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Abstract

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

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction wanted phenomenon in the contamination of semiconductor
elements during manufacture, soiling of artistic products and
In many industries the composition of processing gases indoor surfaces, fouling and corrosion of heat exchangers,
may contain any of an unlimited range of particulate, liquid, boiler tubes, turbine equipment, etc.
or gaseous contaminants and may be influenced by uncon- In most engineering situations particle transport occurs
trolled factors of temperature and humidity. When such an in the presence of turbulent flow and the addition of par-
impure gas is bounded by a solid surface, a boundary layerticulate matter to turbulent flows increases the complexity
will develop and the energy and momentum transfer gives of the phenomena. Therefore, any models should represent
rise to temperature and velocity gradients. Mass transferthe behavior of flow in the wall region as accurately as
caused by gravitation, molecular diffusion, eddy diffusion, possible. The particle tracking methods are Lagrangian ap-
and inertial impact results in deposition of the suspended proach which treats trajectories of individual particles, and
components onto the surface. A number of engineering fields Eylerian approach which views the aerosol particle system
involve droplet and partiCle depOSition, and may eXplOit Or as a continuum phase and treats them as a Species con-
suppress the deposition depending on the practical requirecentration field [1-4]. The viscous sublayer models relied
ment. For example, the application of pigments, ceramic o the surface renewal, penetration and surface rejuvena-
powders to surfaces, chemical coating of metals, and filtra- jony concepts indicate that the processes in the region near
tion all seek more efficient ways of increasing deposition, he wall mainly determine the momentum, heat and mass
whereas the deposition of aerosol particles appears as an Ungansfer. The fluid motion led to an acceleration of the low
momentum fluid near the wall, and it has been suggested
~* Corresponding author. that the low momentum fluid near the wall leads to a laminar
E-mail address: achi@sunws.nhit.edu.tw (M.C. Chiou). boundary being developed and which eventually becomes

1290-0729/% — see front mattét 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2005.03.010



476 C.H. Chiu et al. / International Journal of Thermal Sciences 45 (2006) 475486

Nomenclature
C particle concentration V; thermophoretic velocity
Cy Cunningham slip correction factor Vin dimensionless mean thermophoretic velocity
Cm momentum exchange coefficient y distance from wall
Cs thermal slip coefficient Y dimensionless distance y/d
C; temperature jump coefficient
d pipepdiametejr P Greek letters
D molecular diffusivity o thermal diffusivity
dy particle diameter v kinematic viscosity
f(y) initial profile of rejuvenation v transport parametes; H/+/vt
h(y) initial profile of rejuvenation D transport parametes H /ot
H instantaneous eddy approach distance w transport parametes; H/+/ D7
k thermophoretic coefficient w transport parametess v/ (2w)2 + (Vinw?/192)2
K, thermal conductivity of carried gas 3 kinematic viscosity or thermal diffusivity
Ky Knudsen number N dimensionless mean approach distared /d
Kp thermal conductivity of particle T residence time of Sub|ayer
pf statistic distribution forf ® Axial velocity or temperature fraction
Dh statistic distribution for: o shear stress
PH statistic distribution for )
Pr Prandtl number Superscripts
D+ statistic distribution for + Dimensionless parameters
Re Reynolds number - mean with respect to statistic distributions
< Schmidt number ~ mean with respect tp,
T temperature Subscripts
u axial velocity
U unit step function 00 bulk stream conditions
Va thermophoretic transport rate w wall conditions

unstable, leading to a sudden ejection of fluid away from pecially close to a wall where the concentration gradients
the wall. The visual flow studies of the turbulent fluid flow are large. The inertia of larger particles on entering the sub-
close to the wall clearly demonstrated that eddies contin- layer is sufficiently great, deposition will occur by inertial
uously penetrate deep into the wall region resulting in an and sedimentary mechanism. One particular area concerns
unsteady flow there [5], and that the particles suspended inthe thermophoretic phenomenon, which is the movement of
turbulent fluid are transported by the bursting events of the aerosol particles with a variable velocity toward the region
wall regions in which the values of turbulent intensities and of lower temperature since the molecular bombardment of
Reynolds stresses increase at lager particles<1100 um) particles is more energetic on the hot side than on the cold
and decrease at smaller particlds & 120 um) depended on  side. Experimental results show that thermophoresis plays an
the number of wall ejections [6]. The surface rejuvenation important role in the migration of small particles provided
model has modified the basic surface renew model, whichd,, < 1.0 um [12]. Goren [13] was the first one to theoret-
is based on the assumption that turbulent eddies move fromically demonstrate that the solid particle deposition onto a
main flow into direct contact with the wall and contradicts cold solid wall in the presence of thermophoretic effect. The
the observation from the experimental studies, to account for numerical results of thermal deposition of aerosol particles
the effect of eddies not penetrating down to the wall itself[7] on a flat body indicate that the deposition flux decreases
and has been coupled with a stochastic computational con-with increasing surface temperature and increases nonlin-
cept to determine the mean mass transfer coefficient in termsearly with increasing thermophoretic coefficients [14]. Mod-
of unspecified parameters of eddy lifetime and approach dis-eling clusters deposition in the thermal plasma flash evapo-
tance [8] and to evaluate turbulent convection transfer in the ration process shows that the concentration boundary layer
viscous sublayer by adjusting its parameters [9-11]. is significantly suppressed by the thermophoretic force, and
In a gas—solid mixture the particles move with the air that the thermophoresis plays a dominate role than that of
stream and arrive at the edge of the viscous sublayer by tur-diffusion giving rise to an uniform deposition efficiency for
bulent eddy diffusion. The convection by the bulk flow plays different cluster sizes (1-10 nm) [15]. An experimental mea-
an important role for all particle sizes. Small particles are surement of the thermophoretic deposition of submicron par-
transported through the sublayer by molecular diffusion, es- ticles on the smooth wall of a circular rod and a simple
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approximation of a two-dimensional method for predicting a random variable because the concentration gradient will
the thermophoretic effects on submicron particles has beenbe momentarily steeper near the fresh fluid during a random
introduced [16]. A plate-to-plate thermal precipitation sys- distribution of eddy lifetimes.
tem investigated the deposition of agglomerate submicron The particles moving under fully developed turbulent
particles for diesel engine exhaust gas treatment expresseflow conditions are transported from one location to another
that the deposition efficiencies are nearly independent of par-relative to the random eddy variation of carrier fluid. The
ticle size and Knudsen number for particle size range of flow of spherical and dilute particles suspended in a turbu-
34-300 nm, and that a constant thermophoretic coefficientlent carrier fluid is considered and the collisions between
k = 0.55 derived by Waldmann and Schmitt [17] for the free particles are neglected. Thus, the sedimentation of particles
molecular regime can also be applied for agglomerate sootis not included as compared with particle diffusivities. The
particles in the transition regime [18]. A numerical investi- fluid motion is unaffected by the presence of the dilute par-
gation of thermophoretic efficiency at the entrance region of ticles so that the concentration equation can be decoupled
a circular tube found that the deposition efficiency is higher from the momentum and energy equations where the fluid
at the entrance region than that of fully developed flow [19]. temperature and velocity distribution are calculated indepen-
In spite of gradual progress, effort is still required to dently due to the temperature development caused by the
improve the prediction of transport processes in the non- radial turbulence gradient is analogous to the oscillating sub-
isothermal turbulence flow field. The surfaces renew and layer development.
penetration model has been modified for predicting the local ~ The present attempt is to create a mathematical basis for
cumulative submicron particle deposition from a turbulent the investigation of the particle transport in the turbulent
flow onto a tube wall [20]. Although this model is based boundary layer flows with the aid of semi-empirical hy-
on the somewhat simplistic assumption, it does validate thatpotheses. As the consideration is restricted to the viscous
the influence of the mean axial pressure gradient on thesublayer, the transfer processes are directly affected by the
viscous sublayer becomes important for the molecular dif- conditions adjacent to the wall. The problem can be simpli-
fusion associated with low Reynolds number flow. Because fied by stipulating that the flow in the boundary layer of a
of the potential usefulness of surface rejuvenation concepttube is regarded as an approximation to parallel flow where
in the analysis of turbulent convection transport processes,the dependence of the mean velocity in the main flow on
an analytical approach to the formulation of this concept is the longitudinal direction is very smaller than that on the
presented in this paper, where the stochastic form for the transverse direction. Neglecting the effects of viscous dissi-
turbulent heat and mass transfer processes is extended t@ation and pressure gradient, the mechanisms of molecular
involve the effects of molecular diffusion, turbulence, and diffusion, temperature gradient, and turbulent intensity are
thermophoretic effect. Because the interaction of thermal assumed to dominate the particle transfer onto an isothermal
and turbulent mechanism in front of the solid wall is ex- stagnation surface, which is immersed in the fluid of con-
pected to have a significant effect on the particulate matter Stant velocity and temperature.
transport, the thermophoretic velocity is analyzed in detail
and the physical trends of the comparable effects of turbu-
lent intensity, and thermophoretic effect on particle trans- 3. Theoretical approach
port process are quantitatively revealed in some extent. It is
helpful to explain some of limited fouling data, which have A viscous sublayer close to the wall is assumed to be gen-
been reported, and to understand the complex phenomen&rated randomlly by the inrushing fluid which has average
of the interaction between suspended particulate matter ang/@lues of velocityu,, temperature,, and concentration,

the turbulence of the carrier fluid in nonisothermal boundary Ceo- The fluid elements intermittently move from main-
layers. stream to within various small distancés of the surface

where the fluid in the immediate vicinity of the wall is a dis-

continuously viscous sublayer. Unsteady momentum, heat
2. Assumptionsand limitations and mass transfers are assumed to govern the area within

the wall region for the period of time between two succes-

The turbulent eddy at the outer edge of the sublayer is in- sive eddies. A sketch of the periodically developing sublayer
termittent and the oscillating turbulent velocity components flow is presentedin Fig. 1. In which the transformation of in-
cause the fairly sharp boundaries that fluctuate strongly with Stantaneous properties into the lifetime of a single eddy can
time. As long as the transfer of particle suspended in the P& achieved by substituting the residence timebetween
main flow is concerned, the turbulent mixing motion is re- SUCcessive eddies for the instantaneous contact time of a sin-
sponsible not only for an exchange of momentum, but it also gle eddy, and_thus the unsteady dlstrl_butlons of an ind_ividual
enhances the particle transfer in the flow fields associated€/ement of fluid with constant properties can be described by
with the concentration distribution. Namely, the uniform dis- the Poundary layer equations of the form
tribution of concentration intermittently moved with turbu- 3¢~ 32%¢ aC 92C aC

lent eddy can be changed from a deterministic quantity to 3~ = Ja—)}z, P 8—y2 - Vzg 1)
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f(y) and h(y) are the mean profiles at the end of the
Fig. 1. Developing sublayer patch at the tube wall during the residence time time intervalst. Since the distribution of the time start-
v between two successive eddies. ing from the last instant of the preceding eddy is identical

. . to that of the time intervat, the use of Danckwert’s ran-
whereg represents the axial velocity and temperature frac- dom contact time distribution and residence time distribu-

:'r:)nd:g ';he Kinematic V|§c03|ty allr:d ';Eerma}lcgblf_fu?;]wty, a?_d tion results inf(y) = ¢(y) andh(y) = C(y) which reveal
le IS ancte Teasur% trr:ormat' CI) d%su'r it & the Earﬂ'{ that the mean profiles at the end of the time intervals are
cle concentration, an € particie difusivity given by (€ qentical to the mean profiles that are averaged out over

. . . _ 23 .
Einstein equationD = 1.38 x 10~ T./Sm.‘dl’ whereT IS the time intervals. The equations are therefore be reduced
the absolute temperaturé, the particle diameter. The ini-

tial and boundary conditions are given for a specified wall

concentratiorC,, b - = _d?¢

w By (¢—¢oo)(1—e—y/H)=trd—q;
¢ =0x[Uy = )]+ FW[L- Uy - H)] e

— = c —_dc

C=Co[U(y—H)]+h(y[1-U(y—H)] atr=0 (C—Coo)(l—e_y/H)szF—V,fd— (4)
$=¢s. C=C, aty=0 2 '
b=y, C=Co aty-— oo ) and the boundary conditions become
wheref(y) andi(y) are the initial profiles in the influenced ¢p=¢y,, C=C, aty=0
layer between the wall and the instantaneous approach dis-¢; = oo, C=Co aty— oo (5)

tance from the surfac#, which are identical to the instan-

taneous profiles just before the preceding rejuvenation. TheEgs. (4) and (5) represent the basis of desired surface re-
residence time between successive eddies is exponentially juvenation for mean transport. Substitutitty= e=>/24
distributed with corresponding distribution density function ¢ = ¢ — ¢, and® = C — C, into Eq. (4), the acquainted
[21]. It has been found that the form of the distribution den- expressions recognized as the Bessel differential equations
sity functions of the residence timeover the surface did of order 2 //3% and\/(zﬁ/\/D_f)Z + (HV,/D)? can be

not appear greatly to affect calculated proﬂle [22}, and that obtained, and thus the general solutions are
the surface renewal models were only slightly influenced

by the shape of the distribution of the time interva[23,

24]. Some predictions indicate that the distance of surface
H strongly depends upon the selection for the distribution ® = B1&~
density function [7,8]. For the convenient, the random dis- _HVD
tribution density functionp, () = 1/7¢~%/7, proposed by + B8 NY o e a2 8) (6)
[21] has been used to predict the mean transport proper- _ _

ties, where? is the mean residence time of sublayer such Wheres = 2H/\/3tZ and¢ = 2H//D7Z are the addi-
as the mean time interval between two successive eddiestional substitutions. According to the corresponding bound-
Analogical forms of p;(f) = 1/fe~/// and py(H) = ary conditions

1/He~H/H have been found in correspondence with experi-

HV,/D
" Jampeeav, e

2H
mental data for predicting the mean transport properties of ¢ = ¢y — doo Al = ——
f(y) and H respectively [23]. Therefore, Eq. (1) can be ST
transformed into its mean domain by multiplying each term F—C. _C ate = 2H
with the distribution density functions and then integrating, =~ — ¥ = JD:
ie. 5=0 atc—0
_ _ 27 _
¢ — fe VM — ¢OO(1_ e—y/H) = ng% ®=0 att=0 @)
y H . . .
_ _ 2C ac the simple analytic solutions are obtained
C—he (1= = DiZ — Vi s ()
dy dy Joiz g5z (S)

where #= 0w = o) Jzﬁ/ﬁ(zﬁ/\/ﬁ)
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& =(Cyp — Ca) § ~HV/D solution for the dimensionless mean residence tiffie=
- T\ 2H /D7 ux+/T/v while the dimensionless pipe diameter is calculated
J — — by d* = du,/v = 0.1637Re’/8 [27].
/(2H /D) +(HY,/D)? ®)
J JamToeear o /v D) 3.2. Mean thermophoresis velocity

Reverting back intoy domain the desired surface rejuvena-

. : p — I h ical li i lytical -
tion based system of equations for mean profieand C n many theoretical literatures provided analytical formu

las for the thermal force acting on small spherical particles,

becomes _ the thermal force is usually transformed into thermophoretic
b — boo Jzﬁ/ﬁ(zﬁ/ﬁe—Y/ZH) velocity based on the I_Jalarjce between_ the drag force and
= = — ) thermal force while the inertia force was ignored. The equa-
Puw = oo JZﬁ/«/x‘s_f(ZH/‘/E) tion of the thermophoretic velocityy; = —kv/TaT/dy,
C —Coo proposed by [28] is widely accepted and the same expression
Cuw — Coo is adopted in the present research for predicting the mean
(Zﬁ/\/ﬁe—yﬂ’?) thermophoretic velocity coefficiey = V; H /a. The mean

temperature gradient is calculated according to the bound-
ary conditionsT =T, aty =0 andT = T, aty — oo of
Eq. (9), and is given in [9] as

_ /D)y I JaH DR v, D

N T ING LT TAT AR

(20) B
. . . T _ —y/2H
The algorithm of Bessel functiod, (x) is based on a code Ty~ Two — Jop(29¢777) (14)
due to [25] that uses backward recursion with strict error 7w — Too J2y (20)

control and the order of Bessel functiarhas to be a pos-  \ypnere the transport parametér= H /a7 indicates the

itiye integer. Therefore, during the numerical predictions as comparable intensities between the thermal and turbulent
will be performed below, the transport parametersof 27 mechanism. Under fixed value ofit acts as Prandtl number
andw act as the order of Bessel function must be designatedp, _ v/a to adjust the incidences of thermal and turbulent

as positive integers. structure in the wall region, where the thickness of thermal

boundary layer and the radial turbulent influence are usually
varying with ¢. As a result of surface rejuvenation model,

] L _ the mean thermophoretic velocity coefficiéng can be cal-
With the boundary conditions= 0 aty = 0 andit = u culated by

aty — oo of Eq. (9), the mean velocity distribution can be

3.1. Mean eddy approach distance

obtained by v ko3 (Tw - Too)
th=—|—7—
o T
i — —y/2H v 00
u Uxo _ J2u (2U€ ) (11) (e*(l/(z”‘))yJ2,9_1[219e’(1/(2’“>)y]—ng [Zﬂef(l/(zm))y])
oo J2u(2v) T2 201+ (Tu—Too) Tog) T20 120¢~ /20T |
where v = H/+/vT is the transport parameter andis (15)
the kinematic viscosity. The mean wall shear strégs= whereY = y/d is the dimensionless distance measured nor-
nou/dyly—o can then be written as mal to the wall. The thermophoretic coefficigngenerally
) Lt { J2-1(20) — T2y (20) depends on parti_cle size as function of the Knudsc_an qumber
u =" T (20) (12) K, and the following formula has been widely applied in the

entire range of Knudsen number [28].
where 1 is the dynamic viscosity. In accordance with the

Blasius resistance formula the expression for the mean sheay, _ 2C;Cr(Ke/Kp + CiKn) (16)
stress at the wall i§,, = pu2 = 0.0268u2 Re~/4, where (14 3CsKn)(1+2K/Kp + CiKp)
Re = u..d/v based on substituting the mean velocitwith where C, = 1.147 is the thermal slip coefficient, =

the aid of the maximum veloCityo, by puttingu = 0.8ucc 2 18 the temperature jump coefficient, aig = 1.146 the
[26]. Rearranging Eq. (12) eliminates the effect of pipe di- momentum exchange coefficient [2%,, and K, are the

ameterd, and gives thermal conductivities of the carrier gas and the particle,
Re3/40 [ Joy_1(20) — Jou (20) respectivelyC s represents the Cunningham slip correction

N = 13 i i — —1.1/K,
0.0268 ( o0 (20) ) (13) factor and is obtained b§/ y = 1+ K,,(1.257+ 0.4e )

[30]. The Knudsen numbek, = i/r,, defined as the
where = H/d represents the dimensionless mean eddy ratio of the molecular mean free path of an aerosol parti-
approach distance from the pipe wall as functions of Reyn- cle A to the radius of the spherical particlg, is gener-
olds number and transport parametefor all radial fluc- ally used to characterize the interaction of gases and par-
tuation fractions of turbulent fluid, and also provides the ticles during the analysis of thermophoretic coefficiént
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which is linearly increased with increasirg, in the con- of eddy H/d and the dimensionless mean residence time

tinuum regime K, <« 1.0) and hyperbolically increased in £+, which can calculated by the velocity distribution in the

transition regime K, ~ 1.0). In the free molecular regime  fully turbulent fluid flow derived from the surface rejuvena-

(K, > 1.0) the thermophoretic coefficient is not affected by tion model.z+ compared with previously measured values

the thermal conductivity ratio and trends to a constant value of visual flow studies [5] is shown in Fig. 2 as a function

of k = 0.55, but it is seen to be slightly lower than 0.55 at of the transport parameterand Reynolds numbdre. The

K, > 1.0 in the experimental data of Messerer et al. [18].  visual flow studies indicate that" is 14< t+ < 17 in the
smooth tube flows for % 10* < Re < 5.5 x 10*. Calculated

3.3. Mean deposition velocity 7T obviously deviates from the visual flow studies by an in-
crease in the value af, but a correct value of the transport

Solutions of the momentum and energy equations yield parameterv = 0.5 seems quite satisfactory. As a result of

the velocity and temperature distributions in the boundary the present studies, the dimensionless mean residence time

layer and these are used in the coupled concentration equaef viscous sublayer is 1888< 7 < 19.032 in the smooth

tion to calculate the rates of particle deposition. Based on tube flows for 5x 10° < Re < 1.0 x 10°, andz+ near a

Eqg. (10) the dimensionless mean concentration distribution constant at high Reynolds number agrees with the sublayer

on the wall can be obtained by model where the dimensionless mean residence time was es-
_ sentially constant around IB8for Reynolds number greater
C—Coo _ no?/@iv2)y than 14 [31].
Cy —Cx In the manner of the surface rejuvenation model the di-
JW(ZQ)E_(J‘/(ZH))Y) mensionless mean thermophoretic velodiy = V,ﬁ/_a is
X a7) employed to specify the thermophoretic effect. Since the
J\/(Zw)2+(Vmw2/z92)2(2w) Knudsen number gets larger as the particle diameter gets

smaller, the calculated value &f, at Y = 0.0, where the

wherew = H /v D7 is a transport parameter which links the temperature gradient is the greatest, relative to Knudsen

turbulent contribution to the particle transport processes, un'number is reflected in Fig. 3 by directly plottirig, against

der fixed value va It acts as SChm'd.t numbeic = v/D Schmidt numbef for the specified values of the thermal
and can be obtained in accordance with the calculated value L . .
of Vi, co_nductmty ratioK,/K . The cal_culated value dfth_maln—

In turbulent flow the eddies are not the final mechanism tains constant for smaller particles as ranged in the free

. . . molecular regime, but it is always lower at larger particles
for impaction on the surface since turbulence decays to zero_ . . . 4 : o
. - . with slightly decreasing as particle diameter is increased.
in the vicinity of the surface. Most of the theories assume

g ) The thermal conductivity effect on the dimensionless mean
that the particles move toward the wall by perpendicular : . . :
i - . : thermophoretic velocity agrees with the theoretical results
motion only, and that the deposition flux of particles, is [32] and the experimental measurements [18], they indicated
obtained by assuming equality between eddy diffusivity of P - (ney

the fluid and particle diffusivity. In accordance with equa-

tion (17) the mean mass transport flux can be expressed __
as N = —DJC/dyly—o, and subsequently the mean ther- |
mophoretic transport coefficient can be estimated by |
— — c-c, o 16—
VaH __gie=d, i
D dy y=0 g —
1/2 [
( I St (@)
=|\w £ 1
@t (Ve 977 s
V@)2+ (Vino?/92)2 1V, H (0\? P
2 2 a \V ]
(18) 7
4. Resultsand discussions 7
4 T T | T | T T
The radial fluctuation fractions of turbulent fluid inter- 0.0x10° 2.0x10° 40x10° 6.0x10° 8.0x10° 10x10°

Reynolds number Re

mittently move from the turbulent core to near the wall,
v = H/+/vT is a dominating parameter for characterizing Fig. 2. Dimensionless mean sublayer residence time as function of transport
the radial fluid inertia as well as the mean approach distanceparameter and Reynolds number.
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4 —

Tw-To=-100°C; 9=0.5
9=1.0
B9=1.5
— — — 9=20
9=2.5
= TwT-=100°C; 9=0.5
— — 9%=1.0
— - - - ¥=Ll5
- — - - 9=20
¥=2.5

s rtrrrrrrerrTr T T T T T
0 0.002 0.004 0.006 0.008 0.01
Dimensionless distance fromwall Y=y /d

Dimensionless mean thermophoretic velocity Vin

Fig. 4. Distribution of dimensionless mean thermophoretic velocity related
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that the thermophoretic coefficient and velocity can be sig-

nificantly enhanced by reducing the thermal conductivity

481
100 —
1o ¢ O Tu-Te=50C; Vi(Y=00)

— —  Re=5,000; Va(Y=0.001) <
~ ] —— - - Re=10,000 ’
8 - —— - - - Re=25000 A2
T 60 —f — — - - Re=50,000 9//"//
= 4 — — - - Re=75000 L EL
g ——————— Re=100,000 oo~
< = 5\

S ] {c// — -
¢ i R
Z — -
= T
E - — .
— et
=
20 — N

Tiw- Teo= - 50°C; Vir(Y=0.0)
Re = 5,000; Vi(Y=0.001)
Re = 10,000

Re = 25,000

Re = 50,000

Re = 75,000

Re = 100,000

-60 —

-100

Dimensionless mean thermophoretic velocity Vi(Y:

140 L L I L L B I )
Y =H(oT)"

Fig. 5. Calculated value dfy, at Y = 0.0 related to Reynolds number and
transport paramete? at v = 0.5, Sc = 2.598 x 104, K¢/Kp =0.1 and
pp/pg =1,000.

calculated value oV, at Y = 0.0 is significantly affected
with varying ¢ because it is determined from the conditions
near the wall where the fluctuating sublayer imposes the wall
temperature fluctuations resulting in varying thickness of the
thermal boundary layer. At high value ¢f the outer edge

of the growing sublayer is always farther from the wall than
the penetration of the thermal wave during a growth cycle
and the high thermal fluctuation gets closer to the surface
where the difference of the thermophoretic effects widens.
At low value of ¢, the thermal fluctuations adhere to the ve-
locity fluctuations of the fluid and the thermal transfer due to
turbulence is limited by the boundary layer. It is interesting
that the distribution ofVi, has clearly indicated the influ-
ence of thermal force inside the viscous sublayer, and that
the turbulent eddy diffusion do cause an alteration in ther-
mal diffusion near the heating surface and an enhancement
near the cooling surface. Following, the relationship between
Vin and? is built to gain more insight into the effect of ther-
mophoresis as shown in Fig. 5 where the calculated value of
Vinh atY = 0.001 is plotted against the transport paraméter
and closely related to the control of the flow eddies near the
wall region by varying mainstream velocities. A comparable
case is modeled with the calculated wall value wheres

the only mechanism to affect the thermal transfer processes.
The calculated value dfi, at Y = 0.001 decreases and de-

of the aerosol particles. Fig. 4 describes the distribution of viates from the wall value with increasing Reynolds number,

mean thermophoretic velocifi, for the specified values of

whereas it come near the wall value at low Reynolds num-

® = H/+/at. Based on the surface rejuvenation model, the ber where the viscous boundary layer drags the surrounding

transport paramete# acted as a main factor on the ther-

fluid and prevents the flow from taking more heat. Clearly, at

mophoretic effect is a dominating parameter for character- high values of¢ the thermal boundary maintains itself close

izing the turbulent contribution to the thermal energy. The

to the wall resulting in enhancing the thermophoretic effect,
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Fig. 6. Comparison of dimensionless mean concentration distribution be- Fig. 7. Dimensionless mean concentration distribution for lower values of
tween constanty, atY = 0.0 andVy, varying alongy . aty =0.5, Vi (Y =0.0), v =05, Re=5.0 x 10* andSc = 2.598 x 10%.

while at low it spreads over the whole thickness of viscous 7

sublayer. \ \ T, - T = 50°C; 0-4.8672
In general, the particles suspended in the turbulent fluid b \ e ©=7.0947

would tend to collect in the sublayer since the turbulent ed- _\\ ‘\ o

dies become steadily weaker as the surface is approached 4\ — - — o185

and the turbulent eddy diffusion may has no effect upon the —'l:\u \ T T T D TmSrG o

transfer process, thus the thermal mechanism existed in the —,“‘\ e

wall region may play a coherent role to enhance the parti- 3 °° _!\*\ ‘ \ — — - - @027

cle transfer processes in the viscous wall region, especially ; _H‘ . \ T emiesn
for the particles with small molecule diffusion. The sublayer 5 | \‘ \ \

oscillations impose a wall temperature fluctuation and the ¢ ¢4
concentration distribution has to be solved simultaneously.
According to Eqg. (17) the thermophoretic velocity is the cou-
pling factor to perform this simulation as shown in Fig. 6
involving a comparable case modeled with the calculated
value of Vip atY = 0.0. The results indicate that there is no
really significant difference between two conditionsVéf.

It means that the turbulent fluctuations almost certainly do o
not penetrate completely to the wall, and that the conditions 0 0.002 0.004 0,006 0.008 001

at the outer edge of the sublayer are not too important on the Dimensionless distance Y = y/d

tranSf.er processes. In FIg_S. / anq 8, the trapsport parametepig. 8. Dimensionless mean concentration distribution for higher values of
o derived from surface rejuvenation model is used to char- 55 _ g5 Vin (Y = 0.0), v = 0.5, Re = 5.0 % 10 andSc = 2.598x 10%.
acterize the turbulent contribution to the concentration de-

velopment under a fixed structure of thermal boundary layer

¥ = 0.5. The concentration development retarded by the vis- transport parametes, whereas more disturbances come to
cous sublayer leads to a significant decrease in concentratiomear the heating wall, especially at high valuesais show-
gradient at low values af. Whereas its growth rate certainly  ing Fig. 8. Atw > 5.0, the reverse thermophoresis pushes the
increases with an increase dn especially near the cooling concentration boundary layer away from the heating surface
surface where the turbulence gives much more contribution while the radial turbulence fluctuation propels it toward the
to the growth rate and causes that the thickness of concenwall. These two mechanisms acted against each other cause
tration boundary layer is always thinner to some extent than an upturned trend near the heating surface resulting in bring
that of heating surface. It is interesting that the concentra- down the concentration gradient, thus reducing the transfer
tion growth rates on the cooling surface always vary with the rate as will be discussed below.

0.2
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Fig. 9. Compared mean transport rate with previously proposed models in Fig. 10. Calculated value of dimensionless mean thermophoresis transport
isothermal turbulence fluid flow. rate at heating surface depends on transport parametand .

60

Fig. 9 shows the comparison of the dimensionless mean B Tl 3G S A0 PO 0R O RS0l )
particle transport raté/; H/D with previously proposed = - — a0 D /
models [7,8]. The results of the modified Danckwert model = 71— — — s L ,
for the dimensionless mean particle transport rate in terms of 4" gz: KA ’

unspecified modeling parametérand H are based on vary- —
ing a single parameterof gamma density to obtain different
statistical distributions. In Harriott's results, the dimension-
less mean particle transport rate is changed dramatically atg
high value ofw with the varying distribution form of the
eddy approach distance 4 = oo, 2, 1) while the renewal
time was held constanw{ = oo). The same conclusion
appears in Bullin’s results for variable, while the eddy
approach distance was held on to a fixed distribution form 7
ag = 0. The present result is seen to be in good agreement i
exceptey = oo corresponding to the constant approach dis- 10 —
tance which is expected to be applied at low= H// DT
as the penetration theory. -
In a nonisothermal turbulence flow field, a comparable 0
coupling between the thermal and turbulent mechanism may 0 4 8 12 16 20 24
significantly dominate the particle transport processes in re- fransportparameter
gions close to the wall, and thus the particle transport rate atrig. 11. Calculated value of dimensionless mean thermophoresis transport
the interface may generally be affected by the combined ac-rate at cooling surface depends on transport parametersi .
tion of molecular diffusion, turbulence, and thermophoresis.
These are shown in Figs. 10 and 11 where the calculated val-shown in Fig. 8. The peak value varying with the specified
ues of the dimensionless mean thermophoretic transport ratevalues of validates that the appearance of upturned ten-
V4H/D atY = 0.0 are plotted againsb for the specified dency will begin at the different value af according to the
values of. At the heating surface, the thermophoretic trans- specified value off, and that the turbulence takes command
port rate increases not only with increasiadut also with of total transport rate at lower values @fwhere the con-
decreasing . The increase of concentration gradient extends centration fluctuation tends to follow the velocity fluctuation
to some extent along witl giving rise to an increase in  of the fluid more closely, while the thermal transfer is lim-
the thermophoretic transport rate which relatively reaches ited by the boundary layer at low values®f The thickness
its peak at the value ob right before that the upturned of the growing sublayer is always farther from the wall than
tendency of concentration profile comes into existence asthe penetration concentration wave during a growth cycle at

40 —

30 —

Thermophoretic transport rate Va H /D
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Fig. 12. Calculated value of dimensionless mean thermophoresis transportFig. 13. Calculated value of dimensionless mean thermophoresis transport
rate at cooling surface depends on transport paramet@nsl Schmidt num- rate at heating surface depends on transport paranaggerd Schmidt num-
ber. ber.

higher values of». The thermal energy is high in the region slope of the transport rate decays with decreasing molecular
close to the wall at higher values of and is transported diffusion, this is in contrast to the case of the heating sur-
from the heating surface to the bulk flow. The thermophore- face as shown in Fig. 13 where the thermophoretic effect on
sis balances against the turbulence in the wall region giving the total transport rate is most important for low diffusivities,
rise to a decrease in the total transport rate after the pickand appears not so conspicuous for the smaller particles con-
value and the particle transport rate may approach a constantlucing to the steeper slope of the transport rate on the larger
value as the wall disturbance increases further. At the cool- particles. Based on the above results, the slope of decay of
ing surface, thermophoresis enhances the coherent effect ofhe transport rate depends on not only the turbulent struc-
turbulence and molecular diffusion to diffuse the particles ture in the wall region but also the particle diameter and the
through the viscous sublayer during the random sequenceshermophoretic effect. The effect of the thermophoresis are
of eddy lifetimes resulting in a significant increase in the more significant for larger particles than for the smaller par-
thermophoretic transport rate which increases with the in- ticles at the heating surface and the contrary results appear
creases in bothy and#. This result can also be felt out by at the cooling surface where the calculated values of ther-
following the thread of the concentration profile where the mophoretic transport rate are much higher than the heating
concentration gradient increases not only with increasing surface.
but also with increasing, which means that the depth of
penetration of the concentration boundary layer is strongly
dependent on both of them. 5. Conclusion

Subsequently, Figs. 12 and 13 indicate the effect of mole-
cular diffusion on the particle transfer processes during the  The approximate analysis solutions have been obtained
mean residence time of turbulent sublayer. In an isothermalfor predicting the viscous sublayer, thermophoretic effect
turbulence flow field, the relative velocity between particles and transport rate in detail. The dimensionless mean res-
and fluid tends to increase as particle diameter increases, anitlence time of viscous sublayer based on the surface re-
the interaction of larger particles with the wall structures is juvenation model is 1888 < ¢+ < 19.032 in the smooth
greater near the wall giving rise to an enhancement of wall tube flows for 5x 10° < Re < 1.0 x 10° which is consistent
viscosity, whereas the smaller particles cause a suppressionvith visual observations. The calculated values of dimen-
of this intensity. The results indicate that a pronounced in- sionless mean thermophoresis veloditymaintain constant
crease in the transport rate appears as compared with thdor smaller particles as ranged in the free molecular regime
isothermal profile. A coherent enhancement on the molec- independent of the thermal conductivity ratio, but they are
ular diffusion caused by turbulence and thermophoresis is always lower at larger particles, slightly decrease with in-
found to play an important role in the particle transport creasing particle diameters and seen to be sensitive to the
process throughout the particle diameters considered. Thethermal conductivity ratio. A comparable coupling between
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the thermal and turbulent mechanism significantly domi- [2] C. Greenfield, G. Quarini, A Lagrangian simulation of particle depo-
nates the thermophoretic effect in regions close to the wall sition in a turbulent boundary layer in the presence of thermophoresis,
where the calculated values &f, atY = 0.0 extend from the 5 Q‘X’"S"I""’t“h' "Z'(l’jdeL'"”g 22 (15’988);59‘77;' cle denosiion from
heating surface to some extent and the amplitude spread of (5 S:A: Slater, A.D. Leeming, J.B. Young, Particle deposition from two-

. . . dimensional turbulent gas flow, Internat. J. Multiphase Flow 29 (2003)
Vin profiles is rather broad, especially at low Reynolds num- 721-750.
ber. A clear coupling on the particle transfer mechanisms [4] M. Shin, D.S. Kim, J.W. Lee, Deposition of inertia-dominated parti-
near the wall provides a good agreement of mean transport  cles inside a turbulent boundary layer, Internat. J. Multiphase Flow 26
rate in an isothermal turbulence fluid flow as compared with ~ (2003) 892-926. S .
previous models which proves the subsequent development [5] E.R. Corino, R.S. Brodkey, A visual investigation of the wall region

of the interactions between thermal and turbulent mecha- . O turbulent flow, J. Fluid Mech. 37 (1969) 1-30.
[6] M. Rashidi, G. Hetsron, S. Banerjee, Particle-turbulence interaction in

nism on th_e particle transport processes. o a boundary layer, Internat. J. Multiphase Flow 16 (1990) 935-949.

The entire transfer processes take place inside the sub- (7] p. Harriott, A random eddy modification of the penetration theory,
layer created by the radial turbulence eddies which repeat  Chem. Engrg. Sci. 17 (1962) 149-154.
itself causing the migration of turbulent energy from the bulk  [8] J.A. Bullin, A.E. Dukler, Random eddy models for surface renewal:
flow to the wall region. The concentration profiles plotted formulation as a stochastic process, Chem. Engrg. Sci. 27 (1972) 439—

. , . . 442,

under dlﬁergnt conditions of thermophoretic velocity shows [9] L.C. Thomas, P.J. Gingo, B.T.F. Chung, The surface rejuvenation
that the edd|e_s- do not penetrate completely to the wall, and model for turbulent convective transport—an exact solution, Indust.
that the conditions at the out edge of the sublayer can be  Engrg. Chem. Fund. 10 (1975) 1239-1242.
neglected during the transfer processes. Therefore, the transf0] L.C. Thomas, The surface rejuvenation model of wall turbulence: In-
port of particles in the flow direction mostly accumulates in ner laws foru™ and T+, Internat. J. Heat Mass Transfer 23 (1980)
low speed streak near the interacting region. Coherent tem-___ 1099-1104. , ,

erature aradients existed in the wall region would be the [11] S. Brocker, A new viscous sublayer influx (VSI) concept for near-wall
P g ) . 9 turbulent momentum, heat and mass transfer, Rev. Gen. Therm. 37
only mechgmsm to .enhance the parUch transport rate, be-  (1088) 353-370.
cause the increase in temperature gradient can dramatically12] B. Singh, R.L. Byers, Particle deposition due to thermal force in the
increase the thermophoretic effect by directly reforming the transition and near-continuum regimes, Indust. Engrg. Chem. Fun-
thermal structure inside the viscous sublayer where a ther-  dam. 11 (1972) 127-133. o
mal boundary disturbs not onIy the local concentration field [13] S.L. Goren, Thermophores!s of aerosol pgrtlcles in laminar boundary

. . . layer of a flat plate, J. Colloid Interface Sci. 6 (1977) 77-80.

but also the viscous sublayer experienced by the particles, - ;

. ) . . [14] J.S. Chang, T. Ishii, S. Matsumura, S. Ono, S. Teii, Theory of aerosol
Wh'_Ch causes the therr_n()phoret'_c _be_hawor_Of the particle to particle thermal deposition on flat body in a variable property fluid,
deviate from its behavior when it is in the isothermal flow J. Aerosol Sci. 18 (1987) 619-621.
field. The deviation is observed to be greater near the cool-[15] P. Han, T. Yoshida, Modeling of clusters deposition under the effect of
ing surface where the effects of coherent mechanisms acted thermophoresis during thermal plasma flash evaporation process, Sci.

conjunctively on the enhancement of the particle transport __ 1ech- Adv. Materials 2 (2001) 367-374. _ _

t | higher f I ticl [16] M.C. Chiou, Sub-micron particle deposition on an isothermal horizon-
raies are always !g er Orlsma er particies. . tal rod in a turbulent flow system, Acta Mech. 145 (2000) 135-158.
The concentration gradients extended from the heating [17] L. Waldmann, K.H. Schmitt, Thermophoresis and diffusiophoresis of

surface to some extent cause the upturn tendencies of con-  aerosol, in: C.N. Davies (Ed.), Aerosol Science, Academic Press, Lon-

centration profiles. The mean transport rates increasingly  don, 1966.

reach their peak values rlght after the upturn came into ex- [18] A. Messerer, R. .Niessner, u. PO?Chl, Thermo.p_horetic deposition of

istence depending on the comparable effects of thermal and soot gerosol pgrtlcles under experimental conditions relevant for mod-
; ern diesel engine exhaust gas systems, J. Aerosol Sci. 34 (2003) 1009—

turbulent mechanism, and then reduce to approach aconstant  ;5,;

value as the wall disturbance increases. The relative velocity[19] j.s. Lin, C.J. Tsai, Thermophoretic deposition efficiency in a cylindri-

increase with an increase in particle diameter and itis largest  cal tube taking into account developing flow at the entrance region,

near the heating surface where the thermal energy is trans-  J- Aerosol Sci. 34 (2003) 569-583.

ported from the wall region to the bulk flow. The response of [20] C-H. Chiu, C.M. Wang, M.C. Chiou, Thermophoretic effects on sub-

the larger particles to the fluid velocity decreases giving rise ?igr_oznzgért'de deposition in turbulent flow, Acta Mech. 170 (2004)

to an increase in the relative velocities and transport rates'[21] P.V. Danckwerts, Significance of liquid-film coefficients in gas absorp-

The smaller particles tend to follow the flow more closely, tion, Indust. Engrg. Chem. 43 (1951) 1460—1467.

though there is still a relative velocity between the particle [22] T.J. Hanratty, Turbulent exchange of heat and momentum with a
and the fluid. boundary, AIChE J. 2 (1956) 359-362.
[23] J.M.H. Fortuin, E.E. Musschenga, P.J. Hamersma, Transfer processes
in turbulent pipe flow described by the ERSR model, AIChE J. 38
(1992) 343-362.
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