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The ef fects of ther mal ra di a tion and mag netic field on heat and mass trans fer char -
ac ter is tics of nat u ral con vec tion about a ver ti cal sur face em bed ded in a sat u rated
Darcian po rous me dium has been in ves ti gated tak ing into ac count the Soret and
Dufour ef fects. The Rosseland ap prox i ma tion for the ra di a tive heat flux is used in
the en ergy equa tion. It is found that the sim i lar ity so lu tion ex ists in the pres ent case. 
The re sult ing set of cou pled non-lin ear or di nary dif fer en tial equa tions is solved nu -
mer i cally us ing shoot ing tech nique. Dimensionless ve loc ity, tem per a ture, and con -
cen tra tion pro files are pre sented graph i cally for var i ous val ues of ra di a tion pa -
ram e ter and the Nusselt and Sherwood num bers are tab u lated for dif fer ent val ues
of the in volved pa ram e ters. It is found that the Nusselt num ber in creases and
Sherwood num ber de creases as the ra di a tion pa ram e ter in creases but both the
Nusselt num ber and Sherwood num ber de crease as the mag netic field pa ram e ter
in creases.
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porous media

In tro duc tion

The study of cou pled heat and mass trans fer by nat u ral con vec tion from uni form sur -
faces em bed ded in a sat u rated po rous me dium has drawn con sid er able at ten tion over the last
few years, due to many im por tant en gi neer ing and geo phys i cal ap pli ca tions. A com pre hen sive
ac count of the avail able in for ma tion in this field is pro vided in re cent books by Nield et al. [1] ,
Ingham et al. [2, 3], and Vafai [4].

There has been con sid er able in ter est in study ing flows of elec tri cally con duct ing flu -
ids over sur faces in the pres ence of mag netic field (Chamkha [5], Cheng [6]). The ef fect of mag -
netic field on heat and mass trans fer by nat u ral con vec tion from ver ti cal sur face in po rous me dia
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has been stud ied by Cheng [6] us ing an in te gral ap proach. Cheng ne glected Soret and Dufour ef -
fects.

Dou ble dif fu sion in heat and mass trans fer re fers to Soret and Dufour ef fects. Soret ef -
fect [ther mal-dif fu sion] re fers to mass flux pro duced by a tem per a ture gra di ent and the Dufour
ef fect [dif fu sion-thermo] re fers to heat flux pro duced by a con cen tra tion gra di ent. These ef fects
are ne glected on the ba sis that they are of a smaller or der of mag ni tude than the ef fects de scribed 
by Fou rier’s and Fick’s laws. There are how ever, ex cep tions. Eckert et al. [7] pres ent sev eral
cases when the Dufour ef fect can not be ne glected. The lat est de vel op ments con cern ing Soret
and Dufour ef fects in nat u ral con vec tion in po rous me dia may be found in the book by Nield et
al. [1] and Vafai [4]. Alam et al. [8] stud ied Soret and Dufour’s ef fect in ab sence of  mag netic ef -
fect whereas Postelnicu [9], Alam et al. [10], and Chamkha et al. [11] have stud ied the Soret and
Dufour ef fects in the pres ence of mag netic field on heat and mass trans fer by nat u ral con vec tion
from a ver ti cal sur face in po rous me dia. Postelnicu [12] stud ied the in flu ence of chem i cal re ac -
tions along with Soret and Doufer’s ef fect in the absence of mag netic field on free con vec tion.

The in ter ac tion of ra di a tion with free con vec tion in po rous me dia has also been stud ied 
by many re search ers. Whitaker [13] stud ied the ra di ant en ergy trans port in po rous me dia.
Chandrasekhara et al. [14] con sid ered the com pos ite heat trans fer in the case of flow past a hor i -
zon tal sur face em bed ded in a sat u rated po rous me dium. Raptis [15], us ing Rosseland ap prox i -
ma tion for ra di a tive heat flux, stud ied the free con vec tion flow through po rous me dium.
Hossain et al. [16] stud ied the ef fect of ra di a tion on free con vec tion from an in clined sur face
placed in Darcian po rous me dia. Chamkha [17] stud ied so lar ra di a tion as sisted free con vec tion
from a ver ti cal plate in a po rous me dium with a more gen eral Darcy-Forchheimer-Brink man
flow. Chamkha et al. [18] ex tended the re sults ob tained by Chamkha [17] to a vari able po ros ity
me dium and ob served that the bound ary fric tion and Nusselt num ber are de creased as the po rous 
me dium pa ram e ter value is in creased. In these stud ies Chamkha, used an ex po nen tial type of ap -
prox i ma tion for in ci dent so lar ra di a tion flux. Bakier [19] stud ied the ther mal ra di a tion ef fect on
mixed con vec tion from ver ti cal sur faces in sat u rated Darcian po rous me dia. The same prob lem
in a non-Darcian po rous me dium [Forchheimer flow model] with suc tion-in jec tion ve loc ity at
ver ti cal wall has been con sid ered by Murthy et al. [20]. Re cently, the in ter ac tion of ra di a tion
with free con vec tion un der dif fer ent phys i cal con di tions has been stud ied by many au thors
[21-25]. In all the above stud ies the Soret and Dufour ef fects were ne glected.

Re cently, Postelnicu [9, 12] con sid ered the Soret and Dufour ef fects and in flu ence of
mag netic field on heat and mass trans fer by nat u ral con vec tion from ver ti cal sur faces in po rous
me dia. Postelnicu ne glected the ra di a tive heat flux in the en ergy equa tion whereas Chamkha et al.
[11] have in cluded it in the same prob lem with Forchheimer model. Chamkha et al. [11] used
Rosseland ap prox i ma tion for ra di a tive heat trans fer, which was fur ther ap prox i mated by ex pand -
ing tem per a ture func tion T 4 by Tay lor’s se ries valid near T4, the tem per a ture of the am bi ent me -
dium. Thus this ap prox i ma tion is valid in the free con vec tion re gion near ther mal bound ary layer
edge. In the pres ent work, we have ex tended the work of Postelnicu [9, 12] and Chamkha et al.
[11] to in clude the ef fect of ther mal ra di a tion, us ing Rosseland ap prox i ma tion for ra di a tive heat
flux with out fur ther ap prox i ma tion to it mak ing it valid for whole re gion of free con vec tion flow.

Gov ern ing equa tions and math e mat i cal anal y sis

Con sider the nat u ral con vec tion heat and mass trans fer from an im per me able ver ti cal
wall in a fluid sat u rated po rous me dium in pres ence of uni form trans verse mag netic field. The
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fluid is con sid ered to be a gray, ab sorb ing-emit ting ra di a tion but non-scat ter ing and the
Rosseland ap prox i ma tion for the ra di a tive heat flux is used in the en ergy equa tion. The wall is
main tained at con stant wall tem per a ture Tw and con stant wall con cen tra tion Cw. The tem per a -
ture and mass con cen tra tion of the am bi ent me dium are as sumed to be T4 and C4, re spec tively,
where Tw > T4 and Cw > C4. The x-co-or di nate is mea sured along the plate from its lead ing edge,
and the y-co-or di nate nor mal to it. It is as sumed that the po rous me dium is in ther mal equi lib -
rium with the fluid and is iso tro pic and ho mo ge neous. Also the prop er ties of the fluid and po rous 
me dium are con stant, the Darcy law, the Boussinesq ap prox i ma tion and the bound ary layer ap -
prox i ma tion are ap pli ca ble. Then the gov ern ing equa tions for the bound ary layer flow, heat and
mass trans fer from the wall y = 0 into the fluid sat u rated po rous me dium x ³ 0 and y > 0 are given
by:
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where am and Dm are the ther mal diffusivity and mass diffusivity, re spec tively, r is the den sity,
Cp and Cs are the spe cific heat at con stant pres sure and con cen tra tion sus cep ti bil ity, re spec -
tively, kT is the ther mal dif fu sion ra tio, s,    me, and  H0 are elec tri cal con duc tiv ity, mag netic per -
me abil ity, and mag netic field in ten sity, re spec tively, u and v are Darcian ve loc i ties in the x and
y-di rec tion. K is the Darcy per me abil ity, m – the vis cos ity, n – the ki ne matic vis cos ity, g – the
grav ity, and Tm – the mean fluid tem per a ture. bT and bC are the co ef fi cients of ther mal ex pan -
sion, re spec tively, and con cen tra tion ex pan sion, and qr – the ra di a tive heat flux.

The bound ary con di tions of the prob lem are:
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We as sume the Rosseland ap prox i ma tion  [26] for ra di a tive heat flux, which leads to:
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where sB is the Stefan-Boltzmann con stant and k* is the mean ab sorp tion co ef fi cient.
In view of eqs. (6), eq. (3) now be comes:
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We now use the sim i lar ity vari ables pro posed by Cheng et al. [27] as:
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where the stream func tion y is de fined as:
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and Rax = KgbT(Tw – T4)x/nam is the lo cal Ray leigh num ber. The gov ern ing eqs. (1), (2), (7),
and (4), us ing eqs. (8) and (9), be come:
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It may be noted that in the ab sence of ra di a tive heat flux, the ra di a tion pa ram e ter R® 4
and in this case, the set of eqs. (10) to (12) with bound ary con di tions (13) re duces to that ob -
tained by Postelnicu [9] for non-ra di at ing flu ids.

Nu mer i cal anal y sis and dis cus sion

The eqs. (10) to (12) with bound ary con di tions (13) have been solved nu mer i cally us ing
New ton shoot ing method de vel oped by Keller [28], the de tails of which may be found in Cebeci et 
al. [29]. For nu mer i cal in te gra tion the Runge Kutta fourth or der scheme was used with a step size
of  0.005. The bound ary  con di tion as h ® 4  was  cho sen to sat isfy at a suit able large value of h =
= 20. Nu mer i cal so lu tions, ob tained by the pres ent method have been com pared with those ob -
tained by Postelnicu [9] in the par tic u lar case where no ther mal ra di a tion is pres ent (i. e.  R® 4)
and it is found that both the re sults are in good agree ment, up to the or der of 10–5.

The pa ram e ters in volved in the pres ent prob lem are: R – the ra di a tion pa ram e ter, M –
the mag netic field pa ram e ter, Df  – the Dufour num ber, Sr – the Soret num ber, and N – the buoy -

ancy pa ram e ter. To ob serve the ef fect of ther -
mal ra di a tion and mag netic field on the free
con vec tion we have plot ted ve loc ity func tion f ', 
tem per a ture func tion q and con cen tra tion func -
tion f against h for var i ous val ues of M and R
keep ing Df , Sr, and N fixed.

The ef fect of ther mal ra di a tion pa ram e ter R
on the ve loc ity, tem per a ture, and con cen tra tion
are shown in figs. 1 to 3. It is noted from these
fig ures that ve loc ity, tem per a ture, and con cen -
tra tion in creases as R in creases, keep ing other
pa ram e ters fixed. Hence the pres ence of ther -
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Figure 1. Velocity function f' plotted against h
for various values of R taking M = 1, Df = 0.05,
N = 1, and Sr = 1.2

Figure 2. Temperature plotted against h for
various values of R taking M = 1, Df = 0.05,
N = 1, and Sr = 1.2

Figure 3. Concentration plotted against h for
various values of R taking M = 1, Df = 0.05,
N = 1, and Sr = 1.2



mal ra di a tion en hances the ther mal state of the
fluid caus ing its tem per a ture and con cen tra tion
to in crease.

The ef fect of trans verse mag netic field pa -
ram e ter M on the ve loc ity, tem per a ture, and
con cen tra tion is dis played in figs. 4 to 6. It is ob -
served from these fig ures that as M in creases the 
thick ness of ve loc ity, ther mal and con cen tra tion 
bound ary lay ers in creases. This re sult is in con -
for mity with that of Postelnicu [9]. It may also
be noted from fig. 4 that near the plate the ve loc -
ity de creases with the in crease in mag netic field
pa ram e ter M whereas op po site phe nom e non oc -
curs near the bound ary layer edge.

The pa ram e ters of en gi neer ing in ter est for
the pres ent prob lem are the lo cal Nusselt num ber and lo cal Sherwood num ber, which are given
by the ex pres sions:

Nu

Ra

Sh

Ra

x

x

x

x

= - ¢ = - ¢q f( ), ( )0 0

Ta bles 1 and 2 pres ent the lo cal Nusselt
num ber and lo cal Sherwood num ber cal cu lated
for dif fer ent val ues of R and M, re spec tively,
keep ing other pa ram e ters fixed.

We ob serve from tab. 1 that the lo cal
Nusselt num ber and lo cal Sherwood num ber
de creases as mag netic field pa ram e ter M in -
creases (if neg a tive val ues are en coun tered ab -
so lute val ues are con sid ered) which sup ports
the re sults of ear lier work ers Cheng [6],
Postelnicu [9], Chamka [11], and Chen [30].
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Figure 6. Concentration plotted against h for
various values of M taking R = 100, Df = 0.05,
N = 1, and Sr = 1.2

Figure 5. Temperature plotted against h for
various values of M taking R = 100, Df = 0.05,
N = 1, and Sr = 1.2

Figure 4. Velocity plotted against h for various
values of M taking R = 100, Df = 0.05,
N = 1, and Sr = 1.2

Ta ble 1. Nu mer i cal val ues of lo cal Nusselt and
Sherwood num bers for var i ous val ues of
mag netic field pa ram e ter M tak ing pa ram e ters:
R = 100, Le = 1, Df = 0.05, N = 1, and Sr = 1.2

M Nu x/Rax
1 2/ Sh Rax / /

x
1 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



It is ob served from tab. 2 that the lo cal
Nusselt num ber in creases and lo cal Sherwood
num ber de creases as ra di a tion pa ram e ter R in -
creases (if neg a tive val ues are en coun tered ab -
so lute val ues are con sid ered) con firm ing to
Chamka [11], Prasad et al. [23], and Mohamed
et al. [25].

To ob serve the ef fect of tem per a ture ra tio b
on the lo cal Nusselt num ber, nu mer i cal val ues
are pre sented for var i ous ra di a tion pa ram e ter
val ues in ta ble 3. It is noted from tab. 3 that the
lo cal Nusselt num ber in creases as  b in creases
for a fixed  R con firm ing to Mohamed et al.
[25].

Fig ure 7 de picts the vari a tion of the lo cal Nusselt num ber with tem per a ture ra tio b for
dif fer ent val ues of R. The ob ser va tion is ob vi ously same as drawn from tab. 3.

The ef fect of Buoy ancy pa ram e ter N has al ready been stud ied by Cheng [6], Postelnicu 
[9], and Chamka [11] . They ob served that the lo cal Nusselt num ber and lo cal Sherwood num ber 
in creases as the Boyuancy pa ram e ter N in creases.

It may be fi nally con cluded from the above nu mer i cal dis cus sion that the ve loc ity,
ther mal and con cen tra tion bound ary lay ers thick nesses in crease as R or M in creases keep ing

other pa ram e ters fixed. When M in creases
lo cal Nusselt num ber and lo cal Sherwood
num ber de creases whereas when R in -
creases lo cal Nusselt num ber in creases and 
lo cal Sherwood num ber de creases other
pa ram e ters be ing fixed. The lo cal Nusselt
num ber also in creases when the tem per a -
ture ra tio b in creases for fixed value of R.
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Ta ble 3. Nu mer i cal val ues of lo cal Nusselt
num bers for var i ous val ues of R ra di a tion
pa ram e ter, b and Le = 1, N = 1, Df = 0.05,
and Sr = 1.2

Tem per a ture
ra tio

R = 50 R = 100 R = 150

b = 0 0.425765 0.480617 0.556031

b = 1 0.465871 0.516440 0.578491

b = 2 0.524914 0.587326 0.662762

b = 3 0.611667 0.686399 0.737122

b = 4 0.733965 0.813123 0.862122

b = 5 0.861311 0.921311 0.966024

b = 6 0.980001 1.040044 1.093094

b = 7 1.075523 1.126336 1.182261

b = 8 1.163922 1.228992 1.292559

b = 9 1.267583 1.338294 1.383975

b = 10 1.366319 1.428948 1.471172

Figure 7. The local Nusselt numbers plotted
against temperature ratio b for various values
of radiation parameter R and N = 1, 
Df = 0.05,

Ta ble 2. Nu mer i cal val ues of lo cal Nusselt and
Sherwood num bers for var i ous val ues of
ra di a tion pa ram e ter R tak ing pa ram e ters:
M  = 1.0, Le = 1, Df = 0.05, N = 1, and Sr = 1.2

R Nu x/Rax
1 2/ Sh x/Rax

1 2/

25 –0.251161 –0.538404

50 –0.254346 –0.534746

75 –0.257391 –0.531063

100 –0.260016 –0.526963

500 –0.336588 –0.511413
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No men cla ture

C –  concentration, [molm–3]
Cp –  specific heat at constant pressure, [JK–1]
Cs –  concentration susceptibility, [molm–3]
Df –  Dufour number

–  [= (DmkT/amCsCp)(Cw – C4)(Tw – T4)], [–]
Dm –  mass diffusivity, [m2s–1]
 f ' –  velocity function, [–]
g –  gravitational acceleration, [ms–2]
H0 –  magnetic field intensity, [Am–1]
K –  Darcy permeability, [Hm–1]
kT –  thermal conductivity, [Wm–1K–1]
Le –  Lewis number (= am/Dm), [–]
M –  Magnetic field parameter (= Ksme

2
0
2H /m),

–  [–]
N –  buoyancy parameter

–  [ = (bc/bT)(Cw – C4)(Tw – T4], [–]
Nux –  local Nusselt number

–  {=[–x/(Tw – T4)](¶T/¶y)y=0}, [–]
qr –  radiative heat flux, [mT–3]
R –  radiation parameter 

–  [= k*kT/4sB(Tw –  T4)
3], [–]

Rax –  local Rayleigh number
–  [KgbT(Tw – T4)x/nam], [–]

Shx –  local Sherwood number 
–  {[–x(Cw – C4)(¶C/¶y)]y=0}, [–]

Sr –  Soret number
–  [= (DmkT/amTm)/(Tw – T4)/(Cw – C4)], [–]

T –  temperature of ambient medium, [K]
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u, v –  Darcian velocities in the x, y-directions,

–  respectively, [ms–1]
x, y –  Cartesian co-ordinates, [m]

Greek let ters

am –  thermal diffusivity, [m2s–1]
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h –  similarity variable (= yTRa x
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