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ABSTRACT. Numerical investigation of an electrically conducting micropolar fluid having
steady incompressible flow with heat and mass transfer towards a stagnation point through a
porous medium on a vertical plate is obtained in the present study. The effects of heat
generation i.e. source /absorption i.e. sink and first order chemical reaction are also
discussed. The governing non-dimensional form of the nonlinear coupled ordinary differential
equations are formulated using similarity technique and then the solution of these
transformed equations are obtained numerically using Runge-Kutta fourth order method
associated with shooting technique. The validation of the present result is confirmed with the
earlier published work which is solved by Finite Difference Method. The effect of pertinent
physical parameters govern the flow phenomena are presented through graphs, and
numerical computation of rate of shear stress, rate of heat and mass transfer are presented
using tables.

RESUME. La présente étude a permis d’obtenir une étude numérique d’un fluide
micropolaire éectroconducteur ayant un flux constant incompressible avec transfert
de chaleur et de masse vers un point de stagnation &travers un milieu poreux sur
une plaque verticale. Les effets de la géné&ation de chaleur, c'est-&dire la source /
I'absorption, c'est-adire I'é&ier et la réction chimique du premier ordre, sont
&alement discuté&s. La forme non dimensionnelle gouvernante des éguations
difféentielles ordinaires couplées non lin&ires est formulée al'aide de la technique
de similarité puis la solution de ces €&juations transformées est obtenue
numé&iquement & l'aide de la mé&hode de quatriéme ordre de Runge — Kutta
associ& ala technique de tir.La validation du pré&ent ré&ultat est confirmée par les
travaux antéieurs publié qui sont résolus par la mé&hode des difféences finies. Les
effets de paraméres physiques pertinents regissant les phéoménes de flux sont
présentés sous forme de graphiques, et le calcul numérique du taux de contrainte de
cisaillement, du taux de transfert de chaleur et de masse est pré&entéal'aide de
tableaux.
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1. Introduction

Micropolar fluid dynamics has been playing a significant role in processing
industries. Therefore many scientists have been working in this area. The theory of
microplar fluids took birth from Eringen in 1966. Most of the fluids have been used
in the processing industries are non-Newtonian. These fluids with microstructure
have immense applications in biology, industry, technology. Due to large scale
applications of the hydromagnetic stagnation point flows past through heated or
cooled bodies in the field of engineering and natural processes have attracted many
researchers to examine the characteristic of fluid flow. So studies on behaviour of
these fluids are carried by many scientists in recent years. Bhargava et al. (2000)
have studied the characteristics of heat transfer of micropolar boundary layer in a
moving wall near a stagnant point. The microrotation of fluid elements, the effects
of the couple stresses and spin inertia are very much important in micropolar fluids
which are studied by Eringen (1964). Stagnation point flow of classical two
dimensional fluid on a flat plate was studied by Hiemenz (1911). Wang (1978) was
investigated impinging stagnation flow of two fluids of different densities.
Mahapatra and Gupta (2001) have studied two dimensional MHD steady stagnation
point flow towards a stretching surface.

Recently, Pal and Biswas (2016) studied oscillatory flow of micropolar fluid in
the presence of heat sink and thermal radiation. Mishra et al. (2015) investigated
flow of MHD free convective micropolar fluid with heat source. Srinivas Raju et al.
(2016) examined heat absorption effects MHD free convection flow past over a
vertical plate both by analytically (Laplace transform method) and numerically
(Finite Element Method).

Mathematical modelling and numerical analysis of heat and mass transfer and
their effects in different geometries are studied by Alam et al. (2016)
(stretching/shrinking wedge), Mishra et al. (2013), Tripathy et al. (2016). Effect of
variable surface temperature on steady MHD stagnation point flow over a stretching
sheet was studied by Ishak et al. (2009). Recently, Lok et al. (2010) examined and
analysed the flow of a micropolar fluid over a shrinking sheet where shrinking and
ambient fluid velocity were assumed to vary linearly with the stagnation point. The
laminar mixed convection in two-dimensional stagnation flows around surfaces was
studied by Ramachandran et al. (1988).

Hassanien et al. (1990) and Devi et al. (1991) have extended the work of
Ramachandran on micropolar fluid to unsteady case where they found dual solution
exists for a certain range of the buoyancy parameter. Stagnation point over a vertical
surface in the presence of thermal radiation and viscous dissipation was examined
by Olanrewaju et al. (2011) and Manjoolatha et al. (2013). MHD flow of a visco-
elastic fluid through a porous medium has been investigated by Baag et al. (2015).
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Dash et al. (2016) studied stagnation-point flow past a stretching/shrinking sheet
problem numerically.

However, to the best of our knowledge, the main aim of the present investigation
is to find numerical solutions of heat and mass transfer of magnetohydrodynamic
(MHD) micropolar fluid flow towards a stagnation point on a vertical plate through
porous medium. Additional heat source is also taken into account in the energy
equation. In our present problem we discussed for both the case of strong (n=0) and
weak (n=1/2) concentrations those have not considered by El-dabe et al. (2015). The
similarity transformation is applied to transfer the governing partial differential
equations into nonlinear ordinary equations and have been solved numerically by
using Runge-Kutta method of order four followed by shooting technique.
Comparison of the present result with earlier published result in a particular case
employing finite difference method. The effects of various parameters of the
problem characterize the flow phenomena have been analyzed through figures and
tables.

2. Mathematical formulation and analysis

In this study a two dimensional flow system is considered. Along x-axis a heated
vertical stretching sheet embedded in a porous medium is placed (Figure 1) through
which a steady flow near the stagnant point of MHD incompressible micropolar
fluid has been experimented. The half plane (y>0) is occupied by the fluid. Further,
it is assumed that the boundary layer velocity U, the sheet temperature T, and
concentration C, are proportional to the distance from stagnant point.
Mathematically U=px, Tw=T.+qx and Cw=C.+rx where p,q,r are positive constants.
Both Ty and Cy are greater than T, and C. respectively. T, and C. are uniform
temperature and concentration respectively of the fluid. The magnetic field strength
Bo is uniform, applied normal to stretching plate in the positive direction of Y -axis.
In this flow study the magnetic Reynolds number is too small which avoid induced
magnetic field.

The governing equations for this flow are
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Figure 1. Schematic diagram

With boundary conditions as given below

u:O,v:O,w:—n%u,T =T,,C=Cy, at y=0
6
u—-»>U(x),w—0T —>T,C—>C, asy—»ow ©

Where u, v are x and y components of velocity, the ¢y, Dm, Tm, Kr, Cs and the
acceleration due to gravity, g, fluid temperature, T, fluid concentration, C, kinematic
viscosity of the fluid, v, thermal and solutal expansion coefficient, 8, 5*, radiative
heat flux, and chemical reaction coefficient, K respectively. Whereas p, u, k, j, o, v,
a are fluid density, dynamic viscosity, vortex viscosity, microinertia density,
microrotation velocity, spin gradient viscosity and thermal diffusivity.

The following stream function and similarity transformations are used
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to transform the systems of equations from (1) to (5) with their corresponding
boundary conditions as ordinary.

Here the independent variable n is the similarity variable used for transformation
and f(n), 9(n), 6(n), D(n) are respectively the dimensionless stream function,
microrotation, temperature, concentration whereas ¥ is the stream function which is
defined in its usual way.

u=Uf'(n),v=—Javf(n) 8)

Prime denotes the differentiation with respect to 7.

We get the following ordinary differential equations by the above
transformations
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Here the parameter M ::—O is the magnetic parameter, 4 ZifR 7 A :iF are
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the thermal buoyancy parameter and solutal buoyancy parameter respectively. When
1<0, 12<0, the bouncy forces act as in the direction of the mainstream and fluid is
accelerated in the manner of a favourable pressure gradient and A:<0, 4,<0,
buoyancy forces oppose the motion, retarding the fluid in the boundary layer, acting

gﬁ(TWZ_Tf‘), 6n=9 (CV;_C*) and ReX:% are
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called the local thermal Grashof number, the local soutal Groshof number, the local
Reynolds number respectively:

as an adverse pressure gradient. Gr =
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, the Soret number.

The corresponding boundary conditions are

f(0)=0, f'(0)=0,9(0) =—nf"(0), #(0) =1,4(0) =1, (13)
f'(00) > 1, g(0) - 0,0(0) — 0, ¢(0) -0

3. Physical quantities of interest

The major physical quantities of interest are the skin friction coefficient C;,
Nusselt number Nu, and Sherwood number Sh, which are defined as

_ Ty _ qu Sh:Xq—m
C =0 Nu = k(T,-T,) D.(C,-C.) (14)

where surface shear stress, surface heat and mass flux are defined as
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Using the non-dimensional variables (8), we get from Egs. (14) and (15) as

1 K., Nu , Sh
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4. Results and discussion

In the present investigation an electrically conducting micropolar fluid flow over
a vertical stretching sheet embedded in a porous medium is discussed. Physical
significance of the pertinent physical parameters characterizes the flow phenomena
such as magnetic parameter (M), porous matrix (Kp), thermal buoyancy parameter
(L1), solutal buoyancy parameter (L), Prandtl number (Pr), heat source/sink
parameter (S), material parameter (K), radiation parameter (Rq), Eckert number (Ec),
Dufour number (Dy), Soret number (S;), Schmidt number (Sc) and chemical reaction
parameter (Kc) have been presented and discussed through graphs. The numerical
computations for skin friction coefficient, rate of heat transfer (Nusselt number) and
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rate of mass transfer (Sherwood number) are obtained and presented in a table. The
validation of the present result with that of the earlier published result of
Ramchandran et al. (1988), Lok et al. (2010) and Ishak et al. (2009) have also made
in a particular case and these are presented in Table-1. In the absence of magnetic
parameter (M=0) and Pr=0.7 the result is in good agreement with the results of
Ramchandran et al. (1988), Lok et al. (2010) and Ishak et al. (2009). Also in the
absence of M=0 and P,=1, present result is in good agreement with the published
result of Ishak et al. (2009). Furher, it is observed that increase in magnetic
parameter skin friction increases which resulted in decrease n velocity boundary
layer. Whereas, increase in Prandtl number skin friction decreases.

The novelty of the present investigation is to bring out the effects of additional
parameters introduced in the flow problem such as porous parameter (Kp), and
solutal buoyancy parameter (L) in the momentum equation, heat generation /
absorption parameter (s) in the eqution of energy. Another speciality of the
investigation is the role of buoyant forces. Here 1:>0, 1,>0, represent the assisting
flow(bold lines) and 1:>0, 1,>0, opposing flow (dotted lines). To validate the present
result we have compared our result with the result of Ishak et al. (2012) and El-dabe
et al. (2015) in a particular case.

Figure 2 and 3 exhibit the effect of magnetic parameter in the absence / presence
of porous matrix on the velocity and microrotation profiles respectively for both the
case of assisting and opposing flows and the absence of surface condition parameter
(n=0). For non-Newtonian case (K=1), our result well agrees with Ishak et al. (2009)
in the absence of magnetic parameter. It also seen that increase in magnetic
parameter enhance the velocity profiles. As a result velocity boundary layer
thickness decreases for both the presence / absence of porous matrix. Maximum rise
in velocity remarked in case of assisting case (Figure 2). Further, microrotation
profile (Figure 3) has reverse trend as that of velocity. It is interesting to note that
angular velocity remains negative in the boundary layer where profiles intersect at
n=1.75 (approximately) for both assisting and opposing cases. This indicates that,
the same layer represents transition state after which the opposite effect is remarked
i.e. angular velocity increases to with an increase in magnetic parameter.

Figure 4 and 5 illustrate the effect of magnetic parameter in the absence /
presence of porous matrix on the velocity and microrotation profiles respectively for
both the case of assisting and opposing flows and the absence of surface condition
parameter (n=0.5). It is observed that increase in magnetic parameter the velocity
profile decreases in case of non-Newtonian parameter (K=1). This is due to the fact
that, Lorentz force is a resistive force which retards the velocity profile significantly
(Figure 4). Similar characteristic is remarked in microrotation profile for increasing
values of magnetic parameter but angular velocity becomes maximum in case of
assisting flow as that of opposing flow (Figure 5).

Figure 6 presents the effect of heat source / sink on the temperature profiles. This
clearly indicates that increase in source strength, the temperature of the micropolar
fluid increases for both the buoyancy assisting and opposing flow whereas the sink
strength retards the temperature significantly.
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Figure 7 and 8 exhibits the effects of radiation parameter and Dufour number on
the temperature profiles. It is seen that the temperature of the micropolar fluid
increases with increase in both radiation and Dufour number. According to the
definition of radiation parameter, an increase in Rd implies decrease of absorption
coefficient which leads to more radiative heat flux, so the rate of energy transport to
the fluid and the values of temperature distribution are raised. The Dufour number
denotes the contribution of the concentration gradients to the thermal energy flux in
the flow. It can be seen that an increase in the Dufour number causes a rise in
temperature. The trend is opposite for opposing flow.

The effect of chemical reaction parameter, K¢ on concentration profiles for both
assisting and opposing cases is shown in Figure 9. It is observed that the
concentration boundary layer thickness decreases as an increase in chemical reaction
parameter resulted in decrease in concentration of micropolar fluid. This is due to
the presence of heavier species in the polar fluid.

Figure 10 presents the effect of Soret number on the concentration profile for
fixed values of the pertinent parameter characterizes the flow phenomena. It is clear
to remark that, increase in Soret number concentration of the fluid increases. The
Soret number denotes the contribution of the temperature gradients to the mass flux
in the flow, resulted in rise in concentration of the micropolar fluid.
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Figure 3. Effect of M and Kp on microrotation profiles for n=0, K=1, 4,;=1,=0.5
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Table 1. Comparison table for skin friction coefficient f"(0)

M | Pr | Ramchandranetal. (14) | Lok etal.(13) | Ishak et al.(15) present
0|07 1.7063 1.70636 1.7063 1.70918
1107 1.9921355
0|1 1.6755 1.678802
111 1.967458

Finally, Table 2 presents the numerical computation of skin friction coefficient
in terms of f(0), local Nusselt number i.e. wall temperature gradient -t'(0) and local
Sherwood number i.e. wall concentration gradient -p’(0) for various values of
characterizing parameters. In the absence of magnetic parameter (M=0), Pr=0.7 and
the absence of porous matrix (Kp=100) the skin friction coefficient is well agreed
with the result of Ramchandran et al. (2088). Further, presence of M(M=1) and
absence of Kp, (Kp=100), present result is in good agreement with the result of
Ishak et al. (2009) and El-dabe et al. (2015). Also, increase in Prandtl number skin
friction coefficient and Sherwood number decreases whereas Nusselt number
increases. Increase in material parameter all the physical quantities decreases
whereas increase in surface condition parameter these coefficients increase.
Increase in source strength (from sink to source) rate of heat transfer decreases
whereas increase in chemical reaction parameter (constructive to destructive), rate of
mass transfer increases.

The numerical computations of rate of shear stress i.e. skin friction coefficient,
rate of heat and mass transfer are obtained and presented in Table-1 for different
values of the pertinent parameters and fixed values of other parameters characterizes
in the flow phenomena. It is observed that the increasing value of magnetic
parameter, thermal and solutal buoyancy decreases the skin friction in magnitude
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whereas an increase in material parameter, N increases the skin friction coefficient.
Also all the parameters except heat source and destructive chemical reaction
decreases the rate of heat transfer whereas reverse effect is remarked for rate of mass
transfer. Further, sink reduces the rate of heat transfer and constructive chemical
reaction is desirable to increase the rate of mass transfer.

Table 2. Skin friction coefficient (0), Nusselt number -6'(0), Sherwood number -

0'(0)
M Pr Kp K n S Kc 0) -6'(0) -0'(0)
0 07 100 0 05 O 0 22825 0.6165 0.51237
1 24844 0.6173  0.51399
1 24637 0.6985 0.51023
3 2.4153 1.0073  0.49954
1 05 2.8515 0.6216 0.51742
1 2.1650 0.6088  0.49940
2 1.8511 0.5968 0.486313
1 25 4.0249 0.6589  0.59351
05 -05 22030 0.7373  0.49846
0.5 2.2283 0.4635 0.50678
-1 22529 0.4741 0.29717
1 22114 0.4554 0.66963

5. Conclusion

From the above discussion the following conclusions are made:

Angular velocity remains negative in the boundary layer for both assisting and
opposing cases.

Velocity becomes maximum for assisting flow.

Buoyancy assisting and opposing flow are favourable to enhance the temperature
of the micropolar fluid.

The rate of energy transport to the fluid and the values of temperature
distribution are raised as an increase in radiation parameter.

An increase in Soret number, concentration of the fluid increases.

Sink reduces the rate of heat transfer and constructive chemical reaction is
desirable to increase the rate of mass transfer.
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Nomenclature

C: Fluid concentration D Coefficient of the mass diffusivity
Pr Prandtl number g Acceleration due to gravity

M Magnetic parameter S heat source/sink parameter

cp Specific molecular diffusivity Kc chemical reaction parameteR

Sc Schmidt number Sr Soret number

T Fluid temperature Du Dufour number

Tw Fluid temperature at infinity C Species concentration

Bo Magnetic flux density o Angular velocity vector

Sh Sherwood number u,v Velocity components

ki Thermal conductivity along x- and y-direction

Nu Nusselt number j Micro-inertia density



y Chemical reaction parameter
Ec Eckert number

Tw Stretching sheet temperature

Greek symbols

o Electrical conductivity

21 Thermal buoyancy

p Density of the fluid

v Kinematic viscosity

o Solutal buoyancy parameter
n Similarity variable

6(n7) Dimensionless temperature
S heat source/sink parameter
@(n) concentration profile

1 Dynamic viscosity

K Vortex viscosity

A2 mass buoyancy

a Thermal diffusivity

MHD stagnation point flow of micropolar fluid

Cuw Stretching sheet concentration

K Material parameter
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