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Effects of variable properties on MHD heat and mass
transfer flow near a stagnation point towards a
stretching sheet in a porous medium
with thermal radiation
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The effect of variable viscosity and thermal conductivity on steady magnetohydrodynamic (MHD) heat and mass
transfer flow of viscous and incompressible fluid near a stagnation point towards a permeable stretching sheet embedded
in a porous medium are presented, taking into account thermal radiation and internal heat genberation/absorbtion. The
stretching velocity and the ambient fluid velocity are assumed to vary linearly with the distance from the stagnation
point. The Rosseland approximation is used to describe the radiative heat flux in the energy equation. The governing
fundamental equations are first transformed into a system of ordinary differential equations using a scaling group of
transformations and are solved numerically by using the fourth-order Rung-Kutta method with the shooting technique.
A comparison with previously published work has been carried out and the results are found to be in good agreement.
The results are analyzed for the effect of different physical parameters, such as the variable viscosity and thermal
conductivity, the ratio of free stream velocity to stretching velocity, the magnetic field, the porosity, the radiation and
suction/injection on the flow, and the heat and mass transfer characteristics. The results indicate that the inclusion of
variable viscosity and thermal conductivity into the fluids of light and medium molecular weight is able to change the
boundary-layer behavior for all values of the velocity ratio parameter \ except for A = 1. In addition, the imposition of

fluid suction increases both the rate of heat and mass transfer, whereas fluid injection shows the opposite effect.
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1. Introduction

The study of hydrodynamic stagnation point flow
over a stretching surface has attracted much atten-
tion due to their many practical applications such as
MHD generators and cooling of infinite metallic plates
in a bath. Hiemenz!" first studied two-dimensional
stagnation flow using similarity transformations to re-
duce the Navier—Stokes equations to non-linear or-
dinary differential equations and Eckert[?! considered
the corresponding heat transfer problems. Ramachan-
dran et al.l¥! studied laminar mixed convection in two-
dimensional stagnation flows around heated surfaces
by considering both an arbitrary wall temperature and
a varying arbitrary surface heat flux. This work was
then extended by Devi et al.l! to the unsteady case,
and by Lok et al.l®! to a vertical surface immersed in a
micropolar fluid. The stagnation point flows towards
a surface which has been moved or stretched have been
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much investigated.| In many new engineering ar-
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eas where processes occur at high temperatures, radia-
tion heat transfer besides the convective heat transfer
plays a very important role and cannot be neglected.
Hossain and Takhar['¥ studied the effect of radiation
using the Rosseland diffusion approximation, which
leads to non-similar solutions for the forced and free
convection flow of an optically dense fluid from vertical
surfaces with constant free stream velocity and surface
temperature. Pop et al.l'% analyzed the radiative ef-
fects on the steady two-dimensional stagnation-point
flow of an incompressible fluid over a stretching sheet.

The problem of flow, heat and mass transfer in
a laminar boundary layer over a stretching sheet in
a saturated porous medium has an important ap-
plication in the metallurgy and chemical engineering
fields. Layek et al.'®l considered the flow and heat
transfer boundary layer stagnation-point flow of an
incompressible viscous fluid towards a heated porous
stretching sheet embedded in a porous medium sub-
ject to suction/blowing with internal heat generation
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or absorption. Dulal'™ has reported heat and mass
transfer in stagnation-point flow towards a stretching
surface in the presence of buoyancy force and thermal
radiation. Recently, Adrian!'® studied heat and mass
transfer by natural convection at a stagnation-point
in a porous medium considering Soret and Dufour ef-
fects.

All the above mentioned investigations were car-
ried out for fluids having constant viscosity and
thermal conductivity throughout the boundary-layer.
However it is known that these physical properties
may change significantly with temperature. For in-
stance, the viscosity of water decreases about 240%
when the temperature increases from 10 °C to 50 °C.
The viscosity of air is 0.6924 x 107°, 1.3289, 2.286,
and 3.625 at temperatures 1000, 2000, 4000, and
8000 K respectively.['”) To predict accurately the
flow behaviors, it is necessary to take the variation
of viscosity and thermal conductivity into account.
Chamkhal?! discussed the effect of thermal and con-
centration buoyancy on an unsteady two-dimensional
laminar MHD flow which is heat-absorbing over a
moving vertical plate. Seddeek and Salamal?!! stud-
ied the effects of the variable viscosity and thermal
conductivity on an unsteady two-laminar MHD flow
past a vertical porous moving plate considering the ef-
fect of variable suction. Salem[®? investigated variable
viscosity and thermal conductivity effects on MHD
flow heat transfer in viscoelastic fluid over a stretching
sheet. Hassanian et al.23] investigated the steady non-
Darcy mixed convection flow near the stagnation point
on a heated vertical surface embedded in a porous
medium with thermal radiation and variable viscos-
ity.

The Lie-group method is applied to the non-linear
partial differential equations arising in fluid mechan-
ics, which leads to similarity variables that may be
used to reduce the number of independent variables
in the partial differential equations. By determining
the transformation group under which a given par-
tial differential equation is invariant, we can obtain
information about the invariants and symmetries of
the equations. This information can be used to deter-
mine the similarity transformations that can reduce a
system of partial differential equations and associated
boundary conditions to a system of ordinary differen-
tial equations.l?*=28! Youssef et al.?) used lie symme-
try techniques to obtain similarity reductions of non-
linear boundary layer equations for two-dimensional
steady flow of an incompressible viscous fluid near a
stagnation point on a heated surface placed in porous
In the present paper, we will extend the
work of Youssef et al.!3) and study the effect of surface

medium.

mass transfer on a steady boundary layer MHD flow

with heat and mass transfer near the stagnation point
over a stretching sheet through a porous medium in
the presence of temperature-dependent viscosity and
thermal conductivity, taking into account radiation
effects using the Rosseland approximation to model
the radiative heat transfer. The Lie-group method
is applied to the equations of motion for determining
symmetry reductions of the partial differential equa-
tions. The transformed dimensionless governing equa-
tions are solved numerically by using the fourth-order
Rung-Kutta with the shooting technique. The effects
of the physical parameters of the problem such as ve-
locity ratio, variable viscosity, variable thermal con-
ductivity, magnetic field, radiation, porous medium,
and surface mass transfer, are investigated in this
study.

2. Mathematical analysis

Consider the steady two-dimensional MHD flow
with heat and mass transfer near a stagnation-point
on a stretching porous surface placed in the y = 0
plane of a Cartesian system, the flow is in the region
y > 0 where the space above the plane sheet is filled
with the porous medium. The velocity u (z) and the
temperature Ty () of the stretching sheet are propor-
tional to the distance x from the stagnation-point. We
consider a gray, absorbing-emitting radiation fluid but
a nonscattering medium, and the Rosseland approxi-
mation is used to describe the radiative heat flux in
the energy equation. The fluid properties are assumed
to isotropic and constant, except for the fluid viscosity
and thermal conductivity. The governing equations of
the mass, momentum, energy and concentration for
steady flow can be written as

ou  Ov
T, 1
Oz * Ay 0 (1)
ou ou oU 1 0 ou
TSR § S AN (P27 ol it
Yoz +U8y U@x + Poo OY (M( )8y)
w(T) 9 B3
+—=U—-u)——U—-u), (2
EEL W -0 - 22U -,
oT oT 1 0 oT
5 oy = ey 3y M 3y)
QO 1 8Qr
+ T-Ty)— — 28 (3
poocp( ) PocCp DY ®)
oC oC 0%C
— 4+v—=D—>. 4
Yor +U8y Oy? )
The boundary conditions are given by
u(x) =cx, v=—vy, T =Ty(x) = Too + Az",
C= Cw7 (y = 0)7
u—Ux)=az, T — T,
C — Cyx, (y— ), (5)
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where v and v are the velocity components along the
x and y directions, respectively; T and C are, re-
spectively, the temperature and concentration; U(z)
is the stagnation point velocity, K is the permeability
of the porous medium, o is the electric conductivity,
By is the magnetic induction, ¢, is the specific heat
at constant pressure, (g is the volumetric heat gen-
eration/absorption rate, g, is the radiative heat flux,
D is the diffusion coefficient, py, is the constant fluid
density, n is the temperature parameter, and vy, repre-
sents suction velocity across the stretching sheet when
vy < 0, and blowing when vy > 0. When vy, = 0 the
sheet is imbermeable. Following Prasad et al.,l3% the
dynamic viscosity p and the thermal conductivity k

where a = v/, Ty = Too — 1/7 are constants, and
their values depend on the reference state and ther-
mal property of the fluid; po is the dynamic viscosity
in the fluid free stream; k., is the fluid free stream
thermal conductivity, and  is a constant depending
on the nature of the fluid. By using the Rosseland dif-
fusion approximation and following Hossain et al.,['4]
the radiative heat flux ¢, is given by
*3
qr = 1?32*7100 %7 (8)
where o* is the Stefan—Boltzmann constant and k* is
the Rosseland mean absorption coefficient.
We now introduce the following relations for u, v,
0, and ¢ as

. oy N T —Tw
are given as u:afy7 V=5 9:W7
1 w oo
S = 14T - Tx)l, 6 _ C-0Cx
1 ,uoo[ 7( )] (6) 0= M’ (9)
Le., where 1 is the stream function, § and ¢ are the non-
1 —a(T-T) dimensional temperature parameters. Using Eqs. (6)—
H o (9) in the boundary layer Eqgs. (2)—(4), we obtain the
= kol +0(T —Ts)|, 7 ollowing equations:
k=k 1) foll
|
00 P _OVIY 0 O O b 000w B, 00y oBOU
Oy O0x0y Oz Oy? ou 0, —00y>  (0—6,)20y20y K 6,—0 Oy Poo Oy’
oY 100 nb oY 00 koo %0 00\ 2 160*T3, 920 Qo
— (= -t == 1+ 50) 7 +s( T 0 11
Oy (ﬁx T ) 0r 0y  pPoctp [( T )0y2 * S(é)y) } + 3k*pooCp OY?  pocCp (11)
Wop oy D
rZr _ZrZF _pZ*t 12
Oy Oz Oz Oy oy?’ (12)

where s = §(Tw — T ) is the variable thermal conductivity parameter and 6, = —1/v(Ty, — Two) is the variable

viscosity parameter.
The boundary conditions become

oY o
9y =y = U 0=1 =1, (y
%zam,@%O,@—)O, (y = o00).

3. Solution of the problem

0),

(13)

Firstly, we shall derive the similarity solutions using the Lie group method under which the non-linear
differential equations (10)—(12) and boundary conditions (13) are invariant. The simplified form of the Lie-
group transformation, namely the scaling group of transformations given by Layek et al.l3!l are given by

Lok ecy * eca * ec3 * ecy
Izt =xe™, y"=ye 2, Y =ve ™, u" =ue ™,

vt =

/066657 U* — UeECG, 9* — 66667, 80* — 9085087
(14)

where ¢1, ca, c3, ¢4, C5, Cg, ¢7, and cg are transformation parameters. Equation (14) is considered as a point-
transformation transforming co-ordinates (z, y, ¥, u, v, 0, ) into the coordinates (z*,y*,¥*, u*,v*, 0%, p*).

Substituting (14) into (10)—(12), we obtain

(207 P00 0 rsaaon (B
Oy* Ox*0y*  Ox* Oy*2 0,
o *aU* e(c1—2cq) UB(% 5¢* e(ca—c3) 0”72 83¢* e(3ca—cs)
= [U e e Too By e }(1 o ) + [l/oo By e
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N %(U omceo %}l‘es(crm)} (1 B We@j”) Vaoo gz: (3;;#2 ) (15)
0 20) - 80
_ ;:f;:i gzﬁz of(2eamer) pz(;pe* 0T
+ p]z:‘;p (14507 em)gjﬁ: e=(2ermer) g g2e(eamer) (g—zﬂ , (16)
(G S o

However, the system of Egs. (15)—(17) remains invariant under the group of transformation I, if the following
relations hold:

c1+2c0—2c3=c1+2c0—2c3—cr=c1+2c0—2c3—2cr =c1 —2c6 =1 —2c5 —C7 =1 — 2c — 2c7
:302—03:302—03—07:CQ—03202—03—07202—03—207:—062—06—67,
c1+cy—c3—cr=—cyr=2c0 —cC7=2co —2c7, ¢c1 +Ccyg—c3—cg =2cy —csg.

These relations give ¢y = ¢3 = ¢4 = ¢g, ¢ = ¢5 = ¢ = cg = 0. Thus, the set I reduces to a one-parameter
group transformation as

izt =z, y* =y, v* =9, u* =ue™ v =0, U =Ue", 0* =0, ¢o* =0. (18)
Expanding by Taylor’s method in powers of € and keeping terms up to the order ¢, we obtain
2t —r=zxec,y  —y=0,¢0" —p =vecy, vt —u=wuecy, v  —v =0, U =U =Uecy, 0" —0=0, o* —p =0.
After differentials, we yield
dr_dy_dv_du_dv_ AU _d0_dp )

1T 0 Y cu 0 alU 0 0
Solving the above equation, we obtain
n=y, ¥* =xF(n), 6" =z0(n), ¢* = o(n). (20)

With the help of these relations, Eqs. (15)-(17) become

(F - FF“)(l - E) A (1 - E)F’” 4 Y prgr M2(1 - ﬁ)QF’

0, 0, 0: 0, Or
Voo ¢ /
160*T3
nF'g— Fo = 90 g 109 2 4 = [(1+56)8" + 50, (22)
PooCp 3P0 Cpk PooCp
Dy" — F¢' = 0. (23)

The boundary conditions are transformed to
F'(n) =c, F(n) = —vw, 0(n) =1, ¢(n) =1, (n=0);
F'(n) =a, 8(n) =0, (n) =0, (n— o0). (24)
Introducing the following transformations for n, F', 8, and ¢ in Egs. (21)—(23), we have
n=vedn, F=vidF*, 0=v20, o=v2 &

Let F* = F, 6* =0, and ¢* = . Eqgs. (21)—(23) finally become

*

ﬂ 1 2 " 2 2 o ﬁ 2 07, " ﬁ no_
(1—9r)F C(F?—FF" - )+ M F)<1—9r) t g F +k1(1—9r>()\—F)_0, (25)
(1 50+ %R) 0" + 50" + Pr(l - ﬁ) (FO' + ho —nF'0) =0 (26)
3 0, -
@+ ScFy¢' = 0. (27)
The corresponding boundary conditions take the form
F'(n)=1, F(n) = fw, 0(n) =1, ¢(n) =1, (n=0),
F'(n) =X, 0(n) =0, ¢(n) =0, (n—o0), (28)
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where A\ = a/c is the velocity ratio parameter, M =
0B} /psoc is the magnetic field, ky = vo/Kec is
the permeability parameter of the porous medium,
Pr = (1-0/0.)"'Pry is the Prandtl number with
Proo = pooCp/koo being the ambient Prandtl num-
ber, R = 4073 /k*ks, is the thermal radiation pa-

rameter, h = Qo/pooCp, ¢ is the heat source pa-
rameter, S¢ = v /D is the Schmidt number and
fw = —Uw/\/VooC is the dimensionless wall mass trans-

fer coefficient such that f, > 0 indicates wall suction
and fy, < 0 indicates wall injection.

The set of mnon-linear ordinary differential
Egs. (25)-(27) with boundary conditions (28) have

been solved by using the modified fourth-order Rung-
Kutta method with systematic estimates of F"(0),
6’(0) and ¢’(0) by the shooting technique.®? In these
calculations, the step size An = 0.001 while obtain-
ing the numerical solution with 7. = 10 and five-
decimal accuracy as the criterion for convergence. In
the absence of diffusion equations, in order to validate
our method, we compare the values of F”'(0) with the
results obtained by Youssef et al.[?) for different val-
ues of A and k; when we neglect the effects of 6,, s,
M, R, h, and f. As listed in Table 1, the two results

are in excellent agreement with each other.

Table 1. Comparison of our result F’/(0) with that obtained from Ref. [29].

A\ F”(O)[QQ] F"(0) (our result)
k1 =0 k1 =0.1 k1 =05 k1=1 k1 =0 k1 =0.1 k1 =0.5 k1=1
0.1 —0.969643 —1.010073 —1.158373 —1.321118 —0.96938617 —1.01007010 —1.15833564 —1.32111138
0.2 —0.918164 —0.951899 —1.076833 —1.215624 —0.91810711 —0.95185914 —1.07682276 —1.21562277
0.5 —0.667259 —0.685439 —0.754013 —0.832126 —0.66726369 —0.68544264 —0.75401495 —0.83212614
2 2.017506 2.041796 2.136322 2.249105 2.01750275 2.04179517 2.13632005 2.24910390
3 4.729285 4.770855 4.933765 5.130383 4.72928226 4.77085184 4.93376134 5.13038093
The computations have been carried out for lin- 6 (@) 0 O
ear surface temperature variation for different val- b s:Oj5,r9,.:1.2i
ues of velocity ratio parameter (), variable viscosity U k,=0.5
(6,), variable thermal conductivity (s), magnetic pa- 4 :\\ 7{\{[::10'5
rameter (M), permeability parameter of the porous ¢ WW\A=01,03, 1,15, 2, 2.5, 3, 3.5, 4 p — 1
medium (kq), thermal radiation (R), Schmidt number § 3r gg;ggé
(Sc), and the dimensionless wall mass transfer (fy). ol £ w::012
Numerical computations of the results are given in
Figs. 1-20 to gain greater insight in the qualitative 1 —— ===
analysis of the results for Pr = 0.71, which repre-
sents air at temperature 20 °C and Sc¢ = 0.22 corre- 00 2 4 6 S 10
sponds to hydrogen that represents a diffusion chem- s "
ical species of the most common items in air, as in- w (b) s=0,0,-00 _____
dicated by Gebhart et al.l*3 Figures 1(a) and 1(b) 1.a™ §=05,6,~12 — — —
show the respective changes in the viscosity function “i;\\ \ A=01,031, 1]fi0255;7,3_50471
1/ heo and the thermal conductivity function k/kso . L3r v M—0.5 Sc—=0.22
as the velocity ratio parameter A is changed for two § 1.2} %::11 {LW:_OQ
cases: (i) uniform viscosity (6, — oo) and uniform
thermal conductivity (s = 0), (ii) temperature vis- L1p
cosity (6, = 1.2) and temperature dependent ther- 10 T~
mal conductivity (s = 0.5). In the case of variable
fluid properties (f, = 1.2,s = 0.5), an increase in 0~90 s + : s 10

the velocity ratio parameter A obviously decreases the
viscosity and thermal conductivity distributions and
these approach unity at the outer edge of the bound-
ary layer. In the absence of variable fluid properties
(6, — 00,5 = 0), the velocity ratio parameter has a
negligible effect on the viscosity and thermal conduc-
tivity distributions inside the boundary layer.

Fig. 1. (colour online) (a) Viscosity distribution for dif-
ferent values of A. (b) Thermal conductivity distribution
for different values of .
Figures 2-4 are the graphical representation of
dimensionless velocity, temperature and concentra-
tion profiles for the same physical parameters used
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in Fig. 1, for constant as well as for variable fluid
properties. It is observed that the temperature and
concentration decrease with increasing A, but the ve-
locity increases. In addition, the velocity in the case
of constant fluid properties is higher than that of vari-
able properties for all values of A > 1. However, the
opposite trend is seen for the temperature and con-
For A < 1, the velocity in the
case of constant fluid properties is lower than that

centration profiles.

of variable fluid properties and the reverse trend is
seen for the temperature and concentration profiles.
Note that no momentum or concentration boundary
layer is formed when A\ = 1, because the fluid velocity
equals the velocity of the stretching sheet. It is worth
mentioning that using the temperature-dependent vis-
cosity and thermal conductivity for the case of fluid
heating (T > T ) gives a substantial error in the dis-
tribution of velocity, temperature and concentration.
This error is shown in Figs. 2—4 by plotting the veloc-
There-
fore, we conclude that for some kinds of mixtures (for

ity, temperature and concentration profiles.

example, Ho—air) of light or medium molecular weight,
the variable viscosity and thermal conductivity effects
should not be neglected.

< s=0, 6,—00
s=0.5,0,=1.2
A

'S

Fig. 2. (colour online) Velocity distribution for different
values of A, s, and 6;.

1.0

s=0, 6,>00

5s=0.5,0,=12 — — —
A=0.1,0.3, 1, 1.5, 2, 2.5 k;=0.5
M=0.5

Fig. 3. (colour online) Temperature distribution for dif-
ferent values of A, s, and 0.

1.0
‘ 5 =0, ,—>0c0 -
0s s=0.5,0,=12 — — —
a ki =0.5
A=01,03,1,1.52 25 M=0.5
0.6 n=1
= A=1 R=1
I Pr=0.71
0.4 Sc=10.22
fw_ l
0.2t h=0.2
N
0 -
0 2 4 6 8 10

Fig. 4. (colour online) Concentration distribution for dif-
ferent values of A, s, and 6.

2.5

2.0

1.5

F(n)

1.0§

0.5

Fig. 5. (colour online) Velocity distribution for different
values of A and k1. (b) Velocity distribution for different
values of A and ki.

The effect of the porosity parameter k; on the ve-
locity, temperature and concentration profiles for dif-
ferent values of the velocity ratio parameter \ are pre-
sented in Figs. 5-7 for both suction (f > 0) as well
as injection (f < 0) cases with #, = 1.2 and s = 0.5.
We can see that for A < 1, increasing in the value of
k1 will resist the flow. This, in turn, causes decreases
in the velocity and increases in the temperature and
concentration profiles. In addition, a reverse trend
is seen in the case of A > 1. The phenomenon for
small (A < 1) and large (A > 1) values of A has been
explained by Layek et al.l3!l Moreover, the influence
of the porosity parameter ki is more pronounced for
the case of injection (f, < 0) than suction (fw > 0)
for both higher and lower values of the velocity ratio
parameter A. Furthermore, for A = 1, the values of
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the velocity, temperature and concentration are un-
affected by the porosity parameter. This is because
the free stream velocity is equal to the velocity of the
stretching sheet.

1.0
k=0
....... < %_____
0.8
a:&g
A s=0.
= 0.6 0.1 M=0.5
= 0.5 n=1, R=1
0.4f  \& 1 Pr=0.71
e - 1.5 Sc=0.22
0.2k \(_“\ \.Q. h=0.2
N\ N~
X \ ==
0 2 4 6 8 10
n
1.0
(b k=0
0.8 N =t (G
’ - N oS A 9r: 12
LN SO 0.1 s=0.5
= 06p A\ —0.5 M=0.5
s =\ ~—1 15 n=1,R=1
0.4} W -2 Pr=0.71
W S Se=0.22
0.2} SN S h=02
‘. X ~>
NN N, ~x.
0 N S =-s
0 2 4 6 8 10
n

Fig. 6. (colour online) (a) Temperature distribution for
different values of A and k1. (b) Temperature distribution
for different values of A and k.

1.0

k=0
...... < [ —
0.8} 4§ 2—-—-

0.6r

@(n)

0.4} W\ 0.5

0.4f

0.21

0
0

Fig. 7. (colour online) (a) Concentration distribution for
different values of A and k1. (b) Concentration distribu-
tion for different values of A and ki.

Figures 8-10 show the effect of magnetic field pa-
rameter M in suction (f, > 0) and injection (fy, < 0)
cases on the dimensionless velocity, temperature, and
concentration, for different values of A\ with 6, = 1.2
and s = 0.5. The effect of M on the velocity, tem-
perature, and concentration distributions depends on
A. For A > 1 (the free stream velocity of the external
stream exceeds the stretching velocity of the surface),
the application of a magnetic field moving with the
free stream has the tendency to induce a motive force
which increases the motion of the fluid and decreases
its boundary layer. This is accompanied by a slight
decrease in the fluid temperature and concentration
within the boundary layer. In addition, the imposi-
tion of the stretching velocity of the surface exceeds
the free stream velocity and (A < 1) produces the op-
posite effect, namely increases the fluid temperature
and concentration and a decrease in its velocity dis-
tribution through out the boundary layer. Note that
the maximum difference in the dimensionless velocity,
temperature, and concentration distributions for vari-
ous values of M occurs under smaller values of the ve-
locity ratio parameter A, and this difference is almost
negligible for A = 1. This is because the free stream
velocity is equal to the velocity of the stretching sheet.
Furthermore, the effect of the magnetic field parame-
ter is more obvious for a fluid injection (f, < 0) than
for a fluid suction (fy > 0); i.e., the imposition of wall
fluid suction for this problem reduces the effect of the
magnetic field.

2'5( M=0.1
a) fu=1 ... (M=
15
2.0
E 1.5
I,
1.0
0.5
0
0 1 2 3 4 5
n
M=0.1
....... < 08 — — —
15 —-—
A=2
1.5
.................................... e
0.5
— 0.1
4 6

n
Fig. 8. (colour online) (a) Velocity distribution for dif-
ferent values of A and M. (b) Velocity distribution for
different values of A\ and M.
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1.0

0.8

0.6

6(n)

0.4

0.2

10

0.8

0.6

0.4

0.2

(a) M=0.1
fo=1 ... 08— — —
- ¢
2\ 0, =12
3 A s=0.5
-\ \ 0.1 ky :10.51)% .
- - n=1, =
BN 0-5 Pr=0.71
NN\ L5 Sc=0.22
< 5 h=0.2
\;—’,’ \'\_
N =
2 4 6 8 10
n
v (P) _
N fw_fl ...... <M_881_ —_ -
N: 15 — =
NN
AR A 6,=12
: ~——0.1 =05
N 0.5 ki=0.5
- NN 1 n=1, R=1
- SN 1.5 Pr=0.71
- <= _ 9  Sc=0.22
- S k=02
" \ .\
- SO~
. ~ \\_\
3 16 8§ 10
n

Fig. 9. (colour online) (a) Temperature distribution for

different values of A and M. (b) Temperature distribution
for different values of A and M.
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Fig. 10. (colour online) (a) Concentration distribution

for different values of A and M. (b) Concentration distri-

bution for different values of A and M.

Figures 11-13 show the effect of radiation param-
eter R on the velocity, temperature, and concentration
profiles for three sets of values of A (< 1, =1, and > 1)
with 6, = 1.2 and s = 0.5. For A < 1, the velocity
increases with the increasing the radiation parameter
R, whereas the concentration profiles decrease as R
increases. A reverse trend is also seen in the case of
A > 1. Furthermore, for A = 1, the radiation parame-
ter has no effect on the velocity and concentration dis-
tributions inside the boundary layer. It is very clear in
Fig. 12 that the dimensionless temperature increases
for all values of A as R increases. This result qual-
itatively agrees with expectations since the effect of
radiation is to increase the rate of energy transport to

2.5 <R:O 1
|||||| 1 — — —
2 — .=
2.0 =
1.5
g 1.5
N T
1.0 i
0.5
0.5
0.1
0
0 2 4 6

n
Fig. 11. (colour online) Velocity distribution for different
values of A and R.
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Fig. 12. (colour online) Temperature distribution for dif-
ferent values of A and R.
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Fig. 13. (colour online) Concentration viscosity distribu-
tion for different values of A and R.
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the fluid, thus increasing the temperature of the fluid.
In addition, the effect of radiation becomes more sig-
nificant for a smaller velocity ratio parameter, as one
can see from Fig. 12 by comparing the curves with
A=0.1and A =2.

Figure 14 shows the concentration profiles for dif-
ferent values of the velocity ratio parameter A. The
values of Schmidt number are chosen as 0.22, 0.78, and
0.94, which represent hydrogena Ammonia, and car-
bon dioxide, respectively, at 20 °C and 1 atmospheric
pressure. It is observed that the concentration de-
creases with an increase in Schmidt number for both
fluid suction and injection and for all the values of
A. This decrease in magnitude of concentration for
carbon dioxide is lower than that of ammonia and
hydrogen. Physically, this is possible because fluids
with high species concentration have high viscosity
and hence move slowly. The concentration profile
is less affected by the velocity ratio parameter for
Sc = 0.94. This behavior implies that the fluids hav-
ing smaller Schmidt number are much more responsive
to velocity ratio parameter than fluids having a larger

Schmidt number. Furthermore, the effect of Sc is
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Fig. 14. (colour online) (a) Concentration distribution
for different values of XA and Sc. (b) Concentration distri-
bution for different values A and Sec.

more pronounced for a fluid injection than for a fluid
suction, i.e., the imposition of wall fluid suction for
this problem reduces the effect of Schmidt number.
In Figs. 15-18, the effects of variable viscosity pa-
rameter 0, on the wall shear stress F/(0), the wall heat
transfer —0'(0) and the wall deposition flux —¢'(0)
are respectively presented for various values of the ve-
locity ratio parameter A for both suction (fy, > 0)
and injection (fy < 0) cases. The wall shear stress
and the wall deposition flux decrease with increasing
0, for both fluid suction and injection when A < 1,
while the reverse behavior is observed when A > 1.
For A = 1, the values of F"'(0) are equal to zero and
the values of —¢’(0) remain constant for all values of
0,. It is of interest to see the reversal of the sign of
F"(0) around A = 1 for all values of 6,. Physically,
this point corresponds to zero friction in the bound-
ary layer because the surface is stretching at the same
velocity as the free stream. Before this point (i.e. for
A < 1), the stretching velocity of the surface exceeds
the velocity of the external stream, so the boundary
For A > 1, the

surface is stretching lower than the free stream, so

layer experiences negative friction.

the boundary layer experiences positive friction. From
Fig. 16 we can see that the wall heat transfer increases
as 6, increases for fluid suction as well as for injec-
tion. We may also note that the wall heat transfer
is greater for the suction case than for the injection
case. Figures 18-20 show the wall shear stress F"(0),
the wall heat transfer —6’(0) and the wall deposition
flux —¢’(0) against velocity ratio parameter A for dif-
ferent values of magnetic field parameter M for both
fluid suction and injection cases. These figures con-
firm that as M increases, the wall shear stress, the
wall heat transfer and the wall deposition flux all de-
crease in the range 0 < A < 1, but increase in the
range 1 < A < 2. This increase in F”(0) is larger
in the case of fluid suction. For A = 1, the values of
F"(0) are equal to zero and the values of —0'(0) and
—¢'(0) remain constant for all values of M when the
sheet and the fluid move with the same velocity. These
results are generally consistent with those in Figs. 8-
10. Furthermore, we notice from these figures that for
large values of the velocity ratio parameter A(\ > 1),
the resistive effects of magnetic field are diminished;
hence the wall shear stress increases with increasing
M. The mass fluid suction (fy, > 0) is also found to
enhance the effect of magnetic field parameter M in
the boundary layer’s flow field.
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Fig. 16. (colour online) Wall heat transfer for different
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Fig. 17. (colour online) Wall deposition flux for different

values of A, 0y, and fy.
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Fig. 19. (colour online) Wall heat transfer for different
values of A\, M, and fy.
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Fig. 20. (colour online) Wall deposition flux for different
values of A\, M, and fy.

4. Conclusion

In this work, the problem of combined heat
and mass transfer in steady MHD two- dimensional
stagnation-point flow in a porous medium of an incom-
pressible viscous fluid towards a permeable stretching
surface with variable viscosity and thermal conduc-
tivity in the presence of thermal radiation is investi-
gated. The viscosity of the fluid is assumed to be an
inverse linear function of temperature and the thermal
conductivity is assumed to vary linearly with temper-
ature. The stretching velocity and the surface tem-
perature are assumed to vary linearly with the dis-
tance from the stagnation point. The governing equa-
tions for the problem were changed to dimensionless
ordinary differential equations using a scaling group
of transformations. The transformed governing equa-
tions in the present study were solved numerically by
using the Rung—Kutta and shooting methods. The nu-
merical results obtained agree very well with the pre-
viously published data for some particular cases of the
present study. The results indicate that increasing the
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velocity ratio parameter tends to increase the velocity
profile but decrease the temperature and concentra-
tion profiles. In addition, when the variable viscosity
and thermal conductivity are included, a considerable
rise in the velocity profile and considerable reduction
in the temperature and concentration profiles inside
the boundary layer occur when A > 1. However, the
opposite behavior is found for A < 1. When \ = 1,
the velocity distribution near the stretching surface is
the same as that away from the surface so that no
boundary-layer is formed near the surface. Further-
more, the effect of magnetic field on the rate of shear
stress may be reduced by suction but increased by in-
jection when A < 1, and the opposite is true when
A > 1. The rate of shear stress is found to be positive
for A > 1, negative for A < 1, and zero for A = 1. The
imposition of fluid suction is to increase both the rate
of heat and mass transfer, whereas injection shows the
opposite effects.
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