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ABSTRACT

An analysis is presented to investigate the effects of thermophoresis on MHD Mixed convection, heat, and mass
transfer about an isothermal vertical flat plate embedded in a fluid-saturated porous medium in the presence of
viscous dissipation . The similarity solution is used to transform the problem under consideration into a boundary
value problem of coupled ordinary differential equations, which are solved numerically by using the finite difference
method. Numerical computations are carried out for the non-dimensional physical parameter. The results are
analyzed for the effect of different physical parameters such as thermophoretic , MHD, mixed convection, Eckert
number, inertia parameter, buoyancy ratio, and Schmid number on the flow, heat, and mass transfer characteristics.

Keywords: MHD, Viscous dissipation, Porous media, Mixed cection, Thermophoresis, Finite difference
method.

INTRODUCTION

Natural convective flow and heat transfer in satdgorous media is gaining more attention becafises wide
applicability in packed beds, porous insulatiorgsef fossil fuels, nuclear waste disposal, resingfer modeling,
etc. Over the past two decades, studies in aepastitle deposition due to thermophoresis haveeghimportance
for engineering applications. The technological bieas include particle deposition onto wafers ire th
microelectronics industry, particle surfaces praldy condensing vapor—gas mixtures, particles atipg the
blade surface of gas turbines, and others suclitrasién in gas cleaning and nuclear reactor gafet engineering
particle, usually more than one mechanism caniauil&neously and their interactions need to besictared for
accurate prediction of deposition rates. In thiskythe mechanism of particle deposition onto divak surface by
the coupled effects of viscous dissipation, mixedvection, and thermophoresis is examined.

Most of the research efforts [1], [2], [3] and [ddncerned free convection using Darcy's law, wistdies the
volume-averaged velocity is proportional to thesgtee gradient. The Darcy model is shown to bedvatider
conditions of low velocities and small porosity. frany practical situations, the porous medium isnged by an
impermeable wall, has high flow rates, and revaals uniform porosity distribution in the near-wedhion, thereby
making Darcy's law inapplicable. To model the igaysical situations better, it is therefore necgssainclude the
non-Darcian effects in the analysis of convectramsport in a porous medium.

Small particles, such as dust, when suspendedjas@ous medium possessing a temperature gradiesit,ove
inthe direction opposite to the temperature gradi€his motion is known as thermophoresis, occwsabise gas
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molecules colliding on one side of a particle hdifeerent average velocities from those on the ogée due tothe
temperature gradient. This phenomenon has beesubject of considerable study in the past. In aptfiber

synthesis, thermophoresis has been identified @gitincipal mechanism of mass transfer as useleindchnique
of modified chemical vapor deposition (MCVD) [5]h@mophoresisa gaseous mixture of re active preruis

directed over a heated substrate where solid fiymodits are located. In particular, the mathemlaticadeling of

the deposition of silicon thin films using MCVD nheids has been accelerated by the quality contresores
enforced by the micro-electronics industry. Sucpide involve a variety of complex fluid dynamicalopesses
including thermophoretic transport of particles ofsts, heterogenous/homogenous chemical reactionspgenous
particulate nucleation and coupled heat and eneaggfer.

The problem of Darcy—Forchheimer mixed convectieatrand mass transfer in fluid-saturated porousianeds
studied by Rami et al. [6]. Goren [7] was one & finst to study the role of thermophoresis in ldrainar flow of a
viscous and incompressible fluid. He used the abkproblem of flow over a flat plate to calculateposition rates
and showed that substantial changes in surfacesidigmocan be obtained by increasing the differemesveen the
surface and free stream temperatures. This wasftdtewed by the effect of thermophoresis on gEetideposition
from a mixed convection flow onto a vertical plateChang et al. [8] and Jayaraj et al. [9]. Alssail[10] obtained
the effect of wall suction and thermophoresis oros@ particle deposition from a laminar flow oeeflat plate.
Selim et al. [11] discussed the effect of surfacassntransfer on mixed-convection flow past a heasrtical
permeable flat plate with thermophoresis. Chamkhad Bop [12] studied the effect of thermophoretictiple
deposition in free convection boundary layer fromeatical flat plate embedded in a porous mediugewet al.
[13] discussed the problem of heat transfer frotidquarticles to power low non-Newtonian fluid ingganular bed
at low Reynolds number.

Most previous studies of the same problem negledsambus dissipation and thermophoresis. But Geljthdi has

shown that the viscous dissipation effect playsnaportant role in natural convection in various ideg that are
subjected to large variations of gravitational éar that operate at high rotational speeds. Mtd/&y the above
investigations and possible applications.

Hence,in this paper we aim at analyizing the infleeeof MHD on mixed convection flow , heat and miassfer
about an isothermal vertical plate embedded ind 8aturated porous medium and the effects of visalissipation
and thermophoresis in both aiding and opposingdlolhermophoresis is also a key mechanism of studgmi-
conductor technology,especially controlled highiguavafer production aswell as in radioactive jpae deposition
in nuclear reactorsafety simulations and MHD eneggyeration system operations. A number of analyénd
experimental papers in thermophoretic heat and mnassfer have been communicated. Talbot et a].gi&sented
a seminal study, considering boundary layer flouhwhermophoretic effects, which has become a beadk for

subsequent studies. The thermophoretic flow ofeladjameter particles was investigated by Kankalet[18].

Recently, M.A.Seddek [19], studied the influencevisicousndissipation and thermophoressis in Ddiargheimer
mixed convection heat and mass transfer in flueturated porous media.

Mathematical formulation

Consider the steady mixed convection boundary layer a vertical flat plate of constant temperatuf®, and
concentration C,, , which is embedded in a fluid-saturated porousliore of ambient temperaturel,, and
concentration C, , respectively. The x-coordinate is measured alihregplate from its leading edge and the
coordinate normal to it. Allowing for both Browniamotion of particles and thermophoretic transptbit, governing
boundary layer equations are

g (1)
(L 5 o) B
u%+vz—§: DzZTS ':_y(VTC) “
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The boundary conditions are given by

y=0, v=0, T=T, ,C=C, ,
y —owo, u=u, ,T=T,, c=c, |, (5)

whereu, v are velocity components alomngy coordinates, respectively; andC are, respectively, the temperature
and concentration, cf is the Forchheimer coeffigiéty is the Darcy permeability, g is the acceleratitre to
gravity, v is the kinematic viscosityf; is the coefficient of thermal expansigh, is the coefficient of
concentration expansiof,, is the specific heat of the fluid at constant pues,q, is the radiative heat flux, and D
is the mass diffusivity. In Eq. (2), the plus sigorresponds to the case where the buoyancy forx@ ltamponent
“aiding” the forced flow and the minus signs retiethe “opposing” case.

In Eq. (4), the thermophoretic velocity; was given by [16]
Vi=-kv—=-— —, (6)

where k is the thermophoretic coefficient, which is given[17] as

_ 2Cs(Ag/Ap+CrKn)Ce
(1+3CmKn)(1+249/Ap+2CeKn)

Q)

WhereC,,, C;, andC, are constants arig, and, are the thermal conductivities of the fluid anffudied particles,
respectively. €is the Cunningham correction factor angl ks the Knudsen number.

Now we define the following dimensionless varialfi@smixed convection

1 1
n=2Pe,2 . y=aPerf()
b= . o) = = (8)

wherevy is the stream function that satisfies the contineguation and, is the dimensionless similarity variable.
With these changes of variables, Eq. (1) is idafificatisfied and Egs. (2), (3) and (4) are tranmskd to

(L+Ha?)f +2Aff" =F G2) (0+N @) | ©)
9"+§f 0+PrEc (> =0 , (10)
=@ 9 0'+0'9 )+ —Tp' =0 (11)

The corresponding boundary conditions take the form

f(0)=0, 000=1,  ¢(0)=1
f()=1, 6(=0)=0,  @(x)=0 (12)

where the primes denote differentiation with respeq,
A =C¢ VK, u,/ v is the inertia parameter,

Ra, =(K1087) ((TW;—UT”)X) is the thermal Rayleigh number,

UpX

Pe, = is the local Peclet number,
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Bc(Cw—Cx) - :
N= =—=—*—:is the buoyancy ratio,
Br(Tw—Tx) y y

T=-K @ is the thermophoretic parameter, and

Ec =u2/ Cp(T, —T,) is the Eckert number.

The important physical quantities of our interest the Nusselt numbeNw, and Sherwood numbesh, . These
can be defined as follows:

_ qwX - 1/ '
N‘U.x = (m) =-1/2 Féx 29 (0) y

Gu=-k(5)y=0 (13)

She = 22y = R20(0),

Cw—Cx)D
Jw=-D (55)y=0 (14)

The system of equations (9),(10) and (11) are @slpind nonlinear Ordinary Differential Equationgst-the
equation (9) is liberalized by using the Quasi-ineation technique Bellman,kalaba we obtain

(A+Ha?+2 A F)f'+ (A F')f'= I(’%‘) (0'+N @ )+24 F'F’ (15)
Let Ali]= (1+Ha?+2 A F"),

Bli]= (24 F") and

Dlil= () (0+N ¢ )+24 F'F

Then equation (15) can be written as

Ali] "+ B[i] f=D[i] 16

Where F is known function, which is the valuef oit (n-1Y" iteration and is unknown function at'hiteration. To
solve the system of equation , we apply the imiplinite difference scheme to equation (16) ,(18) &11) . We get

a[i] f[i-1] +b[i]f[i] + c[i] f[i+ 1] = [i]
ad[i]o[i-1]+ba[i] o[i] +c1[i] 6[i+ 1] =d1[i] 17)
a2li] o[i-1]+b2[i] o[i] + c2[i] o[i+ 1] = d2[i]

where

a[i]=Ali]-hB[i]/2, b[i]=-2A[i], c[i]= Ali]+hB[i]/2 and d[i]=h*D[i].
al[i]=1-hB1[i]/2, bi[i]=-2, c[i]= 1+hB1][i]/2 and d1[i]=h? D1][i].
aZ[i]=AZ2[i]-hB2[i]/2, b2[i]=-2A2[i] +h* C2[i], c2[i]= AZ[i]+hB2[i]/2
B1[i]=f[i]/2 and D1[i]=-Pr Ec (f")?

A2[i]=1/<, B2[i]= -z 0 Ti]+ %f[i] and C2[i]= -t oi]

Here the step size taken as h=0.2 is obtain theerioah solution withn,,x =6 and solved the algebraic system
equations by using Gauss-sidel method and fiventcccuracy as the criterion for convergence.
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RESULTS AND DISCUSSION

For the present problem numerical computations camgied out for different flow parameters such asrtia
parameterA, Thermal Rayleigh number Ra local polet number Rebuoyance ratio N, Schmidt number Sc
,.thermophoretic parameter, Eckert number Ec and Magnetic parameter Hadtitian the boundary condition

— oo is approximated by),.=6 ; which is sufficiently large for the velocity tapproach the relevant stream
velocity.

Figures 1-6 represent typical velocity profiles f@rious values of different flow parameters. Eigemonstrates
the effect of thermophoretic parameteit is observed that an increasing of thermophomtrameter leads to a
decreasing in the velocity profiles. The effectnoiiked convection parameter g on the velocity profile is
shown in fig.2 and it is observed that the velogitpfile increases with the increasing of mixed \@wiion
parameter R#Pg. Fig.3 shows that the variation in velocity prefildue to change in Schmidt number Sc , the
Schmidt number Sc values are chosen as Sc =0.2fblgd)y, Sc=0.6(water weeper), Sc=0.78(Ammonia), whic
represents diffusing chemical species of most comimterest in air at 20°C and one atmosphere presdine
velocity profiles decreases with the increase af Bwe velocity profiles increases with the increaseébuoynce
parameter N and inertia parameteis noticed from the fig. 4. The influence of vissadispersion effect on velocity
profiles is shown in fig.5. An increase in the \dgs dispersion parameter results in an increadirigeovelocity
profiles is observed. Fig.6 illustrates the influerof magnetic parameter Ha on the velocity prefileis observed
that an increase the magnetic parameter Ha, desrd¢las Hydro magnetic boundary layer causing tbaced the
fluid velocity.
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Fig.1.Effect of T on non-dimensional Velocity profiles
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Fig. 2(a)&(b).Effect of R@Peg on non-dimensional velocity profiles.
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Fig.3.Effect of Sc on non-dimensional velocity profiles
14 -+
1.2 -~

A=1.0,Pr=0.73,Sc=1.0,Ra,/Pe,=1.0,1=0.5,Ec=0.5,Ha=0.0

N=0.0,1.0,2.0

0 1 2 3 4 N 5 6 7

Fig.4(a) .Effect of N on non-dimensional velocity profiles
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Fig.4(b) .Effect of A on non-dimensional velocity profiles
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Fig.5.Effect of Ec on non-dimensional velocity profiles
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Fig.6.Effect of Ha on non-dimensional velocity profiles

Figures 7-12 show that the effects of various patams on temperature profiles. The influence ofrtiophoretic
parameter on temperature profiles is shown in fig.7. It tined from the figure that increasing thermopkiore
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parametet leads to slidely increase fluid temperature. @&ffect of mixed convection parameter, /R is shown
fig.8.
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Fig.7.Effect of T on non-dimensional Temprature profiles
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Fig.8(a). Effect of Ra,/Pe, on non-dimensional Temperature profiles

The temperature profile decreases with the incre®g,/Pg is noticed. A rise in the Schmidt number Sc flo2
— 0.78 leads to increases in temperature profdesbserved from fig.9. The temperature profiledrswn the for
different values on buoynce parameter N in figl@e. effect of byounce ratio parameter N is letalslecrease the
temperature profiles . The effect of inertia pareena on the temperature profiles in the present andrafesof the
viscous dispersion effect is shown in fig.11 islbbserved that an increase in the inertia pammeis leads to
increase in the fluid temperature, in absence sfouis dispersion; where as with effect of inerieameterA leads
to increase with the temperature profiles nearmitendary and reverse phenomenon is observed far faora the
boundary. The viscous dispersion and magnetic patemeffects on temperature profiles is shown gnif. With
the effect of viscous dispersion and Maganetic ipatar Ha there is a significant increase in thepenature
profiles is noticed.
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Fig.9. Effect of Sc on non-dimensional Temprature profiles
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Fig.10 Effect of N on non-dimensional Temprature profiles.
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Fig.11(a). Effect of A on non-dimensional Temprature profiles
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Fig.11 (b). Effect of A on non-dimensional Temprature profiles
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Fig.12(a) Effect of Ec on non-dimensional Temprature profiles
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Fig.12(b) Effect of Ha on non-dimensional Temprature profiles
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¢
0 1 2 3 n 4 5 6 7
Fig.13.Effect of T on non-dimensional Concentration profiles

Figures 13-19 represent typical concentration [@efior various values of different flow parametétig) .13 depict
the effect of thermophoretic parametesn the concentration profiles .The effect of thepmoretic parameter is

to reduces the concentration profiles is obserf/edm the fig.14 it is noticed that the effect ofxeil convection
parameter R#Pg is to increases the concentration profiles . Tiemce of Schmidt number Sc is shown in figure
15 and the influence of buoynce parameter N psesented in fig 16. From these figures the eféécschmidt
number Sc and buoynce parameter N is deceleratesoticentration profiles. Fig.17 illustrates thieetf of inertia
parameterA on concentration profiles, it is observed tha toncentration profiles increases with incredse o
inertia paramete. The influence of magnetic parameter Ha on comatah profiles displayed in fig.18. The
magnetic field effect is to accelerates the conegion profiles. The influence of viscous dissipatieffect on
concentration profiles is shown in fig.19. As shofrem the figure the effect of viscous dissipatismegligible in

concentration profiles. The heat and mass tramefaiits in terms of NuPe’> and Sh, /Pe’/* as functions of the

mixed convection parameter RdPg with and without viscous dissipation effect at difint values of
thermophoretic parameter are displayed in figuB®sand 21. While increasing N;QI/Pe;/2 decreasing and Sh
/Pe;/2 increasing in the presence and absence Ec. It ithvpointing out that at E¢ 0, the effect ot on Ny,

IPe}’* is more than in the case of Ec = 0 and the opgoplrenomena occurs withSh, /Pel/?. Also, as Ec
increases, NuPe/*and Sh, /Pe}/*decrease greatly. On the other hand, when/Ra increases Nu/Pe/*and Sh

X /Pe;/zdecrease in the presence of Ec, but it increastgeiabsence of Ec, as shown in figures 20 and [2i%.is
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because increasing R#&¢g increases the momentum transport in the boundamr land more heat and mass
species are carried out of the surface, thus dsiag#he thickness of the thermal and concentrdimmdary layer
and hence increasing the heat and mass transésr rat

12 4
11 NA=1.0,Pr=0.73,N=2.0,5¢=1.0,1=0.5,Ec=0.5,Ha=0.0
0.8 A
0.6 -
¢
0.4 - Ra,/Pe =0.3,0.6,1.0
0.2 A
O T T T I I T 1
0 1 2 3 4 n =5 6 7
Fig.14(a). Effect of Ra,/Pe, on non-dimensional Concentration profiles
1.2 4
N=2.0,Pr=0.73,5¢=1.0,Ec=0.1,7t=0.5,A=1.0,Ha=0.0
¢
Ra,/Pe,=-0.05,-0.1

Fig.14(b) Effect of Ra,/Pe, on non-dimensional Concentration profiles
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Fig.15.Effect of Sc on non-dimensional Concentration profiles
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Fig.16. Effect of N on non-dimensional Concentration profiles
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Fig.17. Effect of A on non-dimensional Concentration profiles
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Fig.19.Effect of Ec on non-dimensional Concentration profiles
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