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ABSTRACT

An unsteady, two-dimensional, hydro magnetic, lamimixed convective boundary- layer flow of an
incompressible, Newtonian, electrically-conductiaigd radiating fluid along a semi-infinite verticglermeable
moving plate with heat and mass transfer is analybg taking into account the effect of viscousigation. The
plate moves with a constant velocity in the dimcttiof fluid flow while the free stream velocityldals an
exponentially increasing small perturbation law.eTimensionless governing equations for this ingagon are
solved numerically by using the implicit finitefdience method. Numerical evolution of the anaytresults is
performed and graphical results for velocity, temghere and concentration profiles within the boungéayer and
tabulated results for skin-friction coefficient, &It number and Sherwood number are presentediandssed.

Keywords: Radiation, Viscous dissipation, mixed convectiod¥ finite difference method.

INTRODUCTION

The buoyancy force induced by density differencea fluid cause’s natural convection. Natural catieen flows
are frequently encountered in physics and enginggsioblems such as chemical catalytic reactorslean waste
material etc. Transient free convection is impdrtem many practical applications such as thermalulaion
process, security of energy systems etc. When duntine fluid moves through a magnetic field, anized gas is
electrically conductive, the fluid may be influedcley the magnetic field. Magneto hydrodynamic fceavection
heat transfer flow is considerable interest intdwahnical field due to its frequent occurrencenidustrial technology
and geothermal application, liquid metal fluid aMiHD power generation systems etc. Transport presess
porous media are encountered in a broad rangdefitdic and engineering problems associated withftber and
granular insulation materials, packed-bed chemieglctors and transpiration cooling. The change &l w
temperature causing the free convection flow, ctngléd sudden or a periodic one, leading to a vamiat the flow.
In nuclear engineering, cooling of medium is margaortant from safety point of view and during tlisoling
process the plate temperature starts oscillatiogiado non-zero constant mean temperature. Fudbeitjatory flow
has applications in industrial and aerospace eegimg In literature, extensive research work penfed to examine
the effect of natural convection on flow past at@leGupta [7] studied free convection on flow pasinearly
accelerated vertical plate in the presence of vsdatissipative heat using perturbation method. &aa.[5] have
analyzed radiation effects on flow past an impu@hiwstarted infinite isothermal vertical plate.
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Combined buoyancy—generated heat and mass tradskero temperature and concentration variatiamgluid-
saturated porous medium, have several importarlicafipns in variety of engineering processes iditlg heat
exchanger devices, petroleum reservoirs, chematalyic reactors, solar energy porous wafer ctidlesystems,
ceramic materials, migration of moisture throughcaintained in fibrous insulations and grain sgerinstallations,
and the dispersion of chemical contaminants throwgker-saturated soil, superconvectinggeothermics Ehe
vertical free convection boundary layer flow in pos media owing to combined heat and mass trahsfebeen
investigated by Nield[11], and Bejan [1], Dunn [@hd Kaviany [9]. Several researchers are attrattiethe
unsteady free convective flow past an infinite iaft porous media due to its important technoldgica
applications.In the last five years, many invesgtigaidealing with heat flow and mass transfer @aveertical porous
plate with variable suction, heat absorption oregation have been reported. Chamkha [2] presetitedntl
radiation and buoyancy effects on hydro-magnetiw/ fover an accelerating permeable surface with $eatce or
sink. Chen [3] studied heat and mass transfer vdtiable wall temperature and concentration. UristddHD free
convection flow and mass transfer near a movingioarplate in the presence of thermal radiatiostisdied by
Seethamahalakshmi et al [20 ]. Cookey et al [4kstigated the influence of viscous dissipation eadiation on
unsteady MHD free-convection flow past an infirtiteated vertical plate in a porous medium with tole@endent
suction.

Ogulu et al. [12] studied unsteady MHD free coniexcflow of a compressible fluid past a moving Vet plate in
the presence of radiactive heat transfer. Ogulu Mbdledogu[13]studied heat and mass transfer ofirssteady
MHD natural convection flow of a rotating fluid pas vertical porous flat plate in the presenceasfiative heat
transfer. Pilani and Ganesan [14] presented fufifference analysis of unsteady natural convediltiD flow past
an inclined plate with variable surface heat angdsrlux.

Kishan and Srinivas [15] is investigated the eBeof thermophoresis and viscous dissipation on MidiRed
convection, heat and mass transfer about an isotierertical flat plate embedded in a fluid satedaporous
media. Singh [18] have been studied Transient dmeevection flow of a viscous incompressible fluida vertical
parallel plate channel, when the walls are heasgtheetrically. Shanker, Prabhakar Reddy and AnandRd]
have studied Radiation and mass transfer effectmeteady MHD free convective fluid flow embeddediiporous
medium with heat generation/ absorbtion. RamactsRdasad and Bhaskar Reddy [16] studied radiatidmaass
transfer effects on an unsteady MHD free convecfiow past a semi-infinite vertical permeable mayiplate
embedded in a porous media with viscous dissipafitiey solved the problem by using the regularypbédtion
method.

The objective of the present paper is to analyze rddiation and mass transfer effects on an ungtead-

dimensional laminar mixed convective boundary lafyew of a viscous, incompressible, electricallyndocting
fluid along a vertical moving semi-infinite perméalplate with suction, embedded in a uniform pormedium, in
presence of transverse magnetic field, by takirig account the effects of viscous dissipation. €qeations of
continuity, linear momentum, energy and diffusiahjch govern the flow field, are solved by usingrglicit finite

difference method. The behavior of the velocitynperature, concentration, skin-friction, Nusselmier and
Sherwood number has been discussed for variatiotieigoverning parameters.

2. Mathematical Analysis:

An unsteady two-dimensional hydromagnetic laminaxeah convective boundary layer flow of a viscous,
incompressible, electrically conducting and radiatfluid in an optically thin environment, past ans-infinite
vertical permeable moving plate embedded in a wmifgorous medium in the presence of thermal and
concentration buoyancy effects has been considérezlx’-axis is taken in the upward direction aldhg plate and
y'-axis normal to it. A uniform magnetic field igpplied in the direction perpendicular to the plathe transverse
applied to the magnetic field and magnetic Reynoldsiber are assumed to be very small, so thatl¢otrie field

is absent. The concentration of the diffusing sgean the binary mixture is assumed to be very kimalomparison
with the other chemical species which are presam, hence the Soret and Dufour effects are netgigiurther,
due to the semi-infinite plane surface assumptioa flow variables are functions of normal distagtand t’ only.
Now under the usual Boussinesq’'s approximatiorgtherning boundary layer equations are:
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Where u’, v’ are the velocity components in X', directions respectively, t'-time, p’-the pressupe,the fluid
density, g-the acceleration due to gravify.and p*- the thermal and concentration expansion coeffits
respectively, k'-the permeability of the porous nued, T'- the of the fluid in the boundary layer,kirematic
viscosity,c- the electrical conductivity of the fluidf, - the temperature of the fluid far away from that@, C'- the
species concentration in the boundary lagers- the species concentration in the fluid far afvagn the plate, B—
the magnetic inductiony, - the fluid thermal diffusivity, k-the thermal cductivity, g’ —the radiative heat flux* -
the Stefan- Boltzmann constant and D- the masadilifity.

The third and the fourth terms of the right hardksif the momentum Eq. (2) denote the thermal andentration
buoyancy effects respectively. Also, the secondthird terms on right hand side of Eq. (3) reprédke radiative
heat flux and viscous dissipation respectively.

It is assumed that the permeable plate moves wittnatant velocity in the direction of the fluief¥ and the free
stream velocity follows the exponentially incregsismall perturbation law. In addition, it is assuhtbat the
temperature and concentration at the wall as vealha suction velocity are exponentially varyinghitime. Eq. (4)
is differential approximation for radiation undeirfy broad realistic assumptions. In one spacedinate y’', the
radiative heat flux g’ satisfies this nonlinearfeliential equation.

The boundary conditions of the velocity, temperatamd concentration fields are:
w=u, ; T =T, +e(T,— T,)e™" ;C' =C,+e (C, —C.)e™at y=0

U =U, = Uy 1+ee™); T'> T, ;C'—> C.as y—»o ...(6)

where u’ is the plate velocity, T' and C’- the temngture and concentration respectively. U’- thee fetream
velocity, U, and n’ —the constants

From equation (1), it is clear that the suctionoeitly of the plate is either a constant or functmfntime only.
Hence, the suction velocity normal to the platassumed in the form:

V'=-v(1+gA e™?) .(7)

Where A is a real positive constant anid small such that << 1,e A<< 1, and V is a non — zero positive constant,
the negative sign indicates that suction is tow#hndlate.

Outside the boundary layer, equation (2) gives:

1 0dp’ dUOO
- ——+— + - .
p 0x' dat' K’ U BO (8)
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Since the medium is optically thin with relativelgw density ando<< 1, the radiative heat flux given by
equqtion(3), becomes:

%' _y 2 (T- T)) ...(9)

Whereo® :fgo 6/1% , where B is Planck’s function.

In order to write the governing equations and tharaary conditions in dimensionless form, the fweilog non-
dimensionless quantities are mtroduced

w ” , w tv2
us—, v=o, y=2X, LLO— JUp=B, t=—t,
Ug Vo v U v
T'-T, C'—C(' n'v K'VE vpC. v oBZv
0= - = - ==, K= ° , Pr= p, Sc=, M=—",
Tyy—To’ Cyy—Coo Vs D pVE
vBg(Tyy—T, v Cyw—C. vé 02 (Tyy—To
Gr_ﬁg( W2 w) Gm B*g(Cw oo) ’ Ec = ’0 ~ - (Tw ;0) (10)
UoV§ UV Cp(Tw—Ti) pCpkUE

In view of equations (4) and (7-10), the equati#)s (3) and (5) reduce to the following dimensa&sd forms:

L (1+cAe nf) "‘d"f a—“ +G19 +GmC + N(U, -u) ..(11)
——(1+ Aenf)ﬁ Ijr:—‘: ]+Ec(‘;—’y‘)2 ..(12)
8c__ nt _19%¢

(1 +¢Ae )ay 9y ...(13)

Where N = M + (1/K) and Gr, Gm, Pr, R, Ec and Sethermal Groshof Number, solutalGroshof NumbeanEt
Number, Radiation parameter, Eckert Number and &tthdumber respectively.

The corresponding dimensionless boundary conditwes
u=U, 0= 14ge™ , C=l4ce™ at y=0
U-U, =1+ge™,0-0,C->0 as y» o .. (14)

3. Method of Solution:
The equations (11-13) are coupled, non- linearigadifferential equations and these cannot beeblwn close-
form. Applying finite difference formula for equatis (11-13), the following system of equationsastained

/"] + b+ o= di)

a* 9]+1 + bz* 91+1 + 9L1++11 - dz(l)

ag* c1+1+ [ c’“ + Gy cg:f = (i) ... (15)
where d(i) = Iul LHHuU + Gul+1 + Da(i)
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S 1+h—2:ch1:ﬁk
=5 B=1 +schz N &= 25nz X KE Kk KE k
— nt k. ko kE k. ke
E =1+Ae G -27 hZ’ H= l2 oL o J - P
L=1-—50=24+—"— p=—tC Q=—"0+", B=ene™
P h? 2h  2Prh? pr 25ch?  2h
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The boundary conditions (14) becomes
Us=Up, 65= 14eA e™ ; C3= 1+cA e™
Ul=14Ae™; 0/=0; C.=0 ...(16)

Where h, k are mesh size along space directiortiaraddirection respectively, Index i refers to spand j refers to
time. The mesh system which consists of h = 0.@llkan0.005, has been considered for computations.sblution

of the equations (11-13) has been solved by usiadinite difference scheme. The numerical valuesoatained by
solving the systemof equations (15) by using thess5iedel iterative method with the help of C-paogming. In

order to prove convergence of finite differenceesoh, the computations is carried out for slightipreged values
of h and k, by computing the same program, negégibange is observed.

RESULTS AND DISCUSSION

In order to get a physical insight of the problefime above physical quantities are computed nurmibriéar
different values of the governing parameters \tizermal Grashof number Gr, the SolutalGrashof nun@m@ ,
Prandtl number Pr, Schmidt number Sc, the platecitgl U, the radiation parameter R and the Eckert number E
In order to assess the accuracy of this methodyave compared our results with accepted data éovétocity and
temperature profiles for a stationary vertical parglate as computed by Helmy [8] and to the cdseaving
vertical porous plate as computed by Kim [10]. Tksults of these comparisons are found to be iy geod
agreement.

During the course of numerical calculations of eély temperature and species concentration funstibe value

of Prandtl number Pr is chosen to be 0.71 whichessmts air at 2&. The values of Schmidt number Sc are chosen
in such a way that they represent the diffusingribal species of most common interest in air. B@mple, the
values of Schmidt number for,HH,O, NH; and propyl benzene in air are 0.22, 0.60, 0.78 2268 respectively.
Here,Grashof number for heat transfer Gr < 0 cpoeding to an externally heated plate as the foewexction
currents are carried towards the plate. Gr > Oesponding to an externally cooled plate as the ispec
concentration is assumed to be very low, thus pasitive values are chosen.

Fig.1. exhibits the variation of velocity profilésr different values of Grashof number Gr, in caseorresponding
to cooling of the plate (Gr >0). It is observedttfram Fig.1(a). the velocity profiles increaseghwihe increase of
Gr. The rise in the values of velocity is due tdhv@amcement in buoyancy force. In addition, it isiced that the
velocity increases rapidly near the wall of thequmr plate as Grashof number increases and thegsierthe free
steam velocity. From Fig.1 (b). it can be seen,thatreasing the values of SolutalGrashof number i&rto
increases the velocity profiles.

The radiation effects on velocity profiles are show Fig.2 it is observed that the velocity profildecreases with
the increase of Radiation parameter R. Fig.3 shithweseffects of Schmidt Number on velocity profiles the

Schmidt number increases the velocity profiles eases are noticed. In fig.4 it can be seen thatffeet of Prandtl

number Pr on velocity profiles. As Prandtl numbmsereases the velocity profiles decreases. The teffeEckert

number Ec is shown in fig.5. Due to the effectte Eckert number the fluid velocity is increases.

The Fig.6 is shown for the velocity profiles foetlifferent values of permeable parameter K, whth increasing
values of K the velocity profiles decreases. Fighows that the effects of magnetic field paraméfeon the
velocity profiles. It is obvious that an existeradfehe magnetic field decreases the velocity.

Figs. 8-10 is drawn for the temperature profileastifie different parameters Pr, R, Ec. The Prangthimer effects on
temperature profiles are shown in fig.8. It is oleed that an increase in Prandtl number Pr reaultscrease of the
thermal boundary layer thickness and in generakfoaverage temperature within the boundary laylee. feason is
that smaller values of Pr are equivalent to ina@eaghe thermal conductivity of the fluid and tbfre, heat is able
to diffuse away from the heated surface more rgpidt higher values of Pr. Hence, in case of smdfendtl
numbers as the thermal boundary layer is thickdrthe rate of heated transfer is reduced.
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From fig.9it can be seen that an increase in #déation parameter results a decrease in the temyperprofiles
within the boundary layer, as well as decreasegé&saiure boundary layer. The effect of Eckert nunbshown
in fig.10 it can be seen that the temperature as®e with the increase of Eckert number.

The concentration profiles are shown in fig.11ddferent values of Schmidt number Sc. The conegiun profiles
decreases with the increase in the values of S Fig. 12 it is observed that concentration pegfilncreases with
increases in Soret number Sr.

1.4 -+
Gr=0.0,1.0,2.0,3.0,4.0

Yr,

0.4 Gm=1.0, Pr = 0.71,5¢= 0.6, M = 1.0,
K=0.5,n=0.1, Up=0.5,t = 1.0,
0.2 R = 0.5, A= 0.5, Ec= 0.001, £ = 0.001

Fig.1(a). Effect of Gr on velocity

Gm=0.0,1.0,2.0,3.0,4.0

04 - Gr=2.0, Pr=0.71, Sc = 0.6, n=0.1, t=1.0, R=0.5,
M=1.0, K=0.5, A=0.5,Up =0.5, Ec=0.001, € =0.001
0.2 -
0 T T T T 1
0 1 2 v 3 4 5

Fig.1 (b). Effect ofGm on velocity
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R=0.0, 0.25, 0.5, 0.75

04 -
Gm=2.0, Gr =2.0, Pr=0.71, Sc= 0.6, n=0.1 t=1.0,
02 - M= 1.0,k=0.5, A=0.5, Up = 0.5, Ec=0.001, €= 0.001
0 T T T T 1
0 0.5 1 y 5 2 2.5
Fig.2. Effect of radiation on velocity
14 -
12 Sc=0.3,0.6,0.78,0.94

0.4 - Gr=2.0,Gm=2.0, Pr=0.71,n=0.1,t=1.0, R=0.5
M= 1.0, K=0.5, A= 0.5, Up = 0.5, Ec= 0.001, £=0.001
0.2 -
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0 0.5 1 1.5 y 2.5 3 3.5

Fig.3 . Effect of Sc on velocity
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Fig.4. Effect of Pr on velocity
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0.2 - n=0.1,t=1.0,R = 0.5, M= 1.0,k=0.5, A=
0.5.Up=0.5. Pr=0.71. £=0.001
0 T T T T 1
0 2 4 y 6 8 10

Fig.5Effect of Ec on velocity

Pelagia Research Library

2273



N. Kishan et al Adv. Appl. Sci. Res., 2012, 3(4):2266-2279
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Fig.6 Effect of K on velocity
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Fig.7. Effect of M on velocity
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Gr=2.0,Gm = 2.0, Sc= 0.6, n=0.1t=1.0,R =0.5
M= 1.0,K=0.5, A= 0.5, Up = 0.5, Ec= 0.001, £=0.001

0.5 A

-0.5 -~

Pr=0.71,1.0,1.25,1.5

-15 -

Fig. 8. Effect of Pr on Temperature

1.2 4

Gm=2.0, Gr= 2.0, Pr=0.71, Sc = 0.6,n=0.1, t=1.0,
M=1.0, K=0.5 ,A=0.5, Up = 0.5, Ec= 0.001, € =0.001
0.8 -

0.6 -

0.2 6

06 - R=0.0,0.25,0.5,0.75

Fig.9. Effect of R on Temperature.
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Fig.10. Effect ofEc on temperature
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Fig.11. Effect of Sc on concentration
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Gr=2.0,Gm = 2.0, Pr=0.71,5c= 0.6, n= 0.1, t=1.0, R = 0.5

1 M= 1.0, K=0.5, A= 0.5, Up = 0.5, Ec=0.001, £=0.001
0.8
0.6

Sr=0.01, 0.02, 0.03, 0.04

0.
0.2

0 - SSL  TTreeeeeSiesr = moEE

0.5 L, -V Lol I 3 y 5

0.2
0.4

Fig.12. Effect of Sr on concentration

Table 1- Effect of Gr and Gmon C;. Reference values as in Fig.1 (a).& 1(b)

Grc,

01.2780

11.4591

21.6403

31.8214

42.0026

GmG

01.1179

11.3791

21.6403

31.9014

4 2.1624§

Table 3 — Effects of radiation onC; and Nu Re;'. Reference value
asin Fig.2 and 9
RC; Nuiy*
0 17721 0.8248
0.25 1.7391 0.9085
0.5 1.6403 1.1595
0.75 1.4755 1.5779
Table 4 — Effects of Sc oif; and Sh Re; . Reference values as irj
Fig. 3and 11
Sy Sh Re;*

0.3 1.7422 0.5171
0.6 1.6403 0.7491
0.78 1.5958 0.8711
0.94 1.5628 0.971
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Table 5 — Effect of Ec o and Nu Re; . Reference values as in
Fig. 5 and 10.
EcC; Nug?
0 1.6403 1.1596
0.5 1.6457 1.1251
1.0 1.6512 1.0902
1.5 1.6568 1.0549

From the Table 1,it is observed that an increas@rashof number Gr leads to increases the skitigniovalue.
Table 2,shows that an increase in the solutalGfasinmberGm is to increases the skin-friction valiem Table
3,it observes as radiation increases the skinidrictlecreases, where as it increases the Nussalbamu From
Table4, it is noticed that an increase in the Sdhmumber reduces the skin-friction and increabesSherwood
number. Finally, it is observed from Table5, thatEckert number increases the skin-friction inaeeasnd the
Nusselt number decreases.

CONCLUSION

The governing equations for unsteady MHD convecligat and mass transfer flow past a semi- infinidical
permeable moving plate embedded in a porous mediitimradiation was formulated. Viscous dissipatiffects
were also included in the present work. The plagaity is maintained at constant value and thevflwas
subjected to a transverse magnetic field. The tiagupartial differential equations were solvedfimmte difference
method. Numerical evaluations solutions were peréat and graphical results were obtained to illtisttiae details
of the flow and heat and mass transfer charadteisind their dependence on some physical parasndteras
found that when thermal and solutalGrashof numiyegee increased, the thermal and concentration oyya
effects were enhanced and thus, the fluid velocityeased. However, the presence of radiation &ffeaused
reductions in the fluid velocity. Also, when the h&ddt number was increased, the concentration |ewes
decreased resulting in decreased fluid velocityaddition, it was found that the skin-friction cfieient increased
due to increase in thermal and concentration bunyaffects while it decreased due to increasetimeeiradiation
parameter or the Schmidt number. However, the Nlussmber increased as parameter increased artshigrevood
number also increased as Schmidt number incredsedase in Eckert number leads to an increasefsktion
and decrease in Nusselt number.

REFERENCES

[1] Adrian Bejan, Khairy R. Khairnt Journal of Heat Mass Transfe28,1985 909-918.

[2] Chamkha A Jint J Heat Mass TransfeB8200Q 1699.

[3] Chen.Acta Mechanical722004 219.

[4] Cookey C I, Ogulu A &Ombu-Pepple V Bnt J Heat Mass Transfe#6,2003 2305-2311.

[5] Das U.N, Deka R.K &soundalgekar V.M.: Theo. Mech.: 1996 111-115.

[6] Dunn JC & Hardee H CJ. Volcanology and Geothermal R&4,1981, 189.

[7] Gupta A.S, Pop I. &Soundalgekar V.MRev. Roum. Sci. Techn-Mél.24:1979 561-568.

[8] Helmy K A.: ZAMM, 78(4),1998 255-270.

[9] Kavinany M.: Principles of heat transfer in porenedia, (McGraw-Hill, New York)1992

[10]Kim Y J, Int J EnggSci38,200Q 833.

[11]Nield D A &Bejan A.: Convection in porous medid’Bdn (Springer, New YorkR006

[12]Mbeledogua.l.U, A.R.C. Amakirib, A. Ogulult J Heat Mass Transf&0,2007, 1668-1674.
[13]Mbeledogua.l.U, A. Ogulub;int J Heat Mass Transfeb0,2007, 1902-1908.

[L4]Ganesan P &Pilani Glnt J Heat Mass Transfed7,2004 4449-4457.

[15]Kishan,N and Srinivasmaripalagvances in Appled Science Reseaxail.3(1),2012 pp. 60-74.
[16]Ramachandra Prasad V, Bhaskar Reddylidian journal of pure & Applied Physicd/0l.46, Feb2008
Pp.81-92.

[17]Shanker B, Prabhakar Reddy B &AnandRadntlian Journal of Pure & Applied Physis&l. 48, March201Q
pp. 157-165.

[18]Singh A.K., Gholami H. R. &Soundalgekar V.Mdeat and Mass Transfe81,1996 329-331.

2278
Pelagia Research Library



N. Kishan et al Adv. Appl. Sci. Res., 2012, 3(4): 2266-2279

[19]Anjali Devi, S andDavic Maxim Gururafidvances in Appled Science Reseaxl.3(1)2012 pp. 319-334.
[20] Seethamahalakshmi, Ramana Reddy G.V, andPrasa@,Bl.DAdvances in Appled Science Reseaxahl.2(6),

2011, pp. 261-269.

2279
Pelagia Research Library



