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ABSTRACT

The natural convection heat and mass transfer along a vertical plate embedded in non-Newtonian Power-law fluid saturated porous medium in
the presence of first order chemical reaction and radiation is studied. The governing partial differential equations are transformed into ordinary
differential equations using similarity transformations. The resulting equations are solved numerically using Shooting method. The effect of radiation
parameters and chemical reaction parameter and power law index on non-dimensional velocity, temperature and concentration fields are discussed.
The variation of different parameters on heat and mass transfer rates is presented in tabular form.
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1. INTRODUCTION

Coupled heat and mass transfer by natural convection in a fluid-saturated
porous medium has gained much attention from the researchers because
of its engineering and industrial applications. These applications include
design of chemical processing equipment, formation and dispersion of
fog, distributions of temperature and moisture over agricultural fields and
groves of fruit trees and damage of crops due to freezing and pollution
of the environment etc. A number of studies have been reported in the
literature focusing on the problem of combined heat and mass transfer in
porous media. A review of convective heat transfer in porous medium is
presented in the book by Nield and Bejan (2006). The majority of these
studies dealt with the traditional Newtonian fluids. It is well known that
most fluids which are encountered in chemical and allied processing ap-
plications do not satisfy the classical Newton’s law and are accordingly
known as non-Newtonian fluids. Due to the importance of the applica-
tions of non-Newtonian fluids in biology, physiology, technology, and
industry, considerable efforts have been directed towards the analysis and
understanding of such fluids. A number of mathematical models have
been proposed to explain the rheological behavior of non-Newtonian flu-
ids. Among these, a model which has been most widely used for non-
Newtonian fluids, and is frequently encountered in chemical engineering
processes, is the power-law model. Although this model is merely an em-
pirical relationship between the stress and velocity gradients, it has been
successfully applied to non-Newtonian fluids experimentally.

Radiation effects on convective heat transfer problems have assumed
an increasing importance in electrical power generation,astrophysical flows,
solar power technology, space vehicle re-entry and other industrial areas.
Since the solution for convection and radiation equation is quite compli-
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cated, there are few studies about simultaneous effect of convection and
radiation for internal flows. On the other hand, chemical reaction effects
on heat and mass transfer are of considerable importance in hydrometal-
lurgical industries and chemical technology. Research on combined heat
and mass transfer with chemical reaction and thermophoresis effect can
help to design for chemical processing equipment, formation and disper-
sion of fog, distribution of temperature and moisture over agricultural
fields as well as groves of fruit trees, damage of crops due to freezing,
food processing, cooling towers, chemically-reactive vapour deposition
boundary layers in optical materials processing etc. Several investigators
have examined the effect of chemical reaction on the flow, heat and mass
transfer past a vertical plate.

Free convection from a horizontal line heat source in a power-law
fluid-saturated porous medium was studied by Nakayama (1993). The
study of free convection in boundary layer flows of power law fluids past
a vertical flat plate with suction/injection was done by Sahu and Mathur
(1996). Free convection heat and mass transfer of non-Newtonian power
law fluids with yield stress from a vertical flat plate in a saturated porous
media was studied by Rami and Arun (2000). Buoyant convection of
power-law fluid in an enclosure filled with heat-generating porous me-
dia was considered by Hyun and Kim (2004). Prabhu et al. (2005) have
considered the effects of chemical reaction, heat and mass transfer on
MHD flow over a vertical stretching surface with heat source and thermal
stratification effects. Salem (2006) has considered the coupled heat and
mass transfer in Darcy-Forchheimer mixed convection from a vertical flat
plate embedded in a fluid saturated porous medium under the effects of
radiation and viscous dissipation. Ghosh and Pop (2007) have consid-
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ered thermal radiation of an optically thick gray gas in the presence of
indirect natural convection by employing Rosseland approximation for
diffusion concept of radiation heat transfer. Postelnicu (2007) studied the
influence of chemical reaction on heat and mass transfer by natural con-
vection from vertical surfaces in porous media by considering Soret and
Dufour effects. Orhan Aydn (2008) have considered Chemical reaction
effects on heat and mass transfer with radiation are of considerable im-
portance in hydrometallurgical industries and chemical technology such
as polymer production and food processing. Transient analysis of heat
and mass transfer by natural convection in power law fluid past a ver-
tical plate immersed in a porous medium is studied by Elgazery (2008).
Free convection heat transfer from a vertical flat plate embedded in a ther-
mally stratified non-Newtonian fluid saturated non-Darcy porous medium
is analyzed by Kairi and Murthy (2009). Hayat et al. (2010) have consid-
ered the Effects of radiation and magnetic field on the mixed convection
stagnation-point flow over a vertical stretching sheet in a porous medium.
Unsteady natural convective power-law fluid flow past a vertical plate
embedded in a non-Darcian porous medium in the presence of a homoge-
neous chemical reaction was studied recently by Chamkha et al. (2010).
Gaied and Eid (2011) presented a numerical analysis of the free convec-
tion coupled heat and mass transfer for non-Newtonian power-law flu-
ids with the yield stress flowing over a two-dimensional or axisymmetric
body of an arbitrary shape in a fluid-saturated porous medium. Recently,
Aouachria et al. (2012) studied the double diffusion effects on convection
in flow on vertical plate imbedded in porous media.

From the literature survey, it seems that the problem of natural con-
vection heat and mass transfer from vertical plate in Darcy porous me-
dia saturated in power-law fluid in presence of radiation and chemical
reaction effects have not been investigated so far. Thus this work aims
to study the effects of Radiation and Chemical reaction on natural con-
vection in a power-law fluid embedded in a Darcy porous medium with
variable surface temperature and concentration.It is established that sim-
ilarity solutions are possible only when the variation in the temperature
and concentration are linear functions of the distance from the leading
edge measured along the plate. Using these similarity transformations,
the governing system of partial differential equations is transformed into
a system of non-linear ordinary differential equations and then solved nu-
merically using shooting method along with fourth order Runge-Kutta
integration.

2. MATHEMATICAL FORMULATION

Consider the natural convection heat and mass transfer along a verti-
cal plate in a non-Newtonian power-law fluid saturated Darcy porous
medium. Choose the coordinate system such that x-axis is along the
vertical plate and y-axis normal to the plate. The plate is maintained at
variable temperature and concentration, Tw(x) and Cw(x), respectively.
The temperature and concentration of the ambient medium are T∞ and
C∞ respectively is shown in Fig.1. Assume that the fluid and the porous
medium have constant physical properties except for the density variation
required by the Boussinesq approximation. The flow is steady, laminar,
two dimensional. The porous medium is isotropic and homogeneous. The
fluid and the porous medium are in local thermodynamical equilibrium.
The fluid is considered to be a gray, absorbing emitting radiation but non-
scattering medium. The optically thick radiation limit is considered in
the present study where the radiative heat flux term can be simplified by
using the Rosseland approximationand (Sparrow and Cess, 1978). The
radiative heat flux in the x-direction is considered negligible in compar-
ison to the y-direction. This approximation is valid at points far from
the boundary surface, and is good for intensive absorption (Hossain et
al., 2001, Kuznetsov and Nield, 2010). Also, it is assumed that there ex-
ists a homogenous chemical reaction of first-order with rate constant k1

between the diffusing species and the fluid.
Using the Boussinesq and boundary layer approximations, the gov-

Fig. 1 Flow model and physical coordinate system

erning equations for the power law fluid are given by
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where u and v are the Darcian velocity components along x and y di-
rections, T is the temperature, C is the concentration, ν is the kinematic
viscosity, K is the Darcy permeability, g is the acceleration due to grav-
ity, βT is the coefficient of thermal expansion and βC is the coefficient of
concentration expansion, αm is the thermal diffusivity, Dm is the mass
diffusivity of the medium,Cp is the specific heat capacity, k1 is the rate of
chemical reaction, qr

y is the radiative heat flux term and n is the power-law
index.When n = 1, the Eq. (2) represents a Newtonian fluid. Therefore,
deviation of n from a unity indicates the degree of deviation from New-
tonian behavior. For n < 1, the fluid is pseudo plastic and for n > 1, the
fluid is dilatant.

The boundary conditions are given by

v = 0, T = Tw(x) = T∞ + Exl, C = Cw(x) = C∞ + Fxm at y = 0
(5a)

u→ 0, T → T∞, C → C∞ as y →∞ (5b)

where E,F, l, and m are constants.
The quantity qr on the right-hand side of equation (3) represents the

radiative heat flux in the y direction. In order to reduce the complexity
of the problem, a more detailed representation for the radiative heat flux,
for optically thick radiation limit, is considered in the present analysis.
Thus, the radiative heat flux term in the energy equation is simplified by
utilizing the Rosseland diffusion approximation (Sparrow and Cess 1978)
for an optically thick boundary layer as follows:

qr = −4σ∗

3 k∗
∂T 4

∂y
(6)

where σ∗ and k∗ are the Stefan-Boltzmann constant and the mean ab-
sorption coefficient respectively.

We assume that the differences of the temperature within the flow
are sufficiently small such that T 4 may be expressed as a linear function
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of the temperature. This is accomplished by expanding in a Taylor series
about T∞ and neglecting higher-order terms, thus

T 4 ∼= 4T 3
∞ T − 3T 4

∞ (7)

Using Eqs.(6) and (7) in the last term of Eq.(3), we obtain

u
∂T

∂x
+ v

∂T

∂y
= αm

∂2T

∂y2
+

16σ∗ T 3
∞

3 ρCp k∗
∂2T

∂y2
(8)

3. SOLUTION OF THE PROBLEM

The continuity equation (1) is satisfied by introducing the stream function
ψ such that

u =
∂ψ

∂y
, v = −∂ψ

∂x
(9)

In order to explore the possibility for the existence of similarity, we as-
sume

ψ = Axaf(η), η = Byxb,

T − T∞
Tw(x)− T∞

= θ(η), Tw(x)− T∞ = Exl

C − C∞
Cw(x)− C∞

= φ(η), Cw(x)− C∞ = Fxm


(10)

where A,B, a, and b are constants. Substituting (9) and (10) in (2), (4)
and (8), it is found that similarity exists only if a = 1, b = 0, l = m = n.
Hence, appropriate similarity transformations are

η = By, ψ = Axf(η),

T − T∞
Tw(x)− T∞

= θ(η), Tw(x)− T∞ = Exn

C − C∞
Cw(x)− C∞

= φ(η), Cw(x)− C∞ = Fxn


(11)

Making use of the similarity transformations (11) in (2), (4) and (8) we
get the following nonlinear system of differential equations. .

(f ′)n = [θ +Nφ] (12)

θ′′ =
1

[1 + 4
3
R]

[nf ′θ − fθ′] (13)

φ′′ = Le[nf ′φ− fφ′ + γφ] (14)

where the prime denotes differentiation with respect to η alone.
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∞
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Making the use of dimensional analysis, we get
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Boundary conditions (5) in terms of f , θ and φ become

f = 0, θ = 1, φ = 1, at η = 0 (15a)

f ′ = 0, θ = 0, φ = 0 as η →∞ (15b)

The parameters of engineering interest for the present problem are the
Nusselt and Sherwood numbers, which are given by

Nux

Bx
= −θ′(0),

Shx

Bx
= −φ′(0) (16)

4. RESULTS AND DISCUSSION

The flow equation (12) coupled with the energy and concentration equa-
tions (13) and (14) constitute a set of nonlinear non-homogeneous dif-
ferential equation for which closed-form solution cannot be obtained and
hence the problem has to be solved numerically. The boundary value
problem given by equations (12)-(14) along with the boundary conditions
(15) are solved using the Shooting method by giving appropriate initial
guess values for f ′(0), θ′(0)and φ′(0) to match the values with the cor-
responding boundary conditions at f ′(∞), θ(∞)and φ(∞) respectively.
In the present study, the boundary conditions for η at ∞ varies with pa-
rameter values and it has been suitably chosen at each time such that
the velocity, temperature and concentration profiles approach zero at the
outer edge of the boundary layer. Extensive calculations have been per-
formed to obtain the wall velocity, temperature and concentration fields
for a wide range of parameters. The effects of radiation, chemical reac-
tion and power-law index parameter are studied.

The non-dimensional velocity f ′(η), temperature θ(η) and concen-
tration φ(η) are plotted for N = 1, Le = 1, γ = 1 in Figs. 2(a)-
2(c) with varying radiation parameter by considering pseudo-plastic flu-
ids with n = 0.5. It is observed from Fig.2(a) that the velocity of the fluid
increased with increasing the value of radiation parameter. It is noted
from Fig.2(b) that the temperature of the fluid is increased with the in-
crease in the value of the radiation parameter. It is found from Fig.2(c)
that the concentration of the fluid is decreased with increase in the value
of the radiation parameter. These results can be explained by the fact
that an increase in the radiation parameter R =

4σ∗T3
∞

k∗k
for given k and

T∞ means decrease in the Rosseland radiation absorptivity k∗. Hence,
the divergence of radiative heat flux qr increases as k∗ decreases. There-
fore, the rate of radiative heat transferred to the fluid increases and con-
sequently the fluid temperature and along with the velocity of its particle
also increases.

The variation of the non-dimensional velocity f ′(η), temperature
θ(η) and concentration φ(η) are plotted for N = 1, Le = 1, γ = 1
with varying radiation parameter by considering Newtonian fluids with
n = 1.0 is shown in Figs.3(a)-3(c). It is observed from Fig.3(a) that the
velocity of the fluid increased with increasing the value of the radiation
parameter. It is found from Fig.3(b) that the increase in the value of the
radiation parameter increases the temperature of the fluid in the medium.
It is seen from Fig.3(c) that the concentration of the fluid is decreased
by increasing the value of the radiation parameter. Increasing the ther-
mal radiation parameter produces an increase in the thermal condition
of the fluid and its thermal boundary layer. More flow is induced in the
boundary layer by the increase in the fluid temperature thereby causing
the velocity of the fluid to increase as well.

The effect radiation parameter on the non-dimensional velocity f ′(η),
temperature θ(η) and concentration φ(η)for N = 1, Le = 1, γ = 1 is
depicted in Fig.4(a)-4(c) in the presence of dilatant fluids with n = 1.5.
It is observed from Fig.4(a) that the fluid velocity is increased with in-
crease in the value of radiation parameter. It is seen from Fig.4(b) that
the temperature of the fluid in the medium is increased with increase in
the value of the radiation parameter. This result qualitatively agrees with
expectations since the effect of radiation and surface temperature are to
increase the rates of energy transport to the fluid, thus increasing the tem-
perature of the fluid. It is found from Fig.4(c) the concentration of the
fluid is decreased by increasing the value of the Radiation parameter. The
presence of thermal radiation enhances the thermal state of the fluid caus-
ing its temperature to increase and the solute concentration to decrease.

The non-dimensional velocity f ′(η), temperature θ(η) and concen-
tration φ(η) are plotted for N = 1, Le = 0.5, R = 0.5 in Figs.5(a)-5(c)
with varying chemical reaction parameter by considering pseudo-plastic
fluids with n = 0.5. It is observed from Fig.5(a) that the velocity of the
fluid decreased with increasing the value of chemical reaction parame-
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Fig. 2 Velocity,Temperature and Concentration profiles for various val-
ues of R for pseudo-plastic fluids.
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Fig. 3 Velocity,Temperature and Concentration profiles for various val-
ues of R for Newtonian fluids.
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Fig. 4 Velocity,Temperature and Concentration profiles for various val-
ues of R for dilatant fluids.
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Fig. 5 Velocity,Temperature and Concentration profiles for various val-
ues of γ for pseudo-plastic fluids.
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ter. It is found from Fig.5(b) that the temperature of the fluid is increased
with the increase in the value of the chemical reaction parameter. It is
seen from Fig.5(c) that the concentration of the fluid is decreased with in-
crease in the value of the chemical reaction parameter. Higher values of γ
amount to a fall in the chemical molecular diffusivity, i.e., less diffusion.
Therefore, they are obtained by species transfer. An increase in γ will
suppress species concentration. The concentration distribution decreases
at all points of the flow field with the increase in the reaction parameter.

The variation of the non-dimensional velocity f ′(η), temperature
θ(η) and concentration φ(η) are plotted for N = 1, Le = 0.5, R = 0.5
with varying chemical reaction parameter by considering Newtonian flu-
ids with n = 1.0 is shown in Figs.6(a)-6(c). It is observed from Fig.6(a)
that the velocity of the fluid decreased with increasing the value of the
chemical reaction parameter. Fig.6(b) demonstrates that the increase in
the value of the chemical reaction parameter increases the temperature of
the fluid in the medium. It is seen from Fig.6(c) that the concentration
of the fluid is decreased by increasing the value of the chemical reaction
parameter.

The effect chemical reaction parameter on the non-dimensional ve-
locity f ′(η), temperature θ(η) and concentration φ(η)for N = 1, Le =
0.5, R = 0.5 is depicted in Figs.7(a)-7(c) in the presence of dilatant flu-
ids with n = 1.5. It is observed from Fig.7(a) that the fluid velocity is
decreased with increase in the value of chemical reaction parameter. It
is seen from Fig.7(b) that the temperature of the fluid in the medium is
increased with increase in the value of the chemical reaction parameter.
It is found from Fig.7(c) the concentration of the fluid is decreased by
increasing the value of the chemical reaction parameter.

The non-dimensional velocity f ′(η), temperature θ(η) and concen-
tration φ(η) for N = 1.0, Le = 1.5, γ = 0.5, R = 0.5 with a variation
in power law index parameter is plotted in Figs.8(a)-8(c). It is observed
from Fig.8(a) that the fluid velocity is increased with increase in the value
of the power law index parameter. The effect of the increasing values of
the power law index n is to increase the horizontal boundary layer thick-
ness. That is, the thickness is much smaller for shear thinning (pseudo
plastic; n < 1) fluids than that of shear thickening (dilatants; n > 1)
fluids. In the case of a shear thinning fluid (n < 1), the shear rates near
the walls are higher than those for a Newtonian fluid. It can be seen from
Figs.8(b) and 8(c) that the temperature and concentration of the fluid is
increased with increase in the value of the power law index parameter.
Increasing the values of the power law index leads to increase the thermal
and solutal boundary layer thickness.

Table 1 shows the effects of n,Le,R, γ andN on the non-dimensional
heat and mass transfer coefficients. It is seen from this table that both the
heat and mass transfer rates increase with increasing power law index
n. The Lewis number (diffusion ratio) is the ratio of Schmidt number
(ν/Dm) and Prandtl number (ν/αm). As the Lewis number increases
i.e. Schmidt number increases ( or Prandtl number decreases) Nusselt
number is decreasing while the Sherwood number is increasing. The
Schmidt number quantifies the relative effectiveness of momentum and
mass transport by diffusion in the hydrodynamic (velocity) and concen-
tration (species) boundary layers. Hence the rate of mass transfer is in-
creased with the increase in Schmidt number or Lewis number. Similarly,
decrease in Prandtl number i.e. increase in Lewis number is equivalent
to increasing the thermal conductivities, and therefore heat is able to dif-
fuse away from the heated plate more rapidly. Hence the rate of heat
transfer is reduced. The heat transfer rate is decreasing for increasing
values of radiation parameter but the mass transfer rate is increasing. The
chemical reaction parameter decreases the heat transfer coefficient but in-
creases the mass transfer rate. Increase in the values of γ implies more
interaction of species concentration with the momentum boundary layer
and less interaction with the thermal boundary layer. Hence, chemical
reaction parameter has more significant effect on Sherwood number than
it does on Nusselt number. There is increase in both the heat and mass
transfer rates with increase in the buoyancy ratio.
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Fig. 6 Velocity,Temperature and Concentration profiles for various val-
ues of γ for Newtonian fluids.
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Fig. 7 Velocity,Temperature and Concentration profiles for various val-
ues of γ for dilatant fluids.
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Fig. 8 Velocity,Temperature and Concentration profiles for various val-
ues of Power-law index (n).
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Table 1 Variation of non-dimensional heat and mass transfer coefficients
for various values of n, Le, R, γ and N .

n Le R γ N Nux
Bx

= −θ′(0) Shx
Bx

= −φ′(0)

0.0 1 0.5 0.5 1 0.819658 0.771853
0.5 1 0.5 0.5 1 1.001512 1.000471
1.0 1 0.5 0.5 1 1.151338 1.190781
1.5 1 0.5 0.5 1 1.281963 1.357628
2.0 1 0.5 0.5 1 1.399380 1.508127
0.5 0.0 0.5 0.5 1 1.073281 0.166667
0.5 0.5 0.5 0.5 1 1.024082 0.709265
0.5 1.0 0.5 0.5 1 1.000527 1.000153
0.5 1.5 0.5 0.5 1 0.985709 1.204263
0.5 2.0 0.5 0.5 1 0.975334 1.361573
0.5 1 0.0 0.5 1 1.210337 1.437245
0.5 1 0.5 0.5 1 0.971526 1.466103
0.5 1 1.0 0.5 1 0.831683 1.483859
0.5 1 1.5 0.5 1 0.737831 1.496092
0.5 1 2.0 0.5 1 0.669629 1.505127
0.5 1 0.5 0.0 1 0.982493 1.265102
0.5 1 0.5 0.5 1 0.971526 1.466103
0.5 1 0.5 1.0 1 0.963397 1.637643
0.5 1 0.5 1.5 1 0.956913 1.790464
0.5 1 0.5 2.0 1 0.951518 1.929889
0.5 1 0.5 0.5 0.6 1.113030 1.148824
0.5 1 0.5 0.5 0.7 1.117599 1.150429
0.5 1 0.5 0.5 0.8 1.123225 1.156633
0.5 1 0.5 0.5 0.9 1.135297 1.171184
0.5 1 0.5 0.5 1.0 1.151338 1.190781

5. CONCLUSIONS

In this paper, natural convection heat and mass transfer along a vertical
plate embedded in a power-law fluid saturated Darcy porous medium in
presence of radiation and chemical reaction has been considered. The
wall is maintained at variable temperature and concentration Tw(x) and
Cw(x), respectively. It can be concluded from the present analysis that
the higher values of radiation parameter result in higher velocity and tem-
perature distributions but lower concentration distribution. An increase in
the values of the chemical reaction parameter results in lower velocity and
concentration distributions but higher temperature distribution. Also, the
higher values of the power-law index parameter result in higher velocity,
temperature and concentration distributions within the boundary layer.

NOMENCLATURE

A a dimensional constant.
B a dimensional constant.
a a constant.
b a constant.
l Temperature variation index at wall.
T Temperature.
C Concentration.
g Gravitational acceleration.
T∞ Ambient temperature.
K Darcy Permeability.
k1 Rate of chemical reaction.
k Thermal conductivity.
qr

y Radiative heat flux.
Cp Specific heat at constant pressure.
Cs Concentration susceptibility.
αm Thermal diffusivity.
Dm Mass diffusivity.
γ Chemical reaction parameter.

R Radiation parameter
σ Stefan-Boltzman constant.
Le Lewis number.
N Buoyancy ratio.
n Power-law index.
βT Coefficient of thermal expansion.
βC Coefficient of concentration expansion.
Nux Nusselt number.
Shx Sherwood number.
ν Kinematic viscosity.
φ Dimensionless concentration.
θ Dimensionless temperature.
u, v Darcian Velocity components in x and y directions.
x, y Co-ordinates along and normal to the plate.
η Similarity variable.
ψ Stream function.
Subscripts
w Wall condition.
∞ Ambient condition.
T Temperature.
Superscripts
′ Differentiation with respect to η.
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