Available online at www.sciencedirect.com

JOURNAL OF
sclENCE<dDIRECT® Colloid alld
& \ Interface Science
ELSEVIER Journal of Colloid and Interface Science 293 (2006) 137-142

www.elsevier.com/locate/jcis

Influence of viscous dissipation and thermophoresis on
Darcy—Forchheimer mixed convection in a fluid saturated porous media

M.A. Seddeek

Mathematics Department, College of Science, Al-Qasseem University, P.O. Box 237, Buriedah 81999, Saudi Arabia
Received 27 April 2005; accepted 11 June 2005
Available online 19 August 2005

Abstract

Mixed convection flow, heat, and mass transfer about an isothermal vertical flat plate embedded in a fluid-saturated porous medium and the
effects of viscous dissipation and thermophoresis in both aiding and opposing flows are analyzed. 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 shooting method. Numerical computations are carried out for the nondimensional physical parameter. The results are analyzed for
the effect of different physical parameters such as thermophoretic, mixed convection, inertia parameter, buoyancy ratio, and Schmid number
on the flow, heat, and mass transfer characteristics. Two cases are considered, one corresponding to the presence of viscous dissipation an
the other to the absence of it.
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1. Introduction viscous dissipation, mixed convection, and thermophoresis
is examined.
Most of the research efforf4—4] concerned free convec-

Natural convective flow and heat transfer in saturated ) ; .
tion using Darcy’s law, which states the volume-averaged

porous media is gaining more attention because of its wide o : .
applicability in packed beds, porous insulation, beds of fos- velocity is proportional to the pressure gradient. The Darcy

sil fuels, nuclear waste disposal, resin transfer modeling, model is shown to be valid under conditions of low velocities

etc. Over the past two decades, studies in aerosol particleand ;ma!l porosity. In ma”Y practical situations, the. porous
deposition due to thermophoresis have gained importanceMedium is bounded by an impermeable wall, has high flow
for engineering applications. The technological problems in- ates, and reveals nonuniform por05|ty’ distribution in the
clude particle deposition onto wafers in the microelectronics Near-wall region, thereby making Darcy’s law inapplicable.

industry, particle surfaces produced by condensing vapor—TO model the_real physical situatiqns better, !t is therefor(aT
gas mixtures, particles impacting the blade surface of gasnecessary to include the non-Darcian effects in the analysis

turbines, and others such as filtration in gas cleaning and©f convective transportin a porous medium. The problem of
nuclear reactor safety. In engineering particle, usually more Darcy—Forchheimer mixed convection heat and mass trans-
than one mechanism can act simultaneously and their in-fer in fluid-saturated porous media was studied by Rami et
teractions need to be considered for accurate prediction ofél- [5]. SeddeeK6] studied the effects of magnetic field,

deposition rates. In this work, the mechanism of particle de- variable viscosity, and non-Darcy effects on forced convec-

position onto a vertical surface by the Coup|ed effects of tion flow about a flat plate with variable wall temperature
in porous media. Recently, Sedddg@kstudied non-Darcian

effects on forced-convection heat transfer over a flat plate in
E-mail address: seddeek_m@hotmail.com a porous medium.
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Goren[8] was one of the first to study the role of ther- y=0: v=0, T =Ty, C=Cy,
mophpresis .in the laminar flow qf a viscous and incom- | __ .. | _ e, T=Ts. C=Ca. (5)
pressible fluid. He used the classical problem of flow over
aflat plate to calculate deposition rates and showed that subWhereu, v are velocity components along y coordinates,
stantial changes in surface deposition can be obtained byrespectivelyl” andC are, respectively, the temperature and
increasing the difference between the surface and free strean§oncentrationgs is the Forchheimer coefficienk is the
temperatures. This was later followed by the effect of ther- Darcy permeabilityg is the acceleration due to gravityjs
mophoresis on particle deposition from a mixed convection the kinematic viscosityg is the coefficient of thermal ex-
flow onto a vertical plate by Chang et 4] and Jayaraj  Pansionjc is the coefficient of concentration expansiop,
et al.[10]. Also, Tsai[11] obtained the effect of wall suc- is the specific heat of the fluid at constant pressgrés the
tion and thermophoresis on aerosol particle deposition from radiative heat flux, and is the mass diffusivity. In Eq(2),
a laminar flow over a flat plate. Selim et §.2] discussed  the plus sign corresponds to the case where the buoyancy
the effect of surface mass transfer on mixed-convection flow force has a component “aiding” the forced flow and the mi-
past a heated vertical permeable flat plate with thermophore-nus signs refer to the “opposing” case.

sis. Recently, Chamkha and Pfi8] studied the effect of In Eg. (4), the thermophoretic velocityt was given

thermophoretic particle deposition in free convection bound- by [16]

ary layer from a vertical flat plate embedded in a porous vT kv aT

medium. Peev et a]14] discussed the problem of heat trans- V1= —kv——=—— o (6)

fer from solid particles to power low non-Newtonian fluid in _ _ . o

a granular bed at low Reynolds number. wherek is the thermophoretic coefficient, which is given by
Most previous studies of the same problem neglected vis- [17]as

cous dissipation qnd therr_nopho_resis. But GebHait hgs L 2Cs(rg/Ap + CtKN)C1 .

shown that the viscous dissipation effect plays an impor- * = (1+ 3Cm Kn) (1 + 2hg/ap + 2CKN)’ ()

tant role in natural convection in various devices that are

subjected to large variations of gravitational force or that WhereCm, Cs, andCy are constants anty and p are the
operate at high rotational speeds. Motivated by the above in-thermal conductivities of the fluid and diffused particles, re-
vestigations and possible applications, it is of interest in the SPectively.C1 is the Cunningham correction factor and Kn
present work to study viscous dissipation and thermophore- IS the Knudsen number. _ .

sis in Darcy—Forchheimer mixed convection heat and mass .Now we def!ne the following dimensionless variables for
transfer in fluid-saturated porous media. mixed convection:

n=Pé”§, v =a P’ f(n),

2. Mathematical formulation O =T —Teo)/(Tw — Tro),
o) =(C —Cw)/(Cw — Cxo), (8)

whereys is the stream function that satisfies the continuity
equation and is the dimensionless similarity variable. With
these changes of variables, Eb) is identically satisfied and
Eqgs.(2)—(4)are transformed to

Consider the steady mixed convection boundary layer
over a vertical flat plate of constant temperatdig and
concentrationCy,, which is embedded in a fluid-saturated
porous medium of ambient temperatdig and concentra-
tion C, respectively. Thec-coordinate is measured along
the plate from its leading edge and thecoordinate nor-

Ra
" 1"l e 1 /
mal to it. Allowing for both Brownian motion of particles oA = i(ch )(9 +Ne), ©)

and thermophoretic transport, the governing boundary layer L, o1, o
equations are 07+ 5 f0 +PrEcf 7= 0, (10)
1 1
du v —¢" — (0" +¢'0)+ ——f¢' =0. 11
a_ﬁ_@:o’ (1) SC¢ T(p0" + ¢ )+2PI’f¢ (12)
The corresponding boundary conditions take the form
ou avKiow?) _ K 5,07 | 5 3C ) poneing Y
oy v oy S \"Tay Ty ) fO=0 60)=1 ¢@O)=1,
OT T  Ag 3T v (E)u)z A fl(e0)=1, 0(c0)=0, ¢(c0)=0, (12)
U—+v—=——+—\=—1),
dx dy  pcpdT?  cp\dy where the primes denote differentiation with respech to
5C 5C 2C 9 A = civ/K1uso /v is the inertia parameter, Ra= (K1g87 x
L —i—v@ = 0w @(VTC). 4) (Tw — Tx)x/av is the thermal Rayleigh number, Pe

usox/a is the local Peclet numbelW = B¢(Cw — Coo)/
The boundary conditions are given by B1(Tw — Txo) is the buoyancy ratiop = —K(Tw — Teo)/ T
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