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Abstract

The analytical solutions have been obtained with the aid of the surface rejuvenation model for the quantitative predictions of m
approach distance, mean thermophoretic velocity and mean thermophoretic transport rate in detail. The mean sublayer residence
in accordance with the velocity distribution in the fully turbulent fluid flow is consistent with visual observations. The local cum
submicron particle transport rate has been theoretically predicted including the conjoint effects of eddy diffusion, Brownian diffus
thermophoretic effect. The results give an explanation for the complex phenomena of the comparable coupling between the th
turbulent mechanism during the time intervals of successive eddies, especially for the heating surface. A good agreement of dim
mean transport rate in an isothermal turbulence fluid flow proves the subsequent developments of the coupling on the partic
mechanisms in the viscous sublayer.
 2005 Elsevier SAS. All rights reserved.

Keywords: Surface rejuvenation model; Turbulence; Transport parameter; Dimensionless mean eddy approach distance; Dimensionless; Dimensio
thermophoretic velocity; Dimensionless mean thermophoretic transport rate
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1. Introduction

In many industries the composition of processing ga
may contain any of an unlimited range of particulate, liqu
or gaseous contaminants and may be influenced by un
trolled factors of temperature and humidity. When such
impure gas is bounded by a solid surface, a boundary l
will develop and the energy and momentum transfer g
rise to temperature and velocity gradients. Mass tran
caused by gravitation, molecular diffusion, eddy diffusio
and inertial impact results in deposition of the suspen
components onto the surface. A number of engineering fi
involve droplet and particle deposition, and may exploit
suppress the deposition depending on the practical req
ment. For example, the application of pigments, cera
powders to surfaces, chemical coating of metals, and fi
tion all seek more efficient ways of increasing depositi
whereas the deposition of aerosol particles appears as a
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-

wanted phenomenon in the contamination of semicondu
elements during manufacture, soiling of artistic products
indoor surfaces, fouling and corrosion of heat exchang
boiler tubes, turbine equipment, etc.

In most engineering situations particle transport occ
in the presence of turbulent flow and the addition of p
ticulate matter to turbulent flows increases the comple
of the phenomena. Therefore, any models should repre
the behavior of flow in the wall region as accurately
possible. The particle tracking methods are Lagrangian
proach which treats trajectories of individual particles, a
Eulerian approach which views the aerosol particle sys
as a continuum phase and treats them as a species
centration field [1–4]. The viscous sublayer models re
on the surface renewal, penetration and surface rejuv
tion concepts indicate that the processes in the region
the wall mainly determine the momentum, heat and m
transfer. The fluid motion led to an acceleration of the l
momentum fluid near the wall, and it has been sugge
that the low momentum fluid near the wall leads to a lami
boundary being developed and which eventually beco
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Nomenclature

C particle concentration
Cf Cunningham slip correction factor
Cm momentum exchange coefficient
Cs thermal slip coefficient
Ct temperature jump coefficient
d pipe diameter
D molecular diffusivity
dp particle diameter
f (y) initial profile of rejuvenation
h(y) initial profile of rejuvenation
H instantaneous eddy approach distance
k thermophoretic coefficient
Kg thermal conductivity of carried gas
Kn Knudsen number
Kp thermal conductivity of particle
pf statistic distribution forf
ph statistic distribution forh
pH statistic distribution forH
Pr Prandtl number
pτ statistic distribution forτ
Re Reynolds number
Sc Schmidt number
T temperature
u axial velocity
U unit step function
Vd thermophoretic transport rate

Vt thermophoretic velocity
Vth dimensionless mean thermophoretic velocity
y distance from wall
Y dimensionless distance= y/d

Greek letters

α thermal diffusivity
ν kinematic viscosity
υ transport parameter,= �H/

√
ντ̄

ϑ transport parameter,= �H/
√

ατ̄

ω transport parameter,= �H/
√

Dτ̄

� transport parameter,= √
(2ω)2 + (Vthω2/ϑ2)2

� kinematic viscosity or thermal diffusivity
� dimensionless mean approach distance,= �H/d

τ residence time of sublayer
φ Axial velocity or temperature fraction
σ shear stress

Superscripts

+ Dimensionless parameters
� mean with respect to statistic distributions˜ mean with respect topτ

Subscripts

∞ bulk stream conditions
w wall conditions
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unstable, leading to a sudden ejection of fluid away fr
the wall. The visual flow studies of the turbulent fluid flo
close to the wall clearly demonstrated that eddies con
uously penetrate deep into the wall region resulting in
unsteady flow there [5], and that the particles suspende
turbulent fluid are transported by the bursting events of
wall regions in which the values of turbulent intensities a
Reynolds stresses increase at lager particles (dp = 1100 µm)
and decrease at smaller particles (dp = 120 µm) depended o
the number of wall ejections [6]. The surface rejuvenat
model has modified the basic surface renew model, w
is based on the assumption that turbulent eddies move
main flow into direct contact with the wall and contradic
the observation from the experimental studies, to accoun
the effect of eddies not penetrating down to the wall itself
and has been coupled with a stochastic computational
cept to determine the mean mass transfer coefficient in te
of unspecified parameters of eddy lifetime and approach
tance [8] and to evaluate turbulent convection transfer in
viscous sublayer by adjusting its parameters [9–11].

In a gas–solid mixture the particles move with the
stream and arrive at the edge of the viscous sublayer by
bulent eddy diffusion. The convection by the bulk flow pla
an important role for all particle sizes. Small particles
transported through the sublayer by molecular diffusion,
pecially close to a wall where the concentration gradie
are large. The inertia of larger particles on entering the s
layer is sufficiently great, deposition will occur by inert
and sedimentary mechanism. One particular area conc
the thermophoretic phenomenon, which is the movemen
aerosol particles with a variable velocity toward the reg
of lower temperature since the molecular bombardmen
particles is more energetic on the hot side than on the
side. Experimental results show that thermophoresis play
important role in the migration of small particles provid
dp < 1.0 µm [12]. Goren [13] was the first one to theor
ically demonstrate that the solid particle deposition ont
cold solid wall in the presence of thermophoretic effect. T
numerical results of thermal deposition of aerosol partic
on a flat body indicate that the deposition flux decrea
with increasing surface temperature and increases no
early with increasing thermophoretic coefficients [14]. Mo
eling clusters deposition in the thermal plasma flash eva
ration process shows that the concentration boundary l
is significantly suppressed by the thermophoretic force,
that the thermophoresis plays a dominate role than tha
diffusion giving rise to an uniform deposition efficiency f
different cluster sizes (1–10 nm) [15]. An experimental m
surement of the thermophoretic deposition of submicron
ticles on the smooth wall of a circular rod and a sim
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approximation of a two-dimensional method for predict
the thermophoretic effects on submicron particles has b
introduced [16]. A plate-to-plate thermal precipitation s
tem investigated the deposition of agglomerate submic
particles for diesel engine exhaust gas treatment expre
that the deposition efficiencies are nearly independent of
ticle size and Knudsen number for particle size range
34–300 nm, and that a constant thermophoretic coeffic
k = 0.55 derived by Waldmann and Schmitt [17] for the fr
molecular regime can also be applied for agglomerate
particles in the transition regime [18]. A numerical inves
gation of thermophoretic efficiency at the entrance regio
a circular tube found that the deposition efficiency is hig
at the entrance region than that of fully developed flow [1

In spite of gradual progress, effort is still required
improve the prediction of transport processes in the n
isothermal turbulence flow field. The surfaces renew
penetration model has been modified for predicting the lo
cumulative submicron particle deposition from a turbul
flow onto a tube wall [20]. Although this model is bas
on the somewhat simplistic assumption, it does validate
the influence of the mean axial pressure gradient on
viscous sublayer becomes important for the molecular
fusion associated with low Reynolds number flow. Beca
of the potential usefulness of surface rejuvenation con
in the analysis of turbulent convection transport proces
an analytical approach to the formulation of this concep
presented in this paper, where the stochastic form for
turbulent heat and mass transfer processes is extend
involve the effects of molecular diffusion, turbulence, a
thermophoretic effect. Because the interaction of ther
and turbulent mechanism in front of the solid wall is e
pected to have a significant effect on the particulate ma
transport, the thermophoretic velocity is analyzed in de
and the physical trends of the comparable effects of tu
lent intensity, and thermophoretic effect on particle tra
port process are quantitatively revealed in some extent.
helpful to explain some of limited fouling data, which ha
been reported, and to understand the complex phenom
of the interaction between suspended particulate matter
the turbulence of the carrier fluid in nonisothermal bound
layers.

2. Assumptions and limitations

The turbulent eddy at the outer edge of the sublayer is
termittent and the oscillating turbulent velocity compone
cause the fairly sharp boundaries that fluctuate strongly
time. As long as the transfer of particle suspended in
main flow is concerned, the turbulent mixing motion is
sponsible not only for an exchange of momentum, but it a
enhances the particle transfer in the flow fields associ
with the concentration distribution. Namely, the uniform d
tribution of concentration intermittently moved with turb
lent eddy can be changed from a deterministic quantit
s

o

a

a random variable because the concentration gradient
be momentarily steeper near the fresh fluid during a ran
distribution of eddy lifetimes.

The particles moving under fully developed turbule
flow conditions are transported from one location to ano
relative to the random eddy variation of carrier fluid. T
flow of spherical and dilute particles suspended in a tur
lent carrier fluid is considered and the collisions betw
particles are neglected. Thus, the sedimentation of part
is not included as compared with particle diffusivities. T
fluid motion is unaffected by the presence of the dilute p
ticles so that the concentration equation can be decou
from the momentum and energy equations where the
temperature and velocity distribution are calculated indep
dently due to the temperature development caused by
radial turbulence gradient is analogous to the oscillating s
layer development.

The present attempt is to create a mathematical basi
the investigation of the particle transport in the turbul
boundary layer flows with the aid of semi-empirical h
potheses. As the consideration is restricted to the visc
sublayer, the transfer processes are directly affected b
conditions adjacent to the wall. The problem can be sim
fied by stipulating that the flow in the boundary layer o
tube is regarded as an approximation to parallel flow wh
the dependence of the mean velocity in the main flow
the longitudinal direction is very smaller than that on
transverse direction. Neglecting the effects of viscous d
pation and pressure gradient, the mechanisms of mole
diffusion, temperature gradient, and turbulent intensity
assumed to dominate the particle transfer onto an isothe
stagnation surface, which is immersed in the fluid of c
stant velocity and temperature.

3. Theoretical approach

A viscous sublayer close to the wall is assumed to be g
erated randomly by the inrushing fluid which has aver
values of velocity,u∞, temperature,T∞, and concentration
C∞. The fluid elements intermittently move from mai
stream to within various small distancesH of the surface
where the fluid in the immediate vicinity of the wall is a d
continuously viscous sublayer. Unsteady momentum,
and mass transfers are assumed to govern the area w
the wall region for the period of time between two succ
sive eddies. A sketch of the periodically developing subla
flow is presented in Fig. 1. In which the transformation of
stantaneous properties into the lifetime of a single eddy
be achieved by substituting the residence time,τ , between
successive eddies for the instantaneous contact time of a
gle eddy, and thus the unsteady distributions of an individ
element of fluid with constant properties can be describe
the boundary layer equations of the form

∂φ = �∂2φ

2
,

∂C = D
∂2C

2
− Vt

∂C
(1)
∂τ ∂y ∂τ ∂y ∂y
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Fig. 1. Developing sublayer patch at the tube wall during the residence
τ between two successive eddies.

whereφ represents the axial velocity and temperature fr
tion,� the kinematic viscosity and thermal diffusivity, andy

the distance measured normal to the surface.C is the parti-
cle concentration, andD the particle diffusivity given by the
Einstein equationD = 1.38× 10−23T/3πµdp whereT is
the absolute temperature,dp the particle diameter. The in
tial and boundary conditions are given for a specified w
concentrationCw by

φ = φ∞
[
U(y − H)

] + f (y)
[
1− U(y − H)

]
C = C∞

[
U(y − H)

] + h(y)
[
1− U(y − H)

]
at τ = 0

φ = φw, C = Cw aty = 0

φ = φ∞, C = C∞ aty → ∞ (2)

wheref (y) andh(y) are the initial profiles in the influence
layer between the wall and the instantaneous approach
tance from the surfaceH , which are identical to the instan
taneous profiles just before the preceding rejuvenation.
residence timeτ between successive eddies is exponenti
distributed with corresponding distribution density functi
[21]. It has been found that the form of the distribution d
sity functions of the residence timeτ over the surface did
not appear greatly to affect calculated profile [22], and
the surface renewal models were only slightly influen
by the shape of the distribution of the time intervalτ [23,
24]. Some predictions indicate that the distance of sur
H strongly depends upon the selection for the distribu
density function [7,8]. For the convenient, the random d
tribution density function,pτ (τ) = 1/τ̄ e−τ/τ̄ , proposed by
[21] has been used to predict the mean transport pro
ties, whereτ̄ is the mean residence time of sublayer su
as the mean time interval between two successive ed
Analogical forms ofpf (f ) = 1/f̄ e−f/f̄ and pH (H) =
1/ �He−H/ �H have been found in correspondence with exp
mental data for predicting the mean transport propertie
f (y) and H respectively [23]. Therefore, Eq. (1) can
transformed into its mean domain by multiplying each te
with the distribution density functions and then integrati
i.e.

φ̄ − f̄ e−y/ �H − φ∞
(
1− e−y/ �H ) = �τ̄

d2φ̄

dy2

�C − h̄e−y/ �H − C∞
(
1− e−y/ �H ) = Dτ̄

d2�C
dy2

− �Vt τ̄
d�C
dy

(3)

where
-

.

φ̄ =
∞∫

0

1
�H e−H/ �H

∞∫
0

1

f̄
e−f/f̄

∞∫
0

φ
1

τ̄
e−τ/τ̄ dτ df dH

�C =
∞∫

0

1
�H e−H/ �H

∞∫
0

1

f̄
e−f/f̄

∞∫
0

C
1

τ̄
e−τ/τ̄ dτ df dH

f̄ (y) and h̄(y) are the mean profiles at the end of t
time intervalsτ . Since the distribution of the time star
ing from the last instant of the preceding eddy is ident
to that of the time intervalτ , the use of Danckwert’s ran
dom contact time distribution and residence time distri
tion results inf̄ (y) = φ̄(y) and h̄(y) = �C(y) which reveal
that the mean profiles at the end of the time intervals
identical to the mean profiles that are averaged out
the time intervals. The equations are therefore be red
to

(φ̄ − φ∞)
(
1− e−y/ �H ) = �τ̄

d2φ̄

dy2

(�C − C∞)
(
1− e−y/ �H ) = Dτ̄

d2�C
dy2

− �Vt τ̄
d�C
dy

(4)

and the boundary conditions become

φ̄ = φw, �C = Cw aty = 0

φ̄ = φ∞, �C = C∞ aty → ∞ (5)

Eqs. (4) and (5) represent the basis of desired surfac
juvenation for mean transport. SubstitutingZ = e−y/2�H ,
ϕ̄ = φ̄ − φ∞ and �Φ = �C − C∞ into Eq. (4), the acquainte
expressions recognized as the Bessel differential equa

of order 2�H/
√�τ̄ and

√
(2�H/

√
Dτ̄)2 + ( �H �Vt/D)2 can be

obtained, and thus the general solutions are

ϕ̄ = A1J2�H/
√�τ̄ (ς) + A2Y2�H/

√�τ̄ (ς)

�Φ = B1ξ
− �H �Vt /DJ√

(2�H/Dτ̄)2+( �H �Vt /D)2(ξ)

+ B2ξ
− �H �Vt /DY√

(2�H/Dτ̄)2+( �H �Vt /D)2(ξ) (6)

whereς = 2�H/
√�τ̄Z and ξ = 2�H/

√
Dτ̄Z are the addi-

tional substitutions. According to the corresponding bou
ary conditions

ϕ̄ = φw − φ∞ atς = 2�H√�τ̄

�Φ = Cw − C∞ at ξ = 2�H√
Dτ̄

ϕ̄ = 0 atς = 0

�Φ = 0 atξ = 0 (7)

the simple analytic solutions are obtained

ϕ̄ = (φw − φ∞)
J2�H/

√�τ̄ (ς)

J � √ (2�H/
√�τ̄ )
2H/ �τ̄
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�Φ = (Cw − C∞)

(
ξ

2�H/
√

Dτ̄

)− �H �Vt /D

×
J√

(2�H/
√

Dτ̄)2+( �H �Vt /D)2(ξ)

J√
(2�H/

√
Dτ̄)2+( �H �Vt /D)2(2�H/

√
Dτ̄)

(8)

Reverting back intoy domain the desired surface rejuven
tion based system of equations for mean profilesφ̄ and �C
becomes

φ̄ − φ∞
φw − φ∞

= J2�H/
√�τ̄ (2�H/

√�τ̄ e−y/2�H )

J2�H/
√�τ̄ (2�H/

√�τ̄ )
(9)

�C − C∞
Cw − C∞

= e(�Vt /D)y
J√

(2�H/
√

Dτ̄)2+( �H �Vt /D)2(2�H/
√

Dτ̄e−y/2�H )

J√
(2�H/

√
Dτ̄)2+( �H �Vt /D)2(2�H/

√
Dτ̄)

(10)

The algorithm of Bessel functionJn(x) is based on a cod
due to [25] that uses backward recursion with strict e
control and the order of Bessel functionn has to be a pos
itive integer. Therefore, during the numerical predictions
will be performed below, the transport parameters of 2υ, 2ϑ
and� act as the order of Bessel function must be design
as positive integers.

3.1. Mean eddy approach distance

With the boundary conditions̄u = 0 aty = 0 andū = u∞
at y → ∞ of Eq. (9), the mean velocity distribution can
obtained by

ū − u∞
−u∞

= J2υ(2υe−y/2�H )

J2υ(2υ)
(11)

where υ = �H/
√

ντ̄ is the transport parameter andν is
the kinematic viscosity. The mean wall shear stress,σ̄w =
µ∂ū/∂y|y=0 can then be written as

σ̄w = µu∞√
ντ̄

(
J2υ−1(2υ) − J2υ(2υ)

J2υ(2υ)

)
(12)

whereµ is the dynamic viscosity. In accordance with t
Blasius resistance formula the expression for the mean s
stress at the wall is̄σw = ρu2∗ = 0.0268ρu2∞Re−1/4, where
Re = u∞d/ν based on substituting the mean velocityū with
the aid of the maximum velocityu∞ by puttingū = 0.8u∞
[26]. Rearranging Eq. (12) eliminates the effect of pipe
ameter,d , and gives

� = Re−3/4υ

0.0268

(
J2υ−1(2υ) − J2υ(2υ)

J2υ(2υ)

)
(13)

where� = �H/d represents the dimensionless mean e
approach distance from the pipe wall as functions of Re
olds number and transport parameterυ for all radial fluc-
tuation fractions of turbulent fluid, and also provides
r

solution for the dimensionless mean residence timeτ̄+ =
u∗

√
τ̄ /ν while the dimensionless pipe diameter is calcula

by d+ = du∗/ν = 0.1637Re7/8 [27].

3.2. Mean thermophoresis velocity

In many theoretical literatures provided analytical form
las for the thermal force acting on small spherical partic
the thermal force is usually transformed into thermophor
velocity based on the balance between the drag force
thermal force while the inertia force was ignored. The eq
tion of the thermophoretic velocity,Vt = −kν/T ∂T /∂y,
proposed by [28] is widely accepted and the same expres
is adopted in the present research for predicting the m
thermophoretic velocity coefficientVth = �Vt

�H/α. The mean
temperature gradient is calculated according to the bo
ary conditions�T = Tw at y = 0 and�T = T∞ at y → ∞ of
Eq. (9), and is given in [9] as

�T (y) − T∞
Tw − T∞

= J2ϑ(2ϑe−y/2�H )

J2ϑ(2ϑ)
(14)

where the transport parameterϑ = �H/
√

ατ̄ indicates the
comparable intensities between the thermal and turbu
mechanism. Under fixed value ofυ it acts as Prandtl numbe
Pr = ν/α to adjust the incidences of thermal and turbul
structure in the wall region, where the thickness of ther
boundary layer and the radial turbulent influence are usu
varying with ϑ . As a result of surface rejuvenation mod
the mean thermophoretic velocity coefficientVth can be cal-
culated by

Vth = kϑ3

υ2

(
Tw − T∞

T∞

)

× ( e−(1/(2�))Y J2ϑ−1[2ϑe−(1/(2�))Y ]−J2ϑ [2ϑe−(1/(2�))Y ]
J2ϑ [2ϑ]+((Tw−T∞)/T∞)J2ϑ[2ϑe−(1/(2�))Y ]

)
(15)

whereY = y/d is the dimensionless distance measured n
mal to the wall. The thermophoretic coefficientk generally
depends on particle size as function of the Knudsen num
Kn and the following formula has been widely applied in t
entire range of Knudsen number [28].

k = 2CsCf (Kg/Kp + CtKn)

(1+ 3CsKn)(1+ 2Kg/Kp + CtKn)
(16)

where Cs = 1.147 is the thermal slip coefficient,Ct =
2.18 the temperature jump coefficient, andCm = 1.146 the
momentum exchange coefficient [29].Kg and Kp are the
thermal conductivities of the carrier gas and the parti
respectively.Cf represents the Cunningham slip correct
factor and is obtained byCf = 1+Kn(1.257+0.4e−1.1/Kn)

[30]. The Knudsen numberKn = λ/rp , defined as the
ratio of the molecular mean free path of an aerosol pa
cle λ to the radius of the spherical particlerp , is gener-
ally used to characterize the interaction of gases and
ticles during the analysis of thermophoretic coefficienk
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which is linearly increased with increasingKn in the con-
tinuum regime (Kn � 1.0) and hyperbolically increased
transition regime (Kn ≈ 1.0). In the free molecular regim
(Kn 
 1.0) the thermophoretic coefficient is not affected
the thermal conductivity ratio and trends to a constant va
of k = 0.55, but it is seen to be slightly lower than 0.55
Kn > 1.0 in the experimental data of Messerer et al. [18]

3.3. Mean deposition velocity

Solutions of the momentum and energy equations y
the velocity and temperature distributions in the bound
layer and these are used in the coupled concentration e
tion to calculate the rates of particle deposition. Based
Eq. (10) the dimensionless mean concentration distribu
on the wall can be obtained by

�C − C∞
Cw − C∞

= e(Vthω
2/(2�ϑ2))Y

×
J√

(2ω)2+(Vthω
2/ϑ2)2(2ωe−(1/(2�))Y )

J√
(2ω)2+(Vthω

2/ϑ2)2(2ω)
(17)

whereω = �H/
√

Dτ̄ is a transport parameter which links t
turbulent contribution to the particle transport processes,
der fixed value ofυ it acts as Schmidt numberSc = ν/D

and can be obtained in accordance with the calculated v
of Vth.

In turbulent flow the eddies are not the final mechan
for impaction on the surface since turbulence decays to
in the vicinity of the surface. Most of the theories assu
that the particles move toward the wall by perpendicu
motion only, and that the deposition flux of particles,N , is
obtained by assuming equality between eddy diffusivity
the fluid and particle diffusivity. In accordance with equ
tion (17) the mean mass transport flux can be expre
as �N = −D∂�C/∂y|y=0, and subsequently the mean th
mophoretic transport coefficient can be estimated by

�Vd
�H

D
= − �H ∂

�C−Cw

C∞−Cw

∂y

∣∣∣∣
y=0

=
(

ω
J√

(2ω)2+(Vthω
2/ϑ2)2−1

(ω1/2)

J√
(2ω)2+(Vthω

2/ϑ2)2(ω
1/2)

−
√

(2ω)2 + (Vthω2/ϑ2)2

2
− 1

2

�Vt
�H

α

(
ω

ϑ

)2)
(18)

4. Results and discussions

The radial fluctuation fractions of turbulent fluid inte
mittently move from the turbulent core to near the wa
υ = �H/

√
ντ̄ is a dominating parameter for characterizi

the radial fluid inertia as well as the mean approach dista
-

of eddy �H/d and the dimensionless mean residence t
τ̄+, which can calculated by the velocity distribution in t
fully turbulent fluid flow derived from the surface rejuven
tion model.τ̄+ compared with previously measured valu
of visual flow studies [5] is shown in Fig. 2 as a functi
of the transport parameterυ and Reynolds numberRe. The
visual flow studies indicate that̄τ+ is 14� τ̄+ � 17 in the
smooth tube flows for 2× 104 < Re < 5.5× 104. Calculated
τ̄+ obviously deviates from the visual flow studies by an
crease in the value ofυ, but a correct value of the transpo
parameterυ = 0.5 seems quite satisfactory. As a result
the present studies, the dimensionless mean residence
of viscous sublayer is 13.088� τ̄+ � 19.032 in the smooth
tube flows for 5× 103 < Re < 1.0 × 105, and τ̄+ near a
constant at high Reynolds number agrees with the subl
model where the dimensionless mean residence time wa
sentially constant around 18.0 for Reynolds number greate
than 104 [31].

In the manner of the surface rejuvenation model the
mensionless mean thermophoretic velocityVth = �Vt

�H/α is
employed to specify the thermophoretic effect. Since
Knudsen number gets larger as the particle diameter
smaller, the calculated value ofVth at Y = 0.0, where the
temperature gradient is the greatest, relative to Knud
number is reflected in Fig. 3 by directly plottingVth against
Schmidt numberSc for the specified values of the therm
conductivity ratioKg/Kp. The calculated value ofVth main-
tains constant for smaller particles as ranged in the
molecular regime, but it is always lower at larger partic
with slightly decreasing as particle diameter is increas
The thermal conductivity effect on the dimensionless m
thermophoretic velocity agrees with the theoretical res
[32] and the experimental measurements [18], they indic

Fig. 2. Dimensionless mean sublayer residence time as function of tran
parameterυ and Reynolds number.
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Fig. 3. Calculated value ofVth at Y = 0.0 as function of Schmidt num
ber and thermal conductivity atϑ = 0.5, υ = 0.5, Re = 5.0 × 104,
Sc = 2.598× 104 andρp/ρg = 1,000.

Fig. 4. Distribution of dimensionless mean thermophoretic velocity rela
to transport parameterϑ at υ = 0.5, Re = 5.0 × 104, Sc = 2.598× 104,
Kg/Kp = 0.1 andρp/ρg = 1,000.

that the thermophoretic coefficient and velocity can be
nificantly enhanced by reducing the thermal conductiv
of the aerosol particles. Fig. 4 describes the distribution
mean thermophoretic velocityVth for the specified values o
ϑ = �H/

√
ατ̄ . Based on the surface rejuvenation model,

transport parameterϑ acted as a main factor on the the
mophoretic effect is a dominating parameter for charac
izing the turbulent contribution to the thermal energy. T
Fig. 5. Calculated value ofVth at Y = 0.0 related to Reynolds number an
transport parameterϑ at υ = 0.5, Sc = 2.598× 104, Kg/Kp = 0.1 and
ρp/ρg = 1,000.

calculated value ofVth at Y = 0.0 is significantly affected
with varyingϑ because it is determined from the conditio
near the wall where the fluctuating sublayer imposes the
temperature fluctuations resulting in varying thickness of
thermal boundary layer. At high value ofϑ , the outer edge
of the growing sublayer is always farther from the wall th
the penetration of the thermal wave during a growth cy
and the high thermal fluctuation gets closer to the sur
where the difference of the thermophoretic effects wide
At low value ofϑ , the thermal fluctuations adhere to the v
locity fluctuations of the fluid and the thermal transfer due
turbulence is limited by the boundary layer. It is interest
that the distribution ofVth has clearly indicated the influ
ence of thermal force inside the viscous sublayer, and
the turbulent eddy diffusion do cause an alteration in th
mal diffusion near the heating surface and an enhance
near the cooling surface. Following, the relationship betw
Vth andϑ is built to gain more insight into the effect of the
mophoresis as shown in Fig. 5 where the calculated valu
Vth atY = 0.001 is plotted against the transport parameteϑ

and closely related to the control of the flow eddies near
wall region by varying mainstream velocities. A compara
case is modeled with the calculated wall value whereϑ is
the only mechanism to affect the thermal transfer proces
The calculated value ofVth at Y = 0.001 decreases and d
viates from the wall value with increasing Reynolds numb
whereas it come near the wall value at low Reynolds n
ber where the viscous boundary layer drags the surroun
fluid and prevents the flow from taking more heat. Clearly
high values ofϑ the thermal boundary maintains itself clo
to the wall resulting in enhancing the thermophoretic effe
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Fig. 6. Comparison of dimensionless mean concentration distribution
tween constantVth atY = 0.0 andVth varying alongY .

while at lowϑ it spreads over the whole thickness of visco
sublayer.

In general, the particles suspended in the turbulent fl
would tend to collect in the sublayer since the turbulent
dies become steadily weaker as the surface is approa
and the turbulent eddy diffusion may has no effect upon
transfer process, thus the thermal mechanism existed i
wall region may play a coherent role to enhance the p
cle transfer processes in the viscous wall region, espec
for the particles with small molecule diffusion. The subla
oscillations impose a wall temperature fluctuation and
concentration distribution has to be solved simultaneou
According to Eq. (17) the thermophoretic velocity is the co
pling factor to perform this simulation as shown in Fig
involving a comparable case modeled with the calcula
value ofVth at Y = 0.0. The results indicate that there is
really significant difference between two conditions ofVth.
It means that the turbulent fluctuations almost certainly
not penetrate completely to the wall, and that the conditi
at the outer edge of the sublayer are not too important on
transfer processes. In Figs. 7 and 8, the transport param
ω derived from surface rejuvenation model is used to ch
acterize the turbulent contribution to the concentration
velopment under a fixed structure of thermal boundary la
ϑ = 0.5. The concentration development retarded by the
cous sublayer leads to a significant decrease in concentr
gradient at low values ofω. Whereas its growth rate certain
increases with an increase inω, especially near the coolin
surface where the turbulence gives much more contribu
to the growth rate and causes that the thickness of con
tration boundary layer is always thinner to some extent t
that of heating surface. It is interesting that the concen
tion growth rates on the cooling surface always vary with
d

r

n

-

Fig. 7. Dimensionless mean concentration distribution for lower valuesω

atϑ = 0.5, Vth (Y = 0.0), υ = 0.5, Re = 5.0× 104 andSc = 2.598× 104.

Fig. 8. Dimensionless mean concentration distribution for higher value
ω atϑ = 0.5,Vth (Y = 0.0), υ = 0.5,Re = 5.0×104 andSc = 2.598×104.

transport parameterω, whereas more disturbances come
near the heating wall, especially at high values ofω as show-
ing Fig. 8. Atω � 5.0, the reverse thermophoresis pushes
concentration boundary layer away from the heating sur
while the radial turbulence fluctuation propels it toward
wall. These two mechanisms acted against each other c
an upturned trend near the heating surface resulting in b
down the concentration gradient, thus reducing the tran
rate as will be discussed below.
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Fig. 9. Compared mean transport rate with previously proposed mode
isothermal turbulence fluid flow.

Fig. 9 shows the comparison of the dimensionless m
particle transport rate�Vd

�H/D with previously proposed
models [7,8]. The results of the modified Danckwert mo
for the dimensionless mean particle transport rate in term
unspecified modeling parametersτ̄ and �H are based on vary
ing a single parameterα of gamma density to obtain differen
statistical distributions. In Harriott’s results, the dimensio
less mean particle transport rate is changed dramatica
high value ofω with the varying distribution form of the
eddy approach distance (αH = ∞,2,1) while the renewa
time was held constant (ατ = ∞). The same conclusio
appears in Bullin’s results for variableατ while the eddy
approach distance was held on to a fixed distribution fo
αH = 0. The present result is seen to be in good agreem
exceptαH = ∞ corresponding to the constant approach d
tance which is expected to be applied at lowω = �H/

√
Dτ̄

as the penetration theory.
In a nonisothermal turbulence flow field, a compara

coupling between the thermal and turbulent mechanism
significantly dominate the particle transport processes in
gions close to the wall, and thus the particle transport ra
the interface may generally be affected by the combined
tion of molecular diffusion, turbulence, and thermophore
These are shown in Figs. 10 and 11 where the calculated
ues of the dimensionless mean thermophoretic transpor
�Vd

�H/D at Y = 0.0 are plotted againstω for the specified
values ofϑ . At the heating surface, the thermophoretic tra
port rate increases not only with increasingω but also with
decreasingϑ . The increase of concentration gradient exte
to some extent along withω giving rise to an increase i
the thermophoretic transport rate which relatively reac
its peak at the value ofω right before that the upturne
tendency of concentration profile comes into existence
t

t

-

Fig. 10. Calculated value of dimensionless mean thermophoresis tran
rate at heating surface depends on transport parametersω andϑ .

Fig. 11. Calculated value of dimensionless mean thermophoresis tran
rate at cooling surface depends on transport parametersω andϑ .

shown in Fig. 8. The peak value varying with the specifi
values ofϑ validates that the appearance of upturned
dency will begin at the different value ofω according to the
specified value ofϑ , and that the turbulence takes comma
of total transport rate at lower values ofω where the con-
centration fluctuation tends to follow the velocity fluctuati
of the fluid more closely, while the thermal transfer is lim
ited by the boundary layer at low values ofϑ . The thickness
of the growing sublayer is always farther from the wall th
the penetration concentration wave during a growth cycl
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Fig. 12. Calculated value of dimensionless mean thermophoresis tran
rate at cooling surface depends on transport parametersω and Schmidt num-
ber.

higher values ofω. The thermal energy is high in the regio
close to the wall at higher values ofϑ and is transported
from the heating surface to the bulk flow. The thermopho
sis balances against the turbulence in the wall region gi
rise to a decrease in the total transport rate after the
value and the particle transport rate may approach a con
value as the wall disturbance increases further. At the c
ing surface, thermophoresis enhances the coherent effe
turbulence and molecular diffusion to diffuse the partic
through the viscous sublayer during the random seque
of eddy lifetimes resulting in a significant increase in
thermophoretic transport rate which increases with the
creases in bothω andϑ . This result can also be felt out b
following the thread of the concentration profile where
concentration gradient increases not only with increasinω

but also with increasingϑ , which means that the depth
penetration of the concentration boundary layer is stron
dependent on both of them.

Subsequently, Figs. 12 and 13 indicate the effect of m
cular diffusion on the particle transfer processes during
mean residence time of turbulent sublayer. In an isothe
turbulence flow field, the relative velocity between partic
and fluid tends to increase as particle diameter increases
the interaction of larger particles with the wall structures
greater near the wall giving rise to an enhancement of
viscosity, whereas the smaller particles cause a suppre
of this intensity. The results indicate that a pronounced
crease in the transport rate appears as compared wit
isothermal profile. A coherent enhancement on the mo
ular diffusion caused by turbulence and thermophores
found to play an important role in the particle transp
process throughout the particle diameters considered.
t

t

f

s

d

n

e

Fig. 13. Calculated value of dimensionless mean thermophoresis tran
rate at heating surface depends on transport parametersω and Schmidt num-
ber.

slope of the transport rate decays with decreasing molec
diffusion, this is in contrast to the case of the heating s
face as shown in Fig. 13 where the thermophoretic effec
the total transport rate is most important for low diffusivitie
and appears not so conspicuous for the smaller particles
ducing to the steeper slope of the transport rate on the la
particles. Based on the above results, the slope of deca
the transport rate depends on not only the turbulent st
ture in the wall region but also the particle diameter and
thermophoretic effect. The effect of the thermophoresis
more significant for larger particles than for the smaller p
ticles at the heating surface and the contrary results ap
at the cooling surface where the calculated values of t
mophoretic transport rate are much higher than the hea
surface.

5. Conclusion

The approximate analysis solutions have been obta
for predicting the viscous sublayer, thermophoretic ef
and transport rate in detail. The dimensionless mean
idence time of viscous sublayer based on the surface
juvenation model is 13.088� τ̄+ � 19.032 in the smooth
tube flows for 5× 103 < Re < 1.0× 105 which is consisten
with visual observations. The calculated values of dim
sionless mean thermophoresis velocityVth maintain constan
for smaller particles as ranged in the free molecular reg
independent of the thermal conductivity ratio, but they
always lower at larger particles, slightly decrease with
creasing particle diameters and seen to be sensitive to
thermal conductivity ratio. A comparable coupling betwe
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the thermal and turbulent mechanism significantly do
nates the thermophoretic effect in regions close to the
where the calculated values ofVth atY = 0.0 extend from the
heating surface to some extent and the amplitude sprea
Vth profiles is rather broad, especially at low Reynolds nu
ber. A clear coupling on the particle transfer mechanis
near the wall provides a good agreement of mean trans
rate in an isothermal turbulence fluid flow as compared w
previous models which proves the subsequent develop
of the interactions between thermal and turbulent mec
nism on the particle transport processes.

The entire transfer processes take place inside the
layer created by the radial turbulence eddies which re
itself causing the migration of turbulent energy from the b
flow to the wall region. The concentration profiles plott
under different conditions of thermophoretic velocity sho
that the eddies do not penetrate completely to the wall,
that the conditions at the out edge of the sublayer can
neglected during the transfer processes. Therefore, the t
port of particles in the flow direction mostly accumulates
low speed streak near the interacting region. Coherent
perature gradients existed in the wall region would be
only mechanism to enhance the particle transport rate
cause the increase in temperature gradient can dramat
increase the thermophoretic effect by directly reforming
thermal structure inside the viscous sublayer where a t
mal boundary disturbs not only the local concentration fi
but also the viscous sublayer experienced by the parti
which causes the thermophoretic behavior of the particl
deviate from its behavior when it is in the isothermal flo
field. The deviation is observed to be greater near the c
ing surface where the effects of coherent mechanisms a
conjunctively on the enhancement of the particle trans
rates are always higher for smaller particles.

The concentration gradients extended from the hea
surface to some extent cause the upturn tendencies of
centration profiles. The mean transport rates increasi
reach their peak values right after the upturn came into
istence depending on the comparable effects of therma
turbulent mechanism, and then reduce to approach a con
value as the wall disturbance increases. The relative velo
increase with an increase in particle diameter and it is lar
near the heating surface where the thermal energy is tr
ported from the wall region to the bulk flow. The response
the larger particles to the fluid velocity decreases giving
to an increase in the relative velocities and transport ra
The smaller particles tend to follow the flow more close
though there is still a relative velocity between the part
and the fluid.
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