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Abstract

The objective of the present work is to analyze the effects of chemical
reaction, thermal radiation and radiation absorption on unsteady
double diffusive free convection flow of Kuvshinski fluid past a
moving porous plate with heat generation under the influence of a
uniform transverse magnetic field. The plate moves with constant
velocity in the direction of fluid flow while the free stream velocity is
assumed to follow the exponentially increasing small perturbation
law. The governing equations for this investigation are formulated
and solved using perturbation technique. Non-dimensional velocity,
temperature, concentration, skin-friction coefficient, Nusselt number
and Sherwood number are discussed through graphs for different
values of parameters entering into the problem.

Nomenclature

Acceleration due to gravity
Time
Specific heat at constant pressure

Coefficient of Kuvshinski fluid

Temperature

Temperature of the fluid at the surface
Temperature of the fluid in the free stream
Radiative heat flux

Permeability of the porous medium

Magnetic field strength

Coefficient of chemical molecular diffusivity

Species concentration in the fluid
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Up and n*

Pr
Ra
R
Kr
Sc
M
Greek symbols

p
B*

Species concentration at the surface
Species concentration in the free stream

Reaction rate constant
Radiation absorption coefficient

Heat source/sink constant

Constants

Thermal Grashof number

Mass Grashof number
Magnetic parameter

Porosity parameter

Heat source/sink parameter
Prandtl number

Radiation absorption parameter
Thermal radiation parameter
Chemical reaction parameter
Schmidt number

Visco-elastic parameter

Coefficient of volume expansion of heat transfer

Coefficient of volume expansion of mass transfer

Electrical conductivity
Viscosity of fluid
Kinematic viscosity

Density
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K Thermal conductivity

0 Dimensionless fluid temperature

) Dimensionless species concentration
T Shearing stress

€ Scalar constant (<<1)

Introduction

Unsteady free convection flows in a porous medium have received much
attention in recent time due to its wide applications in geothermal and oil
reservoir engineering as well as other geophysical and astrophysical studies.
Moreover, considerable interest has been shown in radiation interaction with
convection for heat and mass transfer in fluids. This is due to the significant
role of thermal radiation in the surface heat transfer when convection
heat transfer is small, particularly, in free convection problems involving
absorbing emitting fluids. The unsteady fluid flow past a moving plate in the
presence of free convection and radiation were studied by Mansour [1],
Raptis and Perdikis [2], Ganesan and Loganathan [3], Makinde [4] and
Abdus-Sattar and Hamid Kalim [5]. All these studies have been confined to
unsteady flow in a non-porous medium. From the porous literature survey
about unsteady fluid flow, we observe that little papers are done in porous
medium. The effect of radiation on MHD flow and heat transfer must be
considered when high temperatures are reached. El-Hakiem [6] studied the
unsteady MHD oscillatory flow on free convection radiation through a
porous medium with vertical infinite surface that absorbs the fluid with a
constant velocity. Ghaly [7] employed a symbolic computation software
Mathematica to study the effect of radiation on heat and mass transfer over
stretching sheet in the presence of magnetic field. Raptis et al. [8] studied the
effect of radiation on 2D steady MHD optically thin gray gas flow along an
infinite vertical plate taking into account the induced magnetic field. Takhar
et al. [9] described the radiation effects on MHD free convection flow past a
semi-infinite vertical plate. Kim [10] studied unsteady MHD convective heat
transfer past a semi-infinite vertical porous moving plate.
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The study of heat generation or absorption effects in moving fluids is
important in view of several physical problems, such as fluids undergoing
exothermic or endothermic chemical reactions. Chamkha [11] investigated
unsteady convective heat and mass transfer past a semi-infinite porous
moving plate with heat absorption. Shanker et al. [12] presented a numerical
solution for radiation and mass transfer effects on unsteady MHD free
convective fluid flow embedded in a porous medium with heat
generation/absorption using Galerkin finite element method. Hady et al. [13]
studied the problem of free convection flow along a vertical wavy surface
embedded in electrically conducting fluid saturated porous media in the
presence of internal heat generation or absorption effect. Hossain et al. [14]
studied the problem of natural convection flow along a vertical wavy surface
with uniform surface temperature in the presence of heat generation/
absorption.

Combined heat and mass transfer problems with chemical reaction are of
importance in many processes and have, therefore, received a considerable
amount of attention in recent years. In processes such as drying, evaporation
at the surface of a water body, energy transfer in a wet cooling tower and the
flow in a desert cooler, heat and mass transfer occur simultaneously. Possible
applications of this type of flow can be found in many industries. For
example, in the power industry, among the methods of generating electric
power is one in which electrical energy is extracted directly from a moving
conducting fluid. Chamkha [15] studied the MHD flow of a numerical of
uniformly stretched vertical permeable surface in the presence of heat
generation/absorption and a chemical reaction. Muthucumaraswamy and
Ganesan [16] investigated the effects of a chemical reaction on the unsteady
flow past an impulsively started semi-infinite vertical plate which is
subjected to uniform heat flux. Ibrahim et al. [17] analyzed the effects of the
chemical reaction and radiation absorption on the unsteady MHD free
convection flow past a semi-infinite vertical permeable moving plate with
heat source and suction. Mohamed [18] has discussed double diffusive
convection radiation interaction on unsteady MHD flow over a vertical
moving porous plate with heat generation and Soret effects.
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In spite of all these studies, the unsteady MHD double diffusive free
convection flow of Kuvshinski fluid with thermal radiation, radiation
absorption, chemical reaction and heat generation has received little
attention. Hence, the main objective of the present investigation is to study
the effect of thermal radiation and radiation absorption on unsteady MHD
double diffusive free convection flow of Kuvshinski fluid past a moving
porous plate with chemical reaction and heat generation in the presence of
mass blowing or suction. It is assumed that the plate is embedded in a
uniform porous medium and moves with a constant velocity in the flow
direction in the presence of a transverse magnetic field. It is also assumed
that the free stream to consist of a mean velocity and temperature over which
are superimposed an exponentially varying with time.

Mathematical Formulation

In this problem, we consider two-dimensional unsteady double diffusive
free convection flow of an incompressible, electrically conducting, visco-
elastic fluid (Kuvshinski fluid) past a semi-infinite vertical moving porous
plate embedded in a uniform porous medium under the influence of a
uniform magnetic field in the presence of chemical reaction, heat generation,

thermal radiation and radiation absorption. Let x™ -axis is taken along the
porous plate in the upward direction and y*-axis is normal to it. The fluid
is assumed to be gray, absorbing-emitting but non-scattering medium. The
radiative heat flux in the x™ -direction is considered negligible in comparison

with that in the y™-direction. It is assumed that there is no applied voltage of

which implies the absence of an electric field. The transversely applied
magnetic field and magnetic Reynolds number are very small and hence the
induced magnetic field is negligible. Viscous and Darcy resistance terms are
taken into account in the constant permeability porous medium. The MHD
term is derived from an order of magnitude analysis of the full Navier-Stokes
equation. It is assumed that the whole size of the porous plate is significantly
larger than characteristic microscopic length scale of the porous medium. We
regard the porous medium as an assemblage of small identical spherical
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particles fixed in space. The chemical reactions are taking place in the flow
and all thermo physical properties are assumed to be constant of the linear
momentum equation which is approximation. The fluid properties are
assumed to be constant except that the influence of density variation with
temperature and concentration has been considered in the body force term.
The magnetic and viscous dissipations are neglected. Due to the assumption

that the plate in x*-direction is of infinite length, all the flow variables

except pressure are functions of y* and t* only. Under the above

assumptions, the governing equations are

av* _o, 0
oy
* * * 2, %
p (1+7J; a*)al*w*a“* =—(1+7J§ (’ljﬁp* Iy
ot* ) ot oy ot J ox oy
~pg - [ng +L*j(1+ x’;%)u*, @
K ot
* * 2 %
oT +V*6T _ K 8T2 i QO (T*—TO:)
ot oy*  PCp ay*2 PGy
1 69f R v a
-l (ct-cl), ®)
Pp oy P-p
* * 2%
® v & _p IC _Rricr-cl). 4)
ot oy oy
The boundary conditions are
W = U, T =T+ e(Ty —T)/e" T, C* = Cl +6(Cl —Ch)e"
aty =0, ®)
U Ul =Ugl+ee"t), T* TS C*>cCh. 6)
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It is assumed that the porous plate moves with a constant velocity u?‘, in

the direction of the fluid flow and the free stream velocity U, follows the

exponentially increasing small perturbation law. In addition, it is assumed
that the temperature and concentration at the wall as well as the suction
velocity are exponentially varying with time.

It is clear from equation (1) that the suction velocity at the plate surface
is a function of time only. Assuming that it takes the following form:

V* = V(L4 she™ ), )

where A is a real positive constant, ¢ and €A are real numbers less than
unity, and Vg is a scale of suction velocity which has non-zero positive
constant.

In the free stream, from equation (2) we get

du’ op* «
—,:O == p* ~ Pxd — GBgU:o _L*UOO' (8)
dt OX K

Eliminating op
OX

p (1+733i*)6“* VAL ;{1%’3%) We,
at*) ot oy at*) dt
o%u* e 0 \pypr o
T -+ (08 + (1o T Uz -w) @
oy K ot

from equations (2) and (8), we obtain

*

By making use of the equation of state
(P = p) = PB(T™ = Tee) + pB*(C* = Cy). (10)
Substituting equation (10) into equation (9), we obtain

* * %
[1+x; 0 jaiw*a“ —(1+7J§ 0 jan
ot ) at
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U™ . o
ay*z +gB(T _TOO)

+Vv

* K * GBg \Y x O * *
LBt (Ct—Ch)+| 20y (1+x—j Uk —u"), (11)
O A Ry TER

where p,, is the density of the fluid far away the surface.

The radiation flux on the basis of the Rosseland diffusion model for
radiation heat transfer is expressed as

« —4c* aT*
Qr = ” !
3K1 oy

(12)

where ¢” and K; are, respectively, the Stefan-Boltzmann constant and the

mean absorption coefficient. We assume that the temperature difference

within the flow is sufficiently small such that T* may be expressed as a
linear function of the temperature. This is accomplished by expanding in

Taylor series about T and neglecting higher order terms, thus
T* = 4737 — 314, (13)
By using equations (12) and (13), equation (3) is reduced to

* * 2 %
CLMRVAY L M aT2 s Qo o1y
G oy PCp gy*2  9Cp

1668 621* R}
- s oo (€T -C). (14)
3pCoKL ay** PCp

Introducing the dimensionless variables as follows:

,V=—,y=y—%,U§O=UwUO,
0 \%
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2 *
Wy =U U t= VO oY
\% VO
G:T*_T":, :C*—CO:’Gr:\/gB(T;\,—TOO),
Tw =T Cw —Cs VoUq
*omE 2 2 2
Gm - 9B (Czw Co) M= 5BOV _ KYO s _¢0V2
VOUO PVO v kVO
* o~k 2 # 2
pr—t2P Ra— Ry So e |V 5 M0
To = Tw J Vo v
4 *T*S 2 *
R=20To ¥ g RV g YV (15)
KlKVO Vo Dm

Definition of Parameters

Prandtl number (Pr)

It is an important dimensionless parameter dealing with the properties of
a fluid. It is defined as the ratio of viscous force to thermal force of a fluid.

Hartmann number or magnetic parameter (M)

The dimensionless quantity denoted by M is known as the Hartmann
number. It was first introduced by Hartmann in 1930, in the study of plane
Poiseuille flow of an electrically conducting fluid in the presence of
transverse magnetic field. It is defined as the ratio of magnetic force to
viscous force.

Thermal Grashof number (Gr)

The thermal Grashof number signifies the relative effect of the thermal
buoyancy force to the viscous hydrodynamic force. It plays a significant role
in free convection heat and mass transfer.
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Mass Grashof number (Gm)

Another non-dimensional parameter usually occurs in natural convection
problem is mass Grashof number which is defined as the ratio of the species
buoyancy force to the viscous hydrodynamic force.

Schmidt number (Sc)

The Schmidt number Sc embodies the ratio of the momentum diffusivity
to the mass (species) diffusivity.

Substituting equation (15) into equations (11), (14) and (4) and taking
into account equation (7), we obtain

VU eae (147 0) W
(1+X16tj8t 1+ cAe )8y—(1+x1 j

2
+a—“+Gre+Gm¢+N 1+xli Uy, —u), (16)
é,yz ot

B _(gaopem)®_ L2, S, 4R Dr oty Ry
R = Br 5 TRr O T ar g2 T Pr 2 Pt ()

00 _ 0 _ 1 (  4RY3% s . Di % Ry

a - (rene )ay_Pr(1+ 3)a,2+Pr9+ Prgy2 Pr™

o _ nty b _ 1 0%

o~ L+ eAe™) = < — K¢, (18)

The corresponding boundary conditions

U=Up,06=1+ee™ ¢p=1+ee" at y=0, (19)
U—>U,=1+ee", 050 ¢—>0asy— o (20)
1

where N = M +?'
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Solution of the Problem

To solve equations (16) to (18) subject to the boundary conditions (19)
and (20), we apply the perturbation technique. Let the velocity, temperature
and concentration fields be as

u = up(y) + se™uy(y) + 0(c?),

0 = 0g(y) + ce™0y(y) + 0(°),

& = do(y) + se™gu(y) + 0(). (21)
Using (21) in equations (16)-(18) and equating the coefficients of the

same degree terms and neglecting terms of 0(82), the following ordinary

differential equations are obtained:

ugt + ug — Nug = —-Groy — Gmagg — N, (22)
u%l + U::II_' — LU1 =-L - AU% - Gl"el - Gmd)l, (23)
N 911 1 —

105" + Prog + S0q = Rady, (24)
N, oLl 1 - 1

161" + Pro; + (S — nPr)6, = —PrAdg + Rady, (25)
d8t + Scgp — KrSehg = 0, (26)
o1t + Scpt — Sc(Kr + n)dy = —ScAds, (27)

where the primes denote differentiation with respect to y only.
The boundary conditions (19) and (20) reduce to
Up =Up, U1 =0,0p=10,=1¢5=1 ¢ =1laty=0, (28)
Up=1Lu=16—->06 -0 ¢ >0 ¢ >0aty— . (29)

The solutions of (22) to (27) under the transformed boundary conditions
(28) and (29) yield
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Up(y) =1+ Lie Y + Pe R 4 pye ROV,
U(y) =1+ Lpe2Y + Rye ™'Y + Pge R

+ Py Y 4 Re R 4 pge Y,
0o(y) = (1—P,)e ™Y 4 pe R,
01(y) = P3e—R1Y n p4e—R2y n P5e_R3y N Pﬁe_R4y,
do(y) =€ ™Y,

di(y) = - R)e RV + pe W,

223

(30)

(31)
(32)
(33)
(34)

(35)

In view of equations (30) to (35) and (21), the expressions for velocity,

temperature and concentration field are obtained as

u(y, t) = L+ Le ™ + e Y 1 pieY) 4 eeM(14 Lye 'Y 4+ Re ™Y

+ Ploe_Rly + Plle_RZy + Plze_RSy + |313e_R4y),
0(y, ) = (Pe ™Y 4 (1- P,)e R ) + ceM™(Ppe R
+ Pe Y 4 peRY 4 peRaY)

(I)(yi t) = e_Rly + Sent((l_ Pl)e_RZy + Ple—Rly)’

where

R, = [Sc + VSc? + 4KrSc]/2,
4R

R, = [Sc +/Sc2 + 4Sc(Kr +n)]/2, Ny = 1+ =

R = (ASCR, )/(RZ — ScR; — Sc(Kr + n)),

B, = (- P)Ra, P, = Ra/(N;R? — PrR; + S),

Ry = (Pr + \/Prz —45SN;)/2, B; = BRa + AR{PIR,,

(36)

(37)

(38)
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Ry = [Pr +yPr2 — 4Ny(S — nPr)]/2,

B3 = (1— Pz)ARgpr, P3 = B_I_/(N]_Rlz — PrR]_ +S - nPr),

1

N=M+K,

P, = B,/(NjRZ — PrR, + S — nPr),

P = By/(N;RZ — PrR3 + S — nPr), Bs = -Gr(1- P,),

P =1-(Py+ Py + B), By =—(GrP, + Gm), P, = B4 /(R? = Ry — N),
R=Bs/(R§ —R3—N), b =(1+v1+4N)/2, Ly =U, - P - R -1,
L=@+nk)(N+n)l, =1++1+4L)/2,

o= AUy —1- P —R)/(f -l - L),

Pio = (AR{P; — GrPy — GmR)/(Rf — Ry - L),

Ry = (GMR, — Gm - GrP,)/(R5 - R, — L),

P2 = (ARgPs — GrP5)/(R§ — Ry — L), Pz = (-GrPs)/(Rf — R4 — L),
Ly =—-1+ Py + P+ Py +Py+PR3)

Shear Stress

The skin friction at the plate y = 0 in terms of shear stress is given by

T = el = (IlLl + R1P7 + R3P8)
8y y:O

+ee™(,Ly + hPy + RiP + RyPyy + R3Pp + RyPi3). (39)
Nusselt Number

The rate of heat transfer coefficient at the plate y =0 in terms of
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Nusselt number is given by

_=®

ay = R1P2 + R3(1— P2)+ SGnt(R]_Pg + R2P4 + R3P5 + R4P6). (40)
y=0

Nu

Sherwood Number

The rate of mass transfer coefficient at the plate y=0 in terms of

Sherwood number is given by

sh= % =Ry +ce™(RP, + Ry(1- P))). (41)
6y y:O

Results and Discussion

To get a physical insight into the problem, the numerical evaluation of
the analytical results reported in the previous section was performed and a set
of results is reported graphically in Figures 1-6 for the cases cooling Gr > 0
of the plate. These results are obtained to illustrate the effects of various
physical parameters like magnetic parameter M, Prandtl number Pr, radiation
parameter R, chemical reaction parameter Kr, heat source parameter S,
radiation absorption parameter Ra and Schmidt number Sc on the velocity,
temperature and concentration profiles.

Figure 1 describes the velocity profiles due to variation in magnetic field
parameter M and Pr for cooling of the plate (Gr > 0). It is observed that

with an increase in M the velocity decreases for both water (Pr =7) and
conducting air (Pr =0.71). It is because that the application of transverse

magnetic field will result a resistive type force (Lorentz force) similar to drag
force, which tends to resist the fluid flow and thus reducing its velocity. It is
also observed that the maximum velocity occurs for the conducting air while
minimum velocity occurs for the water. Physically, it is possible because
fluids with high Prandtl number have high viscosity and hence move slowly.
Figure 2 shows the effects of R, S and Ra on the velocity profile u. It is
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observed that the velocity increases as the radiation parameter R or heat
source parameter S increases whereas the velocity decreases with increase
of radiation absorption parameter Ra. Thus, thermal radiation enhances
convective flow and we noted that the heat is generated the buoyancy force
increases which induce the flow rate to the increase in the velocity profiles.
The effects of chemical reaction parameter Kr, thermal Grashof number Gr
and mass Grashof number Gm on the velocity field are shown in Figure 3.
From this figure, we observed that the velocity decreases with the increase of
Kr and increases with the increase of Gr or Gm. This is due to the fact that
buoyancy force enhances fluid velocity and increases the boundary layer
thickness and hydrodynamics boundary layer becomes thin as the chemical
reaction parameter increases.

The effects of Prandtl number and Schmidt number on the temperature
field are shown in Figure 4. This figure shows that the temperature decreases
with the increase of both the Prandtl number and Schmidt number. The
reason is that smaller values of Pr are equivalent to increasing the thermal
conductivities, and therefore, heat is able to differ away from the heated
surface more rapidly than for higher values of Pr. Hence, the boundary layer
is thicker and the rate of heat transfer is reduced, for gradient has been
reduced. The effects of radiation parameter, heat absorption parameter and
absorption radiation parameter on the temperature field are shown in Figure
5. It is noticed that the temperature increases with an increase in radiation
parameter and heat source parameter while it decreases with an increase in
absorption radiation parameter.

Figure 6 shows the effects of Schmidt number Sc and chemical reaction
parameter Kr on concentration profile. It is observed that an increase in
Schmidt number Sc or chemical reaction parameter Kr decreases in
concentration. Also, it is noticed that the concentration boundary layer
becomes thin as the Schmidt number or chemical reaction parameter
increases.
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Figure 1. Velocity profileswhen n = 0.2, A=1¢=0.002,t =1, S = 0.0,
Ra=1R=1S=060Gr=5Gm=3 Kr=1,Up=1K=5V =1

3
2_8[» —=—R=1,S=0.01, Ra=1]|
—e—R=2,S=0.01,Ra=1
2.6 ——R=3,5=0.01,Ra=1|]
24 ——R=1,S=0.05 Ra=1||
) —+—R=1,S=0.06, Ra=1
2.2}t —*—R=1,S=0.01, Ra = 2|
—4—R=1,S=0.01, Ra=3
2.

<

Figure 2. Velocity profiles when n=0.2, A=1 £=0.002, t=1 Pr=
0.7, M =1,Sc=0.60,Gr =5,Gm =3, Kr=1,Up=1 K=5V =1
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4.5
——Kr=1,Gr=5, Gm =3
4 —e—Kr=2,Gr=5, Gm =3|]
—Kr=3,Gr=5, Gm=3
3.5F +Kr=1,Gr=10, Gm = 3|
—B—Kr=1,Gr=15 Gm =3
3t ——Kr=1,Gr=5, Gm =6]| |
—*—Kr=1,Gr=5, Gm =9

Figure 3. Velocity profiles when n=0.2, A=1 £=0.002, t=1 Pr=
0.7, M =1,Sc=060,S=00L,R=1Ra=1,Up=1, K=5V =1

—&— Pr=0.10, Sc = 0.60

—+— pr=0.71, Sc = 0.60
) —e— Pr=1.00, Sc = 0.60
0-8r N\ \ ——pPr=0.71, Sc =0.22| 1

——Pr=0.71, Sc = 0.30

0.6}
o
0.4}
0.2}
0

0

Figure 4. Temperature profiles when n=0.2, A=1 ¢£=0.002, t=1
Kr=1S=00],Ra=1 R=1.
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0.9} —=—R=0.5, S=0.01, Ra=1| |
—e—R=1.0, S=0.01, Ra=1
0.8 —>—R=20 S=0.01, Ra=1| ]
0.7} S$=0.05 Ra=1| |
S$=0.075,Ra=1
0.6} S=0.01, Ra=2| A
S$=0.01, Ra=3
0.5f
6 0.4f
0.3f
0.2f
0.1}
0.
0 1 2 3 4 5

Figure 5. Temperature profiles when n=0.2, A=1 ¢£=0.002, t=1
Kr =1, Sc = 0.60, Pr = 0.71.

09y —=—Sc=0.22 Kr=1| |
0.8} —%—Sc =0.60, Kr=1| |
——Sc=0.78, Kr=1
0.7t ——Sc=0.60, Kr=2| -
—— Sc = 0.60,
0.6}
0.5}
[
0.4}
0.3}
0.2}
0.1}
0 S
0 0.5 1 1.5 2 2.5 3

Figure 6. Concentration profileswhen n = 0.2, A=1 ¢ =0.002, t =1.

In the absence of chemical reaction, thermal radiation, heat source,
radiation absorption effects and A; = 0, all flow and heat mass transfer
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solutions reported above are consistent with those reported earlier by
Chamkha [11].
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