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ABSTRACT - This work concentrates on the study of the unsteady Hydromagnetic heat and mass transfer of a
Newtonian fluid in a permeable stretching plate with viscous dissipation and chemical reaction. Thermal radiation,
velocity slip, concentrate slip are also considered. The unsteady in the flow, temperature and concentration distribution
is past by the time dependence of stretching velocity surface temperature and surface concentration. Appropriate
similarity transformations are used to convert the governing partial differential equations into a system of coupled non-
linear differential equations. The resulting coupled non-linear differential equations are solved numerically by using
the fourth order Runge-Kutta method with shooting technique. The impact of various pertinent parameters on
velocity, temperature, concentration, skin friction coefficient and the Nusselt number are presented graphically and in
tabular form. Our computations disclose that fluid temperature has inverse relationship with the radiation parameter.
Comparison between the previously published results and the present numerical results for various for various special
cases been done and are found to be an excellent agreement.
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l. INTRODUCTION

The study of boundary layer flow of heat and mass transfer
of stretching surfaces has gained the interest of many
researchers because of its extensive applications in many
industrial manufacturing processes which include both
metal and polymer sheets. Some examples are in the
extraction of polymer and rubber sheets, wire drawing, hot
rolling, spinning of fibers, metal spinning, paper
production, glass blowing, crystal growing, nuclear
reactors, cooling of metallic sheets or electronic chips,
manufacture of foods, etc., Crane [1] computed an exact
similarity solution for the boundary layer flow of a
Newtonian fluid toward an elastic sheet which is stretched
with the velocity proportional to the distance from the
origin. Mohanty et al., [2] developed a model to
investigate the heat and mass transfer effect of a
micropolar fluid over a stretching sheet through porous
media. Mastroberardino [3] found accurate solutions for
viscoelastic boundary layer flow and heat transfer over a
stretching sheet.

In addition, heat and mass transfer with chemical reaction
has  special  significance in  chemical and
hydrometallurgical industries. The formation of smog
represents a first-order homogeneous chemical reaction.
For instance, one can take into account the emission of
NO, from automobiles and other smoke-stacks. Thus, NO,
reacts chemically in the atmosphere with unburned
hydrocarbons (aided by sunlight) and produces
peroxyacetyl nitrate, which forms a layer of photochemical
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smog. Chemical reactions can be treated as either
homogeneous or heterogeneous processes. It depends on
whether they occur at an interface or as a single-phase
volume reaction. Most of the Chemical reactions involve
either heterogeneous or homogeneous processes. Some
reactions are very slow or not at all, except in the presence
of a catalyst. A complex interaction lies between the
homogeneous and heterogeneous reactions which is
incorporated in the production and consumption of
reactant species at different rates on the fluid and also on
the catalytic surfaces, such happen in fog formation and
dispersion, food processing, manufacturing of polymer
production, groves of fruit trees, moisture over agricultural
fields, equipment design by chemical processing, crops
damage via freezing etc. Some kind of chemical reaction
is observed if there is a foreign mass in air or water.
During a chemical reaction, heat is generated between two
species (Byron Bird R.et al. [4]). Generally, the reaction
rate depends on the concentration of the mass itself. If the
rate of reaction is directly proportional to concentration
itself (Cussler [5]), then it is said to be first order.

Chemical reactions are classified into two categories; via
homogeneous reaction, which involves only single phase
reaction and heterogeneous reaction, which involves two
or more phases and occur at the interface between the fluid
and solid or between two fluids separated by an interface.
The important applications of homogeneous reactions are
the combination of common household gas and oxygen to
produce a flame and the reactions between aqueous
solutions of acids and bases. Themelis [6] stated that the
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majority of chemical reactions encountered in applications
are first-order and heterogeneous reactions such as
hydrolysis of methyl acetate in the presence of mineral
acids and inversion of cane sugar in the presence of
mineral acids. A chemical reaction is said to be first-order
when a reaction rate depends on a single substance and the
value of the exponent is one. Midya [7] observed from
their study that the first-order chemical reaction is very
important in chemical engineering where the chemical
reactions take place between a foreign mass and the
working fluid.

MHD problems occur in several situations like the
prediction of space weather, damping of turbulent
fluctuations in semiconductor melts in crystal growth,
measurement of flow rates of beverages in the food
industry. It also has applications in geophysics; it is
applied to study the stellar and solar structures, interstellar
matter, radio propagation through the ionosphere etc. in
engineering in MHD pumps, MHD bearings etc. Hayata et
al., [8] studied MHD flow of nanofluids over an
exponentially stretching sheet in a porous medium with
convective boundary conditions. Bala Anki Reddy et al.,
[9] examined the Numerical Study of MHD Boundary
Layer Slip Flow of a Maxwell Nanofluid over an
exponentially stretching surface with convective boundary
condition. Yan Zhang et al., [10] analyzed the Heat and
Mass Transfer in a Thin Liquid Film over an Unsteady
Stretching Surface in the Presence of Thermo solutal
Capillarity and Variable Magnetic Field.

At high temperatures attained in some engineering devices,
gas, for example, can be ionized and so becomes an
electrical conductor. The ionized gas or plasma can be
made to interact with the magnetic and alter heat transfer
and friction characteristic. Since some fluids can also emit
and absorb thermal radiation, it is of interest to study the
effect of magnetic field on the temperature distribution and
heat transfer when the fluid is not only an electrical
conductor but also it is capable of emitting and absorbing
thermal radiation. This is of interest because heat transfer
by thermal radiation has become of greater importance
when we are concerned with space applications and higher
operating temperatures. Manjula et al., [11] focussed on
the influence of Thermal Radiation and Chemical Reaction
on MHD Flow. Narayana and Babu [12] studied
numerically the MHD heat and mass transfer of a Jeffrey
fluid over a stretching sheet with chemical reaction and
thermal radiation.

Problems on fluid flow and mass transfer through porous
media are the interest of not only mathematicians but also
chemical engineers who have generally concerned with
reacting and absorbing species, petroleum engineers, who
have concerned with the miscible displacement process
and civil engineers who are confronted with the problem
of salt water encroachment of careful costal equiforce.
Also, porous media are very widely used for heated body
to maintain its temperature. To make the heat insulation of
the surface more effective it is necessary to study the free
convective effects underflow through porous media and to
estimate effects on the heat transfer. Nayak et al., [13]
studied Heat and mass transfer effects on MHD
viscoelastic fluid over a stretching sheet through porous
medium in presence of chemical reaction. Effect of
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thermal radiation on unsteady mixed convection flow and
heat transfer over a porous stretching surface in porous
medium was investigated by Mukhopadhyay[14].

The effect of heat source/sink on heat transfer is another
significant aspect in view of many physical problems.
Heat generation or absorption may change the heat
distribution in the fluid which consequently affects the
particle deposition rate in the system such as
semiconductors, electronic devices and nuclear reactors.
Heat source/sink may be considered constant, space
dependent or temperature dependent. Here, we will
discuss non-uniform, i.e., space and temperature
dependent heat source/sink. Several studies on the heat
source/sink and thermal radiation effects and some other
related problems were performed by some investigators.
[15-18]

In all the revisions declared above, viscous dissipation is
neglected. But the viscous dissipation in the natural
convective flow is important, when the flow field of
extreme size or in high gravitational field. Such effects are
important in geophysical flows and also in certain
industrial geophysical flows operations and are usually
characterized by the Eckert number. Gebhart [19] revealed
that a significant viscous dissipation may occur in natural
convection in various devices which are subject to large
decelerations or which operate at high rotational speeds.
Viscous dissipation effects may also be present in stronger
gravitational fields and in procedures wherein the scale of
the process is very large, e.g., on larger planets, in large
grassroots of gas in space, and in geological processes in
fluids internal to various bodies. During the movement of
fluid particles, viscosity of the fluid converts some kinetic
energy into thermal energy. As this process is irreversible
and caused due to viscosity, so this is called viscous
dissipation. Initially the effect of viscous dissipation was
considered by Brickman [20]. Chand et al., [21] studied
the effects of viscous dissipation and radiation on unsteady
flow of electrically conducting fluid through a permeable
stretching surface. Suneetha et al., [22] analyzed the
radiation and Mass Transfer Effects on MHD Free
Convective Dissipative Fluid in the Presence of Heat
Source/Sink. Bala Anki Reddy et al., [23] studied the
impact of Cattaneo-Christov heat flux in the Casson fluid
flow over a stretching surface with aligned magnetic field
and homogeneous heterogeneous chemical reaction.

Generally, a viscous fluid normally sticks to a boundary,
i.e., there is no-slip of the fluid relative to the boundary.
The no slip boundary state, which is the supposition that a
liquid stick to a solid boundary, is one of the pillar of the
Navier—Stokes theory. The non-adherence of the fluid to a
solid boundary is called velocity slip. Velocity slip may
arise on a stretching boundary when the fluid contains
particulates such as emulsions, suspensions, foams and
polymer solutions. Fluids exhibiting boundary slip also
feature in diverse areas such as polishing of artificial heart
valves and hydrophobic walls in fuel cells. Simulation of
these effects requires modifications to wall boundary
conditions which are achieved via the Navier slip model
for wvelocity and a thermal jump slip model for
temperature. Additionally, mass (solutal) slip can occur
when simultaneous species diffusion occurs. Numerous
studies have revealed the important influence of slip on
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near-wall flow characteristics. Daba et al. [24] studied the
unsteady hydromagnetic chemically reacting mixed
convection flow over a permeable stretching surface with
slip and thermal radiation. Das [25] investigated the
convective heat transfer performance of nanofluids from a
permeable stretching surface with partial slip, thermal
buoyancy and temperature dependent internal heat
generation/absorption. Swati [26] shed light on the Slip
effects on MHD boundary layer flow over an
exponentially stretching sheet with suction/blowing and
thermal radiation. Bala Anki Reddy and Suneetha [27]
analysed the Effects Of Homogeneous-Heterogeneous
Chemical Reaction And Slip Velocity On Mhd Stagnation
Flow Of A Micropolar Fluid Over A Permeable
Stretching/Shrinking Surface Embedded In A Porous
Medium. More recently, several sleuths ([28]-[30]) studied
on different fluids.

The intent of the current model is to study the effect of
chemical reaction, as well as heat and mass transfer on the
MHD fluid flow over an inclined permeable stretching
surface with an acute angle o to the vertical in the presence
of a non-uniform heat source/sink. Thermal radiation,
viscous dissipation, velocity slip, thermal slip and solutal
slip conditions are taken into account. The governing
partial differential equations have been transformed into a
system of ordinary differential equations by similarity
transformations which are then solved numerically by
using fourth order Runge—Kutta scheme together with the
shooting method. The effects of wvarious pertinent
parameters on the momentum, heat and mass transfer
characteristics have been studied and numerical results are
presented graphically and in the tabular form. This paper
has been arranged as follows: Section 2 deals with the
mathematical formulation of the problem. Section 3
contains numerical results and discussions. The concluding
remarks are presented in Sec. 4.

1. MATHEMATICAL FORMULATION

Figurel. Physical sketch of the problem.

Let us consider an unsteady two-dimensional viscous,
incompressible, electrically conducting of Newtonian fluid
over a permeable time-dependent stretching sheet. The
coordinate system and flow model are shown in Fig. 1. At
time t=0, the sheet is impulsively stretched with velocity

uU,(xt)= along the x-axis, where the origin is

(L—ct)
kept fixed in the fluid medium of ambient temperatureT,,.
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A magnetic field B(t) is applied perpendicular to the sheet.
It is assumed that the magnetic Reynolds number is much
less than unity so that the induced magnetic field is
negligible in comparison to the applied magnetic field. The
velocity slip, thermal slip, solutal slip and first-order
homogeneous time-dependent chemical reaction have been
taken into account. The fluid properties are assumed to be
constant. Under these assumptions, the governing
boundary layer equations that are based on the balance
laws of mass, linear momentum, energy and concentration
species for the blood flow in the presence of thermal
radiation take the following form:

—+—=0 @

2
a—u+u6—u+va—u:ua—g+ 9p(T -T,)cosa
ot OX oy oy

+g[;’*(C—Cm)cosa—GBz(t)Sinz(g‘)u— u

T oT T k 90T 1 aq,
u—+=+Vv —

ot OX

& pC, o pC, o

q" v 8uj2
+ e 3)
5

oC oC oC o’C
—+U—+v—=D
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-T(t)(C-C,) 4

Subject to the boundary conditions:
au oT
u=U,+Ny—,v=V ,T=T +K—,
oy oy

oc
C=C,+P— at y=0
oy
u—->0,T>T ,C>C asy—>wo (5)

where V,, represents the injection/suction velocity given by

V, = /“‘i £ (0) (6)

Equation (6) implies that the mass transfer at the surface of
the capillary wall takes place with a velocity V,, where

Vv, >0 in the case of injection and Vv, <0 in the case of
suction. In Eq. (2,

k,(t)=k, (1—ct) represents the time-dependent

1
permeability parameter, in  Eq. (5), N =N, (1—Ct)5 is
1
the velocity slip factor. K =K, (1—ct)5 is the thermal

1
slip factor and P =P, (1-ct)z is the concentration slip
factor. The no-slip conditions can be recovered, by putting
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N = K=P =0. The velocity UW(X,t) of the stretching
motion of the blood vessel, surface temperature T, (X,t)

and the concentration C,, (X,t) are considered as

ax dx
u,= T,=T + ,C,=C_+ @)
1-ct 1-—ct 1-—ct
where a, b, cand d are the constants such that
a>0,b>0,c>0,d>0and ct<1. Let us

consider

B(t) = B, (L—ct) zand T(t) = T, (1—ct)" , where
By is a constant representing the magnetic field strength at
t =0, I';is a constant, u and v are the velocity components
in the x and y directions respectively, p is the density of
the fluid, g is the acceleration due to gravity, £ is the

coefficient of thermal expansion, ,H* is the coefficient of

expansion with concentration, T is the temperature, T is
the temperature of the ambient fluid, C is the
concentration, C_ is the concentration of the ambient

fluid, o is the electrical conductivity, v is the kinematic
viscosity, Cp is the specific heat at constant pressure, K is
the thermal conductivity, g, is the radiative heat flux n, &

is the aligned angle and D is the mass diffusion coefficient.

The non-uniform heat source/sink, g"is modeled as

q"’:—KUw(X’t)[A* (T,-T)f'+B(T —T@):l ,
Xv

where A* and B* are the coefficient of space and
temperature dependent heat source/sink, respectively. It is
to be noted that the case A* > 0, B* > 0 corresponds to
internal heat generation and that A*<0 , B*<
0 corresponds to internal heat absorption.

Thermal radiation is simulated using the Rosseland
diffusion approximation and in accordance with this, the
radiative heat flux g,.is given by
46" oT'
Q=-"""—" ®)
3k oy

Where o¢* is the Stefan—Boltzman constant and k* is the
Rosseland mean absorption coefficient. If the temperature
differences within the mass of blood flow are sufficiently
small, then Eq. (8) can be linearized by expanding T* into
the Taylor’s series aboutT,,, and neglecting higher-order
terms, we get

T =4T°T-3T' 9)
We introduce the self-similar transformations (see

Chamka et al., [31] Srinivas et al., [17] and Misra and
Sinha[32] )
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1

f7=(uw ) Y, l//=(VxUW)i f(n),

VX

T-T C-C
0(n)=—=¢(n)= -, (10)
TW—Tw C —Cx‘

w

Where 7 is the similarity variable and 1 is the stream
functibh. The velocity components are

=a—l// V=-— 6_1// which identically satisfies Eq. (1).

oy OX

Now substituting (9) and (10) into the Egs. (2) — (4), we
get the following set of ordinary differential equations

u

" " "\2 ’ 1 "
£+ ff - () —A(f +—nf )+Gr9005a
2

+GCg COSa—MZf’sinzﬁ—Kif':O (11)
1+R
R tor o A(¢9+ 1779’)

pr 2

Af'+B@
+g+ Ec(f')'=0 (12)

P,

1 " ’ ’ 1 ’
—¢+fp-Tfg- A(¢+—f7¢)—7¢=0 13)
Sc 2

where A; M; Ks; Gr; Gc; R; Pr; Ec; Sc and y are non-
dimensional ~ parameters called, respectively, the
unsteadiness parameter, Hartmann number, permeability
parameter, Grashof number, solutal Grashof number,
radiation parameter, Prandtl number, Eckert number,
Schmidt number and chemical reaction parameter are
given by

K T -T
A:E,MzBO 2 ,Ka_az,GI’:Ma
a pa v U:,

GC:gﬂX(CW_Cw),R:lGO—Tw lpr:'u_Cp ,

u: (8 3kk k

U’ v r
Ec= *—— Sc=— and y =—* (14)

¢,(T,-T.) D a

The corresponding boundary conditions are

f=s, f'=1+5,1(0), 6=1+S06'(0),
¢=1+S¢'(0) at n =0,
f'>0,0>0,46>0, ¢>0, n—>o. (15)

In Eq. (15), S<0and S > 0 correspond to injection and
suction, respectively. The non-dimensional velocity slip St
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thermal slip S; and solutal slip S; are defined by

5f=Nop\/5, StzKo\/E and S, = B, a
v

14

where the prime denotes derivatives with respect to 77 . It

may be noted that when A=0 in Egs. (11) — (13), the
problem will be reduced to the one in the steady state.

Also the quantities of physical interest in this problem are
the skin friction coefficient, heat transfer rate and mass
transfer which are defined as
T Xq m X
C,=—— Nu =————,Sh = ————
A, k(T,-T.) pD(c,~c.)

2

(16)

Where the wall shear stress, surface heat flux and the mass
flux are given by

ou el ac
(3] lZ) - P
/., /., Y/,

Using Eq. (17), quantity (16) can be expressed as

1

1 - L et
C,=—Re*f"(0), Nu=-Re®6(0), sh=-Re?¢4'(0),
2

The above skin-friction coefficient, local Nusselt number
and Sherwood number show that their variations depend
on the variation of the factors

f”(0),—6'(0), and —¢'(0), respectively.

1. ESTIMATES NUMERICAL AND
RELATED DISCUSSION

Figures 2— 8 depict the influence of non-dimensional axial
velocity for different values of Magnetic parameter,
permeability parameter, thermal Grashof number, solutal
Grashof number, velocity slip factor, suction parameter,
inclination parameter respectively. Figure 2 shows that the
velocity lowers as the induced magnetic parameter M
increases for steady and unsteady flows. This is due to the
application of the magnetic field in the Y-direction an
electrically conducting fluid gives rise to a flow resistive
force called Lorentz force, thereby reducing the
magnitude of the velocity.

Figure 3 displays the variations of velocity profile with
changes in the permeability parameter. From this figure it
can be observed that an increase in the permeability
enhances the velocity of the fluid. One can see that, for
small permeability (K = 0.1), the axial velocity reduces
faster than the case when the permeability is higher (K =
0.3; 0.5). Further one can note that the same patterns of
velocity profiles are observed for steady and unsteady
cases.

The variation of the axial velocity for both thermal grashof
number (Gr) and solutal grashof number (Gc) for steady
and unsteady flows are shown in figures 4-5. Gr signifies
the relative effect of the thermal buoyancy force to the
viscous hydrodynamic force in the boundary layer regime.
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An increase in Gr or Gc induces a rise in the steady and
unsteady state velocity profiles. There is a rapid rise in the
velocity near the wall and then the velocity descends
smoothly towards zero.

Figure 6 presents the velocity profiles for various values of
velocity-slip factor. With the increasing values of velocity
slip parameter the fluid velocity slightly reduces and then
the velocity descends smoothly towards zero. When slip
occurs, the fluid flow velocity near the plate is no longer
equal to the sheet stretching velocity, i.e., a velocity slip
exists. With the rise in S; such a slip velocity increases.
Further it is also observed that the velocity slip is less for
unsteady case when compared with steady case.

Figure 7 is aimed to shed light on the effect of suction
parameter on the wvelocity distribution in the boundary
layer. It reveals that the velocity profiles decrease with an
increase in the suction parameter. This is because the
heated fluid is pushed towards the wall where the
buoyancy forces can act to retard the fluid due to high
influence of viscosity. Same trend is observed for both
cases.

From figure 8 we infer that the velocity profiles decrease
with an increase in the inclination parameter . This can be
attributed to the fact that the angle of inclination decreases
the effect of the buoyancy force due to thermal diffusion
by a factor of cosa. Consequently, the driving force to the
fluid decreases as a result velocity of the fluid decreases. It
is also observed that the inclination is less for unsteady
case than the steady case.

Figures 9-14 focus on the temperature distribution for
various values of thermal radiation parameter, Prandtl
number, unsteadiness parameter, temperature dependent
source/sink, Eckert number, thermal slip parameter and
inclination. The temperature profiles are presented for
various values of thermal radiation parameter in figure 9. It
is worthwhile to note that the radiation effect are inversely
proportional to the radiation parameter R which implies an
increase in radiation effect with decrease in R. We may
observe from figure 9 that the fluid temperature decreases
with increasing R which helps to conclude that the
temperature of the fluid decrease with increasing radiation
effects. The fluid particle volume fraction increases near
the wall within the boundary layer region and changes its
characteristics away from the wall. Same tendency is
observe for both steady and unsteady cases.

Figure 10 demonstrates the effect of Prandtl number on the
temperature distribution. The numerical results show that
an increase in the Prandtl number results in a decrease of
the thermal boundary layer thickness and in general lower
average temperature within the boundary layer. The reason
is that smaller values of Pr are equivalent to increasing the
thermal conductivity of the fluid, and therefore heat is able
to diffuse away from the heated surface more rapidly than
higher values of Pr. Hence in the case of smaller Pr, the
thermal boundary layer is thicker and the rate of heat
transfer is reduced. Therefore an increase in Pr reduces
temperature.

Figure 11 represents the temperature profiles for various
values of unsteadiness parameter A. It is observed from
this figure that as the unsteadiness parameter increases, the
temperature of the boundary layer also increases.
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The variations in the temperature profiles for changes in
the heat source/sink (B*) are presented in figure 12. It is
observed that the temperature enhances with an increase in
heat source.

The effect of Eckert number Ec, on temperature is shown
in figure 13. Eckert number Ec, designates the ratio of the
kinetic energy of the flow to the boundary layer enthalpy
difference. As Ec is enhanced, the velocity as well as the
temperature increases, since internal energy is increased.
It is also seen from this figure that the temperature is less
for unsteady case when compared with steady case near
the plate and then the temperature descends smoothly
towards zero.

Temperature profiles for the various values of thermal slip
parameter S; are shown in figure 14. It is seen from this
figure that the thermal slip parameter increases, less heat is
transferred from the stretched wall to the fluid and hence
the temperature decreases. It reveals the temperature
profiles decreases for both cases.

The computed values of the concentration distribution for
various values of solutal slip, Schmidt number and
chemical reaction parameter are displayed in figures. 15-
17. Figure 15 demonstrates the effect of the solutal slip S;
to the concentration distribution. It indicates that the
concentration decreases with a rise in solutal slip.

Figure 16 is a plot of concentration distribution for
various values of Schmidt number. The Schmidt number is
the ratio between a viscous diffusion rate and a molecular
diffusion rate. We notice from this figure that the
concentration distribution of the flow field reduces as the
Schmidt number increases. This is due to the fact that
heavier diffusing species have a greater retarding effect on
the concentration distribution of the fluid flow field.
Figure 17 shows the influence of the chemical reaction on
the concentration profiles in the boundary layer. It reveals
that the concentration decreases with an increase in the
chemical reaction.

The values f"(0),—¢'(0), and —¢'(0) for different

values of M?, Ky, Gr; Ge; a; R; Pr; A% B*: Ec; Sc; C for
A=0 are shown in Table 1. It can be noted that the skin
friction coefficient increased with increasing values of
solutal Grashof number and Eckert number, whereas the
reverse trend is observed in the case of magnetic
parameter, permeability parameter, Grashof number,
unsteadiness, thermal radiation, Prandtl number and
Schmidt number. Further, from Table 6, it is noticed that
the Nusselt number increases with an increase in the
Grashof number, permeability parameter, Prandtl number
, solutal Grashof number, radiation parameter and the
coefficient of space and temperature dependent heat
source/sink, where as it decreases with an increase in the
magnetic number, inclination, Eckert number, Schmidt
number, and chemical reaction. It is observed that the
Sherwood number decreases as the suction parameter,
radiation parameter, Prandtl number, inclination, Grashof
number, permeability parameter increases. It can be seen
that the Sherwood number increases with increasing
chemical reaction and Schmidt number. On the other hand,
the Sherwood number remains same for Eckert number.
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The values f”(0),—¢'(0), and —¢'(0) for different

values of M?, Ky, Gr; Ge; o; R; Pr; A% B*; Ec; Sc; C for
A=0.5 are shown in Table 2. It can be noted that the skin
friction coefficient increased with increasing values of
Grashof number, solutal Grashof number, Prandtl number,
permeability parameter and chemical reaction, whereas the
reverse trend is observed in the case of magnetic
parameter, inclination, unsteadiness, thermal radiation,
Prandtl number and Schmidt number. Further, from Table
2, it is noticed that the Nusselt number increases with an
increase in the Grashof number, permeability parameter,
Prandtl number , solutal Grashof number, radiation
parameter and the coefficient of space and temperature
dependent heat source/sink, where as it decreases with an
increase in the magnetic number, inclination, Eckert
number, Schmidt number, and chemical reaction. It is
observed that the Sherwood number decreases as the
suction parameter, radiation parameter, Prandtl number,
inclination, Grashof number, permeability parameter
increases. It can be seen that the Sherwood number
increases with increasing chemical reaction and Schmidt
number. On the other hand, the Sherwood number remains
same for Eckert number.

The values of f”(0),—6'(0), and —¢'(0) for different

values of S;, S; and S, for A=0 are shown in Table 3. The
skin-friction coefficient decreases with the thermal slip
and concentration slip, while it increases with the velocity
slip. The Nusselt number decreases with the thermal slip
and concentration slip while a slight increment is seen for
enhancement of velocity slip. It is seen that the value of
Sherwood number remains same with an increase of
velocity and thermal slip. However, it decreases with an
increase of concentration slip.

The values of f”(0),—6'(0), and —¢'(0) for different

values of ¢, S, and S, for A=0.5 are shown in Table 4. The
skin-friction coefficient slightly decreases with the thermal
slip and concentration slip, while it increases with the
velocity slip. The Nusselt number decreases with the
thermal slip and concentration slip while a slight increment
is seen for enhancement of velocity slip. It is seen that the
value of Sherwood number remains same with an increase
of velocity and thermal slip. However, it decreases with an
increase of concentration
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Fig.2. Velocity profile for different values of M
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gal REEHEERN 0.5 0.5 0.5 -0.4284 0.193419 0.711930
A RN 1 1.0 05 05 0274811 | 0.195771 0.706551
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02} $=00,051.0 ; . 05 0.5 1.0 -0.47589 0.189120 0522077
i Table 4.Values of £'(0), —6'(0) and — ¢'(0) for A=0.5
00 " " |_ " 1 n_ PEsrt L ._ PR -
0.0 0.5 1.0 15 20 25 3.0 s, s, s 700) ~67(0) 3
n 0.5 05 05 -0.527545 0.305941 | 0.743065
Fig.14. Temperature profile for different values of S; 1.0 0.5 0.5 -0.338107 0.310468 | 0.737009
i 05 1.0 0.5 -0.557709 0.244537 | 0.739663
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. 0.4 \ ) V. CONCLUSION
03 The steady two-dimensional heat and mass transfer on the
02 MHD flow over an inclined permeable stretching surface
o1 with non uniform heat source/sink were numerically
] investigated. The governing boundary layer equations
O%_'O 03 L0 5 a0 23 30 were reduced into a system of ordinary differential
equations and then the equations were solved numerically.
n The main results of the present investigation are as
follows:

» By increasing Ec, the boundary layer as well as
the temperature profiles on the stretching sheet
are increased.

» By increasing R, the boundary layer of the fluid
flow is decreased as well as convective heat
transfer rate on the stretching sheet is decreased.

» By increasing Pr, the boundary layer of the fluid
flow and the heat transfer rate decreases.

> It can be noted that the skin friction coefficient
increased with increasing values of Gr, Gc, Pr,

n Ks, and y, whereas the reverse trend is observed

inthe case of M, & A, R, and Sc.

Fig.16.Concentration profile for different values of Sc
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M? Ks Gr Ge A R Pr A B Ec Sc C f£7(0) -6'(0) —-¢'(0)
1.0 04 2.0 2.0 i 0.5 0.72 0.5 0.5 0.5 0.6 0.5 -0.212867 0.161136 0.700642
4
2.0 04 2.0 2.0 i 0.5 0.72 0.5 0.5 0.5 0.6 0.5 -0.239919 0.156875 0.691808
4
1.0 0.6 2.0 2.0 i 0.5 0.72 0.5 0.5 0.5 0.6 0.5 -0.642560 1.32972 0.304884
4
1.0 0.4 3.0 2.0 E 0.5 0.72 05 05 05 0.6 05 -0.642143 1.17700 0.289564
4
1.0 0.4 2.0 3.0 E 0.5 0.72 05 05 05 0.6 05 -0.170064 0.165366 0.71266
4
1.0 0.4 2.0 2.0 E 0.5 0.72 05 05 05 0.6 05 -0.239919 0.156875 0.691808
2
1.0 0.4 2.0 2.0 E 15 0.72 05 05 05 0.6 05 -0.220005 0.192709 0.698302
4
1.0 0.4 2.0 2.0 E 0.5 1.00 05 05 05 0.6 05 -0.239126 0.25508 0.690159
4
1.0 0.4 2.0 2.0 E 0.5 0.72 1.0 05 05 0.6 05 -0.618869 1.35066 0.397211
4
1.0 0.4 2.0 2.0 E 0.5 0.72 05 15 05 0.6 05 -0.454887 0.893873 0.568339
4
1.0 04 2.0 2.0 T 0.5 0.72 0.5 0.5 1.0 0.6 0.5 -0.207615 0.142452 0.702685
4
1.0 0.4 2.0 2.0 E 0.5 0.72 0.5 0.5 0.5 0.78 05 -0.222889 0.159087 0.770859
4
1.0 0.4 1.0 2.0 E 0.5 0.72 0.5 0.5 0.5 0.6 1.0 -0.220975 0.159539 0.75916
4
Table 1. Values of £"(0), —6'(0) and — ¢'(0) for A=0
M2 Ks Gr Gc A R Pr A B Ec Sc C £'(0) -0'(0) —¢'(0)
1.0 0.4 2.0 2.0 E 0.5 0.72 0.5 05 0.5 0.6 05 -0.264000 0.251033 0.729856
4
2.0 04 2.0 2.0 T 0.5 0.72 0.5 0.5 0.5 0.6 0.5 -0.287270 0.249833 0.723126
4
1.0 0.6 20 20 E 0.5 0.72 05 0.5 0.5 0.6 0.5 -0.216872 0.253112 0.743175
4
1.0 0.4 3.0 20 E 0.5 0.72 0.5 0.5 0.5 0.6 0.5 -0.199729 0.253959 0.748295
4
1.0 0.4 20 3.0 7 0.5 0.72 05 0.5 0.5 0.6 0.5 -0.222787 0.252104 0.740304
4
1.0 0.4 20 20 E 0.5 0.72 05 0.5 05 0.6 0.5 -0.287270 0.249833 0.723126
2
1.0 0.4 20 20 E 15 0.72 05 05 05 0.6 0.5 -0.263538 0.250253 0.730083
4
1.0 0.4 2.0 2.0 E 0.5 1.00 0.5 0.5 0.5 0.6 0.5 -0.286566 0.338578 0.722120
4
1.0 0.4 2.0 2.0 E 0.5 0.72 1.0 0.5 0.5 0.6 0.5 -0.232326 0.125914 0.740281
4
1.0 0.4 2.0 2.0 E 0.5 0.72 0.5 1.5 0.5 0.6 0.5 -0.505811 1.008930 0.616328
4
1.0 0.4 2.0 2.0 E 0.5 0.72 0.5 0.5 1.0 0.6 0.5 -0.260656 0.238196 0.730992
4
1.0 0.4 2.0 2.0 E 0.5 0.72 0.5 0.5 0.5 0.78 0.5 -0.273555 0.250335 0.800037
4
1.0 0.4 1.0 2.0 E 0.5 0.72 0.5 0.5 0.5 0.6 1.0 -0.220975 0.159539 0.759160
4
Table 2. Values of £"(0), —6'(0) and — ¢'(0) for A=0.5
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