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The effects of thermal radiation and magnetic field on heat and mass transfer char-
acteristics of natural convection about a vertical surface embedded in a saturated
Darcian porous medium has been investigated taking into account the Soret and
Dufour effects. The Rosseland approximation for the radiative heat flux is used in
the energy equation. It is found that the similarity solution exists in the present case.
The resulting set of coupled non-linear ordinary differential equations is solved nu-
merically using shooting technique. Dimensionless velocity, temperature, and con-
centration profiles are presented graphically for various values of radiation pa-
rameter and the Nusselt and Sherwood numbers are tabulated for different values
of the involved parameters. It is found that the Nusselt number increases and
Sherwood number decreases as the radiation parameter increases but both the
Nusselt number and Sherwood number decrease as the magnetic field parameter
increases.
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Introduction

The study of coupled heat and mass transfer by natural convection from uniform sur-
faces embedded in a saturated porous medium has drawn considerable attention over the last
few years, due to many important engineering and geophysical applications. A comprehensive
account of the available information in this field is provided in recent books by Nield ez al. [1],

Ingham et al. [2, 3], and Vafai [4].

There has been considerable interest in studying flows of electrically conducting flu-
ids over surfaces in the presence of magnetic field (Chamkha [5], Cheng [6]). The effect of mag-
netic field on heat and mass transfer by natural convection from vertical surface in porous media

* Corresponding author; e-mail: sstak@rediffmail.com



Tak, S. S., et al..: MDH Free Convection-Radiation Interaction along a Vertical Surface ...
138 THERMAL SCIENCE: Year 2010, Vol. 14, No. 1, pp. 137-145

has been studied by Cheng [6] using an integral approach. Cheng neglected Soret and Dufour ef-
fects.

Double diffusion in heat and mass transfer refers to Soret and Dufour effects. Soret ef-
fect [thermal-diffusion] refers to mass flux produced by a temperature gradient and the Dufour
effect [diffusion-thermo] refers to heat flux produced by a concentration gradient. These effects
are neglected on the basis that they are of a smaller order of magnitude than the effects described
by Fourier’s and Fick’s laws. There are however, exceptions. Eckert et al. [7] present several
cases when the Dufour effect cannot be neglected. The latest developments concerning Soret
and Dufour effects in natural convection in porous media may be found in the book by Nield et
al.[1] and Vafai [4]. Alam et al. [8] studied Soret and Dufour’s effect in absence of magnetic ef-
fect whereas Postelnicu [9], Alam et al. [10], and Chamkha et al. [11] have studied the Soret and
Dufour effects in the presence of magnetic field on heat and mass transfer by natural convection
from a vertical surface in porous media. Postelnicu [12] studied the influence of chemical reac-
tions along with Soret and Doufer’s effect in the absence of magnetic field on free convection.

The interaction of radiation with free convection in porous media has also been studied
by many researchers. Whitaker [13] studied the radiant energy transport in porous media.
Chandrasekhara et al. [ 14] considered the composite heat transfer in the case of flow past a hori-
zontal surface embedded in a saturated porous medium. Raptis [15], using Rosseland approxi-
mation for radiative heat flux, studied the free convection flow through porous medium.
Hossain et al. [16] studied the effect of radiation on free convection from an inclined surface
placed in Darcian porous media. Chamkha [17] studied solar radiation assisted free convection
from a vertical plate in a porous medium with a more general Darcy-Forchheimer-Brinkman
flow. Chamkha et al. [18] extended the results obtained by Chamkha [17] to a variable porosity
medium and observed that the boundary friction and Nusselt number are decreased as the porous
medium parameter value is increased. In these studies Chamkha, used an exponential type of ap-
proximation for incident solar radiation flux. Bakier [19] studied the thermal radiation effect on
mixed convection from vertical surfaces in saturated Darcian porous media. The same problem
in a non-Darcian porous medium [Forchheimer flow model] with suction-injection velocity at
vertical wall has been considered by Murthy ez al. [20]. Recently, the interaction of radiation
with free convection under different physical conditions has been studied by many authors
[21-25]. In all the above studies the Soret and Dufour effects were neglected.

Recently, Postelnicu [9, 12] considered the Soret and Dufour effects and influence of
magnetic field on heat and mass transfer by natural convection from vertical surfaces in porous
media. Postelnicu neglected the radiative heat flux in the energy equation whereas Chamkha ez al.
[11] have included it in the same problem with Forchheimer model. Chamkha ez al. [11] used
Rosseland approximation for radiative heat transfer, which was further approximated by expand-
ing temperature function 7 by Taylor’s series valid near 7., the temperature of the ambient me-
dium. Thus this approximation is valid in the free convection region near thermal boundary layer
edge. In the present work, we have extended the work of Postelnicu [9, 12] and Chamkha et al.
[11] to include the effect of thermal radiation, using Rosseland approximation for radiative heat
flux without further approximation to it making it valid for whole region of free convection flow.

Governing equations and mathematical analysis

Consider the natural convection heat and mass transfer from an impermeable vertical
wall in a fluid saturated porous medium in presence of uniform transverse magnetic field. The
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fluid is considered to be a gray, absorbing-emitting radiation but non-scattering and the
Rosseland approximation for the radiative heat flux is used in the energy equation. The wall is
maintained at constant wall temperature 7, and constant wall concentration C,,. The tempera-
ture and mass concentration of the ambient medium are assumed to be 7, and C_, respectively,
where 7,,> 7., and C, > C,.. The x-co-ordinate is measured along the plate from its leading edge,
and the y-co-ordinate normal to it. It is assumed that the porous medium is in thermal equilib-
rium with the fluid and is isotropic and homogeneous. Also the properties of the fluid and porous
medium are constant, the Darcy law, the Boussinesq approximation and the boundary layer ap-
proximation are applicable. Then the governing equations for the boundary layer flow, heat and
mass transfer from the wall y = 0 into the fluid saturated porous medium x > 0 and y > 0 are given
by:

ou Ov

— _+ =0 1
Ox 0Oy M
Kou?H? — —
M(H ou OJ:gK[ﬁT(T T.)+fc(C-C.)] o
u 1%
2
ﬂ-}vﬂ:i amg— 1 q. +&k_Ta ¢ (3)
0x oy Oy oy pC, C, C, 0)?
2 2
a_C+va_C:D 6C+&k o°T (4)

Ox oy "oy T ! 0y?

m

where o, and D, are the thermal diffusivity and mass diffusivity, respectively, p is the density,
C, and C; are the specific heat at constant pressure and concentration susceptibility, respec-
tively, k is the thermal diffusion ratio, o, 1., and H, are electrical conductivity, magnetic per-
meability, and magnetic field intensity, respectively, u and v are Darcian velocities in the x and
y-direction. K is the Darcy permeability, 1 — the viscosity, v — the kinematic viscosity, g — the
gravity, and 7,, — the mean fluid temperature. f and 8 are the coefficients of thermal expan-
sion, respectively, and concentration expansion, and ¢, — the radiative heat flux.
The boundary conditions of the problem are:
y=0:v=0,T=T,, C=C,, 5)
y—oeou—>0,T=T,6 C=C,

We assume the Rosseland approximation [26] for radiative heat flux, which leads to:
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where o is the Stefan-Boltzmann constant and x* is the mean absorption coefficient.
In view of egs. (6), eq. (3) now becomes:
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We now use the similarity variables proposed by Cheng et al. [27] as:

»Ra,
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where the stream function v is defined as:
u=a_‘/’, —l 9)
oy Ox

and Ra, = KgB(T,, — T..)x/va,, is the local Rayleigh number. The governing egs. (1), (2), (7),
and (4), using egs. (8) and (9), become:

(1 +M)yf' =6+ N (10)

; !
Kl+—4(93;'8) je'} :—(%f@’ +Df¢"j (11)
9" =—Le[%f¢’ +Sr0”j (12)

with boundary conditions

(13)
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It may be noted that in the absence of radiative heat flux, the radiation parameter R—

and in this case, the set of egs. (10) to (12) with boundary conditions (13) reduces to that ob-
tained by Postelnicu [9] for non-radiating fluids.

(buoyancy parameter).

Numerical analysis and discussion

The egs. (10) to (12) with boundary conditions (13) have been solved numerically using
Newton shooting method developed by Keller [28], the details of which may be found in Cebeci et
al. [29]. For numerical integration the Runge Kutta fourth order scheme was used with a step size
of 0.005. The boundary condition as 7 — e was chosen to satisfy at a suitable large value of 17 =
= 20. Numerical solutions, obtained by the present method have been compared with those ob-
tained by Postelnicu [9] in the particular case where no thermal radiation is present (i. e. R— )
and it is found that both the results are in good agreement, up to the order of 1075,

The parameters involved in the present problem are: R — the radiation parameter, M —
the magnetic field parameter, D; — the Dufour number, S, — the Soret number, and N — the buoy-
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Figure 1. Velocity function f” plotted against 7, Figure 2. Temperature plotted against n for
for various values of R taking M =1, D;= 0.05, various values of R taking M =1, Dy = 0.05,
N=1,and S,=1.2 N=1,and S,=1.2

Effect of radiation parameter on concentration
ancy parameter. To observe the effect of ther-

.. . 1
mal radiation and magnetic field on the free 4
convection we have plotted velocity functionf', 087

R =25, 50, 75, 100, 150

temperature function 6 and concentration func- ;4
tion ¢ against 1 for various values of M and R
keeping D;, S,, and N fixed. 041

The effect of thermal radiation parameter R 0.2
on the velocity, temperature, and concentration
are shown in figs. 1 to 3. It is noted from these 0 1 2 3 4 n 5
figures that velocity, temperature, and concen- . .
tration increases as R increases, keeping other ~ Figure 3. Concentration plotted against 7 for
various values of R taking M =1, D;= 0.05,
parameters fixed. Hence the presence of ther- N _§ nds. =1.2
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Figure 4. Velocity plotted against n for various
values of M taking R =100, D¢ = 0.05,
N=1,and S, =1.2
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Figure 6. Concentration plotted against 7, for
various values of M taking R =100, D¢ = 0.05,
N=1,and S,=1.2

Figure 5. Temperature plotted against n for
various values of M taking R =100, D;= 0.05,
N=1,and S, =1.2

mal radiation enhances the thermal state of the
fluid causing its temperature and concentration
to increase.

The effect of transverse magnetic field pa-
rameter M on the velocity, temperature, and
concentration is displayed in figs. 4 to 6. It is ob-
served from these figures that as M increases the
thickness of velocity, thermal and concentration
boundary layers increases. This result is in con-
formity with that of Postelnicu [9]. It may also
be noted from fig. 4 that near the plate the veloc-
ity decreases with the increase in magnetic field
parameter M whereas opposite phenomenon oc-
curs near the boundary layer edge.

The parameters of engineering interest for

the present problem are the local Nusselt number and local Sherwood number, which are given

by the expressions:

Table 1. Numerical values of local Nusselt and
Sherwood numbers for various values of
magnetic field parameter M taking parameters:
R=100,Le=1,D;=0.05,N=1,and S,=1.2

M Nu,/Ral/? Sh, /Ral/2
0 ~0.24041 ~0.68907
0.5 -0.23516 ~0.58777
1 ~0.23168 ~0.51281
1.5 -0.22957 —0.47084
2 —0.22792 —0.44154

Nu Sh
=00, —===—40)
Ra JRa,

Tables 1 and 2 present the local Nusselt
number and local Sherwood number calculated
for different values of R and M, respectively,
keeping other parameters fixed.

We observe from tab. 1 that the local
Nusselt number and local Sherwood number
decreases as magnetic field parameter M in-
creases (if negative values are encountered ab-
solute values are considered) which supports
the results of earlier workers Cheng [6],
Postelnicu [9], Chamka [11], and Chen [30].
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It is observed from tab. 2 that the local
Nusselt number increases and local Sherwood

Table 2. Numerical values of local Nusselt and
Sherwood numbers for various values of

radiation parameter R taking parameters:

number decreases as radiation parameter R in- M =1.0,Le=1,D,=0.05 N=1,and S, = 1.2

creases (if negative values are encountered ab- = =
solute values are considered) confirming to R Nu,/Ray Sh/Ra,
Chamka [11], Prasad et al. [23], and Mohamed 25 0251161 0.538404
et al. [25].

To observe the effect of temperature ratio 3 50 —0.254346 —0.534746
on the local Nusselt n}lmber, r}umerical values 75 _0.257391 0.531063
are presented for various radiation parameter
values in table 3. It is noted from tab. 3 that the 100 -0.260016 —0.526963
local Nusselt number iqcreases as f increases 500 0.336588 0.511413
for a fixed R confirming to Mohamed et al.

[25].

Figure 7 depicts the variation of the local Nusselt number with temperature ratio 8 for
different values of R. The observation is obviously same as drawn from tab. 3.

The effect of Buoyancy parameter N has already been studied by Cheng [6], Postelnicu
[9], and Chamka [11] . They observed that the local Nusselt number and local Sherwood number
increases as the Boyuancy parameter N increases.

It may be finally concluded from the above numerical discussion that the velocity,
thermal and concentration boundary layers thicknesses increase as R or M increases keeping

0,1(.)6* Effect of A on local Nusselt number Table 3. Numerical values of local Nusselt
1(,)17 numbers for various values of R radiation
parameter, 8 and Le =1, N=1, D;=0.05,
1.2 R =50, 100, 150 _
and S, =1.2
1
08 Temperature | p_50 | R=100 | R=150
ratio
0.6
0.4 p=0 0.425765 | 0.480617 | 0.556031
o2 B=1 0465871 | 0.516440 | 0.578491
% 5 10 15
P p=2 0.524914 | 0.587326 | 0.662762
Figure 7. The local Nusselt numbers plotted B=3 0611667 | 0686399 | 0737122
against temperature ratio 5 for various values ) ) )
of radiation parameter Rand N= 1, ﬁ =4 0.733965 0.813123 0.862122
D¢ =0.05, ) ) )
p=5 0.861311 | 0.921311 0.966024
other parameters fixed. When M increases B=6 0.980001 | 1.040044 | 1.093094
local Nusselt number and local Sherwood
number decreases whereas when R in- B=1 1075523 | 1126336 [ 1.182261
creases local Nusselt number increases and B=8 1163922 | 1228992 | 1.292559
local Sherwood number decreases other
parameters being fixed. The local Nusselt B=9 1.267583 | 1.338294 | 1.383975
number also increases when the tempera- 510 1366319 | 1428948 | 1.471172
ture ratio f increases for fixed value of R. ) ) )
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Nomenclature
C - concentration, [molm™] T — mean fluid temperature, [K]
C, - specific heat at constant pressure, [JK™'] u, v — Darcian velocities in the x, y-directions,
C, — concentration susceptibility, [molm™] respectively, [ms™]
D¢ - Dufour number x,y  — Cartesian co-ordinates, [m]
Dy~ mas ditusiy s L Greekleters
J" = velocity function, [-] o, - thermal diffusivity, [m’s']
g - grav1tat'10na1 aqcelerafcmn, [m§l’2] — temperature ratio [= T.AT, — T.)], [-]
Hy  — magnetic field intensity, [f‘m ] Br. B — coefficients of thermal expansion and
K — Darcy permeability, [Hm 11 . concentration expansion, respectively,
kr  — thermal conductivity, [Wm K] [mK ']
Le  — Lewis number (= a,/Dp), [__] I n — similarity variable (= yTRa!/%/x), [-]
M — Magnetic field parameter (= KopgH g/p), 6 — dimensionless temperature, []
[-] K — mean absorption coefficient
N o - I[Dlloéal/lgy)?gramge)r@ RS U — viscosity, [Pa-s]
—WdIPT W Ve w o Ll LT _ . . =
Nuy - local Nusselt number 56 B giﬁﬁ;&p\iﬁggg‘g} 1t[}rfr,12[slillr]n ]
- {:[__x_/(Tw - Tm)](aT/a}’)&:O}s [-] p — density, [kgmﬁ]
qr radiative heat flux, [mT ] : L 1
e o — electrical conductivity, [Sm™]
R — radiation parameter o4
~ [= K*hy/doy(T, — T [ OB - Sj[efan-Efoltzmann constan.t, [Js7'm~K™]
Ra, _ local l{ayle?ghwnumger ’ ) - dimenssmnless concentration
- _ [=(C-CHC, = CII, []
[KeBr(T,, — T)xlvay), [-] — stream function [= o, Ral/2An)], [-]
Shy — local Sherwood number v midx DI,
{U=(Cy, = CX(OCION)]y-0}» [-] Subscripts
S;  — Soret number »
[= (Dukr/ot T )T, = TH(C,y — CL, [ w - conditionatwall .
T — temperature of ambient medium, [K] 0 — condition at infinity/reference point
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