Overview of Computational and Analytical
Modeling of Particle Transport and Deposition in
Turbulent Flows
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The mechanics of aerosol motions in turbulent flows is reviewed, and the forces responsible
for migration, dispersion and wall deposition of particles are discussed. Recent computational
procedures for studying deposition of aerosols from turbulent air streams on smooth and rough
surfaces are reviewed. These include a nonlinear rate-dependent algebraic stress turbulence model
for simulating the mean flow, as well as the directional turbulence intensities in complex domains.
Approximate and exact (direct simulation) methodologies for digital simulation of instantaneous
fluctuating velocity components in a turbulent air stream are described. Effects of Brownian
diffusion, Saffman lift force and gravity are included in the particle equation of motion. The
procedure for simulating the Brownian motion of submicron particles is also discussed. Examples
of deposition of aerosol particles in the range of 0.01 to 10 microns from initially uniform
concentrations and point sources are presented.

A recently developed model for particle deposition rate, which is based on the coherent
vortical structure of turbulent near wall flows, is described. It is shown that the model predictions
for smooth and rough surfaces are in reasonable agreement with the digital simulation results
and the experimental data. Certain results concerning wall deposition of charged particles and

nonspherical particles are also presented.

INTRODUCTION

Understanding the transport and deposition pro-
cesses of particles in the atmosphere and various
air passages is of crucial interest to the fields of
environmental science, atmospheric science and
numerous industrial applications. The need of
microelectronic industries for controlling micro-
contamination by small particles has motivated
a number of recent studies on mechanics of
aerosol motions. Cooper [1] provided an excel-
lent review of the needed microcontamination
control research for microelectronic industries.
Progress in analyzing particles deposition rate
on wafers was reported by Cooper et al. [2]
and Liu and Kang-ho [3]. Diffusion of particles
in laminar flows is relatively well understood.
An extensive review on the subject was pro-

vided by Levich [4]. In most practical industrial
and environmental applications, however, the
air stream is turbulent and particles are trans-
ported by the mean motion and are dispersed
by turbulence fluctuations and Brownian diffu-
sion. In addition, electrostatic and gravitational
forces could significantly affect the particle dis-
persion and wall deposition processes. Fuchs
[5], Davies [6], Friedlander and Johnstone [7],
Cleaver and Yates [8] and Fichman et al. [9]
provided semi-empirical expressions for particle
mass flux from a turbulent stream to smooth
surfaces. Particle deposition on rough walls was
studied by Browne {10] and Wood [11]. Ex-
tensive reviews on the subject were provided
by Wood [12], Hidy [13] and Papavergos and
Hedley [14].

Use of computer simulation for analyzing
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aerosol dispersion was suggested by several au-
thors. Ahmadi and Goldschmidt [15] used digital
simulation and analytical techniques to study
the turbulent dispersion of small spherical par-
ticles. Peskin [16] considered turbulent diffusion
of particles in a channel flow. Dispersion of
small particles in a numerically simulated ran-
dom isotropic field was studied by Ounis and
Ahmadi [17, 18] and Maxey [19]. McLaughlin
[20] and Ounis, Ahmadi and McLaughlin [21,
22] analyzed the trajectories of rigid spherical
particles in a channel flow and their wall de-
position rates using a pseudo-spectral computer
code to simulate the instantaneous turbulent
flow field. Rizk and Elghobashi [23] analyzed
motions of particles suspended in a turbulent
flow near a plane wall. Abuzeid, Busnaina and
Ahmadi [24, 25] and Li and Ahmadi [26] used
a simple simulation technique to study the dis-
persion and deposition processes of suspended
particles released from point sources in turbu-
lent channel flows. Recently, Li and Ahmadi [27,
28] simulated the deposition velocity of aerosol
of various sizes for smooth and rough surfaces
in turbulent flows. Deposition of particles in
complex geometry air passages was studied by
Li et al. [29].

In spite of numerous studies, the mecha-
nisms that control the wall deposition of parti-
cles from turbulent flows is not well understood.
Most earlier models for particle deposition rate
are based on the free-flight concept of Friedlan-
der and Johnstone [7]. Accordingly, the particles
are transported by turbulence fluctuation to re-
gions very near the wall. Particles that reach
to their stopping distance (subject to certain
initial velocity) are assumed to be deposited on
the surface by the free-flight mechanism. The
credibility of this model has now been severely
questioned. Cleaver and Yates [8], Fichman et
al. [9] and, more recently, Fan and Ahmadi
[30], developed the sublayer model for particle
deposition rate which is based on the coherent
structure of near wall turbulence. The model was
extended to rough surfaces and the presence of
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electrostatic and gravitational forces by Fan and
Ahmadi [30, 31]. Good agreement of the model
predictions with the digital simulation results
and the experimental data was also reported.

In this work, the recently developed digital
simulation methodology for analyzing the depo-
sition rate of fine particles on smooth and rough
surfaces from turbulent air streams is reviewed.
The procedure for simulating the instantanecous
turbulent velocity field is described. The gov-
erning equation of motion of aerosol particles
which includes the Brownian diffusion and the
turbulent dispersion effects, in addition to the
gravitational, the Saffman lift and electrostatic
forces is presented.

The procedure for simulating the instan-
taneous turbulent flow field using a nonlinear
two-equation model is described. A compu-
tationally efficient method for simulating the
Brownian motion of submicron particles is also
discussed. Simulation results concerning depo-
sition of aerosol particles in the range of 0.01
to 10 microns from initially uniform concen-
trations and point sources in turbulent flows
are presented. Comparisons of simulation re-
sults with the available experimental data and
those obtained from empirical equations are also
performed. Effects of an electrostatic field on
charged aerosols dispersion and deposition are
discussed. Simulation results for dispersion and
deposition of elongated ellipsoidal particles are
also presented.

The foundation of the sublayer model for
particle deposition from turbulent flows is re-
viewed and sample results are presented. Ap-
plications of the simulation methodology and
the sublayer model to practical applications are
discussed.

PARTICLE EQUATION OF MOTION

The equation of motion of a small aeroscl particle
is given by
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where, u} is the velocity of the particle, .
is its position, t is the time, d is the particle
diameter, S is the ratio of particle density to
fluid density, g, is the acceleration of body force,
n(t) is the Brownian force per unit mass, F,
is the electrostatic force, m is the mass of the
particle, v is the kinematic viscosity, & = 2.594
is the constant coefficient of Saffman’s lift force,
and wu, is the instantaneous fluid velocity with
u, = U, + uj, where 1, is the mean velocity of
the fluid, and u! is the fluctuation component of
fluid velocity. In Equation 1, C_ is the Stokes-
Cunningham slip correction given as

22
C. =1+7(1.257+0.4e‘1'”/”), (3)

where A is the molecular mean free path of the
gas. and di]. is the deformation rate tensor.

The first term on the right hand side of
Equation 1 is the drag force due to the rel-
ative motion between particles and fluid. The
second term is the generalized Saffman [32] lift
force. The third and the fourth terms are the
gravitational and the Brownian forces. The last
term is the electrostatic force. The drag force
is always present and is generally a dominating
force. Saffman lift force becomes important for
particles which are not too small in the regions
with a strong shear field.

The Brownian force, which is important
for submicron particles, is modeled as a Gaus-
sian white noise random process. The simulation
procedure for the Brownian excitations was de-

scribed in [21, 26]. Equation 1 requires the
knowledge of the instantaneous fluid velocity
field. The mean flow field is evaluated by using
a nonlinear rate-dependent turbulence model.
The instantaneous turbulent fluctuating veloci-
ties are approximated as continuous anisotropic
Gaussian random fields. The simulation proce-
dures are outlined in the subsequent sections.

MEAN FLOW SIMULATION
PROCEDURE

The two-equation k—e model is widely used in
industrial applications due to its simplicity and
the relative ease with which it could be incorpo-
rated in the Navier-Stokes equation solver codes.
However, it is also well known that the standard
k—e model suffers from several serious shortcom-
ings. Among the obvious ones are its inability to
handle unequal turbulent normal stresses and
its limitation in using an isotropic eddy vis-
cosity. Rodi [33] developed an algebraic stress
model that led to anisotropic eddy viscosity and
offered certain improvements. Speziale [34] sug-
gested a nonlinear expression for the turbulent
stress tensor that satisfies the required invari-
ance properties. Using a multiple scale direct
interaction approximation, a similar expression
was obtained by Yoshizawa [35, 36]. Chowdhury
and Ahmadi [37] used an iterative solution of
the stress transport model and obtained a sim-
ilar rate-dependent algebraic expression for the
turbulent stress tensor. A thermodynamically
consistent rate-dependent model for turbulence
was developed by Ahmadi [38] and Chowdhury
and Ahmadi [39].

For an incompressible fluid, the equations
of continuity and balance of momentum for the
mean motion are given as
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where § is the mean pressure, p is the constant
mass density, and RU. is the Reynolds stress
tensor (second moment of fluctuation velocity).
The thermodynamically consistent anisotropic
expression for the Reynolds stress tensor as
obtained in [38] is given as
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where k is the turbulence kinetic energy, vT

the turbulent eddy viscosity, € is the energy
dissipation rate and «, (3 and 7 are certain
constants. Here,
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is the co-rotational (Jaumann) derivative of the
deformation rate tensor, and the mean defor-
mation rate and the mean spin tensors are,
respectively, defined as

1,00, oOa, 1 0u; 9q,
The eddy viscosity vT is given by
vT = Crk? [e, (9)

where C* is a constant.
The equations governing the kinetic energy
of turbulence and the dissipation rate are
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The values of constants are given as

Cr =0.09,0F = 1,0° = 1.3, (12)
C! = 1.44,C? = 1.92,

2
a=093,8=054y= % = 0.006. (13)

This thermodynamically consistent model
leads to an anisotropic effective viscosity and is
capable of predicting the expected turbulence
normal stress differences. In [36, 38], it was re-
ported that the mean flow properties, including
mean-square fluctuation velocity components, as
predicted by this new model are in good agree-
ment with the experimental data for a number
of turbulent flows.

For simulating particle deposition processes,
the fluctuation of turbulence perpendicular to
the wall plays a crucial role. Therefore, the
computational model must have the capability
of accurately predicting the components of tur-
bulence intensity. Thus, a simple k£ — ¢ model,
which is associated with an isotropic assump-
tion, is inherently incapable of providing the
needed information.

The requirements of the anisotropic rate-
dependent turbulent model were incorporated
in the STARPIC - RATE computational model
which was described at length in [36-38].

SIMULATION OF FLUCTUATION
FLOW FIELD

For analyzing particle dispersion in a turbu-
lent flow field, the instantaneous components of
fluid velocity u, are needed. As noted before, the
mean velocity and the mean fluctuation kinetic
energy may be obtained by the use of a conven-
tional turbulence model, analytical expressions
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and/or from experimental data. The instanta-
neous turbulence fluctuating motions, however,
are random functions of space and time. The
Monte-Carlo velocity simulation techniques have
been used as a simple and economical method for
generating time histories that have the random
character and statistical properties of turbu-
lence. According to Batchelor [40], turbulence
fluctuations are nearly Gaussian processes for
homogeneous flows. Kraichnan [41] suggested a
simple method for generating a Gaussian ran-
dom field which resembles a pseudo-isotropic
turbulence. Accordingly, the instantaneous fluc-
tuating velocity is given as
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In this equation,

ﬁl En) = _‘n X En’
L L. (15)
ﬁ2(kn) = E-n x kn’
with
Foa(®)=F -a,k)=0, (16)

which insure the 1ncompre351b1hty condition.
The components of vectors C and 5 and the
frequencies w_ are picked independently from a
Gaussian distribution with a standard deviation
of unity. Each component of En is a Gaussian
random number with a standard deviation of
1/2. Here, N is the number of terms in the
series.

In Equation 14, the dimensionless quanti-
ties are defined as
o=t = tiuf -4 (17)

K *
U;

where [ , ¢ and u] are local scales of turbulence
and u! is the fluctuation fluid velocity which
is assumed to be isotropic. For this pseudo-
turbulent velocity field the energy spectrum
E(k) is given as

E(r) = 16(2/m)"/? ke (18)

where k is the wave number.

The experimentally measured root-mean-
square (RMS) fluctuation velocities are generally
anisotropic. Li and Ahmadi [26-29] used the ex-
perimental data of Kreplin and Eckelmann [42]
and the results of the STARPIC-RATE and mod-
ified the fluctuation velocity given by Equation
14 in order to make it suitable for generating
the nonisotropic instantaneous turbulent veloc-
ity field. Accordingly,

uj = u!'e,(y), (no sum on i) (19)

=Vu?/ut, e,(y) =V [u*, e, (y) =

w'?/u*, are, respectively, the shape functions
for the axial, vertical and transverse RMS veloci-
ties. Here, all intensities are nondimensionalized

with respect to the shear velocity, u* = ,/7_/p,

where 7_1is the wall shear stress which is related
to the friction factor f, i. e.,

where e (y)
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An empirical Equation [43] for the friction factor
given by

1 6.9  k/h
f—_—1.8lo bre + Gis

was used in [26-28]. In Equation 21, k is the
roughness of the wall and £ = 0 for a smooth

7 (21)

Q=

wall.
Normal components of turbulence fluctu-
ations near a wall has a profound effect on the



deposition rate of particles. Therefore, the mag-
nitude of e,(y) must be correctly evaluated for
small values of y. It is well known [44] that
v’ has a quadratic variation at short distances
from the wall, 1. e.,

v~ y? as y* — 0. (22)

In this study

e,(y) = Ay*? as yt < 2. (23)

A value of A =0.0278 was used in [26] in order
to match the data of [42]. Here

yt = yu*/v, (24)

is the distance from the wall in wall units and
v = p/p is the kinematic viscosity of fluid.

Estimates for the length and time scales of
turbulence for wall bounded flows were provided
in [45]. These are

I =0.1h(2Re)~"/8, (25)
and

! h
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Equations 14 and 19 with N = 100 were used
in [26-29] for simulating the fluctuation compo-
nents of turbulent velocity in a straight channel
and/or complex geometry flow passages. Sample
space and time variations of fluctuation velocity
components shown in [26] showed the random
characters of real fluctuation velocity vector in
real turbulent fields.

An alternative simpler method for simulat-
ing the fluctuating turbulent field was suggested
by Abuzeid, Busnaina and Ahmadi [24, 25].
They used a simple Gaussian noise model which
has a small correlation time of the order of
At. Certain adjustments for making the model
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nonisotropic near a wall was also introduced.
The model of Li and Ahmadi [26-28] which
leads to smoothly varying Gaussian model has
a more appropriate longer correlation time and
its spectral behavior as given by Equation 18
is more representative of a real turbulent flow.
The method of Abuzeid et al. [24, 25], however,
is computationally very efficient. Both of these
methods may be used to generate approximate
pseudo-turbulent velocity fields.

Exact digital simulation of instantaneous
turbulent flow field is also possible. McLaugh-
lin [20] and Ounis, Ahmadi and McLaughlin
[22] used the so-called direct simulation proce-
dure for generating the instantaneous turbulent
flow field in a channel for analyzing particle de-
position process. This approach uses a psuedo-
spectral code for solving the Naviér-Stokes equa-
tion directly on a large number of grid points.
The direct simulation of turbulence has become
an important research tool for understanding
the features of coherent structures of turbulent
flows. While the method is exact and leads to an
accurate description of the instantaneous flow
field, it is computationally too demanding for
practical applications at the present time. With
the present generation of supercomputers, ap-
plications of this procedure have been limited to
simulations of low Reynolds number turbulent
flows in simple plane geometries. The details of
the computational procedure may be found in
[20, 22].

BROWNIAN MOTION

For submicron particles, the effect of Brownian
motion becomes significant. To include such
effects in the simulation, the Brownian force n ()
is modeled as a Gaussian white noise random
process [21-25, 46-49] with spectral intensity ST,
given by

St =5,6,, (27)

where
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Here, T is the absolute temperature of fluid,
k =1.38x1072*J/K is the Boltzmann constant.

Amplitudes of the Brownian force components
at every time step are then evaluated from

S

where G, is zero-mean, unit variance indepen-
dent- Gaussian randomnumbers and At is the
time step used in the simulation. The accuracy
of the simulation procedure for Brownian mo-
tion was verified by Li and Ahmadi [26] and
Ounis et al. [21]. They studied several exam-
ples of diffusion of submicrometer particles from
point sources. It was shown that the simulation
results for ensembles of five hundred particle tra-
jectories are in good agreement with the exact
solutions for diffusion in uniform flows.

An alternative procedure for simulation of
Brownian motion were described by Gupta and
Peters [48]. Their method is based on the solution
of the corresponding Fokker-Planck equation
for a small time step. In the present method,
however, the Brownian force is directly simulated
as a white noise process and is added to the
equation of motion of the particle. As a result, it
is somewhat simpler than the technique of [48]
and it is more flexible in that the coupling effects
with other forces could be easily accounted for.

SIMULATION RESULTS

Dispersion and deposition of particles from point
sources and from initially uniform concentrations
of aerosols in an air duct were studied by Li and
Ahmadi [26-29] and by Abuzeid et al. [24, 25].
In this section, a summary of the simulation re-
sults of [26-29] is presented and some additional
results are discussed. For air under normal con-
ditions, a mean velocity of V = 5.0m/s in a
2cm wide channel was considered. Thus, the
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Figure 1. Sample trajectories for 1.0 m particles.

flow Reynolds number based on the channel
width was about 6660. Under these flow condi-
tions, the friction velocity is about 0.3 m/s and
one wall unit of length (v/u*) is about 50 pm.
The corresponding wall unit of time (v/u*?) is
1.67 x 10~*s. In this case, the half width of
the channel is about 200 wall units. A density
ratio of § = 2000 and different particle diame-
ters ranging from 0.01p m to 10xu m are used in
these simulations. Ensembles of three thousand
samples were employed for evaluating various
particle trajectory statistics and wall deposition
velocities.

Point Source Simulation Results

Sample particle trajectories for 1y m particles
are shown in Figure 1. In one case the effect of
turbulence is neglected and in the other case
the effect of Brownian diffusion is ignored. It is
observed that the effect of turbulent dispersion
is far more significant than that of molecular
diffusion at distances of the order of 0.5mm
away from the wall.

Figures 2 and 3 display variations of tra-
jectory statistics for 0.05¢ m and 5u m particles
emanating from point sources at a distance of 10
wall units (0.50 mm) from the wall, respectively,
in laminar and turbulent flows. The channel is
horizontal and the gravitational force which is
perpendicular to the flow direction is included
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Figure 2. Trajectory statistics for 0.05 ym
particles in a laminar flow.
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Figure 3. Trajectory statistics for 5 pm particles
in a turbulent flow.

in these simulations. Ensembles of two hundred
samples were used in these studies. The disper-
sion of particles due to Brownian and turbulent
diffusion is clearly observed from these figures.
Figures 2 and 3 clearly show that the turbu-
lent dispersion effects dominate the Brownian
diffusion even at distances very near the wall.
Li and Ahmadi [26] studied the trajec-
tory statistics of particles which are released
from a point source at a distance of 1 wall
unit from the wall. Their results showed that
the particle spreading rates differ significantly
from one another in this case. The reason for
these widely different dispersion behaviors may
be explained as follows. Very near the wall, the
turbulent fluctuation dies down and the Brow-
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nian wotion becomes the dominant mechanism
for diffusion of particles less than 0.1 m. The
Brownian effect for particles larger than 0.5p m
is negligibly small. Thus, large particles which
are trapped near the wall can not diffuse to
the wall. The larger ones (d ~ 5um) will de-
posit rapidly on the wall due to gravitational
sedimentation. Aerosols of the order of 0.5 to
1p m will remain suspended for a relatively long
duration of time without being deposited on
the surface due to the absence of significant
dispersing mechanisms.

The particle trajectory statistics in a ver-
tical channel flow where the effect of gravity
is negligible was also studied in [26]. Their re-
sults showed that the trajectory statistics for
0.01p m and 1u m particles were not affected by
the presence or the absence of gravity. For 54 m
or larger particles, however, the gravitational
sedimentation significantly alters the trajectory
statistics. For example, none of the 5y m parti-
cles released from a point source at a distance
of one wall unit from the wall were deposited
when the gravitation field was absent.

Uniform Concentration Simulation
Results

To generate a uniform concentration, the initial
locations of particles were selected at random
within 30 wall units. The particle initial velocity
was set equal to the local fluid velocity. In [27],
it was shown that simulation results for deposi-
tion rate for an initially uniform concentration
within 30 wall units are in excellent agreement
with those obtained for the uniform concentra-
tion across the entire channel. That is, almost
all the deposited particles originated from an
initial location within 30 wall units for the time
duration of simulation (about 400 wall units
of time). Thus, limiting the simulation region
to 30 wall units leads to considerable economy
of needed computational time with no loss of
accuracy. The cases of vertical and horizontal
channels were studied in [27]. Here the casé of
a vertical duct is described.
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Figure 4. Distribution of 5 gm particles within the
channel at t* = 400. (a) half channel simulation,
(b) 30 wall units simulation.

Figure 4 shows the distribution of 25,000
particles which are released uniformly at the
inlet of the vertical channel. It is observed that
the particles are being transported by the mean
velocity field and being dispersed by turbulence
fluctuations. The corresponding concentration
field is shown in Figure 5. It is observed that
the concentration of 5 um particles has a rather
sharp peak near the wall. The reason is that the
particles are being moved toward the wall by the
turbulence fluctuations. However, very close to
the wall, the turbulence intensity becomes neg-
ligible. Furthermore, the Brownian diffusion of
these relatively large particles is also too small to
make them deposit on the wall. Migration of par-
ticles to regions with lower turbulence intensity
is refered to as the turbophoresis phenomenon
[50].

For a uniform particle concentration C,
near a surface, the deposition velocity is defined
as

u,=J/C, (30)

200.0 . . . . .

d = 5.0 um

150.0

100.0

number of particles

50.0

0.0 A n
0.0 10.0 20.0 30.0

Figure 5. Concentration of 5 um particles near the
wall in a vertical channel.

where J is the particle flux to the wall per unit
time. The nondimensional deposition velocity
given as

uf =u, fur, (31)

is commonly used in the literature as a conve-
nient measure of particle flux to the wall. In
simulation studies, when an initial number of
particles N are uniformly distributed in a re-
gion within the distance of H} from the wall,
the nondimensional deposition velocity is given
by

N/t

+ _
ud - NO/H;_’

(32)

where IV, is the number of deposited particles
in the time duration #;. In practice, ¢t should
be selected in the quasi-equilibrium condition
when N, /t, becomes a constant.

Figure 6 shows variation of nondimensional
deposition velocity with nondimensional particle
relaxation time defined as

SdQu*Q

t=— C. 33
i 182 ¢ (33)
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In this figure, the solid line is the present simu-
lation results, and the dotted line is result cal-
culated from the empirical equation suggested
by Wood [11] given as

ul = 0.57Sc™% 4 4.5 x 10~47+2 (34)
where S¢ is the Schmidt Number defined as
Se=v/D, (35)

with D being the particle mass diffusivity. The
experimental data as collected by Papavergos
and Hedley [14] are also shown in this figure for
comparison. It is observed that the simulation
results are in agreement with the experimental
data. The present result is also in qualitative
agreement with the empirical equation given by
Equation 34 in trend of variations. However,
compared with the empirical one, the present
simulated deposition velocities are somewhat
lower for 7+ > 0.1.

Rough Wall Simulation Results

Deposition of particles on rough walls from an
initially uniform concentration of aerosols in a 2
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Figure 7. Variation of particle deposition velocity
with particle diameter for a vertical channel.

cm wide channel was studied by Li and Ahmadi
[28]. Ensembles of three thousand samples were
employed for evaluating various particle trajec-
tory statistics and wall deposition velocities.

Figure 7 shows variation of nondimensional
deposition velocity with particle diameters. In
this figure the dashed lines and solid lines are re-
sults, respectively, from Browne [10] and Wood
[11]. Tt is observed that the simulation results
are in qualitative agreement with the empirical
equations, but there are quantitative differences.
For a roughness of 0.04 mm, the simulation re-
sults are in the range of the theoretical predic-
tions of [10] and [11]. However, the simulation
results are higher for a roughness of 0.01 mm
and somewhat lower for a roughness of 0.1 mm
when compared with those of the theoretical
models.

Figure 7 shows that the increase of wall
roughness increases the number of deposited par-
ticles. This is because the turbulent intensity
increases as the roughness increases. Further-
more, the increase of roughness increases the
particle capture distance from the wall. The
turbulent fluctuation also remains finite at the
tip of the roughnesses. These cause the turbulent
dispersion effect to be more effective. Therefore,
the increase of roughness makes the turbulent
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Figure 8. Mean velocity vector plot and streamlines in the duct.

eddy impaction process to become the domi-
nant mechanism of deposition even for smaller
particles. As a result, the deposition velocity re-
mains approximately constant at high roughness
for small particles.

Complex Geometry Passages

The STARPIC-RATE computational code was
used by Li et al. [29] for simulating the mean
turbulent flow conditions and particle transport
and deposition in a duct with obstructing blocks
of various shapes. In these computations, it was
assumed that the mean flow is steady and a
staggered grid with 24 x 46 node points was
used. Uniform profiles for the mean velocities,
turbulence kinetic energy and dissipation rate
were specified at the inlet. For the grids near
the wall, the standard wall function boundary
conditions were used. At the outlet, zero normal
gradient conditions were specified. Ensembles of
one-thousand samples were employed for eval-
uating various particle trajectory statistics and
wall deposition rates.

Figures 8-10 show the mean velocity vector
plot, the turbulent kinetic energy, the dissipation
rate, and the streamwise and vertical root-mean-
square fluctuation intensities e, and e,. It is
observed that a large recirculation region behind
the block is formed. The air flow also accelerates
in the region in front and along side of the block.
Near the tip of the block and in the recirculation
region a high level of turbulent fluctuation is

observed. The energy dissipation rate is also very
high near the front corner of the block as well as
in the recirculation zone. Figure 10 also clearly
shows that the turbulence is anisotropic. In
the recirculation region, the root-mean-square
streamwise fluctuation e, component is much
larger than the vertical components e, .

Figure 11 displays variations of particle
trajectory statistics for different diameters from
a point source at a distance of 0.2cm from the
upper wall (Y, = 0.018 m). The gravitational ef-
fect is neglected in these simulations. The mean
particle paths are shown by the solid lines.
Here o corresponds to the standard deviation
of particle trajectories in the vertical direction.
The absolute maximum and minimum trajecto-
ries for an ensemble of 1000 particles are also
shown in this figure for reference. While these
are sample dependent, they provide additional
information on the spreading of particles. The
numbers listed on various surfaces in this figure
denote the number of deposited particles. For
10 pm particles, it is observed that 995 particles
are deposited on the front surface of the block
and only five particles leave the duct. For 1 um
and 0.01 pm particles, respectively, 143 and 133
particles reach the front surface of the block. In
addition, five 1 pm particles and three 0.01 gm
particles deposit on the surface of the upper
wall behind the block. The high deposition rate
of 10 um particles shows that the inertia im-
paction mechanism is quite effective for these
relatively large particles. The 0.01 um particles
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Figure 11. Particle trajectory statistics for
different diameters: (a) d = 10 um, (b) d = 1 um,
(c) d =0.01 pm.

are, however, deposited mainly due to diffusion.

Direct Simulation Procedure

An exact simulation procedure for simulating
the instantaneous turbulent wvelocity field in
the channel for analyzing deposition of sub-
micron particles was used by Ounis, Ahmadi
and McLaughlin [22]. The flow field was gener-
ated by the so-called direct numerical simulation
of the Navier-Stokes equation. It was assumed
that the flow is driven by a constant mean
pressure gradient. Based on the hydraulic di-
ameter of the channel and the mean velocity,
the Reynolds number was approximately 6500.
Instantaneous flow patterns generated in [22]
showed the presence of rather persistant coher-
ent vortices in yz-plane. In particular, strong
flow streams towards the wall and away from it
due to the formation of counter rotating vortices
were clearly observed.

One of the studies performed by Ounis
et al. was to determine the distributions of

13

0.5

Figure 12. Sample trajectories of ellipsoidal
particles in a Poiseuille flow.

the initial locations of the deposited particles
of different sizes. They found that the initial
locations of deposited 0.05 and 0.1 um particles
were concentrated on relatively narrow bands
along the channel. The spacing between these
bands were of the order of 100 to 150 wall units
which is consistent with the available estimates
for the distance between streaks in a turbulent
boundary layer near a wall [44]. This result
clearly showed that near wall coherent vortices
strongly affect the particle deposition process.

Ellipsoidal Particles

In this section, certain simulation results con-
cerning dispersion and wall deposition of non-
spherical particles are presented. Elongated par-
ticles are strongly affected by the flow shear field,
and the translational and rotational Brownian
motions. As a result of the shear, these particles
tend to orient themselves along the flow direc-
tion. The Brownian effect, however, tends to
randomize the particle orientation. Depending
on size and aspect ratio of particles, and the
strength of the shear rate one of the two effects
could become dominant.

Figure 12 shows sample trajectories of elon-
gated particles undergoing gravitational sedi-
mentation in a laminar Poiseuille flow in a hori-
zontal channel. The particles are ellipsoids of rev-
olution with the semi-minor axes of ¢ = 0.5 um
and the aspect ratios of 3 = 15. The velocity
field is given as, u = u_[1 — (y/h)?*], with an
averaged flow velocity of 5.7 cm/sec. The Brow-
nian motion is neglected in these simulations.
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Figure 13. Sample trajectories and orientation of
elongated particles of different aspect ratios.

The particles are released from various locations
across the channel with their major axes being
either parallel or perpendicular to the flow di-
rection. It is observed that, as the particles are
transported downstream, they sediment and ro-
tate due to the actions of gravity and velocity
gradient. The rotational motions of particles
are related to the local fluid vorticity. Thus, the
particles rotate counter-clockwise in the upper
half of the channel, while their rotation is clock-
wise in the lower half of the channel. It is also
observed that the particles tend to orient them-
selves so that their major axes remain parallel
to the flow direction.

Figure 13 displays the trajectories and ori-
entation of particles with different shapes in
a Poiseuille flow during gravitational sedimen-
tation. Three particles being considered are a
highly-elongated needle-shaped particle, a foot-
ball-shaped ellipsoidal particle, and a nearly-
spherical particle. All of the three particles are
volumetrically equivalent to an ellipsoid of rev-
olution with the major axis of 15 um and the
minor axis of 1 um. The particles are released
initially with their major axes perpendicular to
the flow direction. It is noticed that the needle-
shaped particle travels the longest distance and
essentially remains oriented with the flow direc-
tion. As the aspect ratio decreases, the time
duration that the particle maintains its orien-
tation reduces and the particle flight distance
decreases.

Figure 14 shows the motion of an ellip-
soidal particle in a laminar plane stagnation-
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Figure 14. Limiting trajectory of an ellipsoidal
particle in a stagnation point flow.

point flow. The particle is initially released from
r=285x%x10""m and y = 1.278 x 107 m with
its major axis being perpendicular to the wall.
It is observed that the particle is transported
downward by the incoming flow and rotates in
the vicinity of the wall due to the flow shear in
the boundary layer. It is also noticed that the
particle is eventually intercepted by the wall at
r~1.278 x 1073 m

Figure 15 shows trajectories and orienta-
tions of ellipsoidal particles in a laminar sim-
ple shear flows with, u = (u_ + y)i. Here,
u, = 3.7cm/s and different shear rates () are
used. The semi-minor axes and the aspect ratios
of the particles are ¢ = 0.414pm and 5 = 10,

2.000E-5
4 =045s"1
£ 000001 T RO
> "~ .‘ "‘"“- e - = . T T "“v’
2,000 B—5 — " -, T " .
0.0 0.2 0.4 0.6 0.8 1.0 1.2
z(m)
2.000E-5
¥ =89.27s"1 -
- = = T e T L
£ 0.0000F; > AL S e e
< .
—2.000E-5 : : . —— .
0.0 0.2 0.4 0.6 0.8 1.0 1.2
z(m)

Figure 15. Trajectories and orientations of
ellipsoidal particles with a = 0.414 yum and 3 = 10
in simple shear flows with u = 3.7cm/s and
different shear rates.
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respectively. The particle equation of motion
used includes both translational and rotational
Brownian motion effects. The particles are re-
leased initially from the origin with their major
axes parallel to the flow direction. It is ob-
served that, for small shear rate, the orientation
of the ellipsoidal particle is quite random and
the particle trajectory has an almost totally
random pattern. The translational Brownian
motion causes the particle to follow a random
pattern as it is transported downstream, while
the rotational Brownian motion randomizes the
particle orientation. For large shear rate, how-
ever, the ellipsoidal particle remains oriented
with its major axis parallel to the flow direction
for a long duration of time. As noted before,
the orientation of nonspherical particles in shear
flows is the result of two competing processes.
The Brownian effect tends to randomize the
particle orientation while the flow shear tends
to orient the particle. A sufficiently high shear
rate overcoines the Brownian motion and orients
the elongated particle along the flow direction.

Figure 15 shows that the particle displace-
ment in the y-direction for the small shear rate
condition is larger than that for the large shear
rate condition. This is due to the smaller lateral
mobility of the elongated particle when it is
oriented parallel to the flow direction.

Figure 16 shows the diffusion and deposi-
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Figure 16. Diffusion of ellipsoidal particles with
B =10 from a point source in a simple shear flow.
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tion of ellipsoidal particles of different sizes from
a point source in a laminar simple shear flow.
The particles are ellipsoids of revolution with
aspect ratios of # = 10, and are initially released
from the point source located at z+ = 0.0 and
yt = 0.2. The statistics are obtained from an en-
semble of 50 particle trajectories. It is observed
that, as the particles are being transported
downstream, they are dispersed laterally due to
the effect of Brownian motion. A comparison of
the diffusion patterns for different-size particles
shows that the Brownian diffusion is more sig-
nificant for small-size particles. For a* = 0.011,
the diffusion pattern is roughly symmetric with
respect to the mean trajectory, and no parti-
cle deposition is observed. As a* decreases to
0.00055, however, the particle dispersion rate
increases considerably. Figure 16 shows that
several particles also deposit on the wall. The
diffusion pattern in this case is no longer sym-
metric due to the deposition of particles.

The Brownian diffusions of ellipsoidal par-
ticles from different initial distributions in a
simple shear flow are shown in Figure 17. Var-
ious statistics are obtained from ensembles of
100 particle trajectories. It is observed that the
Brownian motion causes the particles to spread
laterally as they are transported downstream
by the flow. Figure 17 also shows the diffusion
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Figure 17. Diffusion of ellipsoidal particles with
at =0.0011, 8 = 10 from sources with various
distributions in a simple shear flow.
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patterns are similar for the two different initial
particles distributions considered.

SUBLAYER MODEL

It is well known that the turbulent near wall
flow is a region of strong dynamic interactions
where most of the turbulence fluctuation energy
is generated. From numerous flow visualization
experiments and direct numerical simulations, it
is now well recognized that the turbulent near-
wall region is dominated by coherent vortical
structures and roughly cyclic busting phenom-
ena. Hinze [44] provided a description for the
general features of formation of coherent vor-
tices and down sweep and busting processes.
Accordingly, the spacing between the streaks
are about 100 wall units (AT =~ 100). These
near-wall vortex structures are believed to be
respounsible for turbulent deposition of small par-
ticles. The simulation results of Ounis, Ahmadi
and McLaughlin [22] also clearly showed that
the down sweep flow generated by these persist-
ing coherent vortices are the main mechanism
that carries the particles to the wall. Since the
up-flow regions do not contribute to particle de-
position. only the flow pattern toward the wall
need to be modeled.

Along the line of [8, 9], Fan and Ahmadi
[30] developed a model for predicting the par-
ticle deposition rate in turbulent flows. It was
assumed that the down sweep flow pattern gen-
erated by the coherent wall vortices may be ap-
proximated by a steady two-dimensional viscous
stagnation point flow. The observed prolonged
persistence of streamwise coherent vortices jus-
tifies the assumption of steady flow condition.
Additional results concerning the model predic-
tions of [30] are described in this section.

Figures 18 and 19 show variations of the
nondimensional deposition velocity, u}, for
particle-to-air density ratios of 1500 and 500 and
different flow Reynolds number with the dimen-
sionless particle relaxation time. In these figures,
the collected experimental data are shown by
solid dots. The solid lines correspond to the
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Figure 18. Variation of deposition velocity with
nondimensional particle relaxation time for a
vertical channel.

sublayer model predictions for gt =0. There are
two dashed lines accompanying each solid line
in Figure 18 and 19.The one above the solid line
corresponds to the system in which the flow is
in the direction of gravity, while the one below
the solid line is for the system in which the flow
direction is opposing gravity. It is observed that
the increasing trend of the inertia dominated
particle deposition rate with 7+ is well predicted
by the model. Comparing the predicted results
with those obtained from experiments shows
that the model provides reasonable estimates
for deposition velocities. It is observed that the
inertial-controlled deposition as predicted by the
present model is independent of flow Reynolds
number while the diffusion-controlled deposition
increases as Re, increases.

Comparing Figures 18 and 19 shows that
the deposition velocities for 7+ > 0.1 decrease
as the density ratio increases, while those for
submicron particles increase with an increase
in density ratio. This is because particles with
larger density ratios correspond to smaller sizes
for a given 7. The interception capturing pro-
cess by the surface is less efficient for smaller
particles which causes the intertial-controlled
deposition to decrease. On the other hand, the
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Figure 19. Variation of deposition velocity with
nondimensional particle relaxation time for a
vertical channel.

Brownian motion is more significant for smaller
particle which lead to the increase of diffusion-
controlled deposition rate.

The flow direction also affects the depo-
sition velocities in a vertical pipe through the
shear-induced lift force. Figures 18 and 19 show
the effects of flow direction on the deposition
velocity for various flow Reynolds numbers and
different density ratios. It is observed that the
particle deposition in a vertical channel is en-
hanced when the flow is in the direction of
gravity and is reduced when the flow is op-
posing gravity. The magnitude of the deviation
depends on the flow Reynolds number. The vari-
ation of deposition velocities with flow direction
1s more significant for flows with lower Reynolds
numbers. Variations of the deposition velocity
with density ratio and flow direction may pro-
vide an explanation for the observed scatter of
the experimental data.

From Figures 18 and 19, it is also noticed
that some dashed lines for the system with flow
opposing gravity do not cover the entire range
of 7% considered. This is because the shear-
mmduced lift force in the system tends to reduce
the particle deposition rate. As the particle size
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increases, the magnitude of the lift force also
increases to the level that eventually prevents
the particle from being deposited. It should
be pointed out, however, that the averaged
streamwise velocity was used in the model of
(30]. In turbulent flows, the streamwise velocity
field fluctuates randomly due to the bursting
process. That could allow for a small amount
of particle deposition at certain periods of time.
However, this latter effect was neglected in this
study.

A semi-empirical equation for calculating
the inertial-controlled deposition rate in a ver
tical channel was proposed in [30]. For a duct
with smooth wall, the corresponding equation
is given by,

g+ R s ﬁl{-rlzLT
ot AT T s
di ' T
4 T+29+ L
(1.85)2 + m
[1 + 86_(T+"10)2/32] (1.85)°5
P + )
1— T+2Li‘r(1 + (I—SS)Lzﬂ)

(36)

where 8 = 0.01085 is a constant and L, is the
nondimensional lift parameter given by

L, =3.08/(Sd+), (37)

Equation 36 indicates that the inertial-controlled
deposition rate depends on the density ratio, the
flow direction, and the flow Reynolds number.
Effects of the flow direction appears to have
been ignored in the current literature.

Figure 20 shows the variations of deposi-
tion velocity for various flow Reynolds numbers
with the particle relaxation time as predicted by
the empirical Equation 36. The solid line shown
in this figure is accompanied by two dashed
lines. The one above the solid line corresponds
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Figure 20. Variation of deposition velocity with
particle relaxation time as predicted by the
empirical equation.

to the system with flow in the direction of grav-
ity, while the one below the solid line is for the
system with flow opposing gravity. It is observed
that the empirical equation provides reasonable
predictions for the deposition velocity. Further-
more, a comparison of Figure 20 with Figure
19 shows that the proposed empirical equation
retains the general features of the effects of flow
direction and the flow Reynolds number on the
predicted deposition velocities.

A Model for Rough-Wall Deposition

The sublayer model for turbulent deposition
was extended to rough vertical walls by Fan
and Ahmadi [30]. The model predictions for the
deposition velocities other than those used in
[30] are presented here. The results are com-
pared with the limited available experimental
data. The effects of wall roughness and the
flow direction on the deposition rate are also
discussed.

Figure 21 shows the variations of nondi-
mensional deposition velocity with the dimen-
sionless particle relaxation time for a density
ratio of S = 500 and for various wall rough-
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Figure 21. Variation of particle deposition velocity
with particle relaxation time and wall roughness.

nesses. The gravitational effect is neglected for
the results presented in this figure. Here, k%
is the averaged height of the surface roughness
in wall units. It is observed that, for a small
roughness, the deposition rate is very sensitive to
the variations of particle relaxation time. As 7+
increases, the deposition velocity first decreases
to a minimum value at 7+ ~ 0.1. Beyond this
value of 7%, the deposition velocity increases
rapidly with 7% up to 7% of about 10. For
71 > 10, the deposition velocity remains almost
constant with u} ~ 0.1. The decrease of v, with
an increase in 71 for small particles is due to
the reduction of Brownian diffusion effects. For
7+ > 0.1, the deposition is mainly controlled
by the eddy-impaction process. Thus, the de-
position velocity increases with an increase in
T,

Figure 21 also shows that the deposition
rate increases significantly with wall roughness
for 7+ < 5. In the rough wall conditions, the
particle deposition is mainly controlled by the
eddy-impaction process for the particle sizes
considered. It is also observed that. as wall
roughness increases, u} becomes almost inde-
pendent of 7 for small particle relaxation times.
For rough walls, experimental data for particle
deposition are rather scarce. Montgomery and
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Figure 22. Variation of particle deposition velocity
with particle relaxation time and wall roughness.

Corn [51] reported a limited number of exper-
imental data. A comparision of the prediction
of the model with the experimental data shows
that the model provides a reasonable estimate
for the deposition velocity.

The effects of flow direction on the de-
position rate for spherical particles on a rough
surface in a vertical channel are shown in Fig-
ures 22 and 23. Density ratio of 500 and 2000
are considered and the gravitational force and
the shear-induced Saffman lift are included in
the analysis. In these figures, the solid lines
correspond to the cases when g7 = 0. As noted
before, the dashed line above the solid line cor-
responds to the system in which the flow is in
the direction of gravity, while the one below the
solid line is for the system in which the flow
direction is opposing gravity. It is observed that
the particle deposition rate in a vertical channel
is enhanced when the flow is in the direction of
gravity and is reduced when the flow is opposing
gravity. Figures 22 and 23 also show that the
effect of flow direction on the turbulent depo-
sition is more significant for smooth surfaces.
As the wall roughness increases, the deposition
velocity becomes almost independent of the flow
direction. In addition, the density ratio does not
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Figure 23. Variation of particle deposition velocity
with particle relaxation time and wall roughness.

have a significant effect on the nondimensional
deposition velocity.

Electrical Precipitation in a Turbulent
Vertical Channel

Electrical precipitation of aerosol particles in
a turbulent vertical channel was considered by
Fan and Ahmadi [31]. The sublayer model was
extended to include the effect of electric field on
charged particles. Figure 24 shows variations of
deposition velocity with particle relaxation time

- for S =965 and various electric field strengths.

It is assumed that the charged particles follow a
Boltzmann distribution and the averaged num-
ber of charge for different size particles are used
in the analysis, while the gravitational force is
neglected. It is observed that the presence of
electric field affects the deposition rate signifi-
cantly for 7t < 1. For 7+ > 1, the deposition
rate is insensitive to variations of the electric
field intensity.

The effects of the flow direction on depo-
sition rate is shown in Figure 25. The three
solid lines shown in the figure are for the cases
when ¢g* = 0. It is noticed that there are two
dashed lines accompanying each solid line. The



20

1090

S=1000

10~1.

102

+;;U 10~ 3

107 %

10~ 3

10‘.4‘0 1072_() 10()4 0 102.'0
i i ' A 1 1

10-5-0 ,
105 1073 1072 10! 103
+

T

Figure 24. Variation of deposition velocity of
charged particles with nondimensional particle
relaxation time for different electric field intensities.

one above the solid line is for the down-flow
system while the one below the solid line is for
the up-flow system. This figure shows that the
particle deposition rate is enhanced by using a
down-flow system, while it is reduced by using
an up-flow system.

CONCLUSIONS

In this work, the recently developed digital sim-
ulation methodology for studying deposition of
aerosol particles on surfaces in turbulent flow is
described. The STARPIC-RATE computational
model for evaluating the mean velocity profile
and the components of the root-mean-square
turbulent intensities is outlined. The procedures
for simulating the instantaneous turbulence fluc-
tuation field as a continuons Gaussian random
process is outlined. The direct simulation of the
instantaneous turbulent velocity field is also dis-
cussed. The particle equation of motion which
includes the fluid drag, the Brownian force, the
Saffman lift force and the electrostatic force
is described. Sample simulation results are pre-
sented and ensembles of trajectories for particles
of different sizes are generated and statistically
analyzed. The cases of horizontal and vertical
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Figure 25. Effect of flow direction on deposition
velocity for different electric field intensities.

duct as well as the flow in an air passage with
an obstructing block are analyzed. Simulation
results concerning the effects of various forces on
dispersion and deposition of spherical particles
are presented. The effects of nonsphericity of
particles are also discussed. A sublayer model,
which is based on the coherent vortical struc-
ture of near wall turbulence, for deposition of
particles from turbulent air streams on smooth
and rough surfaces in a vertical duct, is also
presented. Extensions of the model to rough
surfaces and presence of electrostatic forces are
also discussed.

Based on the presented results, the follow-
ing conclusions may be drawn:

1. The simulation methodology provides a
powerful tool for studying particle disper-
sion and wall deposition processes in tur-
bulent air flows in clean rooms and process
equipment.

2. Digital simulation results arc in good agree-
ment with the experimental data and the
empirical equations.

3. Variation of deposition rate of particles with
size follows a V-shape curve.
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For large particles, the deposition rate in-
creases rapidly with particle size.

Brownian force significantly affects the dis-
persion of small aerosol particles within the
inner region of viscous sublayer of about 1
wall unit from the surface.

Small particle deposition rate increases
rapidly with a decrease in particle diam-
eter.

Except for the region very near the wall, tur-
bulence is the dominating dispersing mech-

.anismi.

Gravitational effect significantly increases
the deposition velocity for particles larger
than 2p m.

In the vertical channel, the minimum depo-
sition rate occurs for particle diameters in
the range of 0.5 — 3.0p m. For the horizontal
channel, the gravitational effect shifts the
position of minimum to 0.1 — 0.3um size
range.

Increase of wall roughness increases particle
deposition velocity.

The V-shape variation of the deposition ve-
locity with particle relaxation time (and/or
diameter) smooths out as wall roughness
increases.

At high roughnesses, the deposition veloc-
ity becomes independent of diameter for
particles smaller than 2y m.

The direct simulation results show that the
initial location of deposited particles are
concentrated in the bands where the coher-
ent vortices form strong streams towards
the channel wall.

The proposed sublayer model provides rea-
sonable estimates for the deposition velocity.

. The sublayer model shows that for the in-

ertial controlled regimes, 1 < 77 < 10, the
deposition velocity increases rapidly with
+

-
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16. The model indicates that the deposition
velocities of small aerosol particles depend
on density ratio, flow direction, and flow
Reynolds number.

17. The sublayer model shows that the shear
-induced lift force and the gravitation force
significantly affect the turbulent deposition
rate on smooth and rough surfaces.
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