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boundary condition
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ABSTRACT

This paper analyzes the heat and mass transfecteffen MHD steady two-dimensional laminar free @amtive
boundary layer flow of a viscous incompressibleiatidg fluid, past a moving vertical plate in theepence of
chemical reaction. The left surface of the platmisontact with hot fluid, while the stream ofadluid flows along
the right surface. The governing boundary layenapns of continuity, momentum, energy and comatoh are

transformed into nonlinear ordinary differential wations using similarity transformations, and thsolved by
Runge-Kutta method along with shooting techniquee &ffects of various material parameters on thiecity,

temperature and concentration as well as the skatién coefficient, Nusselt number and Sherwoochber are
represented in graphs and tables and discusseckiaildlt is found that there is a good agreemeetween the
present results and existing results, in the redumzses
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INTRODUCTION

Coupled heat and mass transfer finds applicatiores\ariety of engineering applications, such asrtiigration of
moisture through the air contained in fibrous iasioh and grain storage installations, filtratichemical catalytic
reactors and processes, spreading of chemicaltaottiin plants and diffusion of medicine in bloggins. Free
convection flow of an incompressible viscous flpigst an infinite or semi-infinite vertical plateshbeen studied
since long because of its technological importafdethucumaraswamy [1] have investigated the effettheat
and mass transfer on a continuously moving isothem@rtical surface with uniform suction. Subhasteinal. [2]
analyzed the effect of mass transfer on the flost pavertical porous plate. Unsteady free convedtow on taking
into account the mass transfer phenomenon pastfiaité vertical porous plate with constant suctisas studied
by Soundalgekar and Wavre [3]. Soundalgekar [4kgm&ed the effects of mass transfer and free ctiomec
currents on the flow past an impulsively startedival plate.

Magneto hydrodynamic flow has applications in mettmgy, solar physics, cosmic fluid dynamics, gshsics,
geophysics and in the motion of earth’s core. Skaiakd Kishan [5] presented the effect of masssfearon the
MHD flow past an impulsively started infinite verdl plate. Bhaskara Reddy and Bathaiah [6,7] aedlythe
Magnetohydrodynamic free convection laminar flowaofincompressible Viscoelastic fluid. Later, hesvstudied
the MHD combined free and forced convection flowotlgh two parallel porous walls. Elabashbeshy {@fied
heat and mass transfer along a vertical plategrpthsence of magnetic field.
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Analysis of transport processes and their intepactiith chemical reaction has the greatest cortioha to many
areas of chemical science. The effect of chemieattion on different configurations of the probléims been
investigated by many authors. Gangadhar and Bh&saddy [9] has considered the problem of chemigaiicting
MHD boundary layer flow of heat and mass transfesr@a moving vertical plate in a porous medium vsittection.

Daset al.[10] have studied the effect of mass transfer flmgt an impulsively started infinite vertical glatith

heat flux and chemical reaction. The chemical ieaatffect on heat and mass transfer flow alongraisnfinite

horizontal plate has been studied by Anjalidevi Eashdaswamy [11] and later it was extended for Hiemflow

by Seddeek et al. [12] and for polar fluid by Patid Kulkarni[13]. Salem and Abd El-Aziz [14] hareported the
effect of hall currents and chemical reaction odrbynagnetic flow of a stretching vertical surfadgéhwinternal heat
generation and absorption.

The heat source/sink effects in thermal convectame significant where there may exist a high tewmupee
differences between the surface (e.g. space coafy)band heat generation is also important in tbetext of
exothermic or endothermic chemical reactions thbiam fluid. Sparrow and Cess [15] provided on¢hef earliest
studies using a similarity approach for stagnapomt flow with heat source/sink which vary in timeop and
Soundalgekar[16] studied unsteady free convectmm past an infinite plate with constant suctionl dieat source.

The effect of radiation on MHD flow and heat traersproblem has become more important industridtyhigh
operating temperature, radiation effect can beeggiggnificant. Many processes in engineering aoeasir at high
temperature and knowledge of radiation heat transéeomes very important for design of reliable ipent,
nuclear plants, gas turbines and various propuld@rces or aircraft, missiles, satellites and spaghicles. Based
on these applications, Cogley al.[17] showed that in the optically thin limit, thkuid does not absorb its own
emitted radiation but the fluid does absorb radiagmitted by the boundaries. Satter and Hamid ifi\8istigated
the unsteady free convection interaction with tredrradiation in a boundary layer flow past a vetigorous plate.
Vajravelu [19] studied the flow of a steady viscdlisd and heat transfer characteristic in a porowedium by
considering different heating processes. Hossath Teakhar [20] have considered the radiation effactmixed
convection boundary layer flow of an optically dengscous incompressible fluid along a verticalt@lavith
uniform surface temperature. Raptis [21] investgte steady flow of a viscous fluid through a perenedium
bounded by a porous plate subjected to a constetior velocity by the presence of thermal radiatiMakinde
[22] examined the transient free convection intéoacwith thermal radiation of an absorbing emittifiuid along
moving vertical permeable plate. The effect of themical reaction and radiation absorption on theteady MHD
free convection flow past a semi — infinite vertiparmeable moving plate with heat source and sadtias been
studied by Ibrahinet al.[23]. Recently Bakr [24] presented an analysis dilMfree convection and mass transfer
adjacent to moving vertical plate for micropolaridl in a rotating frame of reference in presenchezit generation/
absorption and a chemical reaction. Suneethal. [25] have investigated the radiation effects on KidD free
convection flow past an impulsively started vettiptate with variable surface temperature and cotra&on.
Chandrakala [26] discussed the free convection Bba viscous incompressible fluid with uniform hélax in the
presence of thermal radiation. Aliakbetr al. [27] analysed the influence of thermal radiation MRID flow of
Maxwellian fluids above stretching sheets. Anuralsti28] presented the MHD Boundary Layer Flow Daeah
Exponentially Stretching Sheet with Radiation Eff&ala Anki Reddy and Bhaskar Reddy [29]studiesittiermal
radiation effects on hydro-magnetic flow due toeaponentially stretching sheet.

The object of present paper is to study the effetthiermal radiation and chemical reaction effertsMHD free
convection flow past a moving vertical plate withalh source and convective surface boundary conditiche
presence of heat generation. The governing bourldgey equations are reducedainary differential equations
using similarity transformations and the resultéggations are then solved numerically using Rungtekfourth
order method along with shooting technigAeparametric study is conducted to illustrate thiéuience of various
governing parameters on the velocity, temperatotecncentration as well as the skin-friction cméht (surface
shear stress), the local Nusselt number (surfaae th@nsfer coefficient), the plate surface tempeeaand local
Sherwood number (surface concentration gradiemt)dsstussed in detail.

MATERIALSAND METHODS
MATHEMATICAL ANALYSIS

A steady two-dimensional boundary layer flow ofteeam of cold viscous incompressible, electricatinducting
and radiating fluid past a moving vertical flat telan the presence of heat generation and chemgeation, is
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considered. The flow is assumed to be in the doeaif x-axis along the plate and y-axis is normal to heTeft
surface of the plate is heated by convection framotafluid at temperatur®; that gives the heat transfer coefficient
h;, andT,, is the temperature of the fluid away from the @lathe cold fluid in contact with the right surfamfethe
plate generates heat internally at the volumetite @,. A uniform magnetic field strengtB, is applied in the
transverse direction gfaxis. The fluid is assumed to be slightly concaugtiso that the magnetic Reynolds number
is much less than unity, and hence the induced setamgfield is negligible in comparison with appli@sagnetic
field. It is assumed that there is no applied \g#tavhich implies the absence of electrical fieltheTfluid is
considered to be a gray, absorbing emitting raahiabiut non-scattering medium and the Rosselandajppation is
used to describe the heat flux in the energy equoati
X
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Fig.1: Schematic diagram of the physical model

Under the above assumptions and Boussinesq appaitign the continuity, momentum, energy, and cotraéon
equations describing the flow can be written as

ou  ov _

—+—=0

ox oy (1)

ou ou_ 0°u oB .

U—+V—=0—- +gB(T-T)+ B (C C
2

w0107, (T—'I;)——l 99

ox  dy oyY pC pC, ay @)
2

ua_C+a_C:Da_C—Kr'C

ox oy oy’ 4

whereu andv denote the fluid velocity in the- andy-directions respectivelyT andC are the temperature and
concentration of the fluid respectively,is the kinematic viscosityy is the thermal diffusivityD is the mass
diffusivity, 8 is the thermal expansion coefficiefitis the solutal expansion coefficieptjs the fluid densityg is
the gravitational acceleration,s the electrical conductivity, is the heat sourc€, is the specific heat at constant
pressureg; is the radiative heat flux ar€t' is the chemical reaction rate of the species aunaton.

The third and fourth terms on the RHS of the momenéquation (2) denote the thermal and concenirdtityoncy
effects, respectively. Also the second and thimdngeon the RHS of the energy equation (3) repreentheat
absorption and thermal radiation effects, respebtivThe last term of the species equation (4) asgnmts the
chemical reaction effect. It is assumed that thgsigal properties, that is, viscosity, heat capacihermal
diffusivity, and the mass diffusivity of the flur@main invariant throughout the fluid.
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The boundary conditions for the velocity, tempemtand concentration fields at the plate surfagefaninto the
cold fluid are

u(x,0)=U,,v=(x0),
aT

—kE(XO): h[T-T(x9].

C(x0)=G,=AX+C,
u(xe)=0, T(xe) =T, C(x=)=C,

00

(5)

where C,, is the species concentration at the plate surfAcés the constantl is the power index of the

concentrationlJ, is the plate velocityk is the thermal conductivity coefficient, a@j, is the concentration of the
fluid away from the plate.

By using the Rosseland approximation(Brewster[30B,heat fluxg, is given by
q = 40 oT*
X ay

(6)

wheres is the Stephen-Boltzmann constant d@ndhe mean absorption. It should be noted that byguthe
Rosseland approximation, the present analysisisdd to optically thick fluids. If the temperatuddferences with

in the flow are sufficiently small, then equati®) ¢an be linearized by expandifitinto the Taylor series abott,,
which after neglecting higher order terms takesdinen

T =4T°T-3
ST-3T ()
In view of the equations (2.6) and (2.7), the ¢igua(2.3) reduces to
2 *3 32
ua_T+Va_T:aa_T+_Q0 (T—'|:°)+16*0-T°°6_T
ox  ay oy pC 3Kpg ay @®

In order to write the governing equations and tlergary conditions in dimensionless form, the fwilg
dimensionless quantities are introduced.

U, 1 |, Uy .,
= ‘/—, , v=-2,7—2f(n)+ '),
T=Nox'  u=u,rm), 2\ x ) 2X )

H(U)_T_Tw (0( )_ C-GC, Ha, O'Bg’er_g,B(Tf_-l;)X

_Tf _Too’ _m, :dJo Ug ’
9B (C,-C.) x . _he Jux U U _ QX
Gc = Y , B|X=— _—, = - -
G U K\ U, Pr p Sc ~ U,sC,
1 *, 3
=KX e G o 40T
UO Cw_Coo 3k*k

)

where prime denotes differentiation with respect;tg- the similarity variablef () - the dimensionless stream
function, f'(y) - the dimensionless velocity,f(y)- the dimensionless temperaturg(#) - the dimensionless
concentratiorHa, - the local magnetic field paramet@&r, - the local thermal Grashof numb@&g, - the modified
Grashof numberBiy, - the local convective heat transfer parame®er; the Prandtl numbeiSc - the Schmidt

number,S - the local heat source parameteér, - the local chemical reaction paramett - the concentration
difference parameter arrl- the radiation parameter.
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In the view of the above similarity transformatipttee equations (2), (3) and (6) reduce to

f +% ff "~ Ha, f '+ Grg+Gcg = 0

(10)
(1+4R) 6" +Lprig+ Prgé = (
2
11)
@" o1 Scfg' — ScKy(¢+ Np=0
2 12)
The corresponding boundary conditions are
f(0)=0,
6'(0) = Bi,[8(0)- 1], $(0) =1
f'(0)=0, 8(0) =0, ¢(0)=0 (13)

It can be noted that the local parametdag, Gr,, Gg, Bi,, andKr,and in (10) — (12) are functions wfand generate
local similarity solution. In order to have a trsieilarity solution we assume the following relatig81]:
_ a b C

N Ot

d e ,_m
E -— ) QO -— ) Kr -— )

X X X (14)
wherea, b, ¢, d, endm are the constants with appropriate dimensionsiew of relation (14) the parametersg,,
Gry, Gg, Biy, andKr,, and are now independentyoind henceforth, we drop the indexfor simplicity.

For the type of boundary layer flow under consitlera the skin-friction coefficient, Nusselt numtesrd Sherwood
number are important parameters. They are descabdallows.

Knowing the velocity field, the shearing stresstet plate can be obtained, which in non-dimensiéorah (skin-
friction coefficient) given by

_2r, _2u 0u Y,
f _Hg_—g(@)yzo_ZR@% (9

whereRg, is the Reynolds number angis the shear stress along the plate.

Knowing the temperature field, the heat transfeefficient at the plate can be obtained, which ie thon-
dimensional form in terms of the Nusselt numbegiven by

WX X 0 _ 5 o
RO S he —u)(a_wy:o“Re*y”‘o)

w

qwis the surface heat.

Knowing the concentration field, the mass transfeefficient at the plate can be obtained, whichthiea non-
dimensional form in terms of the Sherwood numbkegiven by
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_ O x  _ X 0C) _ %,
G- (cw—c;a)[ayl:o Rt (9

Om is the surface mass.
METHOD OF SOLUTION

It is noticed that the energy equation (11) in preg of the radiation parametdR) (in the fluid yields non-
homogeneous differential equation which is coupl@tt momentum equation (10), and in general, diffito solve
analytically. In order to overcome this difficultye solve these equations numerically by fourtheofdunge-Kutta
method in association with shooting technique (&iral[32]. Firstly, these equations together with assted
boundary conditions are reduced to first-orderedéhtial equations. Since equations to be solvedher third order
for the velocity and second order for the tempeeatind concentration, the valued'of' andg' are needed at=0.
Therefore, the shooting method is used to solw libundary value problem. The step $ize=0.0001 is used to
obtain the numerical solution with four decimalqdaaccuracy as the criterion of convergence. Fraptocess of
numerical computation, the skin-friction coefficiethe Nusselt number, the Sherwood number angltite surface
temperature which are respectively proportiondl' @), 6'(0), ¢'(0) andé(0) are also sorted out and their numerical
values are presented in a tabular form.

RESULTSAND DISCUSSION

In order to get a physical insight into the pesbh| a parametric study is conducted to illustrae effects of
different governing parameters viz magnetic fielrgmeterHa, the thermal Grashof numb&r, the modified
Grashof numbe6c, the convective heat transfer param@&igy the Prandtl numbe®r, the Schmidt numbesg the
heat source paramet8r the chemical reaction parametér, and the concentration difference paramétetupon
the nature of flow and transport, and the numeriesllts are depicted graphically in Figs. 2-22reHibe value of
Pr is chosen as 0.72, which corresponds to air amdvdtues of Sc are chosen as 0.62, which correspondater
vapor. The other parameters are chosen arbitrarily.

The effects of magnetic parameféta) on the velocity field in presence and absencthefsource and chemical
reaction parameter are shown in Fig.2. It illugisathat the velocity decreases with an increasbeénmagnetic
parameter, because the magnetic parameter is touetiard the velocity at all points of the flovelfi. It is because
that the application of transverse magnetic fieltl r@sult in a resistive type force (Lorentz foyc@milar to drag
force which tends to resist the fluid flow and tliaducing its velocity. Also, the boundary layeickmess decreases
with an increase in the magnetic parameter. Ingmes of the source and chemical reaction paranmetesuch
appreciable change is observed in Fig.2. Fig.glaysthe effect of the magnetic parameter on theptrature. It is
noticed that the temperature of the fluid increasethe magnetic parameter increase. This is dtieettact that the
applied magnetic field tends to heat the fluid, #nd reduces the heat transfer from the wall.Hewrit can be seen
that temperature increases due to presence ofetlitesburce as well as the chemical reaction paeinidte effect
of the magnetic parameter on the concentration figlillustrated in Fig.4. It can be seen that merease in the
magnetic parameter produces significant increagbharconcentration boundary layétowever, it is interesting to
note that the concentration decrease with an isereiboth the heat source and chemical reactianpeters.

The effect of the convective heat transfer param@@ on the velocity is presented in Fig.5. It is séwat with an

increase in the convective heat transfer paramatkitje increase in velocity near the boundamgelais observed.
This is because the fluid adjacent to the righfazér of the plate becomes lighter by hot fluid aisds faster. The
boundary layer flows develop adjacent to vertiaatface and the velocity reaches a maximum in thendary

layer. In presence of the source and chemicalicrapairameter no change is observed. The effetteofonvective
heat parameter on the temperature distributiorrésgnce and absence of the heat source and thécehesaction

are depicted in Fig.6. The thermal boundary layeckness increases with an increase in the platac

convective heat parameter. It can be observedhibaamplitude of fluid temperature in presencehef teat source
and chemical reaction is more in comparison toliseace of these parameters. The effect of the ctingeheat

transfer parameter on concentration is presentdeigry. It is seen that with an increase in theveative heat
transfer parameter, a little decrease in the cdration in absence of the heat source and chemégzdtion is

observed. In presence of the source and chemiaetioa parameter concentration decreases rapidly.
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Fig.2: Velocity profilesfor different valuesof Ha, S

and Kr for Gr=0.1,Gc=0.1,

Sc=0.62, Bi=0.1, Nc=0.01, Pr=0.72 and R=0.1
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Fig.3: Temperaturreprofilesfor different values of Ha,Sand Kr for Gr=0.1,Gc=0.1,S¢=0.62 , Bi=0.1, Nc=0.01, Pr=0.72 and R=0.1
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Fig.4: Concentration profilesfor different valuesof Ha, Sand Kr for Gr=0.1,Gc=0.1, Sc=0.62, Bi=0.1, Nc=0.01, Pr=0.72 and R=0.1
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Fig5: Velocity profilesfor different valuesof Bi,S and Kr for Ha=0.1, Gr=0.1,G¢=0.1, Sc=0.62,Nc=0.01 Pr=0.72 and R=0.1
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Fig.6: Temperature profilesfor different valuesof Bi, Sand Kr for Ha=0.1, Gr=0.1, Gc=0.1, Sc=0.62, Nc=0.01 Pr=0.72 and R=0.1
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Fig.7: Concentration profilesfor different valuesof Bi, Sand Kr for Ha=0.1, Gr=0.1, G¢=0.1, Sc=0.62, Nc=0.01 Pr=0.72 and R=0.1

Fig.8 and Fig.9 illustrates the effect of the effet the thermal Grashof numbeBr) and mass (solutal) Grashof
numberGc) on the velocity field. The thermal Grashof numbignifies the relative effect of the thermal buggn
force to the viscous hydrodynamic force and tineass (solutal) Grashof numb8d) defines the ratio of species
buyoncy force to the viscous hydrodynamic forcethie boundary layer. It is observed that greataliog of
surface, with an increase in Gc and Gr result imarease in the velocity. It is due to the faettthe increase in the
values of Grashof number and modified Grashof nunfizes the tendency to increase the thermal and mass
buoyancy effect. The increase is also evident duihe presence of the source and chemical reaptcameters.
Furthermore the velocity increases rapidly and satidfalls near the boundary and then approachedathfield
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boundary condition due to favorable buoyancy fawith the increase bot®r andGc. Fig.10 and Fig.11 shows the
steady state temperatures for different the Grashofber, the modified Grashof number, the inteheslt source,
and the chemical reaction parameters. It is olesktlat the thermal boundary layer decreases witinaease in
the Grashof number and the modified Grashof numhérreverse effect is observed with the preseifi¢beoheat
source and chemical reaction parameter. The effate buoyancy parameteiGr(Gc) on the concentration field is
illustrated in Fig.12 and Fig.13. It is noticecaththe concentration boundary layer thickness dse® with an
increase in the thermal and solutal Grashof numi@grer Go). It is due to the fact that an increase in theies of
the Grashof number and the modified Grashof nurhbsrthe tendency to increase the mass buoyanat.eftas
gives rise to an increase in the induced flow dudle by decreases the concentration.

Ge=01, 5=0, Kr=0
Ge=110, 5=0, Kr=0
———Ge=1.0, 5=0.02, k=01 ||
——Ge=110, 5=0.02, Ki=0 &

Gr=0 1, 5=0, Ki=0
——— G50, 520, K=l
———GE=I0, 220, Ke=0
—+—Gr=10, 8=0.05, Kr=0 01
—%—Gr=10, S=0.05, K= 1

0sr

hhhhhh

Fig.9: Velocity profilesfor different valuesof Gr, Sand Kr for Ha=0.1, G¢=0.1, Sc=0.62, Bi=0.1, Nc=0.01, Pr=0.72 and R=0.1

The effect of the Schmidt numbe®d on the velocity, temperature and concentratian silrown in Figs.14-16,
respectively. The Schmidt number embodies the rationomentum to mass diffusivity. The Schmidt numbe
guantifies the relative effectiveness of momenturd mass transport by diffusion in the hydrodynafwiocity)
and concentration (species) boundary layers. AsStitemidt number increases the concentration a dsese This
causes the concentration buoyancy effects to deesegelding reduction in the fluid velocity. Ingsence of the
source and chemical reaction parameter no sucleappte change is observed in Fig.14. The effeth@fSchmidt
number on the temperature distribution in presemmeé absence of the heat source and chemical reaat®
depicted in Fig.15.The thermal boundary layer théds increases with an increase of Schmidt nunitbean be
observed that the amplitude of fluid temperaturpriesence of the heat source and the chemicalagrastmore in
comparison to in absence of these parameters.G-ifpficts the effect of the Schmidt number on thecentration.
Like temperature, the concentration value is higherthe surface and falls exponentially. The cotre¢gion
decreases in presence of the source and the cesdction parameter.

Fig.17 shows that there is no significant effectvetocity profile with an increase in the Prandtntber Pr) in
presence and in absence of the source and chemécdion parameter. From Fig.18, it is noticed Hratncrease in
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the Prandtl number results in decrease of the thienoundary layer, and hence temperature decrekeseason

is that, smaller values of Pr are equivalent todase the thermal conductivities, and therefor¢ isesble to diffuse
away from the heated surface more rapidly thanhfgher values oPr. But in presence of source and chemical
reaction parameter a little decrease in temperapuodile is observed. Fig.19 displays the effect Rif on
concentration profile against with the variation safurce and chemical reaction parameters. The tuagniof
concentration is higher at the plate and then detmyero asymptotically.
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Fig.10: Temperature profilesfor different valuesof Gc, Sand Kr for Ha=0.1, Gr=0.1, Sc=0.62, Bi=0.1,Nc=0.01
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Fig.11: Temperature profilesfor different valuesof Gr, Sand Kr for Ha=0.1, Ge=0.1, Sc=0.62, Bi=0.1, Nc=0.01, Pr=0.72 and R=0.1
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Fig.12: Concentration profilesfor different valuesof Gc, Sand Kr for Ha=0.1, Gr=0.1, Sc=0.62, Bi=0.1, Nc=0.01 Pr=0.72 and R=0.1
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Fig.13: Concentration profilesfor different valuesof Gr, Sand Kr for Ha=0.1, Gc=0.1, Sc=0.62, Bi=0.1, Nc=0.01, Pr=0.72 and R=0.1
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Fig.14: Velocity profilesfor different valuesof Sc, S and Kr for Ha=0.1, Gr=0.1, Gc=0.1, Bi=0.1, Nc=0.01, Pr=0.72 and R=0.1
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Fig.15: Temperature profilesfor different valuesof Sc, Sand Kr for Ha=0.1,Gr=0.1,G¢=0.1, Bi =0.1, Nc=0.01 Pr=0.72 and R=0.1

Fig.21 shows that the velocity distribution forfdient values of radiation parameter paramd®prf is observed
that the velocity increases as the radiation patemecreases in absence of heat source and chHemégion. It
reaches the steady state for higher values oftradigarameter in presence of heat source and claémgaction.
The influence of the thermal radiation paramed®eon the temperature is shown in the Fig.22. Theatimh

parameter R defines the relative contribution afdaection heat transfer to thermal radiation trandfds observed
that asR increases, the temperature profiles as well aghttienal boundary layer thickness increases inepiEs
and absence of heat source and chemical reaction.
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Fig.16: Concentration profilesfor different valuesof Sc, S and Kr for Ha=0.1, Gr=0.1, G¢=0.1, Bi=0.1, Nc=0.01, Pr=0.72 and R=0.1
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Fig.17: Velocity profilesfor different valuesof Pr, Sand Kr for Ha=0.1,Gr=0.1,Gc=0.1, Bi =0.1, Sc =0.62, Nc=0.01 and R=0.1
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Fig.18: Temperature profilesfor different valuesof SPr, Sand Kr for Ha=0.1, Gr=0.1, Gc=0.1, Bi=0.1, Sc=0.62, Pr=0.72 and R=0.1
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Fig.20: Velocity profilesfor different valuesof R, Sand Kr for Ha=0.1, Gr=0.1,Gc=0.1, Sc=0.62, Bi=0.1 Nc=0.01, and Pr=0.72
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Fig.21: Temperature profilesfor different valuesof R, S, and Kr for Ha=0.1,Gr=0.1,G¢=0.1,Sc=0.62, Bi=0.1, Nc=0.01 and Pr=0.72

Numerical results for the skin-friction coefficiethe Nusselt number, the Sherwood number andltite purface
temperature for various values of physical pararsesge reported in Tables. It is observed thatkiseace of
radiation parameter that is, fB=0; (10), (11) and (12) together with boundary dtiad (13) are the same as those
obtained by Rout [32]. The present results arepzoed with that oRout et al [32] for the local skin friction
coefficient, the Nusselt numbers, the plate surfiereperature and the local Sherwood number in Falier
reduced casB=0 andfound that there is an excellent agreement. tnjgartant to note that the momentum equation
is coupled with heat and mass transfer equatiodshance the Prandtl number, Schmidt number, chém@aation
parameter, and source term have an influence onfis&iion in our present problem.
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Fig.22: Concentration profilesfor different valuesof R, Sand Kr for Ha=0.1, Gr=0.1,Gc=0.1, Sc=0.62, Bi=0.1, Nc=0.01, and Pr=0.72

Table 2 shows the analysis of the local skin foicticoefficient, the local Nusselt number, the plateface
temperature, and the Sherwood number for varioligeseof the physical parameters. It is seen thatvilues of
f'(0) are always negative. Physically, negative sifjfi'(0) implies that plate exerts a drag force on thél fthat
causes the movement of the fluid on the surfads. dbserved that as the local convective heastearparameter
increases the magnitude of the local skin fricttmefficient, the Nusselt number, the Sherwood nunamg the
plate surface temperature increase. It is obsethatdas the Prandtl number increases the Nusselbeuincrease,
while the skin friction coefficient, the plate sack temperature and Sherwood number decreaselse Agat source
parameter increases, the magnitude of the skitidniccoefficient, the Sherwood number and the pktgace
temperature increase, while the Nusselt Numberedses. It can be seen that the magnitude of thed &kin
friction coefficient, the Sherwood number and thate surface temperature increase where as theeNlumsnber
decreases with an increase in the radiation pammet

With the data in the first two rows of Table 3isithoticed that as the chemical reaction parameteeases the skin
friction coefficient, the Nusselt number, the plateface temperature and the Sherwood number decrééth the

data in the last three rows of the Table 3 as Sdhmimber increases the Nusselt number and thev8bdrnumber

increase while the skin friction coefficient ana hlate surface temperature decreases.

Tablel: Comparison of the present resultswith that of Rout et al.[33]

Bi [Gr [ Gc|Ha] Pr | S (0) -9(0) 0(0) -'(0) (0) -9(0) 0(0) - (0)

0.1]01]01]0.4]0.7z] 0.6z | -0.40227. | 0.07863' | 0.21364: | 0.333742 | -0.40227. | 0.07863' | 0.21364: | 0.33374.
10| 0.1] 01] 0.4 074 06P -0.352136 0.273]53 04@§80.3410294] -0.35213p 0.273153 0.726846 0.347029
0.1] 05| 0.1] 0.4 0.72 06p -0.322212 0079173 0@0§20.3451301] -0.32221p 0.0791]3 0.208464 0.345130
01| 1.0] 0.4] 04 0.74 06p -0.231251 0.079691 028300.3566654 -0.231251 0.079691 0.203088 0.356665
01| 01] 05/ 04 072 06p -0.026410 0.080f{11 089480.3813954 -0.02641p 0.080711 0.192889 0.381395
0.1]01]1.] 04 0.7z 0.6z | -0.37991i | 0.08204( | 0.17959: | 0.417669 | -0.37991 | 0.08204( | 0.17959: | 0.41766
0.1]01]01]041] 1C | 0.6z | -0.40790¢ | 0.08193' | 0.18064( | 0.332518' | -0.40790¢ | 0.08193' | 0.18064( | 0.3325L
01] 0] 0.4] 04 074 078 -0411704 0078484 0829510.3844559 -0.411704 0.078484 0.215]59 0.384455

OO TOTO

Tablell: Numerical values of the skin friction f* (0), the Nusselt number #'(0), the plate surface temperature 6(0), and the Sherwood
number -¢'(0) for Ha=0.1, Gr=0.1, Gc=0.1, Nc=0.01, Sc=0.62 and Kr=0.1

Bi Pr S R f(0) -6'(0) 6(0) -¢'(0)
0.1 0.72] 0.1] 0.1 -0.34146p 0.141510 0.716980 01316
1.0| 0.72] 0.1] 0.1 -0.327392 0.167453 0.832%47 0@338
1.0| 1.0| 0.1] 0.1 -0.55256]L 0.527388 0.472612 0.35306
1.C | 0.7z | 0.2 | 0.1 | -0.44545: | 0.335701 | 0.66429. | 0.40244(
1.0| 0.72| 0.5 0.1 -0.35652D 0.068822.931178 | 0.421469
1.0| 0.72] 0.1] 0.1 -0.55256[L 0.527388 0.472¢12 0&8%30
1.0| 0.72] 0.1] 0.5 -0.309078 0.134049 0.865951 04370
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Tablelll: Numerical values of the skin friction f* (0), the Nusselt number 6'(0), the plate surface temperatur e #(0), and the Sherwood
number -¢'(0) for Ha=0.1, Gr=0.1, G¢=0.1, Bi=1.0, Nc=0.01, Pr=0.62 and R=0.1

Sc | Kr|  f(0) -0(0) 0(0) O)
0.62| 01| -0.280727 0.096062 0.903988  0.443107
0.6z | 0.5 | -0.29803 | 0.09550 | 0.90449_ | 0.67287:
0.6z | 0.1 | -0.28072 | 0.09606. | 0.90393: | 0.44310
0.78] 0.1]| -0.334601 0.165182 0.8348118  0.493644
1.0 | 0.1 -0.342029 0.836929 0.1630F1 0.567942

CONCLUSION

A steady two-dimensional boundary layer model hasnbdeveloped for the flow of a hydromagnetic, misg
incompressible fluid past a moving vertical flabgl in presence of heat source, thermal radiatimh chemical
reaction with convective surface boundary conditidhe governing boundary layer equations are retiuoe
nonlinear ordinary differential equations using ianity transformations and the resulting equatians then solved
numerically using Runge-Kutta fourth order meththg with shooting techniqué\ parametric study is conducted
to illustrate the behavior of various physical qtitées for different values of the governing paraens and the
results are summarized as follows.

» The Skin friction coefficient, the mass transfaterand the plate surface temperature increasés bt transfer
rate decrease for the increasing values of thedwemte parameter or radiation parameter.

* An increase in the strength of chemical reactingsinces causes an increase in the magnitude qflahe
surface temperature and Sherwood number but oppsitavior is seen for the case of the Skin frctioefficient
and local Nusselt number.

* With an increase in the magnetic parameter, #iecity decreases in the absence of heat soutetammical
reaction parameter and in presence of source amthichl reaction parameter no such appreciable ehamg
observed. While temperature andncentration iareases in absence of source and chemical reguti@mmeter.
Further it can be seen that temperature increasesentration decrease due to increase of heatesasrwell as
chemical reaction parameter.

» The thermal boundary layer thickness increases aritincrease in the heat source parameter, chere@etion
parameter, plate surface convective heat parangtbmidt number and Prandtl number, hence temperatur
increases while the mass flux boundary layer tréskrdecreases.

» As the Prandtl number increases, Nusselt numbeease, while the skin friction coefficient, the telaurface
temperature and Sherwood number decrease.

» An increase in the radiation parameter leads ittla increase in the velocity, but in the presentéeat source
and chemical reaction parameter no change is obdedt is also observed that the temperature ise®an
presence and absence of source and chemical reaetiameter.
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