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Abstract

This paper presents results for the deposition rate of small particles on the walls of a turbulent channel ~ow[ The
results were obtained by direct numerical simulation of a horizontal turbulent channel ~ow[ A temperature pro_le
typical of ceramic oxide aerosol reactors was imposed across the channel[ Thermophoresis played an important role in
the deposition of particles for the range of conditions that were studied[ An interaction between turbophoresis and
thermophoresis was found to play an important role in the deposition process[ Þ 0887 Elsevier Science Ltd[ All rights
reserved[

Nomenclature

a particle radius
ap particle acceleration
C particle concentration
Cb particle bulk concentration
Cc Cunningham slip factor
CD nonlinear correction to Stokes drag
d particle diameter
Fb Brownian random force
Fd wall!corrected Stokes drag force
Fl lift force
FT thermophoretic force
g gravitational acceleration
h channel half width
jd ~ux of depositing particles
kg\ kp thermal conductivity of ~uid and particle\ respec!
tively
kT thermal slip coe.cient
K thermophoretic coe.cient
Nd total number of particles deposited on the channel
walls
Nbot number of particles deposited on the bottom chan!
nel wall
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Ntop number of particles deposited on the top channel
wall
Nx\ Ny\ Nz number of grid points in the downstream\
normal and spanwise directions\ respectively
p pressure
p? pressure ~uctuations
Pr Prandtl number
Re Reynolds number of channel ~ow based on
hydraulic diameter and bulk velocity
S particleÐ~uid density ratio
Sc particle Schmidt number
t time
T mean ~uid temperature
Tc mean ~uid temperature at core
Tw mean ~uid temperature at wall
T� friction temperature
u� friction velocity
u\ v\ w ~uid ~uctuation velocities in downstream\ nor!
mal and spanwise directions\ respectively
u?\ v?\ w? ~uid rms ~uctuations in downstream\ normal
and spanwise directions\ respectively
U mean downstream component of ~uid velocity
v ~uid velocity
vimp normal component of impact velocity of depositing
particles
vp particle velocity
Vd deposition velocity
x coordinate in downstream direction
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x¼ \ y¼\ z¼ unit vectors in the streamwise\ normal and span!
wise direction\ respectively
y coordinate measured from nearest wall in normal
direction
z coordinate in spanwise direction[

Greek symbols
a thermal di}usivity
u temperature ~uctuations
l molecular mean free path in the ~uid
lx\ lz period in the streamwise and spanwise direction\
respectively
m ~uid dynamic viscosity
r ~uid density
rp particle density
t particle relaxation time[

Subscript
p of particle
T due to thermophoresis
w quantity at wall
x\ y\ z streamwise\ normal and spanwise component[

Superscript
¦ nondimensional quantity in wall variable[

Miscellaneous
ð Ł xz!plane space averaged quantities
* time averaged quantities
= = absolute values[

0[ Introduction

The goal of this work was to gain a better under!
standing of the deposition of titania "TiO1# particles\
sized 9[94 mm through 0[55 mm\ in a turbulent channel
~ow with an imposed mean temperature gradient[ A
direct numerical simulation "DNS# of a turbulent channel
~ow "Re � 6949# was used to study deposition of these
particles on the walls of the channel[ In performing the
computations of particle deposition\ material property
variations were ignored[

This study was motivated by a desire to better under!
stand the role of thermophoresis in ceramic oxide aerosol
reactors[ The reactions in question are highly exothermic
so that the core of the reactor tube is hotter than the wall[
When a temperature gradient is established in a gas\
the aerosol particles in the gas experience a force in the
direction of decreasing temperature[ The motion of the
aerosol particles that results from this force is called
thermophoresis[ The magnitude of the thermal force
depends on gas and particle properties and on the tem!
perature gradient[ When cold surfaces are near a hot
gas\ thermophoresis can cause particles in the gas to be
deposited on the cold surfaces[ According to Xiong and

Pratsinis ð0Ł\ as many as 49) of the particles in a com!
mercial ceramic oxide reactor can be brought to the reac!
tor walls by thermophoresis[

Derjaguin et al[ ð1Ł performed experiments on ther!
mophoretic migration in gases and used their results to
determine the constants in an expression for the ther!
mophoretic constant[ Walker et al[ ð2Ł used the above
results to compute the thermophoretic velocity in a study
of thermophoretic deposition in laminar pipe ~ow[

Fernandez de la Mora and Rosner ð3Ł and Go�kog¹lu
and Rosner ð4Ł performed analyses for thermophoretic
deposition on solid surfaces[ Fernandez de la Mora and
Rosner used asymptotic analysis to derive results for the
deposition of particles on spheres and cylinders at small
Reynolds numbers[ Go�kog¹lu and Rosner developed cor!
relations for deposition of small particles on solid sur!
faces from boundary layers at large Reynolds numbers[
They discussed turbulent boundary layers as well as lami!
nar boundary layers[

Although one of the correlations developed by Go�k!
og¹lu and Rosner is for turbulent boundary layers\ it is
not appropriate for the conditions that will be considered
in this paper[ Go�kog¹lu and Rosner assumed that particles
are brought close to the wall by turbulent di}usion and
then deposit by thermophoresis "or other e}ects that
they considered#[ However\ when particle inertia is an
important e}ect\ Caporaloni et al[ ð5Ł and\ independently\
Reeks ð6Ł showed that {turbophoresis| can cause particles
to migrate toward a wall from a turbulent shear ~ow[
Turbophoresis causes particle to migrate\ in a average
sense\ from regions of large rms turbulent velocity ~uc!
tuations to regions of small rms turbulent velocity ~uc!
tuations[

McLaughlin ð7Ł used DNS to study aerosol deposition
in an isotherml turbulent channel ~ow[ Although the
particles were much larger than those to be discussed in
this paper\ the channel ~ow was vertical so that gravity
could not directly cause the deposition of particles on
the channel walls[ It was found that particles tended to
accumulated in the viscous wall region by turbophoresis[
It was also found that a large fraction of the particles
that deposited travelled to the wall by a {free!~ight| mech!
anism similar in spirit to that suggested by Friedlander
and Johnstone ð8Ł[ Brooke et al[ ð09\ 00Ł and Chen et al[
ð01Ł further documented the phenomena of free!~ight
and the tendency of aerosols to accumulate near walls in
turbulent ~ows[

The particles that will be discussed in this paper are in
the size range 9[94Ð0[55 mm[ Under many circumstances\
one would expect the correlation developed by Go�kog¹lu
and Rosner to provide useful estimates of the thermo!
phoretic deposition rates[ However\ the friction velocities
in aerosol reactors are large enough that particle inertia
plays an important role in their behavior near walls[ It
will be seen that turbophoresis plays an important role
in the deposition process[ For example the concentration
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pro_le shows a maximum near the wall so that the con!
centration pro_le has the {wrong| slope for a model based
on turbulent di}usion to be appropriate[

1[ Simulation procedures for ~ow and temperature

_elds

1[0[ Flow `eometry

The channel ~ow program solves the incompressible
NavierÐStokes equation for a turbulent pressure driven
~ow between two in_nite\ ~at\ parallel walls[ The x!direc!
tion points downstream in the direction of the constant
mean pressure gradient parallel to the walls\ the y!direc!
tion is normal to the walls and the z!direction points in the
spanwise direction parallel to the walls[ A mean velocity is
present only in the x!direction and is denoted by U[ The
~uctuations of the x!\ y! and z!components of the velocity
are denoted by u\ v and w\ respectively[ Hence\ the com!
ponents of the ~uid velocity in the x!\ y!\ and z!directions
are given by U¦u\ v and w\ respectively[ The com!
putation domain is periodic in the streamwise and span!
wise directions with corresponding periods lx and lz[ It
is valid to impose periodic conditions in the x! and z!
directions since the ~uid is unbounded in those directions[
Ideally\ lx and lz should be much larger than the distance
between the channel walls\ 1h[

1[1[ Simulation of ~ow _eld

In the calculations of thermophoresis\ material prop!
erty variations were ignored[ Thus\ the momentum equa!
tion takes the form of the NavierÐStokes equation for an
incompressible ~uid with no body forces]

r
1v

1t
¦rv =9v � −9p¦m91v[ "0#

In the above equation\ v �"U¦u#x¼¦vy¼¦wz¼ is the ~uid
velocity _eld "x¼ \ y¼ and z¼ are unit vectors in the x!\ y! and
the z!direction\ respectively#\ p is the pressure\ t is the
time\ and r and m are the ~uid density and ~uid dynamic
viscosity\ respectively[

The ~uid is assumed to be incompressible and to satisfy
rigid\ no!slip boundary conditions on the channel walls

9 = v� 9 "1#

v � 9\ y �2h[ "2#

In addition\ periodic boundary conditions are imposed
in the downstream and spanwise directions

v"x¦mlx\ y\ z¦nlz\ t# � v"x\ y\ z\ t#[ "3#

In the above equation m and n are integers[ The periods
lx and lz are chosen large enough that all important
length scales are resolved[ Since periodic boundary con!
ditions are used in the x! and z!directions\ the velocity\

pressure head and temperature _elds are expanded in
terms of Fourier series in those directions[ Due to the
presence of rigid walls in the y!direction\ the velocity\
pressure head and temperature _elds are expanded in
terms of Chebyshev polynomial series in that direction[

In what follows\ variables will be expressed in terms of
{wall units| based on r\ m\ and the friction velocity u�[
Dimensionless quantities will be denoted by a {¦| super!
script[ The velocity scale\ length scale and time scale are
u�\ m:ru� and m:ru1

�\ respectively[

1[2[ Simulation of temperature _eld

The mean temperature pro_le is calculated from the
wall temperature\ Tw\ and the mean temperature at the
center of the channel\ Tc using an empirical correlation[
In some of the computations to be reported\ temperature
~uctuations were ignored in computing the ther!
mophoretic and Brownian forces[ In other computations\
the above pro_le was imposed on the horizontally aver!
aged temperature _eld and the temperature ~uctuations
were computed[ In the latter case\ the total temperature is
given by T¦u\ where T is the time averaged temperature
pro_le and u is the temperature ~uctuation[

For a thermally developed ~ow\ the time averaged
temperature pro_le\ T\ is a function only of y[ It is cal!
culated by using an empirical {law of the wall temperature
pro_le| given by Deissler "Bird et al[ ð02Ł#\ which is pre!
sented below[ For a region near the wall "y¦ ³ 15#

T¦ � g
y¦

9

dy¦

"0:Pr#¦n1U¦y¦"0−exp "−n1U¦y¦##

¦T¦
w \ "4#

and for the turbulent core "y¦ − 15#

T¦ � U¦−U¦"y¦ � 15#¦T¦"y¦ � 15#[ "5#

In the above equations y¦ is the distance measured from
the closest channel wall\ Pr is the Prandtl number of the
~uid\ and n is a constant "�9[013#[ The symbols T¦ and
T¦

w denote the dimensionless time averaged temperatures
at y¦ and at the walls\ respectively[ Temperatures are
non!dimensionalized with T�]

T� �
0
Pr

m

ru� b
dT
dy bwall

�
0
Pr b

dT

dy¦ bwall

[ "6#

In equations "4# and "5#\ an empirical _t is used to cal!
culate U¦"y¦#[

U¦"y¦# � 05 00−exp 6
y¦1−1y¦h¦

21h¦ 71[ "7#

The temperature satis_es

1"T¦u#
1t

¦v =9"T¦u# � a91"T¦u#[ "8#
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The mean temperature satis_es

ðv =9uŁ � a
d1T

dy1
"09#

where a is the thermal di}usivity[ The ~uctuating tem!
perature\ u\ is obtained by solving the following equation]

1u

1t
¦v =9u−ðv =9uŁ¦v

dT
dy

� a91u[ "00#

Equation "00# is obtained by subtracting equation "09#
from "8#[ The above equation may be non!dimen!
sionalized with u�\ r\ m and T�]

1u¦

1t¦
¦v¦ = 9¦u¦−ðv¦ = 9¦u¦Ł¦v¦ dT¦

dy¦
�

0
Pr

9¦1u¦[

"01#

The ~uctuating temperature satis_es periodic boundary
conditions ðsimilar to equation "3#Ł in the streamwise and
spanwise directions and homogeneous boundary con!
ditions at the channel walls[

u"x¦mlx\ y\ z¦nlz\ t# � u"x\ y\ z\ t#\

u"x\2h\ z\ t# � 9[ "02#

Using equation "02# one can show that

ðv =9uŁ �
1

1y
ðvuŁ[

1[3[ Physical parameters of the ~uid

Xiong and Pratsinis ð0Ł discuss the production of cer!
amic oxide _ne particles using TiO1 as a speci_c example[
They provide typical ranges for operating parameters and
the parameters chosen for the work are in the above
ranges[ The temperatures are 0662 K at the core and 0412
K at the reactor walls[ The physical properties of the ~uid
are based on the properties of chlorine gas at 0537 K\
which is the average temperature based on the tem!
perature of the core and that at the walls of the channel[
All physical parameters used in the simulation are listed
in Table 0[ The symbol l denotes the mean free path
length in the ~uid and kg denotes the thermal conductivity
of the ~uid[

1[4[ Simulation parameters

The computational domain used for the DNS spans
529 wall units in the spanwise and streamwise directions

Table 0
Physical properties of the ~uid

l 9[004×09−5 m kg 9[9497 W "m−0 K−0# Tw 0412 K
r 0[4 kg m−2 Pr 9[673 u� 6 m s−0

m 6[4×09−4 kg "m−0 s−0# Tc 0662 K T� 05[516 K

and 149 wall units in the normal direction[ The com!
putational domain contains 05×54×53 grid points in
the streamwise\ the normal\ and the spanwise directions\
respectively[ The grid spacings are given in Table 1[ The
time step used in this work was 9[14 time wall units[

Lyons et al[ ð03Ł generated steady!state velocity _elds
that were used to obtain the ~ow _elds used in this work[
Figure 0 shows the root mean square temperature and
velocity ~uctuations in comparison with experimental
results ð04\ 05Ł[ The results of Kreplin and Eckelmann
ð04Ł are for the normal component of velocity[ The
Reynolds number in the present simulation is 6949 based
on the hydraulic diameter and the bulk velocity[

The initial velocity _eld was a steady!state turbulent
~ow _eld[ The initial temperature _eld was the mean
temperature pro_le described by equations "4# and "5#[
The turbulent velocity _eld quickly generated a turbulent
temperature _eld[ The value of T� was computed from
equation "6#\ in which the following value of the tem!
perature gradient at the wall was used]

b
dT

dy¦ bwall

¹
Tc−Tw

08[067
� 02[925 K:wall unit[ "03#

Note that the dimensionless temperature gradient at the
wall is equal to the Prandtl number\ Pr[

2[ Simulation of particle motion

The particle|s equation of motion includes the Stokes
drag force\ the Brownian random force\ the lift force
and the thermophoretic force[ With the exception of the
thermophoretic force\ the details may be found in Chen
and McLaughlin ð01Ł[ The equation takes the following
form]

dv¦
p

dt¦
�

1"S−0#
1S¦0

g¦¦CDF¦
d ¦F¦

l ¦F¦
b ¦F¦

T [ "04#

In equation "04# CD is the nonlinear drag correction
factor\ F¦

d is the dimensionless Stokes drag force includ!
ing wall corrections and the Cunningham slip correction\
F¦

l is the dimensionless lift force\ F¦
b is the dimensionless

Brownian random force\ and\ F¦
T is the dimensionless

thermophoretic force[ With the exception of the ther!
mophoretic force\ expressions for the above various
forces may be found in Chen and McLaughlin[

The Stokes drag in equation "04# may be expressed in

Table 1
Computational grid

l¦
x � 529 Nx � 05 Dx¦ � 28[39

1h¦ � 149 Ny � 54 Dy¦ � 9[04Ð5[02
l¦

z � 529 Nz � 53 Dz¦ � 8[73
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Fig[ 0[ Root mean square temperature and velocity ~uctuations in comparison with experimental results[

terms of the dimensionless Stokes particle relaxation
time\ t¦\ which is de_ned by

t¦ � Cc

1S¦0
8

a¦1[ "05#

The dimensionless particle relaxation time may be inter!
preted as a dimensionless stopping distance[ If a particle
were projected with an initial velocity equal to the friction
velocity into a stagnant gas\ t¦ is the dimensionless stop!
ping distance of the particle[ Thus\ t¦ is a useful way of
characterizing particle inertia[ Particles with t¦ ð 0 may
be expected to follow turbulent eddies "provided that
the sedimentation velocity\ thermophoretic velocity\ and
Brownian motion can be neglected#[

The following expression for the thermophoretic
velocity\ vpT\ of a particle is given by Walker et al[ ð2Ł[

vpT � −K
n

T
9T[ "06#

Here K is the thermophoretic coe.cient[ Expressions for

the thermophoretic coe.cient for the regime where the
mean free path\ l\ is comparable to or larger than the
particle radius\ a\ are given by Derjaguin et al[ ð1Ł]

K � kT

00¦c0

l

a
kp

kg1
00¦

kp

kg

¦c0

l

a
kp

kg1
\ "07#

where c0 is a constant "�1[06#\ kT is the thermal slip
coe.cient "¼0[0#\ and kp and kg are the thermal con!
ductivities of the particle and the ~uid\ respectively[

The expression for the thermophoretic force\ F¦
T \ in

equation "04# can be obtained by multiplying the ther!
mophoretic velocity ðequation "06#Ł by the mass of the
particle and dividing it by the particle relaxation time t\
and then making the obtained expression dimensionless]

F¦
T � −

K

t¦

9T¦

T¦
[ "08#
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Table 2
Physical properties of the aerosol particles

d 9[94\ 9[19\ 9[49\ 9[95\ 0[99 and 0[55 mm
rp 3159 kg m−2

kp 2[9 W "m−0 K−0#

2[0[ Physical parameters of the particles

The diameters of the titania particles in the present
study ranged from 9[94Ð0[55 mm[ Other physical proper!
ties are listed in Table 2[

2[1[ Particle trackin`

In the evaluation of the drag force and the lift force
in the particle equation of motion\ the velocity of the
undisturbed ~uid at the location of each particle is
required[ Similarly\ for the computation of the thermo!
phoretic force\ the temperature and its gradient at the
location of the particle are needed[ Since the particles
are not located at the three!dimensional grid points\ an
interpolation scheme is required[ In this work\ partial
Hermite interpolation was used to obtain the ~uid
velocity\ the temperature and its gradient at a particle
location[ Partial Hermite interpolation gives reasonable
accuracy and saves computation time "see Kontomaris
et al[ ð06Ł#[ A second!order time stepping method was
used to compute the trajectories of the particles by solving
equation "04# and

dx¦

dt¦
� v¦

p "19#

simultaneously with the DNS[ On the _rst time step\ an
Euler method was used[

Table 4
Parameters for the solid particles

u
�

"m s−0# d "mm# d¦ Cc Sc t "s# t¦

6 9[94 9[996 7[120 8[327×092 5[383×09−7 9[953
6 9[19 9[917 1[511 0[074×092 2[200×09−6 9[213
6 9[49 9[969 0[484 3[769×094 0[148×09−5 0[122
6 9[59 9[973 0[380 5[143×094 0[583×09−5 0[559
6 0[99 9[039 0[189 0[194×095 3[960×09−5 2[889
6 0[55 9[121 0[063 1[085×095 09[079×09−4 8[865
3 9[19 9[905 1[511 0[074×094 2[200×09−6 9[095
3 9[49 9[939 0[484 3[769×094 0[148×09−5 9[392
3 0[99 9[979 0[189 0[194×095 3[960×09−5 0[292

Table 3
Length and time scales

u
�

"m s−0# Wall unit "m# Time wall unit "s#

6 6[0318×09−5 0[9193×09−5

3 0[1499×09−4 2[0149×09−5

3[ Results

3[0[ Thermophoretic deposition in a sta`nant `as

For the purpose of comparison with the DNS results\
the rate of deposition and impact velocities for particles
dispersed in a stagnant gas were computed[ The thermo!
phoretic force\ F¦

T \ on an aerosol particle was calculated
based on equation "08#[ Only the mean temperature pro!
_le was used in the computations[ Table 3 shows the
values of the length and time scales for two di}erent
values of friction velocity u� used subsequently[ For the
analysis in stagnant gas\ the value of u� was 6 m s−0[
Physical properties of the ~uid and the particles are listed
in Tables 0 and 2\ respectively[ Table 4 shows the various
parameters for solid particles used in the runs[ In Table
4\ d is the particle diameter\ Cc is the Cunningham slip
correction factor\ and Sc is the particle Schmidt number[

Since the temperature gradient exists only in the nor!
mal direction\ F¦

Ty is the only non!zero component of the
thermophoretic force[ The magnitude of the thermo!
phoretic velocity at the wall for di}erent particle sizes
was computed from equation "06#[ Equation "06# is non!
dimensionalized\ and with the help of equation "03# it
can be simpli_ed to the following form]

v¦
pTy

=wall � −K
0

T¦

dT¦

dy¦ bwall

� −K
0

0412
×02[925[ "10#

The values of K can be calculated from equation "07#[
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Table 5
Thermophoretic velocity of particle at the wall

d "mm# t¦ K =v¦
imp = ¹ =v¦

pTy
=wall log09 =v¦

imp =

9[94 9[953 0[999 7[448×09−2 −1[957
9[19 9[213 9[676 5[625×09−2 −1[061
9[49 0[122 9[443 3[631×09−2 −1[213
9[59 0[559 9[494 3[211×09−2 −1[253
0[99 2[889 9[263 2[190×09−2 −1[384
0[55 8[865 9[154 1[157×09−2 −1[533

These have been tabulated in Table 5 together with the
thermophoretic velocity at the wall[ Figure 1 shows the
magnitude of the thermophoretic velocity of a particle at
the wall for di}erent particle relaxation times[ This vel!
ocity is a very good approximation to the impact velocity\

Fig[ 1[ Magnitude of the impact velocity for thermophoretic deposition in a stagnant gas for di}erent particle sizes[

v¦
imp\ of the depositing particles[ Table 5 also shows log09

=v¦
imp =\ which will be useful later for comparison purposes[
A numerical experiment was devised to estimate the

deposition rate of the TiO1 particles in a stagnant gas[
Initially\ 29 999 particles were uniformly distributed in
the region between the two walls of the channel[ These
particles were then allowed to migrate and deposit on
the walls due to thermophoresis[ This simulation was
performed for 0999 time wall units with a time step equal
to 9[14 time wall units[ The particles were assumed to
move with their thermophoretic velocity\ as justi_ed earl!
ier[ At each time step\ the locations of the undeposited
particles were updated and the new particle locations
were checked for deposition[ The results are tabulated in
Tables 6 and 7[ The symbol Nd denotes the total number
of particles deposited on the walls after the complete run[
The dimensionless deposition velocity\ V¦

d \ is a measure
of the ~ux of particles\ jd\ depositing on the walls[ The
quantity jd is de_ned as the number of particles depositing
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Table 6
Results for thermophoretic deposition in stagnant gas

No[ d "mm# t¦ Nd V¦
d ×092

0 9[94 9[953 0750 6[775
1 9[19 9[213 0408 5[304
2 9[59 0[559 0900 3[137
3 0[99 2[889 646 2[064
4 0[55 8[865 428 1[145

Table 7
Number of particles deposited at di}erent time intervals for
thermophoretic deposition in stagnant gas

No[ t¦ ] 0Ð149 t¦ ] 140Ð499 t¦ ] 490Ð649 t¦ ] 640Ð0999 Nd

0 498 381 345 393 0750
1 390 283 265 237 0408
2 148 143 141 135 0900
3 080 081 077 075 646
4 024 025 023 023 428

Table 8
DNS run conditions

Run 0 u
�

� 6 m s−0 no thermophoresis\ constant
temperature 0362 K

Run 1 u
�

� 6 m s−0 no thermophoresis\ constant
temperature 0537 K

Runs 2Ð7 u
�

� 6 m s−0 with thermophoresis\ no
temperature ~uctuations

Runs 8Ð00 u
�

� 3 m s−0 with thermophoresis\ no
temperature ~uctuations

Runs 01 and 02 u
�

� 6 m s−0 with thermophoresis\ with
temperature ~uctuations

Table 09
DNS results

Run no[ d "mm# t¦ Ntop Nbot V¦
d ×092

0 9[94 9[953 26 39 9[210
1 9[94 9[953 25 33 9[228
2 9[94 9[953 0090 0009 8[877
3 9[19 9[213 0011 0000 09[207
4 9[49 0[122 0144 0216 01[140
5 9[59 0[559 0185 0356 02[147
6 0[99 2[889 1007 1378 15[669
7 0[55 8[865 3283 3779 63[219
8 9[19 9[095 0925 0994 7[868

09 9[49 9[392 805 826 7[250
00 0[99 0[292 0990 0946 8[589
01 9[94 9[953 0092 0013 09[031
02 0[99 2[889 1007 1363 15[556

on a unit area of the wall per unit time[ The symbol V¦
d

is de_ned as follows]

V¦
d �

jd
Cbu�

"11#

where Cb is the bulk concentration[ The bulk con!
centration is calculated based on the particle con!
centrations between the regions 39¾ y¦ ¾ 79 on both
sides of the channel[ The deposition rate decreases as the
size of the particle increases due to the corresponding
decrease in the magnitude of the thermophoretic force[

3[1[ Thermophoretic deposition in a turbulent `as

Initially\ 29 999 particles were randomly released in the
numerical channel and were tracked under the e}ect of
various forces described in Section 2[ Thirteen DNS runs
were performed to determine the e}ect of certain par!
ameters such as the particle diameter[ Each run was made
for 0999 time wall units[ The time step was 9[14 wall
unit[ Each complete run used about 21 CPU h of SGI
supercomputer time at NCSA[ Table 8 summarizes the
conditions used in these runs[ Runs 0 and 1 were carried
out at constant temperature using a small particle size of
9[94 mm to check the e}ect of temperature on deposition
by di}usion[ All other runs included the thermophoretic
force in the particle equation of motion[ Runs 2Ð7 were
carried out with u� � 6 m s−0[ Runs 8Ð00 were carried
out for u� � 3 m s−0[ Temperature ~uctuations were
included for the last two runs "01 and 02#[

Table 09 presents the results of all the DNS runs per!
formed[ The symbols Ntop and Nbot denote the number
of particles deposited on the top and the bottom wall\
respectively[ Table 00 shows the number of particles
deposited at di}erent time intervals[ Comparison of these

Table 00
Deposition at di}erent time intervals for the DNS runs

Run t¦ ] t¦ ] t¦ ] t¦ ]
No[ 0Ð149 140Ð499 490Ð649 640Ð0999 Nd

0 39 01 09 04 66
1 30 04 00 02 79
2 491 477 456 443 1100
3 336 467 514 472 1122
4 243 541 790 664 1471
5 232 620 734 733 1652
6 308 0031 0419 0415 3596
7 0120 1215 2062 1433 8163
8 332 422 451 492 1930

09 228 374 417 490 0742
00 137 370 517 690 1947
01 499 488 441 465 1116
02 313 0029 0416 0400 3481
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numbers gives an idea whether the deposition process has
reached a steady state[

Since the channel is horizontal\ one might expect more
deposition on the lower wall[ However\ with the excep!
tion of the largest particles\ gravity has a negligible e}ect
on the deposition of the particles[ This is because of the
large friction velocity used in the present simulations[

Runs 0 and 1 were performed to check the e}ect of
temperature on the Brownian di}usivity[ Particles of size
9[94 mm were chosen for this run as they primarily deposit
by di}usion[ No temperature gradient was imposed\ and
hence there was no thermophoretic e}ect[ Run 1 was
carried out at 0537 K and run 0 at 0362 K[ The deposition
rate was approximately 5) higher in the second run than
in the _rst run[ As one might expect\ the rate of deposition
due to Brownian di}usion increases with temperature[
However\ the increase is small[

The thermophoretic force was included in runs 2Ð02[
Runs 2Ð00 only included an imposed mean temperature
pro_le with no ~uctuations[ Figure 2 compares the depo!

Fig[ 2[ Comparison of deposition rates in stagnant gas and DNS with and without thermophoresis "u� � 6 m s−0\ runs 2Ð7#[

sition rates for thermophoretic deposition in stagnant gas
"described in the previous sub!section# with the DNS
results "with and without thermophoresis# for
u� � 6 m s−0[ DNS runs for TiO1 particles\ using the
same channel dimensions and ~ow _eld\ without ther!
mophoresis were also performed for comparison
purposes[

The DNS runs without thermophoresis showed that
Brownian di}usion is dominant for particles with t¦ ³ 0
and V¦

d can be correlated with Sc[ When inertial depo!
sition is dominant "t¦ × 0#\ V¦

d in mainly determined by
t¦[

In a stagnant gas\ the deposition rate due to thermo!
phoresis decreases with increases in particle size[ This is
due to the decrease in the magnitude of thermophoretic
force as the particle diameter increases[ The value of
V¦

d for thermophoretic deposition in stagnant gas is close
to V¦

d for the DNS runs with thermophoresis for
t¦ ³ 9[0[ The thermophoretic force produces the largest
increase in the deposition rate for t¦ ¼ 0[6[
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Figure 3 shows the normalized concentration pro_les
for three di}erent particle relaxation times after 0999
time wall units[ The concentration was normalized using
the bulk concentration[ Smaller particles "t¦ ³ 0# do not
show as much accumulation near the wall as bigger par!
ticles " for example t¦ � 2[889#[ Figure 4 compares the
concentration pro_les for t¦ � 2[889 for DNS runs with
and without thermophoresis after a time of 0999 time
wall units[ The DNS run without thermophoresis shows
a high concentration in the region 9[0 ³ y¦ ³ 0[
McLaughlin ð7Ł and Brooke et al[ ð09Ł also found that
aerosols tend to accumulate in this viscous wall region as
a result of inertia[ This phenomenon has been referred to
as {turbophoresis| by Caporaloni et al[ ð5Ł and Reeks ð6Ł[
Particles with t¦ × 0 deposit mainly by inertial motion in
the absence of thermophoresis[ However\ some particles
may not have enough inertia to penetrate the viscous
wall region[ They are trapped in the viscous wall region

Fig[ 3[ Normalized concentration distribution for di}erent size particles at t¦ � 0999 "u� � 6 m s−0\ runs 2\ 4 and 6#[

because of the relatively low turbulence level in this
region[ Hence\ a large peak in concentration is observed
in Fig[ 4 for the DNS run without thermophoresis[ How!
ever\ when the thermophoretic force is turned on\ it helps
the accumulated particles in the viscous wall region to
deposit by thermophoresis[ The normalized con!
centration approximately halves for the DNS run with
thermophoresis compared to the DNS run without
thermophoresis[

The impact velocity spectrum reveals the dominant
deposition mechanisms[ Figure 5 shows plots for the
number fraction of particles which deposited with a cer!
tain range of impact velocity for the DNS runs with
thermophoresis against log09 =v¦

imp =[ The solid lines rep!
resent the data for runs with thermophoresis[ The impact
velocity spectrum for particles with t¦ � 9[953 shows a
peak at log09 =v¦

imp = � −1[9 that is close to the cor!
responding value −1[957 "see Table 5# computed earlier
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Fig[ 4[ Normalized concentration distribution for t¦ � 2[889 with and without thermophoresis at t¦ � 0999[

for thermophoretic deposition in stagnant gas[ About
59) are deposited at this impact velocity which rep!
resents thermophoretic deposition[ The fact that a sig!
ni_cant number of particles deposit with signi_cantly
smaller impact velocities suggests that Brownian motion
plays a role in deposition[ For t¦ � 0[122 and 2[889\
more than 89) of the particles are deposited due to
thermophoresis as is represented by the distinct high
peaks[ These peaks move to the left as t¦ increases[ This
is because larger particles have lower thermophoretic vel!
ocities[ For t¦ � 0[122\ thermophoresis seems to be the
only important mechanism\ as all particles deposit within
a very small range of the corresponding impact velocity[
For t¦ � 2[889\ there is another small peak with a higher
impact velocity which indicates some deposition by
inertia[

These results can be compared with those for DNS

without thermophoresis\ shown in Fig[ 5 using dotted
lines[ For small particle sizes "t¦ � 9[953#\ Brownian
di}usion is important as shown by one broad peak[
Larger particles "e[g[ t¦ � 2[889# exhibit two peaks] the
smaller one corresponding to Brownian deposition and
the signi_cantly larger one corresponding to inertial
deposition[

Runs 8Ð00 were done with u� � 3 m s−0[ Temperature
~uctuations were turned on for runs 01 and 02[ The e}ect
of these on the deposition rate is shown in Fig[ 6[ Using
u� � 3 m s−0 causes a decrease in the deposition rate\ but
temperature ~uctuations have virtually no e}ect[

Figures 7 and 8 compare the magnitude of the normal
component of the di}erent forces acting on t¦ � 9[953
and 2[889 particles\ respectively[ To obtain these values
for a given y¦\ the numerical channel was divided into
1499 slices in the normal direction[ The width of each
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Fig[ 5[ Impact velocity spectrum for deposited particles for DNS with "*# and without "= = =# thermophoresis[
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Fig[ 6[ E}ect of temperature ~uctuations and u
�

on the deposition rate[
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Fig[ 7[ Comparison of the averaged magnitude of the normal component of di}erent forces acting on t¦ � 9[953 particles "run 2^
averaged over the _rst 149 time wall units#[

slice was 9[0 wall units[ The average magnitude of the
normal component of the forces were then computed
during a DNS run for the particles located in a given
slice[ The nondimensional gravitational force\ which is
not plotted\ is 0[318×09−5 wall units for u� � 6 m s−0[
From the plots\ one can see that the magnitude of the
dimensionless thermophoretic force experienced by a
TiO1 particle of size 9[94 mm is approximately 099 times
larger than that experienced by a particle sized 0[9 mm
under the same conditions[ Also evident from the _gure
is the fact that the thermophoretic force is strongest in
the region y¦ ³ 09 and then it diminishes rapidly in the
core of the channel[ This re~ects the steep temperature
gradient near the wall[

4[ Conclusions

DNS results of deposition of TiO1 particles under the
e}ect of thermophoresis were presented[ When compared

to DNS without thermophoresis\ the deposition rates
with thermophoresis show dramatic increases for par!
ticles with t¦ � O"0#[ No signi_cant e}ect due to gravity
was found[ Turning on the temperature ~uctuations also
did not produce any change in the deposition rate[ Vel!
ocity spectrum plots revealed that most of the particles
were deposited by thermophoresis[
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