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Abstract

In the present study, the effects of Hall current and iostadn an unsteady Magneto-Hydrodynamic
(MHD) free convection heat and mass transfer of anredatty conducting, viscous, incompressible and
heat absorbing fluid flow past a vertical infinite flat telaambedded in non-Darcy porous medium is
investigated. The flow is induced by a general time-depgna®vement of the vertical plate, and the
cases of ramped temperature and isothermal plates waliedst Exact solution of the governing time-
dependent boundary layer equations for the momentungyeaad concentration were obtained in closed
form by using Laplace Transform technique. ExpressionsKin friction due to primary and secondary
flows and Nusselt number are derived for both ramped tetoperand isothermal plates. Expression [for
Sherwood number is also derived. Some applications asftipal interest for different types of plate
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motions viz. plate moving with uniform velocity, plate ring with uniform acceleration and ple
moving with periodic acceleration are discussed. The nuaieratues of fluid velocity, fluid temperatu
and species concentration are displayed graphically wheeasutnerical values of skin friction, th
Nusselt number and the Sherwood number are presentedulartéorm for various values of pertine
flow parameters for both ramped temperature and isotieptates. It is found that the primary flu
velocity decreases with increasing values of Hall entrrparameter whereas it has reverse effect on
secondary fluid velocity, in all types of motion of f@aliscussed. The Primary fluid velocity decreases
with the increasing value of rotation parameter whettelaas reverse effect on secondary fluid velocity.

Hall current tends to reduce the primary skin friction lfoth ramped temperature and isothermal plate
whereas it has reverse effect on secondary skin friction.

Q=m0

Keywords: Free convection; MHD; hall current; chemicahcdon; thermal radiation; porous medium.

Nomenclatures

Symbols Meaning Symbols Meaning
Bo . The strength of uniform transverseq . Radiative heat flux
magnetic field
C . Species concentration 0Q : The heat absorption coefficient
Cp . Specific heat at constant pressure T . The temperatuhe diuid (Kelvin; K)
D . Chemical molecular mass to . The characteristics time
diffusivity
9 . Acceleration due to gravity (u,v) : Velocity components
Gm . The solutal Grashof number x,y) : Transverse anchabdirections
Gr . The thermal Grashof number B . The volumetric coefficient of thermal
expansion
k . Thermal conductivity Vs : The volumetric coefficient of expansion
for concentratio
Ky . Permeability of the porous mediuno . The electrical conductivity
Kr : Chemical reaction parameter @, . Cyclotron frequency
kg . Rosseland mean absorption co- . Electron collision time
efficient €
M : The magnetic parameter o1 . Stefan-Boltzmann constant
N : The radiation parameter P . The fluid density
Pr : The Prandtl number v . The kinematic viscosity

m=wr, ° Hall current parameter

1 Introduction

The study of natural convection flow induced by the simultaneatien of thermal and solutal buoyancy
forces acting over bodies with different geometries idual fwith porous medium is common in many
natural phenomena and has wide range of industrialcapipins. For example, the presence of pure air or
water is impossible because some foreign mass may benpreither naturally or mixed with air or water
due to industrial emissions, in atmospheric flows. Natpratesses such as attenuation of toxic waste in
water bodies, vaporization of mist and fog, photosynthémssspiration, sea-wind formation, drying of
porous solids, and formation of ocean currents [1] occur duthdrmal and solutal buoyancy forces
developed as a result of difference in temperature pcesdration or a combination of these two. Such
configuration is also encountered in several practicaéeystfor industry based applications viz. cooling of
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molten metals, heat exchanger devices, petroleum reseriv@ation systems, filtration, nuclear waste

repositories, chemical catalytic reactors and prosessesert coolers, frost formation in vertical channels,
wet bulb thermometers, etc. Considering the importancaabf 8uid flow problems, extensive and in-depth

research works have been carried out by several résea@-5] in the past.

The study of hydromagnetic natural convection flow witht fseel mass transfer in porous and non-porous
media has drawn considerable attentions of several researakert dts applications in geophysics,
astrophysics, aeronautics, meteorology, electronics, icaénand metallurgy and petroleum industries.
Magneto-Hydrodynamic (MHD) natural convection flow of decgrically conducting fluid in a fluid with
porous medium has also been successfully exploited in cfgatation. Oreper and Szekely [6] have found
that the presence of a magnetic field can suppress naturaotimmvcurrents and the strength of magnetic
field is one of the important factors in reducing norfamn composition thereby enhancing quality of the
crystal. In addition to it, the thermal physics of hydammetic problems with mass transfer is of much
significance in MHD flow-meters, MHD energy generatoMHD pumps, controlled thermo-nuclear
reactors, MHD accelerators, etc. Keeping in view thedrtance of such study, Hossain and Mandal [7]
investigated mass transfer effects on unsteady hydromegne& convection flow past an accelerated
vertical porous plate. Jha [8] studied hydromagnetic foewection and mass transfer flow past a uniformly
accelerated vertical plate through a porous medium when madieddids fixed with the moving plate.
Chen [9] analyzed combined heat and mass transfer in MHDcémeection flow from a vertical surface
with Ohmic heating and viscous dissipation. Chamkha [10] tigated unsteady MHD convection flow
with heat and mass transfer past a semi-infinite \@rigermeable moving plate in a uniform porous
medium with heat absorption. Eldabe et al. [11] discussed ugsteitD flow of a viscous and
incompressible fluid with heat and mass transfer in a por@gsum near a moving vertical plate with time-
dependent velocity. Investigation of hydromagnetic natural atiore flow in a rotating medium is of
considerable importance due to its application in varioemsarof astrophysics, geophysics and fluid
engineering viz. maintenance and secular variations ith'Eanagnetic field due to motion of Earth’s liquid
core, structure of the magnetic stars, internal rotatide of the Sun, turbo machines, solar and planetary
dynamo problems, rotating drum separators for liquid metdDMpplications, rotating MHD generators,
etc. Taking into consideration the importance of such studgteady hydromagnetic natural convection
flow past a moving plate in a rotating medium is studigd mumber of researchers such as the studies of
Singh [12,13], Raptis and Singh [14] and Singh et al. [15].

The effect of thermal radiation and chemical reaction ¢éiDMboundary layer flow has become important in
several industrial, scientific and engineering fields. l@ving need for chemical reaction in chemical and
hydrometallurgical industries requires the study of heat aaskriransfer with chemical reaction. There are
many transport processes that are governed by the comluitied af buoyancy forces due to both thermal
and mass diffusion in presence of the chemical reaction. Thesesges are observed in nuclear reactor
safety and combustion systems, solar collectors. Frompdhm of applications, Muthucumaraswamy et al.
[16] investigated the effect of unsteady flow past anoegptially accelerated infinite isothermal vertical
plate with variable mass diffusion in the presencersf-firder homogeneous chemical reaction. Sarma and
Pandit [17] analysed the Effects of thermal radiation ahdmical reaction on steady MHD mixed
convective flow over a vertical porous plate with indioeagnetic field. For industrial applications such as
glass production, space technology applications, furnacgnjespacecraft re-entry aerothermodynamics
and cosmic flight aerodynamics rockets which are operatddruthe higher temperature with radiation
effects are significant. In view of this, Suneethal ef1&] investigated the effects of thermal radiation an th
natural convective heat and mass transfer of a viscoospressible gray absorbing-emitting fluid flowing
past an impulsively started moving vertical plate witlcoiss dissipation. Sattar and Kalim [19] studied the
unsteady free convection interaction with thermal radiaitioa boundary layer flow past a vertical porous
plate. Nandkeolyar et al. [20] studied the exact solutiohsinsteady MHD free convection in a heat
absorbing fluid flow past a flat plate with ramped wathperature.

Most of the time Hall current was ignored in applying Ofilaw, due to the fact that it has no extraordinary
effect for small and average values of the magnetic fighé. effect of Hall current is very important in the
presence of a strong magnetic field [21], because fimng magnetic field electromagnetic force is
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prominent. When the magnetic strength is strong, Hall curremtotde neglected. The recent research for
the applications of MHD is towards a strong magnetic fielde tb which study of Hall current is very
important. Actually, in an ionized gas where the densitgwsand/or the magnetic field is very strong, the
conductivity normal to the magnetic field is reduced due tdréee spiral movement of electrons and ions
about the magnetic lines of force before suffering dotis and a current is induced in a direction normal to
both electric and magnetic fields. The important engingesjoplications for MHD boundary layer flows
with heat transfer including the effects of Hall currenet @ncountered in MHD power generators and pumps,
Hall accelerators, refrigeration coils, electriartsformers, in flight MHD, solar physics involved in the
sunspot development, the solar cycle, the structure of riegstars, electronic system cooling, cool
combustors, fibre and granular insulation, oil extracttbermal energy storage and flow through filtering
devices and porous material regenerative heat exchangers.

It is noticed that when the density of an electricaipducting fluid is low and/or applied magnetic field is
strong, Hall current is produced in the flow-field whichyslan important role in determining flow features
of the problems because it induces secondary flow in the fieddi-fiKeeping in view this fact, significant
investigations on hydromagnetic free convection flow pasatplate with Hall effects under different
thermal conditions are carried out by several reseesdhethe past. Pop and Watanabe [22] analyzed the
Hall effects on magneto hydrodynamic free convection abseta-infinite vertical flat plate, Takhar et al.
[23] investigated the combined effects of thermal and rddfssion, magnetic field and Hall current on an
unsteady free convection flow over an infinite vertical ponolage. Saha et al. [24] studied the effect of Hall
current on MHD natural convection flow from vertical permedtat plate with uniform surface heat flux.
Satya Narayana et al. [25] studied the effects of Haltemt and radiation—absorption on MHD natural
convection heat and mass transfer flow of a micropolar fluid rotating frame of reference. Sarma and
Pandit [26] investigated the effects of Hall currentation and Soret effects on MHD free convection heat
and mass transfer flow past an accelerated verticaé plaough a porous medium. Seth et al. [27]
investigated effects of Hall current and rotation on umistda/dromagnetic natural convection flow of a
viscous, incompressible, electrically conducting and feeorbing fluid past an impulsively moving
vertical plate with ramped temperature in a porous medakimg into account the effects of thermal
diffusion. Seth et al. [28] investigated the effect$lafl current, radiation and rotation on natural convection
heat and mass transfer flow past a moving vertical plakhar et al. [29] investigated the effect of hall
current on MHD flow over a moving plate in a rotating fluithvmagnetic field and free stream velocity.
Jaber [30] analyzed the effect of Hall currents and varidlbid properties on MHD flow past stretching
vertical plate in presence of radiation. Ghara et 4l {3vestigated the effects of Hall Current and loip S
on unsteady MHD Couette flow. Guchhait et al. [32] stddiee combined effects of Hall current and
radiation on MHD free convective flow in a vertical chehwith an oscillatory wall temperature. Satya
Narayana et al. [33] studied the effects of Hall entrand radiation absorption on MHD micropolar fluid in
a rotating system. Anika et al. [34] investigated thecefté Hall current on magneto hydrodynamics fluid
over an infinite Rotating vertical porous plate embedded iteadg laminar flow. Anika et al. [35] analyzed
the thermal buoyancy force effects on developed flow conisgiélall and lon-slip current. Seth et al. [36]
investigated the effects of Hall current on unsteadyréipagnetic free convection flow past an impulsively
moving vertical plate with Newtonian heating.

The aim of the present paper is to study the effefctdatl current, rotation, chemical reaction, thermal
radiation on hydromagnetic free convective heat and massferaflow of a viscous, incompressible,
electrically conducting and heat absorbing fluid past dcainfinite flat plate. The fluid flow is induced by

a general time-dependent movement of the infinite plate. dkierging equations are solved analytically,
and a general solution valid for any time-dependent movemehne @iate is obtained. Some particular cases
that highlight the applications of the general solution areudised. A comparison of the present solution for
skin friction in the absence of Hall current, rotationemical reaction, thermal radiation and permeability of
porous medium is made with the exact solution obtained by Nahgic et al. [20]. It was found that our
result is in excellent agreement with that of Nandkaiogt al. [20].
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2 Mathematical Formulation

We consider the unsteady MHD free convective heat ang massfer flow of a viscous, incompressible,
electrically conducting and heat absorbing fluid along i@fimite non-conducting vertical flat plate
embedded in a uniform porous medium in a rotating sysa&mg Hall current into account. Assuming Hall
currents, the generalized Ohm'’s law [37] may be putérform:

3= Z(me“s-iax“sj,
1+m an

whereV represents the velocity vectdE, is the intensity vector of the electric fieIE is the magnetic
induction vector,J the electric current density vectdn is the Hall current parameted] the electrical
conductivity andn, is the number density of the electron. A very interesting tzat the effect of Hall

current gives rise to a force in the — direction which in turn produces a cross flow velocity in this
direction and thus the flow becomes three-dimensional.

Coordinate system is chosen in such a way #hedxis is along the plate in the upward direction, yhe
axis normal to it and the' -axis normal tox'y -plane. The fluid is permeated by a uniform transverse
magnetic field of strength BOapplied along the y-axis. Theal fand plate rotate in unison with uniform
angular velocityQ abouty' -axis. For timet' <0, the stationary plate and the fluid are at samestamt
temperatureT’ and species concentratid®, . At time t' =0, the plate begins to move with a time-
dependent velocity),, f (t’) in its own plane along the' -axis and the temperature of the plate is raised or

lowered to T, +(T,~T.)t/t when t'<t, and thereafter, fort'>t,, it is maintained at a uniform

temperatureT,,. Also, for timet’ > 0, species concentration is raisedd. The geometry of the problem is
of infinite extent inx' andz' directions, and is electrically non-conducting, @lflysical quantities, except

pressure, are functions of y aiidonly. The fluid under consideration is a metaliguid, such as mercury,
whose magnetic Reynolds number is so small thaintheced magnetic field produced by the fluid mitio

is negligible in comparison to the applied magnditgtd B=(O,Bb,0), Cramer and Pai [21]. Also, no

external electric field is applied, so the effetpolarization of the magnetic field is negligibMgyer [38].
Under these assumptions, together with the usuahdary layer approximations, the governing equation
for the unsteady MHD free convective heat and massfer flow of a viscous, incompressible, eleetlty
conducting and heat absorbing fluid through a penmedium in presence of strong magnetic field are a
follows:

Conservation of Momentum:

ou' _ou_ oBY _ o O

a TR p(1+m2)(u Fmar HT-T)r FLC Oy o
2 2

M—2§2u':UaV\2’+ 98 (mLI—V\'/)—M 2

ot' '’ p (1+ mz) K{
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Conservation of Energy:

1

] 2
I KOT_Q (poqy-_L 04 ®)
o pC,ay° pC, pC, ay
Conservation of Species Concentration:
] 21
€ _p%C _kr(c-c) @
ot ay
Assuming no slip condition between the plate ardfiihid, the relevant initial boundary conditionga
uU=0,W=0T=T ,C=C fory >0andt'<0 (5a)
u'=U,f(t),C' =G, aty =0fort'>0 (5b)
T =T, +(Tv'v'—'I;) t/taty’' =0forO<t'<t, (5¢)
T'=T, aty =0fort' >t, (5d)
u-0wW-0T-T ,C- C asy' - oo fort' >0 (5e)
u' X'
A
THCHO TSRV SESEESSEE S
T(o U] mibatsigiiiiiis
C'(o t)meiGlifirzririzitoi
Faiousinidaiiatiil o
G SIS F
o (GHYEE O TN 9
c'(o,t")=c,
o Ter (- T) /0t sty
T(0.v)= T, t' >t

Fig. 1. Geometry of the problem

For an optically thick fluid, in addition to emissi there is also self absorption and usually treogdtion
co-efficient is wavelength dependent and large socan adopt the Rosseland approximation [39] for

radiative heat flux vect(qr' . Thus qr' is given by
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, __ﬂaT"‘

V=3 oy

(6)

wherek; is Rosseland mean absorption co-efficient@pis Stefan-Boltzmann constant.

We assume that the temperature differences wittgrflow are sufficiently small so thdt'* about the free

stream temperatu@' and neglecting higher order terms. This resultheffollowing approximations:

T =41°T -3T° ©)
From (6) and (7) we have

aq,’ __4g, o __ 160,T° 0°T' -
ay' 3k, 0y? 3k oay?

Thus the energy equation (3) reduces to

T 20 13 32
O __k 0T _Q (r_py, 60T 0T

CAI "’ : )
ot pC,0y* pC, 3kpC 0y
Introducing the following non-dimensional quanttie
/ !_ U _ U T! _T
y:L,u:i’W:ﬂ’t:i’H:T' T‘T Q= c q" ,Gr= g'B ( w ) ,
olo U, U, t, T,— T, qv_ G Ug
1 ' C 2
szgﬂU(Qg’ oo)’NIZ=0-BOIZJ’Pr-:IU(:p’Sczﬂ’Qz UQJZ ’J:izi
U, o k D PCpY; U;
n2
= KUS o Kk 3N+4 | UKE Lo uQ
v 40.T! 3N U; U;
Equation (1)-(3) and (9) reduces to
ou 0°u  M? u
—+2K*W=— ———(u+ mw+ GO+ Gnp-— 10
ot ay* (1+ mz)( W) v K, 4o
a_VV—ZKzu :az_\N+L2(mu— V\)—ﬂ (11)
ot ay’ (1+ mz) K,
06 _ A 9°6
— = -0 12
ot  Proy? Q (12)
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dp 1 9%
P99 k¢ 13
ot scay 7 (13)

The corresponding initial and boundary conditiang@n-dimensional form become:

u=0,w=0,0=0p= (fory=0andt <0 (14a)
u= f(t),¢=1aty=0fort >0 (14b)
f=taty=0forO<t<1 (14c)
@ =1aty =0fort >1 (14d)
u-0w- 00 - 0@ Casy — ofort >0 (14e)

Equations (10) and (11) are presented, in compawt,fas

OF _0°F
ot oy’

-aF +Gré+Gmy (15)

whereF =u+iwanda =M?(1-im)/(1+ n) + ¥ K - 2K?

The initial and boundary conditions (14a)-(14e)c@mpact form, become

F =0,6=0,p= Ofory=0andt <0 (16a)
F =f(t),p=1laty=0fort >0 (16b)
f=taty=0forO<t<1 (16c)
@ =1aty = Ofort >1 (16d)
F - 06— 0 Oasy - cofort >0 (16€)

The system of differential equations (12), (13) &h8) together with the initial and boundary coiatis
(16a)-(16€) describes our model for the MHD freevertive heat and mass transfer flow of a viscous,
incompressible, electrically conducting and heabahbing fluid past an infinite vertical plate embed in a
porous medium with ramped wall temperature takiag) ELirrent and rotation into consideration.

3 Solution of the Problem

The set of equations (12), (13) and (15) subjectheoinitial and boundary conditions (16a)-(16e)rave
solved analytically using Laplace transforms. Thaat solutions for species concentram(ry, t),fluid

temperatur® (y, t) and fluid veIocityF( Y, t) are respectively,
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o(y.1) =%{eymerf({%\/$c+\/ KrtJ+ gseKs erf{—zyx/gc—\/ Krﬂ (17)

O(y.t)=6(y.t)-H(t-1)6,(y.t-1 (18)

F(y.)=P(v)+a[ R(% - H(t-2) Ryt ]+a, B ¥} (19)
Where,F’( Y, t) = L_l{_f(s) e’ S”i}
Here,H (t —1), erfc( X) andL™are Heaviside unit step function, the complimentampr function and
the inverse Laplace transform operator respectively

4.1 Solution in the case of isother mal plate

Equations (17)-(19) represent the analytical sohgifor species concentration, fluid temperatu find
velocity for free convection heat and mass tranfséev of a viscous, incompressible, electricallyndacting
and heat absorbing fluid past a flat plate thropghous medium with ramped temperature taking Hall
current and rotation into account. In order to hitt the effects of the ramped temperature distidn on
the fluid flow, it is worthwhile to compare suchflaw with the flow near a moving plate with constan
temperature. The solution for species concentrat®rgiven by equation (17). However, the fluid
temperature and velocity for free convection nesisathermal plate has the following form:

PrQ _y[PrQ
6(y,t)= %{ey\/T erf{%\/% + \/EtJ + ey‘/T erfE—)Z/\/%r -\/—Qﬂ (20)

F(y.t)=P(v )+ R(y+a,B( ¥y} (21)
4.2 Sherwood number

The Sherwood numb&h which measures the rate of mass transfer atléte, fis given by

Sh= —(a—¢j = ScKrerI(\/ Kr9+\/§: g (22)
Y ) m

4.3 Nusselt number

The Nusselt numbeXu, which measures the rate of heat transfer atldte,pand for a ramped temperature
plate it is given by

Nu:—{g—jl:o =-[6,(0.9)- H(t-18,(04- 9] @
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In case of an isothermal plate, the Nusselt nunsbgiven by

Nu = /P%Qerf(\/a% /% e (24)

Equations (17)-(21) represent the analytical sohgifor the flow due to time-dependent movemerthef
vertical flat plate through porous medium. In ordet some physical understanding of the flow behayi
some particular cases of time-dependent moveméitg @late are discussed below.

4.4 Plate moving with unifor m velocity

Let us consider that the plate moving with a umifarelocity f (t) =H (t) , the fluid velocity of the flow
for the ramped temperature plate is obtained as

F(y.)=R(vt)+a[R(¥)- H(=) R( wtI]+a, B( v} (25)
and for the isothermal plate the fluid velocity is

F(y.t)=R(v.)+aR(y)+a,B( ¥} (26)

The expression for the skin friction for the rampeshperature plate is given by
r i, = (‘z_ij —Qu(t)+ @ Fift)-H (t-D)Fy(t-1]+a (1) @
y=0
and for the isothermal plate it is given by
I, + 1y, = Q,(t) +a,F,(t) +a F(t) (28)
4.5 Plate moving with unifor m acceler ation

Let us consider that the plate is moving with uniicacceleratiorf (t) =tH (t) ,the fluid velocity of the
flow for the ramped temperature plate is obtained a

F(y.)=R(y)+a[R(%)- H(t1) Byt J]+a, B( ¥} (29)

and for the isothermal plate the fluid velocity is

F(y.)=R(vt)+aR(y)+a,B( ¥} (30)

The expression for the skin friction for the rampechperature plate is given by

r, +ir,, :[%Fj =Q()+afF0)-H{-DF (-] raF ) e

10
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and for the isothermal plate it is given by
T, +iTy, =Q,(t) +aFy(t) +a F,(t) (32)
4.6 Plate moving with periodic acceler ation

Let us consider that the plate is moving with pdideacceleratiorf (t) = coswiH (t) , the fluid velocity
of the flow for the ramped temperature plate isaot#d as

F(y.)=R(vt)+a[R(yv)- H(+) R(ywtI]+a, B ¥} (33)

and for the isothermal plate the fluid velocity is

F(v.t)=R(v)+aR(xd+a,B( ¥) (34)
The expression for the skin friction for the rampeshperature plate is given by

rvir,, =(‘3_5J —Q,(t)+a[Fi(t) - H (t-D Fy(t-D]+a £ {1) @)

and for the isothermal plate it is given by
Ty +iTy, =Q,(t) +a F,(t) +a F,(t) (36)
5 Results and Discussion

In order to get the physical understanding of treblem and for the purpose of analyzing the eféédiall
current, rotation, chemical reaction, thermal radig concentration buoyancy force, thermal buoyanc
force, thermal diffusion, mass diffusion, permeifpilof porous medium and time on the flow field,
numerical values of the primary and secondary fugtbcities, fluid temperature and species conediotn

in the boundary layer region were computed for brathped temperature and isothermal plate, in adleth
cases and are displayed graphically versus bourdgey co-ordinate y in Figs. 2-12 for various \edwof
thermal Grashof numbe6(), solutal Grashof numbe6G¢r), Hall current parameten, rotation parameter
(K?), Schmidt numberS9, permeability parameteK(), chemical reaction parametdsr}, thermal radiation
parameter ) and time {) taking magnetic paramet&’=3 andw=77/2. The numerical values of skin

friction, heat transfer co-efficient in terms of $&elt numberNu) and mass transfer co-efficient in terms of
Sherwood numberSH) are depicted in Tables 1-19 for both ramped tatpre and isothermal plate.
During the course of numerical calculations of tiheid velocity, the temperature and the species

concentration, the values of the Prandtl numberchmsen for mercuryPf=0.025), air at25°C and one
atmospheric pressurirE0.71), electrolytic solutionRr=1.0) and waterRr=7.0). To focus our attention on
numerical values of the results obtained in theystthe values oScare chosen for the gases representing
diffusing chemical species of most common inteiiasair, namely, hydrogenSg=0.22), water-vapour
(Sc=0.60) and ammoniaSE=0.78). To examine the effect of parameters relatedhe problem on the
velocity field, the skin friction numerical comptitm are carried out ar=0.71 andSc=0.60. To find
solution of this problem, we have placed an inéinrertical plate in a finite length in the flow. k=, we
solve the entire problem in a finite boundary.

Fig. 2 shows that for both ramped temperature aothérmal plates, the primary and secondary fluid
velocities u(y, t) and w(y, t) increases with aor@ase in time t for all cases except in the cageinodic

11
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acceleration of the plate. In this case, both pryn@d secondary fluid velocities decrease withingnease

in time t. Figs. 3-4 depict the influence of thelraad concentration buoyancy forces on the prinsarg
secondary fluid velocities for both ramped tempaeatind isothermal plate in all three cases. f¢vgaled
from Figs. 3-4 that the primary velocity u(y, teieases asymptotically on increastBgandGmthroughout
the boundary layer region, whereas the secondaid ¥elocity w(y, t) increases on increasi@gandGmin

a region near to the surface of the plate anddtedeses on increasir@gr andGm in the region away from
the plate.Gr represents the relative strength of thermal buoydarce to viscous force and Gm represents
the relative strength of concentration buoyancgddo viscous force. Therefor®r increases on increasing
the strengths of thermal buoyancy force whereasit@meases on increasing the strength of conceoirati
buoyancy force. In this problem, natural convectiftow induced due to thermal and concentration
buoyancy forces, therefore, thermal and concentrdtuoyancy force tends to accelerate the fluidaoit}
throughout the boundary layer region which is dieavident from Figs. 3-4. Fig. 5 demonstrateseffect

of Hall current (n) on primary and secondary velocities for both rathfemperature and isothermal plate, in
all three cases. It is perceived from Fig. 5 thia&, primary velocity u(y, t) increases on incregsm in a
region near to the surface of the plate but ittstdecreasing on increasing m in the region awam fthe
plate whereas secondary fluid velocity w(y, t) e&ses on increasing m throughout the boundary layer
region. This implies that, Hall current tends teaelerate secondary fluid velocity throughout thermtary
layer region which is consistent with the fact th&ll current induces secondary flow in the flowldi
whereas it has a reverse effect on primary fluiaity. Fig. 6 illustrates the effect of rotatiok?j on the
primary and secondary fluid velocities for both pad temperature and isothermal plate, in all tioeeses.

It is evident from Fig. 6 that, primary velocityy(t) decreases on increasikg whereas secondary fluid
velocity w(y, t) increases on increasifig in the region away from the plate. This impliestthotation
retards fluid flow in the primary flow direction draccelerates fluid flow in the secondary flow diren in
the boundary layer region. This may be attributedhe fact that when the frictional layer at theving
plate is suddenly set into the motion then theatisrforce acts as a constraint in the main flladhvfi.e., in
the fluid flow in the primary flow direction to gerate cross flow i.e., secondary flow. The influewt the
Schmidt numberJg on the primary and secondary fluid velocities andcentration profiles are plotted in
Figs. 7 and 12(a) respectively. It is noticed fréigs. 7 and 12(a) that, u(y, t), w(y, t) for botmped
temperature and isothermal plate and concentratialecreases on increasilgt The Schmidt number
embodies the ratio of the momentum to the massaiifity. The Schmidt number therefore quantifies th
relative effectiveness of momentum to mass transpyrdiffusion in the hydrodynamic (velocity) and
concentration (species) boundary layers. As theritmumber increases the concentration decredbes.
cause the concentration buoyancy effects to deergading a reduction in the fluid velocity. The
reductions in the velocity and concentration pesfiare accompanied by simultaneous reductionsein th
velocity and concentration boundary layers. Thed@biours are clear from Figs. 7 and 12(a).

z
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Fig. 2. Effect of variation in timet on the fluid velocitiesu( y,t)and w(y,t) when () f(t)=H(t), (b)
f(t)=tH (t) and (c) f(t)=cosatH (t)
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Fig. 3. Effect of variation in thermal Garashof number Gr on thefluid velocitiesu(y, f) and w(y,{) when
@ f(t)=H(t), (o) f(t)=tH(t) and (c) f (t)=cosatH (t)

Fig. 8 demonstrates the influence of chemical feagbarameterKr) on the primary and secondary fluid
velocities for both ramp temperature and isothernptate, in all three cases. As can be seen, apdgerin
the chemical reaction paramet&r) leads to decrease in the thickness of the vgldmtndary layer; this
shows that diffusion rate can be tremendouslyedtdry chemical reaction. It should be mentionee@ hieat
physically positive values dfr implies destructive reaction and negative valueKroimplies generative
reaction. We studied the case of a destructive aameaction. Fig. 9 presents the effect of thérma
radiation () on the primary and secondary fluid velocities foth ramp temperature and isothermal plate,
in all three cases. It is evident from Fig. 9 théy, t) and w(y, t) decreases on increadMdor ramped
temperature whereas for isothermal plate u(y, t) afy, t) increases on increasihg This implies that
thermal radiation tends to retard the primary aawbedary fluid velocities for ramped temperaturbemas,

it has reverse effect for isothermal plate. Fig.pt@sents the effect of permeability of porous med{K,)

on the primary and secondary fluid velocities fothbramp temperature and isothermal plate, inhatte
cases. It is noticed from Fig. 10 that primary dluielocity u(y, t) decreases on increasing perntigabi
parameter whereas it has reverse effect on segpfidat velocity w(y, t). From the flow configuratn it is
obvious that an increase in porosity of the medasusist the flow along the secondary direction tnere
causing the secondary fluid velocity to increase fduits orientation through the porous medium.
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Fig. 4. Effect of variation in solutal Garashof number Gm on the fluid velociti%u(y,t)and v\,(y,t) when
@ f(t)=H(t), (b) f(t)=tH(t) and (c) f(t)=cosatH t)
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Fig. 7. Effect of variation in Schmidt number Scon the fluid velocitiesu( y,t)and w(y;t) when (a)
f(t)=H(t), (b) f(t)=tH(t) and (¢) f(t)=cosatH (t)
The numerical values of fluid temperatufe computed from the analytic solutions (18) and)(20e
displayed graphically versus boundary layer cor@td y in Fig. 11 for various values of Prandtl ivenPr,

thermal radiation and tinte It is evident from Fig. 11(a) that, fluid tempenae 6 decreases on increasiRg
An increase in Prandtl number reduces the therrahdary layer thickness. Prandtl number signiffes t
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ratio of momentum diffusivity to thermal diffusiyit It can be noticed that & decreases, the thickness of
the thermal boundary layer becomes greater thathtbkeness of the velocity boundary layer according
the well-known relationdT/d 01/ Prwhere T the thickness of the thermal boundary layer @hdhe
thickness of the velocity boundary layer, so thiekttess of the thermal boundary layer increasé3rasdtl

number decreases and hence temperature profileasss with increase in Prandtl number. In heasfiean
problems, the Prandtl number controls the relatiekening of momentum and thermal boundary layers.

1 15 02

Ramped —— Ramped
03 ] == lthemdl

uly) and wiy)
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() and wiy)

Ramped
4 S04 == =Isothermal

@ (b) ©
Fig. 8. Effect of variation in Kr on the fluid velocitiesu( y,t)and w(y,t) when (a) f(t) =H(t), (b)
f(t)=tH(t) and (¢) f(t)=cosatH (t)

When Prandtl number is small, it means that heffisttis quickly compared to the velocity (momentum),
which means that for liquid metals, the thicknetdshe thermal boundary layer is much bigger thaam th
momentum boundary layer. Hence Prandtl number eamskd to increase the rate of cooling in condgctin
flows. Fig. 11(b) is plotted to depict the influenof the thermal radiation paramel¢ion the temperature
profile. We observe in this figure that increasihgrmal radiation parameter produces a signifidactease

in the thermal condition of the fluid flow for ramg temperature, whereas, it has reverse effect for
isothermal plate. This can be explained by the fhat a decrease in the values of radiation paemet

N = kki/401'l;3 means a decrease in the Rosseland radiation dibigrik, . Thus the divergence of the

radiative heat flux decreases Ks increases the rate of radiative heat transferreth fthe fluid and

consequently the fluid temperature decreases fop temperature. Fig. 11(c) shows that fluid temjpeesd
increases on increasing timdor both ramped temperature and isothermal piEtés implies that, there is
an enhancement in fluid temperature with the pregyod time throughout the thermal boundary laygrare
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Fig. 9. Effect of variation in N on the fluid velocitiesu( y, t) and w(y,t) when (a) f (t)=H(t), (b)
f(t) =tH(t) and (c) f(t)=cosatH (t)
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Fig. 11. Effect of variation in (a) the Prandtl number Pr (b) the radiation parameter N, and (c) timet
on (y.t)

The numerical values of species concentragipnomputed from the analytical solution (17), aepidted
graphically versus boundary layer co-ordinate yFigs. 12 for various values of Schmidt numigsy
chemical reaction paramet&r and timet. It is noticed from Fig. 12(b) that concentratidistributions
decrease when the chemical reaction increasesoforramped temperature and isothermal plate. Heze,
are analyzing the effects of a destructive chemiealction Kr>0). Physically, for a destructive case,
chemical reaction takes place with many disturban@éis, in turn, causes high molecular motion,clvhi
results in an increase in the transport phenometheneby reducing the concentration distributiamshie
fluid flow. From Fig. 12(c), it is clear that withnabated mass diffusion into the fluid stream, rtiwar
concentration of the mixture rises with increasitige and so there is an enhancement in species
concentration with the progress of time throughbetboundary layer region.

Table 1. Skin Friction for ramped temperature plate for different values of m and K?

2
le - _Tlx le
3 5 7 3 7
0.5 3.4334 3.6696 3.9001 1.1708 1.6461 2.0589
1 3.3361 3.5895 3.8307 1.2658 3267 2.1405
1.5 3.2545 3.5200 3.7682 1.2901 1.7560 2.1643
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Fig. 12. Effect of variation in (a) the Schmidt number Sc(b) the chemical reaction parameter Kr, and
(o) timeton ¢y, t)

The numerical values of primary skin frictidiyand secondary skin frictiofi,, computed from analytical

expressions (27), (28), (31), (32), (35) and (a6, presented in tabular form for various values ok, Pr,
Sc, Nandt in Tables 1-6 for plate moving with uniform veltyGiTables 7-12 for plate moving with uniform
acceleration and Tables 13-18 for plate moving vaghiodic acceleration respectively, takingd=@ and

K:=0.6. It is evident from Tables 1-6 that for plateving with uniform velocity, primary skin frictio 7,
decreases on increasimandScwhereas it increases on increasifgPr,

Table 2. Skin Friction for isothermal plate for different values of m and K?

2
le - _Tlx le
3 5 7 3 5 7
0.5 3.3732 3.6137 3.8495 1.1832 3866 2.0789
1 3.2748 3.5332 3.7801 1.2792 1.7521 2.1614
15 3.1923 3.4628 3.7176 1.3037 as77 2.1857

Table 3. Skin Friction for ramped temper ature plate for different values of Pr and Sc

PI’lSC—> _Tlx le

0.22 0.6 0.78 0.22 0.6 0.78
0.025 3.3841 3.2885 3.2636 1.8086 .8814 1.8922
0.71 3.4933 3.3978 3.3720 1.7494 16802 1.8048
1 3.5334 3.4352 3.4065 1.7251 1.7744 7762

Table 4. Skin Friction for isothermal plate for different values of Pr and Sc

Pr|Sc— _Tlx le

0.22 0.6 0.78 0.22 0.6 0.78
0.025 3.219 3.3959 3.4626 1.8866 3278 1.7403
0.71 3.4374 3.6137 3.6804 1.7672 6386 1.6209
1 3.4999 3.6762 3.7429 1.7305 1.6271 58412
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Table 5. Skin Friction for ramped temperature plate for different valuesof N and t

Nt -1 Ty,
0.5 15 25 0.5 15 25
1 3.5967 3.6696 3.6822 1.6767 1.6461 1.6377
3 3.6748 3.7510 3.7572 1.6304 14597  1.5926
5 3.6996 3.7772 3.7812 1.6146 1.5808 1.5774
Table6. Skin Friction for isothermal plate for different valuesof N and t
Nlt_} _Tlx le
05 15 25 05 15 25
1 3.5046 3.6137 3.6630 1.7095 1.6638 1.6449
3 3.5406 3.6764 3.7319 1.6822 1.6262 1.6035
5 3.5565 3.6964 3.7538 1.6746 1.6137 1.5896
Table 7. Skin Friction for ramped temper ature plate for different values of m and K>
2
le - _T2x TZZ
3 5 7 3 5 7
0.5 5.0661 5.4032 5.7462 1.7169 2449  3.0845
1 4.9133 5.2779 5.6391 1.8541 2.5791 3.2080
1.8 4.7880 5.170¢ 5.543¢ 1.8853 2.613( 3.243
Table 8. Skin Friction for isothermal plate for different values of m and K>
2
le - _T2x T22
3 5 7 3 5 7
0.5 5.0058 5.3473 5.6957 1.7293 46 3.1045
1 4.8520 5.2216 5.5886 1.8676 2.5986 2302
15 4.7258 5.1133 5.4927 1.8990 2663 3.2651
Table9. Skin Friction for ramped temper ature plate for different values of Prand Sc
PrlSC—> _TZX -[22
0.22 0.6 0.78 0.22 0.6 0.78
0.025 5.1177 5.2940 5.3607 2.6117 0&35 2.4654
0.71 5.2269 5.4032 5.4699 2.5525 424 2.4062
1 5.2669 5.4432 5.5099 2.5282 2.4249 381™®
Table 10. Skin Friction for isothermal plate for different values of Prand Sc
PrlSc—> _TZX TZZ
0.22 0.6 0.78 0.22 0.6 0.78
0.025 4.9532 5.1295 5.1962 2.6897 6358 2.5434
0.71 5.1710 5.3473 5.4140 2.5703 046 2.4240
1 5.2334 5.4097 5.4764 2.5336 2.4303 2.3873
Table 11. Skin Friction for ramped temperature plate for different values of N and t
Nlt_} _sz TZZ
05 15 25 0.5 15 25
1 2.0978 5.4032 8.6425 0.7392 2.4492 4.1763
3 2.1758 5.4846 8.7175 0.6929 2.4005 4.1312
5 2.2006 5.5108 8.7415 0.6771 2.3839 .116D
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Tablel2. Skin Friction for isothermal plate for different valuesof N and t

Nlt_) _T2x TZZ

0.5 15 25 0.5 15 25
1 2.0056 5.3473 8.6233 0.7721 2.4670 4.1835
3 2.0417 5.4099 8.6922 0.7448 2429 41421
5 2.0576 5.4299 8.7141 0.7371 2.4168 4.1282

N andt for both ramped temperature and isothermal plaesondary skin frictior?,, decreases on

increasingPr, N andt whereas it increases on increasingK? and Scfor both ramped temperature and
isothermal plate. It is evident from Tables 7-1atthfor plate moving with uniform acceleration, mary

skin friction 7,,, decreases on increasingwhereas it increases on increasl(?g Pr, Sg N andt for both

ramped temperature and isothermal plates. Secos#aryriction 7,, decreases on increasiRg ScandN
whereas it increases on increasing<? andt for both ramped temperature and isothermal plaig evident
from Tables 13-18 that for plate moving with peiacceleration, primary skin friction,, decreases on
increasingm, Pr, Sg N andt whereas it increases on increasig for both ramped temperature and
isothermal plates. Secondary skin frictidg, increases on increasing K2, Pr, Sg N andt for both ramped

temperature and isothermal plate. Table 19 illtstiiae influence of different physical paramefersN, Sg

Kr andt on Nusselt number and Sherwood number. It is etiffern Table 19 that Nusselt number for both
ramp temperature and isothermal plate increasdsRvitandt, which implies that time has a tendency to
enhance the rate of heat transfer at the platereabehermal radiation has the reverse effect.dhig also
observed from Table 19 that the Sherwood numbeeases with an increase 8t and Kr, whereas it
decreases with an increase in tim&hus both mass diffusivity and time tend to reltice rate of mass
transfer at the plate. Tables 20, 21 and 22 shbgvsamparison of present solution for skin frictfon plate
moving with different velocities with Nandkeolyat al. [20] in the absence of Hall current, rotation
chemical reaction, thermal radiation and permegbdf porous medium is made with the exact solution
obtained by Nandkeolyar [20]. It was found that oesult is in excellent agreement with that of
Nandkeolyar [20].

Table 13. Skin Friction for ramped temperature plate for different values of m and K?

2
le - T3x _T3z
3 5 7 3 5 7
0.5 1.8116 1.9729 2.1654 0.8230 1.2405 1.5881
1 1.7187 1.9017 2.1094 0.8887 1.3128 1.6569
1.5 1.6458 1.840: 2.058! 0.8973 1.332! 16782
Tablel4. Skin Friction for isothermal plate for different values of m and K?
2
le - Tax _T32
3 5 7 3 5 7
0.5 1.8718 2.0288 2.2159 0.8106 1.2228 1.5681
1 1.7800 1.9581 2.1599 0.8752 1.2933 1.6360
1.5 1.7080 1.8975 2.1088 0.8837 1.3115 1.6568
Tablel5. Skin Friction for ramped temperature plate for different values of Prand Sc
PrlSc—» T3X _'[32
0.22 0.6 0.78 0.22 0.6 0.78
0.025 2.2584 2.0821 2.0154 1.0781 1.1814 1.2243
0.71 2.1492 1.906: 1.972¢ 1.1372 1.240¢ 1.283¢
1 2.1091 1.9328 1.8662 1.1615 1.2648 1.3078
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Table 16. Skin Friction for isother mal plate for different values of Prand S

PriSc—» TSX _-[32

0.22 0.6 0.78 0.22 0.6 0.78
0.025 2.4229 2.2466 2.1799 1.0001 1.1034 1.1463
0.71 2.2051 2.028¢ 1.962: 1.1194 1.222¢ 1.2657
1 2.1427 1.9664 1.8997 1.1561 1.2595 1.3024

Table 17. Skin Friction for ramped temperature plate for different values of N and

Nlt_} T3x _T3z

0.5 15 25 0.5 15 25
1 2.5190 1.9729 1.6929 1.2371 1.2405 1.3921
3 2.5971 1.8915 1.6179 1.1908 1.2892 1.4373
5 2.6219 1.8653 1.5940 1.1750 1.3058 1.4525

Table 18. Skin Friction for isothermal plate for different valuesof Nand t t

Nlt_) T3x _T3z

0.5 15 25 0.5 15 25
1 2.4269 2.0288 1.7121 1.2700 1.2228 1.3850
3 2.4630 1.9662 1.6433 1.2426 1.2604 1.4264
5 2.4788 1.9462 1.6213 1.2350 1.2730 1.4402

Table 19. Effects of different flow parameterson Nusselt Number for both ramped temperature and
isother mal plates and Sherwood Number

t Pr Q N Sc Kr Nu Nu; Sh

0.5 0.71 1 1 0.6 1 0.9076 1.3335 0.9037
15 0.71 1 1 0.6 1 1.2985 1.2883 0.7897
25 0.71 1 1 0.6 1 1.2875 1.2872 0.7777
15 0.1 1 1 - - 0.4873 0.4835 -

15 0.3 1 1 - - 0.8440 0.8375 -

15 0.71 1 1 - - 0.9076 1.2883 -

1.5 0.71 1 1 - - 1.298¢ 1.288: -

1.5 0.71 3 1 - - 0.7497 0.7438 -

1.5 0.71 5 1 - - 0.5807 0.5762 -

1.5 0.71 1 1 - - 1.298¢ 1.288: -

1.5 0.71 1 3 - - 1.0429 1.0193 -

1.5 0.71 1 5 - - 0.9858 0.9578 -

15 - - - 0.22 1 - - 0.4782
15 - - - 0.6 1 - - 0.7897
15 - - - 0.8 1 - - 0.9004
15 - - - 0.6 1 - - 0.7897
1.5 - - - 0.6 3 - - 1.3420
1.5 - - - 0.6 5 - - 1.7321

Table 20. Comparison of skin friction for f (t) =H (t) with Nandkeolyar et al. [20]

T Q Pr M Gr Gm Nandkeolyar et al. [20] Present study
I Iy 41 Iy
0.3 1 0717 3 2 2 -0.807404 -0.064685 -0.807404 -0.06468
0.5 1 071 3 2 2 -0.49752: 0.177046 -0.49742: 0.177047
0.7 1 071 3 2 2 -0.287319 0.2532688 -0.287419 0.253268
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Table 21. Comparison of skin friction for f (t) =tH (t)with Nandkeolyar et al. [20]

T Q Pr M  Gr Gm Nandkeolyar et al. [20] Present Study
TZ Z-2i TZ T2i

0.3 1 071 3 2 2 0.24349 0.98621! 0.24349 0.98621!

0.5 1 0.71 3 2 2 0.120771 0.795340 0.120671 0.795440
0.7 1 0.71 3 2 2 -0.04094 0.499646 -0.04194 0.499546

Table 22. Comparison of skin friction for f (t) =cosatH (t) with Nandkeolyar et al. [20]
T Q Pr M  Gr Gm Nandkeolyar et al. [20] Present Study
T3 z-3i Z-3 z-3i

0.3 1 0.71 3 2 2 -0.51381 0.228899 -0.51381 0.228899
0.5 1 0.71 3 2 2 0.234635 0.909204 0.234535 0.909104
0.7 1 0.71 3 2 2 0.980104 1.520692 0.980114 1.520792
6 Conclusion

An investigation of the effects of Hall currenttation, chemical reaction and thermal radiatiorunsteady
MHD free convection heat and mass transfer flova efscous, incompressible, electrically conductmgl
heat absorbing fluids past an infinite flat platebedded in a porous medium is carried out. The fiag
induced by a time-dependent movement of the flateplThree cases of particular interest, namely (I)
movement of the plate with uniform velocity (II) re@ment of the plate with uniform acceleration aht (
movement of the plate with periodic acceleratioayéh been discussed. Exact solutions of the gowgrnin
equations were obtained using Laplace Transforoimtque. A comprehensive set of graphical for thiel f
velocity, fluid temperature and species concemtrats presented and their dependence on some physic
parameters for both ramped temperature and isoigpiates are discussed. Significant findings ae a
follows:

For both ramped temperature and isothermal plates

Hall current and rotation tends to accelerate sgagnfluid velocity throughout the boundary layer
region whereas it has a reverse effect on the pyirflaid velocity throughout the boundary layer
region.

Chemical reaction decelerates the fluid motion doth ramped temperature and isothermal plate
which results in decreasing the fluid velocity tingbout the boundary layer.

Thermal boundary layer thickness decreases witinerease in the radiation parameter results in
decrease in the primary and secondary fluid vetsciior ramped temperature whereas it has reverse
effect for isothermal plate.

Time accelerate the fluid temperature whereas tiadiparameter decreases the fluid temperature for
ramped temperature and increases for isothermi. pla

Mass diffusion and chemical reaction parameter tendecrease the species concentration, whereas
time has the reverse effect.

Hall current and mass diffusion tend to decrease phimary skin friction for both ramped
temperature and isothermal plate whereas it hasse\effect on secondary skin friction.

Rotation tends to increase primary and secondairy fsiction for both ramped temperature and
isothermal plate.

Thermal diffusion and time tends to enhance ratéeaft transfer whereas it has reverse effect on
secondary skin friction.

Mass diffusion and chemical reaction tends to eobahe rate of mass transfer whereas as time
progress the rate of mass transfer getting reduced.
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