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Abstract

A steady two dimensional mixed convective hydromagnetic flow over an inclined porous surface has been
considered. The governing boundary layer equations and boundary conditions are transformed by a scaling group
of transformation and finally solved numerically by using Runge-Kutta fourth-fifth order numerical method with
shooting technique. Effects of suction/ injection, porosity, thermal radiation, chemical reaction parameter,
Schmidt number and Prandtl number on velocity temperature and concentration profile presented graphically and
discussed in detail. It is observed that velocity increases while temperature and concentration decreases with
increasing values of chemical reaction parameter. The values of physical quantities like skin friction coefficient,
Nusselt number and Sherwood number are also tabulated with the variation of physical parameters.
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1. Introduction

The effects of chemically reactive solute distribution on fluid flow due to a stretching/ shrinking surface have great
importance in engineering researches. The chemical reaction effects were studied by many researchers as Chambre
and Young (1958) studied the diffusion of a chemically reactive species in a laminar boundary layer flow over a flat
plate. The effect of transfer of chemically reactive species in the laminar flow over a stretching sheet examined by
Andersson et al. (1994). Takhar et al. (2000) explicated the flow and mass transfer on a stretching sheet with a
magnetic field and chemically reactive species with n-th order reaction. Afify (2004) analyzed the MHD free
convective flow of viscous incompressible fluid and mass transfer over a stretching sheet with chemical reaction. Liu
(2005) studied the momentum, heat and mass transfer of a hydromagnetic flow past a stretching sheet in the presence
of a uniform transverse magnetic field. Akyildiz et al. (2006) obtained a solution for diffusion of chemically reactive
species in a flow of a non-Newtonian fluid over a stretching sheet immersed in a porous medium. Rahman and Sattar
(2006) analyzed the MHD convective flow of a micro polar fluid past a continuously moving vertical porous plate in
the presence of heat generation/ absorption. Cortell (2007) studied the motion and mass transfer for two classes of
viscoelastic fluid over a porous stretching sheet with chemically reactive species. Raji Reddy and Srihari (2009)
studied numerical solution of unsteady flow of a radiating and chemically reacting fluid with time-dependent suction.
Kandasamy et al. (2010) investigated the effects of temperature-dependent fluid viscosity and chemical reaction on
MHD free convective heat and mass transfer with variable stream conditions. Uddin er al. (2011) studied the
distribution of the chemically reactant solute in the MHD flow of an electrically conducting viscous incompressible
fluid over a stretching surface. Hamad ez al. (2012) studied a steady laminar 2-D MHD viscous incompressible flow over
a permeable flat plate with thermal convective boundary condition, radiation effects and similarity representation of the
governing partial differential equations obtained by group method. Ferdows et al. (2013) investigated a free convective
heat and mass transfer flow over a moving permeable flat vertical stretching sheet in the presence of non-uniform

magnetic field. Effects of thermal radiation and convective surface boundary condition on steady boundary layer flow of a
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viscous incompressible electrically conducting fluid are considered. A scaling group of transformation is applied to the
governing equations and the boundary conditions. The objective of present investigation is to study chemical effects on
MHD flow over a permeable porous inclined surface. To finding the solution, authors are using scaling group method of
transformation. The attempt has also been made to study the effects of radiation, suction/ injection, porosity, thermal
radiation, magnetic parameter, radiation parameter, Schmidt number, Prandtl number on the fluid flow and the rate of heat

and mass transfer.

2. Mathematical Formulation of the Problem

Consider a two dimensional steady laminar flow of an incompressible MHD fluid over an inclined porous flat
surface with an acute angle a to the vertical. With the x-axis measured along the plate, a magnetic field B is
applied in the y-direction that is normal to the flow direction. Suction or injection is imposed on the porous
surface. The temperature of the surface is held uniform at T,, which is higher than the ambient temperature T.,.
The species concentration at the surface is maintained uniform at C,, = 1 while the ambient fluid concentration is

assumed to be C,.

Inclined
Porous
Surface

Figure 1. The physical model of the problem
Under these assumptions the governing fluid flow equations of continuity, momentum, heat transfer and mass

transfer respectively are as follows:

_du _du
u— V—_ZO 1)
Jx dy
ﬁa—u+Va—E: v+E 8__121_6B ﬁ—ﬁ+gBT(T—Tm)cosa+gBC(C—Cw)c0sa (2)
ox dy p )dy ) pK
* 2 — 2
AN LU S S S PR L 3)
ox dy pCpdy” pC, dy pC, \dy
2
ﬁa—C+Va—C=Da—C—KC(C—Cm) 4)

X  dy dy’
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Here U and V are the velocity components in X and y directions, respectively, V is the kinematic coefficient

of viscosity, W is coefficient of viscosity, K is vortex viscosity, O is electrical conductivity of the fluid, K is

porosity parameter, p is fluid density, T is fluid temperature, BT is thermal expansion coefficient, B is

concentration expansion coefficient, k" is the thermal conductivity, C,, is specific heat, D is mass diffusivity, K¢
is coefficient of chemical reaction.

The boundary conditions are given by

u=u, =cx,v=-v_,C=C_,T=T, aty=0 (5a)

u—>0T->T, ,C—>C, asy —>oo (5b)
By using Rosseland’s approximation, the radiative heat flux g, is given by

4 4
g =22 I ©
3k, dy

Here G, is the Stefan-Boltzman constant and K, is the absorption coefficient. It is assumed that the temperature

variation within the flow is such that T* may be expanded in a Taylor series about T,, and neglecting higher order

terms, we get
T* =4TT ] - 3T} @)
Equations (6) and (7) give
dq, _ 160,T. 0°T

= ®)
oy 3k, 9y’

Using equations (8) the energy equation (3) becomes

T _3T k" 3°T 166,T 3T p (ou)

U_——+v_—= —2 T 3 ©)

ox dy pC,dy" 3x,Cpdy" pC, \dy

Introducing the following dimensionless variables as considered by Hamad et al. (2012):
X yvR u R T-T C-C

x=, y=20 u=, v=10 0= —, 0= - (10a)
L L u_ u_ T, -T. c,-C.
d

u= _\IJ, V= —a—\l’ (IOb)
ady ox

where Re = u,L/v is the Reynolds number, y is the stream function, L being the characteristic length and u,, is
reference velocity.

Hence, equations (2), (9) and (4) reduce in the following form:

oy
dy’

cosa
e2

dy o’y dy d’y
dy oxdy 0Ox oy’

—(1+K)

+(M+Kp)g—w— (Grf +9Gce) =0 11
y

2

=0 (12)

dydd dyadd 19% 4 1 9% [azwj
_______ _Ee .
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dyodp Jydp 1 99
——————— 2P 4yvo=0
dy ox dx dy Scay’ e 1

Subject to boundary conditions,

a—w—x N _ Vw9

—x, N __ ,0=1, o=1 at y=0 (142)
dy ox  u_+Re
dy
— 0,050, >0 as y > oo (142)
y
where g — X is material parameter, M= oB’L is the Hartmann number, K, = Lu ; is the porosity parameter,
pu,, U_pK
3 _ 3 _
Gr = w and Gc= M are thermal and mass Grashof number respectively,
v v
2
R=ﬁ is the conduction-radiation parameter, Pr:“CP is the Prandtl number, EC:L is the
4T3s K’ C,(T, -T.)

Eckert number, gc = Y- is the Schmidt number, Y= KL is the chemical reaction rate parameter.

The application of group transformations has been considered to find similarity reduction of equations (11), (12)

and (13). Consider the following group transformations
I:x*=xQ", y" =yQ™, y* =yQ", 0" =0Q™, ¢* = Q" (15)
where a4, 0, 03, 04 and a5 are constants and € is the parameter of point transformation. Now finding the relation

among o’s such that

3. # 3 3

d d Py .
\53)=Hj(x,y,\|f,9,(p, ..... 0 (Y0, 0, (= 1,2,3) A,
y dy dy

A, and A; are conformally invariant under the group transformation (15).

Aj(x#,y#,w#,e#,(p#, ..... ,

By using above group transformation in equation (11) and solving the resulting equations one finds the following

o, =0, =05 =0 and 0, =20, (16)

Similarly equations (12), (13) and (14) are also giving O; = 20(3, o, =0, =05 =0, so these equations

show invariant under the group transformation (15).

Now the characteristic equations are

dx _dy_dy_db_do

a7
2x 0 ¢y O O
which give the following similarity transformations:
1
n=y, y=x(n), 6=6(n), and ¢ =¢(n) (18)

Using these transformations, the momentum, energy and mass equations become
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f7=——0.5(f? = ffHY+ M+ K, )f - (Gr6 + 9Gc) (19)
1+K [ v Re’ ®
” - 1 ’ ”?
0”=——(1.5RPrf 6"+ 3RPrEc £”?) 20)
3R +4
¢” =Sc(py—0.5f¢") 1)
Subject to the boundary conditions
f:fw,f':l,ezl,(pzl at =0 (22b)
f7=0,0—-0, >0 as n—oox (22b)

The physical quantities of interest are the Skin friction coefficient Cy, Nusselt number Nu and Sherwood number

Sh, which are defined as

Cp =5 (a_fj . Nu :i(a_fj . sh :i(a_(_:j (23)
pu’ | dy 7 =0 T, - T, 9y ), C,-C.\dy ),

3. Method of solution

The system of ordinary differential equations (19), (20) and (21) subject to the boundary conditions (22) have been
solved numerically using Runge-Kutta method with shooting technique. The computations were carried out using
step size of An = 0.01 selected to be satisfactory for a convergence criterion of 10 in all cases.

The physical quantities skin friction coefficient Cy, Nusselt number Nu and Sherwood number Sh indicate the
wall shear stress, rate of heat transfer and rate of mass transfer respectively and these are proportional to the

numerical values of f''(0), —6'(0) and —¢'(0) respectively.

4. Results and discussion

The numerical results for velocity, temperature, concentration, wall heat transfer, the rate of heat and mass
transfer have been computed and represented. The computations are carried out for different values of different
parameters. The calculations were made by taking material parameter k (= 0.1, 0.2, 0.5), porosity parameter K,
(=0.1, 0.4, 0.7), chemical reaction parameter (0.1 <y < 1), radiation parameter (0.2 <R < 1), 0° <a <50° Sc =
(0.22, 0.72, 6.8, 10) with Gr = 0.1, Gc = 0.1, Ec = 1, Re = 1 and Prandtl number Pr = 0.72 for air at 1
atmospheric pressure. Different values of magnetic parameter, i.e. 0.1 <M < 1 were taken to analyse the study.
The values for the skin friction coefficient, Nusselt number and Sherwood number have been tabulated in table
1. It is seen that the value of skin friction coefficient varies and is greater for suction while smaller for injection.
Nusselt number is less for suction in comparison to injection and Sherwood number is higher for suction while
smaller for injection. Figures 2—4 exhibit the effects of magnetic parameter on velocity, temperature and
concentration. It is seen that the velocity increases while temperature and concentration decrease with an
increase in magnetic parameter. Figures 5-7 show the effect of porosity parameter on velocity, temperature and
concentration profile. Velocity first increases then sharply decreases while temperature and concentration
decrease increases as the value of K. Figures 8, 9 and 10 depict the effect of inclined plate angle o on different
profiles and it has been seen that velocity increases with its increasing values (for a = 0°, 30°, 50°), while

temperature and concentration decrease with its increase. Figures 11, 12 and 13 show the variation of velocity,
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temperature and concentration respectively for the variation of radiation parameter R. It is observed that velocity
and temperature decrease while concentration increases with an increase in radiation parameter. Figures 14-16
show the effect of chemical reaction parameter y on velocity, temperature and concentration. Velocity increases
while temperature and concentration decrease as the value of y increases. The effect of Schmidt number Sc on
concentration is represented through figure 17. It has been observed that concentration decreases as Schmidt
number increases. The effect of Prandtl number Pr on velocity and temperature are represented by figures 18 and
19 respectively. It is observed that the velocity first increases then sharply decreases while temperature decrease
with its increasing values (for Pr = 0.22, 6.8, 10).

Table 1. Effect on Skin friction coefficient C;, Nusselt number Nu and Sherwood number Sh for f, = 0.5, K=0.1,

Kp=0.1,M=0.5,Sc=05Pr=0.72,R=1,Re=1,Gr=0.1,Gc =0.1,Ec=1,a=30°and y = 0.1.

parameter values f'(0) 0'(0) ¢'(0)

0.1 0.000014 -0.295051 -0.507571

Y 0.5 0.001001 -0.298502 -0.689439
1 0.015202 -0.306302 -0.863251

0.1 0.000014 -0.295051 -0.507571

K, 0.4 0.352910 -0.286591 -0.530115
0.7 0.838471 -0.241011 -0.563746

0.1 -0.452104 -0.218399 -0.464637

M 0.5 0.000014 -0.295051 -0.507571
1 0.659101 -0.334052 -0.551361

0° 0.000014 -0.286051 -0.504839

o 30° 0.000014 -0.295051 -0.507571
50° 0.001020 -0.309251 -0.511870

0.2 0.097521 -0.149050 -0.522674

R 0.5 0.047521 -0.231590 -0.515161
1 0.000014 -0.295051 -0.507571

0.22 0.075901 -0.143201 -0.519201

Pr 6.8 0.010013 -1.327659 -0.511292
10 0.001004 -1.746591 -0.510820

091 \ M=0.1,0.5,1

T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 2. Effect of megnetic parameter M on velocity f' for f, = 0.5, K=0.1, Kp =0.1,Sc=0.5,Pr=0.72,R =
1,Re=1,Gr=0.1,Gc=0.1,Ec=1,a=30°and y = 0.1.
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Figure 3. Effect of megnetic parameter M on temperature 8 for f, = 0.5, K=0.1, Kp =0.1, Sc =0.5, Pr=0.72, R
=1,Re=1,Gr=0.1,Gc=0.1,Ec=1,a=30°and y = 0.1.

Concentration

n—-

Figure 4. Effect of megnetic parameter M on concentration ¢ for f,, = 0.5, K=0.1, Kp =0.1, Sc = 0.5, Pr =0.72,
R=1,Re=1,Gr=0.1,Gc=0.1,Ec=1,a=30°and y = 0.1.

1_0_“/\\ | K=0.1.04,07

Velocity ——

n——

Figure 5. Effect of porosity parameter Kp on velocity f' for f, = 0.5, K=0.1, M =0.5,Sc=0.5,Pr=0.72,R =1,
Re=1,Gr=0.1,Gc=0.1,Ec=1,a=30°and y = 0.1.

46



Chemical and Process Engineering Research
ISSN 2224-7467 (Paper) ISSN 2225-0913 (Online)
Vol.38, 2015

www.iiste.org
[THT ]

ISt

o

=}
©
1

o
©
1

e
3
1

=}
o
1

o
o
1

Temperature ———

o
S}
1

o
~
1

o
w
1

o
1

o
5]
|

K,=0.1,0.4,0.7

o

Figure 6. Effect of porosity parameter Kp on temperature 0 for f, =0.5, K=0.1,M =0.5, Sc =0.5,Pr=0.72, R
=1,Re=1,Gr=0.1,Gc=0.1,Ec=1,a=30°and y = 0.1.

Concentration
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Figure 7. Effect of porosity parameter Kp on concentration ¢ for f, = 0.5, K=0.1, M =0.5, Sc = 0.5, Pr=0.72,
R=1,Re=1,Gr=0.1,Gc=0.1,Ec=1,a=30°and y = 0.1.
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Figure 8. Effect of a on velocity f' for f, =0.5, K=0.1,Kp =0.1,M=0.5,Sc =0.5,Pr=0.72,R=1,Re =1, Gr

=0.1,Gc=0.1,Ec=1andy=0.1.
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Figure 9. Effect of o on temperature 6 for f, =0.5, K=0.1,Kp=0.1,M=0.5,Sc=0.5,Pr=0.72,R=1,Re =1,
Gr=0.1,Gc=0.1,Ec=1andy=0.1.
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Figure 10. Effect of a on concentration ¢ for f, = 0.5, K=0.1, Kp =0.1, M=0.5,Sc=0.5,Pr=0.72, R=1,Re
=1,Gr=0.1,Gc=0.1,Ec=1and y=0.1.
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Figure 11. Effect of radiation parameter R on velocity f' for f, =0.5, K=0.1, Kp =0.1, M =0.5, Sc =0.5, Pr =
0.72,Re=1,Gr=0.1,Gc =0.1,Ec=1,a=30°and y = 0.1.
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Figure 12. Effect of radiation parameter R on temperature 6 for f, =0.5, K=0.1, Kp =0.1, M =0.5, Sc = 0.5, Pr
=0.72,Re=1,Gr=0.1,Gc =0.1,Ec=1, a =30° and y = 0.1.
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Figure 13. Effect of radiation parameter R on concentration ¢ for f, = 0.5, K=0.1, Kp =0.1, M = 0.5, Sc = 0.5,
Pr=0.72,Re=1,Gr=0.1, Gc =0.1, Ec=1, a =30° and y = 0.1.
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Figure 14. Effect of chemical reaction parameter y on velocity f' for f, = 0.5, K=0.1, Kp =0.1, M =0.5, Sc =
0.5,Pr=0.72,R=1,Re=1,Gr=0.1, Gc =0.1, Ec =1 and a = 30°.
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Figure 15. Effect of chemical reaction parameter y on temperature 6 for f,, = 0.5, K=0.1, Kp =0.1, M =0.5, Sc
=05,Pr=072,R=1,Re=1,Gr=0.1, Gc =0.1, Ec =1 and a = 30°.
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Figure 16. Effect of chemical reaction parameter y on concentration ¢ for f, = 0.5, K=0.1, Kp =0.1, M = 0.5, Sc
=05,Pr=072,R=1,Re=1,Gr=0.1,Gc =0.1, Ec =1 and a = 30°.
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Figure 17. Effect of Schmidt number Sc on concentration ¢ for f, = 0.5, K=0.1, Kp =0.1, M =0.5, Pr=0.72, R
=1,Re=1,Gr=0.1,Gc=0.1,Ec=1,a=30°and y = 0.1.
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Figure 18. Effect of Prandtl number Pr on velocity f' for f, = 0.5, K=0.1, Kp =0.1, M=0.5,Sc=0.5,R=1, Re
=1,Gr=0.1,Gc=0.1,Ec=1,0=30°and y = 0.1.
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Figure 19. Effect of Prandtl number Pr on concentration ¢ for f, =0.5, K=0.1, Kp =0.1, M=0.5,Sc=0.5,R =
1,Re=1,Gr=0.1,Gc=0.1,Ec=1,a=30°and y = 0.1.
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