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Abstract An analysis of unsteady MHD free convection flow, heat and mass transfer past an expo-

nentially accelerated inclined plate embedded in a saturated porous medium with uniform perme-

ability, variable temperature and concentration has been carried out. The novelty of the present

study was to analyze the effect of angle of inclination on the flow phenomena in the presence of

heat source/sink and destructive reaction. The Laplace transformation method has been used to

solve the governing equations. The effects of the material parameters, magnetic field and the per-

meability of the porous medium are discussed. From the present analysis it is reported that the pres-

ence of magnetic field and porous medium prevents the flow reversal. Angle of inclination and heat

source sustains a retarding effect on velocity. The present study has an immediate application in

understanding the drag experienced at the heated/cooled and inclined surfaces in a seepage flow.
� 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The problem of free convection and mass transfer flow of an

electrically conducting fluid past an inclined heated surface
under the influence of magnetic field has attracted interest in
view of its applications to geophysics, astrophysics and many
engineering problems, such as cooling of nuclear reactors,
boundary layer control in aerodynamics and cooling towers.

Umemura and Law [1] have developed a generalized formula-
tion for the natural convection boundary layer flow over a flat
plate with arbitrary inclination. They have found that the flow

characteristics depend not only on the extent of inclination but
also on the distance from the leading edge. Alam et al. [2] have
studied MHD free convective heat and mass transfer flow past
an inclined surface with heat generation. They have not con-

sidered the effect of radiation and permeability of the medium
in their study but in their method of solution they have made
use of shooting iteration technique suggested by Nachtsheim

and Swigert [3]. Unsteady free convection in a fluid flow past
an infinite inclined plate immersed in a porous medium has
been considered for viscous dissipative heat by Uddin and
elerated
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Nomenclature

a� absorption coefficient

a dimensionless accelerating parameter
t dimensionless time
D chemical molecular diffusivity
C0 dimensional concentration in the fluid

C0
w concentration of the fluid near the plate

C0
1 concentration of the fluid far away from the plate

qr radiative heat flux

T dimensionless temperature of the fluid
T0
w constant temperature of the plate

T0
1 temperature of the fluid far away from the plate

S0 constant heat source
Kp porosity parameter
K0

p permeability of porous medium
Kc chemical reaction parameter

K0
c reaction rate constant

u0 velocity of the fluid in the x0-direction
u0 characteristic velocity of the plate

U dimensionless velocity
Nu Nusselt number
Sc Schmidt number

S dimensionless heat source
M magnetic field parameter
x0; y0 co-ordinate axes along and perpendicular to the

plate

a0 dimensional acceleration parameter

t0 dimensional time
Cp specific heat at constant pressure
C dimensionless fluid concentration
Gc mass Grashof number

Gr thermal Grashof number
g acceleration due to gravity
Pr Prandtl number

R radiative parameter
T0 dimensional temperature
B0 magnetic field strength

Greek symbols

l coefficient of viscosity
t kinematic coefficient of viscosity
b0 volumetric coefficient of expansion with concen-

tration
b volumetric coefficient of thermal expansion
q density

r electric conductivity
s skin friction
a thermal diffusivity
c inclination angle from the vertical direction

j thermal conductivity of the fluid
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Kumar [4]. Convection effects on flow past an inclined plate
with variable surface temperatures in water at 4 �C has been

studied by Palani [5]. They have observed that as the angle
of the plate from vertical direction increases the value of
friction factor and heat transfer coefficient decreases. This is

of interest to chemical engineers. Singh and Makinde [6] have
analyzed MHD free convection flow along an inclined plate
with Newtonian heating in the presence of exponentially

decaying volumetric heat source.
Considering the importance of radiative heat and mass

transfer of an electrically conducting fluid several studies have
been made by many authors (Ogulu and Makinde [7],

Makinde [8,9]) by formulating simple models. Radiation and
mass transfer effects on MHD free convection flow through
porous medium past an exponentially accelerated vertical plate

with variable temperature has been studied by Pattnaik et al.
[10]. Barik et al. [11] have studied the thermal radiation effect
on an unsteady MHD flow past an inclined porous heated

plate in the presence of chemical reaction and viscous
dissipation.

The study of heat generation or absorption in moving fluids
is important in problems dealing with chemical reactions disso-

ciating fluids. Since some fluids can also emit and absorb ther-
mal radiation, it is of interest to study the effects of magnetic
field on the temperature distribution vis-à-vis heat transfer

when the fluid is not only an electrical conductor but also it
is capable of emitting and absorbing radiation. Makinde [12]
has studied the computational modeling of MHD unsteady

flow and heat transfer over a flat plate with Navier slip and
Newtonian heating. Muthucumaraswamy and Kumar Senthil
[13] have analyzed the thermal diffusion effects on moving
Please cite this article in press as: Pattnaik JR et al., Radiation and mass transfer e
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infinite vertical plate in the presence of variable temperature
and mass diffusion. Rahman and Sattar [14] have studied

MHD convective flow of a micropolar fluid past a continu-
ously moving vertical porous plate in the presence of heat gen-
eration or absorption. Recently, Mishra et al. [15] have studied

the heat and mass transfer effect on MHD flow of a viscoelas-
tic fluid through porous medium with oscillatory suction and
heat source. Kumar and Varma [16] have studied radiation

effects on MHD flow past an impulsively started exponentially
accelerated vertical plate with variable temperature in the
presence of heat generation. The cases of flow past vertical sur-
faces and along the horizontal surfaces are many, though unre-

alistic in many engineering applications. The most important
application of MHD is the generation of electrical power with
the flow of an electrically conducting fluid through a transverse

magnetic field. Recently, experiments with ionized gases have
been performed with the hopes of producing power on a large
scale in stationary plants with large magnetic fields. Cryogenic

and superconducting magnets are required to produce these
very large magnetic fields. Generation of MHD power on a
smaller scale is of interest for space applications.

Further, Chen [17] has performed an analysis to study the

natural flow over a permeable inclined surface with variable
wall temperature and concentration. He has found that
increasing the angle of inclination decreases the effect of buoy-

ancy force. Recently, Ali et al. [18] have studied effects of heat
and mass transfer on MHD free convection flow over an
inclined plate embedded in a porous medium. They have con-

sidered impulsively started plate with variable temperature and
mass transfer. Further, Ismail et al. [19] have studied rotation
effects on coupled heat and mass transfer on unsteady MHD
ffects on MHD flow through porous medium past an exponentially accelerated
/10.1016/j.asej.2015.08.014
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free convection flow in a porous medium past an infinite
inclined plate. They have obtained exact solutions using
Laplace transform. Influence of thermal radiation on unsteady

free convection MHD flow of Brinkman type fluid in a porous
medium with Newtonian heating has been studied by Ali et al.
[20]. They have considered four different types of plate motion

such as (i) flow induced by an impulsively motion of the plate,
(ii) flow due to uniform acceleration of the plate, (iii) flow due
to nonuniform acceleration of the plate, and (iv) flow due to

highly nonuniform acceleration of the plate. The interesting
part of the study is to obtain an analytical solutions using
Laplace transform, which can be used as a benchmark by
numerical analysts.

Very recently, a research article entitled effects of wall shear
stress on MHD conjugate flow over an inclined plate in porous
medium with ramped wall temperature is reported by Khan

et al. [21]. They have found exact solutions for velocity and tem-
perature in case of both ramped and constant wall temperatures.
Further, Ismail et al. [22] have reported the effects of magneto-

hydrodynamic and radiation on flow of second grade fluid past
an infinite inclined plate in porous medium in AIP conference
proceedings. Moreover, Ismail et al. [23] have considered rotat-

ingMHDunsteady free convection flow of second grade fluid in
a porous medium. Another study related to rotation and heat
absorption on unsteady MHD free convection flow through
porous medium past an infinite inclined plate with ramped wall

temperature has been reported in ‘‘Recent Advance in
Mathematics” by Ismail et al. [24]. Not much work related to
the radiative, oscillatory flow past inclined surfaces embedded

in porous medium is reported in the literature though it is of
frequent occurrence in the industrial applications.

The present study focuses on a few physical situations, par-

ticularly in seepage flow, in which the entire flow domain may
not be exactly vertical/horizontal. Further, electrically con-
ducting fluids are of usual occurrence due to contamination

and industrial waste. The oscillatory motion is usual in indus-
tries when the oscillating surfaces are embedded in a porous
medium. Here, we have accounted for the effect of permeabil-
ity of the medium through a linear Darcy model. The consid-

eration of thermal radiation in energy equation and inclusion
of first order chemical reaction in the solutal equation con-
tribute to enhance the number of parameters in flow model

without compromising the possible occurrence in physical sit-
uation. Further, the consideration of time dependent variation
of temperature and concentration, which are common in prac-

tice, makes the study more realistic (Re < 1). Besides, the flow
phenomenon, our objective is to find out heat transfer rate to a
conducting flow under the influence of magnetic field. The
application of this field of heat transfer is needed in many sys-

tems involving high temperature plasmas, liquid–metal and
MHD power generation systems (Yadav et al. [25]). The ana-
lytical solutions of the governing equations are obtained

through Laplace transformation. The exclusion of the nonlin-
ear terms of the inertial forces, i.e. convected acceleration
terms, renders the problem linear representing slow motion

with very small Reynolds number. In such flows, the frictional
forces are much larger than the inertial forces. The approxi-
mate solutions of system are supposed to hold true for the sys-

tems with Reynolds number less than one [26]. The exclusion
of the nonlinear terms makes easier to apply Laplace transfor-
mation but it represents a specific flow condition. Even after
inclusion of nonlinear terms, the system can be solved by
Please cite this article in press as: Pattnaik JR et al., Radiation and mass transfer e
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Laplace transformation applying an iterative procedure. In
the first iteration, the nonlinear part of the equation is to be
omitted. Then Laplace transformation method is applied for

the linear part. After inversion, the function is determined.
Now, consider the entire equation including the nonlinear part
and apply Laplace transform. Repeat the process until a stable

solution is obtained.
The free convective flow of an electrically conducting as

well as radiating viscous fluid past an exponentially accelerated

inclined plate embedded in a porous medium with variable sur-
face temperature and concentration in the presence of trans-
verse magnetic field, heat source and chemical reaction has
been studied. The objective of the present work is to record

the effects of pertinent parameters governing the flow and to
discuss the work of Kumar and Varma [16] as a particular
case. They have considered in their study, the fluid is gray,

absorbing/emitting radiation but a non-scattering medium.
They have not considered the effect of free convection, perme-
ability of the porous medium and mass transfer due to differ-

ence in concentration of diffusing species. They have observed
that there is a fall in velocity in the presence of high radiation.
In the computation they have taken Pr ¼ 0:71; M ¼ 3 and

R ¼ 15 in a specific velocity profile. Further, Rajput and
Kumar [27] have studied radiation effects on MHD flow with
variable heat and mass transfer. Muthucumaraswamy et al.
[28] have also studied radiative heat and mass transfer on mov-

ing isothermal vertical plate in the presence of chemical reac-
tion. The above studies are related to thermal radiation. The
authors have taken Pr ¼ 0:71 in their computation.

2. Formulation and solution of the problem

In this problem we consider an unsteady uniform MHD free

convective flow of a viscous, incompressible and radiating fluid
past an exponentially accelerated inclined infinite plate with
variable temperature embedded in a saturated porous medium.

The x0-axis is taken along the plate and y0-axis is normal to the
plate. Magnetic field of intensity B0 is applied in the direction
perpendicular to the plate. The plate is inclined to vertical direc-

tion by an angle c. The induced magnetic field is neglected as the
magnetic Reynolds number of the flow is very small. Initially, it
is assumed that the plate and the surrounding fluid are at the

same temperature T0
1 and concentration C0

1. At time t0 > 0,

the plate is exponentially accelerated with a velocity
u0 ¼ u0 expða0t0Þ in its own plane. At the same time the tempera-
ture and concentration level are also raised or lowered linearly
with time t. The physical model is represented in Fig. 1. Follow-

ingBansal [29], Schlichting andGersten [30], Kumar andVarma
[16] the boundary layer equations of flow, heat andmass transfer
past an exponentially accelerated inclined plate are given by

@u0

@t0
¼ gb T0 � T0

1
� �

cos cþ gb0 C0 � C0
1

� �
cos cþ t

@2u0

@y02

� rB2
ou

0

q
� tu0

K0
p

ð1Þ

qCp

@T0

@t0
¼ j

@2T0

@y02
� @qr

@y0
þ S0 T0 � T0

1
� � ð2Þ

@C0

@t0
¼ D

@2C0

@y02
� K0

c C0 � C0
1

� � ð3Þ
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The initial and boundary conditions are

t0 6 0 : u0 ¼ 0; T0 ¼ T0
1; C0 ¼ C0

1 for all y0

t0 > 0 : u0 ¼ u0 expða0t0Þ; T0 ¼ T0
1 þ T0

w�T01ð Þu20t0
t ;

C0 ¼ C0
1 þ C0

w�C01ð Þu20t0
t at y0 ¼ 0

and u0 ! 0; T0 ! T0
1; C0 ! C0

1 as y0 ! 1

9>>>>>>=
>>>>>>;

ð4Þ
The boundary conditions for the temperature at the plate

impose a linearity relation between temperature and time with

a residual temperature T0
1 and having a constant slope u20=t,

which depends upon square of the characteristic velocity and

material property. Similar explanation holds for concentration
at the plate. The fluid considered here is a gray, absorbing/
emitting radiation but a non-scattering medium. The local gra-
dient for the case of an optically thin gray gas (England and

Emery [31], Pattnaik et al. [10]) is expressed by

@qr
@y0

¼ �4a�r T04
1 � T04� � ð5Þ

We assumed that the temperature differences within the flow

are sufficiently small such that T04 may be expressed as a linear
function of the temperature. This is accomplished by expand-

ing T04 in a Taylor series about T0
1 and neglecting the higher

order terms, we get

T04 ffi 4T03
1T0 � 3T04

1 ð6Þ
Using Eqs. (5) and (6) in (2) we have,

qCp

@T0

@t0
¼ j

@2T0

@y02
� 16a�rT03

1 T0 � T0
1

� �þ S0 T0 � T0
1

� � ð7Þ

On introducing the following non-dimensional quantities

y ¼ y0u0
t ; U ¼ u0

u0
; t ¼ t0u2

0

t ; a ¼ a0t
u2
0

; T ¼ T0�T01ð Þ
T0
w�T01ð Þ ; C ¼ C0�C01ð Þ

C0
w�C01ð Þ

Gr ¼ gbt T0
w�T01ð Þ
u3
0

;Pr ¼ lCp

j ;Gc ¼ gb0t C0
w�C01ð Þ
u3
0

;M ¼ rB2
0
t

qu2
0

;

Kp ¼ u2
0
K0
p

t2 ; Kc ¼ tK0
c

u2
0

; R ¼ 16a�t2rT01
ju2

0

; S ¼ S0t
qCpu

2
0

; Sc ¼ t
D
;

9>>>>>>=
>>>>>>;

ð8Þ
in Eqs. (1), (3), (7) and (4) we get

@U

@t
¼ @2U

@y2
�MU� U

Kp

þ GrT cos cþ GcC cos c ð9Þ

@T

@t
¼ 1

Pr

@2T

@y2
� RT

Pr

þ ST ð10Þ

@C

@t
¼ 1

Sc

@2C

@y2
� KcC ð11Þ

The initial and boundary conditions in dimensionless form are

U ¼ 0; T ¼ 0; C ¼ 0 8y; t 6 0

U ¼ expðatÞ; T ¼ t; C ¼ t at y ¼ 0

U ! 0; T ! 0; C ! 0 as y ! 1

)
t > 0

9>=
>; ð12Þ

Using Laplace transform and inverse Laplace transform to
Eqs. (9)–(11) with initial and boundary conditions (12) we
obtain the followings:
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U¼ expðatÞ
2

� �
exp y

ffiffiffiffiffiffiffiffiffiffi
kþa

p� �
erfc

y

2
ffiffi
t

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ aÞt

p� �	

þexpð�y
ffiffiffiffiffiffiffiffiffiffi
kþ a

p
Þerfcð y

2
ffiffi
t

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ aÞt

p
Þ



þ Gr cosc
2 Pr � 1ð Þ
� �

expða1tÞ
a21

exp y
ffiffiffiffiffiffiffiffiffiffiffiffi
kþ a1

p� �n	

�erfc
y

2
ffiffi
t

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ a1Þt

p� �

þexp �y
ffiffiffiffiffiffiffiffiffiffiffiffi
kþ a1

p� �
erfc

y

2
ffiffi
t

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ a1Þt

p� �

� exp y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dþPra1ð Þ

p� �
erfc

y

2

ffiffiffiffiffi
Pr

t

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d

Pr

þ a1

� �
t

s !

� exp �y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dþPra1ð Þ

p� �
erfc

y

2

ffiffiffiffiffi
Pr

t

r
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d

Pr

þ a1

� �
t

s !)

� 1

a1
tþ 1

a1
þ y

2
ffiffiffi
k

p
� �

exp y
ffiffiffi
k

p� �
erfc

y

2
ffiffi
t

p þ
ffiffiffiffiffi
kt

p� �

� 1

a1
tþ 1

a1

�
� y

2
ffiffiffi
k

p
�
exp �y

ffiffiffi
k

p� �
erfc

y

2
ffiffi
t

p �
ffiffiffiffiffi
kt

p� �

þ 1

a1
tþ 1

a1
þ yPr

2
ffiffiffi
d

p
� �

exp y
ffiffiffi
d

p� �
erfc

y

2

ffiffiffiffiffi
Pr

t

r
þ

ffiffiffiffiffi
dt

Pr

s !

þ 1

a1
tþ 1

a1
� yPr

2
ffiffiffi
d

p
� �

exp �y
ffiffiffi
d

p� �
erfc

y

2

ffiffiffiffiffi
Pr

t

r
�

ffiffiffiffiffi
dt

Pr

s !#

þ Gc cosc
2 Sc � 1ð Þ
� �

expða2tÞ
a22

exp y
ffiffiffiffiffiffiffiffiffiffiffiffi
kþ a2

p� �n	

� erfc
y

2
ffiffi
t

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ a2Þt

p� �

þ exp �y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ a2Þt

p� �
erfc

y

2
ffiffi
t

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ a2Þt

p� �

� exp y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sc Kc þa2ð Þ

p� �
erfc

y

2

ffiffiffiffiffi
Sc

t

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kc þ a2ð Þt

p !

� exp �y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sc Kc þ a2ð Þ

p� �
erfc

y

2

ffiffiffiffiffi
Sc

t

r
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kc þa2ð Þt

p !)

� 1

a2
tþ 1

a2

�
þ y

2
ffiffiffi
k

p
�
exp y

ffiffiffi
k

p� �
erfc

y

2
ffiffi
t

p þ
ffiffiffiffiffi
kt

p� �

� 1

a2
tþ 1

a2
� y

2
ffiffiffi
k

p
� �

exp �y
ffiffiffi
k

p� �
erfc

y

2
ffiffi
t

p �
ffiffiffiffiffi
kt

p� �

þ 1

a2
tþ 1

a2
þ y

2

ffiffiffiffiffiffi
Sc

Kc

r� �
exp y

ffiffiffiffiffiffiffiffiffiffi
ScKc

p� �
erfc

y

2

ffiffiffiffiffi
Sc

t

r
þ

ffiffiffiffiffiffiffi
Kct

p !

þ 1

a2
tþ 1

a2
� y

2

ffiffiffiffiffiffi
Sc

Kc

r� �
exp �y

ffiffiffiffiffiffiffiffiffiffi
ScKc

p� �
erfc

y

2

ffiffiffiffiffi
Sc

t

r
�

ffiffiffiffiffiffiffi
Kct

p !#

ð13Þ

T ¼ 1

2
tþ yPr

2
ffiffiffi
d

p� �
 !

exp y
ffiffiffi
d

p� �
erfc

y

2

� � ffiffiffiffiffi
Pr

t

r
þ

ffiffiffiffiffi
dt

Pr

s !"

þ t� yPr

2
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d

p� �
 !
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ffiffiffi
d

p� �
erfc

y

2

� � ffiffiffiffiffi
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t

r
�
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s !#
ð14Þ
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ScKc

p� �
erfc

y

2

� � ffiffiffiffiffi
Sc

t

r
þ

ffiffiffiffiffiffiffi
Kct

p !"

þ t� y

2

� � ffiffiffiffiffiffi
Sc

Kc

r� �
exp �y

ffiffiffiffiffiffiffiffiffiffi
ScKc

p� �
erfc

y

2

� � ffiffiffiffiffi
Sc

t

r
�
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ð15Þ
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Figure 1 Flow geometry.

M Kp

I 2 0.5
II 5 0.5
III 9 0.5
IV 5 4
V 0 0.5
VI 2 100

Figure 2 Velocity profile when Gr ¼ 10, Gc ¼ 5, Kc ¼ 0:2, R ¼ 4,

t ¼ 0:4, Pr ¼ 0:71, Sc ¼ 0:6, c = p/6, S ¼ 2, a ¼ 0:5.
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Now, the expression for skin friction ðsÞ which measures shear

stress at the plate, Nusselt number ðNuÞ and Sherwood num-
ber ðShÞ is presented in the following form

Skin friction:

s¼�@U

@y

����
y¼0

¼ expðatÞ
ffiffiffiffiffiffiffiffiffiffiffi
kþ a

p
1� erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ aÞt

p� �
þ

h 1ffiffiffiffiffi
pt

p expð�t kþ að ÞÞ�

þ Gr cos c
1�Prð Þ

� �
expða1tÞ

a21

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kþ a1

pn	
erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ a1Þt

p
� 1

� �
� 1ffiffiffiffiffi

pt
p exp �t kþ a1ð Þð Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dþPra1

p
erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d

Pr

þ a1

� �
t

s
� 1

 !

þ
ffiffiffiffiffi
Pr

pt

r
exp �tð d

Pr

þ a1

� ���
þ 1

2a1
ffiffiffi
k

p 1� erfc
ffiffiffiffi
kt

p� �

þ 1

a1
tþ 1

a1

� � ffiffiffi
k

p
1� erfc

ffiffiffiffi
kt

p� �
þ 1ffiffiffiffiffi

pt
p exp �ktð Þ

 �

� Pr

2a1
ffiffiffi
d

p 1� erfc

ffiffiffiffiffi
dt

Pr

s !
� 1

a1
tþ 1

a1

� �

�
ffiffiffi
d

p
1� erfc

ffiffiffiffiffi
dt

Pr

s !
þ

ffiffiffiffiffi
Pr

pt

r
exp � dt

Pr

� �( )#

þ Gc cosc
1�Scð Þ

� �
expða2tÞ

a22

	 ffiffiffiffiffiffiffiffiffiffiffiffiffi
kþ a2

pn
erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ a2Þt

p
� 1

� �
� 1ffiffiffiffiffi

pt
p exp �t kþ a2ð Þð Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sc Kc þ a2ð Þ

p
erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kc þ a2ð Þt

p
� 1

� �
þ

ffiffiffiffiffi
Sc

pt

r
exp �t Kc þ a2ð Þð Þgþ 1

2a2
ffiffiffi
k

p 1� erfc
ffiffiffiffi
kt

p� �

þ 1

a2
tþ 1

a2

� � ffiffiffi
k

p
1� erfc

ffiffiffiffi
kt

p� �
þ 1ffiffiffiffiffi

pt
p exp �ktð Þ

 �

� 1

2a2

ffiffiffiffiffiffi
Sc

Kc

r
1� erfc

ffiffiffiffiffiffiffi
Kct

p� �

� 1

a2
tþ 1

a2

� � ffiffiffiffiffiffiffiffiffiffi
ScKc

p
1� erfc

ffiffiffiffiffiffiffi
Kct

p� �
þ

ffiffiffiffiffi
Sc

pt

r
exp �Kctð Þ

( )#

ð16Þ
Nusselt number:

Nu ¼ �@T
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Sherwood number:
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where, k ¼ Mþ 1
Kp
; d ¼ R� SPr; a1 ¼ R�k�SPrð Þ

1�Pr
; a2 ¼ ScKc�kð Þ

1�Sc
.
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The analytical results (13)–(18) are simulated numerically

for various values of emerging parameters and the numerical
results are exhibited through graphs and tables.

3. Results and discussion

The analysis of the graphical representation of flow, heat and
mass transfer phenomena brings out the effects of various

parameters governing the flow. The effect of inclined plate
on flow characteristics has been also discussed. Moreover,
assigning zero to the angle of inclination, the case of vertical

plate can be derived as a particular case. Further, for a ¼ 0
in boundary condition (12), the plate is set to a constant
motion. It is also evident from boundary condition that elapse
of time induces higher start-up for a > 0 in velocity, tempera-

ture and concentration distribution.
Fig. 2 exhibits the velocity profile when the plate is sub-

jected to cooling. It is seen that sudden decrease in velocity

is observed near the plate in the absence of magnetic field
and porous medium. It is also seen that their presence reduces
ffects on MHD flow through porous medium past an exponentially accelerated
/10.1016/j.asej.2015.08.014
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Sc Kc

I 0.6 0.2
II 3 0.2
III 0.6 2.0

Figure 5 Velocity profile when Gr ¼ 10, Gc ¼ 5, R ¼ 4, M ¼ 5,

Kp = 0.5, Pr = 0.71, t ¼ 0:4, S ¼ 2, a ¼ 0:5, c= p/6.

Gr Gc
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the velocity field at all points (curve-IÞ. Thus, it is concluded
that the effect of magnetic field in the presence of porous
matrix, sustains a retarding effect on the velocity distribution.

Uniform fall is indicated for M = 5.0 and 9.0 in the presence
of porous media (Kp ¼ 0:5). The curves-V and VI represent

the absence of magnetic field and porous matrix respectively
and both the curves coincide and indicate back flow when

y > 1:1. The most striking feature of the profile is indicated
through curves-V and VI, where the velocity profiles suffer a
flow reversal which asserts that to avoid the flow reversal,
the presence of magnetic field and porous medium is war-

ranted. The non-occurrence of flow reversal in the neighbor-
hood of the plate is due to overriding effect of plate
oscillation which compensates the absence of both magnetic

interaction and permeability of the medium.
Fig. 3 shows the effect of angle of inclination of the plate.

The case of Kumar and Varma [16], has been derived as a par-

ticular case for c = 0.0 and the exact coincidence of the curve-I
is a validity check for our result. It is further remarked that an
increase in angle of inclination reduces the velocity at all points,
as the forcing forces are depleted due to the factor cos c.

Fig. 4 presents the effect of heat source parameter (S) and
radiation parameter (R). It is observed that in the presence of
t γγ
I     0.2       0
II    0.2       π /6
III   0.2   π /3
IV 0.4 π /6 
V 0.6      π /6

Figure 3 Velocity profile when Gr = 10, Gc = 5, Kc = 0.2,

R= 4, Pr = 0.71, M ¼ 5; Kp ¼ 0:5, Sc = 0.6, S= 2, a= 0.5.

S R
I 2 4
II 5 4 
III 2 8 
IV 0 4 
V -2 4 

Figure 4 Velocity profile when Gr = 10, Gc = 5, Kc = 0.2,

M ¼ 5, Kp = 0.5, Pr = 0.71, Sc = 0.6, c = p/6, a= 0.5, t= 0.4.

I 2 0.4 
II 2 5
III 10 5 
IV 10 -5
V -10 5

Figure 6 Velocity profile when Kc = 0.2, Sc = 0.6, t= 0.4,

M ¼ 5, Kp = 0.5, Pr = 0.71, a= 0.5, c = p/6, S= 2, R ¼ 4.

Pr a
I 0.1 0.2
II 0.71 0.2
III 0.71 0.5
IV 0.71 0.9
V 0.1 0

Figure 7 Velocity profile when Gr ¼ 10, Gc ¼ 5, t ¼ 0:4, M ¼ 5,

Kp ¼ 0:5, Sc ¼ 0:6, Kc ¼ 0:2, c = p/6, S ¼ 2, R ¼ 4.
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R Pr S t
I 4 0.71 2 0.2
II 4 0.71 2 0.5
III 4 0.5 2 0.2
IV 10 0.5 2 0.2
V 4 0.71 7 0.2
VI 4 0.71 -2 0.2

Figure 8 Temperature profile for different R; Pr; S and t.

Kc  t Sc

I 0.2 0.4 0.6
II 0.2 0.4 3
III 2.0 0.4 0.6 
IV 0.2 0.8 0.6

Figure 9 Concentration profile for different Kc; t; Sc.

Table 1 Variation of skin friction.

M Gr Gc Kp Kc R t

1 10 5 .5 .2 4 .4

5 10 5 .5 .2 4 .4

0 10 5 .5 .2 4 .4

1 4 5 .5 .2 4 .4

1 �10 5 .5 .2 4 .4

1 10 .4 .5 .2 4 .4

1 10 �5 .5 .2 4 .4

1 10 5 4 .2 4 .4

1 10 5 .5 2 4 .4

1 10 5 .5 .2 7 .4

1 10 5 .5 .2 4 1

1 10 5 .5 .2 4 .4

1 10 5 .5 .2 4 .4

1 10 5 .5 .2 4 .4

1 10 5 .5 .2 4 .4

1 10 5 .5 .2 4 .4

1 10 5 .5 .2 4 .4

1 10 5 .5 .2 4 .4

1 10 5 .5 .2 4 .4
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constant radiation, an increase in heat source parameter leads
to an increase in the velocity at all points (curves-I, II, IV) but
reverse effect is observed in respect of radiation parameter.

Thus, the presence of heat source is found to be favorable in
enhancing the velocity.

Fig. 5 indicates that heavier diffusing species, i.e. with

higher value of Sc[Sc = 0.22(Hydrogen), Sc = 0.60(Water
vapor), Sc = 0.78(Ammonia)] and increasing rate of chemical
reaction cause a reduction in velocity. Moreover, heavier spe-

cies with destructive reaction causes a retardation in the veloc-
ity in case of cooled plate.

Fig. 6 shows that increase in thermal buoyancy and mass
buoyancy, in case of cooling of the plate, leads to increase

the velocity whereas, opposite effect is marked due to heating
of the plate. Thus, the bounding surface heating and cooling
have opposite buoyancy effect.

Fig. 7 exhibits the effect of acceleration parameter and
Prandtl number on velocity. The increase in Prandtl number
decreases the velocity and the reverse effect is observed in case

of accelerating parameter. The curve-V (a = 0), represents the
case of constant velocity of the plate and satisfies the boundary
condition (U ¼ 1Þ gives rise to a thinner boundary layer.

The smooth variation of temperature is marked throughout
the flow domain. An increase in radiation parameter decreases
the temperature. From the boundary condition it is evident
that the plate temperature equals to the time. Therefore, an

elapse of time leads to higher temperature on the plate. Fur-
ther, high Prandtl number fluid (i.e. fluid with low thermal dif-
fusivity) and with an increasing strength of heat source,

decreases the temperature slightly at all points (Fig. 8). It is
to note that the velocity decreases in the presence of sink
(curve-VI).

Variation of concentration in the flow domain is depicted
through Fig. 9. It is observed that high value of Sc (heavier
species with low diffusivity) and higher rate of chemical reac-

tion decrease the concentration at all points of the flow
domain.
Pr Sc c S a s

.71 .6 p/6 2 .5 1.2389

.71 .6 p/6 2 .5 2.3617

.71 .6 p/6 2 .5 0.9254

.71 .6 p/6 2 .5 1.6663

.71 .6 p/6 2 .5 2.6635

.71 .6 p/6 2 .5 1.5951

.71 .6 p/6 2 .5 2.0132

.71 .6 p/6 2 .5 0.7410

.71 .6 p/6 2 .5 1.2698

.71 .6 p/6 2 .5 1.3072

.71 .6 p/6 2 .5 �0.5019

.1 .6 p/6 2 .5 1.1909

.71 3 p/6 2 .5 1.3503

.71 .6 p/3 2 .5 1.7036

.71 .6 p/6 9 .5 1.7614

.71 .6 p/6 0 .5 1.2742

.71 .6 p/6 �2 .5 1.3041

.71 .6 p/6 �5 .5 1.3415

.71 .6 p/6 2 .2 0.8947
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Table 2 Variation of Nusselt number.

R Pr S t Nu

4 0.71 2 0.2 0.5214

4 0.71 2 0.5 1.0208

4 0.5 2 0.2 0.4849

10 0.5 2 0.2 0.6832

4 0.71 7 0.2 0.4629

4 0.71 �2 0.2 0.6145

Table 3 Variation of Sherwood number.

Sc t Kc Sh

0.6 0.4 0.2 0.5674

3 0.4 0.2 1.2688

0.6 0.4 2.0 0.6896

0.6 0.8 0.2 0.8228
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Skin friction, Nusselt number and Sherwood number pro-
vide flow characteristics at the boundary surface which is vital
for flow, thermal and solutal stability. On careful study of

Table 1, it is observed that the skin friction decreases with
an increase in the values of permeability parameter as well as
thermal and mass buoyancy parameter, and in all other cases,

it increases. Thus, it may be concluded that convection current
and absence of porous matrix favors the reduction of the skin
friction. One peculiarity is marked for larger time, t= 1.0, for

which skin friction assumes negative values, which indicates
that the flow instability is marked for larger time span.

From Table 2, it is seen that Nusselt number increases with

an increase in Pr; t and R, whereas, it decreases with heat
source parameter (S). Thus it is concluded that the fluid with
low thermal diffusivity and higher radiative property favors
higher rate of heat transfer at the surface.

From Table 3, it is observed that Sherwood number, which
determines the rate of solutal concentration at the surface of
the wall, increases with an increase in Sc; Kc and t. Thus, heav-

ier species with higher rate of chemical reaction increases the
rate of solutal concentration at the surface.

4. Conclusion

The forgoing discussion brings out following cases:

(i) Flow past a vertical plate (Fig. 3, curve-IÞ.
(ii) Plate with constant velocity (Fig. 7, curve-V Þ.
(iii) Flow in the absence of magnetic field (Fig. 2, curve-V Þ

and permeability parameter (Fig. 2, curve-VI).

Particular cases confirm the work of previous authors [16]
as discussed in the corresponding figures. Presence of trans-
verse magnetic field and saturated porous medium offers a
resistance to the fall of velocity distribution thereby acts as a

controlling device for preventing backflow. Angle of inclina-
tion, chemical reaction and presence of heavier species also
sustain a retarding effect on the velocity.

The combined effects of heat source (S > 0) and convection
current due to cooled plate (Gr > 0) accelerates velocity, but
Please cite this article in press as: Pattnaik JR et al., Radiation and mass transfer e
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care should be taken to limit the sink parameter to avoid flow
instability.

An increase in radiation parameter decreases the tempera-

ture so as to reach the ambient state earlier. The low diffusing
species with higher rate of chemical reaction deplete the con-
centration level at all points.

An increase in rate of chemical reaction gives rise to
increasing skin friction and increase in permeability of the
medium decreases the skin friction which is desirable. Absence

of porous matrix and free convective current reduce the skin
friction, whereas other parameters enhance it. The flow insta-
bility is marked due to larger time span.
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