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Abstract The Darcy-Forchheimer mixed convection from a vertical flat plate embedded in a
fluid-saturated porous medium under the coupled effects of thermal and mass diffusion is
analyzed on the basis of boundary-layer approximations. Similarity solutions are obtained for the
case of constant surface temperature and concentration. Numerical results are presented for the
distribution of velocity, temperature and concentration profiles within the boundary layer.
Representative heat and mass transfer rates in terms of Nusselt and Sherwood numbers for
various governing parameters are presented and discussed.

Nomenclature
C = concentration
cF = Forchheimer coefficient
D = mass diffusivity
f = dimensionless stream function
f0 = Blasius velocity
g = gravitational acceleration
K1 = Darcy permeability
K2 = cF

������
K1

p
k = thermal conductivity
Le = Lewis number, �/D
m00 = local mass flux
N = buoyancy ratio
Nux = local Nusselt number
Pex = local Peclet number, u1x=�
q00 = local heat flux
Rax = thermal Rayleigh number,

(K1g�T(Tw ± T1)x)/(��)
Shx = local Sherwood number
T = temperature

u, v = x and y velocity components
x, y = Cartesian coordinates

Greek symbols
� = thermal diffusivity of fluid-saturated

porous media
�T = coefficient of thermal expansion
�C = coefficient of concentration

expansion
� = similarity variable
� = dimensionless concentration
� = dimensionless temperature
� = kinematic viscosity
 = stream function
� = inertia parameter, K2 u1/�

Subscripts
w = wall property
1 = porous media bulk property

Introduction
Simultaneous heat and mass transfer from different geometries embedded in
porous media has many engineering and geophysical applications such as
geothermal reservoirs, drying of porous solids, thermal insulation, enhanced oil
recovery, packed-bed catalytic reactors, cooling of nuclear reactors, and
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underground energy and species transport (Ingham and Pop, 1998; Nield and
Bejan, 1999; Pop and Ingham, 2001).

Most of the research efforts (e.g. Nield, 1968; Bejan and Khair, 1985; Yucel,
1990; Lai and Kulacki, 1991) concerned free convection using Darcy's law,
which states the volume-averaged velocity is proportional to the pressure
gradient. The Darcy model is shown to be valid under the conditions of low
velocities and small porosity. In many practical situations, the porous medium
is bounded by an impermeable wall, has higher flow rates, and reveals non-
uniform porosity distribution in the near wall region, thereby making Darcy's
law inapplicable. To model the real physical situations better, it is therefore,
necessary to include the non-Darcian effects in the analysis of convective
transport in a porous medium.

The mixed convection on bodies embedded in a non-Darcian porous medium
have been extensively studied and reported for flow driven by temperature
variations only (Lai and Kulacki, 1988, 1991; Ramaniah and Malarvizhi, 1990;
Takhar et al., 1990; Chen and Chen, 1990; Nakayama and Pop, 1991; Yu et al.,
1991; Shenoy, 1993; Nakayama, 1994; Kodah and Duwairi, 1996; Chen et al.,
1996; Chen, 1997; Takhar and Beg, 1997; Tashtoush and Kodah, 1998). Under
the boundary layer and Darcy's approximations, the problem of coupled heat
and mass transfer by mixed convection from a vertical flat plate in a saturated
porous medium has been investigated by Lai (1991) and Yih (1998).

The objective of this paper is to consider simultaneous heat and mass
transfer by Darcy-Forchheimer mixed convection from a flat plate embedded in
a porous medium. A finite difference technique is used to solve the system of
similar equations. The effects of the governing parameters on the heat and
mass transfer are presented.

Analysis
We consider the mixed convection flow in a porous medium saturated with a
Newtonian fluid bounded by a vertical flat plate with constant wall
temperature Tw and constant wall concentration Cw aligned parallel to uniform
free stream velocity u1 and temperature T1. The x-coordinate is measured
along the plate from its leading edge, and y-coordinate normal to it. In the
analysis the convecting fluid and the porous medium are everywhere in local
thermodynamic equilibrium; the porous medium is isotropic and homogeneous;
properties of the fluid and the porous medium are constants; the flow is
laminar, steady state and two-dimensional and the boundary-layer and
Boussinesq approximations hold. With these assumptions, the governing
equations for non-Darcy mixed convective flow describing the conservation of
mass, momentum, energy and concentration can be written as follows:
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The boundary conditions are:

at y � 0 : v � 0;T � Tw;C � Cw

as y!1 : u � u1;T � T1;C � C1

�
: �5�

The � sign in equation (2) is used to indicate the direction of natural convection
flow. The + sign corresponds to the case where the buoyancy force has a
component `̀ aiding'' the forced flow, and the ± sign to the `̀ opposing'' case.

Defining the stream function  such that:
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and thereby satisfying the continuity equation (1), equations (2)-(4) transform to:
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The partial differential equations (7)-(9) are transformed by means of the
appropriate similarity variables for mixed convection:

� � Pe
1
2
x

y

x
; �10�
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xf �� �; �11�

� �� � � Tÿ T1
Tw ÿ T1

; �12�
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� �� � � Cÿ C1
Cw ÿ C1

: �13�

The resulting equations are:

f00 � 2�f0 f00 � �Rax

Pex
�0 � N�0� �; �14�

�00 � 1

2
f �0 � 0; �15�

�00 � 1

2
Le f �0 � 0; �16�

where � = (K2u1)/� is the inertia parameter. Rax/Pex is a parameter for
comparing the intensities of natural and forced convection effects. In fact, when
Rax/Pex� 1 flow is dominated by natural convection, where when Rax/Pex� 1
forced convection takes the leading role. Thus, when Rax/Pex = 1, the effects of
natural and forced convection achieve equal importance and flow is truly under
mixed convection conditions.

The corresponding transformed boundary conditions are:

at � � 0 : f �; � � 1; � � 1; �17�

at � !1 : f0 ! 1; �! 0; �! 0: �18�
In the above equations, the prime denotes differentiation with respect to �. Of
special importance for this flow situation are the local Nusselt number and the
local Sherwood number. These are defined as follows:

Nux �
q00y�0 x

Tw ÿ T1� � k
� ÿ �0�0�Pe1=2

x ; �19�

Shx �
m00y�0 x

Cw ÿ C1� � D
� ÿ �0�0�Pe1=2

x : �20�

Results and discussion
The system of equations (14)-(16), together with their corresponding boundary
conditions, equations (17) and (18), is solved numerically using a variable step
size finite-difference method. The basic discretization is the trapezoidal rule
over a non-uniform mesh. Global error estimates are produced to control the
computation. The resulting non-linear algebraic system is solved by Newton's
method with step control.
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Figures 1 and 2 present the trend of the temperature, concentration and
velocity profiles within the boundary layer as functions of � and Rax/Pex,
respectively. The porous media inertial resistance described by � tends to
decrease the velocity and create more uniform velocity field. This is because the
form drag of the porous medium is increased when the inertia effect is included.
Figure 1 shows that as � increases the temperature and concentration increase,
and hence the inertia effect tends to thicken the thermal and concentration
boundary layers. As Figure 2 indicates, with increasing Rax/Pex we observe
that the velocity increases while the temperature and concentration decrease.

Figures 3-6 show the local Nusselt and Sherwood numbers as functions of
the inertia parameter � for various values of N (positive and negative values)
and Le. It is apparent that lower heat and mass transfer rates occur as �
increases. This is clear from the fact that inertia effects tend to slow down the
buoyancy-induced flow in the boundary layer (Figure 1(c)) and so retard the
heat and mass transfer rates. It is also observed that the inertia effect is more
pronounced at higher values of |N| and lower values of Le. Moreover, for fixed
values of Rax/Pex and Le, all curves corresponding to different values of |N|
are seen to converge to one point at higher values of �.

The heat and mass transfer results in terms of Nux/Pe
1=2
x and Shx/Pex

1=2
x as

functions of the mixed convection parameter Rax/Pex for both aiding and
opposing flows are displayed in Figures 7-12. For aiding flow (Figures 7-10), It
is seen that for particular values of �, N and Le, the heat and mass transfer
rates increase with an increase in Rax/Pex. This because increasing Rax/Pex

increases the momentum transport in the boundary layer (Figure 2(c)) and more
heat and species are carried out of the surface, thus decreasing the thickness of
the thermal and concentration boundary layers (Figures 2(a) and 2(b)) and
hence increasing the heat and mass transfer rates. Moreover, when the mixed
convection parameter Rax/Pex is very small the values of Nux/Pe

1=2
x and

Shx/Pex
1=2
x corresponding to different values of N approach individually to one

point in the forced convection regime.
Figures 7-10 also indicate that for aiding flow (i.e. + ve Rax/Pex) the effect of

buoyancy ratio |N| is to increase the surface heat and mass transfer rates. This
can be attributed to the fact that increasing |N| increases the vertical velocity
and decreases the thickness of the temperature and concentration boundary
layers. Therefore, the temperature and concentration gradients are increased
and, hence, so are heat and mass transfer rates. Approaching the forced
convection dominated regime, i.e. Rax/Pex = 0.1, the heat and mass transfer
results show little dependence on N. Furthermore, the buoyancy ratio has a
more pronounced effect on the Nusselt and Sherwood numbers at lower values
of Le. As observed from Figures 11 and 12, for opposing flows (i.e. ± ve Rax/Pex),
heat and mass transfer rates are decreased as N is increased.

It is worth pointing out that the mass transfer coefficient does not have any
physical meaning for thermally driven flows, i.e. N = 0. The curves for N = 0
are not included in Figures 5, 9 and 12.
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Figure 1.
Effect of intertia
parameter (�) on

temperature,
concentration, and

velocity profiles
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Figure 2.
Effect of Rax/Pex on
temperature,
concentration, and
velocity profiles
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Figure 3.
Local Nusselt number as
a function of the inertia

parameter (�) for
positive N values
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Figure 4.
Local Nusselt number as
a function of the inertia
parameter (�) for
negative N values
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Figure 5.
Local Sherwood number

as a function of the
inertia parameter (�) for

positive N values
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Figure 6.
Local Sherwood number
as a function of the
inertia parameter (�) for
negative N values
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Figure 7.
Local Nusselt number as
a function of the mixed

convection parameter
(Rax/Pex) for aiding flow

and positive N values
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Figure 8.
Local Nusselt number as
a function of the mixed
convection parameter
(Rax/Pex) for aiding flow
and negative N values
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Figure 9.
Local Sherwood number

as a function of the
mixed convection

parameter (Rax/Pex) for
aiding flow and positive

N values
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Figure 10.
Local Sherwood number
as a function of the
mixed convection
parameter (Rax/Pex) for
aiding flow and negative
N values
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Figure 11.
Local Nusselt number as

a function of mixed
convection parameter

(Rax/Pex) for opposing
flow
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Figure 12.
Local Sherwood number
as a function of mixed
convection parameter
(Rax/Pex) for opposing
flow
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It is apparent also that increasing the Lewis number increases the Sherwood
number and decreases the Nusselt number. This is because a greater value of
Le corresponds to smaller mass diffusivities and hence a thinner concentration
boundary layer relative to the thermal boundary layer, thereby resulting in a
greater concentration gradient and a smaller temperature gradient, which in
tern enhances the mass transfer rate and reduces the heat transfer rate.

Conclusion
In this paper, we have presented an analysis for the problem of Darcy-
Forchheimer mixed convection from a vertical flat plate embedded in a fluid-
saturated porous medium under the coupled effects of temperature and
concentration variations. Numerical results are presented for the velocity,
temperature and concentration as well as the Nusselt number and Sherwood
number variations with the mixed convection parameter, the inertia parameter,
the buoyancy ratio, and the Lewis number.
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