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Abstract-Unsteady free convective viscous slip flow of an
incompressible, electrically conducting and radiating fluid over a
semi infinite vertical porous plate embedded in a porous medium
in the presence of inclined magnetic field is investigated. The
resulting non-linear system of coupled partial differential
equations is solved by using regular perturbation technique. The
effects of various physical parameters on velocity, temperature
and concentration profiles as well as on the skin friction
coefficient, Nusselt number and Sherwood number are discussed
numerically and shown through graphs and table.
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I. INTRODUCTION

Free convective fluid motion has been studied most
extensively because of its existence in nature very
frequently as well as plays an important role in engineering,
geophysical and astrophysical environment. In recent years,
radiative heat transfer in the presence of chemical reaction has
received much attention due to its wide applications in
practical engineering such as the design and operation of
chemical processing equipment, design of heat exchangers,
chemical vapour deposition of solid layers and many
manufacturing processes like wire drawing, fiber drawing and
hot rolling. The influence of a magnetic field in viscous
incompressible flow of electrically conducting fluid is of use
in extrusion of plastics in the manufacture of rayon, nylon etc.
Sparrow and Cess [1] analyzed the effect of a magnetic field
on free convention heat transfer. Radiation effects on free
convection flow past a moving plate has been discussed by
Raptis and Perdikis [2]. Kim [3] studied unsteady MHD
convective heat transfer past a semi-infinite vertical porous
moving plate with variable suction. Unsteady flow of liquid
through a channel with pressure gradient changing
exponentially under the influence of inclined magnetic field
was considered by Singh [4]. Chamka [5] investigated MHD
flow of uniformly stretched vertical permeable surface in the
presence of heat generation/absorption and a chemical
reaction. Heat transfer to unsteady magneto-hydrodynamic
flow past an infinite moving vertical plate with variable
suction was studied by Ogulu and Prakash [6]. Sharma and
Sharma [7] analyzed effect of oscillatory suction and heat

source on heat and mass transfer in MHD flow along a vertical
moving porous plate bounded by porous medium. Radiation
effect on MHD flow in a porous space was examined by
Hayat and Abbas [8]. Sharma and Singh [9] discussed
unsteady MHD free convective flow and heat transfer along a
vertical porous plate with variable suction and internal heat
generation. Radiation effects on unsteady MHD free
convective flow with hall current and mass transfer through
viscous incompressible fluid past a vertical porous plate
immersed in porous medium with heat source/sink were
studied by Sharma et al. [10]. Sharma and Mehta [11]
discussed radiative and free convective effects on MHD flow
through porous medium between infinite porous plates with
periodic cross flow velocity. Unsteady MHD convective flow
and heat transfer between heated inclined plates with magnetic
field in the presence of radiation effects were investigated by
Sharma et al. [12]. Turkyilmazoglu and Pop [13] discussed
Soret and heat source effects on the unsteady radiation MHD
free convection flow from an impulsively started infinite
vertical plate. Effect of inclined magnetic field on unsteady
free convective flow of dissipative fluid past a vertical plate
has been analyzed by Sandeep and Sugunamma [14].
Sugunamma et al. [15] presented the inclined magnetic field
and chemical reaction effects on flow over a semi infinite
vertical porous plate through porous medium.

Aim of this paper is to investigate unsteady radiative
MHD free convective viscous slip flow of incompressible
dissipative fluid over a semi infinite vertical porous plate
embedded in a porous medium in the presence of inclined
magnetic field. The governing non-linear coupled partial
differential equations are first transformed into a
dimensionless form and then approximate solutions are
obtained using perturbation technique. The effects of various
physical parameters on velocity, temperature and
concentration are discussed and shown through graphs.
Numerical values for skin friction, Nusselt number and
Sherwood number for various values of physical parameters
are obtained and shown through tables.

Il. FORMULATION OF THE PROBLEM

Consider two dimensional MHD free convective unsteady
flow of a viscous incompressible, electrically conducting and
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radiating fluid past a semi infinite vertical porous plate
through a porous medium, in the presence of thermal and
concentration buoyancy effects. The X -axis is taken along

the plate in wvertical direction and y* -axis is taken
perpendicular to the plate. An inclined magnetic field is
applied in the direction of y* -axis. Flow is fully developed

under the assumptions that the Joule heating effects and Soret
and Dufour effects are assumed to be negligible and the
electric field is absent since no voltage is applied externally.

Under these assumptions as well as Boussinesq
approximation, the governing equations for unsteady free
convective flow are given by
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where u” and v" are the velocity components in X and y -

directions, respectively; t" is the time, g is the acceleration

due to gravity, S is the thermal expansion coefficient, T is
the temperature of the fluid in the boundary layer, T is the

temperature of the fluid far away from the plate, ,8* is the

concentration expansion coefficient, C* is the species
concentration in the boundary layer, C, is the species
concentration in the fluid far away from the plate, B is the
magnetic field intensity, o is the fluid density, v is the
kinematic viscosity, K*
medium, U;
conductivity, C, is the specific heat at constant pressure, D

is the permeability of porous
is the free stream velocity, x is the thermal

is the mass diffusivity, kf is the chemical reaction coefficient,

q: is the radiative heat flux and Vy(>0) is the constant

suction velocity, £>0,A<1, and 0<¢gAll 1.
The boundary conditions are
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where T, and C,, are the temperature and species

concentration at the plate, respectively, s
parameter and U, is the free stream velocity.

From the equation (1), it is noted that the suction velocity
at the plate is either a constant or a function of time only.
Here, the suction velocity normal to the plate is assumed to be
in the form

Vi=Vy+eAe™t) |

is the slip

(6)
I1l. METHOD OF SOLUTION
Introducing the following non-dimensional quantities
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where u is the dimensionless velocity along x -axis, U is the
free stream velocity, € is the dimensionless temperature, t is
the time, C is the dimensionless concentration of the fluid,
Gr is the Grashof number for heat transfer, Gc is the Grashof
number for mass transfer, M is the Hartmann number, K is
the permeability parameter, Pr is the Prandtl number, R is
the radiation parameter, Ec is the Eckert number, Sc is the
Schimdt number and k; is the chemical reaction parameter.

The boundary conditions in dimensionless form are
reduced to
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where 1= V—Oand S is the slip parameter.
0

In view of boundary conditions, the velocity, temperature
and concentration distributions are separated into steady and
unsteady parts as given below

u(y,t) = ug(y) + e uy (y),
oy, 1) = Oy (y) + =€ ay(y),
C(y,t) =Co(y) +£e'Cy(y), (12)

Substituting (12) into the equations (8) to (10) and
equating the harmonic and non-harmonic terms, we obtain
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where prime denotes the differentiation with respectto vy .

Now, the corresponding boundary conditions are reduced
to

y=0: uozs[%j,ul (aayul] G =1,6=1¢4=14¢=1

y—>wilpg =>4, >AL,6)—>06 —>0,¢4 —0,4 —0.
(19)
The equations (13) to (18) are still coupled ordinary
second order differential equations. Since the Eckert number
Ec is very small for incompressible fluid flows, therefore
Ug, Uy, 6y, 6,,Cy,C; can be expanded in the powers of Ec as

given below
F(y) = Fo(y) +EcR () +O(Ec | ... | (20)
where F stands for any ug,u;,6p,6,Cq or C;. Substituting

ULTEMAS

ISSN 2278 - 2540
(20) into the equations (13) to (18), equating the coefficients
of like powers of Ec and neglecting terms of O(Ecz), we get

Zeroth order equations:
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Coy +ScCpy —kScCop =0, (31)
Cy1+5cCyq — Sc[kl +ITwJC“ = _ScACy,. (32)

Now, the corresponding boundary conditions are reduced
to

0 o 0 d

bho =161 =0,60 =181 =0,Cop =1.Cpy =0,Cyp =1,Cyy =0;

y —>0:Ugy = A,Ug; = 0,u9g = AL U1 > 0,6y > 0,6y, =0,
60 —>0,67 —>0,Cyg >0,Cy; »0,C;p »0,Cyy —0.

(33)

Now, the equations (21) to (32) are ordinary second order
linear coupled differential equations and solved under the
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boundary conditions (33). Through straight forward
calculations, the solutions of Ugg,Ugs,Uig.Ui1,600.%1,60-

&1,Co0,Co1,Cig.Cy1 are known and given as

Ugo = Age Y — Age 7Y — Ae™™Y 12, (34)
Uy = Poge "5 — Apge ™Y + Poge 2PV 4 P& 27V + Poge 2
— Apge M12Y 4 Ao Y A28e_'°16y, (35)
Uo = Agge"80Y + Agie™SY — Agge ™Y — Ayge MY — Age™10Y
—Agge Y + AL, (36)

ull = Bﬁge_Agoy + 851e*7y + 8528727), + 8536—2:61)/ + Bs4e_A5y +
Bsse_ZASy _ BSGe_AlZy + Bs7e_Al4y _ BSBe_AlSy + Bsge_A49y
— BGOe_ASly _ B6le_A53y _ B6Ze_A55y + B63e_A57y + Bs4e_A59y

_ Bﬁ5e_A61y + 866€_A63y + 3676—'665)/ _ Bﬁse—AiQV’ (37)

Gpo =€, (38)

Oor = Age”Y — Age 2 — Ayge Y — Ay A 4 pyge Y
— Ase AaY Al7e—'°16)” (39)

O = Agoe 1Y + Ayye Y, (40)

6y = %Ze—ﬁgy +Be Y - Bge—ZAsy —Bge Y - B7e_2A1y
+Bge A2Y _B e A4y 4 Bje Y _ B oMY
Bﬂe—ﬁsﬂ 4 Blge‘A%V +B, 1e—A55y _ ste—/*sw -
Bz5e_A59y 4 BZYe_AGly _ Bzge—pwy _ B31e_A65y, (41)

Coo =, (42)
Co1 =0, 43)
Cio = Age Y + Age™™, (44)
C1=0, (45)

where A to Ag; and B; to Bgg are constants, whose
expressions are not given here due to sake of brevity.

Thus, the expressions for velocity, temperature and
concentration are known and given by

u(y,t)=ugo + Ecugy + selt (U +Ecuyg), (46)
O(y,t) = 6o + ECOy +£e'™ (69 +Echyy ), (47)
C(y,t)=Cgo + EcCqy + 6 (Cyg +EcCyy). (48)

A. Skin-friction Coefficient

The coefficient of skin-friction at the plate is given by

Cf:[gj =—AP+7As+ AP +ECA Ay +7 A —2A A, =27 Ay
y=0
~ 2P Pos + Ay Pos — AuaPor + P Ags) + 68 {~Ag A
— AgPg1 +7Pgg + APy1 + Ao ey + Ao Agg + EC(—AgBgyp
—7Bs1—2yBsp —2A Bz — AsBsy —2AsBgs + AjpBg — AiyBsy
+ A1gBsg — AgBsg + As51Bgo + As3Bgy + AssBer — As7Bgs
— AsBoa + A1 Bes — AogBos — AusBer + AgBeg)t.  (49)
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B. Nusselt Number

The rate of heat transfer in terms of Nusselt number at the
plate is given by

Nu = —(%J =y —Ec(-rAg+2AAg+ 2y Mg +2A A —
ay y=0
Ao A+ AaPis — PgA7) — g€ =g Agg
—7Po1 +EC(—AgBsy — By +2A5B3 + 2y B5 +
2AB7 — ApBg + AiyBry — AgBiz + AggBis —
As1B17 — As3Brg — Asg By + As7Boz + AggByos
— P1Bo7 + Ag3Bag + AgsBay)}- (50)

C. Sherwood Number

The rate of mass transfer in terms of Sherwood Number at
the plate is given by

Sh=—{@j = A+ (A A+ AR). (51)
 Jyg

IV. RESULTS AND DISCUSSION

The effects of physical parameters on velocity,
temperature and mass distribution are shown through figures
when 0 =0.0,A=05t=01S=02 4=05and w=1. It
is depicted from figures 1 to 3 that fluid velocity increases
with an increase of Grashof number for heat transfer, Grashof
number for mass transfer or permeability parameter, while an
opposite phenomenon is observed in case of radiation
parameter, Prandtl number, Hartmann number, chemical
reaction parameter, angle of inclination or Schmidt number as
shown from figures 4 to 9.
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Fig-1: Velocity distribution versus y when R=1.6,Ec=0.01,Pr=0.71,

0.2

Gc=5K =01k =01M =1,|//=%,SC=O.22.
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Fig-2: Velocity distribution versus y when R=1.6, Ec=0.01, Pr=0.71, Fig-5: Velocity distribution versus y when R=1.6, Ec=0.01, Gr =5,
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Fig-3: Velocity distribution versus y when R=1.6, Ec=0.01, Pr=0.71, Fig-6: Velocity distribution versus y when R=1.6, Ec=0.01, Pr=0.71,

Gr=5Gc=5k =01, M =1, y/:%, Sc=0.22. Gr=5Gc=5, K =0.1, k; =0.1, W:%, Sc=0.22.
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Fig-4: Velocity distribution versus y when M =1, Ec=0.01, Pr=0.71, Fig-7: Velocity distribution versus y when R=1.6,Ec=0.01, Pr=0.71,

T
Gr=5Gc=5 K=0.1 k; =0.1, (/,:%, Sc =0.22. Gr=5,G6c=5K=01 M =1, WZE’ Sc=0.22.
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Fig-8: Velocity distribution versus y when R=1.6,Ec=0.01, Pr=0.71,

Gr=5,Gc=5 K=0.1,k =01, M =1, Sc=0.22.

$c=0.22,0.60,0.66,1

0o 5 10 15
y
Fig-9: Velocity distribution versus y when R=1.6, Ec =0.01, Pr=0.71,

Gr=5Gc=5 K=0.1k =01, M =1, w=%.

The variation of temperature profile for different values
of radiation parameter and Prandtl number are shown in
figures 10 and 11. It is depicted that temperature profile
decreases with an increase of radiation parameter or Prandtl
number.

R=0.1,0.6,1.0,1.6

0.6

0.41

0.21

I
0 5 10 15
y

Fig-10: Temperature distribution versus y when Ec =0.01, Pr =0.71,

Gr=5Gc=5 K=0.1k =01 M =1 w=%, Sc=0.22.

ULTEMAS

ISSN 2278 - 2540

0.9
0.8
0.7

0.6

Pr=0.71,1.0,7.0,11.4

0.4

0.3

0.2

0.1

0 5 10 15
y
Fig-11: Temperature distribution versus y when R =1.6, Ec = 0.01,

[}

Gr=5Gc=5 K=0.1k =01, M =1, W:%, Sc=0.22.

The variation of concentration profiles for different values
of Schmidt number and chemical reaction parameter are
shown in figures 12 and 13. It is observed that the increasing
values of Schmidt number or chemical reaction parameter
leads to fall in the concentration profile.

Sc=0.22,0.60,0.66,1.0

[o] 5 10 15
y

Fig-12: Concentration distribution versus y when kq =0.1.

1
0.8
0.6 k1:0'2'0'6’1'0’1'4
o
0.4f
0.2[
o |
0 5 10 15

y
Fig-13: Concentration distribution versus y when Sc =0.22.

www.ijltemas.in

Page 22



Volume lll, Issue Xll, December 2014

ULTEMAS

ISSN 2278 - 2540

TABLE |
Numerical values of skin friction coefficient, Nusselt number and Sherwood number at the plate for various values of physical parameters when
0=0.0Lt=0.1 A=055=02,1=05 and w=1.

Pr R Ec kg Gr Ge M Sc K % Cf Nu Sh
0.71 16 0.01 0.1 5 5 1 0.22 0.1 /2 2.0979 0.3895 0.2978
1.0 16 0.01 0.1 5 5 1 0.22 0.1 /2 2.0490 0.5485 0.2978
0.71 1.0 0.01 0.1 5 5 1 0.22 0.1 /2 2.1248 0.3062 0.2978
0.71 16 0.04 0.1 5 5 1 0.22 0.1 /2 2.0950 0.3807 0.2978
0.71 16 0.01 0.4 5 5 1 0.22 0.1 /2 2.0569 0.3897 0.4307
0.71 16 0.01 0.1 10 5 1 0.22 0.1 /2 2.7169 0.3876 0.2978
0.71 1.6 0.01 0.1 5 10 1 0.22 0.1 72 2.7496 0.3874 0.2978
0.71 16 0.01 0.1 5 5 0.5 0.22 0.1 /2 2.0646 0.3895 0.2978
0.71 16 0.01 0.1 5 5 1 0.66 0.1 2 1.9653 0.3901 0.7554
0.71 16 0.01 0.1 5 5 1 0.22 0.2 /2 2.7397 0.3868 0.2978
0.71 16 0.01 0.1 5 5 1 0.22 0.1 /6 2.0436 0.3894 0.2978
The effects of various physical parameters on skin parameter leads to the increase in velocity

friction, Nusselt number and Sherwood number are shown
through TABLE |I. It is observed that skin friction increases
with the increase of Grashof number for heat transfer, Grashof
number for mass transfer, permeability parameter, Hartmann
number or angle of inclination of magnetic field, while it
decreases with the increase of Prandtl number, Eckert number,
chemical reaction parameter, radiation parameter or Schmidt
number. It is depicted that increasing values of Prandtl
number, Hartmann number, radiation parameter, Schmidt
number, chemical reaction parameter or angle of inclination of
magnetic field leads to growth in the Nusselt number, while
increase in the Grashof number for heat transfer, Grashof
number for mass transfer, Eckert number or permeability
parameter results in an decrease in the Nusselt number. It is
also observed that Sherwood number at the plate increases due
to increase in the Schmidt number or chemical reaction
parameter while it is unaltered from other physical parameter.

V. CONCLUSIONS

Influence of different physical parameters on unsteady
free convective flow, heat and mass transfer past a semi
vertical porous plate immersed through porous medium with
viscous dissipation effect and in the presence of inclined
magnetic field is carried out and skin friction coefficient,
Nusselt number and Sherwood number at the plate are
discussed numerically and the following conclusions are
made:

(). The increase in Grashof number for heat transfer,
Grashof number for mass transfer or permeability

distributions.

(if).  The fluid velocity and temperature decrease with the
increase of radiation parameter or Prandtl number.

(iii).  The fluid velocity decreases with an increase of angle
of inclination of magnetic field, while it increases
with an increase of viscous dissipation effect.

(iv). The fluid concentration increases with the increase of
chemical reaction parameter or Schmidt number
while fluid velocity decreases.

(V). For the unsteady flow, the skin friction increases with
the increase of magnetic field parameter or angle of
inclination of magnetic field.

(vi).  The Nusselt number decreases with the increase of
permeability parameter or Grashof number for heat
transfer.

(vii).  An increase in Schmidt number or chemical reaction
parameter leads to increase in the Sherwood number.
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