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ABSTRACT

Aerosol dynamic behavior in a turbulent flow field is investi-
gated in this study.  The flow field is a natural convection boundary
layer flow adjacent to a heated or cooled vertical flat plate.  The main
computational method is based on a boundary layer type solution
combining the flow field and sectional aerosol simulation.  The
SIMPLE alogrithm is adopted to solve the flow continuity, momentum,
energy, and aerosol concentration equations.  Various aerosol dy-
namic transport and removal mechanisms, including fluid convection,
Brownian motion, gravitational settling, thermophoretic drift, and
coagulation of aerosols, are considered in the simulation model.
Aerosol coagulation effects on particle transport and deposition onto
an isothermal vertical plate are addressed.

INTRODUCTION

Fine-particle deposition onto surfaces is a com-
monly  observed phenomenon for  any indoor
environment.  Deposition of particle-phase contami-
nants poses an indoor material hazard, including the
electronic elements in a cleanroom, paintings, and other
works of art.  Tobacco smoke or bioaerosol lung depos-
its can also cause adverse health effects or allergic
reactions.  A thorough understanding of aerosol behav-
ior in the indoor environment is important to predict
aerosol deposition rates and minimize/eliminate pollut-
ant exposures.

Study results of aerosol deposition onto surfaces
have been applied in many engineering fields during
previous decades.  The combined theoretical effects of
turbulence, Brownian motion, and gravitational settling
on particle deposition in enclosures have been investi-
gated by Crump and Seinfeld [4].  Nazaroff and Cass
[10] predicted the aerosol deposition rates of a laminar

natural convection boundary layer flow adjacent to a
heated or cooled flat plate due to combined thermo-
phoretic drift and Brownian motion.  A similarity trans-
formation was utilized to convert all governing partial
differential equations into a system of ordinary differ-
ential equations.  Tsai and Lin [17] and Tsai [16] also
adopted the similarity transformation to investigate the
aerosol deposition rates onto different plate positions in
a mixed convection flow.  The similarity method in
general can estimate the precipitation rates for dust,
soot and mist for a laminar convection flow.  However,
this method cannot predict the aerosol dynamics in an
unsteady turbulent flow field.  Additionally, several
aerosol mechanisms, such as coagulation, evaporation,
and chemical reactions, cannot be treated by the similar-
ity transformation technique.

The CFD-based numerical schemes have been com-
monly employed to investigate the aerosol dynamics
and transport problems in a turbulent flow situation.  In
many systems, particle transport is due to combined
convection, diffusion, and external forces.  Stratmann
and Whitby [15] proposed an improved numerical solu-
tion and modified an existing 2D computational heat
transfer and fluid flow computer code to account for the
external terms of general aerosol dynamic equations.
Peterson et al. [12] compared two different model ap-
proaches for the aerosol deposition on wafers and the
particle concentration profile above a wafer surface.
One was the boundary-layer approach, which was math-
ematically and computationally simple to execute;
however, the applicability range of that model was
limited to those cases for which suitable boundary layer
approximations can be implemented.  The other ap-
proach solved the governing equations numerically by
finite difference techniques, which were computationally
somewhat more difficult; however, a much wider physi-
cal system range can be studied.

The two primary numerical methods for solving
the aerosol dynamic and transport problems are based
on Eulerian formulism and Lagrangian formulation.  In
the Eulerian method, both the fluid carrier and the
particulate phase are assumed to be continuous.  A set of
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coupled equations are then derived and solved for both
phases.  In the Lagrangian method, the particles are
treated individually when solving the particle motion
equation, and the bulk properties of the particulate
phase are obtained by averaging over a significant num-
ber of particles.  Lu et al. [9] introduced the basic idea
of a computer code based on a Lagrangian model and a
method for computing particle concentration.  They
applied the computer code to a turbulent flow with a
strong recirculation region and showed the strong de-
pendence of particle velocity and concentration distri-
bution on particle parameters and gravity.

Aloyan et al. [1] applied mathematical models to
solve the coagulating aerosol transport in the atmo-
sphere and compared the results with submicron con-
centration levels and highly dispersed aerosols mea-
sured in Bratsk during a two-week summer expedition
in 1990.  Pyykonen and Jokiniemi [13] constructed two
CFD-based sectional computation schemes to describe
the aerosol dynamics and transport.  One was based on
boundary layer type streamtube methodology, and the
other on full Eulerian representation.

Lee et al. [8] presented an analytical solution to
Brownian aerosol particle coagulation in the low
Knudsen number regime to provide time evolution of
particle size distribution.  They showed that the Kundsen
number had a significant effect on subsequent time
evolution of size distribution during the coagulation
process among various sizes of particles.  Keller and
Siegmann [7] demonstrated that aerosol coagulation
must be taken into account when monitoring the aerosol
particles.  Cho et al. [3] studied the effects of Brownian
diffusion, thermophoresis, and particle coagulation in a
Falkner-Skan wedge flow.  When coagulation was
considered, the geometric mean particle size and its
geometric standard deviation increased and particle
number density decreased, compared to the case with-
out coagulation.  The deposition flux onto the plate
decreased and diffusion boundary layer thickness in-
creased along the flow direction.  Huang and Lin [6]
proposed a CFD model to simulate the aerosol dynamic
behavior in a laminar flow flied.  The main scheme was
based on a boundary layer type solution of sectional
aerosol simulation.  To validate the model, the deposi-
tion velocity onto an isothermal vertical surface was
obtained and reasonably agreed with those of Nazaroff
and Cass [10], Tsai and Lin [17], and Tsai [16], except
for the coarse particles deposited onto the cold plate.

An improved CFD model is developed in this
paper, to determine the aerosol distribution within a
concentration boundary layer and investigate the co-
agulation effect on the deposition velocity onto a semi-
infinite isothermal vertical flat plate.  The height of
plate is 3 m, and maximum temperature difference

between the plate and surrounding air is 10K so that the
flow field along the plate transits from a laminar into a
turbulent flow.  The SIMPLE computational scheme is
implemented to obtain the boundary layer type solution
combining the flow field and sectional aerosol
simulation.  Various aerosol dynamic interaction and
removal mechanisms, including fluid convection,
Brownian motion, gravitational settling, thermophoretic
drift, and coagulation of aerosols, are considered in the
simulation model to describe the particle transport phe-
nomenon adjacent to a heated or cooled vertical flat
plate.  In the following, the governing equations for the
flow, temperature, and aerosol concentration fields with
the related empirical relationships are presented.
Subsequently, the results describing the effects of co-
agulation on the aerosol concentration and deposition
velocity are discussed.  The conclusion of this work is
then given in the last.

GOVERNING  EQUATIONS

1. Flow and temperature field

Flow and temperature fields are described as a
system of partial differential equations that account for
the conservation of mass, momentum, energy within a
differential fluid element.  For a two-dimensional flow
field, the governing conservation equations of mass,
momentum and energy with the Boussinesq approxima-
tions are

Mass: ∂u
∂x

+ ∂v
∂y

= 0 (1)

X-momentum:

∂u
∂t

+ u ∂u
∂x

+ v ∂u
∂y

= –
1
ρ
∂P
∂x

+ ν
∂2u

∂x2
+
∂2u

∂y2
(2)

Y-momentum:

∂v
∂t

+ u ∂v
∂x

+ v ∂v
∂y

= –
1
ρ
∂P
∂y

+ ν
∂2v

∂x2
+
∂2v

∂y2
+ gβ (T – T∞) (3)

Energy: ∂T
∂t

+ u ∂T
∂x

+ v ∂T
∂y

= α
∂2T

∂x2
+
∂2T

∂y2
(4)

where u, v represent the velocities of x and y-component
separately, t is time, ρ is fluid density, P is pressure, v
is the kinematic viscosity of the fluid, β is the coeffi-
cient of the thermal expansion for the fluid, T is fluid
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temperature and T∞ is reference fluid temperature, g is
gravitational acceleration, and α is the thermal diffusivity
of the fluid.

2. Aerosol concentration field

Transport of aerosol by air masses can be consid-
ered on the basis of a realistic model that accounts for
most factors influencing particle concentration distri-
bution- turbulent diffusion, energy-momentum thermo-
hydrodynamic balance, location of aerosol sources and
particle growth due to coagulation process.  The particle
size distribution is approximated by a discrete number
of size sections.  In the sectional method, the dynamic
equations are formulated and solved for each particle
size bin concentration.  The general dynamic equation
for size bin k is written as

∂Ck

∂t
+ u

∂Ck

∂x
+ v

∂Ck

∂y
= Dk

∂2Ck

∂x2
+
∂2Ck

∂y2

–
∂uthkCk

∂x
+
∂uthkCk

∂y
– vgk

∂Ck

∂y
+

∂Ck

∂t
coag.

(5)

where C is particle concentration, D is particle diffusion
coefficient, uth is the particle drift velocity due to

thermophoresis, and 
∂Ck

∂t
coag .

 is the aerosol dynamic

source term due to coagulation.
The particle diffusion coefficient is given by the Stokes-
Einstein relation from Hinds [5]:

Dk =
kBTCC

3πµgdk
(6)

CC = 1 + λ
dk

2.34 + 1.05exp – 0.39
dk

λ (7)

where kB is Stefan-Boltzman constant, µg is the dynamic
viscosity of the gas, CC is slip correction factor, d is
particle diameter, and λ is gas mean free path.

When a temperature gradient is established in a
field, a particle in that field experiences a force in the
direction of decreasing temperature.  The resulting par-
ticle movement from the force is called thermophoresis.
For a small particle (d < λ), the induced thermal force is
due to the greater transfer of momentum from the gas
molecules on the hot side of the particle, relative to
those on the cold side.  The velocity of thermophoresis
is given by Waldmann and Schmitt [18] as

uth = – 0.55µ∇T
ρgT

for d < λ (8)

For large particles (d > λ), the mechanism is more
complicated because a temperature gradient is estab-
lished in the particle.  The thermal force is influenced by
the thermal conductivity of the particle, kp, relative to
that of the air, ka.  The thermophoretic velocity for (d >
λ) is written as Brock [2]

uth =
– 3µ CC H∇T

2ρgT
for d > λ (9)

where

H ≅ 1
1 + 6λ / d

ka / kp + 4.4λ / d

1 + 2ka / kp + 8.8λ / d (10)

Coagulation is the most primary interparticle phe-
nomenon for aerosols.  Aerosol particles collide with
one another, due to their relative motion and, by adher-
ing to each other, form larger particles.  The net result
is a continuous decrease in number concentration coupled
with an increase in particle size.  Coagulation rates
depend on differential particle number concentrations
and on the collision frequency function K.  The collision
frequency function is defined such that K(dp1, dp2)C
(dp1)C(dp2) is the number of collisions between particles
of sizes dp1 and dp2 in a unit time and a unit volume of
gas.  The formulation for the Brownian collision rates
and frequency function for spherical particles employed
over the entire particle size spectrum is given by Reist
[14]

∂Ck

∂t
coag.

=
1
2

Kj (k –j)Cj Ck – j – Kkj CkCjΣ
j =1

∞

Σ
j =1

k–1

(11)

where

Kjk = 2π (d1 + d2)(B1 +B2) kT (12)

B =
CC

3πµd (13)

The deposition velocity (normalized particle flux)
is defined as the particle flux density onto the plate
divided by the particle concentration outside the bound-
ary layer.

Vdep =
J

C∞
=

– D(dC / dx)
C∞

(14)

where J is the particle flux onto to the plate.
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3. Numerical scheme

The popular two-equation model is utilized to
describe the turbulent flow field.  According to Patankar
[11], the governing equations are written in a general
format as follows

∂
∂t

(ρφ) + div (ρ uφ – Γφ gradφ) = Sφ (15)

where φ represents each variable of velocity, temper-
ature, turbulence kinetic energy, the dissipation rate of
turbulence kinetic energy, and the various size groups
of aerosol concentration, etc.  Γφ is the effective ex-
change coefficient for the dependent variable φ.  S is the
source term of each equation.  The governing equations
are discretized into algebraic equations by adopting the
finite volume method and the SIMPLE algorithm is
implemented to solve the equations.

RESULTS

The isothermal vertical plate is infinitely wide,
extending from the leading edge in the direction of flow,
i.e., upward for a heated plate and downward for a
cooled plate.  The flow system is therefore reduced to a
two dimensional problem.  Boundary conditions for this
model are as follows:

u(0, y) = 0

v(x, 0) = v(0, y) = v(0, ∞) = 0

T(x, 0) = T(∞, y) = 0

T(0, y) = Twall

C(x, 0) = C(∞, y) = 1

C(0, y) = 0 (16)

Air properties are assumed to have an atmospheric
pressure of 1 atm and environmental temperature of
20°C.  Air density is 1.23 kg/m3, and the Prandtl number,
Pr, is set to 0.72.  Particle density is 1350kg/m3 and the
diffusion coefficient of each particle size is obtained
from Hinds [5].

1. Effects of coagulation on aerosol concentration field

The vertical plate is 3 meter high, i.e., a normal
indoor wall height.  The plate is heated or cooled to
bring out a natural convection boundary layer near the
plate, and both a laminar and a turbulent flow field

occur behind the leading edge.  To calculate the coagu-
lation effects on the aerosol transport and removal
process within the boundary layer, the aerosol initial
concentration is assumed to have a mono-distribution
for each size bin from 0.1µm (small) to 2.15µm  (large)
particle.

The total mass concentration with and without
coagulation in the calculation domain after 10 minutes
is illustrated in Figure 1, and the total number concen-
tration of each particle size bin is shown in Figure 2.  It
can be seen that small particles continuously collide
with other particles during the aerosol transport process
and fall into larger size bins.  Consequently, the concen-

Fig. 1. The total mass concentration after 10 min with and without
coagulation.

Fig. 2. The total number concentration after 10 min with and without
coagulation.
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trations of small particle size bins decrease.  However,
when a large particle collides with a small particle, it is
still a large particle, i.e. in the same size bin.  In Figures
1 and 2, the concentrations of small particles with
coagulation are obviously lower than the case without
coagulation.  On the contrary, the concentrations of
large particle size bins with and without coagulation are
virtually identical.

Figures 3 to 8 illustrate selected aerosol concen-
tration distributions.  For convenience in expressing
concentration contours, the particle concentration is
dimensionless and its value far from the surface is given
as 1.  Figure 3 shows the 0.1µm particle concentration
distributions with coagulation effect along the wall of
temperature difference +1K.  The simulated conditions
in Figure 4 are the same as in Figure 3 except neglecting
the aerosol coagulation mechanism.  In Figure 3, be-
cause many 0.1µm particles can collide with other
particles and fall into other particle size bins, the 0.1µm
particle concentration contours are uniformly distrib-
uted in the field and hence the concentration boundary
layer does not exist.  One the contrary, Figure 4 shows
that the concentration boundary layer clearly exists in
this situation.  Figure 5 shows the concentration distri-
butions of 2.15µm part icles with and without
coagulation.  The dotted lines in Figure 5 indicate that
the particle concentration contours can be greater than
1 with coagulation.  However, both concentration con-
tours are similar when the particle concentrations are
below 1.

Figures 6 to 8 display aerosol concentration distri-
butions along the +10K isothermal wall.  Compared
with Figures 3 to 5, it can be seen that the higher wall
temperature difference induces higher turbulent inten-
sity and therefore the concentration boundary layers
appear to be thicker.  In Figures 6 and 7, because many

Fig. 3. 0.1µ particle concentration distribution with coagulation along
+1K vertical plate.

Fig. 4. 0.1µ particle concentration distribution without coagulation
along +1K vertical plate.
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small particles can collide with other particles (i.e.,
their particle concentration will be reduced), concentra-
tion contours in Figure 7 without coagulation are higher
than those in Figure 6 with coagulation.  As shown in
Figure 8, outside the boundary layer, the concentrations
are greater than 1 owing to the influence of coagulation.
The concentration contours are similar in Figures 7 and

8 for small and large particles.  This is probably because
the flow field transits from a laminar into a turbulent
flow regime.  Turbulent intensity is dominant during the
particle transport process for both small and large
particles.  Also noted that from Figures 5 and 8, the
effect of coagulation on the concentration profiles for
the large particles is practically insignificant.

2. Effects of coagulation on aerosol deposition

Figures 9 to 12 show the aerosol deposition veloc-
ity along a isothermal vertical plate.  Here, deposition
velocity is defined as the particle flux density onto the
surface.  Four different cases are computed to account
for the effects of coagulation and temperature differ-
ence on the deposition velocity in each Figure.

The 0.1µm particle deposition velocity along a
heated plate is shown in Figure 9.  When the plate is
warm, thermophoresis due to the temperature differ-
ence pushes particles away from the plate.  The deposi-
tion velocity of +10K is lower than that of +1K early in
the laminar region.  Subsequently, the flow field transits
from the laminar into the turbulent region.  Turbulence
becomes dominant and the deposition of +10K is, thus,
reversely higher than that of +1K.  In addition, the
deposition velocity with coagulation is obviously smaller
than that without coagulation at the temperature differ-
ence of +1K due to the reduced particle concentration as
discussed in the above section.  Similar results are
obtained for the case of +10K.  Figure 10 describes the

Fig. 6. 0.1µ particle concentration distribution with coagulation along
+10K vertical plate.

Fig. 7. 0.1µ particle concentration distribution without coagulation
along +10K vertical plate.

Fig. 8. 2.15µ particle concentration distribution with and without co-
agulation along +10K vertical plate.
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deposition velocity for the 2.15µm particle along a
heated plate.  The effects of thermophoresis and turbu-
lence respectively on the deposition velocity are similar
to Figure 9.  However, as can be seen from Figure 10, the
effect of coagulation on the deposition velocity is
insignificant.

The 0.1µm particle deposition velocity along a
cooled plate is illustrated in Figure 11.  when the plate
is cool, thermophoresis drifts particles toward the plate.
The deposition velocity of -10K is higher than that of -

1K early in the laminar regime.  Subsequently, when the
flow field transits from the laminar into the turbulence
regime, turbulence becomes dominant and, thus the
deposition velocities in the regime are larger than those
of in the laminar regime.  The effect of coagulation on
the deposition velocity is again significant similar to
Figure 9.  The collisions among small particle size bins
reduce their concentration and hence are responsible for
the smaller deposition velocity compared with the non-
coagulation case.  Figure 12 shows the 2.15µm deposi-

Fig. 9.  0.1µ particle deposition velocity along a heated vertical plate.
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Fig. 11. 0.1µ particle deposition velocity along a cooled vertical plate.
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tion velocity along a cooled plate.  The effects of
thermophoresis and turbulence respectively on the depo-
sition velocity are similar to the case of the 0.1µm
particle in Figure 11.  Again, the effect of coagulation
for the larger particles on the deposition is negligible.

CONCLUSION

An improved CFD model is developed to predict
the aerosol concentration and particle deposition veloc-
ity in a turbulent flow field.  Various aerosol dynamic
interaction and removal mechanisms, including
convection, Brownian motion, gravitational settling,
thermophoresis and aerosol coagulation are considered
in the simulation model to describe the particle trans-
port phenomenon adjacent to a heated or cooled vertical
plate.  The SIMPLE scheme is implemented to solve the
governing flow field and aerosol concentration
equations.  The results obtained show that the effects of
coagulation on the particle concentration and deposi-
tion for the small aerosols are significant and hence,
cannot be neglected in the calculation.  Coagulation
tends to reduce both the important parameters within the
boundary layer.  However, the effects of coagulation on
the concentration and deposition for the large aerosols
are unimportant and can be ignored.  This proposed
CFD model could be useful in understanding the aerosol
dynamic behavior and characteristics along an isother-
mal vertical plate.
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