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Abstracts: A comprehensive study of MHD two-dimensional boundary layer stagnation point flow with
radiation and heat generation characteristics towards a heated shrinking sheet immersed in an electrically
conducting incompressible micropolar fluid in the presence of a transverse magnetic field is analyzed
numerically. The governing continuity, momentum, angular momentum and heat equations together with the
associated boundary conditions are first reduced to a set of self similar non-linear coupled ordinary differential
equations using similarity transformations and are then solved by a method based on finite difference
discretization. Some important features of the flow and heat transfer in terms of normal and streamwise
velocities, microrotation and temperature distributions for different values of the governing parameters are
analyzed, discussed and presented through tables and graphs. The study reveals that the reverse flow caused
due to shrinking of the sheet can be stopped by applying a strong magnetic field. The thermal boundary layers
become thicker by increasing the values of the Eckert number or the heat generation parameter. Micropolar
fluids exhibit a reduction in shear stresses and heat transfer rate as compared to Newtonian fluids, which may
be beneficial in flow and thermal control of polymeric processing.
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INTRODUCTION differential equation. Ishak et al. [4] studied the steady

MHD boundary layer stagnation point flows with incompressible viscous and electrically conducting fluid
heat transfer effects on  stationary,  moving  and  linearly in the presence of a transverse uniform magnetic field
shrinking sheets are important in both theory and over a vertical stretching sheet. Pop et al. [5] studied the
practice. These flows have applications in many radiation effects on the flow of an incompressible viscous
manufacturing processes in industry. These applications fluid over a flat sheet near the stagnation point and
include boundary layer along material handling solved system of ordinary differential equations
conveyers, blood flow problems, the aerodynamics numerically using Runge-Kutta method with a shooting
extrusion of plastic sheets, the cooling of an infinite technique. The effect of heat generation and radiation
metallic plate in a cooling bath and textile and paper parameters on MHD flow along a uniformly heated
industries Ashraf and Ashraf [1]. vertical flat plate in  the  presence  of  a  magnetic  field

Ishak et al. [2] investigated numerically the steady has been  investigated numerically by Saha et al. [6].
two-dimensional MHD stagnation point flow towards a Noor et al. [7] analyzed the magnetohydrodynamic
stretching sheet with variable surface temperature using viscous flow due to a shrinking sheet analytically and
Keller-box method. Chakraborty and Mazumdar [3] found that the result obtained by a domian decomposition
analyzed the approximate solution to the problem of and homotopy  analysis  methods  are  well  agreed.
steady laminar flow of a viscous incompressible Raptis et al. [8] discussed numerically the effect of
electrically conducting fluid over a stretching sheet and radiation parameter by solving the problem of steady
used least squares method to minimize the residual of a MHD asymmetric flow of an electrically conducting fluid

two-dimensional stagnation point flow of an
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over a semi infinite stationary plate. Nadeem et al. [9] is due to the fact that it is both a significant and a simple
solved the problem of stagnation point flow of a viscous generalization of the classical Navier-stokes model. Only
fluid towards a stretching sheet by homotopy analysis one new vector field, the angular velocity field of rotation
method. Kumaran et al. [10] obtained an exact solution for of particles is introduced.
a boundary layer flow of an electrically conducting fluid Liu [18] presented the analytical solutions for the
past a quadratically stretching and linearly permeable flow and heat transfer in a steady laminar boundary flow
sheet and discussed the effect of magnetic, suction/ of an electrically conducting fluid of second grade subject
injection, linear/non-linear stretching parameters on the to a uniform transverse magnetic field past a semi-infinite
stream function and the skin friction. Wang [11] stretching sheet with power-law surface temperature or
investigated numerically the stagnation point flow power-law heat flux. Prasad et al. [19] discussed the
towards a shrinking sheet and considered both two- characteristics of heat transfer and momentum in an
dimensional  and  axisymmetric   stagnation   flows. It incompressible electrically conducting non-Newtonian
was found that solutions do not exist for larger shrinking boundary layer flow of a viscoelastic fluid over a
rates and may be non-unique in the two-dimensional stretching sheet by assuming that the fluid viscosity and

case. Hayat et al. [12] studied the magnetohydrodynamic thermal conductivity vary as an inverse and linear
flow and heat transfer characteristics for the boundary function of temperature and came to know about the
layer flow over a permeable stretching sheet in the significant decrease in wall temperature profile and skin
presence of thermal radiation, taking velocity and thermal friction of the sheet by increasing magnetic field
slip conditions into account and solved the governing parameter. Ishak et al. [20] discussed the steady two-
non-linear problem by homotopy analysis method. dimensional stagnation point flow of a micropolar fluid
Mukhopadhyay et al. [13] investigated numerically a over a shrinking sheet in its own plane and assumed that
steady two-dimensional flow of an electrically conducting ambient fluid velocity and shrinking velocity vary linearly.
incompressible fluid over a heated stretching sheet in the They found that the solutions for a shrinking sheet are
presence of a uniform transverse magnetic field and non-unique. Attia [21] investigated the steady laminar
assumed that fluid viscosity varies as a linear function of flow of an incompressible non-Newtonian micropolar fluid
temperature. Ali et al. [14] discussed the problem of impinging on a permeable flat plate with heat transfer and
magnetohydrodynamic viscous flow and heat transfer applied a uniform suction or blowing normal to the plate
induced by a shrinking sheet with prescribed surface heat at a constant temperature and discussed the
flux and solved the transformed non-linear ordinary characteristics of the non-Newtonian fluid and uniform
differential equations by Keller-box method. Kumaran et suction or blowing on both the flow and heat transfer by
al. [15] studied the transition effect of boundary layer obtaining the numerical solution. Ishak [22] studied the
flow due to a suddenly imposed and withdrawal of thermal boundary layer flow induced by a linearly
magnetic field over a viscous flow past a stretching sheet. stretching sheet immersed in an incompressible micropolar
Mahapatra and Gupta [16] studied the steady two- fluid with constant surface temperature and found that the
dimensional stagnation point flow of an incompressible heat transfer rate at the surface decreases in the presence
viscous fluid over a flat deformable sheet stretching in its of radiation. Lok et al. [23] generalized the classical
own plane with a velocity proportional to the distance modified Hiemenz flow for micropolar fluid near an
from the stagnation point. orthogonal stagnation point by discussing the problem of

In all the studies cited above, the authors are steady two-dimensional flow of a micropolar fluid
confined to Newtonian fluids only.  However,  many of impinging obliquely on a flat plate. Damesh et al. [24]
the fluids involved in technical processes and engineering studied the  combined  heat  and  mass  transfer by
applications exhibit non-Newtonian behavior. Micropolar natural convection of a microplar viscous and hear
fluids are the fluids with microstructure. They belong to generating or absorbing fluid flow over a uniformly
a class of fluids with non-symmetric stress tensor. stretched permeable surface in the presence of a first
Physically, micropolar fluids may represent fluid order chemical reaction and solved the governing
consisting of rigid, randomly oriented (or spherical) equations numerically using the fourth order Runge-Kutta
particles suspended in a viscous medium, where the method. Ishak and Nazar [25] discussed numerically the
deformation of fluid particles is ignored. The model of steady two-dimensional stagnation point flow of a
micropolar fluid was introduced  by  Eringen  [17].  The micropolar fluid over a stretching permeable sheet using
attractiveness and power of the model of micropolar fluids finite difference method.
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Fig. 1: Physical model of the problem

Physical Model: Consider two-dimensional MHD
stagnation point flow of a steady laminar incompressible
viscous electrically conducting micropolar fluid impinging
normally on a heated shrinking sheet with radiation and
heat generation including the viscous dissipation as
shown in the Fig. 1.

The fluid is subjected by a uniform transverse
stationary magnetic field. The magnetic Reynolds number
is assumed to be small Shercliff [26] and hence the
induced magnetic field is neglected. There is no applied
polarization voltage. The effects of the body couple are
neglected.

The velocity   field   and   microrotation   for   the
two-dimensional stagnation point flow impinging normally
on the sheet are:

(1)

Here u and v are x- and y-components of velocity
respectively and N is the component of the microrotation
vector normal to the xy-plane. Following works of Eringen
[17] and Lok  et al. [23]  the  equations  of  motion  for
two-dimensional steady viscous incompressible boundary
layer flow of an electrically conducting micropolar fluid,
neglecting the body couple, can be written as:

(2)

(3)

(4)

Were is the density,  is the vortex viscosity,  is the
spin gradient viscosity, j is the microinertia density, p is
the  pressure,    is   the electric   conductivity,   µ    ise

the dynamic viscosity, B is the strength of magnetic field0

and U is the free stream velocity of the fluid. All physical
quantities , µ, , and j are assumed to be constant.

The heat equation for boundary layer approximations
with radiation and heat generation including the viscous
dissipation is:

(5)

Where T, , c ,  are temperature, thermal diffusivity,p

specific heat at constant pressure and kinematic viscosity
respectively. Here Q(x) is the heat generation coefficient
and q  is the radiative heat flux.r

Boundary conditions for the velocity, microrotation
and temperature fields for the problem under
consideration are:

(6)

Where b < 0 for shrinking sheet. In order to obtain the
velocity, microrotation and temperature fields for the
problem under consideration, we have to solve Equations
(2) to (5) subject to boundary conditions given in
Equation (6).

We use following similarity transformations in order
to convert the partial differential Equations (2) – (5) into
ordinary differential equations.

(7)

Here is similarity parameter, P  is the stagnation0

pressure, T  is the temperature on the sheet and T  is thew

temperature of the fluid at infinity (T  > T ). Usingw

Equation (7) in Equation (2) we note that equation of
continuity (2) is satisfied automatically and hence the
velocity components are compatible with the continuity
equation.

Following Khedr et al. [27], we have the expression
for the radiation as:

(8)

Where  is the Stefan - Boltzmann constant and  is the*

mean absorption coefficient.
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Using Taylor’s series expansion about T , we have

(9)

Using Equation (6) in Equations (3) and (4), we obtain
the following self-similar coupled non-linear equations as:

(10)

(11) first discretize the domain (0, ) uniformly with step h.

Where , , ,  are respectively

the vortex viscosity parameter, the microinertia density
parameter, the spin gradient viscosity parameter and the
Hartmann number or the magnetic parameter.

The heat Equation (5) in view of Equations (8) and (9)
is simplified as

(12)

Where , ,  and 

are the radiation parameter, the Eckert number, the Prandtl
number and the dimensionless internal heat generation
parameter respectively. Boundary conditions given in
Equation (6) in view of Equation (7) can be written as

(13)

Numerical Analysis: The governing ordinary differential
Equations (10) - (12) being highly non-linear are difficult
to solve analytically. We use a finite difference based
numerical algorithm to solve these equations. The order
of Equation (10) is reduced by one with the help of
substitution q = f'. Now we have to solve the boundary
value problem comprising the following equations.

(14)

(15)

(16)

(17)

subject to the boundary equations

(18)

For the numerical solution of the present problem, we

Equation (14) is integrated using Simpson’s rule Gerald
[28]  with  the  formula given in  Milne  [29].  Equations
(15) - (17) are discretized at a typical grid point  =  ofn

the interval (0, ) by employing central difference
approximations for the derivatives. The algebraic system
of the equations thus obtained is solved iteratively by
successive over relaxation (SOR) method, Hildebrand [30],
subject to the appropriate boundary conditions given in
Equation (18). In order to accelerate the iterative
procedure, to improve the accuracy of the solution and to
have an estimate of local as well as global discretization
errors, we use the solution procedure which is mainly
based on algorithm described by Syed et al. [31].

The iterative procedure is stopped if the following
criteria are satisfied for four consecutive iterations:

Max
<

TOLiter

Here TOL  is the prescribed error tolerance and weiter

have taken at least 10  for it during the execution of a12

program in FORTRAN 90.
The higher order accuracy has been obtained by use

of Richardson’s extrapolation. This process can be carried
out using any extrapolation scheme Deuflhard [32].

RESULTS AND DISCUSSION

In  this section  we  present  our  results  in  tabular
and graphical form, in order to interpret the important
features of the solution for a range of values of some
parameters affecting  the  flow  and  heat  transfer
characteristics. The accuracy of our numerical
computations  was  validated  by calculating the results
for three grid sizes  and then are extrapolated using

Richardson’s   extrapolation   to   improve   the   accuracy.
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Table 1: Dimensionless normal velocity f on the three grid levels and Table 4: Effect of  on f (0), w (0), – (0) for Pr = 0.7, Nr = 10,  = 0.5,
extrapolated  values  for  pr = 0.7,  Nr = 10,  = 0.5, Ec = 0.5,
M = 2,  = – 0.25, c  = 0.0, c  = 0.1 and c  = 0.21 2 3

f( )
--------------------------------------------------------------------------

h Extrapolated values

0 0 0 0 0
0.7 0.275226 0.275356 0.275388 0.275399
1.4 0.906497 0.906708 0.906760 0.906777
2.1 1.598024 1.598248 1.598304 1.598322
2.8 2.297250 2.297475 2.297531 2.297550
3.5 2.997199 2.997424 2.99748 2.997499
4.2 3.697197 3.697422 3.697478 3.697497
4.9 4.397197 4.397422 4.397478 4.397496
5.6 5.097197 5.097422 5.097478 5.097496
6.3 5.797197 5.797422 5.797478 5.797496
7 6.497197 6.497422 6.497478 6.497496

Table 2: Comparison  of  the  present results with the literature results
given by Wang [11] M = 0.0, Nr = 0.0, Pr = 0.7, Ec = 0,  = 0,
c  = 0, c  = 0 and c  = 0 and  = 51 2 3

f (0)
--------------------------------------------------------
Present Wang [11]

-0.25 1.40226 1.40224
-0.50 1.49572 1.49567

Table 3: Different  cases for the values of the micropolar parameters c , c1 2

and c3

Case No. c c c1 2 3

1 0 0 0
2 1 0.3 0.4
3 2 0.5 0.6
4 3 0.7 0.8
5 4 0.9 1.0
6 5 1.1 1.2
7 6 1.3 1.4

The comparison of numerical values of normal velocity f
for three grid sizes and its extrapolated values is given in
Table 1. Excellent comparison validates our numerical
computations and the use of extrapolation for higher order
accuracy. We choose to present the shear stresses,
couple stresses and heat transfer rate, velocity and
thermal boundary layer thickness and the velocity and
microrotaion fields over the sheet for a range of values of
the shrinking parameter , the magnetic parameter M, the
micropolar parameters c (the vortex viscosity parameter),1

c (the microinertia density parameter), c (the spin gradient2 3

viscosity parameter), the Prandtl number Pr, Eckert
number Ec, the radiation parameter Nr and the
dimensionless internal heat generation parameter .

Ec = 0.5, c  = 3.0, c  = 0.7 and c  = 0.8, M = 21 2 3

f (0) w (0) – (0)

-0.2 1.27218 1.04979 0.07546
-0.4 1.45048 1.21603 0.01550
-0.6 1.61824 1.37899 0.04754
-0.8 1.77505 1.53828 0.11356
-1.0 1.92045 1.69343 0.18229

Table 5: Effect of M on  on f (0), w (0), – (0) for Pr = 0.7,  = 0.5, Nr
= 10,  = – 0.25, Ec = 0.5, c  = 3.0, c  = 0.7 and c  = 0.81 2 3

M f (0) w (0) – (0)

0 0.61147 0.67970 -0.10280
1 0.83816 0.83085 -0.03055
2 1.31774 1.09138 0.05931
3 1.87860 1.32688 0.11979
4 2.47020 1.52208 0.16499
5 3.07583 1.68295 0.20499
6 3.68854 1.81682 0.23628
8 4.92305 2.02564 0.26117

Table 6: Effect of c , c  and c  on f (0), w (0), – (0) for Ec = 0.5, Pr =1 2 3

0.7,  = 0.5, Nr = 10,  = – 0.25, M = 2.0

Case No. f (0) w (0) – (0)

1 2.86382 0.0 0.19969
2 1.99461 0.46587 0.12601
3 1.57448 0.84566 0.08766
4 1.31772 1.09164 0.06076
5 1.14468 1.25485 0.03943
6 1.02007 1.36940 0.02142
7 0.92581 1.45389 0.00563

Another source of validation of accuracy of the results is
Table 2 in which the present results compare well with the
literature results Wang [11] for Newtonian case in the
absence of magnetic filed, Eckert number, thermal
radiation, heat generation and viscous dissipation. The
values of the parameters c , c , and c  given in Table 3 are1 2 3

chosen arbitrarily in order to study their influence on the
flow behavior as done customarily in the literature works
of Chang [33], Guram and Anwar [34], Takhar et al. [35],
Ashraf et al. [36], Ashraf et al. [37], Ashraf et al. [38].

We have adjusted  in such a way that the velocity,
microrotation and temperature profiles show asymptotic
behavior Pantokratoras [39, 40].

The influence of the shrinking sheet parameter  on
shear stresses f''(0), couple stresses w'(0)and heat transfer
rate – '(0) on the sheet is shown in Table 4. Increasing
the shrinking on the sheet has the tendency to increase
the shear and couple stresses. The heat transfer from the
sheet to the fluid decreases by increasing shrinking for its
smaller   values,  however,  a  reverse  trend  is  noted  for
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Table 7: Effect of Pr on – (0) for  = 0.5, Nr = 10,  = –0.25, Ec = 0.5, c  = 3.0, c  = 0.7, c  = 0.8, M = 21 2 3

Pr 0.05 0.1 0.2 0.4 0.6 0.8 1.0

– (0) 0.12516 0.11818 0.10876 0.09179 0.06877 0.04017 0.00767

Table 8: Effect of Ec on f (0), w (0), – (0) for Pr = 0.7,  = 0.5, Nr = 10,  = – 0.25, M = 2.0, c  = 3.0, c  = 0.7, c  = 0.81 2 3

Ec 0 3 6 9 12 15 18 21

– (0) 0.07053 0.01191 -0.04670 -0.10532 -0.16394 -0.22256 -0.28118 -0.03398

Table 9: Effect of Nr on f (0), w (0), – (0) for Pr = 0.7,  = 0.5, Ec = 0.5, c  = 3.0, c  = 0.7, c = 0.8, M = 2,  = – 0.251 2 3

Nr 0.1 0.5 1.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

– (0) 0.14316 0.11496 0.10213 0.08827 0.07443 0.06755 0.06346 0.06076 0.05884 0.05741

Table 10: Effect of  on f (0), w (0), – (0) for Pr = 0.7, Nr = 10,  = – 0.25, Ec = 0.5, c  = 3.0, c  0.7, c  = 0.8, M = 21 2 3

0.0 0.1 0.2 0.4 0.6 0.8 1.0

– (0) 0.40836 0.35093 0.28870 0.14531 0.03578 -0.28333 -0.66553

its larger values. Table 5 predicts the effect of the applied Table  8.  Initially,  there  is  no  thermal  reversal  for
magnetic field on the shear and couple stresses and heat smaller    values   of   Eckert   number   Ec,   but  the
transfer rate for fixed values of shrinking parameter , the thermal reversal occurs for its larger values. The heat
micropolar parameters c , c , and c , the Prandtl number Pr, transfer rate from the sheet to the fluid decreases by1 2 3

the Eckert number Ec, the radiation parameter Nr and the increasing  the  values  of  radiation  parameter  Nr  as
internal heat generation parameter . The shear and shown in Table 9.
couple stresses increase with an increase in the values of The  effect  of  dimensionless  internal  heat
the magnetic parameter M. Further, the heat transfer rate generation   parameter     is    given    in    Table   10.
– '(0) from the sheet to the fluid increases by increasing Like  the  effect  of  Eckert  number  Er,  the  thermal
the values of the magnetic parameter M for its larger reversal occurs for larger values of . It has been noted
values, however, the thermal reversal occurs for its smaller that the shrinking of the sheet also supports the thermal
values, i.e. the heat has started flowing from fluid to the reversal.
sheet. Now   we    interpret    our    results    graphically.

An increase in the values of the micropolar Figs. 2-3 predict the normal and streamwise velocity
parameters c , c , and c  results in the reduction of shear profiles for various values of shrinking parameter . It is1 2 3

stresses and heat transfer rate on the sheet but a reverse noted that both the normal and streamwise velocities f and
trend is noted in case of couple stresses as shown in f' respectively fall for increasing values of the shrinking
Table  6.  This  result  is  due  to  the  fact  that  micropolar parameter . Further, the shrinking of the sheet causes
fluids offer a greater resistance (resulting from dynamic flow reversal and thus the flow reversal increases by
viscosity and vortex viscosity) to the fluid motion as increasing  the   shrinking.    The   velocity  boundary
compared to Newtonian fluids. layer  thickness increases by increasing the shrinking.

The influence of the Prandtl number Pr on heat The behavior of microrotation for various values of  is
transfer rate from the sheet is given in Table 7. It is depicted in Fig. 4. The shrinking of the sheet has the
observed that by increasing the values of the Prandtl tendency to increase maximum value of microrotation and
number the heat transfer rate decreases. The shear and the microrotation profiles rise for the increased shrinking.
couple stresses are not affected by the change in Prandtl The effect of the shrinking parameter on the thermal field
number. This result is expected due to reason that the is shown in Fig. 5 for fixed values of the magnetic field
linear and angular momentum equations (10) and (11) are parameter M, the micropolar parameters c , c , and c , the
not coupled from the heat equation (12) for the present Prandtl number Pr, the Eckert number Er, the radiation
problem. parameter Nr and the internal heat generation parameter

The   effect of    Eckert   number   Er   for  fixed . The temperature profiles rise and the thermal boundary
values of , M, c , c , and c  Pr, Nr and  is shown in layer   thickness  increases  by  increasing  the  shrinking.1 2 3

1 2 3
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Fig. 2: Effect of shrinking parameter  on normal velocity profiles for c  = 30, c  = 0.7, c  = 0.8, M = 2, Ec = 0.5, Pr, = 07,1 2 3

Nr = 10 and  = 0.5

Fig. 3: Effect   of   shrinking   parameter  on streamwise velocity profiles for c  = 30, c  = 0.7, c  = 0.8, M = 2, Ec = 0.5,1 2 3

Pr, = 07, Nr = 10 and  = 0.5

Fig. 4: Effect  of   shrinking   parameter   microrotation  profiles  for c  = 30, c  = 0.7, c  = 0.8, M = 2, Ec = 0.5, Pr, = 07,1 2 3

Nr = 10 and  = 0.5
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Fig. 5: Effect  of  shrinking  parameter   on temperature profiles for c  = 30, c  = 0.7, c  = 0.8, M = 2, Ec = 0.5, Pr, = 07,1 2 3

Nr = 10 and  = 0.5

Fig. 6: Effect  of  magnetic  parameter  M  on  normal  velocity  profiles  for  c  = 30, c  = 0.7, c  = 0.8, =– 0.25, Ec = 0.5,1 2 3

Pr, = 07, Nr = 10 and  = 0.5

Fig. 7: Effect of magnetic parameter M on streamwise velocity profiles for c  = 30, c  = 0.7, c  = 0.8,  =– 0.25, Ec = 0.5,1 2 3

Pr, = 07, Nr = 10 and  = 0.5
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Fig. 8: Effect  of  magnetic  parameter  M  on  microrotation  profiles  for  c   = 30, c  = 0.7, c  = 0.8,  =– 0.25, Ec = 0.5,1 2 3

Pr, = 07, Nr = 10 and  = 0.5

Fig. 9: Effect of magnetic parameter M on temperature profiles for c  = 30, c  = 0.7, c  = 0.8,  =– 0.25, Ec = 0.5, Pr, = 07,1 2 3

Nr = 10 and  = 0.5

Fig. 10: Effect of seven cases of values of micropolar parameters c , c  and c  on normal velocity profiles for  =–0.25,1 2 3

Ec = 0.5, Pr = 0.7, Nr = 10,  = 0.5 and M = 2
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Fig. 11: Effect  of  seven  cases  of  values  of  micropolar  parameters  c ,  c   and  c   on streamwise velocity profiles for1 2 3

 =–0.25, Ec = 0.5, Pr = 0.7, Nr = 10,  = 0.5 and M = 2

Fig. 12: Effect  of  seven  cases  of  values  of  micropolar  parameters  c ,  c   and   c    on  microrotation   profiles  for1 2 3

 =–0.25, Ec = 0.5, Pr = 0.7, Nr = 10,  = 0.5 and M = 2

Fig.13: Effect of  seven  cases  of  values  of  micropolar parameters c , c  and c  on temperature profiles for  =–0.25,1 2 3

Ec = 0.5, Pr = 0.7, Nr = 10,  = 0.5 and M = 2
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Fig. 14: Effect  of  Prandtl  number  Pr  on  temperature  profiles  for c  = 30, c  = 0.7, c  = 0.8,  = – 0.25, Ec = 0.5, M = 2,1 2 3

Nr = 10 and  = 0.5

Fig. 15: Effect of radiation parameter Nr on temperature profiles for c  = 0.3, c  - 0.7, c  = 0.8,  = –0.25, Ec = 0.5, Pr = 0.7,1 2 3

M = 2 and  = 0.5

Fig. 16: Effect  of  Eckert  number Ec on temperature profiles for Nr = 10, c  = 3.0, c  = 0.7, c  = 0.8,  = – 0.25, Pr, = 0.7,1 2 3

M = 2 and  = 0.5
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Fig. 17: Effect  of  dimensionless  internal  heat  generation  parameter  on  temperature  profiles  for  c  = 3.0, c  = 0.7,1 2

c  = 0.8,  = – 0.25, Ec = 0.5, Pr = 0.7, M = 2 and Nr = 10 3

The  thermal  reversal  occurs  for larger shrinking rate. the temperature is shown in Fig. 14. Increasing the value
The effect of imposition of  external  magnetic  field  on of Pr decreases both the temperature and thermal
the velocity and microrotation fields is given in Figs. 6-8. boundary layer thickness. The temperature profiles
The normal and streamwise velocity profiles increase with decrease away from the sheet, however, these profiles rise
applied magnetic field. The flow reversal due to the in the narrow region in the vicinity of the sheet. Similarly,
shrinking of the sheet reduces by increasing the strength the thermal boundary layer thickness  decreases by
of applied magnetic field. Therefore the flow reversal can increasing values of the radiation parameter Nr as shown
be stopped/controlled by applying the strong transverse in Fig. 15. The temperature profiles and the thermal
magnetic field as shown in Figs. 6 and 7. Due to the boundary layer thickness increase by increasing the
damping effects, the velocity boundary layer thickness values of the Eckert number Ec as shown in Fig. 16. A
decreases with the increasing values of the applied similar behavior of heat generation parameter  can be
magnetic field as shown in Fig. 7. The microrotation seen in Fig. 17. However, the effect of  is more profound
profiles increase in the vicinity of the sheet and decrease as compared to that of Ec.
far from it by increasing the applied magnetic field as can
be noted in Fig. 8. The effect of applied magnetic field on CONCLUSION
the temperature distribution is shown in Fig. 9. A decrease
in the temperature is observed with an increase in the In the present study the flow and heat transfer
values of M. The magnetic parameter controls the thermal characteristics of an electrically conducting viscous
reversal. The thermal boundary layer thickness decreases incompressible micropolar fluid in the presence of a
by increasing the magnetic parameter. The influence of transverse magnetic field are discussed. The following
the micropolar parameters c , c , and c  on velocity, conclusions may be drawn.1 2 3

microroation and thermal fields is shown in Figs. 10-13.
The normal and streamwise velocitiy profiles decrease The shrinking of the sheet causes a flow reversal and
whereas the velocity boundary layer thickness icreases this flow reversal can be controlled by applying
by increasing the values of c , c , and c  as obvious from strong magnetic field.1 2 3

Figs. 10 and 11. The microrotation profiles rise with the The applied magnetic field and micropolar fluid
increasing values of c , c , and c  as shown in Fig. 12. parameters enhance the couple stresses.1 2 3

Case 1 is for Newtonian fluids and there is no The micropolar fluids significantly reduce the shear
microrotation in this case. Increasing  the  values  of  the stresses at the sheet, while the magnetic field has the
micropolar parameters has the effect of increasing the opposite effect.
temperature at a point in the flow field. The thermal The heat transfer rate from the sheet to the fluid
boundary layer thickness increases by increasing the increases for strong applied magnetic field while it
values of the micropolar parameters c , c , and c  as decreases for the increasing values of the micropolar1 2 3

obvious in Fig. 13. The effect of the Prandtl number Pr on parameters or Prandtl number or radiation parameter.
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The velocity and thermal boundary layer thicknesses 11. Wang, C.Y., 2008. Stagnation flow towards a
increase by increasing the shrinking rate whereas shrinking sheet. International Journal of Non-Linear
these boundary layers become thinner by increasing Mechanics, 43: 377-382.
the applied magnetic field or the values of the Prandtl 12. Hayat, T., M. Qasim and S. Mesloub, 2011. MHD flow
number. and heat transfer over a permeable stretching sheet
The thermal boundary layers become thicker by with slip conditions. International Journal for
increasing the values of the Eckert number or the Numerical Methods in Fluids, 66: 963-975.
heat generation parameter. 13. Mukhopadhyay, S., G.C. Layek and A. Samad, 2005.
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