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ABSTRACT

The objective of this paper is to analyze the radiation and mass transfer effects on an unsteady
two-dimensional laminar mixed convective boundary layer flow of a viscous, incompressible,
electrically conducting chemically reacting fluid, along a vertical moving semi-infinite
permeable plate with suction, embedded in a uniform porous medium, in the presence of
transverse magnetic filed, by taking into account the effects of viscous dissipation. The equations
of continuity, linear momentum, energy and diffusion, which govern the flow field, are solved by
using a regular perturbation method. The behaviour of the velocity, temperature, concentration,
skin-friction, Nusselt number and Sherwood number has been discussed for variations in the
governing parameters.
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INTRODUCTION

Combined heat and mass transfer (or double-diffysio fluid-saturated porous media finds
applications in a variety of engineering processgsh as heat exchanger devices, petroleum
reservoirs, chemical catalytic reactors and pragsgeothermal and geophysical engineering
such as moisture migration in fibrous insulatiowl aniclear waste disposal and others. Double
diffusive flow is driven by buoyancy due to tempgera and concentration gradienBejan and
Khair [1] investigated the vertical free convectiooundary layer flow in porous media owing to
combined heat and mass transfer. Lai and Kulackiuggd the series expansion method to
investigate coupled heat and mass transfer in alatamvection from a sphere in a porous
medium. The suction and blowing effects on freeveation coupled heat and mass transfer over
a vertical plate in saturated porous medium wadiatiuby Raptis et al. [3] and Lai and Kulacki
[4], respectively.
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There has been a renewed interest in studying nagygrodynamic (MHD) flow and heat
transfer in porous and non-porous media due tceffext of magnetic fields on the boundary
layer flow control and on the performance of magpstems using electrically conducting fluids.
In addition, this type of flow finds applications many engineering problems such as MHD
generators, plasma studies, nuclear reactors, eotthgrmal energy extractions. Raptis et al. [5]
analyzed hydromagnetic free convection flow throagporous medium between two parallel
plates. Gribben [6] presented the boundary laymw thver a semi-infinite plate with an aligned
magnetic field in the presence of pressure gradidatobtained solutions for large and small
magnetic Prandtl number using the method of matchggmptotic expansion. Helmy [7]
presented an unsteady two-dimensional laminar é@®vection flow of an incompressible,
electrically conducting (Newtonian or polar) fluisrough a porous medium bounded by infinite
vertical plane surface of constant temperaturen8algekar et al. [8] analyzed the problem of
free convection effects on Stokes problem for dicadrplate under the action of transversely
applied magnetic field with mass transfer. Gregpotbos et al. [9] studied two-dimensional
unsteady free convection and mass transfer flo@mofncompressible viscous dissipative and
electrically conducting fluid past an infinite viedl porous plate.

In many chemical engineering processes, there doesr the chemical reaction between a
foreign mass and the fluid in which the plate isving. These processes take place in numerous
industrial applications viz., polymer productionamufacturing of ceramics or glass ware and
food processing. Chambre and Young [10] have ptedem first order chemical reaction in the
neighbourhood of a horizontal plate. The effectshef chemical reaction and mass transfer on
MHD unsteady free convection flow past a semi itdinvertical plate with constant/variable
suction and heat sink was analyzed by [11-13]. Matimaraswamy and Meenakshisundaram
[14] investigated theoretical study of chemicalctean effects on vertical oscillating plate with
variable temperature and mass diffusion.

For some industrial applications such as glass ymtiwh and furnace design, and in space
technology applications such as cosmical flighbdgnamics rocket, propulsion systems, plasma
physics and spacecraft re-entry aerothermodynamvitish operate at higher temperatures,
radiation effects can be significant. In view ofsttHossain and Takhar [15] analyzed the effect
of radiation on mixed convection along a verticialte with uniform surface temperature. Bakier
and Gorla [16] investigated the effect of radiatimm mixed convection flow over horizontal
surfaces embedded in a porous medium. Kim and Bedf7] analyzed transient mixed
radiative convective flow of a micropolar fluid pasmoving semi-infinite vertical porous plate.

In most of the studies mentioned above, viscousighsion is neglected. Gebhart [18] has shown
the importance of viscous dissipative heat in freevection flow in the case of isothermal and
constant heat flux at the plate. Gebhart and Mdibeh[19] considered the effects of viscous
dissipation for external natural convection floweowa surface. Soundalgekar [20] analyzed
viscous dissipative heat on the two-dimensionateady free convective flow past an infinite
vertical porous plate when the temperature oseslat time and there is constant suction at the
plate. Israel Cookey et al. [21] investigated thiduence of viscous dissipation and radiation on
unsteady MHD free convection flow past an infirliteated vertical plate in a porous medium
with time dependent suction. Recently the effedtsheat transfer on MHD unsteady free
convection flow past an infinite/semi infinite Viedl plate was analyzed by [24-27].

However, the interaction of radiation with massisfar in a chemically reacting and dissipative
fluid has received little attention. So the objeetof this paper is to study the effects of cheinica

227
Pelagia Research Library



M. Sudheer Babu et al Adv. Appl. Sci. Res, 2011, 2 (5):226-239

reaction and thermal radiation on MHD convectivedipast a semi infinite vertical plate with
viscous dissipation.

2. Mathematical Analysis

An unsteady two-dimensional hydromagnetic laminatesh convective boundary layer flow of
a viscous, incompressible, electrically conductmgl chemically reacting fluid in an optically
thin environment, past a semi-infinite vertical peable moving plate embedded in a uniform
porous medium, in the presence of thermal radiagaronsidered. The' - axis is taken in the
upward direction along the plate agd- axis normal to it. A uniform magnetic field is@igd in

the direction perpendicular to the plate. The tvarnse applied magnetic field and magnetic
Reynolds number are assumed to be very small,adfth induced magnetic field is negligible
[22]. Also, it is assumed that the there is no egpVoltage, so that the electric field is absent.
The concentration of the diffusing species in tiveaky mixture is assumed to be very small in
comparison with the other chemical species whiehpaiesent, and hence the Soret and Dufour
effects are negligible. Further due to the semnitd plane surface assumption, the flow
variables are functions of normal distangeandt’ only. Now, under the usual Boussinesq's

approximation, the governing boundary layer equetiare

ov'
—=0 2.1
ay (2.1)
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whereu’, V' are the velocity components ki ,y' directions respectivelyt, - the time, p’' - the
pressure,o - the fluid density, g - the acceleration duagtavity,  and B'- the thermal and
concentration expansion coefficients respectivély,- the permeability of the porous medium,
" - the temperature of the fluid in the boundaryelav - the kinematic viscosityg - the
electrical conductivity of the fluid,, - the temperature of the fluid far away from that@,C' -
the species concentration in the boundary layer, C. - the species concentration in the fluid
far away from the plate, B,- the magnetic inductiory - the fluid thermal diffusivity,k - the

thermal conductivity, g’ - the radiative heat fluxg” - the Stefan- Boltzmann constant and D -

the mass diffusivity. The third and fourth termstbe right hand side of the momentum equation
(2.2) denote the thermal and concentration buoya&figcts respectively. Also, the second and
third terms on right hand side of the energy equa(R.3) represent the radiative heat flux and
viscous dissipation respectively.

It is assumed thahe permeable plate moves with a constant velogitye direction of fluid
flow, and the free stream velocity follows the empntially increasing small perturbation law. In
addition, it is assumed that the temperature amderttration at the wall as well as the suction
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velocity are exponentially varying with time. Equat (2.4) is the differential approximation for
radiation under fairly broad realistic assumptioinsone space coordinage, the radiative heat

flux q' satisfies this nonlinear differential equation][23

The boundary conditions for the velocity, tempematand concentration fields are
u'=ul, T'=T,+&(T, -T.)e" C'=C,+¢£(C,-C.)e" aty =0

U=U.=U,a+ce"), T-T, ,C ~C,asy —w (2.6)

where u}is the plate velocity,T, and C, - the temperature and concentration of the plate

respectively.U - the free stream velocity,sland n' - the constants. From Equation (2.1) it is

clear that the suction velocity at the plate ibaita constant or function of time only. Hence the
suction velocity normal to the plate is assumetheform

vV =V, (L+eAe™) (2.7)

whereA is a real positive constant, aads small such that<< 1, £A << 1, andVv; is a non-zero
positive constant, the negative sign indicatestti@asuction is towards the plate.

Outside the boundary layer, Equation (2.2) gives

14 ] 0 2 ]
=P Te Yy + 2 B2U 2.8
poxX dt K ® p 0" (28)

Since the medium is optically thin with relativébw density andn << 1, the radiative heat flux
given by Equation (2.3), in the spirit of Cogleyakt[23], becomes

a_q' = 402(T'-T)) (2.9a)
oy

where

a?l = { A= (2.9b)

where B is Planck’s function.

In order to write the governing equations and therfgary conditions in dimensionless form, the
following non-dimensional quantities are introduced

u:i, V:i" yzvoy’, Um:£,up=u—’p, tzt'VOZ'
Uo Vo Uo UO \'
g1 "T. ~_C-C. __nv _KVg 0 VPG, v (2.10)
T, -T. c,-C.’ (VA v: o K o
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In view of Equations (2.4), (2.7), (2.8), (2.9)a(2.10), Equations (2.2), (2.3) and (2.5) reduce
to the following dimensionless form.

2
%_ @+ £Ae”t)g—u=%+g uz+Gr49+GmC+ NU, —u) (2.11)
y y
P 2
ﬁ—(1+gAe“‘)ﬁ =1 a—‘Z—RZ +Ed 94 (2.12)
ot oy Prloy oy
2
a_C—(1+gAem)a_C :ia E— ; (213)
ot oy <oy

where N=M + (1/K) andGr, Gm, Pr, R, Ec , S and K, are the thermal Grashof number,

solutal Grashof Number, Prandtl Number, radiatiarameter, Eckert number, Schmidt number
and chemical reaction parameter respectively.

The corresponding dimensionless boundary conditoes
u=U, @=1+ee", C=1l+ce" aty=0

U-U_=1+¢e", §-0,C-0asy— o (2.14)

3. Solution of the problem

Equations (2.11) - (2.13) are coupled, non-lineantigl differential equations and these cannot
be solved in closed-form. However, these equaticaus be reduced to a set of ordinary
differential equations, which can be solved anedjty. This can be done by representing the
velocity, temperature and concentration of thedfini the neighbourhood of the plate as

u(y,t) = uy(y) +€ € u(y) +o(e?) +...
A(y.t)=6,(y) +e€" 6,(y) +o(e?) +... (3.1)
C(y,t) =Cy(y) +£€™ Cy(y) +o(£?) +...

Substituting (3.1) in Equations (2.11) - (2.13) agluating the harmonic and non- harmonic
terms, and neglecting the higher-order term®@f), we obtain

Uy + Uy —Nu, == N-Gr ,-GmC, (3.2)
u +u —(N+n)u, == (N +n)— Au, —Gr 8, -GmC, (3.3)
g +Pré, - RE, =— PrEc(u, )’ (3.4)
g'+Prg —(R+nPr)g, =-PrAg, —2PrEcuyy, (3.5)
Cr+SCl-K,SC, =0 (3.6)
Cr+%C;-(K, +n)SC, = - A% C, (3.7)

where prime denotes ordinary differentiation wigspect to y.

The corresponding boundary conditions can be waréte
U, =U,,u =0, =16 =1 C, =1, C =1laty=0

(3.8)
UO:1,U1=1, 60—>O, 61—>O, CO—>O,Cl—>08$y—>0°
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The Equations (3.2) - (3.7) are still coupled and nioedr, whose exact solutions are not
possible. So we expand,,u,,8,,6,,C,,C, in terms ofEc in the following form, as the Eckert

number is very small for incompressible flows.

Uo (Y) = Ugy () + Ecug, (Y)

u,(y) = Uy, (y) + Ec u,(y)

6,(Y)=6,,(y) + EcO,,(y) (3.9)
6,(y)=6,,(y) +Ecé,,(y)

Co(¥) =Cpi(y) + EcCy,(Y)

C.(y)=Cy(y) +EcCp,(y)

Substituting (3.9) in Equations (3.2) - (3.7), eiug the coefficients of Ec to zero and
neglecting the terms ic” and higher order, we get the following equations.

The zeroth order equations are

Ug, +Ug, —Nug, == N-Gr §,, -GmC,, (3.10)
ugz + Uéz —Nug, ==Gr 302 _Gmcoz (3.11)
6, +Pré, -R°6,, =0 (3.12)
g, +Pré,, - R*6,, = —Pru,° (3.13)
Cy +SCj, —K,Cy,=0 (3.14)
Cs,+C,,-K.C,=0 (3.15)

and the respective boundary conditions are

Upy =U . Ug, = 0,65, =16, =0,C, =1.C, =0 at y=0

(3.16)
Uy, —>1,U02 —>O,501—>0,602 —>O,C01—>0,C02 - 0 as Yy - o
The first order equations are
u; +u, —(N+n)u,=—(N+n)-Grg,-GmC, — Auy, (3.17)
up, +u, —(N+n)u, =—Gr g, —-GmC,, - Aug, (3.18)
G, +Prg,,—npré,=-APrg, (3.19)
g, +Pr@, — N8, = —PrAg,, — 2Prugy,u;, (3.20)
Cr +SCl, - (K, +n)ScC,, = -AC), (3.21)
Cp +&Cy, _(Kr + n)ScClz = ~AXCy, (3.22)
where N; = R? + nPr
and the respective boundary conditions are
u, =0u,=06,=16,=0C,=1C,=0at y=0 (3.23)

u; - Lu, - 06, - 06, -0C,; -0C, ~0asy-w
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Solving Equations (3.10) - (3.15) under the boupdamditions (3.16), and Equations (3.17)-
(3.22) under the boundary conditions (3.23), andguEquations (3.9) and (3.1), we obtain the
velocity, temperature and concentration distrilngion the boundary layer as

u(y,t)=B,e™ +B, € ™ +B, e™ +1+Ec{ Joee ™+l e+, e +Je ™Y +
J, e2my 4 Je g (mrm)y Je g (metm)y 4 J, e_(m4+ml)y}

+ee"[{ G, e ™+G e +G, ™ + G ™ +G, e ™ +G, €™ +1}

+EC{ Zy e ™+Zie™ +Z, €™ + Z, @™+ 2P 1 7, ™

v 7, g (msrm)y ‘7 e-(ms+ml)y+z8 e (ms+m)y +Z, g (ms+ms)y +Z,, g (ms+my)y

vz, @MY o erlmemlyy 7 e MM g )y 7 gmem)y

+ 7, g (mirms)y Z,.e™}]

O(y,t) =€ ™ +Ec{S,e™+S e +5e?™ +567°™ +

&e‘(m4+%)y +S5 e (metm)y S, g (mi+m)y }

+ee"[{ D,e™+D, € " }+Ec{Rie ™ +R. €

R, g (mrmy)y R, g (msrm)y +Rge MM 1R, @ 2™ 4Ry e‘("‘3+m5)y +R, g (me+m)y

—2myy +Rse—2mly

R, g (merm)y R, e mmy 4R glmerml LR g (me+m)y R, e (mme)y

(m4+m6)

—(m, + - y _
R, e MY LR e +R, €]

Cly.t)= €™ + ge [(1+ 2Ty e™ _ AT ooy
n n
where the expressions for the constants are givémei Appendix.

The skin-friction, Nusselt number and Sherwood nerdre important physical parameters for
this type of boundary layer flow.

Knowing the velocity field, the skin-friction at éhplate can be obtained, which in non-
dimensional form is given by

C. = T\,N :(a_u] :(%+geﬂtﬂJ
todN, \ay),, Loy 0Y )yeq

=-B,m, -Bm, -B,m +Ec{-J,ym, -Im, -2J,m, -2J,m, - 2J,m,
= Js(my +m,) = Js(my +my) = J,(m, +m,)} + gem[_Glom6 -Gm, -G,m, -G;m
-G,m, -Ggmg} + Ec{~Z,,m, —~Z,m, —2Z;m, - 2Z,m, —2Z;m, — Z;(m, +m,)
=Z,(my+m) = Zg(Ms +my) = Zg(My +my) = Z,5(my +m,) = Z,, (Mg +m,)
= Z, (Mg +my) = Z5(mg +my) = Z,,(m, +my) = Z,5(m, +m,) = Z,5(m, +my)
—-Z,;m, }]

Knowing the temperature field, the rate of heatgfar coefficient can be obtained, which in the
non-dimensional form, in terms of the Nusselt numisegiven by
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T, -T. dy
==(-m, + Ec{-§,,m, -25m, -25,m, -25m, - S,(m, + m;) - S;(m; +m,)
=S5 (m, +m)} + ce” [{-D,m; - D;m;} + E{-Rm, -2R,m, - 2R,m,

- R, (m, +m;) - Ry(m; +my) = Ry (m, +m,) —2Rym, = Ry(m; + my)
- Rg(mz + ma) - RlO(mG + ms) - Ril(ms + ml) - Rlz(mz + ml) - R:I.S(mﬁ + ml)
—R,(m, +my) = Rs(m, +m,) - Rg(m, + my) - R,,m,}]

oy' i
Nu = - X——=; 4 L = NuRe'= —(aej = _(060 et aelj
w y=0 y=0

VX .
whereRe, = —2~ is the local Reynolds number.

\
Knowing the concentration field, the rate of masssfer coefficient can be obtained, which in

the non-dimensional form, in terms of the Sherwouorthber, is given by

(aC’ J

oy' ).,

Sh :—X# :>S‘]Re;l:—(a_cj :—(%+gem£j
c,-c. 0y ).,

= [-m, + £e{-m, L+ 20 + A

RESULTSAND DISCUSSION

The formulation of the problem that accounts far éffects of radiation and viscous dissipation
on the flow of an incompressible viscous chemicedigcting fluid along a semi-infinite, vertical
moving porous plate embedded in a porous mediutharpresence of transverse magnetic field
was accomplished in the preceding sections. Fotiguogley et al. [23] approximation for the
radiative heat flux in the optically thin environmgethe governing equations of the flow field
were solved analytically, using a perturbation mdthand the expressions for the velocity,
temperature, concentration, skin-friction, Nusselnber and Sherwood number were obtained.
In order to get a physical insight of the probldhe above physical quantities are computed
numerically for different values of the governingrgmeters viz., thermal Grashof numiGst

the solutal Grashof numb@&@m, Prandtl numbePr, Schmidt numbeg&c, the plate velocityJ,,

the radiation paramet& and the Eckert numbé&ic.

In order to assess the accuracy of this methochave compared our results with accepted data
for the velocity and temperature profiles for aistaary vertical porous plate corresponding to
the case computed by Helmy [7] and to the caseaMimg vertical porous plate as computed by
Kim [17]. The results of these comparisons are fbimbe in very good agreement.

Fig.1 presents the typical velocity profiles in theundary layer for various values of the thermal
Grashof number. It is observed that an increasar jieads to a rise in the values of velocity due
to enhancement in buoyancy force. Here, the pesitalues ofGr correspond to cooling of the
plate. In addition, it is observed that the velpgricreases rapidly near the wall of the porous
plate as Grashof number increases and then deadie free stream velocity. For the case of
different values of the solutal Grashof number, ¥kéocity profiles in the boundary layer are
shown in Fig.2.The velocity distribution attaingliatinctive maximum value in the vicinity of
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the plate and then decreases properly to approdoteastream value. As expected, the fluid
velocity increases and the peak value becomes distiactive due to increase in the buoyancy
force represented b@m. For different values of the radiation paramd®erthe velocity and
temperature profiles are plotted in Figs.3 (a) &n¢b). It is noticed that an increase in the
radiation parameter results a decrease in the itxelaed temperature within the boundary layer,
as well as decreased the thickness of the velaoiljtemperature boundary layers.

Figs. 4(a) and 4(b) display the effects of Schrmidinber on the velocity and concentration
respectively. As the Schmidt number increases,cthrecentration decreases. This causes the
concentration buoyancy effects to decrease yieldingduction in the fluid velocity. Reductions
in the velocity and concentration distributions acompanied by simultaneous reductions in
the velocity and concentration boundary layers.

The effects of the viscous dissipation parame®r the Eckert number on the velocity and
temperature are shown in Figs. 5(a) and 5(b). @readécous dissipative heat causes a rise in the
temperature as well as the velocity.

Figs.6 (a) and 6(b) illustrate the behaviour velpo@nd temperature for different values of
Prandtl number. The numerical results show thatdfiect of increasing values of Prandtl
number results in a decreasing velocity. From F{) it is observed that an increase in the
Prandtl number results a decrease of the thermaidary layer thickness and in general lower
average temperature with in the boundary layer. idason is that smaller values Bf are
equivalent to increase in the thermal conductigityhe fluid and therefore heat is able to diffuse
away from the heated surface more rapidly for higladues ofPr. Hence in the case of smaller
Prandtl numbers as the thermal boundary layendc&eh and the rate of heat transfer is reduced.
The effects of the chemical reaction paraméd€eron the velocity and concentration are shown
in Figs. 7(a) and 7(b). It is noticed that an i@ in the chemical reaction parameter results a
decrease in the velocity and concentration with lboundary layer. For various values of the
magnetic parameta¥l, the velocity profiles are plotted in Fig.8. Itabvious that existence of
the magnetic field decreases the velocity. Fig@shthe velocity profiles for different values of
the permeability parameter. Clearly, ldsincreases the peak values of the velocity tends to
increase.

Tables 1-3 show the effects of the radiation patamdckert number and chemical reaction
parameter on the skin-frictign , Nusselt numbéeXu, and Sherwood number. From Table 1, it

can be seen that as the radiation parameter iresethe skin-friction decreases and the Nusselt
number increases. However, from Table 2, it isaaatithat, an increase in the chemical reaction
parameter reduces the skin-friction and incredsessherwood number. Finally, from Table 3,
it is observed that as Eckert number increaseskinefriction increases, and the Nusselt number
decreases.

Tablel Effectsof radiationon C, and Nu Re;l. Referencevalues asin Fig.3 (a) and 3(b).

R C, NuRe!
0| 25451 05818
05| 24122 1.1234

1.0 2.3326 1.2538
2.0 2.2426 1.6581
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Table 2 Effects of Sc on C, and Sh Re;l. Reference valuesasin Fig.4 (a) and 4(b).

ke C, ShRe!
0.20] 25088 0.3106
0.50| 24123 0.5010
0.80| 2.3677| 0.6513
10 | 22340 0.9416

Table3 Effectsof Econ C, and Nu Re;l . Reference values asin Fig.5 (a) and 5(b).

Ec C, | NuRe/
0 2.4060| 1.1376
0.01 2.4563| 0.8652
0.02| 2.5334| 0.5429
0.03] 2.5860 0.2546
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APPENDI X

m = ScHVSCHASKIT Sc++/Se? +4Sc(Kr? +n)

2 ? 2
_ Pr+y/Pr’+4R? _1+yJ1+4N
m, = 5 M=
Pr+Pr’+4N, 1+ 1+ 4(N +n)
m; = 5 me = 5
-Gr
B=—7——
m; —m; —N
_ _ 2p2
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3T T, 5 ‘J4_2— 5 2
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