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BUOYANCY AND CHEMICAL REACTION EFFECTS ON MHD FREE
CONVECTIVE SLIP FLOW OF NEWTONIAN AND POLAR FLUID THROUGH
POROUS MEDIUM IN THE PRESENCE OF THERMAL RADIATION AND
OHMIC HEATING WITH DUFOUR EFFECT

Komal Choudhary, Abhay Kumar Jha, Lakshmi Narayan Mishra * and Vandana

Abstract. The present paper investigates tteeets of thermal radiation, joule heating on an
unsteady hydro magnetic free convective flow of a viscoustgdally conductive Newtonian and
polar fluid past a semi-infinite vertical plate embedded im@ps media in the presence of heat
absorption, chemical reaction, slip flow and Dufodfieet. Analytical perturbation solutions are
obtained for the velocity, temperature and concentratielidi as well as for the skin friction
codficient, Nusselt number and Sharewood number. The resulgesented in graphical forms
to study the fects of various parameters.

Keywords: Newtonian fluid, Polar Fluid, Ohmic Heating, Slip Flow, Duf dfect.

1. Introduction

Nomenclature

G, - Grashof number for heat transfer

G; - Grashof number for mass transfer

Ko - Permeability of the porous medium

M - Magnetic field parameter (Hartmann number)
P; - Prandtl number

S - Heat source parameter

S - Schmidt number

Dy - Dufour number parameter

F - Radiation parameter

Received May 25, 2017; accepted December 13, 2017
2010Mathematics Subject Classificatidhtimary 76Dxx; Secondary 76Mxx, 76Nxx,76Rxx,76Sxx,76\Wxx
*Corresponding author.



2 K. Choudhary, A. K. Jha, L. N. Mishra and Vandana

Uoo - Fluid velocity far away from the plate
t - Time dependent parameter

Vo - Reference velocity

E. - Eckert number

v - chemical reaction parameter

Greek symbols

v - kinematic viscosity

0 - Dimensionless temperature

Q - Angular velocity component

o - Non-Newtonian parameter

Convective heat and the process of mass transfer take pigicd¥ difusion (the random
Brownian motion of individual particles in the fluid) and bgheection, in which matter
or heat is transported by the larger-scale motion of cusrenthe fluids. Convection of a
heated or cooled vertical plate is one of the fundament&llpros in heat and mass transfer.
Mixed convection is a phenomenon in which the existing freevection is accompanied
by an external flow, and the combined mode of free and forcadeation exists. In recent
years free convective flow past a vertical plate has beernestiny many researchers [1].
Martynenko et al. [2] investigated laminar free convecfiamm a vertical plate. Lee and
Yovanovich [3] studied the linearization of natural contima from a vertical plate with
arbitrary heat flux distribution. Laminar free convectionwater with variable physical
properties adjacent to a vertical plate with uniform heat fhas been analyzed by Pan-
tokratoras [4]. In several fields of industries and techgglsuch as petroleum industries,
geothermal engineering, energy conservation and undengrdisposal of nuclear waste
material, transport processes in porous media play a signifirole. Numerous studies
have been done on the problem of free convective and masfdrdtow of viscous fluid
through a porous medium [5, 6]. Cheng and Minkowycz [7] apadythe free convection
about a vertical flat plate embedded in porous media withiegtpdn to heat transfer.

Further heat and mass transfer in the presence of magnétibdie diterent applications in
many emerging fields due to an electromagnetic field. Madnyetmdynamics is the study
of the magnetic properties of electrically conducting flaicch as magneto fluids. Exam-
ples include plasmas, liquid metals and electrolyte. Thisn@menon is widely used in
metallurgy industry, power generators and cooling of naicteactors. Helmy [8] analyzed
MHD unsteady free convection flow past a vertical porouseplakhe flow of unsteady
MHD convective heat transfer past a semi-infinite verticaiqus plate moving with vari-
able suction has been studied by Kim [9]. Das et al. [10] aredythe numerical solution
of mass transferfiects on unsteady flow past an accelerated vertical porots ywith
suction.

Recently, researchers in the engineering and scientifitli@ye shown great interest in the
study of the non-Newtonian fluid due to its importance in isttial processes. Fluids for
which the relationship between shear stress and the rateairf & not linear at a given
temperature are said to be non-Newtonian. A polar fluid is id fihere the constituent
molecules have a polarization. It could be a fluid of molestlat have a magnetic spin
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moment. Rheological complex fluids such as blood plasmacalate, mustard, mayon-
naise, clay coatings, certain oils and greases, paintoare sxamples of non-Newtonian
fluids. Many authors have examined the flow, heat and massférain non-Newtonian flu-
ids of different types, e.g., polar fluids. Micro-polar fluids are thabéch contain micro-
constituents that can undergo rotation, the presence afhwdain &ect the hydrodynamics
of the flow so that it can be distinctly non-Newtonian. Sugbety of fluid have many appli-
cations, for example, analyzing the behavior of lubricaceling of the metallic plate in a
bath, extrusion of polymer fluid, etc. The theory of micradluids developed by Eringen
[11-13] describes a physical system which does not satisfyNavier-Stokes equations.
The unsteady free convective flow of viscoelastic fluids wadied by Soundalgekar [14].
The free convection boundary layer flow of a micro polar flu@hfi a vertical flat plate was
studied by Rees [15]. EI-Amin [16] considered MHD free carti@n and mass transfer
flow in a micropolar fluid over a stationary vertical plate hvitonstant suction. Kim [17]
analyzed the heat and mass transfer in MHD micropolar flow awertical moving plate
in a porous medium. Uddin et.al.[18] investigated the infkeeof thermal radiation and
heat generatigyabsorption on MHD heat transfer flow of a micropolar fluid pastedge
with hall and ion slip currents. A numerical investigatidiHD free convection flow of
a non-Newtonian fluid past an impulsively started vertidatgin the presence of thermal
diffusion and radiation absorption was conducted by Umamatvas$h9]

In all these studies Soy&ufour dfects are assumed to be negligible. The Dufdisct

is the energy flux due to a mass concentration gradient doguas a coupledféect of
irreversible processes. It is the reciprocal phenomentimt&oret &ect. Such ffects are
significant when density fferences exist in the flow regime. For example, when species
are introduced at a surface in a fluid domain, with densifedént (lower) than that of the
surrounding fluid, both Soret and Dufoufects can be significant. Also, when heat and
mass transfer occur simultaneously in a moving fluid, thatiehs between the fluxes and
the driving potentials are of more intricate nature. It hasrbfound that energy flux can be
generated not only by temperature gradients but by compngjtadients as well. When
the composition of a mixture of molecules is non-uniforne ttoncentration gradient in
any species of the mixture provides a driving potential far ditusion of that species.
The ditusing species flows from a region where it is highly conceettéo one where its
concentration is low. An increase or decrease in the magmitd concentration observed
in passing from one point or moment to another is called caitipo gradient. The energy
flux caused by a composition gradient is called the Dufourifiusion-thermo ffect. On
the other hand, mass fluxes can also be created by tempegedudients and this is called
the Soret or thermal-ffusion dfect. Adrian [20] numerically investigated the heat mass
transfer characteristics of natural convection about oarsurface embedded in a satu-
rated porous medium subjected to a magnetic field by takittgancount the Dufour and
Soret dfects. Mahdy [21,22] studied MHD non-Darcian free convetfimm a vertical
wavy surface embedded in a porous medium in the presence &dtret and Dufour ef-
fect. Srinivasacharya and Reddy [23] investigated the tSoreé Dufour &ects on mixed
convection heat and mass transfer in a micropolar fluid wihttand mass fluxes. Pal
and Mondal [24, 25] examined the Soret and Dufoffie& on MHD non-Darcy unsteady
mixed convection heat and mass transfer over a stretchimgt.sfrhe study of diusion -
the thermo &ect on laminar mixed convection flow and heat transfer froneical sur-
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face with an induced magnetic field - was done by Hossain araduh26]. Omowaye et

al. [27] analyzed the Dufour and Sordfects on steady MHD convective flow of a fluid in
a porous medium with temperature-dependent viscositpiv@sa Raju [28] examined the
effects of Soret and Dufour on natural convective fluid flow pastréical plate embedded
in a porous medium in the presence of thermal radiation visl FE

At a macroscopic level, it is well accepted that the boundandition for a viscous fluid
at a solid wall is one of no-slip condition i.e. the fluid veltyomatches the velocity of
the solid boundary. An assumption about no-slip condit®that it is not based on the
physical principle but has been processed experimentalhetaccurate for a number of
macroscopic flows. In many applications, the particle asfjato a solid surface no longer
takes the velocity of the surface. The particle has a finitgeatial velocity, it slips along
the surface. The flow is called slip-flow. Sharma and Chaudfz#] studied the fiect

of variable suction on transient free convective viscoesimpressible flow past a vertical
plate in a slip-flow regime. Khandelwal et al. [30] investiggithe &ects of couple stress
on the flow through a porous medium with variable permeatititthe slip-flow regime.
Further, Sharma [31] studied the influence of periodic tempee and concentration on
unsteady free convective viscous incompressible flow aatitrensfer past a vertical plate
in the slip-flow regime. The influence of magnetic field andIwép conditions on the
steady flow between a parallel flat wall and a long wavy walhwite Soret ffect was
observed by Muthuraj and Srinivas [32]. An analysis of sydamivs in a viscous fluid with
heatmass transfer and the sliffect was done by Ellahi et al. [33]. Sreenivasulu et al. [34]
investigated the thermal radiatioffect on MHD boundary layer slip flow past a perme-
able exponential stretching sheet in the presence of joeddiig and viscous dissipation.
Velocity slip dfects on heat and mass fluxes of MHD viscous—Ohmic dissipgiieover

a stretching sheet with thermal radiation were studied byaKazhi et al. [35].

Chemical reaction plays an important role in processes asclying, distribution temper-
ature and moisture over agricultural fields and groves dfdrenergy transfer in a wet
cooling tower and flow in a desert cooler. The study of the dbalhmeaction is of great
practical use in engineering and science. Chemical reactieat and mass transfer on
MHD flow over a vertical stretching surface with heat souned thermal stratification ef-
fects are studied by Kandasamy et al. [36]. Chaudhary anfBJhavestigated theféects
of chemical reaction on MHD micropolar fluid flow past a veatiplate in the slip-flow
regime. The fect of chemical reaction on free convective flow of a polarfliirough a
porous medium in the presence of internal heat generatitingsissed by Patil and Kulka-
rni [38]. Recently, Reddy et al. [39] studied the hall cutrand the Dufour ffects on
MHD flow of a micropolar fluid past a vertical plate in the pnase of radiation absorption
and chemical reaction. Pal et al. [40, 41] described the &y and chemical reaction
effects on MHD mixed convection heat and mass transfer in a gonaaium with thermal
radiation and joule heating.

Jonnadula Manijula, et al. [42] examined the influence ofritaéradiation and chemical
reaction on MHD flow, heat and mass transfer over a stretctunface. MHD flow, heat
and mass transfer of a micropolar fluid over a nonlinear @ty sheet with variable
micro inertia density, heat flux and chemical reaction in a-Barcy porous medium were
observed by Rawat et al. [43].
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Joule heating, also known as Ohmic heating and resistiveénigeds a process by which
the passage of an electric current through a conductorsetdzeat. In all the above studies
the permeability and porosity are usually taken as constamtthy and Feyen [44] studied
the influence of variable permeability of the dispersion ohamically reacting solute in a
porous media. Hassanien et al. [45] analyzed the oscildigdro magnetic flow through
a porous medium with variable permeability in the preserfdee@ convection and mass
transfer flow.

Thermal radiation is the emission of electromagnetic wéras all matter that has a tem-
perature greater than absolute zero. It represents a ciowef thermal energy into elec-
tromagnetic energy. Recent developments in the area oaupbwer plants, gas turbines
and the various propulsion devices for aircrafts, missild apace vehicles, hypersonic
flights, gas cooled nuclear reactors and power plants fer-planetary flights, have fo-
cused attention of researchers on thermal radiation as & wfoehergy transfer, and em-
phasized the need for inclusion of radiative transfer irs¢hprocess. Mahmoud [46] in-
vestigated the thermal radiatioffects on an MHD flow micro polar fluid over a stretching
surface with variable thermal conductivity. Ibrahim [4T{idied the influence of viscous
dissipation and radiation on the unsteady MHD mixed coneadiow of a micropolar
fluid. Free convection flow with thermal radiation and maassfer past a moving vertical
porous plate was investigated by Makinde [48]. Das [49] isidhe slip &ects on the
hydro magnetic micro polar fluid flow and heat transfer ovematined permeable plate
with variable fluid properties and thermal radiation. Sregsulu et al.[50] studied the ther-
mal radiation &ects on the MHD boundary layer slip flow past a permeable exmpida
stretching sheet in the presence of joule heating and vésdizgipation.

Definitions
MHD

Magnetohydrodynamics is the study of the magnetic progedf electrically conducting
fluid such as magneto-fluids; these include plasmas, liq@ithimand electrolyte.

POLAR FLUID

A polar fluid is a fluid where the constituent molecules havelanzation. It could be a
fluid of molecules that have a magnetic spin moment.

OHMIC HEATING

Joule heating, also known as Ohmic heating and resistiviinigess the process by which
the passage of an electric current through a conductorsesddzeat.

DUFOUR EFFECT

The Dufour dfect is the energy flux due to a mass concentration gradientrdcg as a
coupled &ect of irreversible processes.

BUOYANCY

Buoyancy is an upward force exerted by a fluid that opposesvdight of an immersed
object.

In the present analysis, we proposed a study of ffeeeof first order chemical reaction, the
Dufour gfect and thermal radiation on an unsteady MHD Newtonian atat flaid flow
past an infinite vertical porous plate in slip flow regime. Waaconsider the presence of
heat source, Ohmic heating and viscous dissipation.
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2. Formulation of the problem for a Newtonian Fluid

We consider an unsteady two-dimensional hydro magnetiednbonvective boundary
layer flow of a viscous, incompressible, two dimensiong) $low in an optically thin
environment, past a semi-infinite vertical moving plate edded in a porous medium of
variable permeability with variable masdfdision, in the presence of thermal radiation.
We assume that no electric field is present and induced madigdd is negligible. The
X-axis is taken along the plate in a vertically upward dimeiand theY-axis is normal to
it. Due to the semi-infinite plane surface assumption, the flariables are functions of the
normal distanc& andt only, the time-dependent suction velocity is assumed ntiarthe
plate. The plate is having a variable temperature and caratam which varies with time.
Now under the usual Boussinesq’s approximation, the gavgtroundary layer equations
in the non-dimensional form are:

au nou  dU, 42U
(21) E-(l—Fé‘Aé«l)a—y—T+6—yz+Gr9+GmC+N(Uoo—u)
(2.2) @—(1+3Aeﬂt)@—ia—29+ @2—89+NECUZ+D @—FG
‘ at gy  Proy  \ay 4 oy2
aC aC 14%C
2.3 — _(1+eAd) == —= -
( ) ( te )ay Scayz

whereu,vare the velocity componentsXnY directions, respectively;the time parameter
e and n is the scalar constant. The third and fourth terms omigfn¢ hand side of the
momentum Eq. (2.1) denote the thermal and concentratioyanay dfects, respectively.
Also, the second and fourth terms on right hand side of theggngq. (2.2) represent
viscous dissipation and the Joule heatifigets, respectively. In addition, the third and
fifth terms denote heat absorption and the Dufdiec, respectively. G Gn, P, F &

, &, S and [y are the thermal Grashof number, the Solutal Grashof NuntiberPrandtl
Number, the radiation parameter, the Eckert number, theniitmumber, the chemical
reaction rate of the heat source parameter and the Dufteat@arameter, respectively.

N=M+1/Kowhere M is the magnetic field parameter, angiskkhe permeability parameter,
respectively.

The suction velocity to the plate is assumed in the form
V =-Vo(1+eAd)

where A is a real positive constant ands small such that <<1, A<<1, and 4 is a
non-zero positive constant. The negative sign indicat&sie suction is towards the plate.

The corresponding dimensionless boundary conditions are:

u:1+hg—;,9=1+ge”t,C=1+ge”taty=O
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U-> Us,6—-0, C—>0as y— co.

The above systems are coupled and linear partié¢mdintial equations and these can be
reduced to a set of ordinaryftirential equations with the help of the perturbation tech-
nigue, which can be solved analytically. Perturbation tieée applicable if the problem
at hand cannot be solved exactly, but can be formulated bing@d’small” term to the
mathematical description of the exactly solvable probl&arturbation theory leads to an
expression for the desired solution in terms of a formal paeees in a "small” parameter
— known as a perturbation series — that quantifies the dewifitom the exactly solvable
problem ( Dyke V.M.[51] ). The equations are solved manuaiyl the codficients are
calculated numerically and the graphs are plotted using M&Eand C language.

This can be done by representing the velocity, temperahdeancentration of the fluid in
the neighborhood of the plate as:

U(y, t) = UO(Y) + semul(y) + 0(52) 4+

G(y’ t) = 90()/) + se”tel(y) + 0(32) 4+

(2.4) C(y, 1) = Co(y) + £€"Ca(y) + 0(¢?) + - --

We assume that permeability of the porous medium is varistle
K = Ko(1 + e€"),whereK, > Ocorresponds to the permeability of the porous medium.

By substituting Eq. (2.4) in Eq. 2.1-2.3, equating the hamim@nd non-harmonic terms,
and neglecting the higher order termso(£?), we obtain:

(2.5) Uy + Uy — Nug = =N — Gy — GnCo
(2.6) uy +u; —(n+ N)ug = —=(N + n) = G, 61 — GnC1 — Ay,
2.7) 0 + Pebh — Pi(S + F)éo = —PrEc(uy)” — PNEcU3 - PD.Cq

(2.8) 6, +Pd, — (F+n+S)Poy = —P A9 — 2P, Ecuju; — 2P, NE.uou; — P D,C;
(2.9) Cy +ScCj = Se.y.Co

(2.10) C; +ScC) — Se.(y +n).C1 = ~ASC,

where prime denotes ordinaryfidirentiation with respectto y.

The corresponding boundary conditions ( Chaudhary and3#jgq¢an be written as:
an

Moy = ng 16, = 0,Co=1,C, = Oaty=0

- 1+h20
Uo + ay 6y
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(211) U =1, U1=1,90=0,91=0,C0=0,C1=0aty—)OO

Equations 2.5-2.10 are still coupled and non-linear, whsssgct solution has not been
found yet. So we exparg, uy, 0o, 81, Co, C; in terms ofE. in the following form, as the
Eckert number is very small for incompressible flows. We use

(2.12) F(y) = Fo(y) + EcF1(y) + o(Eo)? + ...

where F stands for any, uy, 6p, 61, Co, C1Substituting Eq. (2.12) in Eq. 2.5-2.10, equating
the codficients ofE. to zero, neglecting the terms E¢and higher order, and solving the
equations under the corresponding boundary conditiongbtein the velocity, tempera-
ture and concentration distributions for the Newtoniardfinithe boundary layer as:

(2.13)

U= Ase™ + Age™™Y 4 Age™™Y 1 1+ E(Ajge™™ + Ase™™ + Aze 2™ 1 Ag + Agem2™Y
+ Aloe_zmly + Alle—(mz+l’1’b)y +Alze‘(m1+”b)y+Algae‘mzy+yA13be‘m2y+A14ae‘"by+yA14be‘"by
+ Apse™Y 4 Alaef(n’thmZ)y) + 8ent(A2767mSY + Aoge™™Y + Apie ™Y Ao ™Y

+ Acse™Y 4+ Aoy ™Y 41+ Ec(AGoe’"W + Ags€ ™Y + Agse ™Y + A36872m3y

+ Ag7 + Agge 2™ 4 A,;ge*ZFThyNOe*(szr"b)y + A4:Le*(m1+ms)y + YARE ™ + yAs e ™Y

+ Agge™™ 4+ Agge MM 4 A e Ao (TR A e (Mot M)y A o (Mt ms)y

+ Agoe (M8l | A e (Mtme)y 4 A e (Mtme)y 4 A e~ (Mitme)y | A o (Mi+my)y

+ Agse™ M MY Age 4 yAc e ™Y ) )

C=e™ + g€ (Age™ + Age™™)

0= Aze_mzy + Ale‘mly + Ec(flle‘mzy + f]_e_znby + fo + fge_zmzy + f4e‘2m1y

+ fe (MMl o foer(Mrma)y 4 £, e MY 4y fper™Y 4 foe™Y 4 fog ™Y

+ floef(mierZ)y) + ge”t( free ™Y + fr3e™Y 4 fle™Y + fise ™Y + EC(f44eimGy

+ feMetme)y 4 f oo (Metme)y | f o (Metm)y | £ o~ (Mermy)y 4 f, g (Merme)y
(2.14) + fooe™ ™Y 4 f23ef(mZ+mg)y + f24ef(mZ+m6)y + fose ™Y

+ foge (MMl | f, e (Mutme)y | f oo (Morm)y 4§ a=(Mu+mr)y

+ faoe™™Y + fgle‘("“mZ)y + fae™Y + fgge_znby + f34e‘2m2y + f35

+ fgse_zmly + f37e‘(m2+”b)y + fgge_(nb+nh)y + fa0e™™Y + fyoe™ ™y + f487™Y

+ g™ f4se_(m1+mz)y))

where

_ Sc+ VS@+4Sc my = Pr+ PP +4PrfF +S) e = Pr— PP +4PrfF +S)

ml 2 s 2 > - 2 >
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_ Pr+y/PP+4PrF +S+n) m7_Sc+\/Sc?+4Sc(y+n) _1+VI+4(N+n)

2 £ 2 5%_ 2 )
—PrDunﬁ 1+ V1+4N 1- v1+4N
Al= 1 A]J - ’rrbz - A >
me — my Pr—Pr(F + S) 2 2
-GrA; -GrA; - Gc -1
= LAz = , hmp + 1) + Ag(hnmy + 1
As omo N mg—ml—NAE’ (g 5 1) (e + D)+ As(hmy + 1))
Skin-friction

The boundary layer produces a drag on the plate due to theusssiresses, which are
developed at the wall. The viscous stress at the surfacegfidite is given by

e [22) o)
X ay y:O ¢ ay y:O
Heat transfer rate

The Nusselt number Ns often used to determine heat transfer. The non-dimeabk@at
flux at the plate y0 in terms of N is given by

wu- (2] e (2)
6y y=0 6y y=0
Mass flux

The Sharewood numbep $ denoted mass transfer. The non-dimensional mass flue at th
plate y=0 in terms of § is given by

() =(5)
ay y=0 ay y=0

3. Formulation of the problem for polar fluid

We consider an unsteady two-dimensional hydro magneti@dnoonvective boundary
layer flow of a polar electrically conducting, incompressjlviscous two-dimensional slip
flow in an optically thin environment, past a semi-infinitetieal moving plate embedded
in a porous medium of variable permeability with mas$udiion, in the presence of ther-
mal radiation. We assume that no electric field is presenttlhatithe induced magnetic
field is negligible. The x’—axis is taken along the plate ie trertically upward direction
and the y’-axis is normal to it. Due to the semi-infinite plaueface assumption, the flow
variables are functions of the normal distance y’ and t' oAlyime depend suction veloc-
ity is assumed normal to the plate. The plate has a varialvipageature and concentration
which varies with time. Now under the usual Boussinesq'sa@gmation, the governing
boundary layer equations in the non-dimensional form are:

du nou  dUg 0Q
(3.1) E—(1+8Ae‘“)a TS +(1+ ) +Gr0+GmC+N(U _u)+2a6_y
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oQ Q. 14°Q
3.2 A+ Ase)— ===
(3.2) 5~ (4t )6y e
(3.3) @—(1+5Aé‘t)@—ia—29+E @2—89—F9+NECUZ+D@
‘ at gy  Pray2  \ay 4 oy2
aC 2 0C 1 4°C
(34) ﬁ—(l‘l—é‘Aé«l)a—y—S—ca—yz—

The corresponding dimensionless boundary conditions are:

u=1+ h@,6?=1+ee”t,w=—n@,C=1+aematy=O
ay ay

(3.5) U-> Uo,0—>0, w—>0,C—>0 as y-> x

here u, v are velocity componenif3,is the angular velocity component,is densityy =
%is kinematic viscosityy, is rotational kinematic viscosityy, = (Cf‘,*—c")(ca, cgare coupled
stress viscosities, | is a scalar constant equal to thateofrtbment of inertia unit mass).
Q=F a=¥p=1}
The value &0 corresponds to the case where the particle densitffisisumtly large so that
microelements close to the wall are unable to rotate. Theevat0.5 is indicative of the
weak concentration, and wheehthe flows are believed to represent turbulent boundary
layers (Rees and Bossom [52]).

Solution of the problem

The above systems are coupled and linear partié¢mdintial equations and these can be
reduced to a set of ordinaryftérential equations, which can be solved analytically. This
can be done by representing the velocity, temperature amckeotdration of the fluid in the
neighborhood of the plate as:

U(y, t) = UO(Y) + semul(y) + 0(52) 4+

G(y’ t) = 90()/) + 8ent91(y) + 0(32) 4+
(36) C(y, t) = CO(Y) + 8entC1(y) + 0(32) 4.

Substituting Eq. (3.6) in Eq. 3.1-3.4 and equating harmanit non-harmonic terms and
neglecting the higher order termsak?), we obtain:

(3.7) 1+ @)U + Uy — Nup = =N — Grbp — GrCop — 20 QY
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(3.8) Qy+8Q,=0
(3.9)  (A+a)uy +u;— (n+N)ug = —(N +n) — G601 — GCy — Ay — 20 Q)
(3.10) Q] +BQ; - BQ; = —ABQ,
(3.11) 05 + Pey — Pe(S + F)oo = —PrEc (up)” — PINECU - P,D.Cy

(3.12) 6, + Pidy — (F + n+ S)Pi6y = —P, Ag) — 2P Ecupu; — 2P NE; U u; — P D,C;

(3.13) Cy +ScCl = Sc.y .Co
(3.14) C; +ScC) — Se.(y +n).C1 = ~ASC,

The corresponding boundary conditions can be written as:

duUp Oug
=1+h—, uy=h—6,=1,6,=0,Cy =1,C; =0,
Uo + dy Uz ay 0 1 0 1
(315) g = 9 o _ Mg
ay ay

y=0uwp=21Lu=16=0,60=0,Co=0,C;=0,00— 0, Q; - Oaty - o

The Eq. (5.2-5.9) are still coupled and non-linear, whosecegolution has not yet been
found. So we expana, uz, 6o, 61, Co, C1 in terms ofE. in the following form, as the Eckert
number is very small for incompressible flows.

(3.16) F(Y) = Fo(y) + EcFa(y) +0(Ec)* +---

whereF stands for anyug, us, 6o, 61, Co, C1Substituting Eq. (3.16) in Eq. (3.7)-(3.14),
equating the cd@cients ofEcto zero and neglecting the termsHiand higher order, af-
ter solving these equations, we obtain the velocity, tewmipee, angular momentum and
concentration distributions in the boundary layer as:

(3.17)

U=Tse B + Tie™ + Toe™ + 1+ CoTae™ + Ec(Tos€ B + Toe ™ + T7e725Y + Tge 2™

+ To€ 2™ 4 Tyoe Y 4 Tpe MetBY 4 T e (M+BY § T @ BBl 4 T @ Moty 4 T, @ (Ma+hly

+ T1€ ™Y 4 T1787BY 4 Tige™ + Tig€™Y + Tog€ ™ + Top + YT2o8™ + TosCo6 ™) + €™ (Tare™ %
+ Tog€ P + T30 ™ + Taoe ™ + Tage ™ + Tase ™ + Toee™™Y

+ 1+ TyoT306PY + EQTeoe 2 + Taee B + Tyr€™ + Tyge 28V 4 T 2™ 4 Toe ™Y + Ty
+ Tope M*BY 4 T e Bl 4 T e (Mermy | T o (Math)y

+ Toee CHMY 4 Tore™Y 4 Toge™ + yTooe™™ + Teoe™ + Tey

+ Tope (MetBY | Teoe(BatBlY | T @ (Me+BLY | T (M7+BLY | T (@Y e (Me+Baly

+ Tege M2*mel | Tege(Metmly 4 T e (Mthrly 4 T, g (Barmuly

+ Tope(Murmly o Tooer(Mtbrly 4 T, e Bath)Y o T e (B+mely 4 T a(B+maly

+ -|-77(:.“7(ﬁ+ﬁl)y + T7geim7y + T7gei(ml+m6)y + W]_C4eiﬁly + W4€7ﬁy ))



12 K. Choudhary, A. K. Jha, L. N. Mishra and Vandana

Q= Cze_’B Y 4+ Ec(03e‘ﬁ y) + e@" ‘(nge‘ﬁ Y 4 nge‘ﬁ Y+ Ec(wle‘ﬁ Y4 er_’B y))

C =™ 4 ce"(Agge™ + Agoe™™)

(3.18)
0= Azeimzy + A]_eimly + Edfzoeimzy + f5eizBly + f6e—2mzy + f7e—2mly + fgeizﬁy

+ fge(Me*Buy 4 f e (M+Bly | § o (B+BLY 4 f e (Mitma)y

+ flge_(m2+ﬂ)y + f14e_(m1+ﬁ)y + f15e_Bly + yflebe_mzy + flgae_mzy + f17e_m1y + flge_ﬂy + flg) + se'“(flee"mﬁy
+ fr3€™ + fe™Y 4+ fie™ + Eo(f5ge’"‘5y + fl7e*(Bl+Bz)y + flge*ZBly + flge’(mZ*Bl)y + fzoe’(B“ﬁ)y

+ f21e—(81+ms)y + fzze—(81+m7)y + fzse—(ml'*'Bl)y + 4e—(81)y + fzse—zﬁly + fZGe—(mz+Bz)y

+ f27e72mzy + fzgef(mzﬁf)y + fzge*(mﬁme)y + fsoef(rrwmz)y + fale’(m“m”y + faoe ™Y

+ faae Brtmly | f e (M+B2)y | fo e (Mrtmy)y | fo em2My 4 fooarMy 4 fo e (Mtfi)y

+ fage B2 4§06 4 fye (MAY 4 £, @ CHMO) | f, @ B+m)Y

+ f44ei(ﬁ+ﬁl)y + f45€782y + f45€‘72'8y + f47eim6y

+ f4ge_m7y + yf4ge"m2y + f50 + f5le_(m1+m6)y))

Where
Sc+ y/S@+4ySc Pr+ PP +4Prf + S) Pr— PP +4PrfF +S)
m = Mg = , My = )
2 2 2
Pr+ PP +4PrF + S +n) Sc+ /S&@+4Sdy +n)
= 5n]7: b
2 2
1+ \/1+4IN+n5(1+a) —PrDum¢
B = A= A =1-Ag,
2(1+a) me — my Pr—Pr(F +S)
P _,B+«/,82+4,8nB_1+ T+4NIT+« _1-V1+4N
1= 2 ’ 1= 2(1+Q’) ,ms— 2 >
T, = -GrA; 3 -GrA; - Gce 3 20
T l+om-m-N T Q) —m N’ 3_(1+a),82—
-1
T 1+ Tithme + 1) + To(hmy + 1 TsC: +1
5= B+ )[ 1(hme + 1) + To(hmy + 1)] - (h81 1)[ 3C2(hB + 1)]
_ n[T4Bl+T1mz+T2m1] -1
C2 = [1+ CEITIEY nTa,B] 4= B+ 1) [1+ Ta(hmp + 1) + To(hmy + 1)]

Given the velocity field in the boundary layer, we can now ghte the skin friction coef-
ficient C; at the wall which is given by

ou* .
= (/,l + A)W‘YO + AQ |y*:0
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C 2Tw 2[1+(1 '(0
= = -nN u
(= v = 21 @-madu ()
The couple stress cfiiwient Gyat the plate is written as
oQ*
Ca=vy
° 9y ly—o
_ MW _ Qy
Cm= 300 = (1+ 2)'

The rate of heat transfer i.e. heat flux at the wall in terms ag$¢It numberl,) is given
in the non-dimensional form by

i IR el
ay y=0 ay y=0

1. RESULT AND DISCUSSION

A numerical evaluation for the analytical solution to thelgem is performed and the
results are illustrated graphically. To show interestiaatfires of the significant physical
parameter on the velocity, angular velocity, temperatcoacentration, skin friction, the
Nusselt number and the Sharewood number on the distribafitire Newtonian and polar
fluid along an infinite porous plate, throughout the compaitest we employ the thermal
Grashof numbef,) = 5, the Solutal Grashof numbés{)= 5, variable permeabilityi{y)=
.5, the chemical reaction parameter.5, the heat source parameter£3$) the Dufour
effect parametery,)= .5, the radiation parameter (EJlL, the Hartmann number (M5,
the Schmidt number ($=.33, n=1, the Prandtl number (P=.71

Therefore, we have the following results:

Velocity profiles play an important role in many industriabpesses, for example, removal
of pollutants from plant discharge streams by absorptiodsst&ripping of gases from waste
water entirely depend on the relative rate of velocity pegfilistribution. The velocity
profiles across the boundary layer are shown in Fig.3.1 foowua values of the variable
permeability parametergiith respectto tand n. It can be clearly seen thgiri€reases the
velocity profile across the boundary layer decreases, wiepérmeability of the porous
medium increases the resistance due to the porous mediumades. In Figs (2-4) the
velocity profiles are plotted for fierent values of the chemical reaction parametehe
heat source parameter S and the Dufour constgntHiy.3.2 elucidates that the velocity
profile notably decreases with the higher values of the cbaméaction parameter. Fig.3.3
depicts that as the value of S increases, the velocity deesed his happens because the
influence of the heat source parameter reduces the fluiditebmross the boundary layer.
The variation of velocity distribution across the boundeyer for several values of D

is shown in Fig. 3.4. It can be observed that gsifitrease this leads to an increase in
velocity at the vicinity of the plate. It is found that an iease in [@ causes a rise in fluid
velocity, which suggests that theflilision-thermo ffect accelerated the fluid. Théfects

of the thermal radiation parameter F and the magnetic fieldrpater on velocity profiles
are represented in Fig. 3.5 and Fig. 3.6. Fig.3.5 indicdtasuelocity increases with an
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increase in the radiation parameter. A magnetic field mayxpeaed to stabilize a flow
against the transition to turbulent flow. The cases of thematig field in the direction of

flow, and normal to the flow, have been studied, and the statiligfect observed. From
Fig 3.6, it is obvious that the velocity decreases when thgmatic field increases. This is
because the applied transverse magnetic field will resatrasistive type of force i.e. the
Lorentz force which tends to resist the fluid flow thus redgdhre velocity.

The temperature profile for various values of F, §,dPe described in the figures 3.7, 3.8
and 3.9. Fig.3.7 shows that an increase in the radiatiompetea decrease the heat transfer
in the thermal boundary layer because the higher valuesdiditran parameter increases
the absorption cdiicient. It is known that an increase in the heat source pasrheis

a tendency to diminish heat transfer, which results in aels® in temperature as shown
in Fig. 3.8. It can be clearly seen from Fig.3.9 that thugive thermal #ects slightly
affect the fluid temperature. It suggests the variation of teentlal boundary-layer with the
Dufour number (Du). It can be noticed that the thermal bouptdgyer thickness decreases
with an increase in the Dufour number. The fluid temperateehses for higher values of
Dy Fig.13.10, 3.11 accounts for the influence@nd Sc, respectively, on the concentration
distribution. It can be seen from Fig. 3.10 that concerdratiotably decreases for higher
values of the chemical reaction parameter, which indictitasthe dffusion rates can be
changed by the chemical reaction parameter. The Schmidbau(Bc) embodies the ratio
of the momentum diusivity to the mass (species)filisivity. It physically relates the
relative thickness of the hydrodynamic boundary layer amadsviransfer (concentration)
boundary layer. Figure 11 shows how concentration decseas&c increases. Fig. 3.12
shows the fect of the Dufour number [Pon skin frictiont. It increases as pincreases.
Fig. 3.13 illustrates the variation of the surface heatdfanN, with the suction velocity
parameter A for dferent values of the thermal radiation parameter F. It isrdieat N,
decreases with the increasing values of F. Fig. 3.14 shoavsatte of mass transfer for
different values of the chemical reaction parametdt is noticeable that with an increase
of y, the rate of mass transfer decreases. Fig 3.15 showditat en velocity when the
chemical reaction parameter and the slip flow parameter hatveeen taken into account.
The results are similar to Helmy [8].

The translational and angular velocity profile foffdrent values of B F, o, Ko for a
polar fluid are described here. Fig. 3.16 and Fig. 3.17 shawtrdmnslational velocity
profile and angular velocity profile for fierent values of the Dufourfect parameter

It can be seen that translational velocity decreases as@eases while the reversfect

is observed for the angular velocity profile. In Fig. 3.18 &9 the velocity is plotted
against diferent values of the thermal radiation parameter F and \éitygarameter k.
The figures indicate that with the increasing F and decrgdsjrthe translational velocity
increases. Anincrease in the porosity parameter lead$meed velocity profiles because
it reduces the drag force. On the other side, the angulacitglprofile decreases when
both Kpand F increase. It is due to the fact that the momentum boyrager thickness
decreases when the thermal radiation parameter increHsesftect of the viscosity ratio
o. on the translational velocity and the microrotation praficross the boundary layer
are presented in Fig. 3.20 and 3.21. It can be seen that assttsity ratioa. increases
the translational and microrotation velocity increasegsF 3.22 and 3.23 illustrate the
variation in translational velocity and angular velocitgtdbution for diferent values of the
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Fic. 3.1: Hfect of Ky, n, t on Velocity profile
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Fic. 3.2: Hfect ofy on Velocity profile

slip flow parameter h. It is clear from the figure that an insee@ the slip flow parameter
leads to enhanced velocity. Figs. 3.24, 3.25 are plotteddwshe influence of the Dufour
number 0, the radiation parameter F, on the temperature distributiespectively. It
can be noticed that an increase in the Dufour number incsagheeheat transfer, which is
shown in Fig. 3.24. Thefkect of the thermal radiation parameter F is displayed in Fig.
3.25 It shows that an increase in radiation results in dishied heat transfer to the thermal
boundary layer. Fig. 3.26 illustrates the variation of theface heat transfer Nwith the
suction velocity parameter A for flerent values of the thermal radiation parameter F. It
can be seen thatNncreases with the increasing values of F. Fig. 3.27 showsate of
mass transfer for flierent values of the chemical reaction parametdt is noticeable that
when the values af increase, the rate of mass transfer declines.
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Fic. 3.3: Hfect of S on Velocity profile

Fic. 3.4: Htect of D, on Velocity profile
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Fic. 3.5: Hfect of F on Velocity profile

012 3 4567

Fic. 3.6: Hfect of M on Velocity profile

----F=1
—F=2

Fic. 3.7: Hfect of F on temperature profile
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1.2 4
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0 2—> 4y 6

Fic. 3.8: Hiect of S on temperature profile

Fic. 3.10: Hfect ofy on Concentration profile
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Fic. 3.11: Hfect of S; on Concentration profile
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Fic. 3.12: Hfect of D, on skin friction
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Fic. 3.14: Hfect ofy on Sharewood number
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Fic. 3.15: Hfect on velocity whery = 0,h =0

Fic. 3.16: Hfect of Dy, on translational velocity profile
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Fic. 3.17: Hfect of Dy on angular velocity profile
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Fic. 3.18: Hfect ofKg andF on translational velocity profile
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Fic. 3.19: Hfect of Ko andF on angular velocity profile
u

Fic. 3.20: Hfect ofa on translational velocity profile

All the parameters used in the paper are given below:

Parameter Values

Thermal Grashof numbeg()

Solutal Grashof numbef()

variable permeabilityl{o)

Heat source parameter (S)

Dufour dfect parametery,)

5

5

.5
Chemical reaction parameten( | .5
1

.5
Radiation parameter ( F) 1
5

Hartmann number (M)

Schmidt number (§ .33

n=1, Prandtl number (§ 71
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Fic. 3.21: Hfect of@ on angular velocity profile
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Fic. 3.23: Hfect ofh on angular velocity profile
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Fic. 3.24: Hfect of D, on Temperature profile

Fic. 3.25: Hfect of F on Temperature profile
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Fie. 3.26: Rate of heat transfer for various value$of
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Fic. 3.27: Rate of Mass transfer for various valuey of

4. Conclusion

The aim of this paper is to study the unsteady MHD heat and imassfer of the free con-
vection flow of an incompressible, viscous, electricallypdocting Newtonian and polar
fluid past a semi-infinite porous plate embedded in a porousumesubjected to the pres-
ence of a transverse magnetic field with &uBion-thermo and heat source. The method
can be applied to small perturbation approximation. Imgratrtharacteristics of the fluid
flow, as well as heat and mass transfer, have been obtaingutesehted

The following conclusions are set out:

1. Thevelocity of a fluid increases with increasing valuahefpermeability parameter
K both in air and water.

The velocity for both a Newtonian and polar fluid incresasef),increases.
The velocity increases with decreasing values of the atadmeaction parametéf.
The fluid temperature decreases with increasing valuEsaofl S.

Skin friction increases as,increases.

o g M w N

The translational velocity profiles increase with insiag values of the slip flow
parameter (h), while the reversgext is observed for micro-rotation velocity.

7. The Nusselt number and the Sharewood number decreasdegitbasing values of
F andy, respectively.

Some constants have not been included for the sake of biE\ite paper.
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