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The free convection boundary layer flow over an arbitrarily inclined heated plate in a porous medium with
Soret and Dufour effects is studied by transforming the governing equations into a universal form. The gen-
eralized equations can be used to derive the similarity solutions for limiting cases of horizontal and vertical
plates and to calculate the heat and mass transfer characteristics between these two limiting cases. The
heat and mass transfer characteristics are presented as functions of Soret parameter, Dufour parameter, incli-
nation variable, Lewis number, and buoyancy ratio. Results show that an increase in the Dufour parameter
tends to decrease the local heat transfer rate, and an increase in the Soret parameter tends to decrease the
local mass transfer rate. As the inclination variable increases, the local Nusselt number and the local Sher-
wood number decrease from their respective values for horizontal plates, reach their respective minima,
and then increase to their respective values for vertical plates. The minima are where the tangential and nor-
mal components of buoyancy force are comparable.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Natural convection heat and mass transfer in a porous medium
saturated with Newtonian fluids may be met in geophysical, geother-
mal and industrial applications, such as the migration of moisture
through air contained in fibrous insulations and the underground
spreading of chemical contaminants through water-saturated soil.

Cheng and Chang [1] studied the natural convection heat transfer
from impermeable horizontal surfaces in a saturated porous medium.
Bejan and Khair [2] examined the natural convection boundary layer
flow driven by both temperature and concentration gradients. Lai and
Kulacki [3] studied the natural convection boundary layer along a ver-
tical surface with constant heat and mass flux. Nakayama and Hossain
[4] presented an integral treatment for combined heat and mass
transfer by natural convection in a porous medium. Pop and Na [5]
studied the natural convection heat transfer from an arbitrarily in-
clined plate in a porous medium. Li and Lai [6] studied the double dif-
fusive natural convection from horizontal surfaces in porous media.

Cheng [7] examined the effect of a magnetic field on heat and
mass transfer by natural convection from vertical surfaces in porous
media by an integral approach. Yih [8] studied the uniform transpira-
tion effect on coupled heat and mass transfer in mixed convection
about inclined surfaces in porous media for the entire regime. Yih

[9] studied the heat and mass transfer driven by natural convection
from a truncated cone embedded in a porous medium with variable
wall temperature and concentration or variable heat and mass flux.
Chamkha and Khaled [10] examined the hydromagnetic simulta-
neous heat and mass transfer by mixed convection from a vertical
plate embedded in a uniform porous medium. Murthy and Singh
[11] studied the heat and mass transfer by natural convection near a
vertical surface embedded in a non-Darcy porous medium. Cheng
[12] presented an integral approach for heat and mass transfer by
natural convection from truncated cones in porous media with vari-
able wall temperature and concentration. Cheng [13] examined the
double diffusive natural convection along an inclined wavy surface
in a porous medium.

Soret effect referred to species differentiation developing in an ini-
tial homogeneous mixture submitted to a thermal gradient. The
Dufour effect referred to heat flux produced by a concentration gradi-
ent. Postelnicu [14] examined the heat and mass characteristics of
free convection about a vertical surface embedded in a saturated po-
rous medium subjected to a magnetic field by considering the Dufour
and Soret effects. Partha et al. [15] studied the Soret and Dufour ef-
fects in a non-Darcy porous medium. Lakshmi Narayana et al. [16] ex-
amined the Soret and Dufour effects in a doubly stratified Darcy
porous medium. Lakshmi Narayana and Murthy [17] studied the
Soret and Dufour effects on free convection heat and mass transfer
from a horizontal flat plate in a Darcy porous medium. Mahdy [18]
examined the problem of MHD non-Darcian free convection from a
vertical wavy surface embedded in porous media in the presence of
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Soret and Dufour effect. Cheng [19] studied the Soret and Dufour
effects on free convection boundary layer over a vertical cylinder in
a saturated porous medium. Cheng [20] examined the Soret and
Dufour effects on heat and mass transfer by natural convection from
a vertical truncated cone in a fluid-saturated porous medium with
variable wall temperature and concentration.

This work aims to study the Soret and Dufour effects on free con-
vection heat and mass transfer above an arbitrarily inclined plate in a
porous medium. The surface of the inclined plate is kept at constant
temperature and concentration. The governing equations are trans-
formed into a set of coupled differential equations, and the obtained
boundary layer equations are solved by the cubic spline collocation
method [21]. The effects of Soret parameter, Dufour parameter, incli-
nation, Lewis number, and buoyancy ratio on the heat and mass
transfer characteristics over an arbitrarily inclined plate in a porous
medium saturated with a Newtonian fluid are carefully examined.

2. Analysis

Consider the boundary layer flow driven by natural convection
with temperature and concentration gradients above a semi-infinite
plate embedded in a porous medium saturated with a Newtonian
fluid in the presence of Soret and Dufour effects. This plate is above
the horizontal and is inclined at an angle A (0∘≤A≤90∘) to the hori-
zontal. The surface of the inclined plate is maintained at a constant
temperature Tw greater than the porous medium temperature T∞

sufficiently far from the inclined plate. The concentration of a certain
constituent in the solution that saturates the porous medium varies
from a higher concentration Cw on the fluid side of the surface of
the inclined plate to a lower concentration C∞ sufficiently far from
the inclined plate.

Based on the boundary layer and Boussinesq approximations, we
can write the governing equations for boundary layer Darcy flow by
free convection of a Newtonian fluid embedded in a porous medium
near an arbitrarily inclined plate with Soret and Dufour effects in
two-dimensional Cartesian coordinates ( x̄; ȳÞ as [5, 22]

∂ ū
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The boundary conditions are written as

T ¼ Tw; C ¼ Cw; v̄ ¼ 0 on ȳ ¼ 0 ð5Þ

C→C∞; T→T∞ ; ū→0 as ȳ→∞ ð6Þ

Here ū and v̄ are the volume-averaged velocity components in the
x̄ and ȳ directions, respectively. T and C are the volume-averaged
temperature and concentration, respectively. βT and βC are the coeffi-
cients for thermal expansion and for concentration expansion of the
saturated porous medium, respectively. ν and K are the kinematic vis-
cosity of the fluid and the permeability of the porous medium, respec-
tively. α and DM are the thermal diffusivity and mass diffusivity of the
porous medium, respectively. D̄ and S̄ are the Dufour coefficient and
Soret coefficient of the porous medium, respectively. g is the gravita-
tional acceleration.

Here we introduce a nondimensional parameter

R ¼ Ra sin Að Þ1=2
Ra cos Að Þ1=3 ð7Þ

where Ra ¼ gKβT Tw−T∞ð Þ x̄= ανð Þ is the Rayleigh number. This pa-
rameter represents the relative strength of the longitudinal to normal
components of the buoyancy force within the boundary layer.

Here we define the nondimensional variables:

θ ¼ T−T∞ð Þ= Tw−T∞ð Þ ; ϕ ¼ C−C∞ð Þ= Cw−C∞ð Þ ξ ¼ R= 1þ Rð Þ ;

η ¼ ȳ= x̄ð Þ Ra cosAð Þ1=3 þ Ra sinAð Þ1=2
h i

; f ¼ ψ̄=α
� �

Ra cosAð Þ1=3 þ Ra sinAð Þ1=2
h i−1

:

ð8Þ

Here we introduce the stream function ψ̄ to satisfy the relations:

ū ¼ ∂ ψ̄=∂ ȳ; v̄ ¼ −∂ ψ̄=∂ x̄: ð9Þ

Substituting Eqs. (7)–(9) into Eqs. (1)–(4), we obtain the follow-
ing equations:

f ″−1
6

4−ξð Þ 1−ξð Þ3η θ′ þ Nϕ′
� �

¼ ξ2 θ′ þ Nϕ′
� �

−1
6
ξ 1−ξð Þ4 ∂θ

∂ξþ N
∂ϕ
∂ξ

� �
ð10Þ

Nomenclature

A inclination angle
C concentration
D Dufour parameter
D̄ Dufour coefficient
DM mass diffusivity of the porous medium
g gravitational acceleration
f dimensionless stream function
K permeability of porous medium
Le Lewis number
N buoyancy ratio
Nu local Nusselt number
Ra modified Rayleigh number
S Soret parameter
S̄ Soret coefficient
Sh local Sherwood number
T temperature
ū; v̄ velocity components
x̄; ȳ Cartesian coordinates

Greek symbols
α thermal diffusivity of the porous medium
βT coefficient of concentration expansion
βC coefficient of thermal expansion
η, ξ dimensionless coordinates
θ dimensionless temperature
ν kinematic viscosity
ϕ dimensionless concentration
ψ stream function

Subscripts
w condition at wall
∞ condition at infinity
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