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Abstract

Investigation of Soret and Hall effects on uadie MHD free convection heat and mass transfer ftfwa viscous,
incompressible, electrically conducting and opticthick radiating fluid past an impulsively movingfinite vertical plate with
ramped temperature through a uniform porous mediium rotating system in the presence of first orclegmical reaction is
carried out. Exact analytical solution of the gmieg equations for fluid velocity, fluid temperaguand species concentration
subject to appropriate initial and boundary cooditi is obtained using Laplace transform technidigressions for shear
stress, rate of heat transfer and rate of massfénaat the plate are derived for both ramped teatpee and isothermal plates.
The numerical values of primary and secondary fiadbcities, fluid temperature and species conediotn are displayed
graphically whereas those of shear stress andfatmss transfer at the plate are presented inaiafarm for various values of
pertinent flow parameters.
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1. Introduction

Investigation of unsteady hydromagnetic natw@ahvection heat and mass transfer flow of a viscausompressible and
electrically conducting fluid past solid bodies hwiifferent geometries embedded in porous and mwoys media has remained
the focus of extensive research during past fevadies due to its varied and wide range of applinatio science and engineering
such as boundary layer control, geothermal enexgg&tion, enhanced recovery of petroleum prodants gases, metallurgy and
controlled thermo-nuclear reactors etc. Processashiing heat and mass transfer flow through ponmeslia are encountered in
crystal formation, in reservoir engineering, in ttedy of the dynamics of hot and salty springsaafea, grain storage, high
performance insulation for buildings, migration rabisture through the air contained in fibrous amanglar insulations, heat
exchange between soil and atmosphere, sensible sheage beds, geothermal energy systems etc. igdpi mind the
importance of such applications, Jha (1991), Ka(@6l01), Ibrahim et al. (2004), Das et al. (2009)abBe et al. (2011)
investigated unsteady hydromagnetic natural comwedheat and mass transfer flow past a verticatepla porous media
considering different aspects of the problem.

It is well known that the effect of thermal radaation hydromagnetic natural convection flow playsgmificant role in many
scientific and engineering processes such as gaatid levitation, thermo-nuclear fusion, turbined# heat transfer, furnace
design, glass production, solar power technologypplsion systems of aircrafts, missiles, satellaed space vehicles etc. It may
be mentioned here that, unlike convection/condactimblems, the governing equations for fluid flproblems considering the
effects of thermal radiation become quite compidabnd hence many difficulties arise while solvewgh equations. So, a
reasonable approximation to the radiative heat tbumn is considered while solving those equatidndetailed explanation about
radiative heat transfer may be found in the wekkudoented text book by Sparrow and Cess (1966). ihgokito the above



95 Seth et al. / International Journal of Engineering, Science and Technology, Vol. 7, No. 2, 2015, pp. 94-108

mentioned facts, Takhar et al. (1996) investigated effects of radiation on free convective flowrad a semi-infinite vertical
plate in the presence of transverse magnetic flgdam (2002) examined radiation effects on the MidRed convective flow of
an optically thick fluid past a semi-infinite mogrvertical plate considering Rosseland approxinmatmthe radiative heat flux
term. Ogulu and Makinde (2008) analyzed unsteadydmagnetic free convection flow of a dissipativel aadiative fluid past a
vertical plate with constant heat flux. Suneethale{2009) studied effects of thermal radiationMHD natural convection heat
and mass transfer flow of a viscous, incompressibl gray absorbing-emitting fluid past an impusjpvstarted moving vertical
plate with viscous dissipation. Mahmoud (2009) désd thermal radiation effect on unsteady MHD foeavection flow past a
vertical plate with temperature dependent viscosity

Moreover, study of heat and mass transfer flovhangresence of chemical reaction has received deradile attention due to
its several practical applications in chemical drydlrometallurgical industries. Usually, chemicahgtions are of two types,
homogeneous and heterogeneous. A chemical redstisaid to be heterogeneous or homogenous dependinghether they
occur at an interface or as a single phase volwaetion. A homogenous reaction occurs uniformlpdighout the given phase,
whereas a heterogeneous reaction takes place @stidcted region or within the boundary of a pha&eme of the numerous
important applications of heat and mass transfaw fivith chemical reaction can be found in catalgiemical reactors, food
processing, polymer production, manufacture of méra and glassware, smelting, undergoing exothemniendothermic
chemical reaction etc. Keeping in mind the sigaifice of such study, several researchers invedligagdromagnetic free
convection heat and mass transfer flow of a viscouw®mpressible and electrically conducting flpiast a vertical plate in the
presence of first order chemical reaction undeieddht conditions. Some of the relevant reseanatiess are due to Ibrahim et al.
(2008), Mohamed and Abo-Dahab (2009), Singh and &uf{@010), Pal and Talukdar (2011), Osman et 8112 and Barik and
Dash (2014).

Hydromagnetic natural convection heat andsrtesnsfer flow in a rotating system is of greapdariance because of its
numerous applications in science and engineerimfp 15 geophysics, astrophysics, meteorology, ocgapby, aeronautics,
petrochemical engineering etc. This prompted sévesearchers to do a voluminous amount of reseaimtk on unsteady
hydromagnetic heat and mass transfer flow of aouscincompressible and electrically conductingdfioast a vertical plate in a
rotating system under different conditions. Mentimay be made of the research studies of Tokis (1988nousis (1992),
Mbeledogu and Ogulu (2007) and Ferdows et al. (R@B&kr (2011) studied effect of chemical reactiomMHD free convection
heat and mass transfer flow of a micropolar fluddtpan oscillatory moving vertical porous platéhia presence of a constant heat
source in a rotating system. Das (2011) analyzedbawed effect of chemical reaction and thermalatdh on hydromagnetic
free convection heat and mass transfer flow of @apiolar fluid through a porous medium past anliagirig semi-infinite porous
plate with constant heat source in a rotating fraxheeference. Recently, Barik et al. (2014) inigeted unsteady MHD free
convective flow and mass transfer of a viscousptimgressible and electrically conducting fluid pastinfinite vertical porous
surface through a porous medium in a rotating systéth first order chemical reaction taking a fluating heat source/sink into
account.

It is worthy to note that, in an ionized fluid, wkedensity is low and/or magnetic field is strotiyg effects of Hall current
becomes significant as described by Sutton andnse(1965). In fact, Hall current plays a key risledetermining the flow-
features of the fluid flow problems because it icekisecondary flow in the flow-field which is atb@ characteristics of Coriolis
force. Therefore, it seems to be significant to pam and contrast the simultaneous effects of ttves@gencies on the fluid flow
problems. Hall current finds applications in mamyestific and engineering devices, viz. MHD pow&ngrators, Hall current
accelerators, nuclear power reactors, magnetometarderground energy storage system, Hall effecisas, spacecraft
propulsion etc. Taking into consideration the intance of combined effects of Hall current and iotgtAlam and Sattar (2000)
investigated unsteady hydromagnetic free convedtiest and mass transfer flow with Hall effects inotating system in the
presence of viscous dissipation and Joule heaRegently, Seth et al. (2014) studied effects ofl idafrent and rotation on
unsteady hydromagnetic natural convection heatnaask transfer flow of an optically thick radiatithgid past an infinite vertical
plate through porous medium.

However, in all the above investigations, the sotufor fluid flow problems is obtained by assumicmnditions for the fluid
temperature at the plate as continuous and welhekkf But, there are several physical situationgeretthe temperature at the
bounding surface may require non-uniform or arbjtraall conditions. In fact, there may be a stepcdntinuity in the wall
temperature (Lee and Yovanovich (1991)) or therg b®ramped wall temperature (Chandran et al. (R0B&th et al. (2011)).
For example, in the fabrication of thin-film photdtaic devices ramped wall temperatures are empldgeachieve a specific
finish of the system (Malhotra et al. (2006)). Aipption of ramped type wall temperature is alsonfbin nuclear heat transfer
control, materials processing, turbine blade heahsfer, electronic circuits and sealed gas-fillmclosure heat transfer
operations. Keeping in mind the importance of faig Nandkeolyar et al. (2013) studied unsteadytwyégnetic free convective
flow of a viscous, incompressible, electrically donting and heat radiating fluid past a flat platth ramped wall temperature in
the presence of suction/blowing. Seth et al. (20&@¢stigated effect of radiation and rotation arsteady hydromagnetic free
convection flow of an electrically conducting flughst an impulsively moving infinite vertical platgth ramped temperature
embedded in a porous medium. Recently, Seth é2@L5) analyzed unsteady hydromagnetic naturavextion heat and mass
transfer flow with Hall effects of a heat absorbamy optically thick radiating fluid past an accated moving vertical plate with
ramped temperature and ramped surface concentiattbe presence of chemical reaction through aygomedium.
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It is to be noted that in all the above researalliss, Soret (or thermo-diffusion) effect assunwetd neglected. But, Soret effect
becomes significant when there exists a densifrdifice in the flow regime i.e. in the areas sustadrology, petrology and
geo-sciences. This effect has various importanfigaipns in isotope separation, in mixture betwagses with very light
molecular weight (Kl He) and of medium molecular weight,(Mir) etc. Comprehensive information on the imaoce of Soret
effect in convective transport in clear fluids danfound in the textbook of Eckert and Drake (191®pking into the importance
of such effect, Jha and Singh (1990) analyzed Sfett on unsteady free convection and mass eafiisiv past an impulsively
started infinite vertical plate. Kafoussias (199®)estigated Soret effect on unsteady hydromagrfedie convection heat and
mass transfer past an infinite moving vertical @lir two cases of practical interest, namelyinipulsively started plate and (ii)
uniformly accelerated plate. Reddy and Rao (20fuidied Soret effect on unsteady MHD free convectieat and mass transfer
flow past an infinite vertical porous plate in theesence of Hall current, thermal radiation andeatlsource. Pal and Talukdar
(2012) described the influence of thermal radiatod first-order chemical reaction on unsteady Métibvective heat and mass
transfer flow with Soret effect of a viscous, inqmessible and electrically conducting fluid pastemi-infinite vertical flat plate
in the presence oscillatory suction and heat source

As per authors’ knowledge, no attempt has been rrmdiidy unsteady hydromagnetic free convectiat had mass transfer
flow past a vertical plate with ramped temperatiaddng Soret effect into account. Objective of firesent investigation is to
analyze unsteady hydromagnetic free convection kaeat mass transfer flow with Soret and Hall effeofsa viscous,
incompressible, electrically conducting and optic#thick radiating fluid past an impulsively movingfinite vertical plate with
ramped temperature through a uniform porous mediuarotating system in the presence of first oaemical reaction.

2. Formulation of the problem and its solution

Consider unsteady hydromagnetic free convediieat and mass transfer of flow with Soret and léffiects of a viscous,
incompressible, electrically conducting, chemicakactive and optically thick radiating fluid past infinite moving vertical

plate with ramped temperature through a uniforropsrmedium in a rotating system. Cartesian cootelisystem(x’,y’,z’) is
chosen in such a way that-axis is along the vertical plate in upward direnti y' -axis is normal to plane of the plate and
directed into the fluid region and -axis is perpendicular t’y’ plane. A uniform transverse magnetic fieBj is applied in a
direction which is parallel toy' -axis. The fluid and plate rotate in unison in eloitkwise direction with uniform angular velocity
Q about y' -axis. Initially i.e. at timé' <0, both the fluid and plate are at rest and are tamied at uniform temperatufe .

Also species concentration at the surface of ttedephs well as at every point within the fluid isintained at uniform
concentratior€,, . At timet' >0, plate starts moving iX - direction with uniform velocityJ, in its own plane. The temperature

of the plate is raised @, +(T,, - T. )t'/t, whenO<t'<t,, and is maintained at uniform temperatdigwhent' >t; (t, being the

characteristic time). Also, at tinte> 0, species concentration at the surface of the jdataised to uniform species concentration
C,, and is maintained thereafter. It is assumed tieretexists a homogeneous chemical reaction afdiger with uniform rate

K, between the diffusing species and the ambient.fl@ebmetry of the problem is presented in Figure 1.

Figurel Geometry of the probler

Since plate is of infinite extent iX and Z directions and is electrically non-conducting, pllysical quantities except
pressure depend oy’ andt’ only. Also no applied or polarized voltages exsst that the effect of polarization of fluid is
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negligible. This corresponds to the case wherenaogy is added or extracted from the fluid by eleat means (Cramer and Pai,
1973). Further, it is also assumed that the indunadnetic field generated by fluid motion is neiylig in comparison to the
applied one. This assumption is justified becauagmatic Reynolds number is very small for liquidtate and partially ionized
fluids which are commonly used in industrial apgations (Cramer and Pai, 1973).

Keeping in view the assumptions made above, gongraguations for unsteady hydromagnetic naturavection heat and
mass flow transfer of a viscous, incompressiblecteically conducting and optically thick radiatifigid through a uniform

porous medium in a rotating frame of referetadeéng Hall current, Soret effect and first ortbd@mogeneous chemical reaction
into account, under Boussinesq approximation, aengoy

ou’ v oB? v .
Z oW =i T (U mw)-—U'+ '(T'—T')+ c'-c), 1
pYe oy7 o) )T rep (T raf (¢-C) (1)
2 2

M—2Qu':l/a\/\5+i02(mu'—v\/)—Lv\/, 2
ot' oy'> p(l+m?) K,
o kT 100 -
ot pc, oy'*  pc, oy’

! 2/t 1
oc :DmaC2+D’“kT aZTZ—Kr'(C'—C;), (4)
at' ayV Tm ayV

whereu’, w, T, C', v, p, 0, m=ar,, @, 1, 9,8, B,c, D, k kK, K/, g andT, are, respectively, fluid velocity

in X -direction, fluid velocity in Z -direction, fluid temperature, species concentrgtkinematic coefficient of viscosity, fluid
density, electrical conductivity, Hall current parater, cyclotron frequency, electron collision tjnaeceleration due to gravity,
coefficient of thermal expansion, coefficient ofpaxsion of species concentration, specific heabastant pressure, molecular
mass diffusivity, thermal diffusivity, thermal cometivity of the fluid, thermal diffusion ratio, peeability of the porous medium,
chemical reaction coefficient, radiative heat fand mean fluid temperature.

Initial and boundary conditions for the fluid flgevoblem are specified below

<0 :u'=0, Ww=0, C'=C,, T'=T. forally'= 0,

(5a)
T, +(T, - T, )t'/t; aty =0 for O<t'<t,,
v50 Uy, weo, c=c,, T =)W aty 0 (5b)
To aty' =0 fort' >t,
t'>0 Zu'—>0,\l\/—>0,C'—>C;°,T'—>T°; aw’—>°0. (5C)
For an optically thick grey fluid, the radiativedt flux g, is approximated by Rosseland approximation as o
, 40 oT"
qr = __*_r’ (6)
3k ady

where ¢ andk” are Stefan Boltzmann constant and mean absorpiefficient respectively.

It is assumed that, temperature difference betviberfluid near the plate and the free-stream iy wenall so thatT'* may be

expressed as a linear function of temperafireExpandingT'* in Taylor series abouT, and neglecting the second and higher
order terms, we obtain

T' D4TT' - 31°.

Q)
Using (6) and (7) in equation (3), we obtain
[ *13 201
al, _ k 1+ 160 '*I'oo 0 'I; . ®)
ot pc, 3Kk oy

In order to non-dimensionalize equations (1), (2),and (8) along with initial and boundary conaiits (5a) to (5c), we introduce
the following non-dimensional variables and pararet
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n=y Mg, t=t'/t,, u=u'/U,, w=w/U,, T :(T'—T;)/(TVQ—T;),c:(C'—c;,)/(c;V—c;),
G =9Bv(T,-T.)/U5. G, =gBV(C,-C.)/Us, K* =Qu/U; K, =KU;/v?, K =Kt 9)

r

M?=0Blv/pUi, N, =160 T,*/ &K' R = puc, /k , S, =v/D, , S =(T,-T.) Dk /(C,-C.)T,v

where G, G, K? K,,K,,M? N, ,P,S ,S are thermal Grashof number, solutal Grashof numbetation parameter,

permeability parameter, chemical reaction parametagnetic parameter, radiation parameter, Prandtiben, Schmidt number
and Soret number respectively.

With the help of (9), equations (1), (2), (4) aBd, (n non-dimensional form, become

2 2
@+2sz=ag— M 2(u+mw)—iu+GrT+GCC, (10)
ot on® 1+m K,

2 2
a—W—2K2u:a\lg+ M 2(rnu—w)—iw, (11)
ot on° 1l+m K,
aT _1+N, 9°T
—=—1—, (12)
ot P adn

2

C_10C, 50T g, (13)

& s o’ op

Initial and boundary conditions (5a) to (5c), imadimensional form, are given by

t<0 :u=0, w=0, C=0, T=0 forally= 0 (14a)
t atp=0 forO<t< 1
t>0 'u=1 w=0, C=1 T= d (14b)
1 atp=0fort>1
In the above non-dimensional process, charactetiste t, is considered ag=v/U? .
Equations (10) and (11) are combined and expresssaimpact form as
M?(1-im 2
o, ¥+i—ZiK2 F=2 IZ+G,T+GCC, (15)
ot 1+n? K, n
where F (7,t) =u(r,t) +iw(n,t). (16)
Initial and boundary conditions (14a)-(14c), in quant form, are given by
t<0 :F=0, C=0, T=0 forallp= 0 (17a)
t atn=0 forO<t< ],
t>0 :F=1 C=1 T= d (17b)
1 atnp=0fort>1

Exact analytical solution for fluid temperatdrgy,t), species concentrati@{7,t) and fluid velocity F (7,t) is obtained by solving

equations (12), (13) and (15) subject to the ihdiad boundary conditions (17a) to (17c) using kapltransform technique and
are expressed in the following simplified form:

T(7.)=To(n.t)-H(t-)T,(7t-9), (18)
Cnt)=(¥2[C(nt)+(A/A)Culnt)-H (t-IC,(n t- 3} ] (19)
F(7.t)=(Y2)[F,(nt)-DiF, (7 t)+ DF,(n 1)+ DFy(n 1)+ D F (1)

+H(t-){ DR (7.t-0)-D,F,(7t-)-DF (n1-3}]. (20)
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Co (1

1= 1(14.8 A )- i {1088 )= fra o)
Fo(n.t) = f,(n.t,14,,0,

Fn)= e (Bt a) - L ta d G -a e (1ot .0

~f,(1.6,2,04,)} + (A, = A){ f.(7 £.145.0- f,(nt 2 .00} |
F,(n.t) =i2[e“"{ (1 t1AA) - f(n 2,04} =A{f(ntA,4)-2{ntal,n)}]

R (n.t)= [e”S‘{ B4 40) = fi(n £ & K, A -{fi(nt 145 9-1(nt S K J]

1
F,(n.t) _m[/‘se”Z‘{ (7614, A) - (S A K ) -Ag5{f(nt.14,4)
- 1(,7’t’SC'Kr *’15)}"'(/12_/15){ fl(”!til/]sig_fl(nt S K !Q)}:I )
2(q_; —
n =558, SK ngM (1 2|m) E _ A ’/]5:)13 SK .- P
a-§ a-§ 1+m K1 a-1 S -1 1+ N,

— AIGC - Gr = GC = A:LGC

= DT B s-1 * s-1
The expressions foff,, i =1, 2,2 are defined in Appendix.

2.1 Solution in case of isothermal plate

Solutions (18) to (20) represent the analyticalisoh for fluid temperature, species concentratiod fluid velocity for unsteady
hydromagnetic free convection heat and mass trafisfe with Hall and Soret effects of a viscousgcampressible, electrically
conducting, chemically reactive and optically thickdiating fluid past an impulsively moving verticalate with ramped
temperature through a uniform porous medium intatimgy system. In order to highlight the influenaeramped temperature
distribution within the plate on the flow-field, mhay be justified to compare such a flow with thme gast an impulsively moving
vertical plate with uniform temperature. Keepingviaw the assumptions made in Section 2, the swidtr the fluid temperature,
species concentration and fluid velocity for treaflpast an impulsively moving isothermal vertickltp is obtained and presented
in the following simplified form:

T(7.1) =erf0(%\/;5j, (21)

C(nt)=(¥[Cy(nt)+AC,(n )], (22)
F(7.8)=(Y2)[Gy(7)-DG,(7)+D G (1 1)+ DG 1)+D G (1 1)] . (23)
where

Cz(ly,t):eﬂzt{fl(fy,t,Sc,Az,K,)—fl(/7,t,a,/]2,()} ‘
G, (n7.t) = f,(n.t,14,,0,

& (0= (e (10 A s 2. G- {101 1. 2)-1 7 L 01 )]

Gz(n,t)=Al[”‘“{ (nt1A,,) - fi(n £ 2,04} ~{fi(nt .14, D (7ta 0B]

—

~
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G, (”’t) =/]i[e/]5K{ fl(/7,t,1,/13,/15)— fl('7 1S K, /15)} _{ fl(’7 1,1, ’9)_ f1(’7 LS K ’)ﬂ

G, (’7't) :(/]2—%/]5)[6@{ fl(”’t’l’AZ v/]s)_ fl(’7 .S /]2 ’Kr)} _eASI{ fl(’7 t 1M3A5)_f1(’7 tS K, A Q}]

2.2 Solution in case of unit Schmidt number

It is observed from solutions (20) and (23) that flolution for fluid velocity for both ramped temawire and isothermal plates
are not valid for the fluids with unit Schmidt nuerb Since Schmidt number represents the measutfeeafelative strength of
viscosity to molecular diffusivity of the fluid, ¢éhefore, fluid flow problem withS, =1corresponds to those fluids for which both
viscous and concentration boundary layer thickreesse of same order of magnitude (Symeonidis et28006). Substituting
S =1in equation (13) and following the same procedweadopted earlier, exact solution for fluid velgck (/7,t) is obtained
for both ramped temperature and isothermal platdssapresented in the following simplified form:

(i) For ramped temperature plate:

F(7.6)= (1 2)[Q(7.£) ~BEQi(7 1)+ BQ (7 1) + EQyn 1)+ EQ (1 1)

+H(t-){EQ(nt-)-EQ,(nt-)-EQ,(nt- 3] (24)
(i) For isothermal plate:
F(7.t)= (V2[R (71)-ER (7 )+ ER,(7 1)+ ER;(7 1)+ ER,(7 1)] . (25)
Q0= 1119,
Q (1) =m[a3e"2‘{ f,(7t.1A,.a,)-f.(nta,0ag)l—ag*{t(nt 1,q)
~f,(n.t.a,0a;)} +(a,~a;){ f,(n £.145.9- f,(nta 0.} ] .
Q,(m.t) =a—132[e"3‘{ f(ntaA.a,)-f(nta.0a)l—aff(ntda)-2 {ntaa)}]

Q (m.t)= f,(7,t,14,,0- fy(n £, 1K, .0

QA(n,t)=ai[e"2t{fl(n,t.ugﬂz)-fl(n PAK a b ={f(nt Wsa)-f(nta @] R(n.t)=Q(n.1),

R1(’71t) = [eazt{ fl(”atvl/]a ,0'2)— fl(,7 ta ,00’2)} _BGSI{ fl(,7 t. 14, Q’S)_fl(’7 ta 'WJ}J

(az _‘73)

R, (7.1) =ai[e"st{ f(mt1A.a5) - f(n ka0l ={f(nt .1, . p-f(nta ,00] R(7.t)=Q(n1),

3

RA(,77t) = euzt{ fl(”atall/]s 10'2)_ fl(’7 11K, az)}

Sa K A a, G G a,G
a, = , O, =——,0,= ,E,=——= ,E,=—— ,E;=——, E,=
Ya-1' 7 a-1""° a-1"""' a-1""?% a-1 ° ‘

3. Shear dtressat the plate

The expressions for shear stressdue to primary flow and shear stress due to secondary flow at the plate for both ramped
temperature and isothermal plates are obtainegsmdxpressed in the following simplified form:

(i) For ramped temperature plate:
T, +ir, =§[so(0,t)- D;S,(01) +D,S,(0f) +DS( 01) + D S, 01)

+H(t-1{D,8 (0t-1-D,5,( 01~ }-D.S,( 0t~ }] (26)
(i) For isothermal plate:
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r,+i7, = 2[R (0.) = DR (01) + D2,(01)+ D.p( 01) + D P 01)] @n
where
$(01)=g,(t.14,.0
%(O,t) :Wl_/])[/heﬂzl{gl(t’l/]z 'A3)_gl(t aa, ’Q} _/]zeml{gl(t A 54 A)_g ](t a .o 4)}

+(A,=A){0,(t145,0-g,(ta,0,0}] .

s,(0.t) = [eﬂa‘{gl(tua/l) (ta,00)}-A{otA,4)-2{tad)}]

s,(ot) :A—[e"5‘{gl(t,1,/]3 As)=9:(t S K, As)} —{gl(t A5.0-g(t S K )ﬂ

84(0.t)=W12_AS)[ASe‘2‘{gl(t,lﬁzMa)-gl(t.Sc/lz,Kr)} A0t 10,4)-g{t S K 2)}

(A=A 0, (t145.0-g,(t S K, .0}] .

R(0.t)=g,(t,14;.9 ,

R(0.)= ( = [ {0t 1 A) =gt ad, Gh-e (ot 1.4)-g (a0}

P

)
[e Hou(t14,4,) - f,(t 2,04, -{g,(t .14, .9-g(ta .0}]

||—\ >-'||—\

P3(’7:t): [ AS[{gl(t,l,/la,/ls)—gl(t S K, ,/15)} _{gl(t ’M3’()_gl(t s K -9}}

h

a(o,t)=(A2f As)[e*zt{gl(tylmg) 0,(t S, A, K )} -e{g,(t 14,4 9)-9,(t 8, K, AJ}]

The expressions fog,, i =1,2,2 are defined in Appendix.

4. Rateof heat transfer at the plate

The expressions for rate of heat trans(ﬁeTr/afy) at the plate for both ramped temperature and isothileplates are obtained
and expressed in the following simplified forms:

(i) For ramped temperature plate:

(aT/0n),., = =2/a/m Nt -H (t-D)vt-1]. (28)
(i)  For isothermal plate:
(OT/()/])”:O =-Ja/nt. (29)

It is evident from the expressions (28) and (29t.tHor a given time, rate of heat transfer at fiate i.e. (aT/aq) o IS

proportional to@(: R/(1+ Nr)) in both the cases, i. eéaT/c)/]) decreases on increasifg, while it increases on increasing

P . Since P. signifies the ratio of momentum diffusivity to tineal diffusivity of the fluid, an increases in theahdiffusivity of
the fluid leads to a decrease . This implies that thermal radiation and thermiffiudion tend to reduce rate of heat transfer at
both the ramped temperature and isothermal plélss, it is observed from expressions (28) and (2@} (aT/aq) increases

for ramped temperature plate whereas it decreasésothermal plate on increasing timd his implies that rate of heat transfer at
the ramped temperature plate is getting enhancedesh it is getting reduced at the isothermal platte the progress of time.
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5. Rate of masstransfer at the plate

The expressions for rate of mass tran@e:r/an) at the plate for both ramped temperature and isothleplates are obtained
and expressed in the following simplified forms:

(i) For ramped temperature plate:

(9C/0n),, =S /e ~[SK, erf (JKt)+(A/2,){S(0.t)-H (t-1 (0t~} , (30)

(i) For |sothermal plate:
(9C/on), , = Afajmt (14 A) S /e ™ - SK, erf ({/K)

+)l1{\/)l2_aerf (VA2) - S, (A + K, ert (A + Kr)t)}, (31)
where (0,t) = S K, erf (K. t)+ e { A aert (A1) -5 (2, K, Jerf ({2, + K )t }.

6. Resultsand discussion

In order to study the effects of Hall currerdgtation, thermo-diffusion, chemical reaction, thatmadiation and time on the
flow-field, the numerical values of primary fluighcity u and secondary fluid velocity, computed from the analytical solutions
(20) and (23) for both ramped temperature and é&athl plates, are displayed graphically versus Hdagnlayer coordinatey in

Figures 2 to 13 for various values of Hall curr@arametem, rotation parameteik?, Soret numberS,, chemical reaction
parameterK, , radiation parameteN, and timet taking magnetic parametevi> =10, thermal Grashof numbe®, =6, solutal
Grashof numberG, =5, permeability parameteK, =0.1, Prandtl numberP =0.71(ionized air) and Schmidt numbeg, =0.6.

Figures 2 and 3 depict the effect of Hall currenttbe primary and secondary fluid velocities fotthocamped temperature and
isothermal plates. It revealed from Figures 2 arttla®, for both ramped temperature and isotherr@ép,u andw increase on
increasingm throughout the boundary layer region. This implieat, for both ramped temperature and isotherrtakg, Hall
current tends to accelerate fluid flow in both pienary and secondary flow directions.

It is also observed from Figures 2 and 3 thatbbth ramped temperature and isothermal plag¢s,af change of fluid velocity
in secondary flow direction is faster than thafloid velocity in primary flow direction. This isuptified because Hall current has
a tendency to induce secondary flow in the flowdfid=igures 4 and 5 demonstrate the influence tdtien on the primary and
secondary fluid velocities for both ramped tempaetand isothermal plates. It is evident from Fegud and 5 that, for both
ramped temperature and isothermal plategecreases on increasing’ whereasw increases on increasing? throughout the
boundary layer region. This implies that, for badimped temperature and isothermal plates, rot&tiods to decelerate fluid flow
in the primary flow direction whereas it has reeeeffect on the fluid flow in the secondary flowedition. This is justifies
because Coriolis force, generated due to rotatemds to suppress fluid flow in the primary flowedition to induce secondary
flow in the flow-field. Figures 6 and 7 illustrathe effect of thermo-diffusion on the primary aretendary fluid velocities for
both ramped temperature and isothermal plates.nbiiced from Figures 6 and 7 that, for both ragnigenperature and isothermal
plates,u andw increase on increasing throughout the boundary layer region. This impttest, for both ramped temperature and

isothermal plates, thermo-diffusion tends to acetéefluid flow in both the primary and seconddowf directions throughout the
boundary layer region.

Figures 8 and 9 present the influence of chemmeaction on the primary and secondary fluid vigles for both ramped
temperature and isothermal plates. It is percefumoh Figures 8 and 9 that, for both ramped tempeeaand isothermal plates,
and w decrease on increasing, throughout the boundary layer region. This implikat, for both ramped temperature and

isothermal plates, chemical reaction tends to @eatd fluid flow in both the primary and secondfiow directions throughout
the boundary layer region. Figures 10 to 13 displtegyeffects of thermal radiation and time on thenpry and secondary fluid
velocities for both ramped temperature and isotlaérplates. It is observed from Figures 10 to 13 tliar both ramped
temperature and isothermal platesindw increase on increasinly, andt throughout the boundary layer region. This impties,

for both ramped temperature and isothermal platermal radiation tends to accelerate fluid flowhbath the primary and
secondary flow directions throughout the boundamet region. Also, for both ramped temperature ianthermal plates, fluid
flow is getting accelerated with the progress ofeiin both the primary and secondary flow direcidmoughout the boundary
layer region. Further, it is noticed from Figure$o213 that, for both ramped temperature and isotakplates, secondary fluid
velocity w attains a distinctive maximum value near the sgrfaf the plate and then decreases properly oeasarg boundary
layer coordinatey . Moreover, primary and secondary fluid velocitiee slower in the case of ramped temperature ghiatethat

of isothermal plate.
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In order to analyze the influence of thermal radrataind time on the temperature field, numericdliea of fluid temperature
T, computed from the analytical solutions (18) agdl) (for both ramped temperature and isothermakpkate shown graphically
versus boundary layer coordinapen Figures 14 and 15 for various valuesngfandt taking P. =0.71. It is evident from Figures
14 and 15 thal increases on increasing, andt for both ramped temperature and isothermal pltesighout the boundary layer
region. This implies that, for both ramped tempamatand isothermal plates, thermal radiation tendmhance fluid temperature
throughout the boundary layer region. Also, theran enhancement in fluid temperature with the igsgyof time throughout the
boundary layer region. Further, it is also observeth Figures 14 and 15 that fluid temperatureighér in the case of isothermal
plate than that of ramped temperature plate througtihe boundary layer region.

To study the effects of thermo-diffusion, chemiogdction, thermal radiation and time on the conegion field, numerical
values of species concentrati@) computed from the analytical solutions (19) a@@)(for both ramped temperature and
isothermal plates, are depicted graphically velsusdary layer coordinatgin Figures 16 to 19 for various values 8f, K,

N, andt taking P =0.71and S =0.6. Figure 16 exhibits the effect of thermo-diffusion the species concentration for both

ramped temperature and isothermal plates. It degxifrom Figure 16 that, for both ramped tempeeatind isothermal plate€,
increases on increasing throughout the boundary layer region. This implieat, for both ramped temperature and isothermal
plates, thermo-diffusion tends to enhance spe@eseantration throughout the boundary layer regkigures 17 and 18 present
the influence of chemical reaction and thermalatdn on the species concentration for both rampetperature and isothermal
plates. It is revealed from Figures 17 and 18 floatboth ramped temperature and isothermal pl&ekecreases on increasimg

and N, throughout the boundary layer region. This implikat, for both ramped temperature and isothermaiep] chemical
reaction and thermal radiation tend to reduce ggeodncentration throughout the boundary layeoredrigure 19 illustrates the
effect of time on the species concentration fohlramped temperature and isothermal plates.

It is perceived from Figure 19 that, for both ramigemperature and isothermal plafeincreases on increasitghroughout
the boundary layer region. This implies that, fotthramped temperature and isothermal plates, ep&cincentration is getting
enhanced with the progress of time for both ramfmudperature and isothermal plate throughout thentbary layer region.
Further, it is also noticed from Figures 16 to hétt species concentration is higher in the cadssotfiermal plate than that of
ramped temperature plate throughout the boundgey izgion.

The numerical values of primary shear stressand secondary shear stressat the plate, computed from the analytical

expressions (26) and (27) for both ramped temperand isothermal plates, are presented in talbokar in Tables 1 to 6 for
various values ofm, K?, S, K., N, andt taking M?=10, G, =6, G, =5, K,=0.1, P =0.71and S =0.6. It is evident from
Tables 1 and 2 thatr, decreases on increasimg whereas it increases on increasikg for both ramped temperature and
isothermal platesr, increases on increasing and K?*for both ramped temperature and isothermal platkis implies that, for

both ramped temperature and isothermal plates,ddalent tends to reduce primary shear stresegtltite whereas it has reverse
effect on the secondary shear stress at the Ratation tends to enhance primary as well as sergrghear stress at the plate for
both ramped temperature and isothermal plateis. pkrceived from Tables 3 and 4 thaf,decreases on increasii8) whereas it

increases on increasing, for both ramped temperature and isothermal plateisicreases on increasing whereas it decreases
on increasingK, for both ramped temperature and isothermal plaféss implies that, for both ramped temperature and

isothermal plates, thermo-diffusion tends to redpcenary shear stress at the plate whereas it hasverse effect on the
secondary shear stress at the plate. Chemicaligraends to enhance primary shear stress at Hie plhereas it has a reverse
effect on the secondary shear stress at the gateoth ramped temperature and isothermal plates.

It is revealed from Tables 5 and 6 that, decreases on increasing) andt whereasr, increases on increasing, andt for

both ramped temperature and isothermal plates. iftpdies that, for both ramped temperature andhiesohal plates, thermal
radiation tends to reduce primary shear stredseaplate whereas it has a reverse effect on thendecy shear stress at the plate.
Primary shear stress at the plate is getting retluteereas secondary shear stress at the platétirgggenhanced with the progress
of time for both ramped temperature and isothepteks.

The numerical values of rate of mass transfer apthte i.e{oC/an),,, computed from the analytical expression (30) (1)

for both ramped temperature and isothermal plates presented in Tables 7 and 8 for various vabi§s, K, , N, andt taking
P =0.71 and S, =0.6.1t is noticed from Table 7 that rate of mass transft the plate i.e(dC/on) . decreases on increasing

S whereas it increases on increasikgfor both ramped temperature and isothermal platbs implies that, for both ramped

temperature and isothermal plates, thermo-diffuséns to reduce rate of mass transfer at the plagreas chemical reaction
has a reverse effect on the rate of mass transtbeeplate. It is evident from Table 8 th@C/an)  increases on increasing,

=0

whereas it decreases on increasindor both ramped temperature and isothermal plaféss implies that, for both ramped
temperature and isothermal plates, thermal radiatmds to enhance rate of mass transfer at tite plhereas rate of mass
transfer at the plate is getting reduced with tlegpess of time.
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Tablel Shear stress at ramped temperatureplaens, = 2, Table2 Shear stress at isothermal plate wBen K Z2.5,
K,=25N, =2and = 0.5. N, =2 andt= 0.5.
-1, T, -7, T,
K2 K?
2 4 6 2 4 6 - 2 4 6 2 4 6
mi mi
0.5 | 2.913| 3.086 3.29 1.153 1.668 2.130 0.5 2244 2464 2719 1299 1.862 2.355
1.0 | 2542 27720 3.027 1425 1.9%5 2417 1.0 1.842| 2.13 2.451 1625 2201 2.686
15 | 2239 2504 2792 1476 2034 2508 15 1502| 1.847 2204 1705 2309 2.803
Table3 Shear stress at ramped temperaturepidtenm= 0.5 Table4 Shear stress at isothermal plate whven .5,K0% = 4,
K?=4,N, =2 andt= 0.5. N, =2 andt= 0.5.
T, 7, -1, 7,
K
r~ | 05 | 25 5 05| 25 5 Ki= [05 [ 25 5 | 05] 25 5
S ! S !
0.5 3.037 3.101 3.158 1.690 1.661 1.635 05 2411| 2.477] 2.534 1.883 1.853 1.827
2 3.019| 3.086| 3.14 1.699 1.668 1.641 2 2.389| 2.464| 2527 1.898 1.862 1.8B2
4 2994 | 3.067| 3.13q 1.71p 1677 1.649 4 2.359| 2.446] 2517 1918 1874 1.840
Table5 Shear stress at ramped temperaturepldtenrm= 0.5 Table6 Shear stress at isothermal plate when .5,
K?=4,S =2anK, = 2.5. K?=4,5 =2anK, = 2.5.
t - I i t I L
0.3 0.4 0.5 0.3 0.4 0.5 - 0.3 0.4 05 0.3 0.4 05
N, ¢ N, |
2 | 3331) 3207 308¢ 159 1.632 1.668 2 | 2492| 2475 2464 1835 1852 1.8p2
4 |[3324] 3199 3077 1596 1.636 1.673 4 | 2477| 2460 2450 184p 1865 1.1
6 |3320] 3194 3.073 1598 1639 1.677 6 | 2467| 2452 2443 1858 1868 1.877
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Table8 Rate of mass transfer at the plate wBes 2
Table7 Rate of mass transfer at the plate wNer 2 andt = 0.5 P Be

andK, = 2.5.
—-(oC/o
( / ,7),;:0 _(ac/a”) "
Ramped temperature Isothermal plate i
plate Ramped temperature Isothermal plate
K.~ [[05 ] 25 50| 05| 25] 50 ¢ plate
- 0.3 0.4 0.5 0.3 0.4 0.5
St N,
0.5 0.724] 1.226[ 1.708 0.728 1.240 1.7p6 > 1210 1152 1118 1is2 1193 1113
i 8'222 (1)';%2 i'ién 8'%? i'(l)fi i'ggg 4 | 1253| 120] 1179 1237 1.216 1.2ps
: : — : - : 6 1.273| 1.222| 1.193 1.268 1.235 1.2p3

7. Conclusion

Theoretical investigation of Soret and Hall eféeon unsteady hydromagnetic free convection dedtmass transfer flow of a
viscous, incompressible, electrically conductingl aptically thick radiating fluid past an impulsiyemoving infinite vertical
plate with ramped temperature through a uniformopsrmedium in a rotating system in the presencérstf order chemical
reaction is carried out. Significant findings withthe boundary layer region are as follows:

For both ramped temperature and isothermal plates-

» Hall current, thermo-diffusion, thermal radiatioentl to accelerate fluid flow in both the primarydasecondary flow
whereas chemical reaction has a reverse effedt on i

* Rotation tends to decelerate fluid flow in the pmflow direction whereas it has reverse effecttenfluid flow in the
secondary flow direction.

* Fluid flow is getting accelerated with the progressime in both the primary and secondary flonediions.

* Thermal radiation tends to enhance fluid tempeeaturd there is an enhancement in fluid temperatittethe progress
of time throughout the boundary layer region.

» Thermo-diffusion tends to enhance species condémiravhereas chemical reaction and thermal radiatiave reverse
effect on it. Species concentration is getting @ckd with the progress of time throughout the bampdayer region.

* Hall current, thermo-diffusion and thermal radiatitend to reduce primary shear stress at the plaiereas these
agencies have reverse effect on the secondary shreas at the plate. Rotation tends to enhanceapyi as well as
secondary shear stress at the plate.

» Chemical reaction tends to enhance primary shessssat the plate whereas it has a reverse effieitteosecondary shear
stress at the plate.

* Primary shear stress at the plate is getting retludereas secondary shear stress at the platétirgggenhanced with the
progress of time.

* Thermo-diffusion tends to reduce rate of mass fearet the plate whereas chemical reaction haverse effect on it.
Thermal radiation tends to enhance rate of massfeaat the plate whereas rate of mass transféreaplate is getting
reduced with the progress of time.
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Appendix

(1,0 Cy0CrC) = V(708 erfc( \/€+J(c4 +cs)czj+e_Cl °3(°“+°5)erfc(%\/%—‘/(c4 +05)02],

1_ 6 |sal G
e erfc +,/cC [+ C+——-—= |e W efc -J/CC, |,
J [ ]£2 C ZJQJ [Z/C? 23]

c, c cc, e
f,(C.,C,,C3,C4.Co) = (c M (‘12 Jerfc((; C_SJ_Cl “23g e,

G 2

gl(dl,dz,d3,d4):—2/:d &%) — 2 d, (d, +d, ) erf ([, (d+ ),
1

gz(dl,dz,dg)=—d—t{%(l+dld3) d1"2+Jd,{o| 2 (1+dd ) erf (J_gz)}

wonns- i a-fo-3]
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