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Abstract:In this article, we have examined 2-dimensional steady
magnetohydrodynamic (MHD) boundary layer flow of viscous micropolar
fluid through a stretching surface. Simultaneous effects of thermal-diffusion
(Soret) and diffusion-thermo (Dufour) are taken into account. Moreover, the
effects of heat source/sink and first order chemical reaction are also
considered. The governing flow problem is modelled by means of similarity
transformation variables with their relevant boundary conditions. Finally, the
reduced nonlinear coupled ordinary differential equations are solved
numerically by means of nonlinear shooting technique. The effects of all the
governing parameters are discussed for velocity, microrotation, temperature,
concentration profiles, shear stress, transfer rate of heat and mass are
presented with help of graphs. Numerical comparison is also presented with
the existing published results as a special case of our study.

Keywords:Micropolar fluid; MHD; Soret and Dufour effect; Heat source;
Chemical reaction.

1. Introduction

The thermal buoyancy caused due to heating/cooling of a vertical
surface has a huge influence on flow and heat transfer characteristics.
Convection heat transfer in the fluid flow is a phenomenon of considerable
interest from both theoretical and practical point of perspectives because of
its vast demands in countless engineering and geophysical fields. Combined
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free and forced convection past a flat surface has been broadly investigated
from both theoretical and experimental point of view through the over few
years.

The impact of a magnetic field on natural convective transfer of heat on
isothermal vertical surface has been discussed by Sparrow and Cess'.
Boundary layer natural convective flow of an electrically conducting fluid
past a vertical surface in the presence of uniform surface heat flux and
variable wall temperature with magnetic field has been investigated by
Gupta?®, Char’, Chiam®*, Liu®, Ishak et al.*” and Prasad et al.® have analyzed
the transfer of heat and flow properties past a stretching surface under the
influence of a uniform magnetic field. The overhead analysis examined the
motion entirely generated by a stretching surface saturated in a different
state latent motion. Assorted convective laminar flow on a vertical sheet
through porous medium under the influence of slip situation has been
analyzed by Harris et al.”. The laminar slip motion past a flat surface in the
presence of constant heat flux has been studied by Aziz '°. Most recently
Rohni et al."analyzed numerically the unsteady assorted convective laminar
motion close to 2-D stagnation point on a vertical porous surface immersed
in a fluid-muddy porous medium with temperature slip effect and suction.

Excellent reviews of the mixed convection hydromagnetic flows in
vertical channel have been investigated by many authors '»'*!#15161719,
Ishaket al.*’ have studied magnetohydrodynamic motion of micropolar fluid
toward stagnation point on a vertical surface. Steady assorted convective
laminar motion of a micropolar fluid close to the stagnation point on a
vertical sheet has been studied by Loket al."”. Ramachandranet al.** have
also analyzed assorted convective in a stagnation flow close to vertical
sheet. All the above recent studies are related to micropolar fluid over a
vertical sheet. The MHD motion in a vertical curved permeable area with
temperature-dependent heat source under the influence of slip-flow
boundary condition has been examined by Srinivas and Muthuraj*'. They
have also analyzed the impact of MHD assorted convection peristaltic
motion in a vertical permeable space under the influence of chemical
reaction®.

Combined transfer of heat and mass by free convection in a porous
medium has stimulated significant observation in the past many years,
because of its huge prime engineering and geophysical practical utilities.
Nield and Bejan®, Ingham and Pop'™'®, Bejan and Khair** and Trevisan and
Bejan’ have studied an inclusive assessments on this area.However, in past
few decades researchers worked on Dufour and Soret impact those cannot
be neglected [Eckert and Drake **]. In view of the significance of aforesaid
effects, Kafoussias and Williams*® investigated on heat and mass transfer
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flow in presence of temperature dependent viscosity. Anghelet al.*’have
analyzed the Dufour and Soret effects on natural convection laminar flow
over a vertical surface with saturated porous medium. Postelnicu®? have
examined the effect of MHD and chemical reaction on an electrically
conducting viscous fluid past over a vertical surfaces embedded in a porous
media. Alam and Rahman*have studied the Dufour and Soret impact on
assorted convective motion over a vertical porous flat plate in the presence
of variable suction. The double dispersion on natural convective transfer of
heat and mass from a vertical sheet saturated with non-Darcy electrically
conducting fluid embedded permeable medium under the influence of Soret
and Dufour effect has been investigated by Murthy et al.*'. The impact of
Soret and Dufour and partial slip on steady magnetohydrodynamic
convective motion on account of a rotating disk has been analyzed by
Rashidiet al.*’>. The impacts of heatand mass transfer on two-dimensional
unsteady magnetohydrodynamic natural convective motion past a vertical
porous surface in a permeable medium in the presence of Dufour effects
have been presented by Mishra et al.”.

The novelty of the present study is to bring out the effect of thermal-
diffusion and diffusion-thermo on the heat and mass transfer characteristic
of free convective micropolar fluid past over a vertical surface. The results
of Ishaket al.*’, Ramchandran et al.*’ and Baag et al.** have been discussed
as special cases of the present study. Another objective of the current study
is the method of solution. The Runge-Kutta method followed by shooting
technique is providing the similar result as that of the solution obtained by
Ishaket al.*” which was solved by finite difference technique. Sharma and
Singh®?%have studied the influence of viscous dissipation and heat
source/sink on steady MHD flow near a stagnation point on linearly
stretching sheet subjected to different thermal boundary conditions. Sharma
and Singh***have analyzed the impact of variable thermal conductivity and
heat source/sink on MHD flow near a stagnation point on a linearly
stretching sheet. Sharma and Singh® have studied the influence Ohmic
heating and viscous dissipation on steady MHD flow near a stagnation point
on an isothermal stretching sheet. Sharma, Singh and Chamkha® have
investigated the impact Mass transfer with chemical reaction in MHD mixed
convective flow along a vertical stretching sheet. Sharma and Singh® have
studied the influence Heat and mass transfer in the boundary layer flow
along a vertical isothermal reactive plate near stagnation point: Existance of
dual solution. Sharma and Yadav*have analyzed the impact heat
source/sink on stagnation point flow over a stretching sheet.
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2. Formulation of the Problem

The steady, 2-dimensional, viscous incompressible electrically

conducting micropolar fluid close to a stagnation point on a vertical hot
plane is considered (Fig.1).
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™
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=

Fig.1 Physical model and coordinate system

Two equal and opposite forces are applied along x — axis so that the surface
is stretched retaining the origin fixed. The magnetic Reynolds number of the
conducting fluid is supposed to be very very small so that Hall effect and
induced magnetic field may be neglected. Therefore, magnetic field effect in
momentum is taken into account in the present study. Moreover, the flow
domain is subject to uniform transverse magnetic field B, is applied normal

to the sheet (Fig.1). Studies of magnetohydrodynamics boundary layer flow
throughout flat plates and in the saturated region of bodies with transverse
magnetic field demonstrate that the magnetic field reduces skin friction and
heat transfer and increase the sock detachments distances. Following
Bhattacharyya*' the governing boundary equations of momentum, energy
and concentration for free convection under Boussinesq’s approximation
with boundary conditions are
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The equation of continuity (2. 1) is self-satisfied by the Cauchy-Riemann

equations:

2.7) u= v v——a—l//
oy ox

wherew(x, y) is the stream function.

In sequence to transform Egs. (2. 3) - (2. 5) into a set of ordinary differential
equations, the following similarity transformation and dimensionless

variables are introduced:
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With the help of the above transformations, (2.1) is identically satisfied and
(2.2)-(2.6) yield
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The boundary conditions (2. 6) reduced to the following forms



A Mathematical Model of MHD Micropolar Fluid Flow 279

f(0)=0, 1'(0)=0,(0) = —% 17(0), 00) =1, p(0) =1, ar 77=0

(2.13)
') =1, ()0, 0(n) =0, p(n) —>0as n—>oo,

where prime denote differentiation with respect tor .
3. Physical Quantities of Interest

The major physical quantities of interest are defined as

T
i C,= Y (skin friction coefficient),
(0 C U2 (skin fi fficient)
.. xXq
3.1 ii) Nu=—""""—(Nusselt number),
G0 ) Nu= )
xq
iii) Sh=——"—— (Sherwood number).
() Sh=p et )

where surface shear stress, surface heat and mass flux are defined as
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Employing the non-dimensional variables (2. 8), we obtain from Egs. (3.1)
and (3.2) as
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4. Results and Discussion

The robust Runge-Kutta method followed by shooting technique has
been used to solve the coupled non-linear Egs. (9) - (12) subject to boundary
conditions Eq. (13) in the present discussion. The numerical solutions are
obtained to exhibit the effects of emerging physical parameters on the
momentum, angular momentum, temperature and concentration
distributions through Figs.2-11. Further, the shear stress, for both the
momentum profiles, transfer of rate of heat and mass are shown in Figs.12-
15.

In the present study free convective steady motion of an electrically
conducting micropolar fluid close to a stagnation point subject to transverse
magnetic field with uniform heat source/sink and first order chemical
reaction has been investigated. Main aim of the following analysis is to
bring out the impacts of additional parameters introduced such as Soret ( Sr
), Dufour ( Du ) parameters besides the other parameters appear in the free
convective diffusion problem. In all the figures, the dotted and the bold lines
represent the opposing (4, =4, =—1)and assisting (4, =4, =1) flows
respectively. The present result is compared with that of Ishaket al.*7, Lok et
al."”, Ramchandran®, Baag et al.**. Moreover, the case of Newtonian fluid
(K =0) can also be derived as a particular case of Ramchandran® and
Baaget al.*.

Fig.2 dispenses the variation of material parameter on velocity profiles
for both Newtonian and non-Newtonian fluid. It is clear to note that the
velocity description reduces with an increase in K for both assisting and
opposing cases. For K =0, i.e. in case of Newtonian fluid velocity
contributes its maximum value near the plate. In the present case the Soret
and Dufour effects are withdrawn, so that the present result is compared
with the earlier published result of Baaget al.** as well as Ramchandran®’ and
found to be in good agreement.

Fig.3 presents the velocity, microrotation, temperature and concentration
profiles in response to non-Newtonian parameter again in the absence of
Soret and Dufour number. It is observed that the microrotation, temperature
and the concentration profile enhance due to increase in material parameter
whereas velocity profile reduces. It is interesting to note that the
microrotation profiles intersects each other at 7 =0.75 in opposing flow and

n=1.25 in assisting flow. This is a clear indication that the opposite effect
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occurs in the layers from transient to free stream. Further, transient state is
accelerated in case of opposing flow.

Fig.4 exhibits the microrotational effect which characterizes the
micropolar fluid. It is to note that the magnetic parameter parameters M
enhance the velocity profile where as reverse effect is encountered for
microrotation, temperature and concentration descriptions of the fluid under
study subject to constant material properties (x =0.5). Thus, it concluded that

the additional forces due to the presence of magnetic field enhance the
velocity profile.

The role of thermo-diffusion (Soret) and diffusion-thermo (Dufour) on
the profiles are vital and interesting in the current study as shown in Figs.5
and 6. It clear to remarked that the velocity profile and microrotation profile
have dual character with the variation of Dufour and Soret number. It is
noticed that, in assisting flow the velocity profile reduces with the enhance
in both Dufour and Soret numbers and reverse trend occurs in case of
opposing flow. Further, the microrotation profile has also reverse trend as
that of velocity profile (Figs.5 and 6). Another interesting finding is that
because of enhancement in Dufour number the fluid temperature enhances
significantly whereas the concentration profile reduces insignificantly in
both assisting and opposing flows (Fig.5). Whereas in Fig.6, due to increase
in Soret number the temperature of the fluid increases in opposing flow but
reduces significantly in assisting flow. Thus, it is concluded that the dual
Character of Dufour and Soret numbers in the velocity and microrotation
profile are due to the inclusion of both magnetic and buoyancy parameters.

Fig.7 exhibits the presence of heat source/sink on the temperature profile
of micropolar fluid. This clearly indicates that an increase in heat source
strength enhances the temperature of the fluid in both the assisting and
opposing flow whereas heat sink reduces it. Whereas destructive chemical
reaction has a retarding effect on the concentration profile and incase of
constructive the profile enhances significantly (Fig.8). One striking result is
that the constructive reaction combines with opposing buoyancy force
produce a higher rate of increase in the concentration profile. Thus,
constructive chemical reaction inclusion with opposing force is favorable to
increase the concentration profile at all points in its boundary layer.

Figs. 9-11 present the variation of different parameters on the skin
friction, couple stress, rate of heat and mass transfer. Fig. 9 presents the
effect of thermal buoyancy parameter with variation of magnetic parameter.
It is noticed that the skin friction coefficient, couple stress and rate of heat
transfer increases with the increase in thermal buoyancy parameter as
magnetic parameter increases whereas rate of mass transfer decreases
significantly. In this regards thermo-diffusion plays a vital role which



282 Ram Prakash Sharma and S. R. Mishra

contributes a fall in rate of mass transfer. Fig.10 illustrates the variation of
both the buoyant parameters with the variation of Soret number. It is
observed is similar to that of Fig.9 but one striking feature is that the rate of
mass transfer has a dual character with different values of Soret number
within the range 0 to 1. From Sr= 0 to 0.75 rate of mass transfer increases
with the increasing value of buoyant parameters whereas after that the
profile decreases. This clear observation is remarked from Fig.11. It is seen
that the variation of mass buoyancy parameter with the enhance in thermal
buoyancy within the range 0 to 1. Thus, it is concluded that the interaction
of buoyant parameters, Soret and Dufour number enhances the properties of
micropolar fluid which is clear in this study.

5. Conclusion

1. Dual Character of diffusion-thermo (Dufour) and thermal-diffusion
(Soret) effects exhibit in the velocity and microrotation profile due to
inclusion of magnetic parameter.

2. Increase in heat source strength enhances the temperature of the fluid
in both the assisting and opposing flow whereas heat sink reduces it.

3. For reducing skin friction, diffusion of foreign species initiating
destructive reaction is a suggestive measure. On the other hand
foreign species and assisting mass buoyancy increases skin friction
substantially in aqueous medium and the presence of heat source.

4. Thermo-diffusion plays a vital role which contributes a fall in rate of
mass transfer.

5. Lighter diffusive species favouring constructive reaction are suitable
for reducing mass transfer rate at the bounding surface.
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Nomenclature

C fluid Concentration D coefficient of the mass diffusivity

Du Dufour number Pr Prandtl number

S7r Soret number g acceleration due to gravity

M magnetic parameter K material parameter

C » specific molecular diffusivity Greek symbols

Sc Schmidt number O(n7) dimensionless temperature
T fluid temperature 1 dynamic viscosity

T, fluid temperature at infinity O solutal buoyancy parameter
Gc Grashof number for mass transfer o thermal diffusivity

Bo magnetic flux density o Electrical conductivity

Sh Sherwood number A thermal buoyancy or mixed convection parameter
K thermal conductivity p© density of the fluid

Nu Nusselt number Vv kinematic viscosity

Kc chemical reaction parameter n similarity variable

Gr Grashof number for heat transfer /3, thermal expansion coefficient
C, species concentration at infinity /3 . concentration expansion coefficient
k : reaction rate of the solute ¥ spin gradient viscosity

N angular Velocity #(n7) non-dimensional concentration parameter
u,v  velocity components along x- and y-direction

J micro-inertia density

k  vortex viscosity or microrotation viscosity
C,, stretching sheet concentration

Ec Eckert number

T ,» Stretching sheet temperature

X,y  coordinates




