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ABSTRACT :The present paper examines the hydromagnetic two-dimensional boundary layer flow of a non-
Newtonian fluid accompanied by heat and mass transfer towards an exponentially stretching sheet in the
presence of chemical reaction and thermal radiation. Casson model is used to characterize non-Newtonian fluid
behavior. Using the similarity transformations, the governing partial differential equations are transformed into
self-similar ordinary differential equations is solved by using Matlab bvp4c package. The effects of pertinent
parameters are presented in both graphical and tabular form.
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l. INTRODUCTION

The fluid flow behavior of non-Newtonian fluid has attracted special interest in recent years. The non-
Newtonian fluids are mainly classified into three types, namely differential, rate, and integral. The simplest
subclass of the rate type fluids is the Maxwell model which can predict the stress relaxation. This rheological
model, also, excludes the complicated effects of shear-dependent viscosity from any boundary layer analysis
was given by Hayat et al. [1]. In the category of non-Newtonian fluids, Casson fluid has distinct features. This
model was presented by Casson for the flow of viscoelastic fluids in 1995. Casson fluid exhibits yield stress. It
is well known that Casson fluid is a shear thinning liquid which is assumed to have an infinite viscosity at zero
rate of shear, a yield stress below which no flow occurs, and a zero viscosity at an infinite rate of shear, i.e., if a
shear stress less than the yield stress is applied to the fluid, it behaves like a solid, whereas if a shear stress
greater than yield stress is applied, it starts to move. The examples of Casson fluid are of the type are as follows:
jelly, tomato sauce, honey, soup, concentrated fruit juices, etc. Human blood can also be treated as Casson fluid.
Fluids that belong to this category include cement, drilling mud, sludge, granular suspensions, slurries, paints,
plastics, and paper pulp and food products. Due to the increasing importance of non-Newtonian fluids in
industry, the stretching sheet concept has more recently been extended to fluids obeying non-Newtonian
constitutive equations (Prasad et al. [2]). Khan [3] and Sanjayanand and Khan [4] have studied the viscous-
elastic boundary layer flow and heat transfer due to an exponentially stretching sheet.

The MHD boundary layer flow of an incompressible and electrically conducting fluid is encountered in
geophysics, astrophysics and in many engineering and industrial processes. The MHD heat and mass transfer
flow in the boundary layer induced by a moving surface in a fluid finds important applications in electronics,
meteorology, chemical engineering, and metallurgy etc. The study of boundary layer flow over continuous solid
surface moving with constant velocity in an ambient fluid was initiated by Sakiadis [5]. Erickson et al. [6]
extended Sakiadis [5] problem to include blowing or suction at the moving surface.

Convective heat transfer plays a vital role during the handling and processing of non-Newtonian fluid
flows. Mechanics of non-Newtonian fluid flows present a special challenge to engineers, physicists, and
mathematicians. Because of the complexity of these fluids, there is not a single constitutive equation which
exhibits all properties of such non-Newtonian fluids. In the process, a number of non-Newtonian fluid models
have been proposed. Amongst these, the fluids of viscoelastic type have received much attention. In the
literature, the vast majority of non-Newtonian fluid are concerned of the types, e.g., like the power law and
grade two or three (see Andersson and Dandapat [7], Hassanien [8], Sadeghy and Sharifi [9], Sajid et al. [10,
11].
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Mass transfer analysis in boundary layer flow is of great importance in extending the theory of
separation processes and chemical kinetics (Bhattacharyya and Layek[12], [13], [14]). Andersson et al. [15]
have discussed the transport of mass and momentum with chemical reactive species in the flow caused by a
linear stretching sheet. Cortell [16] was analyzed mass transfer with chemically reactive species for two classes
of viscoelastic fluid over a porous stretching sheet.

Diffusion of chemically reactive species in Casson fluid flow over a stretching surface was considered
by Mukopadhyay [17, 18]. Nadeema [19] investigated an MHD boundary layer flow of Casson fluid over an
exponentially permeable shrinking sheet. Casson fluid flow and heat transfer past an exponentially porous
stretching surface in presence of thermal radiation was studied by Pramanik [20].

Inspired by the above investigations, in the present paper, the thermal and solutal boundary layer in
incompressible, laminar flow over an exponentially stretching sheet with variable temperature and concentration
in the presence of chemical reaction and thermal radiation is studied. The effect of pertinent parameters is
presented in both graphical and tabular form.

1. MATHEMATICAL FORMULATION
Consider the study two-dimensional MHD free convective laminar and incompressible viscous fluid past a flat
sheet embedded in a porous medium moving with velocityu . Choose the coordinate system such that the y -

axis is along the vertical direction and the X — axis normal to the plate. The physical model and coordinate
system are shown in Fig.1. The plate is maintained at temperature T (x) and concentration C (x). The
temperature and the concentration of the ambient medium are assumed to be linearly stratified in the forms
T, (x)=T_,+A(x)and C_(x)=C_  + B (x)respectively. Where A, and B, are constants and varied to

alter the intensity of stratification in the medium,T_ andC _ are the beginning ambient temperature and

concentration at x = 0 respectively. The mass transfer phenomenon with chemical reaction is also retained. It is
assumed that all body forces except magnetic field are neglected. A uniform magnetic field is applied normal to
the direction of flow. The magnetic Reynolds number is assumed to be small so that the induced magnetic field
can be neglected. The rheological equation of state for an isotropic and incompressible flow of a Casson fluid is
as follows.

T__ =

JZ(yB +p |/ 27[}8”, V4 >7rC
1] |
L B

y

2(;1 +p I/ 27 je__,;z <7
y \] c ] c

Here 7 = e._e._and e isthe (i, j) ™ component of the deformation rate, 7 is the product of the component of
11 1)

deformation rate with itself, p is the yield stress of the fluid, «, is plastic dynamic viscosity of the non-

Newtonian fluid, = is a critical value of this product based on non-Newtonian model. Let C & be the
c

concentration at the sheet and the concentration far away from the sheetisC _ .
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Fig 1.Sketch of the physical flow of problem
Under these assumptions along with the Boussinesq and boundary layer approximations, the system of
equations, which models the flow is given by

ou ov

—+—=0, (1)
ox oy
ou  ou ( 1)o’u oB'u
U—+V—=0|l+—|———"—-—u, (2)
ox oy L ﬂJay P K
oT oT T 1 0
Uu—+v—=a e i+ Q (T—T ) (3)
oX oy oy pC 0y pCp o0
oC aC 2°C
Uu—+v—=0>D Z—k(C—C ) (4)
oX oy oy 0

where u and v are the velocity components along x and y -directions respectively, v is the kinematic

viscosity, a is the thermal diffusivity, p is the fluid density, g = Mo ,271‘0 / py is the Casson fluid

parameter, D is the diffusion coefficient of the Casson fluid, K is the permeability of the fluid, Q is the

X

dimensional heat source, q, is the radiative heat flux, and C  is the specific heat, k = koef is the exponential

reaction rate; k > 0 stands for destructive reaction whereas k < 0 stands for constructive reaction k is a

constant.
The boundary conditions for the velocity, temperature and concentration fields are

u=U,v=0,T =T ,C=C aty=0,

(®)
u—>0T->T ,C>C_,asy > o ©)
By using the Rosseland approximation, the radiative heat flux g was given by (Brewster [21])

4o oT!
"3k oy | @

where o is the Stefan-Boltzmann constant and K ~ - the mean absorption coefficient. It should be noted that by
using the Rosseland approximation, the present analysis is limited to optically thick fluids

T %477 -37/
0 oc, (8)
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In view of Eqns. (7) and (8), Eqn.(3) reduces to

o1 o1 [ 1607 Vo'T  Q
U—+v—-=|a+— —+
OoX oy 3K pCpJBy ,oCp

(T —TOO), 9)

Here U =U0ef is the stretching velocity (Magyari and Keller [22]), T :Tm+TOeZ is the

X

temperature andCc  =C_ + CoeZ is the concentration at the sheet, U, T,,C, are the reference
velocity, temperature and concentration respectively.

11§ METHOD OF SOLUTION
Introducing the similarity variables as

n = Yo eiy u=UuU e%fl(r]) V= - UUOe;L{f(nM-nfl(n)}
VzuL ’ 2L

X X

T =T 4T e =
+Oe 0(n) C COO+C

X

08 2(n) B-Be

* , (10)
Substituting the similarity transformations (10) in equations (2) - (4) the governing equations reduce to
(aY e e (1)

L1+_Jf + ff —2f —(M +—Jf =0,

/ “ (12)
( 4R = ' '

L“_Je +Pr(f9 —f 9+59)=o,

3 (12)
¢"+Sc( fé - f'¢—2y¢): 0,

(13)

and the boundary conditions take the following form:
f'=1,f=0,¢9=1,¢:1atn=0 (14)
fl—> 0,0 > 0,9 > 0asy — oo. (15)
where the prime denotes differentiation with respect ton , Sc = s the Schmidt number, Pr = z is the

D a
40T " Q. .
Prandtl number, R = —— is the Radiation parameter, S = ———— is the Heat source/sink parameter,
2LupCp

2

oB, . L 1 2Lov . . koL
M = ~—is the magnetic field parameter, — = is the Porous permeability parameter, y = —— s the
uB K, %Cp U

0
chemical reaction parameter. Here » > 0 represents the destructive reaction, y = 0 corresponds to no reaction,
and y < 0 stands for the generative reaction.

Physical Quantities of Interest:
Local friction coefficient Cf is defined as

1 1
—=Cf R, =1+ —)f"(0) (16)
J2 B

The rate of heat and mass transfer coefficients at the plate are given by
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(0T )
qw = _k - ! (17)
Loy,
(oC )
q,=-D|—]| . (18)
Lov ),
Nu _ _0"(0), (19)
o
Sh
—==-¢(0), (20)
o
whereR_ = . (21)
1Y

V. RESULTS AND DISCUSSION
The system of nonlinear ordinary differential equations (11) - (13) with the boundary conditions (14) and (15)
are solved numerically by using bvp4c with MATLAB package. The abovementioned numerical scheme is
carried out for various values of flow parameters, namely, the magnetic parameter (M), the Casson parameter

(B), the Prandtl number (Pr), Heat source/sink parameter (S), Porous permeability parameter (K ), Schmidt

number(Sc), the thermal radiation parameter (R) and Chemical reaction parameter () to obtain the effects of
those parameters on dimensionless velocity, temperature and concentration distributions. The obtained
computational results are presented graphically in Figs. 2-14 and the variations in velocity, temperature and
concentration are discussed. Also, the Skin-friction factor, Nusselt number and Sherwood number are derived
and given in tabular form.
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Fig.2 Variation of velocity f (7) with n for several values of Casson parameter g
Sc=1,y=0.1,M 0.5,Kp:0.5,Pr:1,R:0.2,S:0.1

Fig.3 Variation of @ (7 ) with » for several values of Casson parameter 3
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Fig.4 Variation of concentration ¢ () with n for several values of Casson parameter s
Sc=1,y=0.1M = 0.5,Kp =0.5,Pr=1,R=0.2,S=0.1
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Fig.5 Variation of velocity f '(77) with n for several values of Magnetic parameter M
Sc=1y = 0.1,Kp =05Pr=1,R=0.2,5=0.1,=0.5
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Fig.6 Variation of & (77 ) with » for several values of Magnetic parameter M

SCzl,y:O.l,Kp:0.5,Pr:1,R:O.2,S =0.1,48=0.5
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Fig.7 Variation of concentration ¢ () with n for several values of Magnetic parameter M
Sc=1y = 0.1,Kp =05Pr=1,R=0.2,5=0.1,=0.5

Fig.8 Variation of velocity f (7) with n for several values of Porosity parameter K |

Sc=1,5=0.1,Pr=1,M =05R=0.2,S=0.1,8=0.5

o L L

Fig.9 Variation of 4 (77 ) with » for several values of Porosity parameter K )
Sc=1,7=0.1,Pr=1,M =05 R=0.2,$=0.1,8=0.5
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Fig.10 Variation of concentration ¢ () with » for several values of Porosity parameter K |
Sc=1,y=0.1,Pr=1,M =0.5R=0.2,S=0.1,5=05
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Fig.11 Variation of @ () with , for several values of Radiation parameter R

Sc=1,K =05,4=05M =05,R=0.2,5§=0.1,Pr=1.
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Fig.12 Variation of ¢ (77 ) with 5 for several values of Heat Source/sink parameter S

Sc=060,Pr=07L,M =2,R=2,7=02,5=05K_ =0.1
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Fig.13 Variation of concentration ¢ () with » for several values of Chemical reaction parameter y with
Sc=1Pr=1,M =05,R=0.2,S=0.1,4 :0.5,Kp =0.5

L L
(o} 1 2

Fig.14 Variation of concentration ¢ () with n for several values of Schmidt number Sc
y=01K =058=05M =05R=0.2,5S=0.1Pr=1.

The velocity profiles for different values of Casson parameter g are depicted in Fig.2. The increasing

values of the Casson parameter decreases yield stress and suppress the velocity field. The fluid behaves
Newtonian fluid as Casson parameter becomes very large. From this figure it is also noticed that momentum
boundary layer thickness decreases with an increase in Casson parameter. The temperature profiles for different

values of Casson parameter g as shown in Fig.3. It is noticed that an increases in the temperature distribution
along the thermal boundary layer is observed with a large enhancement in the Casson parameter as well as the

thickness of thermal boundary layer increases. The nature of concentration profiles for various values of the
Casson parameter is presented in Fig.4.1t is observed that the species concentration increases with the increases

in the Casson parameter g . Likewise, the solutal boundary layer thickness increases with increasing values of
Casson parameters.

The dimensionless velocity and temperature profiles for various values magnetic parameter M is shown in
Figs. 5, 6 and 7. It is observed that the thickness of momentum boundary layer decreases with increasing values

of M . Itis clear, because the increasing value of M tends to the increasing of Lorentz force, which produces

more resistance to the transport phenomena, while the dimensionless temperature increases with M . The
Lorentz force has the tendency to increase the temperature, and consequently, the thermal boundary layer
thickness becomes thicker for stronger magnetic field it is shown in Fig.6. Similarly, from Fig.7 the solutal

boundary layer thickness increases with the increasing values of M

WWWw.ijesi.org 20 | Page



Heat and Mass Transfer Hydromagnetic

Figs. 8-10 display the effect of Porous permeability parameter on velocity, temperature and concentration
profiles. Permeability is an important parameter for characterizing the transport properties, i.e. heat and mass

transfer in porous medium. It is noticed that K increases the velocity, because increase in permeability of

medium implies less resistance due to the porous matrix present in the medium while it decreases the
temperature and concentration.

The effect of radiation parameter R on temperature field is shown in Fig.11. It is seen that thickness of the

thermal boundary layer increases as R increases. It is clear that increase in the value of R implies increasing
of thermal radiation in the thermal boundary layer which results in increase in the value of the temperature
profile in the thermal boundary layer.

Fig.12 displays the variation of temperature profiles with respect to heat source and sink parameter S . It is
noticed that the increase in heat source parameter increases the fluid temperature profile. It is seen that heat
source can add more heat to the stretching sheet which increases its temperature. This increases the thickness of
thermal boundary layer and the opposite trend is observed in the case of heat sink.

The effect of chemical reaction parameter y on the concentration profiles is shown in Fig.13. It is observed

that the concentration decreases with the increase of the chemical reaction i.e., the chemical reaction parameter
decelerating agent and as a result, the solute boundary layer near the wall becomes thinner. This is due to fact
that the conversion of the species takes place as a result of chemical reaction and thereby reduces the
concentration in the boundary layer and hence increases the mass transfer.

The variation of the concentration profiles with the Schmidt number Sc is shown in Fig.14. As the
Schmidt number Sc increases, the mass transfer rate increases. Actually the Schmidt number is inversely
proportional to the diffusion coefficient D . Hence the concentration decreases with increasing Sc .

In order to verify the accuracy of the present results, we have considered the solutions obtained by [22],
[23], [24], [25] and computed the numerical results for Nusselt number'(0) . These computed results are

tabulated in Table 1. It is interesting to observe from this table that the present results under some limiting
conditions are in very good agreement with the computed results obtained from numerical solutions of [22],
[23], [24], and [25]. Which clearly shows the correctness of the present results and computed results.

The numerical values of  Skin friction coefficient (Cf ) , Nusselt number (Nu), and Sherwood number
(sh) for different values of Magnetic field parameter (M), Porous permeability parameter (K ') and Casson
parameter (B) . It is observed from Table 2 that Nusselt number and Sherwood number decreases with

increasing M , and g . But Skin friction coefficient is increases with M , and g8 , whereas the opposite trend is
observed for Porous permeability parameter.

Tablel: Comparison of the values of #'(0) for Radiation parameter R, Magnetic field parameter M and Prandtl
number Pr for Newtonian fluid.

R (M |Pr | Magyariand El-Aziz [23] | Biddinand Ishak[25] | Present Results
Keller [22] Nazar[24] (R=0.K, = /=)

0 |0 1 -0.954782 -0.954785 -0.9548 -0.9548 -0.954813

0 |0 2 - - -1.4714 -1.4715 -1.471457

0 |0 3 -1.869075 -1.869074 -1.8691 -1.8691 -1.869071

0 |0 5 -2.500135 -2.500132 - -2.5001 -2.500119

0 |0 10 | -3.660379 -3.660372 - -3.6604 -3.660360

0 |1 1 - - - -0.8611 -0.861508

1 |0 1 - - -0.5315 - -0.535302

1 |1 1 - - - -0.4505 -0.461966
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Table 2: Numerical values of Skin friction (Cf ) , Nusselt number (N u) , and Sherwood number

MoK, | B - (0) -6 (0) -9 (0)
0 |01 [05 [1.971819 |[0.202506 0.267806
1 |01 |05 [2054622 |0.200714 0.265724
2 |01 |05 [2134212 0.199103 0.263847
05|02 |05 [1.545161 |0.214151 0.281202
05]04 |05 |[1.246353 |0.225839 0.294411
05|06 |05 [1.129214 |0.231616 0.300856
0501 |02 [1.423863 [0.217783 0.285351

05|01 |04 |1.864274 0.204930 0.270618
05]01 |06 |2135795 0.199133 0.263880

V. CONCLUSIONS
The numerical solutions for steady boundary layer heat and mass transfer flow of MHD Casson fluid
over an exponentially permeable stretching surface in presence of first order chemical reaction, thermal
radiation with heat source/sink are analyzed. The main findings of this investigation may be summarized as
follows:

1. Momentum boundary layer thickness decreases with increasing Casson parameter but the
thermal and solutal boundary layer thickness increases in this case.
2. The temperature increases with increasing values of the radiation parameter. This

phenomenon is ascribed to a higher effective thermal diffusivity.

3. The solutal boundary layer thickness decreases with increasing values of destructive chemical
reaction parameter and Schmidt number.

4. It is observed that the increase in magnetic field parameter enhanced the skin friction
coefficient. The magnetic field creates Lorentz force which increases the value of skin friction coefficient. But
the reverse effect is seen in case of porosity parameter.

5. The Casson parameter increases the skin friction coefficient. However, the velocity is
decreased when the Casson parameter is increased. Moreover, Nusselt number and Sherwood number is
decreases.
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