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Abstract

The present investigation deals with the effect of surface mass flux on mixed convective flow past a heated vertical flat permeable plate
with thermophoresis. A nonuniform surface mass flux through the permeable surface has been considered. The governing equations, reduce
to local nonsimilarity boundary layer equations using suitable transformations, have been integrated employing an implicit finite difference
method together with the Keller-box technique (Keller [Annual Rev. Fluid Mech. 10 (1978) 417—-433]). Perturbation techniques are employed
to obtain the solutions near the leading edge as well as far from it. The perturbation solutions are compared with the finite difference solutions
and found to be in excellent agreement. For fluids having the Prandtl nuiPnke0.7 and Schmidt numbec = 10.0, numerical values of
physical quantities, such as the local skin-friction coefficient, the local Nusselt number and the local Stanton number, are presented in tabular
form for different values of the thermophoretic parametagainst the local buoyancy parameidor impermeable surfaces. Profiles of the
dimensionless velocity, temperature and concentration distributions as well as the local skin-friction coefficient, local Nusselt number and
the local Stanton number are shown graphically for various values of suction parafjget&chmidt numberSc and the thermophoretic
parameter.

0 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Mass transfer; Thermophoresis; Mixed convection; Permeable plate; Plate flow

1. Introduction A common example of this phenomenon is blackening of
the gas globe of a kerosene lantern. The temperature gradi-
Thermophoresis is a phenomenon by which submicron ent developed between the flame and the gas globe drives
sized particles suspended in a nonisothermal gas acquire dhe carbon particles produced in the combustion process to-
velocity relative to the gas in the direction of decreasing wards the globe, where they deposit. There are several other
temperature. The velocity acquired by the particles is called practical situations where we come across this phenom-
the thermophoretic velocity and the force experienced by enon, like gas “clean up”, the corrosion of heat exchangers
the suspended particles due to the temperature gradientvith attendant reduction of the heat transfer coefficient, the
is known as the thermophoretic force. The magnitudes of fouling of gas turbine equipment, the coagulation of con-
the thermophoretic force and velocity are proportional to densing/evaporating aerosols. It also arises in determining
the temperature gradient and depend on many factors likeparticle trajectories in the exhaust gas from combustion de-
thermal conductivity of aerosol particles and the carrier vices and in the transpiration cooling of gas turbine blades,
gas. They also depend on the thermophoretic coefficient,etc. Thermophoresis is considered to be the dominant mass
the heat capacity of the gas and the Knudsen number.yransfer mechanism in the modified chemical vapour deposi-

Thermophoresis causes small particles to deposit on coldtjon process as currently used in the manufacturing of graded
surfaces. Repulsion of particles from hot objects also takesj,qex optical fiber preforms. Thermophoretic deposition of

place and a particle-free layer is observed around hotbodies, 5 jigactive particles is considered to be one of the important
factors causing accidents in nuclear reactors.
~* Corresponding author. The initial study of thermophoretic transport involved
E-mail address: anwar@udhaka.net (M.A. Hossain). simple one-dimensional flows for the measurement of the
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Nomenclature
C species concentration in the boundary Uso free streamvelocity................... -gnt

layer....cooi i kg2 u,v thex- andy-components of the velocity
Cysx  dimensionless local skin-friction coefficient field. ... BT1
Cp specific heat due to constant Lol V(x) transpiration velocity

pressure.............. REREERERE kg_ K~ Vr thermophoretic Ve|ocity
Cn. Cs, C1, C1, C2, C3 constants in Eq. (7) _ x,y  axisin direction along and normal to the
Coo species concentration of the ambient fluid plate ... m
D chemical molecular diffusivity
f dimensionless stream function Greek symbols
Suw dimensionless nonuniform surface mass flux o thermal diffusivity .. ................. sl
g acceleration due to gravity ............. U B volumetric expansion coefficient of temperaturge
Gr, local Grashof number for thermal diffusion ; ; -3

0 fluddensity ........................ kg
Is La(t)tr(]acc;fnttrraarngsr of species kg 25l 14 stream function...................... 2mg 1
oN ..o S~ ; : P ;
f thermophoretic coefficient defined by Eq. (7) n non-dimensional pseudo-similarity variable
P yEq. the local buoyancy parameter
p
Kn Knudsen number . . - . : 21
NU local Nusselt number v kinematic coefficient of viscosity. . ... ..
Prx Prandtl number m fluid viscosity . ... Ra
du rate of heat transfer . . ... w T surfaceshear-stress ...................... Pa
Re local Reynolds number 0 dimensionless temperature function
X . . . . .

e Schmidt number ¢ dimensionless species concentration function
., local Stanton number Ag,Ap thermal conductivity of gas and diffused
T temperature of the fluid in the boundary layer K particles, respectively _
Too temperature of the ambient fluid ........... K 7 thermophoretic parameter defined by Eq. (8)
Ty temperature atthe surface ................. K « thermal conductivity ............ wht.K1

thermophoretic velocity and was undertaken by Goldsmith and viscous dissipation. The thermophoretic deposition of
and May [2]. Talbot et al. [3] solved numerically for the ve- the laminar slot jet on an inclined plate for hot, cold and adi-
locity and temperature fields in the laminar boundary layer abatic plate conditions with viscous dissipation effect were
adjacent to a heated plate. Using several available theoreti-presented by Garg and Jayaraj [10]. Verms [11] has studied
cal expressions for the thermophoretic force, they calculatedthe deposition rates in cooled and uncooled turbines cas-
the trajectory of a particle entering the boundary layer. Mea- cades. It was found that temperature difference between the
surements of the thickness of the particle-free layer next to wall and the gas could cause a 15-fold increase in deposi-
the heated plate were compared with the calculated trajecto-tion rate as compared with the case of adiabatic cascade.
ries and it was found that the theory of Brock [4], modified Shen [12] analyzed the problem of thermophoretic deposi-
slightly to fit the data for very small particles, gave the best tion of small particles on to cold surfaces in two-dimensional
overall agreement with the measurements. The first analysisand axisymmetric cases and this is illustrated with exam-
of thermophoretic deposition in a geometry of engineering ples of thermophoretic deposition of particles in flow past a
interest appears to be that of Hales et al. [5]. They solved thecold cylinder and a sphere. Gokoglu and Rosner [13] stud-
laminar boundary layer equations for simultaneous aerosolied the effect of particulate thermophoresis in reducing the
and steam transport to an isothermal vertical surface sit-fouling rate advantage of effusion cooling in gas turbines.
uated adjacent to a large body of an otherwise quiescentCorrelation has been developed to predict thermophoreti-
air-steam-aerosol mixture. Thermophoresis in laminar flow cally enhanced diffusional deposition rates, including the
over a horizontal flat plate has been studied theoretically effects of transpiration cooling. Garg and Jayaraj [14] stud-
by Goren [6] where the analysis covered both cold and hot ied the thermophoretic transport of aerosol particles through
plate conditions. The laminar tube flow solution for ther- a forced convection laminar boundary layer in cross flow
mophoretic deposition of small particles has been reportedover a cylinder for hot, cold and adiabatic wall conditions.

by Walker et al. [7]. The external transverse flow situation In the present paper we consider the effect of surface
past a circular cylinder was analyzed by Homsy et al. [8] mass transfer on mixed convection flow past a heated vertical
with the help of the Blasius series. Gokoglu and Rosner [9] flat permeable surface in the presence of thermophoresis.
arrived at a correlation for deposition rates in forced convec- Previous work on this topic includes papers by Epstein
tion systems with variable properties, transpiration cooling et al. [15], who carried out a thermophoretic analysis
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of small particles in a free convection boundary layer
adjacent to a cold vertical surface, and Mills et al. [16]
and Tsai [17], who reported correlations for the deposition
rate in the presence of thermophoresis and wall suction
in laminar flow over a flat plate. Jia et al. [18] also
investigated numerically the interaction between radiation
and thermophoresis in forced convection laminar boundary-
layer flow and natural convective laminar flow over a cold
vertical flat plate in the presence of thermophoresis was
solved numerically by Jayaraj [19] and Jayaraj et al. [20] for
constant and variable properties, respectively. Finally, Chiou
[21] analyzed the effect of thermophoresis on submicron
particle deposition from a forced laminar boundary layer
flow on to an isothermal moving plate through similarity
solutions and this analysis was extended by Chiou and
Cleaver [22] convection from a vertical isothermal cylinder.
In this investigation the combination of thermophoresis
and a nonuniform surface mass flux through the permeable
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Fig. 1. The flow configuration and the coordinate system.

surface has been considered. Solutions of the momentum

and energy equations yield the velocity and temperature dis-
tributions in the boundary layer, and these are used in the
coupled concentration equation to calculate the rates of par-
ticle deposition. The governing partial differential equations
are reduced to locally nonsimilar partial differential form by
adopting transformations which are applicable to the forced

plate and has the uniform velocity,,. The temperature of
the surface is held uniform &t, which is higher than the
ambient temperaturg,, .

The species concentration at the surface is maintained
uniform at C,,, which is taken to be zero and that of
the ambient fluid is assumed to W&,. The effects of

convection, free convection and the intermediate mixed Con'thermophoresis are being taken into account to help in

vection regimes. Solutions of the equations for both the o \nderstanding of the mass deposition variation on the
forced and free convective cases are obtained by applying thegrface. The flow configuration and the coordinate system

perturbation method, while those for the mixed convection
regime are obtained using the Keller-box technique (Keller,
[1]). Our results are presented in terms of the skin-friction
coefficient,C,; the rate of heat transfeNu,; and the rate

of species concentratiols, in tabular form showing the
effect of varying the governing dimensionless parameters,
including the local buoyancy parametér= er/Re)zc. So-
lutions obtained for the forced and free convective regimes
are found to be in excellent agreement with the appropriate
limits of the mixed convection regime solutions. Graphical
presentations of the velocity, temperature and concentration
profiles in addition to the skin-friction coefficient, the rate of

heat transfer and the rate of species concentration are als%ii) t

given in order to show the effects of varying the permeabil-
ity or suction/injection parametey,,, Schimdt numbersc

and the thermophoretic parameter,Throughout the study
Prandtl number is kept constant at 0.7 which represents air
at 293 K and 1 atmosphere of pressure.

2. Formulation of the problem

Let us consider the two-dimensional steady laminar
mixed convective flow of a viscous incompressible fluid

along a heated vertical flat permeable plate in the presencea_“

of thermophoresis. The permeability is taken to be a variable
depending on the distance measured from the leading edge
The external flow takes place in the direction parallel to the

are as shown in Fig. 1.
We further assume:

(i) that the mass flux of particles is sufficiently small
so that the main stream velocity and temperature
fields are not affected by the thermophysical processes
experienced by the relatively small number of particles,

(ii) that, due to the boundary layer behaviour, the tempera-
ture gradient in the-direction is much larger than that
in the x-direction and hence only that thermophoretic
velocity component which is normal to the surface is of
importance,

hat the fluid has constant kinematic viscosity and ther-
mal diffusivity, and that the Boussinesq approximation
may be adopted for steady laminar flow, and

(iv) the particle diffusivity is assumed to be constant, and
the concentration of particles is sufficiently dilute to
assume that particle coagulation in the boundary layer
is negligible.

Under the above assumptions, the equations for mass,
momentum, energy and species conservation take the fol-
lowing form:

a
Y _o (1)
ax  dy
- ou n au 9%u + oBr(T — Too) @
U—+v—=v—y -
ax ay 3y2 §PT *©
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The boundary conditions for the present problem are as
follows:

u=0, v==xV(x), C=C,=0 aty=0
U—>Us, T— Tx, 5)

whereu and v are the fluid velocity components along
the x- and y-axes (which are parallel and normal to the
plate respectively),g is the gravitational force due to
acceleration,8 is the volumetric coefficient of thermal
expansion? is the temperature of the fluid in the boundary
layer. C,, is the specific heat due to constant pressure.
C is the species concentration in the boundary layer.

« and D being the kinematics coefficients of viscosity,
thermal diffusivity and molecular diffusivity of the species
concentration respectivelyr (= v/«) is the Prandtl number
and S (= v/ D) is the Schmidt number. In Eq. (5, (x)
represents the permeability of the porous surface where
its sign indicates suctiof<0) or injection (>0). Here we
confine our attention to the suction of fluid through the

T =Ty,

C—>Csx asy—oo
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In order to obtain a system of equations applicable to
the entire regime of mixed convection, we now introduce
the following continuous transformations to initiate the
integration from forced to free convection regime as:

¥ =vRe?(1+ &)Y r(E )

T —Too=(Ty — To)0E.1).  C=Coop&. 1))  (9)
& = Gry.1/RE2, n=§ el/2(1 4 £)l/4

where ¢ is the stream function that satisfies the continu-
ity equation (1) and defined in the usual manner such that
u=09vy/dy andv =—9avy/dx. f(&,n) is the dimensionless
stream functiond (&, n) is the dimensionless temperature of
the fluid in the boundary layer region (£, n) is the dimen-
sionless species concentration of the fluid in the boundary
layer region,n is the pseudo-similarity variable. The local
buoyancy parametéris small near the leading edge where
the forced convection dominates and large in the down-
stream where free convection dominat@s; (= gBr(Tw —
Too)x3/v2), andRe, (= Usox/v) are, respectively, the local
Grashof number for thermal diffusion and the local Reynolds
number.

The transformations given in Eq. (9) are motivated by the

porous surface and for these we also consider that theforms of the forced and free convection similarity solutions

transpiration function variabl (x) is of the order ofc =1/2.

of the equivalent convection problem. After substituting

In the present study we have neglected stratification, viscoustne€se transformations into Egs. (2)—(4) one obtains the

dissipation and other additional effects.
The effect of thermophoresis is usually prescribed by
means of an average velocity which a particle will acquire

when exposed to a temperature gradient. In boundary layer

flow, the temperature gradient in thedirection is very
much larger than in thec-direction, and therefore only
the thermophoretic velocity irv-direction is considered.
As a consequence, the thermophoretic velo&ity which
appears in Eg. (4), may be expressed in the following form:

kv oT (6)

T dy
where T is some reference temperature, the valuekof
represents the thermophoretic diffusivity, ands the ther-
mophoretic coefficient, which ranges in value from 0.2 to 1.2
as observed by Batchelor and Shen [23] and is defined from
the theory of Talbot et al. [3] by:

_ 2Cs(kg/Ap + CrKN)[1+Kn(Cy + Coe=C3/XM)] @)
(14 3Cy KN)(L+ 24g/Ap, + 2C, Kn)
where C1, C2, C3, Cyp, Cs, C, are constantsj, and
A, are respectively the thermal conductivities of gas and
diffused particles, andkn is the Knudsen number. As

previously introduced by Mills et al. [16] and Tsai [17], the
thermophoretic parametaer, is given by:

k(T — Txo)
= ®)
Typical values ofr are 0.01, 0.1 and 1.0 corresponding
to approximate values ofk(T,, — Ts) equal to 3, 30 and
300 K for a reference temperatureBf= 300 K.

T

following non-similarity equatiuons:

" " 12 _ /8_f,_ //%
o+ pifft —paf +P39—$<f 0F f ag)
(10.1)

1 " ’_ /%_ /%
50"+ pLf —6 _$<f 7 935) (10.2)
1
§¢”+Plf¢/_f(9/¢/+9”¢)

_of 99 0f

—S(f o - %) (10.3)

The corresponding boundary conditions transform into:

(1+8)%4 ,

fE&O =25 [6.0=0
flEo0)=1+8)""2 4 0=1 (11)
0(6,000=0,  ¢(,0=0, ¢Eo00)=1
where
P1=(2+3§), p2= : . p3= :

41+¢) 2(1+8) (14§

(12)

In the above Egs. (10.1)—(10.3) and in the boundary con-
ditions (11), primes denote differentiation of the functions
with respect toy and f, (= (ZxV(x)/v)Re;l/Z) is the di-
mensionless nonuniform surface mass flux, which is termed
as the suction or injection parameter according to whether it
is greater than or less than zero.
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The quantities of physical interests are the surface shear-Table 1 U
stress €,), the rate of heat transfeq&) and the rate of Cpmparison oStheX/ /2 with those of Mills et al. [16] and Tsai [17] for
transfer of species concentratiofy) at the surface which different = 0.01, 0.1, 10.0 andf,, = 0.0, 0.5, 1.0 at = 0.0, Sc = 1,000

may be obtained in terms of the local skin-friction coeffi- andpr =0.7
cient, Cyy; the local Nusselt numbeNu,; and the local T fw Mills et al. [16] Tsai[17] Present work
Stanton numbers,, respectively. They may be obtained 0.01 1.0 0.7091 0.7100 0.6964
from the following relations: 001 S . 03565 0.3500
y2_ T 4 pr 01 10 o o7 07307
CreRe = oUZ ~ 1+577E.0 (13D o1 05 0.3767 0.3810 0.3738
172 Gux 14 0.1 0.0 0.0277 0.0275 0.0279
NuiRe, "= ———=—(1+&)770'(§,0) (13.2) 1.0 1.0 0.8619 0.9134 0.9340
(Tw — Too)x 1.0 0.5 0.5346 0.5598 0.5979
Sthei/z _ Js _ i(1+ 544/ (.0) (13.3) 1.0 0.0 0.2095 0.2063 0.2096
UsCoo &
where Table 2
ou oT Numerical values of the local skin-friction coefficient:fXRe%/z; and
Tw = M(@);:o quw=—K <5>}:0 the local Nusselt numbeNuy Re; /% obtained by different methods for
9C t=0.0,Pr=0.7, S =10.0, f, = 0.0 against different values gf
Js= —D<§)y=0 (14) £ Cfoej%/2 NuxReX_l/2
Finite diff. Small & largeg Finite diff. Small & largeg
The system of Egs. (10.1)—(10.3) and (11) have been 0 0.33333 0.33266 0.29538 0.2947
solved by using the Keller-box. According to this method, g4 0.44909 0.44606 0.31646 0.315%
the system of partial differential equations (10.1)—(10.3) 0.15 0.50299 0.497G3 0.32552 0.3238
are first converted to a system of seven first order par- 0.2 0.55084 0.54298 0.33298 0.3286%
tial differential equations by introducing new functions of 025  0.60016 0.58146 0.34040 0.33011
n derivatives. This system is then expressed into finite- 05 g'géigi g'iiggg
difference form and the resulting nonlinear system of al- ; 1.85598 18341 0.46620 0.46318
gebraic equations is then linearized by the use of Newton’s 30 2.43236 2.41953 0.50559 0.5042%
quasi linearization technique. The resulting linear difference 4.0 2.96220 2.95309 0.53693 0.5365%
equations along with the boundary conditions are finally 59 3.45957 345615 0.56327 0.56347
solved by an efficient block-tridiagonal factorization method S For smallz.
introduced by Keller [1]. For a gives, the iterative pro- @ For larges.

cedure was stopped to give the final velocity, temperature
and concentration distribution when the difference in com- 3. Resultsand discussion
puting these functions in the next procedure becomes less

than 105_, i.e.,|8f'| <107 wherethe superscriptienotes For this present problem numerical computations have
the iteration number. For these computations, a non-uniformpeen carried out by employing the finite difference method
grid in then direction has been used by considering= known as the Keller-box method for | and the perturba-

sinh{(j —1)/a},wherej =1,2,3,..., J.HereJ =251and tjon series solution method for small and latge

a = 100 had been chosen in order to obtain quick conver- A comparison of the local Stanton numbSthei/Z\/ﬁ)
gence and thus save computational time and memory spac€gpained in the present work and those obtained earlier
In.the prgsentmveshgaﬂon scheme,valu@alfe |n.creased by Mills et al. [16] and Tsai [17] has been shown earlier
with the incrementAé = 0.01 until the asymptotic values i Taple 1. Comparison also taken for the values of the
for the skin-friction, heat transfer rate and species concen-|4c4| skin-friction coefficient and the local Nusselt number
tration rate were reached for every variation of the pertinent ,i2inadin the present work with that of Merkin [24] for the

parameter, f,, andsc for Pr = 0.7. _ case of small and largewith Pr = 1. It is clearly seen that
Results obtained by this method are presented in Tables Z,q 6 5 excellent agreement between the respective results.
and 3 and compared with the solutions obtained by other |, ihe forced convection regime, relatively near the

methods. Also the effect of varying the different governing leading edge, i.e., for smal, the functions given in

parameters is discussed Iate_r. Egs. (12) take the following form:
Table 1 present a comparison of the local Stanton number

(Sthei/Z\/i) obtained in the present investigation and p1= } p2=0, p3=¢& (15)
those obtained earlier by Mills et al. [16] and Tsai [17]. 2

It is clearly observed that good agreement between the As & is small, the solutions of the governing equations
results exists. This lends confidence in the present numericalof this regime may be obtained by using the perturbation

method. method treating as the perturbation parameter. Hence we
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Table 3
Numerical values of the local Stanton humb@t Rei/2 obtained by different methods against different valueg é6r = 0.1, 0.5, 1.0 andPr = 0.7,
S =100, fy =0.0

g S.Rey’?
Finite diff. Small & largeg Finite diff. Small & largeg Finite diff. Small & largeg
t=01 t=05 t=10

0.0 0.08690 0.08680 0.14955 0.14836 0.22660 0.22598
0.1 0.09545 0.095% 0.16166 0.16062 0.24267 0.2422%
0.15 0.09905 0.09840 0.16690 0.1651% 0.24971 0.248%
0.2 0.10200 0.10050 0.17112 0.1680% 0.25533 0.25206
0.25 0.10494 0.100%1 0.17536 0.16515 0.26182 0.25233
0.5 0.11631 0.19167 0.28289
1.0 0.13227 0.21833 0.31387
2.0 0.15312 0.1526% 0.24479 0.24351 0.35496 0.35150
3.0 0.16773 0.16768 0.26812 0.26595 0.38417 0.38185
4.0 0.17923 0.17978 0.28293 0.28351 0.40742 0.4057%
5.0 0.18883 0.18896 0.29704 0.2981% 0.42697 0.42578

S For small.

a For larget.

expand the functiong (£, n), (£, n) and¢ (£, ) in powers Crx =[(0.332) + £(1.1466 + £2(—0.8979 + - - ] (18.1)
of & and solutions of those equations are obtained by usingN —1(0.332 0.271 2(_0.462 .1 (18.2
the Natscheim—Swigert iteration technique together with Ur = [(0332) +£(0271) +£7(-0.4627 + -] (18.2)
the sixth order implicit Runge—Kutta—Butcher initial value It can be seen that the relations (17.1), (17.2) and (18.1),

solver. Here we integrated the equations up to ordéfD (18.2) are in excellent agreement.
Once the values of the functions(n), 6;(n) and¢; (1) Inthe free convectionregime, i.e., at laggehe functions
fori =0,1,2,...and their derivatives aj = 0 are known,  givenin Egs. (12) take the following form:
the quantitiesCr,, Nu, and &, can now be calculated 3 1
respectively from the following expressions: P1= 7, p2= 5, p3=1 (19)
Cfoei/z — €0 = [ + éfé’z + $2f6/3 ... (16.1) In thi_s case, we expand the functioﬁ@_, n), 6(&,n) and
12 , ¢(&,7n) in powers of¢~i/4 and the solution methodology
Nu;Re, ™" = —0'(§,0) applied in solving above sets of equations is same as for the
= _[96 +5962 +g2963 4. ] (16.2) small ¢ equations. Here we integrated the equations up to
order Q&—2/4).
and As before, when we know the values of the functions
1 1 fi(m), 6;(n) and ¢;(n) for i =0,1,2,... and their deriv-
SRe” = <€ 0 =gl +E¢T+ 2607+ ] atives aty = 0, we may calculate the local skin-friction

(16.3) coefficient,C ., the local Nusselt numbeNu,; and the lo-

cal Stanton numbe®, in the downstream regime from the
The resulting values of the local skin-friction coefficient, following relations:

the local Nusselt number and the local Stanton number 1o
are entered in Tables 2 and 3, and compared with the Cr.Rer’> =£%47"(€,0)

corresponding values obtained from the finite difference _ ESALf e AR 2 T2 ] (20.1)
solution.
~1/2
For example, foPr = 1.0, f,, = 0.0, andz = 0.0, the =~ NuxRe& /2= —£Y%'(£,0)
numerical values of the local skin-friction coefficient and = —g¥/4[g; + £ Y492 4+ £=2/%93 4 .. ] (20.2)
the local Nusselt number for different values f€fcan be 2 1.1
obtained from the following expression: SRey " = S_cs ¢’ (€.0)
1/2 1
Cfx Rel/? = [(0.3325 + £(1.1454 + £2(—0.8947) + - - ] = §[¢(’) + e V42 4 5—2/44563 +-] (20.3)
(17.1)

_12 These asymptotic solutions are compared with the solu-
Nu,Re, “ = —[(—0.3325 + £(—0.2706 tion of the finite difference method in Tables 2, 3.
2 For Pr = 1.0, f, = 0.0, andt = 0.0, the asymptotic
0.460 e 17.2 AT '
& 9+ ] ( ) values of the local skin-friction coefficient and the local
According to Merkin [24] the skin-friction coefficientand  Nusselt number for different values®tan now be obtained
the heat transfer coefficient f&r = 1.0 are: from the following expression:
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CrxRer/*=[(0.9010 + £~%/4(0.1345 + - -] (21.1) 0
Nu, Re;l/2
= —[(-0.4024 + £7?/%(~0.0499 + - -] (21.2)

ull,

According to Merkin [24] the asymptotic values of the
local skin-friction coefficient and the heat transfer coefficient
for Pr = 1.0 are:

Cyry =[(0.9082 +&~2/4(0.1173 + - -] (22.1)
Nu, = [(0.4010 + £%/4(0.0503 + - - -] (22.2)

The above set of expressions (21.1), (21.2) and (22.1),
(22.2) are also in good agreement.

In Table 2 we have entered the numerical values of the
local skin-friction coefficient and the local Nusselt number
that are found by the above mentioned three methods which
corresponds to an impermeable surface conditign= 0.0)
for fluids having Prandtl numbéir = 0.7, Schmidt number
Sc = 10.0 and the thermophoretic parameteg 0.0 against
different values o € [0, 5]. Sincer is significant for the
local Stanton number, so in Table 3 we have depicted the nu- (b) n
merical value of the local Stanton number and compared by
other methods for three values of thermophoretic parameter
7 =0.1, 0.5, 1.0 with the same parameter cases as consid-
ered in Table 2. We observe that wheincreases, the local
skin-friction coefficient, the local Nusselt number and the
local Stanton numbers also increase in a manner consistent
with a free convection boundary layer. Also, from Tables 2
and 3, it may be seen clearly that both the small and large
& solutions compare very well with the Keller box computa-
tions at intermediate values &f thereby lending confidence

(@ n

to the accuracy of our results. P T T
Values of dimensionless velocity, temperature and con- (©) n
centration distributions are shown in Figs. 2(a)—(c), respec-
tively, for values of the local buoyancy parametes 0.0, Fig. 2. (a)—(c): Dimensionless velocity, temperature and concentration
0.5, 1.0, 2.0 and 5.0 whiler = 0.7, Sc = 100Q0, fu = profiles, respectively, fo& = 0.0, 0.5, 1.0, 2.0 and 5.0, foPr = 0.7,

. , S = 10000, f,, = 0.0, andr = 0.1.
0.0, andr = 0.1. From Fig. 2(a), it can be observed that, / ande

whené = 0, the velocity profile corresponds to pure forced
convection, but wherg > 1, free convective effects have
become sufficiently strong to produce a well-defined max-
iumum velocity, which is higher than that of the free stream.
At large values of forced convection effects are negligible.
From Fig. 2(b) we see that the boundary layer becomes thin-

Figs. 3(a)—(c) illustrate the effect of varying the strength
of the suction of fluid through the permeable surfagg >
0) on the velocity, temperature and concentration profiles,
respectively. The imposition of wall fluid suctiary,, > 0)
for this problem has the effect of reducing both the thick-

ner ast increases. This is due to the fact that the streamwise nesses of the temperature and concentration boundary layer
thicknesses, and reducing the streamwise velocity at each

velocity increases as increases, which means that heat is finit | 1 The d ina thick f th
less able to conduct away from the surface. For hot surfaces,'n' € value ofn. The decreasing thickness ot the concen-

thermophoresis tends to blow the concentration boundarytration !ayer s ca}psed by t.WO effegts: (1) the (_direct actlion
layer away from the surface since a hot surface repels theOf syctlon, and (ij) the indirect act|0n_ of suction causing
sub-micron sized particles from it, thereby forming a rela- a thinner thermal bound_ary layer, which corr_esponds _to a
tively particle-free layer near the surface. As a consequence,hlgher temperature gradlent_s, a consequent increase in the
the species concentration distribution is formed just out- th_ermophoretlc force and higher concentration gfad'e”ts-
side the patrticle-free layer. This is of particular benefit in Figs. 4(a)_—(c)_sr_10w the c.o.rrespondllr}gzg effect of varyfig
processes that require extreme cleanliness of the surface® the skin-friction coefficienC ;.Re’*(f”(0)), the wall
71/2(—9’(0)) and the wall deposition

Fig. 2(c) shows that the particle-free layer thickness de- heat transfemuy,Re,
creases as the buoyancy paramétircreases. flux S, Re” 2(qb’(O)), respectively. These figures also con-
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Fig. 4. (a)—(c): Effect of different values of,, on the skin-friction, wall
heat transfer and wall deposition flux, respectively, as a function fof
Jfw =0.0, 2.0 and 5.0 whil&c = 100Q0, Pr = 0.7, andr = 0.1.

Fig. 3. (a)—(c): Effect of different values gf, on velocity, temperature and
concentration profiles, respectively, fy, = 0.0, 2.0 and 5.0 whil¢ = 5.0,
S =100Q0, Pr=0.7, andr =0.1.

firm that asf, increases, the skin-friction coefficient, the IS particularly strong. Conversely, the increase of the surface
wall heat transfer and the wall deposition flux all increase. Mass flux with variations in are relatively small.

In Figs. 5(a) and 6(a) we have shown typical concentra-
tion profiles for various values of the Schmidt numlSer
and the thermophoretic parameterespectively, in the ab- 4. Conclusions
sence of surface suction. It is clear from Fig. 5(a) that the
concentration layer thickness decreases as the Schmidt num- The effect of surface mass transfer on mixed convec-
berSc increases; this is analogous to the effect of increasing tion flow past a heated vertical flat permeable plate with
the Prandtl number on the thickness of a thermal boundarythermophoresis has been investigated theoretically. The non-
layer. For the parametric conditions used in Fig. 6(a), the similar equations which govern the flow in the intermediate
effect of increasing the thermophoretic parametés lim- mixed convection regime, the forced convection regime and
ited to increasing slightly the wall slope of the concentration the free convection regime are obtained by using appropriate
profile for » < 1.0 but decreasing the concentration for val- transformations. Solutions for the forced convection regime
ues ofy > 1.0. Of more importance is the surface mass flux, and the free convection regime have been obtained using
and the separate effect of varyigg andz on the wall de- perturbation methods and have been compared favourably
position flux coefficient are shown in Figs. 5(b) and 6(b), with the solution for the mixed convection regime obtained
respectively. In Fig. 5(b) we see that increasing valuescof by the Keller-box method. The numerical results have been
decrease the surface mass flux for all values; dhis effect provided in terms of the local skin-friction coefficient, local
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Fig. 5. (a) Effect of different values @& on the concentration profiles for
Sc=10.0, 100.0 and 1000.0, withr =0.7,& = 5.0, = 0.1 andf,, = 0.0.
(b) Effect of different values oc on the wall deposition flux as a function
of & for Sc=10.0, 100.0 and 1000.0, witAr = 0.7, = 0.1 and f, = 0.0.
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Fig. 6. (a) Effect of different values af on the concentration profiles for
7=0.0,0.5 and 1.0, withSc = 100Q0, &£ = 5.0, Pr = 0.7, and f,, = 0.0.
(b) Effect of different values of on the wall deposition flux as functions of
& for t =0.0, 0.5 and 1.0, wittsc = 100Q0, Pr = 0.7, and f,, = 0.0.
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Nusselt number and local Stanton number with impermeable
surface condition for fluids having Prandtl numier= 0.7,
Schmidt numbeBc = 10.0 and for different values of ther-
mophoretic parameter as functions of the local buoyancy
paramete€ € [0, 5]. Excellent agreement has been observed
between the results obtained by the two different methods.

From the present investigation the following conclusions
may be drawn:

¢ In the mixed convection regime the values of the local
skin-friction coefficient, the local Nusselt number and
the local Stanton number increase when the value of the
local buoyancy parametérincreases.

e As £ increases both the temperature and concentration
boundary layers decrease in thickness.

e Wall suction was found to decrease the strength of the
streamwise flow and to decrease both the thermal and
concentration boundary layer thicknesses.

e As the Schmidt numbefc increases, the concentration
boundary layer becomes thinner and the surface mass
flux increases.

e As the thermophoretic parameter, increases, the
surface mass flux increases.
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