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ABSTRACT: In this paper, Falkner-Skan wedge
flow and the heat transfer of an incompressible
electrically conducting fluid is analyzed in the
presence of variable viscosity and applied magnetic
field. The system of partial differential governing
equations are reduced to a system of non-linear
ordinary differential equations by similarity
transformations and then solved by an implicit
finite difference scheme along with
quasilinearization technique. Numerical
calculations are carried out for different values of
dimensionless parameters, along with wedge angle
ranging from 0.0 to 1.0 for water (Pr = 7.0). It is
observed that the skin friction co-efficient at the
surface increases by increasing of the magnetic
parameter. Where as it decreases with increase of
variable viscosity parameter. Further the heat
transfer co-efficient increases with the increase of
both magnetic field as well as variable viscosity.
However, both velocity and thermal fields are
appreciably affected by temperature dependent
viscosity.
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I. INTRODUCTION

Historically, the steady laminar flow
passing a fixed wedge was first analyzed in the
early 1930’s by Falkner and Skan [1] to illustrate
the applications of Ludwig Prandtl’s boundary
layer theory.This pioneering work created interest
among researchers in the field of fluid dynamics.
Later, several investigators [2 — 4], have studied the
classical Falkner-Skan problem employing various
analytical and numerical methods for different flow
as well as heat transfer situations. In all these
studies, the fluid properties were assumed to be
constant. However, in many engineering
applications this assumption is not obeyed. As
such, we have to consider such problems by
assuming variable viscosity, since this property of

the fluid varies significantly when large
temperature difference exists. In such situations,
both momentum and energy equations are coupled
and each equation affects the other. The first
attempt to solve the Falkner-Skan problem
including the wvariation of viscosity with
temperature was made by Herwing and Wickern
[5]. Hossain et al. [6] studied the flow of a fluid
with variable viscosity past a permeable wedge
with uniform surface heat flux. A Pantokratoras [7]
presented Falkner-Skan flow with constant wall
temperature and variable viscosity. Mourad F.
Dimian [8] considered the effect of the magnetic
field on forced convection flow along a wedge with
variable viscosity. M. A. Seddeek.et.al [9] studied
similarity solutions for a steady MHDfalkner-skan
flow and heat transfer over a wedge considering the
effects of variable viscosity and thermal
conductivity. The objective of the present paper is
to present the solutions of Falkner-Skan wedge
flow with variable viscosity in the presence of an
applied magnetic field for wate% (Pr=17.0).
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Fig.1. Velocity and thermal boundary layers for
the Falkner-Skan wedge flow, where 1 and 2
represents thermal and momentum boundary

layers respectively.
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I1. GOVERNING EQUATIONS
Consider the flow of an incompressible
viscous electrically conducting fluid over a wedge,

as shown in Fig.1. The temperature of the wall T,

is uniform and constant and is greater than the free
stream temperature. It is assumed that the flow in
the laminar boundary layer is two-dimensional with

a constant uniform velocityU_ . A transverse
magnetic field Bgis applied in Yy —direction

normal to the body surface and it is assumed that
the magnetic Reynolds is small, so that the induced
magnetic field can be neglected. The fluid is
assumed to have constant physical properties

except for the fluid viscosity (,u) which is assumed

to be an inverse linear function of the temperature

(T) (see Lai and Kulacki [10]), viz.,

1 1 1
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Whereazl; T, =T, —1 )
Hey Y
Here, both 'a' and T, are constants and
their values depend on the reference state and the
thermal property of the fluid i.e., (7/) In general,

a > Ofor liquids and a < Ofor gases.Under the
aforesaid assumptions, the boundary layer
equations governing the steady, MHD Falkner-
Skan wedge flow are given by
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where Uand Vare respectively, velocity

components in X and Y -directions of the flow, U

is the inviscid flow velocity at the edge of the
boundary layer and is a function of X; a is the

thermal diffusivity of the fluid; Tis the
temperature in the vicinity of the wedge; (., o, p

are respectively, dynamic viscosity, electrical
conduction, and density

The boundary conditions are given by

at y=0:u=v=0and T=T,
asy—ow:u—UX)=u_(x/L)" and T=T, ()

at x=0:u=u_,and T=T,

where L is the length of the wedge, M is the

Falkner-Skan power-law parameter and Xis
measured from the tip of the wedge. The subscript
oo denotes conditions at infinity.

Introducing the transformations

. ooy,
8y 1 ax 1
1+m L" W
f(n)= 2 U (X(l+m)/2j

_[1+m u, y )
n= 2 L X(l—m)/2 !

G(ry)_T TT (6)

to Egns. (1) - (3) we observe that continuity
Eqn.(2) is identically satisfied and Eqns.(3) and (4)
are respectively transformed to:

F”+(1—i)fF’+B(1—ie)[1—F2]+
= 0(7)

M(1——)[1—F]+
Pr1G" + fG' = 0(8)
where

_:fr:F.

730 vy {m+1 1F}
1+m

) =_ Pr— - ReL: OO 1
M, a v

2 T-T

2Lo BO : Ge __e © (9)

pu..(m+1) Tu =T,

(Ge—G)

The transformed boundary conditions are:
F=0; G=1 at =0
F=1; G=0 as np— o

Here, y and f are dimensional and
dimensionless stream functions respectively; F is
velocity function; M is dimensionless magnetic
parameter; Re | is the local Reynolds number, Pr
is the Prandtl number; 77is the transformed
coordinate. Here prime ( ' )denotes derivate with
respect to 77
We also note that in Eqn.(6), the parameter [ and
Mare related through  the  expression
L=2m/(1+m)
The dimensionless temperature G and viscosity

(10)
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ratio _#_ are re-defined as follows:

_ G

g -T +GeandL: e (11)

T,-T, M, G,-G
where G, is constant, called viscosity variation
parameter, which is defined by
T.-T, -1
Tw _Too 7(Tw _Tw)

And its value is determined by viscosity
characteristics of the fluid under consideration and

operating temperature difference AT =T, —T .

G, = = constant(12)

It may be remarked here that, if G, is

large (i.e, G, — ©), the effect of variable
viscosity can be neglected. On the other hand, for a
smaller value of G,, either the fluid viscosity

changes markedly with temperature or operating
temperature difference is high. In either case, the
variable viscosity effect is expected to become very
significant. Also, it may be noted here that, liquid
viscosity varies differently with temperature than
that of gas and therefore, it is important to note that

G,< 0 for liquids and G, >0 for gases when the

temperature difference AT is positive.lt is worth
mentioning here that when ¥ —>0 e,

H=pu, then G, = oo and Egns. (7) and (8)
reduces to

F'+ fF'+Bl-F?)+M(1-F)=0
PriG"+fG' =0

which are exactly same as those of
Jayakumar.et.al.[11], who have obtained a finite
difference solution of MHD Falkner-Skan wedge
flow, for constant fluid properties in the absence of
viscous dissipation for air(Pr = 0.7).
The skin friction and, heat transfer coefficient in
the form of Nusselt number can be expressed as

C/(Rey)"” =112 ) (6. /(G. ~1(F),.0 5)
Nu(Re,) ™2 = = 112~ ) (G,

I1l. RESULTS AND DISCUSSION
In order to analyze the results, numerical
computations have been carried out by using
implicit ~ finite  difference  scheme  along
withquasilinearization technique [12] for solving
the partial differential equations (7) and (8) along

with boundary conditions (10). The skin friction
and heat transfer coefficients has been obtained for
various values of variable viscosity [Ge] and
magnetic parameter [M]. In order to validate the
accuracy of the numerical method used, our skin
friction coefficient and heat transfer coefficient
results are compared with those of Jayakumar.et.al
[11] for air (Pr = 0.7)by solving Equations (13)
and (14) [See Fig.2 (a) and 2(b)]. It is easy to
observe that the computed results are in good
agreement, with those of [11]. In subsequent
paragraphs, we present our numerical results for
water(Pr = 7.0).

Fig.3. displays the effect of magnetic field [M] and
variable viscosity parameter [Ge] on the skin

friction coefficient [Cf(ReL)l/Z] at various values
of wedge angle parameter (j3).
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Fig.2. Comparison of (a) skin friction coefficient
and (b) heat transfer coefficientwith those of
Jayakumar.et.al.[11]

The skin friction coefficient increases as
magnetic field increases, whereas it decreases with
increase of variable viscosity parameter. Further,
the percentage of increase of skin friction
coefficient is about 30.14 % for an increase Min the
range 0.0 <M < 1.0 whereas the percentage of
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its decrease is about 8.13 % for an increase of Gein
the range and -1.5 < Ge <-3.5 at $ = 0.6.

(b)
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®) The effect of magnetic parameter [M] on velocity
Y [F] and temperature [G] profiles is shown in Fig.5.
' It is seen that the velocity gradients increases and
temperature gradient decreaseswith the increase of
e magnetic parameter. This results in the decrease of
S el both  momentum and thermal boundary layer
/ thickness.
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Fig.3. Effect of (a) magnetic field [M] and (b) M=0.0,05,1.0
variable viscosity [Ge] onskin friction coefficient 061
('R
Fig.4 shows the effect of magnetic filed 041
[M]and variable viscosity parameter [Ge] on the o Pr=70
heat transfer coefficient [N, (Re,)” /2 ] at various ' Ge=-30
values of B. It is clear that the heat transfer 0.0 . . . . .
coefficient increases with the increase of both 0 1 2 e 4 5
magnetic field and variable viscosity. Indeed, the n
percentage of increase of heat transfer coefficient is
about 7.77% for an increase of M in the range 0.0 Lo (b)
< M< 1.0 and the percentage of its increaseis about
1.56% for an increase of Ge in the range -1.5 < Ge % br=70
<-35at=0.6 Ge=-3.0
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Fig.5. Effect of magnetic field [M] on (a)
0.0 02 04 06 08 10 velocity and (b) temperature profiles.
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IV.CONCLUSIONS

In this paper, we have discussedthe steady
Falkner-Skan flow and heat transfer over a wedge
by adopting the effects of variable viscosity and
magnetic field. Numerical results showthat the skin
friction coefficient increases as magnetic parameter
increases whereas it decreases when viscosity
variable increases. On the other hand, heat transfer
coefficient increases with the increase of both
magnetic field and variableviscosity parameter.
This results in the decline of both momentum and
thermal boundary layer thicknesseswhich in turn
increases the velocity and temperature of the fluid.
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