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Abstract. This paper studies the effects of radiation on the flow near the two-dimensional stagnation
point of a shrinking sheet immersed in a viscous and incompressible electrically conducting fluid in
the presence of an applied constant magnetic field. The external velocity and the stretching velocity of
the sheet are assumed to vary linearly with the distance from the stagnation point. The transformed
governing differential equations are solved numerically by using the spline functions. The solutions
are studied for a range of magnetic parameter, radiation parameter, Prandtl number, etc. The effects
of these parameters are examined on the velocity and temperature distribution of the fluid, which are
presented by graphs. The results exhibit that, by applying a strong magnetic field, the reverse flow can
be reduced due to the shrinking sheet of shrinking sheet. The magnetic field increases shear stresses
and decreases thermal boundary layer thickness. The thermal boundary layer becomes thinner with
increasing values of the radiation parameter.
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1. Introduction

Heat transfer processes are integral parts of the science and technology. Its importance has
been recognized within the recent past. The studies of heat transfer are increasingly intense
concern in modern technology.
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Many natural phenomena are susceptible to magnetohydrodynamic (MHD) analysis.
Geophysicists encounter MHD phenomena in the interactions of conducting fluids and magnetic
field that are present in and around heavenly bodies. MHD principles are applied in the design of
heat exchanger, in space vehicle propulsion, thermal protection, etc. From technological point of
view MHD free convection flow has great significance for the application in the field of stellar and
planetary magnetospheres, aeronautics, etc. MHD (Magneto fluid-dynamics/hydrodynamics) is
the branch which studies the dynamics of electrically conducting fluids. These include plasmas,
liquid metals, salt water, etc. The field of magnetohydrodynamic (MHD) was initiated by
H. Alfvén [1]], for which he received the Nobel Prize in Physics in 1970.

MHD flows have many applications in manufacturing industries. These applications include
textile and paper industries, plastic sheet, and blood flow problems, etc. More applications of
MHD are in fusion research, in MHD accelerator and power generator and in causing delay in
the transition from laminar to turbulent flow. Recently, MHD has been the subject of intensive
study and their importance of the study has been extended to many other kinds of associated
problems, even in missile rockets.

Nazar et al. [7] analyzed the behavior of unsteady two-dimensional stagnation point flow
of an incompressible viscous fluid over a flat deformable sheet. Similarity transformation and
the Keller-box method were used to find the numerical solution of the unsteady boundary layer
equations. Ishak et al. [3] studied steady stagnation point flow on vertical surface through
porous medium. Sharma and Singh [9] described the effects of variable thermal conductivity
and heat source/sink on the flow of viscous incompressible electro conducting fluid by solving
ordinary differential equations using shooting method. Kumaran et al. [4] obtained a solution for
a boundary layer flow of an electrically conducting fluid past a linearly permeable sheet. Hayat
et al. [2] studied about the two-dimensional magnetohydrodynamic (MHD) stagnation-point
flow by homotopy analysis method (HAM). The influence of various pertinent parameters on
the velocity, micro rotation and skin-friction was discussed. Kuo [5] investigated the velocity and
temperature field in the thermal boundary layer over a semi-infinite flat plate by differential
transformation method. Muhammad and Shehzad [6] studied Radiation effect on stagnation
point flow towards heated shrinking sheet. Srivastav and RamReddy [10] analyze fluid flow
with thermal radiation. Shaheen et al. [8] discuss the applications of magnetic field and porous
medium for Jeffrey (non-Newtonian) fluid.

In the present study, two-dimensional MHD boundary layer stagnation point flow with
radiation effects towards a shrinking sheet sank in an electrically conducting viscous
incompressible fluid in the presence of a transverse magnetic field is examined numerically
using spline collocation method.

Nomenclature

Symbols  Meaning

Bo Strength of magnetic field
v Velocity field

0 Density of the fluid

D Pressure

O, Electric conductivity
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Symbols  Meaning

U Free stream velocity

T Temperature

ko Thermal conductivity

Cp Specific heat capacity

qr Radiative heat flux

k Stefan-Boltzmann constant

o Mean absorption coefficient

Nr Radiation parameter

To Heated surface temperature

T Temperature of fluid at outside the boundary
i Similarity parameter

Po Stagnation pressure

a Strength of the stagnation point
M Magnetic parameter

Pr Prandtl number

2. Mathematical Formulation

The two-dimensional MHD stagnation point flow of an influence of an electrically conducting
fluid on a heated shrinking sheet is considered as shown in Figure

It is assumed that

¢ the flow is steady, laminar, viscous and incompressible;

¢ the uniform stationary magnetic field of strength S is perpendicular to the velocity
field v;

* the magnetic Reynolds number is small so that the induced magnetic field can be neglected
in comparison to the imposed field;

¢ the electric field is zero as there is no applied polarization voltage;

* the Boussinesq and boundary layer approximations are valid.

A

Figure 1. A sketch of the physical problem
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Two-dimensional electro conducting fluid’s motion equations are written as:
ou av
Ox ay

ou du lop udz Ue 0

=0, (1)

U -u). (2

ax Yoy pox poy’ p
The equation of temperature is

oT  oT O*T 0qr
+tv—|= 3
pcp( ox Uay) 09y oy ®
The Radiative heat flux is simplified as
40 0T*
- 4
9r="33 3y (4)
The term T* may be expressed as a linear function of temperature,
T*=4T3 T-3T% . (5)
From eqs. (4) and (5), eq. (3) becomes
0T OT (ko  160T3 ) 0T
u——+v— + . (6)
dx Ay \pc, 3pcpk | dy?
Take Nr = o T3 as the radiation parameter, eq. (6) becomes
or T 0°T
u— S (7)
6x ay k 0y2
where &k = 313\’11;114.
The boundary conditions are
u(x,0)=bx, v(x,0)=0, u(x,00)=U = ax, ®)
T(x,0)=Ty, T(x,00)=Ts

To obtain the velocity and temperature field for the problem, eqs. (1), and subject
to boundary conditions are to be solved. Use the following similarity transformations
(Muhammad and Shehzad [6]) in egs. (2)), (7) and (8),

2
n= \/%y, p(x,00) = po— L5-(x% + y2),

u(x,y) =axf'(n), vix,y) = —vavf), 9
0(n) = ;,?O__j}

We obtain
"+ M- fH+1= 2~ ff" (10)
0" +Prkfo' =0 (11)

with initial and boundary conditions

f(0)=0, f'(0)=B, f'(00)=1,} (12)
0(0)=1, 8(c0) =0,
BZ
where M = pao k= 313(11514 and Pr= ’Zﬁ
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3. Basic Numerical Method

Spline Collocation Method
Consider s;(n) be a quartic spline in [1;-1,7;]. The third derivative of spline must be linear in
[ni-1,m:l,

W(Th)_ h_[(m—ﬂ)f{31+(77—77i—1)fi"'], (13)
where h; =n; —n;-1 and s"'(n;) = f".
Integrate (13), twice with respect to x,
1r(‘—)3 (n—ni-1)3
si(m) = ; %f{ﬁl + %ﬂ-’” +ei(ni —m+di(n—n;-1). (14)
L

Using s'(n;-1) = f/_; and s'(1;) = f/ to derive ¢; and d;, and substituting in (14),

/ _ i [ (1 —77)3 m (1 _771'—1)3 m l / h2 m
s;(n) = h, L—G fisi+ 6 fi'|+ hi fio1— 6 f (ni—mn)
1 ! hz /1 15
+h—i fi_6f (n—ni-1). (15)

Integrate (15), once with respect to x,

(771 77) m (ﬂ—ﬂi—1)4 ///] 1 / h? " (i _77)2
. = +—7. e ; R B
sim= 4= o1 i oa 11 | Th |l i T
1 h? )2
1
Again take s;(1;-1) = fi—1 and obtain constant e; = f;_1 morhe

Substitute e; in (16), for i =1,2,...,n, we get

n; —n)* (n n D 1 h? n; —n)?
Si(n) = hi [ l24 f;gl‘i' = fw __. fi,_1_ 6 Lml . 9 ’
1 | (N —ni- 1)2 h® m h
+h—i fi ——f B a— fi—l—gfi_l‘*'gfi_l, (7)
fori=1,2,...,n—1, the recurrence relations are:
For equal mesh size,
sim))=s! 1), i=12,,...,n=1: fl 1-2f/+f_1= (f’” +4f"+ "), (18)
- I . _ h . ! h? m m
si(n;)=si+1(n;), 1=1,2,...,n: fi—l_fi—_E(fi+fi_1)+ﬂ(3fi_1_fi ). (19)
Similarly, for cubic splines:
Fori=1,2,...,n-1: fi+1—2fi+fi_1— f LHAf ). (20)

4. Solution by Using Spline Collocation Method

The governing nonlinear eqs. (10) and are highly nonlinear and coupled. To find their
solutions along with boundary conditions use eqs. (18), and (20). For that, we begin
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with initial curves f(n) = 0.251n% +0.51 and 6() = —n + 1 for f and 6, respectively, which satisfy
given boundary condition (12)). Take A = 0.2, use and to get the values of f] for
1=1,2,3,4, and the final solutions f; for i =1,2,3,4,5.

Cubic spline collocation is used to solve (11I). For that, substitute the values of f; in to
find 0! and then use to get solutions for 6. Continue this iterative process until the required
accuracy is obtained. The patterns of graphs are matched with the available graphs obtained by
Muhammad and Shehzad [6].

5. Results and Discussion

This section is intended to present our results in graphical form. To develop a better
understanding, the effects of the magnetic parameter, the radiation parameter and the Prandtl
number on the flow and temperature profiles are analyzed (Figures [2H13).

Figure 2. Normal velocity profile for B = 0.5, Figure 3. Horizontal velocity profile for B = 0.5,
Nr =3, Pr=0.7 and various values Nr =3, Pr = 0.7 and various values
of M of M

Figure 4. Temperature profile for B =0.5, Nr = Figure 5. Temperature profile for B =0.5, Nr =
3, Pr=0.7 and various values of M 3, M =1 and various values of Pr
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Figure 6. Temperature profile for B =0.5, Pr = Figure 7. Temperature profile for B =0.5, Pr =
0.7, M =1 and various values of Nr 0.7, M =10 and various values of Nr

—# — N=2
05E ™ —%—N=20 n
N —4 = Nr=£50
ey -~ Ni=100

Figure 8. Temperature profile for B =0.5, Pr = Figure 9. Temperature profile for B =0.5, Pr =
10, M =1 and various values of Nr 10, M =10 and various values of Nr

Figure 10. Temperature profile for B = 0.5, Nr = Figure 11. Temperature profile for B = 0.5, Nr =
3, M =10 and various values of Pr 100, M = 10 and various values of Pr
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Figure 12. Temperature profile for B =0.5, Nr = Figure 13. Heat Transfer rate for B =0.5, Nr =

100, M =1 and various values of Pr 3, Pr =0 and various values of M

From Figures [2|and [3] it is clear that, as magnetic parameter increases, the normal and
horizontal velocity profiles increase. As the transverse magnetic field assist the magnetic
flow and so, reduces the flow reversal.

The hydrodynamic and thermal boundary layer decrease and become thinner as
the magnetic parameter increases as shown in Figure

From Figure 5] it concludes that as increase in Prandtl number, the temperature at point
decrease. It means that, the thermal boundary layer become thinner as increase in Prandtl
number.

The influence of radiation parameter on temperature filed shows in Figure [
The temperature profile decrease as increase in radiation parameter. Because of this
thinning rate increase as increase in radiation parameter.

From Figure 7} it concludes that if we increase the magnetic parameter and radiation
parameter, temperature falls down rapidly. Also, when Prandtl number increases,
temperature decreases faster as compared with increase in magnetic parameter, which is
reflected in Figure

In Figure[9 and[10, we can observe that increase in magnetic parameter and radiation
parameters both; drastically change in temperature profile.

Similarly, from Figure and we conclude that higher value of radiation
and magnetic parameter show rapid decrement in temperature flow as increase in
Prandtl number. As increase in both parameters, Prandtl number creates more effect on
temperature field as compared to radiation parameter.

Figure predicts the influence of applied magnetic field on the heat transfer rate.
The heat transfer rate from the surface increase with an increase in the magnetic
parameter M.
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6. Conclusion

Concluding remarks are as follows:

* The thermal boundary layer decreases as the magnetic parameter increases, Prandtl
number and Radiation parameter. Thus, we can say that all these parameters are inversely
proportional to temperature. The horizontal and vertical velocity increase as increase
in magnetic parameter. The heat transfer rate also increases as increase in magnetic
parameter.

* The cubic spline collocation method can be generalized for solving third order boundary
value problems and successfully applied to the problem of MHD flow.

¢ It is noted that, the nonlinear coupled differential equation can be easily solved without
converting to linear one using this method. More accuracy can be obtained by reducing
the mesh size.
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