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ABSTRACT

The effects of Soret and Dufour and MHD on DarcyeRbeimer mixed convection flow with heat and mass
transfer from a vertical flat plate embedded inadusated porous medium taking into the influenartophoresis,
viscous dissipation and radiation. The fluid isnsmlered in a grey medium and the Rosseland appiation is
used to describe the radiative heat flux in thergpequation. A similarity solution for the transfned governing
equations is obtained. The coupled non-linear amdinequations are linearized by using Quasi-lineation
technique. The governing coupled ordinary diffei@requations are being solved by employing an iicitplinite
difference scheme. Numerical computation are edrrout for the non dimensional physical parameteihe
results are analyzed for the effect of differenggibal parameters, such as radiation R, Soret nurSheDufour D,
Viscous dissipation Ec, mixed convection param@gtPe, , buoyancy ratio N, inertia parametdr magnetic field
parameter Ha, Prandtl number Pr, Lewis number LehrSidt number Sc and thermophoretic parameter

Keywords. Soret and Dufour, Darcy-Forchheimer, Radiation, MHEnite difference method and mixed
convection.

INTRODUCTION

Mixed convective heat and mass transfer flow isyviemportant in manufacturing industries for the igasof
reliable equipment, nuclear plants, gas turbined,\&arious propulsion devices for aircraft, missilsatellites, and
space vehicles. In light of these various applisetj the unsteady MHD combined convection over &imgo
vertical sheet in a fluid saturated porous mediuth wniform surface heat flux was studied by El-iéahet.al[1].
Mixed convection on bodies embedded in a non-Damp@ous medium have been extensively studied eypatted
for flow driven by temperature variations only [2,5]. The problem of Darcy—Forchheimer mixed convection
heat and mass transfer in fluid-saturated porouwdiangas studied by Rami et al. [6]. Goren [7] was of the first
to study the role of thermophoresis in the lamit@w of a viscous and incompressible fluid. Mos¢yipbus studies
of the same problem neglected viscous dissipatimhtlermophoresis. But Gebhart [8] has shown thatvtscous
dissipation effect plays an important role in natuconvection in various devices that are subjedtedarge
variations of gravitational force or that operatéigh rotational speeds. Motivated by the abomeestigations and
possible applications.

Small particles, such as dust, when suspendedjas@ous medium possessing a temperature gradiesit,ove
in the direction opposite to the temperature gratdiélhis motion is known as thermophoresis, oct@sause gas
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molecules colliding on one side of particle haviéedént average velocities from those on the osliée due to the
temperature gradient. The studies in aerosol dépohave become more and more important for esgging
applications. The factors that influence particpakition include convection, Brownian diffusioedsnentation,
inertial effect, thermophoresis and surface geoynetspectively. Aerosol particles are likely todenerated during
a severe core melt accident at a nuclear powet.pfathese particles strike and attach to the svall the heat
exchanger, they can impair heat transfer and leaghotentially high temperatures and pressures. fbinee
experienced by a small aerosol particle in the gres of a temperature gradient is known as themibghoretic
force. This phenomenon has been the subject miderable study in the past. Goldsmith and M3dyfifat
studied the thermophoretic transport involved irsiaple one-dimensional flow for the measurementthaf
thermophoretic velocity. Selirat al. [10] studied the effect of surface mass flux on edixonvective flow past a
heated vertical flat permeable plate with thermophis. Chamkha and Pop looked to the effect ofribphoresis
particle deposition in free convection boundaryelafrom a vertical flat plate embedded in a pormedium; the
steady free convection over an isothermal vertizgalilar cylinder embedded in a fluid-saturatedopsrmedium in
the presence of the thermophoresis particle deposéffect was analyzed by Chamké al. [11]. Hossain and
Takhar [12] analyzed the effect of radiation udimg Rosseland diffusion approximation on mixed @mtion along
a vertical plate with uniform free stream velodiyd surface temperature. Damesh et al. [13] stutliecffect of
radiation and heat transfer in different geomebnnMarious flow conditions.

The Dufour and Soret effects were neglected in mapgrted research studies, since they are of #esroader of
magnitude than the effects described by Fouriend Rick's laws. The energy flux can be generatey the
temperature gradients and the composition graslififte mass transfer caused by the temperatureegtasl called
the Soret effect, while the heat transfer causethbyconcentration gradient is called the Dufodiecf However,
such effects become crucial when the density diffee exists in the flow regimes. The Soret efffeetjnstance,
has been utilized for isotope separation. In a méxbetween gases with very light molecular we{gte, H2) and
medium molecular weight (N2, air), the Dufour effa@s found to be of considerable magnitude suahitttannot
be neglected (Eckert and Drak [14]). The Dufour &adet effects were studied by many researchedsbEl et al.
[15], studied the flow in boundary layer effedis. Srinivasacharya et al. [16] presented the efféct Soret and
Dufour on mixed convection in a non-Darcy porowsdinm saturated with micropolar fluid.

Most previous applications Kishan and Srinivag gtddied the influence of MHD on mixed convectitow, heat
and mass transfer along a vertical flat plate embddin a fluid saturated porous medium with thecois
dissipation and thermophoresis effects.

The aim of the present investigation of the simétaus effects of Soret and Dufour of MHD mixed \amtion
flow with heat and mass transfer over a verticabps plate embedded in a saturated porous medibjac to a
thermal radiation and viscous dissipation. Theegowng coupled equations are solved by using irtplicite

difference scheme with C-programming code.

MATHEMATICAL FORMULATION

We consider the steady flow of an incompressibdeats, radiating, hydromagnetic fluid bounded lesical flat
plate embedded in a fluid-saturated porous mediliime x-coordinate is measured along the plate fitsrieading
edge and the y-coordinate is normal to it. Assumib@ fluid to be Newtonian, electrically conduetiwvall
temperature a3,, and concentration &S, which is embedded in a fluid saturated porous omadof ambient
temperaturel,, and concentratio®,, , where T,> T, andC, > C, respectively. The density variations and the
effects of buoyancy are taken into account in thmmentum equation (Boussinesq approximation [18] toed
Rosseland approximation [19] is used to descrilee rddiative heat flux in the energy equation. Afomm
transverse magnetic field of strenghis applied parallel to the y axis. Under the abagsumption, the governing
equation for this problem can be written as:

ou v
ML %0 1
ax dy ( )
opéklou | CpyKia(u?) K19 aT ac
14222 =t —[ —+ e 2
[ * % 6y+ v [i5% - v ﬁTay+ﬁCay ()
aT aT %T v (du 1 0 D KT 9%C
u—+v—= am—z _(_)2__ﬂ ZmAtT 9 - (3)
ox oy oy cp \dy pcp Ay CsCp 0y?
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u—+ Vo, = D,, 32 oy 0 + T 352 4)
The boundary conditions are given by

v=20, T=T,, C=C,a y=0

U=Uy, T =T, C=C, asy—> o (5)

Whereu andv are the velocity components along thandy directions, respectivelyl, andC are, respectively, the
temperature and the concentratian, is the Forchheimer coefficienk; is the Darcy permeability, g is the
acceleration due to gravity, is the kinematic viscositypr is the coefficient of thermal expansiof is the
coefficient of concentration expansian, is the thermal diffusivity of the fluid-saturatedrous mediumg, is the
specific heat of the fluid at constant pressgyés the radiative heat flux arid}, is the mass diffusivity. In Eq. (2),
the plus sign corresponds to the case where thgabgy force has a component “aiding” the forcedvfland the
minus sign refers to the “opposing” case. By usithg Rosseland approximation for radiation [20] &itbwing
Raptis [21], the radiative heat flug, is given by

_ —160,T% 9T

&= (6)

where g, is the Stefan-Boltzmann constakg,the mean absorption coefficient afigd the temperature of the
ambient fluid. With using Eq. (6) and Eq. (3) give

ar or _ 9T | v (9u)p  1601T% 9°T DmKT 9%*C
uﬂ + U@ =a ay?r  ¢p (ay) 3pcpke 0y? CsCp dy? (7)
Now we define the following dimensionless varialfi@smixed convection:
y
U=vP€x;, ¢=a\/Pexf(77),
9(77) = (T - Too)/(TW - Too):
$() = (€~ C)/ (G = Can) ®)

Wherey is the stream function that satisfies the continaguation and is the dimensionless similarity variable.
With these changes of variables, Eq. (1) is idafificatisfied and Egs. (2), (4) and (7) are tranmskd to

(1+Ha?)f +24f'f =+ (52) (6" + N¢") ©
0" (1+ =) +3f0' +PrEcf' 2+ Dpp’ = 0 10§
¢ +1Lef¢’ —Sc(8'¢' + ¢ 0°)+ LeSro’ 0 (11)

The correposnding boundary conditions take the form

f(n) =0,0(n) =1, #n)=Lonn=0
f'm)—>1,6m -0, > 0asn—x (12)

Where the primes denote differentiation with respgee), Sc=v/D,, is the Schmidt numbeN = 8.(C,, — Cs)/
Br(T,, — T») is the buoyancy ratio parameter,Ra(K;gBt)(T,, — T)x/av is the thermal Rayleigh number,
Pe =u,x/a,, is the local Peclet numbek, = cf\/F1 Uy /v is the inertia parameterHa? = of2k/pv is the
magnetic parameter, Rk, /40, TS is the radiation parameter ( k is the thermal camtigity) and Le =a,,/D,,, is
the Lewis numberEc= uZ /c,(T, — T, is the Eckert number, D; = Dykr(C, — Coo)/amCsCy(T,, — To) is
the Dufour number and the Sore numbelS,is= D,k (T, — Too) /X Tin (Coo — Coo)
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3. NUMERICAL SOLUTIONS

In order to get physical insight, we integrate #iystem of ordinary differential equations, Eqs(®}), with the
boundary conditions in Eq. (12) numerically by meari implicit finite difference method. Applying ¢hQuasi-
linearization technique , Bellman and Kalaba [22]He non-linear equation (9) we obtain as

(L+Ha? + 20 F)f +20F f' = +(32) (6" + N¢)+21F'F' (13)

Pey

V|Vher assume#t is the value off at " iteration andf is at (n+1Y' iteration. The convergence criterion is fixed as
F-fl <105

Using an implicit finite difference scheme for thguation (13),(10) and (11), we obtain

a [i] f[i-1] +b [i] f[i] + cfi] f{i+1]=d[i] (14)
aufi] Oi-1] +b 4[i] 6] + cifi] Ofi+1] = d ] (15)
aJi] Ai-1] +bfi] Ail + il Ai+1] =d il (16)
where

afil= 1+Ha?+ 2\ Fqi] — 0.5*h*2 AF]i]

b[i] =-2* (1+Ha?+2)F4i])

cll= = 1+Ha?+2\Fifi] +0.5%*2 iF[]
di] = h*h* +(S2) (8, + Nepy)+2 AFilF (i

ay[i] = 1+(4/3F) — 0.5*h*0.5*f[]
byli] = -2 *(1+(4/3R))

cifi] = 1+(4/3R)+ 0.5%h*0.5[i]

dy[i] = h*h*- Pr Ec f[i]*f J[i] - Dg2/i]
aj[i]= 1 — 0.5*h*( 0.5*f[i]*Le — rScxi])
boli] = -2 - h*h* 1S@,]i]

Cli] =1+ 0.5%h*( 0.5*f[]]*Le — Sa[il)

dJ[i] = h*h*-LeS 6[i] and

Alil== 1+Ha?+2\Fq[i]
B[i] = 2 AF[i]
DIl = + (52) (B + Nepy)+22FoIF [

Adil = 1 +(4/3R)

Byli] =0.5*fi]

D[i] = - Pr Ec f,{i]*f J[i] - D /1]

Affil =1,  Bfi] = 0.54f[i]*Le — Sali],
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Coli] = —zSd,[i] D fi] =-LeS,b,[i]

The set of equations (14)-(16) areupled equations, which are solved by using thes&&eidel iteration method
by using the C-programming code. The iterativecpdure is initiated by the solution of concentraterjuation
followed by energy equation and momentum equatibithvis continued until convergence is achieved. gét a
converged solution and it was set to>¥0r dependent variabfg 6, ¢.

RESULTSAND DISCUSSION

The governing boundary layer equations (1)-(4)cagpled non-linear partial differential equatioresdwlved under
the boundary conditions (5). However, exact orrapinate solutions are not possible for this setegfiations.
Hence the coupled non-linear partial equations texesformed to ordinary differential equations lsing the
similarity transformation. To linearize the nonédar ordinary differential equations we used thaspiinearization
technique[22]. The linearized coupled ordinanyfatiéntial equations (9)-(11) with boundary condigo(12) are
solved by using the implicit finite difference meth
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—— —-Ha=0
ssasss Ha=1

Fig. 1 Effectsof magnetic parameter Hafor RaJ/Pe,=1,R=05, A=0.1, Pr=0.73,Le=2,S =2,D;=0.03,Sc=1,71=05N=2
,Ec=0.50n (a) Velocity profile(b) Temperatureprofile (c) Concentration profile

The computations have been carried for variouseslof magnetic parameter Ha, mixed convection petem
Ra/Psg , radiation parameter R, inertia parametePrandtl number Pr, Lewis number Le, Sorethumbeb&our
number B, Schmidt number Sc, thermophoretic numband buoyancy ratio parameter N. In addition, ttigeeof
the boundary layem—o was approximated bym.x = 6, which was sufficiently large for velocity &pproach the
relevant stream velocity. In order to illustrate tresults graphically, the numerical values aottgdl in figures 1 to
10. These figures depict the velocity profile, parature profile and concentration profiles. Thiuga of Prandtl
number Pr are chosen Pr=0.73 which corresponds.tdtee values of other parameters fixed ag/lRg =1, R =
0.5, A =0.1, Ec=0.5, Pr = 0.73, Le = 2=, D=0.03, Sc = 1z = 0.5, N = 2. Fig.1 reference the effect of
magnetic parameter Ha on the velocity, temperaduma concentration profiles. It is evident frome tigure the
velocity profile f' decreases with the increasenwfgnetic parameter Ha. The temperature and caatient
profiles increase with the increase of magnetiapeter Ha. It is because that applications ofstrarse magnetic
field will result a resistive type of force (Lorzrforce) similar to drag force which tends to sesie fluid flow and
thus reducing its velocity.

10
Fig. 2(2)
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Fig. 2(b)

Fa.Pe.=-03
Fa, P, =-0.2
Ra,/Pe.=10
Fa,Pe.= 3
Ra,/Pe.=5

Fa,Pa,=-0.3
Fa.Pe.=-0.2
Ra,Pe.,= 10
Fa.Psz.= 3
Ra,Pe.=5

Fig.2 Effectsof mixed parameter Ra./Pe, for A=0.1,R=05 N=2,Pr=0.73,Le=2,S =2,D;=0.03,Sc=1,t=0.5 Ha=0, Ec=0.5
on (a) Velocity profile (b) Temperature profile(c) concentration profile

3 Fig.3(a)
—--— E=0.2
............... R=4
2 R=w=
=
0
0 1 n 2 3
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_— R=02
............... F=4
— E=wm
4 6
—"— E=012
............... F=4
—_— R= oo
0 1 n 2 3

Fig. 3 Effects of Radiation parameter R for A=0.1, Ra/Pe,=1, N=2,Pr=0.73, Le=2,S =2,D;=0.03, Sc=1,t=0.5,Ha=0and
Ec=0.5 on (a) Velocity profile (b) Temperature profile (c) Concentration profile

Figure (2) illustrates the influence of the mixedneection parameter R&g on velocity, temperature and
concentration profiles respectively. In fact, thxed convection parameter g is chosen as Rd#g > 1
flow is dominated by natural convection whereaglRg « 1 the flow is leading forced convection when/Rg, =

1, the effects of natural and forced convection efeequal importance, and the flow is truly undeixed
convection. From fig.(2) it is noticed that withet increasing R&Peg , the velocity profile f' increase while
temperature and concentration profiles decreases.

4 Fig. 4(a)
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Fig. 4 Effectsof inertia parameter A for Ra,/Pe,=1, F=05 N=2,Pr =0.73, Le=2,S =2, D;=0.03,Sc=1,7t =05, Ha=0and
Ec=0.50n (a) Velocity profile (b) Temperature profile (c) Concentration profile

Figure (3) is drawn for the effects of Radiatiomgaeter R on velocity, temperature and concentraiiofiles. An
increase in the radiation parameter R leads toedserthe velocity profiles f', temperature prsfilevithin the
boundary layer as well as thickness of the veloaitgt temperature boundary layer. This is becauskafge value
of radiation parameter corresponds to an increagedinance of conduction over radiation, therebyrelesing
buoyancy force and the thickness of the thermal #twedmomentum boundary layers. The effect of taitia
parameter R is very meagre on concentration profile

Figure (4) depicts the effect of inertia parametern velocity, temperature and concentration prsfilds shown in
the figure the velocity profile decrease with iragmg inertia parametey, whereas temperature and concentration
profiles increases.

The effect of buoyancy ratio parameter N is showfigure(5) It is found from figure 5(a) the velty profile f'
increases with increasing the buoyancy ratio paranid, while the temperature and concentration profiles
decreases with the effect Wfis observed from figures 5(b) and 5(c ). Thibésause the effect of buoyancy ratio

is to increase the surface heat and mass trarsdés. r It can be observed from figure (6) the \viglatistribution f'
and concentration profil¢$ decreases with the increasing of thermophoretiarpaterr.

The effect of Soret and Dufour is shown in figure (7frrom figure 7(a)and 7(b) the velocity and tempaeat
profiles increase with the increase of Dufour numloe decrease of Soret number) whereas reverseoptena is
obsrved in concentration profile showed in fig.y.(c
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Fig.5(a)

Fig. 5(c)
—_ = N=1
N=3
N=8§
n 2 3

Fig.5 Effectsof buoyancy ratio parameter N for Ra/Pec=1,F=05, A=0.1, Pr=0.73,Le=2,S =2,D;=0.03, Sc=1,t=05, Ha=
Oand Ec=0.5on (a)Velacity profile (b)Temperatureprofile (c )Concentration profile

The effect of Lewis number Le for the velocity aswhcentration profile inside the boundary layeligaglisplayed
in the figure (8). It can be noticed form the figuhat the velocity and concentration profilesrdases with the
increase of Lewis number Le.

Figure (9) concerns with the effect of Schmidt nemBc on the concentration profile. The conceiatnaprofile
decrease with an increase Sc. Physically it is,tsince the increase of Sc means decrease of utenelffusivity
that results in decrease of concentration bountigmr. Hence, the concentration of species is drigar small
values of Sc and lower for higher values of Sc.
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3
Fig. 6(a)

- =035
ey,

................. =15
2 (R R RN "|:=2.i
1
0

snasas =23

———-1=40

Fig.6 Effects of thermophoresist for Ra/Pe,=1,R=0.5, A=0.1, Pr=0.73,Le=2,Ha=0, S, =2, D;=0.03, Sc= 1, N = 2and Ec=0.5 on
(a) Velocity profile (b) Concentration profile

Figure (10) displayed the effect of Eckert numbettize velocity, temperature and concentration fe®fi It can be
founded from figure velocity, temperature and coniction profiles increase with the increase okdtt number
Ec. This is because the Eckert number is the KHtikinetic energy of the flow to the boundary laynthalpy
difference, The effect of viscous dissipation afanffixed is to increase the energy, yielding aagee fluid

temperature and as a consequence greater buoyaeey fThe increasing buoyancy force due to areas® in the
dissipation parameter enhances the temperature.
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Fig.7 Effectsof Soret and Dufour for Ra/Pe,=1, R=05, A=0.1, Pr=0.73,Le=2,Ha=0, Sc=1, N = 2and Ec=0.5 on (a) Velocity
praofile (b)Temperatureprofile (c) Concentration profile

Fig.B(a)

Le=1

sassss [ o= 1§
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ig 8(b) Le=1
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................. Le=5
06 .: --.---LE:E
04 '...-"-__
02
] LT PP
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n

Fig. 8 Effectsof Lewisnumber for Ra./Pe=1,R=05, 4=0.1, Pr=0.73, Sc=1, Ha=0,=2,S =2, D;=0.03,t=05, N =2and Ec=0.5
on (a) Velocity profile (b) Concentration profile

Fig. 9

0.3

0.6

04

02

Fig. 9 Effectsof Schmidt number Scfor Ra/Pe,=1,R=0.5 4=0.1, Pr=0.73, Le=2,Ha=0,S =2,D;=0.03,7 =05, N=2and
Ec=0.50n Concentration profile

Fig. 10(a)
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Fig. 10(h)

[=1
(=]
= |
e
(=23

Fig. 10(c )

Ec=10

Fig. 10 Effectsof Eckert number for RaJ/Pe=1, F=05, A=0.1, Pr=0.73, Le=2,Ha=0,Sc=1,t=05N=2,,S =2, D;=0.03 on
(a) Velocity profile (b) Temperatureprofile (c) Concentration profile
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