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ABSTRACT

The effects of nonlinear radiation on hydromagnetic boundary layer flow and heat transfer over a shrinking
surface is investigated in the present work. Using suitable similarity transformations, the governing nonlinear
partial differential equations are transformed into nonlinear ordinary differential equations. The resultant
equations which are highly nonlinear are solved numerically using Nachtsheim Swigert shooting iteration
scheme together with Fourth Order Runge Kutta method. Numerical solutions for velocity, skin friction
coefficient and temperature are obtained for various values of physical parameters involved in the study
namely Suction parameter, Magnetic parameter, Prandtl number, Radiation parameter and Temperature ratio
parameter. Numerical values for dimensionless rate of heat transfer are also obtained for various physical
parameters and are shown through tables. The analytical solution of the energy equation when the radiation
term is taken in linear form is obtained using Confluent hypergeometric function.

Keywords: Magnetic field; Heat transfer; Thermal radiation; Shrinking surface; Confluent hypergeometric
function.

NOMENCLATURE
a shrinking rate T temperature of the free stream fluid
Bo magnetic field strength u velocity in the x direction
Cs skin friction coefficient v velocity in the y direction
Cp specific heat at constant pressure Vo constant suction velocity
F dimensionless velocity X dimensional distance along the sheet
k thermal conductivity of the fluid y dimensional distance normal to the sheet

kK Rosseland mean absorption coefficient

M2 magnetic parameter n dimensionless coordinate
Nux  local Nusselt number 0 dimensionless temperature
Pr Prandtl number Ow temperature ratio parameter

Qw heat flux at the surface n dynamic viscosity of the fluid

Or radiative heat flux v kinematic viscosity of the fluid
Rd radiation parameter p density of the fluid

Rex local Reynolds number o electrical conductivity of the fluid
S Suction parameter o” Stefan Boltzmann constant

T temperature of the fluid Tw shear stress at the wall

Tw temperature at the wall P stream function

Soundalgekar et al. (1960) examined the radiation
effects on free convection flow of a gas past a semi-
infinite flat plate. Viskanta and Grosh (1962)

1. INTRODUCTION

Radiation heat transfer effects on forced convection  jnvestigated the boundary layer in thermal radiation
flows are very important in space technology and  ahsorbing and emitting media. Mosa (1979)
high temperature processes and lot of studies have discussed one of the models for combined radiative

been reported on the effects of radiation on the hydromagnetic heat transfer. The  effects of
boundary layer flow of an electrically conducting radiation of an optically dense  viscous
fluid past a body. incompressible fluid past a heated vertical plate

with uniform free stream velocity and surface
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temperature was explored by Hossain and Takhar
(1996). In this investigation, consideration had been
given to gray gases that emit and absorb, but do not
scatter thermal radiation. The Rosseland diffusion
approximation  offers one of the most
straightforward simplifications of the full integro-
partial differential equations.

The effects of radiation on the free convection heat
transfer problem in the absence of a magnetic field
and viscous dissipation was studied by Hossain et
al. (1999). Elbashbeshy (2000) investigated the
radiation effect on heat transfer over a stretching
surface. He considered the full term expansion for
the radiation term. Duwari and Damseh (2004)
presented the radiation-conduction interaction in
free and mixed convection fluid flow for a vertical
flat plate in the presence of a magnetic field.
Radiation effects on the flow near the Stagnation
point of a stretching sheet were investigated by Pop
et al. (2004). Cortell (2008) analyzed the radiation
effect in Blasius flow. Aydin and Kaya (2009)
studied MHD mixed convective heat transfer flow
about an inclined plate.

Swati Mukhopadhy et al. (2011) discussed the
effect of nonlinear radiation on steady boundary
layer flow and heat transfer over a porous moving
plate. Anjali Devi and David Maxim Gururaj
(2012) considered the effects of variable viscosity
and nonlinear radiation on MHD flow with heat
transfer over a surface stretching with a power law
velocity. Misra and Sinha (2013) studied the effects
of Hall current and thermal radiation on flow of an
electrically conducting and radiating fluid through a
porous medium. The effect of thermal radiation on
unsteady flow and heat transfer of MHD micropolar
fluid over a stretching sheet subjected to suction
was investigated by Shit et al. (2013).

Recently, the boundary layer flow due to shrinking
sheet has attracted considerable interest. In
particular in the past few years much attention has
been focused for the study of different types of flow
and heat transfer over a shrinking sheet for various
fluids due to its numerous applications. The
velocity on the boundary is towards a fixed point
and so the flow over a shrinking sheet is physically
different from that of the stretching sheet. It is also
shown that the mass suction is required generally to
maintain the flow over the shrinking sheet.

Micklavcic and Wang (2006) were the first to
investigate the flow over a shrinking sheet. Wang
(2008) investigated the stagnation flow towards a
shrinking sheet. Yao and Chen (2009) examined
analytical solution branch for the Blasius equation
with a shrinking sheet.

Nadeem et al. (2009) obtained the series solution
for the stagnation flow of a second grade fluid over
a shrinking sheet using homotopy analysis method.
Cortell (2010) discussed on certain boundary valve
problem arising in shrinking sheet flows. Thermal
boundary layer over a shrinking sheet s
investigated by Fang and Zhang (2010) for
prescribed power law wall temperature and power
law wall heat flux case.
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Shrinking sheet problems are also extended for
electrically conducting fluids. Hayat et al. (2007)
reported the analytical solution of
magnetohydrodynamic flow of second grade fluid
over a shrinking sheet. Sajid et al. (2008) analyzed
rotating flow of a viscous fluid over a shrinking
sheet for electrically conducting fluids.

Noor et al. (2009) investigated MHD flow adjacent
to permeable shrinking sheet in a porous medium.
Ali et al. (2010) observed the MHD viscous flow
and heat transfer due to permeable shrinking sheet
with constant surface heat flux. Ali et al. (2010)
analysed the effect of radiation on unsteady three
dimensional flows and heat transfer past a
permeable shrinking sheet. Javed et al. (2011)
analyzed the viscous dissipation effect on steady
hydromagnetic viscous fluid for nonlinear shrinking
sheet. The effects of suction/blowing on steady
boundary layer stagnation point flow and heat
transfer towards a shrinking sheet with thermal
radiation was carried out by Bhattacharyya and
Layek (2011). Jafar et al. (2012) investigated MHD
flow and heat transfer over stretching/shrinking
sheets with external magnetic field, viscous
dissipation and Joule effects without the radiation
effect. Recently, Mahapatra and Nandy (2013)
studied on momentum and heat transfer in MHD
axisymmetric stagnation point flow over a shrinking
sheet.

Thermal radiation effects might play a significant
role in controlling heat transfer processes in
polymer processing industry. The radiative flows of
an electrically conducting fluid with high
temperature in the presence of magnetic field are
encountered in electrical power generation, space
vehicle re-entry, nuclear engineering applications
and other industrial areas. Owing to these
applications, the present work mainly deals with a
problem of such kind. The paper discusses the
effect of magnetic field on the forced convection
flow of a viscous, incompressible, electrically
conducting and radiating fluid from a shrinking
sheet with uniform rate of suction and uniform
magnetic field. Many outstanding theoretical
models have been developed for radiative
convection flows and radiation conductive
transport. As a result, in most of the investigations,
the radiation term appears in linear form. A new
dimension is added to hydromagnetic boundary
layer flow over a shrinking surface by the
consideration of radiation term in full form.
Rosseland approximation is utilized in the energy
equation which gives the value for gr. When the
nonlinear radiation is considered, the assumption
that the temperature difference with in the flow is
sufficiently small is not made and hence the effect
of radiation in taken in real sense. Based on these,
the current work investigates the nonlinear radiation
effects on hydromagnetic boundary layer flow and
heat transfer over a shrinking surface.
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2. PHISICAL MODEL

2.1 Governing Equations

The steady, two-dimensional, hydromagnetic
boundary layer flow of a viscous, incompressible,
electrically conducting and radiating fluid over a
shrinking surface with nonlinear radiation effects is
considered. It is assumed that the components of the
velocity be (u, v). The applied magnetic field is
assumed to be in the y direction and is taken as Bo =

Bo j. The flow configuration and the coordinate
system are shown in Fig. 1.

¥ Boundary layer

By

T

|

Shrinking Swface .

T=T,

Slot

V=1 =-ax

Fig. 1. Flow model and coordinate system

The fluid has constant physical properties. The fluid
is assumed to be gray, emitting and absorbing, but
non-scattering medium. The x axis extends parallel
to the shrinking surface, while y axis extends
upwards normal to the surface. The radiative heat
flux in the x direction is considered to be negligible
in comparison to that in the y - direction. The
effects of viscous and Ohmic dissipation are
neglected in the energy equation.

Under the usual boundary layer assumptions, the
conservation equations of mass, momentum and
energy can be described by the following equations:

Continuity Equation:

ou ov

A 1
OoX +8y @
Momentum Equation:
2 UB2
ua—u+va—u: 8_L21_ 0y (2)
ox oy gy p
Energy Equation:
2
or aT 0T 0
pCp|u—-+v—|=k———(ar) ®3)
oX oy oy oy

where u and v are the velocity components in the x
and y directions respectively, T is the temperature of
the fluid, v is the kinematic viscosity, ¢ is the
electrical conductivity of the fluid, Bo is the
magnetic field, p is the density of the fluid, Cp is the
specific heat at constant pressure, k is the thermal
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conductivity of the fluid and gr is the radiative heat
flux.

The term of Lorentz force in Eq. (2) is derived
under the assumption that the induced magnetic
field is assumed to be negligible in comparison to
that of the applied magnetic field. This is valid
when the magnetic Reynolds number is considered
as very small. Since the flow is steady, curl E = 0.
Also div E = 0 in the absence of surface charge
density. Hence E = 0 is assumed.

The radiative heat flux in the energy equation is
simplified utilising the Rosseland approximation for
radiation [Brewster (1992)] for an optically thick
layer and gr is written as

4o Tiar?
kT oy

(4)

r=

where ¢" is the Stefan-Boltzmann constant, k™ is the
Rosseland mean absorption coefficient. Using Eq.

(4), the energy equation becomes
160°T3 oT

or oT
,oCp Uu—~+VvV—o -
( 2 @} 3k oy

2-
:k£+i

" oy

2.2 Boundary Conditions

The appropriate boundary conditions for the
velocity and temperature are:

i) on the shrinking surface (y = 0)
U=uw=-ax , V=-Vo(no slipwall condition)
and T = Tw (Constant Surface Temperature) (6)
where v, is the constant suction velocity.

ii) Matching with quiescent free stream (y — o)

u—0, 7T-T»

U]

where a > 0 is a dimensional constant called
shrinking rate, the subscripts w and oo refer to the
wall and boundary layer edge respectively.

To examine the flow regime adjacent to the surface,
the following similarity transformations are utilized.

a
n=Yy=

14
Y=av xF'(7), ®)

T-T,

a(n)=
() ToT,

where (X, y) is the stream function such that,

oy OX
Now, Eq. (1) is identically satisfied and substituting
Eq. (8), Egs. (2) and (5) reduce to the following
nonlinear ordinary differential equations:

F"+FF'-F2-M%F'=0 ©)
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Pr
4
RdPr

4 3
(1+§Eaﬁjxew—na}

j+F9’+
(10)

1+(6y -1 8)? (8, -1) 0> =0

with boundary conditions
F(0)=S, F'(0)=-1, F'(x0)—0,
#(0)=1and b (o) —0 (11)

The nondimensional parameters occurring in the
above equations are defined by

2
m2_2Bo Magnetic parameter
pa
Vo .
S= Suction parameter (vo > 0)
Jav
Cp
Pr=——- Prandtl number
*
k k o
Rd = — Radiation parameter
3
do Ty
O :I—"" Temperature ratio parameter
o0

2.3 Skin Friction Coefficient and Non-
dimensional Rate of Heat Transfer

The wall shear stress on the shrinking surface is
specified by

. _'u(au]
w=H| —
¥ )y—g

The frictional drag or skin friction coefficient is
given by

c
—iR&@:EEg:qu (12)

PlUw
The rate of heat flux at the wall is defined as
follows
160 T3 j[aTJ]
—*+k E
3k y=0

.

and the local Nusselt number is given by
(1 je(m

ax
where Rey =

Nuy

JRex

-2 (6)°

3Rd (13)

2

is the local Reynolds number.

3. NUMERICAL SIMULATION

Equations (9) and (10) are highly nonlinear and
therefore the system cannot be solved analytically.
Hence, the Egs. (9) and (10) with its boundary
conditions in Eq. (11) are solved numerically using
Nachtsheim Swigert shooting iteration scheme
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together with Fourth Order Runge Kutta method.
This method is well established and has been
successfully implemented to study a variety of
nonlinear heat and fluid flow problems which
involve asymptotic boundary conditions. Numerical
solutions have been carried out for different values
of Suction parameter, Magnetic parameter, Prandtl
number, Radiation parameter and Temperature ratio
parameter. The effect of these parameters over
velocity, temperature, skin friction coefficient and
dimensionless rate of heat transfer are displayed
through figures and tables.

4. ANALYTICAL SOLUTION
The exact solution of Eq. (9) subjected to the
corresponding boundary conditions in Eq. (11) is
1

—(aZ—M 2+e7‘1"7j
a

Fn)= (14)

The analytical solution of the energy equation (10)
can be found using Confluent hypergeometric
function when the radiation term is taken in linear
form that is when 6w = 1.0. Then the equation
becomes

142 |iFo =0
3Rd

The solution of Eq. (15) is given in the form of
confluent hypergeometric function subjected to its
corresponding boundary condition in Eq. (11) as
follows

6"

Pr (15)

(I)[ao,uao,Pze””J
a

)

2
a

(16)

o(n)=e 0"
d)(ao,1+ao,

The expression for 8'(0) is given as
CD(].‘I» a0,2+a0,P2]
[l+a0 )
| ag,l+ap,—

a
)
S+yS2+4(M? 1)

2
a
where, a = )
2

ymp—;

g

—aay

3RdPr
3Rd+4

ap :iz(az—M 2)and P=
a

5. NUMERICAL RESULTS AND

DISCUSSION

Nonlinear radiation effects on MHD boundary layer
flow and heat transfer over a shrinking surface have
been investigated. Numerical solutions are obtained
for various values of physical parameters and are
illustrated graphically. Parametric studies were
conducted by varying the Suction parameter,
Magnetic parameter, Prandtl number, Radiation
parameter and Temperature ratio parameter. In
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order to validate the numerical results obtained,
comparison with the analytical results is made
under some special cases. When 6w = 1.0, the exact
solution of the energy equation is found out using
Confluent hypergeometric function which is shown
in Eq. (16). The values of —8'(0) for various values

of Prandtl number and Radiation parameter which
are obtained both numerically and analytically are
compared and shown through Table which are
found to be in excellent agreement. Numerical
values for non-dimensional rate of heat transfer for
various values of physical parameters are obtained
and are presented in Table.

5.1 Comparison Result

From Fig. 2 it is noted that when the Temperature
ratio parameter is unity (radiation term is taken in
linear form) the numerical results for dimensionless
temperature for various values of Radiation
parameter are identical to the analytical results that
are found using Confluent hypergeometric function.
This comparison justifies the numerical simulation
adopted in this investigation.

—— Numerical results
—s— Analytical results

S =25
M?=1.0
Pr=0.71
0,= 1.0

10

0.8

0.6

6 (n)

0.4

Rd=1.0,20,3.0,5.0, 10°
0.2

0.0

0 2

4 6
L e

Fig. 2. Comparison graph of dimensionless
temperature for various Radiation parameter

8 10

5.2 Effect of Suction parameter

Figure 3 exhibits the variation in dimensionless
velocity for several values of Suction parameter. It
is evident from the figure that the effect of Suction
parameter is to reduce the momentum boundary
layer thickness for its higher values. This is due to
the acceleration in dimensionless velocity which
causes the boundary layer thickness to decrease.

Skin friction coefficient for various values of
Suction parameter against Magnetic parameter is
illustrated in Fig. 4. It is seen that the skin friction
increases due to increase in Suction parameter at
fixed value of Magnetic parameter. Further, the skin
friction coefficient rises as the Magnetic parameter
ascends along the horizontal axis.

Figure 5 presents the effect of Suction parameter
over temperature distribution. The thermal
boundary layer thickness decreases with an increase
in Suction parameter. The explanation of such
behaviour is that the fluid is brought closer to the
surface and reduces the thermal boundary layer
thickness. It is also clear that the maximum value of
the temperature occurs near the surface of the plate.
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Fig. 3. Effect of Suction parameter over the
dimensionless velocity
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Fig. 4. Skin friction coefficient for different
values of Suction parameter

8.1 10.0

1.0 M?=1.0
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Fig. 5. Dimensionless temperature profiles for
various values of Suction parameter

5.3 Effect of Magnetic Parameter

From Fig. 6 it is observed that the effect of
Magnetic parameter accelerates the dimensionless
velocity and consequently the thickness of
momentum boundary layer thickness reduces. Thus
the Lorentz force arising because of interaction of
magnetic and electric fields for the motion of an
electrically conducting fluids makes the boundary
layer thinner.

It can be seen from Fig. 7 that the temperature of
the fluid decreases when the strength of Magnetic
parameter increases. This leads to a reduction in
thermal boundary layer thickness.
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Fig. 6. Effect of Magnetic parameter over the
dimensionless velocity

s=25
Pr=071
Rd=25
0, =11

8 10

—» 1
Fig. 7. Dimensionless temperature profiles for
various values of Magnetic parameter

5.4 Effect of Prandtl Number

Figure 8 shows the effect of Prandtl number on the
dimensionless temperature. ~ As expected the
temperature as well as the thermal boundary layer
thickness is rapidly reduced with an enhancement in
Prandtl number. This is agreeable with the fact that
the increase of Prandtl number leads to reduction in
thermal boundary layer thickness.

1.0 S =25
M?2=1.0
Rd=2.0

08 0,=11

0.4

—6(n)

Pr=0.71,10,15,23,7.0
02r

0.0

0 2 4 6 8

— 1
Fig. 8. Dimensionless temperature profiles for
various values of Prandtl number
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5.5 Effect of Radiation parameter

The effect of Radiation parameter on temperature
distribution in the boundary layer region is
elucidated in Fig. 9. It is observed that the influence
of Radiation parameter is similar to that of Prandtl
number. When the value of Radiation parameter is
amplified, the temperature declines, consequently
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the thermal boundary layer thickness becomes
smaller.

10 S =25

M?=10
Pr=0.71
8,=11

0.8

Rd=10,20,30,5.0,10°
02r

0.0
0 2 4 6 8
—» 7

Fig. 9. Dimensionless temperature profiles for
various values of Radiation parameter

10

5.6 Effect of Temperature Ratio Parameter

To illustrate the outcome of Temperature ratio
parameter on temperature distribution Fig. 10 is
drawn. The Temperature ratio parameter boosts the
temperature and so the thermal boundary layer
thickness also increases.

1.0

S =25
M?=1.0
Pr=0.71
Rd=2.0

08r

06

—=06(n)

047 0,=10,11,13,15,20

02r

00"
0

2 4, 76 8 10

Fig. 10. Dimensionless temperature profiles for
various values of Gw

Table 1 Numerical values of skin friction
coefficient for various values of S and M?

Present study Muhaimin et
S M2 F"(0) al. (3008)
F"(0)

15 1.500000 -
25 2.500000 -
35 1.0 3.500000 -
4.5 4.500000 -
55 5.500000 -

0.0 2.000000 -

0.5 2.280777 -
2.5 1.0 2.500000 -

15 2.686141 -

3.0 3.137459 -

Comparison Results

2.0 2.0 2414214 2414214
3.0 2.0 3.302775 3.302775
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Table 1 shows the numerical values of skin friction
coefficient for various values of Suction parameter
and Magnetic parameter. It is observed that values
of skin friction coefficient increases significantly
due to increase in Suction and Magnetic parameter.
Further in the absence of radiation, the values of
skin friction coefficient for S = 2.0 and 3.0 with
M2 = 2.0 are identical to the results of Muhaimin et
al. (2008).

Table 2 Numerical and analytical values of -
0'(0) for various values of Pr and Rd when 6w =
1.0,S=25and M?=1.0

Pr Rd Numerical Analytical
0.71 2.0 0.940471 0.940472
1.00 1.342494 1.342490
1.50 2.049624 2.049620
2.30 3.203898 3.203900
7.00 10.16214 10.16210
0.71 1.0 0.664207 0.664207

2.0 0.940471 0.940472
3.0 1.091026 1.091030
5.0 1.250666 1.250670
10° 1.600030 1.600030

Table 3 Dimensionless rate of heat transfer for
various values of S, M2, Pr, Rd and 6w when
§$=25M2=10,Pr=0.71,Rd=2.0and 6w=1.1

Nu,

S Re,

M2 Pr Rd ow

15 | 1.0 | 0.71 2.0 1.1 0.68035

2.5 1.56193

3.5 2.33579

4.5 3.07986

55 3.81117

25 | 00 | 071 2.0 1.1 1.52200

0.5 1.54619

1.0 1.56193

1.5 1.57362

3.0 1.59711

25 | 10| 071 2.0 1.1 1.56193

1.00 2.22896

1.50 3.40284

2.30 5.32081

7.00 16.90422

25 | 10| 071 1.0 1.1 1.54318

2.0 1.56193

3.0 1.57142

5.0 1.58095

109 1.60003

25 | 10| 071 2.0 1.0 1.56745

1.1 1.56193

1.3 1.55061

1.5 1.53972

2.0 1.51845

Table 2 presents the numerical and analytical values
of —6'(0) when 6w = 1.0 for various Prandtl number
and Radiation parameter. The table shows that the
numerical and analytical values of -6'(0) for

619

various Prandtl number and Radiation parameter
agree with each other which justify the numerical
scheme adopted.

Table 3 displays the non-dimensional rate of heat
transfer for different values of Suction parameter,
Magnetic parameter, Prandtl number, Radiation
parameter and Temperature ratio parameter. The
influence of Suction parameter, Magnetic
parameter, Prandtl number and Radiation parameter
is to enhance the dimensionless rate of heat transfer
while the effect of Temperature ratio parameter is to
diminish the dimensionless rate of heat transfer.

6. CONCLUSION

A mathematical model has been developed and
numerical investigation is carried out to explore the
effects of nonlinear radiation on hydromagnetic
forced convection boundary layer flow of an
electrically conducting fluid flow over a shrinking
surface. Using similarity variables, a set of self-
similar equations is obtained. The dimensionless
conservation  equations have been  solved
numerically using Nachtsheim Swigert shooting
iteration scheme together with Fourth Order Runge
Kutta method. The analytical solution of energy
equation is found when linear form of radiation
term is taken into account. The physical situation is
shown by means of graphs for various physical
parameters involved in the system, namely Suction
parameter, Magnetic parameter, Prandtl number,
Radiation parameter and Temperature ratio
parameter. In this simulation, the default value of
Pr is chosen to be 0.71 which corresponds to air.
The numerical computations have led to the
following conclusion:

When 6w = 1.0, the numerical results are identical to
that of the analytical results for dimensionless
temperature for several values of Radiation
parameter and Prandtl number which confirms the
validity of numerical simulation.

The effect of Suction parameter is to enhance the
dimensionless velocity, skin friction coefficient and
dimensionless rate of heat transfer whereas there is
a fall in dimensionless temperature.

An increase in Magnetic parameter accelerates the
dimensionless velocity and skin friction coefficient.
The dimensionless temperature is declined by the
effect of Magnetic parameter. Unlike the
dimensionless temperature, the dimensionless rate
of heat transfer is enhanced by it.

For larger values of Suction parameter and
Magnetic parameter the momentum boundary layer
thickness and the thermal boundary layer thickness
become thin.

The temperature and the thermal boundary layer
thickness reduce with an enhancement in Prandtl
number. Further, the effect of Prandtl number is to
enhance the dimensionless rate of heat transfer. The
thermal boundary layer thickness can be reduced by
increasing the value of Prandtl number.
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Thickness of thermal boundary layer decreases with
a rise in Radiation parameter, while the
dimensionless rate of heat transfer is improved by
it.

Temperature ratio parameter has a tendency to
increase the temperature and consequently the
thermal boundary layer thickness also. It declines
the dimensionless rate of heat transfer.

It is evident from the figures that the velocity and
temperature takes its limiting value for higher
values of dimensionless distance # that is the far
field boundary conditions for the velocity and
temperature are satisfied which confirms the
accuracy of the numerical scheme used.

The results presented indicate clearly that the
Temperature ratio parameter have significant effect
on heat transfer characteristics.

It is believed that the results of the problem are of
great interest in processes involving radiative heat
transfer.

REFERENCES

Ali, F. M., R. Nazar, and N. M. Arifin (2010).
MHD viscous flow and heat transfer due to a
permeable shrinking sheet with prescribed
surface heat flux. WSEAS Transactions on
Mathematics, 9, 365-375. (ISSN: 1109-2769).

Ali, F.M., R. Nazar, N. M. Arifin, and I. Pop
(2010). Unsteady flow and heat transfer past an
axisymmetric permeable shrinking sheet with
radiation effect. International Journal for
Numerical methods in fluids, 67, 1310-1320.

Anjali Devi, S. P. and A. David Maxim Gururaj
(2012). Effects of variable viscosity and
nonlinear radiation on MHD flow with heat
transfer over a surface stretching with a power
law velocity. Advances in Applied Science
Research, 3, 319-334.

Aydin, O. and A. Kaya (2009). MHD mixed
convective heat transfer flow about an inclined
plate. Heat mass transfer, 46, 129-136.

Bhattachaarya, K. and G. C. Layek (2011). Effects
of suction/blowing on steady boundary layer
stagnation point flow and heat transfer towards
a shrinking sheet with thermal radiation.
International Journal of Heat and Mass
Transfer, 54, 302-307.

Brewster, M. Q. (1992). Thermal
Transfer Properties, Wiley, Canada.

Radiative

Cortell, R. (2008). Radiation effects in the Blasius
flow. Journal of Applied Mathematics and
Computation, 198, 333-338.

Cortell, R. (2010). On certain boundary value
problem arising in shrinking sheet flow.
Applied Mathematics and Computation, 217,
4086-4093.

620

Duwari, H. M., and R. A. Damesh (2004).
Magnetohydrodynamic natural convection heat
transfer from radiate vertical porous surfaces.
Heat mass transfer, 40, 787-792.

Elbashbeshy, E. M. A. (2000). Radiation effect on
heat transfer over a stretching surface.
Canadian Journal of Physics, 78, 1107-1112.

Fang, T. and J. Zhang (2010). Thermal boundary
layers over a shrinking sheet: an analytical
solution. Acta Mechanica, 209, 325-343.

Hayat, T., Z. Abbas, and M. Sajid (2007). On the
analytic solution of magnetohydrodynamic
flow of a second grade fluid over a shrinking
sheet. Journal of Applied Mechanics, 74, 1165-
1171.

Hossain, M. A. and H.S. Takhar (1996). Radiation
effect on mixed convection along a vertical
plate with uniform surface temperature. Heat
Mass Transfer, 31, 243-248.

Hossain, M. A., M. A. Alim, and D. A. Rees
(1999). The effect of radiation on free
convection from a porous vertical plate.
International Journal of Heat and Mass
Transfer, 42, 181-191.

Jafar, K., R. Nazar, A. Ishak, and I. Pop (2012).
MHD flow and heat transfer over
stretching/shrinking  sheets with  external
magnetic field, viscous dissipation and Joule
effects. The Canadian Journal of Chemical
Engineering, 90, 621-626.

Javed, T., Z. Abbas, M. Sajid, and N. Ali (2011).
Heat transfer analysis for a hydromagnetic
viscous fluid over a non-linear shrinking sheet.
International Journal of Heat and Mass
transfer, 54, 2034-2042.

Mahapatra, T. R. and S. K. Nandy (2013).
Momentum and heat transfer in MHD
axisymmetric stagnation point flow over a
shrinking sheet. Journal of Applied Fluid
Mechanics, 6, 121-129.

Miklavcic, M. and C. Y. Wang (2006). Viscous
flow due to a shrinking sheet. Quarterly of
Applied Mathematics, 64, 283-290.

Misra, J. C., and A. Sinha (2013). Effects of Hall
current and thermal radiation on flow of a fluid
through a porous medium subjected to an
external magnetic field. Special Topics and
Review in Porous Media, 4(2), 147-158.

Mosa, M. F. (1979). Radiative heat transfer in
horizontal MHD channel flow with buoyancy
effects and an axial temperature gradient,
Ph.D. thesis, Mathematics Department,
Bradford University, England, U.K.

Muhaimin, R. Kandasamy, and Azme B. Khamis
(2008). Effect of heat and mass transfer on
nonlinear MHD boundary layer flow over a


http://onlinelibrary.wiley.com/doi/10.1002/cjce.v90.3/issuetoc

S.P. Anjali Devi and J. Wilfred Samuel Raj / JAFM, Vol. 8, No. 3, pp. 613- 621, 2015.

shrinking sheet in the presence of suction.
Applied Mathematics and Mechanics, 29,
1309-1317.

Mukhopadhyay, S., K. Bhattacharyya, and G. C.
Layek (2011). Steady boundary layer flow and
heat transfer over a porous moving plate in
presence of thermal radiation. International
Journal of Heat and Mass Transfer, 54, 2751-
2757.

Nadeem, S., Anwar Hussain, M. Y. Malik, and T.
Hayat (2009). Series solutions for the
stagnation flow of a second-grade fluid over a
shrinking sheet. Applied Mathematics and
Mechanics, 30, 1255-1262.

Noor, N. M. F., and I. Hasim (2009). MHD flow
and heat transfer adjacent to permeable
shrinking sheet embedded in a porous medium.
Sains Malaysiana, 38, 559-565.

Pop, S. R., T. Grosan, and I. Pop (2004). Radiation
effects on the flow near the stagnation point of
a stretching sheet. Technische Mechanik, 29,
100-106.

Sajid, M., T. Javed, and T. Hayat (2008). MHD
rotating flow of a viscous fluid over a
shrinking surface. Nonlinear dynamics, 51,

621

259-265.

Shit, G. C., R. A. Haldar, and A. Sinha (2013).
Unsteady flow and heat transfer of MHD
micropolar fluid over a porous stretching sheet
in the presence of thermal radiation. Journal of
Mechanics, 29, 559-568.

Soundalagekar, V. M., H. S. Takhar, and N. V.
Vighnesam (1960). The combined free and
forced convection flow past a semi infinite
plate with variable surface temperature.
Nuclear Engineering and Design, 110, 95-98.

Viskanta, R. and R. J. Grosh (1962). Boundary
layer in thermal radiation absorbing and
emitting media, International Journal of Heat
and Mass Transfer, 5, 795-806.

Wang, C. Y. (2008). Stagnation flow towards a
shrinking sheet. International Journal of Non-
linear Mechanics, 43, 377-382.

Yao, B. and J. Chen (2009). A new analytical
solution branch for the Blasius equation with
shrinking sheet. Applied Mathematics and
Computation, 215, 1146-1153



