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Abstract

A Darcy-Forchheimer model has been adopted to analyze the heat and
mass transfer characteristics of free convection on a vertical surface embedded
in a non-Darcian porous medium with variable wall temperature and concen-
tration in a doubly-stratified and viscous-dissipating micropolar fluid in the
presence of thermal radiation, transverse magnetic field and temperature-
dependent heat source. The governing nonlinear partial differential equa-
tions are converted into nonlinear ordinary differential equations by using the
Runge KuttaFehlberg fourthfifth order method along with shooting technique.
Possession of distinct parameters on velocity, angular velocity, temperature,
concentration, local friction factor coefficient, local couple stress, local Nusselt
and Sherwood numbers are exhibited through graphs and tabular forms.
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1 Introduction

Erigen [1] was the first to illustrate the theory of micropolar fluids. Heat generation
and radiation effects over a stretching sheet in a micropolar fluid were carried out
by Gnaneswara Reddy [2]. Gnaneswara Reddy [3] explored the combined effects of
heat and mass transfer on unsteady MHD convection flow of micropolar fluid past a
vertical porous plate with variable heat and mass fluxes under the influence of ther-
mal radiation. Misra et al. [4] analysed MHD free convection flow of a micropolar
fluid by taking heat source and double stratification into account. Mabood et al. [5]
investigated the effects of heat source and Soret on MHD non-Darcian convective
flow past a stretching sheet in a micropolar fluid in presence of radiation. We have
prepared the article to focus on the study of MHD free convective heat and mass
transfer flow in a micropolar fluid along a vertical surface embedded in a non-Darcian
porous medium under the influence of radiation and double stratification. The non-
linear ODEs are solved numerically by using the Runge KuttaFehlberg fourthfifth
order method along with the shooting technique. Moreover graphical and tabular
results are investigated and demonstrated. The present paper is the extension of
the previous study on the effects of thermal radiation on MHD free convective mi-
cropolar fluid flow along a vertical surface embedded in a non-Darican thermally
stratified medium (Koriko et al. [6]).

2 Mathematical Formulation

Consider a two-dimensional steady free convective boundary layer flow of an incom-
pressible, electrically conducting micropolar fluid along a vertical surface embedded
in a non-Darcian double stratified porous medium. Here, keeping the origin fixed, I
have stretched the sheet with a velocity uw(x) , varying linearly with the distance
from the slit. The flow is assumed to travel in an x-direction which is along vertical
surface, and y-axis is normal to it. Fluid suction/injection is imposed on the plate
surface. The temperature of the surface Tw is held uniform which is higher than
the ambient temperature T∞ (i.eTw > T∞). The concentration of the surface is
held uniform and it is higher than the ambient concentration C∞ (i.eCw > C∞).
In this investigation, the thermal and solutal stratification is properly accounted
for by modifying the temperature (concentration) of the surface and ambient tem-
perature (concentration). Under the fore-going assumptions with the Boussinesq
approximation, the governing equations of the MHD free convection flow are:
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Boundary conditions are

In this study, wall temperature (concentration) and free stream temperature
(concentration) are defined as

Tw = T0 +m1x T∞ = T0 +m2x

Cw = C0 +m3x C∞ = C0 +m4x

with m1,m2,m3 and m4 as constants. Where u and v are components of velocity
in x and y directions respectively, uw(x) is the wall shrinking or stretching velocity,
(a > 0) for stretching, (a < 0) for shrinking and (a = 0) for static wall, vw(x) is
the wall mass flux velocity, ρ is the fluid density, µ = νρis the dynamic viscosity,
ν is the kinematic viscosity, σ is the electrical conductivity, j is the micro-inertial
density, τ is the vortex viscosity, β is the thermal expansion coefficient, β∗ is the
solutal expansion coefficient, α = k/ρcp is the thermal diffusivity, k1 is the thermal
conductivity, qw is the wall heat flux, n is a constant such that 0 ≤ n ≤ 1. When
n = 1/2, we have observed the vanishing of anti-symmetric part of the stress tensor
and, it denotes weak concentration of micro-elements, the case that n = 1 is used for
the modeling of the turbulent boundary layer flows. This investigation reports that
the case we consider is when n = 0 ( called strong concentration) and it represents
centrated particle flows in which the microelements close to the wall are unable to
rotate, then, N = 0 near the wall, and N is the micro-rotation or angular velocity
whose direction of rotation is in the xy- plane. In this paper, a case when n = 0 is
considered. The micropolar parameter or material parameter isK = k/µ , K 6= for
micropolar fluid and K = 0 for classical Newtonian fluid. Each of these assumptions
is invoked to allow the field of equations that predict the correct behavior in the
limiting case when the microstructure effects become negligible and the total spin
N reduces to the angular velocity (Adhikari and Maiti [7]). By the Rosseland
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approximation the radiative heat flux can be reduced in the form

qr = −4σs
3k∗

∂T 4

∂y
(7)

where σs is the Stephen Boltzmann constant and k∗ is the mean absorption coeffi-
cient. It should be noted that by using the Rosseland approximation, the present
analysis is limited to optically thick fluids only. If the temperature differences
within the flow are small, equation (7) can be linearized by expanding T 4 into
the Taylor series about T∞ which after neglecting higher order terms takes the form
T 4 = 4T 3

∞T−3T 4
∞.Now equation (4) becomes The continuity equation (1) is satisfied

by introducing a stream function Ψ such that u = ∂Ψ
∂y

,v = −∂Ψ
∂x

. The momentum,
angular momentum, energy and concentration equations can be transformed into
the corresponding ordinary differential equations by the following transformation
where η is the independent dimensionless similarity variable. Thus both u and v are

shown by u = axf ′(η), v = −
√
aθ(η), substituting variables (9) into equations (2)

(3) (4) and (5), we obtain the following ODEs In the above equations, primes denote

differentiation with respect to η . The dimensionless velocity, angular velocity, tem-
perature and concentration are represented as f(η), h(η), θ(η) and φ(η) respectively,
Gr = gβT (Tw−T0)/a2x is the Grashof number, Gr = gβC(Cw−C0)/a2x is the mod-
ified Grashof number, M = σB2

0/ρa is the magnetic parameter, S = −vw(x)/
√
aθ

is the constant mass flux with s > 0 for suction and s < 0 for injection, Fs = b∗/x
is local Forchheimer parameter, Da = k′/x2 local Darcy parameter, Ps = θ/ k′a
Porosity parameter, Pr = θ/a is the Prandtl number, Ec = θ2x2/cp(Tw−T∞) is Eck-
ert number, ε1 = m1/m2 is thermal stratification parameter, ε2 = m3/m4 is solutal
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stratification parameter, R = kk∗/4σsT 3
∞ is the radiation parameter, Sc = θ/Dm is

the Schmidt number. The physical quantities of interest are the skin friction coef-
ficient Cf , local Nusselt number Nux and local Sherwood number Shx are defined
as

where the local Reynolds number is given by Rex = ux/theta

3 Numerical methods for solution

Eq. (10) constitutes a highly non-linear coupled boundary value problem of third
and second-order. So we have developed a most effective numerical Runge KuttaFehlberg
fourthfifth order method along with the shooting technique. In this calculation, the
step size ∆η = 0.001 is used while obtaining the numerical solution with ηmax = 5
and five-decimal accuracy as the criterion for convergence.

4 Results and Discussion

This section highlights the influence of arising parameters such as micropolar pa-
rameter, Grashof number, modified Grashof number, magnetic parameter, suc-
tion/injection parameter, Forchheimer parameter, Darcy parameter, porosity pa-
rameter, thermal Stratification parameter, Solutal Stratification parameter, radia-
tion parameter, Prandtl number, temperature dependent heat source, Eckert num-
ber and Schmidt number on velocity, angular velocity, temperature and concentra-
tion. For numerical results we considered

These values are conserved as common unless specifically pointed out in the
appropriate graphs and tables. Fig. 1 depicts the effect of Forchheimer parame-
ter Fs on velocity and temperature profiles. In the absence of Fs , the present
study implies the MHD free convective heat and mass transfer flow in a micropolar
fluid along a vertical surface embedded in a porous medium under the influence of
radiation and double stratification. The increase in Fs indicates that the porous
medium is offering more resistance to the fluid flow. This results in depreciation
of the velocity profile and enhancement of the temperature profile. Fig. 2 shows
the impact of thermal Grashof number Gr on velocity and temperature profiles.
It is noticed that velocity rises with Gr . This is due to the fact that the rise in
thermal buoyancy force enhances the velocity. Fig. 2 shows the decreasing nature
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in temperature profile with increase in Gr . Fig. 3 shows the effect of modified
Grashof number Gc on velocity profile and temperature distribution. It has been
observed that velocity rises with Gc . This is due to the fact that the increase in
species buoyancy force increases the velocity. It has been observed that temperature
decreases with Gc . This is due to the fact that the increase in species buoyancy
force decreases the temperature. Fig. 4 shows the effect of suction/injection param-
eter s on velocity and temperature. As suction parameter increases, the momentum
boundary layer thickness and the thermal boundary layer thickness decline, while
the reverse phenomenon has been observed for the case of injection. Fig. 5 provides
the effect of microfluid parameter on angular velocity. Angular velocity rises with
rise in microfluid parameter. Fig. 6 describes the effect of solutal stratification
parameter ε2 on concentration profiles. It has been noticed that the concentration
of the fluid decreases with the increase of ε2 .

Table 1. Comparison of the results of the present and HAM on f ′′(0), h′(0) and
θ′(0) and for the various values of ε1 when M = 1.0, K = 1.0, Gr = 1.0, A = 0.4, B =
0.2, Ps = 0.4, P r = 0.71, Fs = 0.5, Da = 0.5, R = 0.7, S = 0.3, Gc = 0.0, Sc = 0.0
and Ec = 0.0.

Table 1 reveals the comparison and it is important to remark that a good agree-
ment has been observed.

5 Conclusion

In this article, a numerical investigation has been done to study the possession
of thermal stratification and solutal stratification on MHD free convective flow of a
micropolar fluid along a vertical surface embedded in a non-Darcian porous medium
with heat and mass transfer under the influence of radiation, viscous dissipation and
time dependent heat source. From this study we have observed that an increase
in Gr and Gc enhances the momentum boundary layer thickness. Forchheimer
parameter decreases velocity profiles and enhances temperature profiles. Angular
velocity rises with rise in microfluid parameter. Rise in ε2 , causes depreciation in
concentration.
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