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The governing nonlinear partial differential equations are transformed into nonlinear ordinary
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method. Numerical results for local skin friction coefficient are compared with the existing literature
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number and Casson fluid parameter. Moreover, with increase of suction parameter the fluid velocity

decreases and rate of shear stress increases.
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INTRODUCTION

In the recent years, the study of non-Newtonian fluids has attracted
the attentions of researchers due to its wide range applications in
engineering and industry. Due to the complexity in the governing
equations of these fluids, not a single equation exists that exhibit the
properties of these fluids. For this purpose, several models have been
proposed in this regard. In the existing literature, power law model
and Maxwell model are commonly used for non-Newtonian fluids.
There is another non-Newtonian model, known as Casson model. This
model was developed by (Casson, 1959) for preparation of printing
inks and silicon suspensions. Many researchers agree that it is the best
fit to rheological data. Furthermore, it is presentable rheological
model for blood and chocolate. Casson fluid exhibits yield stress. The
fluid behaves like solid if the applied shear stress is less than yield
stress whereas for greater shear stress, it starts moving (Eldabe and
Salwa, 1995; Dash et al., 1996).

The wedge problem was first solved by (Falkner and Skan,
1931). They obtained the numerical solutions using the similarity
transformations. Later on, many researchers (Ishak et al., 2007; Yacob
et al., 2011; Postelnicu and Pop, 2011) have extended this pioneer
work for different types of fluids. In Casson fluid, the two
dimensional boundary layer flow of Casson fluid over a symmetric
wedge was studied by (Mukhopadhyay et al., 2013). Later,
(Mukhopadhyay and Mandal, 2014) extended the work of
(Mukhopadhyay et al., 2013) and considered the permeable wedge
with constant surface heat flux. They observed that the fluid velocity
increased with an increase in Casson parameter. The effect of thermal
radiations on Falkner-Skan flow of Casson fluid over a moving wedge

was investigated by (Raju and Sandeep, 2016). They assumed that the
wedge is flowing in the nanofluid.

Besides this, many researchers focused on the study of
magnetohydrodynamic (MHD) boundary layer flow. The problems
with magnetic field play a vital role in many industrial applications
such as MHD pumps, MHD power generators, geothermal systems,
blood flow measurement, and construction of heat exchangers. The
hydromagnetic flow of viscous fluid over a non-isothermal static
wedge was analyzed by (Yih, 1999). The effects of thermal radiation
on MHD flow of Newtonian fluid was explored by (Chamkha et al.,
2003). The two dimensional mixed convection flow of electrically
conducting flow due to a porous stretching wedge is presented by (Su
et al.,, 2012). MHD forced convection flow of nanofluid over a
stationary wedge was developed by (Chamkha and Rashad, 2014).
The unsteady electrically conducting flow of micropolar fluid over
permeable wedge with convective boundary condition was reported
by (Alam et al., 2015). (El-Dabe et al., 2015) investigated the effect
of magnetic field on heat and mass transfer flow of Casson fluid
generated by moving wedge.

In the above mentioned study, mostly the wedge is either static
or moving. Very less attention is paid towards the Casson flow over
stretching wedge. To the best of authors’ knowledge, no attempt is
made so far to analyze the effects of magnetic field on Casson flow
over a porous stretching wedge. The aim of present study is to
investigate the effects of suction injection on heat transfer flow of
Casson fluid caused by stretching wedge under the influence of
magnetic field. The non-linear governing equations are transformed
into non-linear ordinary differential equations using similarity
transformations and then solved numerically by Keller- box method
(Cebeci and Bradshaw, 1988).
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MATHEMATICAL FORMULATION

Consider incompressible flow of Casson fluid over a porous stretching
-1

wedge in the presence of applied magnetic field B(x) = Box 2 with
B, is the strength of magnetic field. The induced magnetic field is
neglected due to low magnetic Reynolds number. The wedge is
stretched with velocity of u,, (x) = yu.(x), y = 0 and the free stream
velocity u, (x) = U,x™, wherem 0 <m < 1and U, are constants
(see Fig. 1). 1 = % is the wedge angle parameter that correspond to

= An for the total angle of the wedge. The temperature at boundary
wall and free stream are denoted by the constants T,,, and T,.
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where u and v represent the velocity components in x and y
directions respectively, v is kinematic viscosity, o is the electrically
conductivity, p is the fluid density, T is the fluid temperature, £ is the
Casson parameter, k is the thermal conductivity of the fluid and ¢, is
the specific heat at constant pressure.

The corresponding boundary conditions are

u=u,(x) =yu,(x),v =v,(x), T =T,aty =0 4)
u=u,(x),T>Ty,asy - (5)

where v, (x) = Vovx™~1 is the velocity at the wall with constant ;.
Here v, (x) > 0 is the injection velocity and v,, (x) < 0 is the suction

velocity, respectively. The constant parameter y = E—W is velocity ratio

parameter of wedge such that y > 1 corresponds to faster stretching
of wedge than that of free stream and y < 1 corresponds to slower
than that of free stream flow.

Now introducing the following similarity transformations

_ |2vxu, _|m+D)u, _
¥= m+1 f(l’]),l’]—\} 2vx y.0=

where the stream function ¥ is defined by the following relations:
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From Eqgs. (2—15), one arrives at the following non-dimensional
system

(1+%)f”'+ff”+l(1—f’2)_M(fl_1)=0 (8)

6" + Prfg' =0 9)
fO) =S, (0)=y,600)=1 (10)
f'(0) =1,0() =0 (12)
__oB o _F5
where M = Ui 1S the magnetic field parameter, Pr = . 1S the
Vs F O it
Prandtl number and S = NimrcEsy is the suction/injection parameter

such that S(> 0) is suction velocity S(< 0) is injection velocity and
S(= 0) represents impermeable wedge
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The parameters with physical interests are the skin friction coefficient
Cf, and local Nusselt number Nu,
which are defined as follows:

e[ - (142) )
NuX(Rex)_l/Z\I# = k(T:,q—WTw) =-0'®)

where t,, is the wall skin friction, g, is the wall heat flux and
Re, = Z¢is the local Reynold number.

v

(12)

Thermal boundary layer

Momenturr boundary layer

ug(¥)

+ Uy, () >

Fig. 1 Sketch of physical problem and coordinate system.

RESULTS AND DISCUSSION

In order to visualize the behavior of physical parameters, numerical
computations are carried out for various values of Casson fluid
parameter 8, magnetic parameter M, stretching wedge parameter vy,
Prandtl number Pr and suction/injection parameter S.

The accuracy of present results are validated through
comparisons with the results of (Yih, 1999), (Ishak et al., 2007) and
(Ahmad and Khan, 2013), and are presented in Table 1. Comparisons
are observed in close agreement with those results.

Table 1 Comparison of the coefficient of skin friction " (0) with various
valuesof SforM =y =0,A=1and f -

-£"(0)

_ Present
Yih Ishak etal. | Ahmad and Khan results

Y | (1995) (2007) (2013)
0.7566

-1 0.75658 0.7566 0.75655
0.9692
-0.5 | 0.96923 0.9692 0.96922 12326

0 1.23259 1.2326 1.23258
1.5418

0.5 1.54175 1.5418 1.54175
1.8893

1 1.88931 1.8893 1.88931

Figures (2-4) demonstrate the effects of 8, M and S on velocity
profile, respectively. It is worth to be mentioned that the present
phenomenon reduces to Newtonian fluid for large g i.e. f — co. From
Fig. 2, it is noticed that fluid velocity drops with increment in 8 when
y > 1 whereas fluid velocity rises with § wheny < 1. In other words,
the absolute values of shear stress increase with the increase of g and
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momentum boundary layer thickness reduces for y > 1 or y < 1. The
reason is that increase in S reduces the yield stress. Consequently, the
boundary layer thickness decreases. It is also observed that shear
stress rate becomes zero when y =1 and fluid velocity is uniform.
Moreover, the velocity has inverted boundary layer pattern for y < 1.
In this case, the velocity of stretching wedge is excited via free stream
velocity.

Fig. 3 shows that increase in M declines the fluid velocity when
y > 1 whereas fluid velocity enhances with M when y < 1. However,
the momentum boundary layer thickness reduces with M in both cases
of y. Physically, the influence of magnetic field produces a strong
drag force, and resulting slow down the fluid flow across the
boundary.

M:o.s, M=04,S=1Pr=072 ||~ y=04
18 y=1 Ml
16 $=01,03,1,5, —y=15]
> ]
-
,
7 8

Fig. 2 Effect of g on velocity for various y

From Fig. 4, it is noticed that in the case of y > 1 fluid velocity
falls when S > 0 and increases when S < 0 whereas, reverse trend is
observed in the case of y < 1 when S increased. It is well known fact
that flow experiences a resistance due to wall suction, due to which
momentum boundary layer thickness reduces.

‘/3=0.6,i=0.5,8=1,Pr=5 { """ y=04
18 y=1 1
— =18
16 M=0,1,2,3,5,10 B
5 6 7 8

Fig. 3 Effect of M on velocity for different y
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Fig. 4 Effect of S on velocity for different y

The effects of B, M, S and Pr on dimensionless temperature,
respectively are shown in Figures (5-8). Fig. 5 reveals that
dimensionless temperature reduces with increase of § when y <1
whereas temperature of fluid enhances with 8 wheny > 1.

Fig. 6 explores that dimensionless temperature drops as M
increases when y < 1 and as y > 1 the temperature starts increasing
with M. Fig. 7 explores that temperature drops in the case of suction
whereas injection excites the fluid temperature for both y > 1 and
y < 1. In fact, the rate of heat transfer enhances when suction occurs
at wall.

0(n)

Fig. 5 Effect of 8 on temperature for different y
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g. 6 Effect of M on temperature for different y
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Fig. 8 illustrates that the strength of Prandtl number tends to
decline the thermal boundary layer thickness. As increasing values of
Pr tend to reduce the thermal diffusivity of fluid, and the thermal
boundary layer becomes thinner.
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Fig. 8 Effect of Pr on temperature for different y

Figures 9 and 10 portray the variation of skin friction coefficient and
rate of heat transfer for different values of B,y,A,Prands§,
respectively. From Fig. 9 it is noticed that skin friction coefficient
increases with the increase of B whereas reduces with increase of S
wheny > 1.

From Fig. 10, it is noticeable that rate of heat transfer at surface
is an increasing function of Pr and 3 when y < 1 whereas rate of heat
transfer lower with increase of 3 when y > 1. On the other hand, the
case of y < 1 is opposite to this. It is also found that skin friction is
zerowheny = 1.
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Fig. 9 Variation of skin friction coefficient for various
B,Y,and S
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Fig. 10 Variation of Nusselt number for various
B,Y,and Pr

CONCLUSION

In this paper, the steady state two dimensional electrically
conducting flow of Casson fluid with characteristic of heat transfer
past a permeable stretching wedge is discussed. The non-linear partial
differential equations are converted into non-linear ordinary
differential equations using suitable transformations, and then solved
numerically by Keller-box method. The results are compared with the
results of available literature and found in good agreement. Effects of
Casson parameter 8, magnetic parameter M, Prandtl number Pr and
suction/injection parameter S are presented graphically with the
following key points:

e Fluid velocity declines with increment in 8 and S when y > 1

whereas enhances when y < 1.

e The dimensionless temperature drops with an increase in g and

M wheny < 1.

e The shear stress rate is observed higher for lager values of 8

wheny > 1.

e The heat transfer rate rises with increase in Pr and 8 when y <

1.
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