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Abstract

In this paper, the coordinate transformation method is used to analyze the aerosol particle deposition from a stagnation flow onto an
axisymmetric wavy disk under to the coupling effects of Brownian diffusion, convection, sedimentation, thermophoresis and electropho-
resis. The transformed governing equations obtained by coordinate transformation are solved by the spline alternating-direction implicit
method. Numerical results show that electrophoresis will increase the particle deposition effect. It reveals that the thermophoresis effect
of the cold wall will induce a driving effort to force particles toward the wall and accelerate the deposition onto the wall. When Brownian
diffusion and thermophoresis dominate the particle deposition process, the influence of the lumpy surface geometry will become stronger
with the increase of the disk radius, and the mean particle deposition effect of the wavy disk would be less than that of the flat disk.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, studies in aerosol deposition have become
more and more important for engineering applications. In
particular, the contaminant particle deposition onto the
surface of products in the electronic industry plays a critical
role in the resulting product quality. The factors that
influence particle deposition include convection, Brownian
diffusion, turbulence, sedimentation, inertial effect, ther-
mophoresis, electrophoresis and surface geometry, respec-
tively. Among these factors, thermophoresis is important
for 0.1 lm < dp < 1 lm, convection, Brownian diffusion,
and electrophoresis are important for dp < 0.1 lm, and
inertial effect and sedimentation are important for
dp > 1 lm. The velocity caused by thermophoresis is called
thermophoretic velocity [1]. There were some studies [2,3]
that considered the particle deposition onto a flat plate
involving Brownian diffusion and thermophoresis. These
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studies show that a cold wall surface will lead to an increase
of particle deposition due to thermophoresis. Ye et al. [4]
studied the effect of thermophoresis on deposition rate
experimentally and numerically. Cooper et al. [5] predicted
deposition velocity in viscous axisymmetric stagnation
flows by convection–diffusion velocity and electrophoretic
velocity. The boundary layer approximation and the pertur-
bation method are applied to solve the transport equation
and determine the particle deposition by [6]. Opiolka et al.
[7] used the stagnant film model to examine the deposition
rates and conducted an experimental study. Tsai et al. [8]
represented a similarity analysis to study the particle depo-
sition and deposition velocity involving thermophoresis and
electrophoresis from a two-dimensional axisymmetric air
flow around a wafer. As to the study for system with com-
plex boundary, there were many works in heat transfer for
irregular boundary [9,10]. The combined effect of inertia
and thermophoresis on particle deposition onto a wavy sur-
face has been studied in [11].

In this study, the particle deposition from a stagnation
flow onto an axisymmetric wavy disk under the coupling
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Nomenclature

D diffusion constant
E electric field strength (V/cm)
f dimensionless stream function
I dimensionless temperature T w�T1

T1
Kf thermal conductivity
L wave length
N particle concentration
Sc Schmidt number
Stx local Stanton number
Stm mean Stanton number
T temperature
u r velocity component
Vd local particle deposition velocity
Vdm mean particle deposition velocity
w z velocity component
dp particle diameter (lm)

Greek symbols

a thermal diffusivity
v kinematic viscosity
h dimensionless temperature
n, g coordinate

Superscripts

� dimensional quantity
0 differential to r

Subscripts

i, j grid position
w surface conditions
1 conditions far away from the surface

∞w ∞T ∞NE
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effect of Brownian diffusion, convection, sedimentation,
thermophoresis and electrophoresis in a clean room is stud-
ied. The transformed governing equations obtained by
coordinate transformation are solved by the spline alter-
nating-direction implicit method. The result reveals that
electrophoresis will increase the particle deposition effect.
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Fig. 1. Physical model.
2. Governing equations

Fig. 1 shows the physical model and coordinate diagram
of particle deposition process, where the incompressible
Newtonian fluid passes through an axisymmetric wavy disk
under a uniform electric field E. The fluid contains particle
concentration N1 with uniform temperature and uniform
velocity. The wavy surface is described by Sð�rÞ ¼
�a sin2ðp�r=LÞ. The governing equation can be written as
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where r2 ¼ o2

o�r2 þ 1
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o
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o�z2. �wg and �we are sedimentation and
electrophoretic velocity. �wg and �we cab be obtained by
equating the stokes drag to the gravitational force and cou-
lomb force [4] as

�wg ¼ �
qpd2
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18lg
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neeC

3pdplg

E
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The thermophoretic velocity recommended by [1] is

�ut ¼ �ktm
rT
T

ð8Þ

�wt ¼ �ktm
rT
T

ð9Þ

where lg, C, and qp are the air viscosity, the Stokes–Cunn-
ingham correction factor, and the density of aerosol parti-
cle, respectively. dp and g are particle diameter and the
gravitational constant. E

*

, e, and ne are electric field
strength, electron charge, and number of elementary
charges. m is thermophoretic diffusivity and kt is thermoph-
oretic coefficient defined by

kt ¼
2Csðkg=kp þ CtKnÞC

ð1þ 3CmKnÞð1þ 2kg=kp þ 2CtKnÞ ð10Þ
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with the Knudsen number Kn ¼ 2k
dp

, which is the ratio of
mean free path of aerosol particle to particle diameter. kg

is the thermal conductivity of air and kp is the thermal con-
ductivity of aerosol particles. Constants Cs = 1.147,
Ct = 2.20, Cm = 1.146 are determined by experimental data
[12]. C is the experimental constant suggested in [13] as

C ¼ 1þ Knð1:2þ 0:41e�0:88=KnÞ ð11Þ

The boundary conditions are

�z ¼ Sð�rÞ : T ¼ T w; �u ¼ �w ¼ N ¼ 0 ð12Þ
�z!1 : T ¼ T1; N ¼ N1; �u ¼ �u1ð�rÞ; �p ¼ �p1ð�rÞ

ð13Þ

where �u1 is the �r component of the inviscid velocity at out-
er velocity boundary layer.

Define velocity component with stream function �wð�r;�zÞ
as

�u ¼ o�w
o�z
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o�r
�

�w
�r

ð14Þ

Then, define the coordinate transformation as
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L
; g ¼ ð�z� SÞ
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�u1=m�r

p
ð15Þ

and the dimensionless variable as
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where U0 = afL is the reference velocity. af is the flow
strength of stagnation flow as

af ¼
2w1
pR

ð17Þ

which can be estimated using the matching flow near the
stagnation point with the viscous flow model [5] and R is
the radius of the disk.

Using the coordinate transformation, the irregular wavy
surface is transformed into a flat surface. The transformed
equations are
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where r = 1 + S02.
Eq. (18) indicates that op/og is O(Re�1/2). This implies

that the op/on can be determined by the inviscid flow out-
side the boundary layer as the following:

pn ¼ �ðru1u01 þ S0S00u2
1Þ ð22Þ

For a large Reynolds number, op/og in Eqs. (18) and (19)
can be eliminated according to boundary layer theory. By
order magnitude analysis,

Q
1 �

Q
8 can also be neglected.

Then the boundary layer equations are obtained as
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The corresponding boundary conditions are

h ¼ 1; f ¼ N ¼ 0; f 0 ¼ 0 as g ¼ 0 ð26Þ
h ¼ 0; f 0 ¼ N ¼ 1 as g!1 ð27Þ

Before solving these equations, �u1 should be determined
first. In this study, we solve the potential flow by coordi-
nate transformation and SOR method. Stream function
and coordinate transformation can be written as below
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The local Stanton number is defined as

St ¼ �V d

�u1
¼ �Jð�rÞ

�u1N1
ð31Þ

where J is particle flux to the wavy surface written as

Jð�rÞ ¼ �D
oN
on
þ ð�wþ �wt þ �wg þ �weÞN

� �
�z¼Sð�rÞ

ð32Þ

and oN
on is the particle gradient perpendicular to the wall. �w,

�wt, �wg and �we are fluid velocity, thermophoretic velocity,
sedimentation velocity and electrophoretic velocity perpen-
dicular to the wall, respectively. Substituting (32) into (31)
with the particle concentration being zero on the wall, it
obtains
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Substitute (35) into (34) and the equation simplifies to
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Furthermore, local particle deposition velocity and mean
particle deposition velocity can be defined as
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3. Numerical method

Using the spline alternating-direction implicit method
and backward differenced, Eqs. (23)–(25) can be expressed
in standard form [14,15] as
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Then, using cubic spline collocation relations, the tridiago-
nal form of Eqs. (40)–(42) can be expressed as their tridiag-
onal form

Aignþ1
i�1 þ Bignþ1

i þ Cignþ1
iþ1 ¼ Di ð43Þ

where g represents second derivatives. Eq. (43) is easily
solved by the Thomas algorithm. The numerical procedure
is as the following:

1. Obtain �u1 from Eq. (30).
2. Set the boundary conditions and initial values.
3. Solve the steady solution at z = 0. It means that f0, h and

N satisfy the convergence criteria.
4. Solve the steady solution of next position zi+1 = zi + Dz

by using the solution of last position. The convergence
criteria is

/kþ1
i;j � /k

i;j

/k
i;j

�����
����� 6 10�5;

where / represents f0, h and N, and k denotes the num-
ber of iterations.

5. Repeat these steps to maximum x.

4. Results and discussion

To confirm the accuracy of the numerical simulation,
the resulting local and mean Stanton numbers for different
grid sizes are calculated as shown in Table 1. The difference
between those results is small and the calculation procedure
of non-uniform grids would not be more inextricable than
uniform grids for spline alternating-direction implicit
method. Hence, a non-uniform grid (600 � 100) is adopted
in this study, where smaller spacing mesh points are used in
the neighborhood of the wall. The environmental condi-
tions of particle deposition onto a flat surface are referred
to the experiments conducted by Ye et al. [4] with
qp = 1027 kg m�3, T = T1 = 300 K, Pr = 0.72 and
w1 = 30 cm s�1. The flat surface considered is a horizontal
disk of radius 5 cm. From Eq. (17), the corresponding flow
strength af is 3.82 s�1.

Figs. 2 and 3 show that the results of flat surface under
the effect of thermophoresis and electrophoresis compared
with the experiment data [4,7]. The comparison shows
good agreement between the experimental data and numer-
ical results obtained by the proposed method, which gives a



Table 1
Solutions obtained by different grid sizes

Grid size x = 3

Solutions for dp = 1, a = 0.01, Pr = 0.7, E = 10

ðRe�rÞ1=2St�r ðRe�rÞ1=2Stm

900 � 200 0.004174 0.004182
600 � 100 0.004177 0.004186
600 � 50 0.004191 0.00420
300 � 100 0.004176 0.004186
300 � 50 0.004190 0.00420

Fig. 2. A comparison of numerical results to the experimental data [4]
with different temperature.

Fig. 3. A comparison of the numerical result to the experimental data [7]
with different electric field.
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strong support to the proposed approach for particle depo-
sition problem.

In this study, the wavy surface described by
S(n) = a sin2(pn) is adopted to simulate the particle deposi-
tion onto a wavy surface, where a is the amplitude-wave-
length (AW) ratio. Fig. 4 is the distribution of local
deposition velocity along a wavy surface under different
AW ratio and dp at I = 0 and E = 0 V/cm. Fig. 5a and b
are the distribution schematic diagrams of flow velocity
and particle concentration field for a = 0.02. Fig. 4 reveals
that local deposition velocity for particles of various diam-
eters is constant on a flat plate (a = 0), however, local
deposition velocity varies with the deposition surface
geometry of the wavy plate. Its variation amplitude
increases with the increase of the AW ratio and disk radius.
Comparing the results of different particle sizes, small par-
ticle (dp = 0.01–0.1 lm) is influenced more strongly by the
AW ratio. Fig. 5a and b show that velocity and particle
concentration increase with the increase of the disk radius.
Therefore, convection and Brownian diffusion are domi-
nant deposition mechanisms for small particle. Fig. 5c
shows particle concentration with dp = 10 lm is less signif-
icantly affected by AW ratio. This means that for large par-
ticle, convection and Brownian diffusion are not major
factors in the deposition mechanism. Alternatively, sedi-
mentation effect becomes dominant.

Fig. 6 is the distribution of local deposition velocity
along wavy surface under different AW ratio and dp at
I = 0 and E = 10 V/cm. Comparing with Fig. 4, the depo-
sition velocity is not significantly related with particle size.
However, electrophoresis promotes more deposition veloc-
ity for small particle. Fig. 7 is the distribution of local
deposition velocity along wavy surface under different
AW ratio and electric field strength at I = 0.02 and
dp = 0.1 lm. It can be found that electrophoresis effect
Fig. 4. The distribution of local deposition velocity under different dp and
AW ratio (I = 0, E = 0).



(a) Distribution of velocity field 

(b) Distribution of particle concentration (dp=0.01) 

(c) Distribution of particle concentration (dp=10) 

Fig. 5. Distribution of velocity of dimensionless flow field f0 and different
particle concentration N when AW ratio is 0.02.
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becomes significant as electric field strength increases. Figs.
6 and 7 reveal that electrophoresis replaces diffusion grad-
ually as a dominate deposition mechanism for small parti-
cles, while increasing the electric field strength. For large
particles, particle deposition is still dominated by sedimen-
tation effect. In addition, because electric field is constant
on the disk, the amplitude of deposition velocity curve does
not increase with the increase of electric force. Therefore,
the electric field will not alter the original wave pattern.

Fig. 8 is the distribution of local deposition velocity
along the wavy surface under different AW ratio and dp

at I = 0.02 and E = 10 V/cm. Fig. 9 is the distribution of
local deposition velocity along wavy surface under different
AW ratio and thermophoresis at E = 100 and dp = 1 lm.
For I = �0.02, the periodical distribution of local deposi-
tion velocity is related to the geometry of wavy surface with
phase shift of 180�. Such phenomenon is caused by the
gradual decreasing of Brownian diffusion. In this case,
thermophoresis is the major deposition mechanism. The
thermophoresis would decrease particle deposition and
slow down the deposition velocity for I = �0.02. It also
shows that the strongest effect of thmophoresis is at the
peak of wavy surface, and results a slowest local deposition
velocity at the peak.

To investigate the effect of wavy surface on the overall
particle deposition effect, Figs. 10 and 11 show the distribu-
tion of mean deposition velocity along wavy surface under
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different electrophoresis and thermophoresis. As mean
deposition velocity being the average value of local deposi-
tion velocity along the wavy surface, it is found that the
variation of mean deposition velocity in the center of the
disk is large. Fig. 10 shows that mean deposition velocity
of wavy plate is similar to flat plate for large particle
(dp = 1 lm). From Fig. 11, under the effect of thermopho-
resis and electrophoresis, the amplitude of distribution of
mean deposition velocity increases as particle size
increases. However, the resulting deposition velocity to a
wavy surface is similar to that of flat surface with the
increase of radius. This is because the influence of sedimen-
tation becomes more significant than thermophoresis and
electrophoresis. For small particle, diffusion and thermo-
phoresis are the major deposition mechanisms. The mean
deposition velocity of wavy disk would be slightly less than
that of flat disk and no significant change on the amplitude
with the increase of radius.
5. Conclusions

The paper studied numerically aerosol particle deposi-
tion from an axisymmetric stagnation flow onto a wary
disc. Thermophoresis, electrophoresis, sedimentation and
several factors are taken into consideration. The simulation
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results of particle deposition onto a flat plate match well
with several earlier experimental works. The same method
is then extended to analyze particle deposition onto a wavy
disc. Numerical results show that, if the effects of thermo-
phoresis and electrophoresis are left aside, local deposition
velocity has a periodic pattern similar to the wavy surface
of the disc. Obviously, it is under the influence of the geo-
metric characteristics of the disc. When electrophoretic
effect is included, local deposition velocity increases as
the strength of electric field increases. Nevertheless, the
amplitude of deposition velocity curve still remains
unchanged because the AW ratio of wavy disc has no effect
on electric field. On the other hand, because the tempera-
ture of wavy disc varies with the AW ratio and radius,
the temperature gradient near the wavy surface is altered
such that thermophoresis become stronger as the radius
increases. Therefore, local deposition velocity as well as
the amplitude of deposition curve increases as the radius
increases due to stronger thermophoretic effect. Though a
wavy disc has a larger deposition surface and strong ther-
mophoretic effect that increase particle deposition at the
peak of wavy surface, the local deposition velocity in the
concave region of wavy disc is relatively slower than that
of flat plat. When it comes to comparing a wavy disc with
a flat plate with the same projection area, previous factors
makes the net effect of overall particle deposition onto a
wavy disc less than onto a flat plat. The results also show
that while sedimentation effect dominates the particle depo-
sition mechanism when particle size are large, thermopho-
resis and electrophoresis play more significant roles as
particle size reduces. The present work provides a better
understanding of the effects of thermophoresis and electro-
phoresis on particle deposition onto a wavy surface.
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