of e (i.e., 
no flexural work), which is estimated to be 
0.95, and A is the inelasticity parameter 
defined as (Tien, 1989) 

where Ki is the normal incident velocity 
of a particle and is defined as l/(k,k,). 
d, and d, are the particle and the collec- 
tor diameters, and k, and k ,  are defined 
for the particle and collector materials, 
respectively, by ki = (1 - Ff)/x, where Fi 
and are Poisson's ratio and Young's 
modulus for material i. If it is assumed 
that Eq. 26 can be applied to the case 
where two particles of the same sizes are 
colliding, then one has (Ramarao and 
Tien, 1988) 

The relevant physical constants for 
polyvinyltoluene latex particles are found 
to be (Tsiang, 1980) 
p, = 1.027 g/cm 

d, = 1.1, 1.02 pm 
- 
up = 0.33 

H = 1.0 x 10-l2 erg 
0 

6,,=4A 
The calculated values of capture limit 

velocities obtained by using these physical 
constants and the relevant equations are 
V,,, = 30.51 cm/s for 1.1 pm 

latex particles 
KS, = 15.75 cm/s for 2.02 pm 

latex particles 

The simulation results including the 
bounce-off effect are also shown in Figure 
4. It is clear that, by including the bounce- 
off effect, agreement between simulation 
and predictions improves, but the differ- 
ence nevertheless exists. The results also 
show that the effect of bounce-off is sig- 
nificant only at high values of u. 

The effect of deposition is generally 
manifested in the increase of q with the 
increase in a as shown in Figure 4. How- 
ever, with the bounce-off consideration, 
this monotonic increase in q with a may 
no longer be valid. An example of this is 
shown in Figure 5, which gives the unit 
collector efficiency vs. a for the deposi- 
tion of 1.1-p,m aerosol particles in media 
composed of glass spheres of diameter of 
525 pm at a superficial velocity of 43.55 
cm/s. With inclusion of the bounce-off 
effect, the simulation results show a de- 
crease of q with a when the specific 
deposit exceeds 6 x 

Determination of Capture Probability 

As shown in Figures 4 and 5, simulation 
results fail to agree with experiments re- 
gardless whether the bounce-off effect is 
included or not. Furthermore, the capture 
limit velocity that is used as the criterion 
for adhesion cannot be determined with- 
out uncertainty. Accordingly, a more 
pragmatic and direct alternative to ac- 
count for the various complications not 
included in the simulation would be the 
use of an empirically determined cor- 
rected factor which we term the capture 
probability. Such an approach, of course, 
is arbitrary. However, if a consistent value 
of this correction factor can be found, the 
practical purpose of developing the simu- 
lation method can then be realized. 

The determination of the capture prob- 
ability can be illustrated by the example 
shown in Figure 6, which shows q vs. a 
under the conditions similar to those of 
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Specific Deposit, u 
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FIGURE 5. Comparisons between simulations and experi- 
ments-significant bounce-off causing a decline in 7 with the 
increase of a. 
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FIGURE 6. Effect of using capture probability on simulation. 

I I I l  I I I 1  I I I 1  I I i t  

D
ow

nl
oa

de
d 

by
 [

IR
ST

E
A

] 
at

 0
7:

17
 1

4 
A

pr
il 

20
15

 



Simulation of Aerosol Deposition in Granular Media 433 

Figure 4. The simulation results are those 
obtained with the capture probability, y 
equal to 1.0, 0.2, and 0.1, respectively. It is 
obvious that 7 decreases as the capture 
probability decreases. For this case, the 
experimental data are bracketed by the 
simulation results corresponding to y = 0.1 
and y = 0.2. By successive trial and error, 
it was found that the best agreement was 
obtained with y =  0.15. Similar determi- 
nations under different simulation condi- 
tions were also made and the results are 
summarized in Table 2. The agreement 
between the simulation results incorporat- 
ing the use of y and experiments are 
shown in Figures 7 and 8. It is clear that 
with the use of this correction factor, good 
prediction of 7 vs. u indeed can be made 
using the simulation method. 

It should be noted that, although y is 
an empirical factor and varies with a num- 
ber of variables as shown by the results 
given in Table 2, the degree of change of 
y is, however, relatively small (ranging 
from 0.15 to 0.23). In the absence of its 

TABLE 2. Numerical Values of y 

d, ( pm) d, (cm) u, (cm/s) 
- 
Y 

1.1 262 11.1 0.2 
1.1 262 15.81 0.21 
1.1 262 20.8 0.23 
1.1 525 11.3 0.15 
1.1 525 20.8 0.15 
1.1 525 31.76 0.18 
1.1 525 43.55 0.2 
2.02 525 11.3 0.14 

precise values, an average value of y based 
on those given in Table 2 may be used in 
the simulation. 

Deposit Morphology 

From the simulation results, one can also 
obtain information concerning the mor- 
phology of particle deposits, which varies 
with the extent of deposition and vari- 
ables such as particle size, gas velocity, 

FIGURE 7. Agreement between simulation and experiment. 
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Specific  deposit,^ 

FIGURE 8. Agreement between simulation and experiment. 

and collector size. A quantitative charac- 
terization of the deposit morphology and 
its evolution can be obtained by determin- 
ing the size and size distribution of the 
particle clusters and their locations based 
on the average results of a number of 
simulations corresponding to the same set 
of conditions. An example is presented 
below. 

Size of Particle Deposits. The sizes of 
particle clusters formed in particle deposi- 
tion may be classified by grouping the 
cluster in the manner shown in Table 3. 
The number of particles belonging to each 
group of clusters at a given specific de- 
posit can be counted in each simulation 
run. Therefore, from the ensemble aver- 
age of these runs, one can determine the 
fractional contribution to deposition by 
particles in each group corresponding to a 
given specific deposit. An example of this 
representation is shown in Figure 9. It is 
clear that, as the extent of deposition 

TABLE 3. Classification of Particle Clusters 
According to Size 

Number of particles 
Cluster type present in the cluster 
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Simulation of Aerosol Deposition in Granular Media 

( N = Number of deposited particles ) 

ith Type Cluster 

FIGURE 9. Particle cluster types and their numbers at various 
stages of deposition (N,, = 3.605 X N, = 2.095 x lop3, 
N, =2.14 X lop4). 

becomes significant, particle deposition 
takes place mainly on the previously de- 
posited particles, leading to the further 
growth of the existing particle clusters. 

The effect of the Stokes number, Nst, 
on the morphology of particle deposition 
is shown in Figure 10. Figure 10 indicates 
that a greater Ns, leads to a fewer but 
larger particle clusters. The effect of the 
interception parameter, NR, shown in Fig- 
ure 11 indicates that for the same number 
of deposited particles, a smaller NR means 
a larger number of smaller dendrites. This 
behavior may be due to the fact that the 
probability of an incoming particle's mak- 
ing contact with any previously deposited 
particles is proportional to the size of the 
particles. 

Positions of Particle Deposits. The mor- 
phology of particle deposits can also be 
analyzed in terms of their positions of 
deposition. To determine the deposition 
positions, the front half of the collector 
surface may be divided into a number of 
strips in the manner explained in Table 4. 
For example, a deposited particle with its 
8 coordinate falling within a given strip is 
considered to be deposited in the strip 
regardless of the value of its radial coordi- 
nate and azimuth angle. By counting the 
positions of deposition from simulation 
results, one can readily obtain the spatial 
distribution of particle deposition. 

Concerning the effect of particle iner- 
tia (i.e., Nst) on the positions of particle 
deposition, Figure 12 shows that at larger 
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Y. Jung and C. Tien 

( Number of deposited particles = 500 ) 

FIGURE 10. Effect of particle inertia on the size distribution of 
particle clusters. 

Nst, particle deposition tends to take place 
mainly in the more immediate neighbor- 
hood of the stagnation point, a behavior 
which is not unexpected. 

CONCLUSIONS 

A simulation algorithm for the study of 
aerosol deposition in granular media was 
developed based on the use of a modified 
Happel model for characterizing the 
structure of the media. With the use of 
We algorithm and a super computer, par- 
ticle deposition under conditions of prac- 
tical extent can be simulated with reason- 
able computer time. 

The concept of the capture probability 
was introduced to account for the various 
complications such as the change of the 

flow field due to deposition, and the 
bounce-off of impacting particles which 
are not considered in the simulation. The 
value of the capture probability was deter- 
mined empirically and its value was found 
to be insensitive to the operating condi- 
tion. With the use of this correction fac- 
tor, accurate prediction of the change in 
the unit collector efficiency with the ex- 
tent of deposition can by simulation. 

The simulation results make it possible 
to analyze the particle-deposit morphol- 
ogy in terms of the size and position of 
particle deposits. It was found that the 
two parameters, Nst and NR, tend to give 
rise to few but large particle clusters, 
whereas larger Nst and NR tend to result 
in many but small particle clusters. There- 
fore, one may expect that smaller parti- 
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Simulation of Aerosol Deposition in Granular Media 

( Number of deposited particles = 500 ) 
60 

50 
N s  = 5.491 x NR = 4.198 x 

N,, = 5.503 x 10 3,  NR = 2.095 x 

40 

30 

20 

10 

0 

ith Type Cluster 

FIGURE 11. Effect of particle size on the size distribution of 
particle clusters. 

TABLE 4. Classification of the Position of 
Particle Deposits in Terms of Their Angular 
Positions in 6 Coordinate 

Angle from the axis 
of symmetry 

ith strip (degree) 

cles are more likely to form large particle 
clusters than larger particles at the same 
specific deposit and gas velocity. Further- 
more, particle clusters composed of small 
particles are expected to be more densely 
packed clusters made up of large parti- 
cles. This means that the particle clusters 
made up of smaller particles are likely to 
be less permeable and to more effectively 
reduce the available pore space through 
which gas flows. As a result, it is expected 
that pressure drop across the filter bed as 
well as collection efficiency increases more 
significantly as filtration progresses. This 
qualitative trend has been found experi- 
mentally. 

This study was performed under Grant NO. DE-FG02- 
88 ER 13930, Department of Energy, Office of Basic 
Energy Sciences. 
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( Number of deposited particles = 1000 ) 
40 1 

N,, = 1.958 x 1U3 
B Nsl = 3.605 x 

Q N,, = 7.547 x 10" 

ith Strip 

FIGURE 12. Effect of particle inertia on the positions of 
deposited particles. 

APPENDIX 

Expression for vr and v, 

A general solution for the axisymmetric 
creeping-flow equations in spherical coor- 
dinates is given by Happel and Brenner 
(1965): 

where 

and where $ is stream function and 

P,( p) = P,(COS 0) is the Legendre polyno- 
mial of degree n. 

The flow field in the modified Happel 
model are solved by determining the con- 
stants A,, B,, C,, and D,. The detailed 
procedure can be seen in Vaidyanathan's 
dissertation (1989). 

The velocity fields v, and v, are, there- 
fore, obtained by the following relation- 
ships: 

- 1  a+ 
v r = - -  r2 sin 0 d0 

In this study, the maximum value of n 
was chosen as 50 and the values of the 
coefficients are listed in Table Al. 
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Simulation of Aerosol Deposition in Granular Media 439 

TABLE Al .  Constants That Determine the Expression for v, and v, 

p =  20", E = 0.34 
Forn=0,1,2 ,..., 50 
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