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Abstract

A two-dimensional unsteady MHD free convective haatl mass transfer flow past a semi-infinite vaitic
porous plate in a porous medium in presence ofnthkradiation and chemical reaction has been siudie
numerically including the Dufour and Soret effedthe governing nonlinear partial differential eqoas have
been reduced to the coupled nonlinear ordinaneuifitial equations by the similarity transformasioihe
resulting equations are then solved numericallypgishooting method along with Runge-Kutta fourtdesr
integration scheme. The numerical results are aljgal graphically showing the effects of variousapasters
entering into the problem. Finally, the local vaugd the skin-friction coefficient, Nusselt numlzerd Sherwood
number are also shown in tabular form.

Introduction

Coupled heat and mass transfer problems in presgrad@gemical reaction are of importance in manycpeses
and thus have received considerable amount oftaieim recent times. In processes such as dryiistyibution

of temperature and moisture over agricultural fieldd groves of fruit trees, damage of crops dukeetezing,
evaporation at the surface of a water body, entagysfer in a wet cooling tower and flow in a desextler,
heat and mass transfer occur simultaneously. Maastipal diffusive operations involve the molecutéffusion

of a species in the presence of chemical reactitninor at the boundary. Therefore, the studyedtrand mass
transfer with chemical reaction is of great praticmportance to engineers and scientists. Das [&{ atudied
the effects of mass transfer flow past an impusgiwtarted infinite vertical plate with constant hflax and
chemical reaction. Anjalidevi and Kandasamy [2] lgped the effects of chemical reaction, heat andsma
transfer on laminar flow along a semi-infinite tmmmtal plate. Mohammed Ibrahim and Bhaskar Reddy [3
investigated similarity solution of heat and masssfer for natural convection over a vertical @laiith heat
generation dissipative, radiation and chemicaltieac

Convective flows with simultaneous heat and massstea under the influence of a magnetic field andmte
reaction arise in many transport processes botbralht and artificially in many branches of scienaed
engineering applications. This phenomenon playsmportant role in the chemical industry, power aooling
industry for drying, chemical vapour deposition searfaces, cooling of nuclear reactors and petroleum
industries. Midya [4] has examined the effectstadroical reaction and magnetic field on electricatipducting
second-grade fluid flow in a porous medium overhenking sheet. Many works have been reported @n th
combined effects of heat and mass transfer in poesef MHD and chemical reaction ( see for insta®eddeek

et al. [5 ]; Salem and Abd El-Aziz [ 6]; Mohamed]fabrahim et al [ 8]).

Convection flows in porous media has gained sigmifietgtention in recent years because of their ingmoe in
engineering applications such as geothermal systepi&l matrix heat exchangers, thermal insulatiarik
extraction and store of nuclear waste materiales€hcan also be applied to underground coal gdgifica
ground water hydrology, wall cooled catalytic reast energy efficient drying processes and natunavection
in earth’s crust. Detailed reviews of flow througtdgast porous media can be found in (Nield anda®ej9]).
Hiremath and Patil [10] studied the effect on fosmvection currents on the oscillatory flow throumlporous
medium, which is bounded by vertical plane surfaiceonstant temperature. Fluctuating heat and rmassfer
on three-dimensional flow through porous mediunhwiariable permeability has been discussed by Shatm
al. [11]. A comprehensive account of the availabfermation in this field is provided in books by and
Ingham [12], Ingham and Pop [13], Vafai [14], Vad§’5], etc.
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When technological processes take place at higimeperatures thermal radiation heat transfer hasrbewery
important and its effects cannot be neglected iagd Howel [16]). The effect of radiation on MHPBw, heat
and mass transfer become more important industridlany processes in engineering areas occur at hig
temperature and knowledge of radiation heat trarsfeomes a very important for the design of theinmnt
equipment. The quality of the final product depetwls great extent on the heat controlling factars] the
knowledge of radiative heat transfer in the systemm lead to a desired product with sought qualities
Olanrewaju et al. [17] analyzed that the three disi@nal unsteady MHD flow and mass transfer in eop®
space in the presence of thermal radiation. DBifferesearches have been forwarded to analyzefdatseof
thermal radiation on different flows (Cortell [1@8ataller [19]; Ibrahim et al. [20]; Shateyi [21]h&eyi and
Motsa [22]; Aliakbar et al. [23]; Hayat [24]; Colit§25]; among other researchers).

But in the above mentioned studies, Dufour and tSteams have been neglected from the energy and
concentration equations respectively. It has beend that energy flux can be generated not onlginperature
gradient but also by concentration gradient as.\Wéie energy flux caused by concentration gradeicalled
Dufour effect and the same by temperature gradseaalled the Soret effect. These effects are gagyificant
when the temperature and concentration gradientveme high. The importance of these effects in emtive
transport in clear fluids has been studied by Beegarmand Srinivasan [26] and Zimmerman et al. [27].
Kafoussias and Williams [28] studied thermal-difeurs and diffusion-thermo effects on mixed free-fmtc
convective and mass transfer boundary layer flovih wémperature dependent viscosity. Anghel et @] [2
studied the Dufour and Soret effects on free camwedoundary layer over a vertical surface embdddea
porous medium. Postelnicu [30] analyzed the inflaesfcmagnetic field on heat and mass transfer frertical
surfaces in porous media considering Soret and ibwdtfects. Srinivasacharya and Upendar [31] exathihe
free convection in MHD micropolar fluid under thdluence of Dufour and Soret effects.

In spite of all these studies, the Dufour and Seffetts on unsteady MHD free convective heat angsniansfer
past an infinite vertical plate embedded in a psnmedium in presence of thermal radiation, headrgitien and
chemical reaction has received little attentionnétg the main object of the present investigatioto istudy the
effects of a first order homogeneous chemical reacthermal radiation, heat sink, Dufour and Sefétcts on
the unsteady MHD free convection fluid flow pastvertical porous plate. The governing equations are
transformed by using similarity transformation ahd resultant dimensionless equations are solveteriaally
using the shooting method along with fourth — orBeinge-Kutta integration scheme. The effects ofousr
governing parameters on the velocity, temperatame, concentration profiles as well as the locahg$kction
coefficient, local Nusselt number and local Shersvaamber are presented graphically and in tabolan f

M athematical for mulation
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Fig.1. Flow configuration and coordinate system

An unsteady two-dimensional flow of an incomprekesibnd electrically conducting viscous fluid, aloag
infinite vertical permeable plate embedded in aopsris considered. The axis is taken on the infinite plate,
and parallel to the free-steam velocity which igigal and they — axis is taken normal to the plate. A magnetic

field B, of uniform strength is applied transversely to diection of the flow. Initially the plate and ttfieid

are at same temperatulg in a stationary condition with concentration le¥s], at all points. Fott >0, the
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plate starts moving impulsively in its own planettwa veIocityUO, its temperature is raised 'ﬁv and the
concentration level at the plate is raisedG@. The analysis considers a homogeneous first-ocdemical

reaction with constant ratér’ between the diffusing species and the fluid. Thmvfconfiguration and
coordinate system are shown in the following Fige fluid is assumed to have constant propertiesp that
the influence of the density variations with tengtere and concentration, which are considered thdybody
force term. Under the above assumption, the phlygardables are functions gfandt only. Assuming that the
Boussinesq and boundary layer approximation hold asing the Darcy-Forchheimer model, the basic
equations, which govern the problem, are given by:

Continuity equation:

ov _

~— =0 1
3y 1)

Momentum equation:

ou .  du 0% oB. v b,
+

—+v—=v—+gB(T-T,)+gB (C-C,)- Uu-——u-—u 2
Energy equation:

2 2
0_T+V6_T:aaz— ! aqf+Dkaac2:+Q;(c—cm) ©)
ot ay gy pc, 0y cc, oy
Mass diffusion equation:

2

6C+V6C =D aC+Dka o7 kr'(C—Cw) 4

ot oy  Meyr T ayz_

m

Where x. y are the dimensional distance along and perperadidol the plate, respectively. andv are the
velocity components in the y directions respectively,is the timeg is the gravitational acceleratiom is the

fluid density, 8 and ,6’ are the thermal and concentration expansion aiefiis respectivel\K is the Darcy

permeability, b is the empirical constavB® is the magnetic inductior; is the thermal temperature inside the
thermal boundary layer and C is the corresponding concentratiaf, is the electric conductivityg is the

thermal diffusivity, C, is the specific heat at constant pressieis the concentration susceptibility,, is the

mean fluid temperaturek; is the thermal diffusion ratid,,, is the diffusion coefficientd, is the heat qux,Ql*

is the coefficient of proportionality of the rad@t and Kr' is the chemical reaction parameter.

The boundary conditions for the velocity, temperatand concentration are:

u=U,, v=vit), T=T, C=C, aty=0 (5)

u=0, T=T,, C=C, asy- ». (6)

27



Chemical and Process Engineering Research www.iiste.org
ISSN 2224-7467 (Paper) ISSN 2225-0913 (Online) g
\ol.19, 2014 IIST[

By using the Rosseland diffusion approximation ($#is et al. [32]) and following (Raptis [33]) amoather
researchers, the radiative heat flik,is given by

__40 o1’

a 3_K56y

(7)

where 0 and K, are the Stefan-Boltzman constant and the Roselmedn absorption coefficient,

respectively. We assume that the temperature difters within the flow are sufficiently small sudtattT*

may be expressed as a linear function of temperatur
T*=47°T =31 (8)
Using (7) and (8) in the last term of equationy{&) obtain

dg, _ _160°T: 0°T o
oy 3K oy’

In order to obtain a local similarity solution (fime) of the problem under consideration we intaa time

dependent length scat® as
d=0(t) (10)

A convenient solution of equation (1) in termstuktlength scale is considered to be in the follgfiorm
v—v(t)——Vv (11)
5 O

whereV, > 0 is the suction parameter.

These non-linear partial differential equations ten transformed by a similarity transformatiotoia system

of ordinary differential equations given as;

£74 (27 +v,) ' +Gro+Geg—Mf — f —REFS 2 - (12)
Da Da

@6’#(2/7%)6’ +Dug/ +Q@=0 (13)

P I —kp=0 (14
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where primes denote differentiation with respect/toand Gr = 0 is the local Grashof
Vo
"(C,—C.)& 00° B}
number,Gr = 95 (C.=C.) is the local modified Grashof numbdy] = 9 is the magnetic field
vJ, pv
K b _ 00 .
parameter,Da I? is the local Darcy numbell,:S:E_ is the local Forchheimer numbeRe= is the
Vv
Vo kK .
local Reynolds numberPr=— is the Prandtl numberR = T is the thermal radiation parameter,
a oT.

:M is the absorption of radiation paramet&r, :M
(T-T,) TVv(C,-C.)

D k. (C,—-C v
Du= nkr (G =Co) is the Dufour number, parameteSCc=— is the Schmidt number and
ce (T, -T,) D,

is the Soret number,

Q

B v4

kr = is the chemical reaction.
v

The corresponding boundary conditions top O are transformed to:
f=1, =1, =1 a n=0 (15)
f=0, =0, @=0asny - . (16)

The parameters of engineering interest for the gmteproblem are the skin-friction coefficient, theisselt
number and the Sherwood number, which are givepentively by the following expressions. Knowing the

velocity field the skin-friction at the plate caa bbtained, which in non-dimensional form is givgn

11
ERe2 C,=1'(0) (17)

Knowing the temperature field, the rate of heamdfar coefficient can be obtained, which in non-eisional

form, in terms of Nusselt number, is given by

NP

NuRe 2 =@ (0) (18)

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

form, in terms of Sherwood number, is given by

1
2

ShRe 2 =-¢ (0) (19)
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M athematical Solution

The numerical solutions of the non-linear diffefeneéquations (12) — (14) under the boundary caokt (15)
and (16) have been performed by applying a shoatiathod along with the fourth order Runge-Kutta hoet
First of all higher order non-linear differentiafjuations (12) — (14) are converted into simultaseboear
differential equations of first order and they éwether transformed into initial value problem bypdying the
shooting technique. From this process of numeramahputation, the skin-friction coefficient, the Ne#
number and Sherwood number which are respectivadpgstional to f'(0),—&'(0) and —¢J(0) are also

sorted out and their numerical values are preseéntadabular form.
Results and Discussion

As a result of the numerical calculations, the disienless velocity, temperature and concentratistilutions
for the flow under consideration are obtained aneirtbehavior have been discussed for variationghén
governing parameters viz., the thermal Grashof ramn@r, modified Grashof numbeGc, magnetic field

parameterM, Darcy numberDa, Forchheimer numbeFs, absorption radiation paramet@l, the suction
parametew,, Dufour and Soret numbers, radiatiomapsterR, Prandtl numbePr, heat generation

parameterQ , Schmidt numbeSc and chemical reaction paramedér. In the present study, the following
default parametric values are adop®d~ 10.0, Gc = 5.0, M = 1.0, Da= 1.0, Re= 10.0, Fs= 0.09, Pr = 0.71,

R=1.0,Du003 S =20, Q =10, S =06, kr = 1.0, V, =1.0. All graphs therefore correspond to these

unless specifically indicated on the appropriatgbr

Fig.2. shows the influence of thermal buoyancy doparameteGr on the velocity. As can be seen from this
figure, the velocity profile increases with increasn the values of the thermal buoyancy. We algtudiserve
that the velocity overshoot in the boundary layegion. Buoyancy force acts like a favorable presgwadient
which accelerates the fluid within the boundaryelatherefore the modified buoyancy force paramé&ehas
the same effect on the velocity @s shown in Fig. 3. From Fig. 4. we observe thatdfiect of magnetic field is
decrease the value of velocity profile throughdnat boundary layer which result in the thinningted boundary
layer thickness. Fig.5. displays the influence lid Darcy numbeba on the velocity profile. Increasing the
Darcy number increases the velocity. Fig.6. depintseffect of Forchheimer numbEs on the velocity. It is
observed that the velocity of the fluid decreasath van increasing of Forchheimer numbEs. Since
Forchheimer numbédfs represents the inertial drag, thus an increasigeifrorchheimer numbéis increases the
resistance to the flow and so a decrease in tigk\felocity ensues.

Fig.7 (a). lllustrates the velocity profiles forffédrent values of the Prandtl number. The numerical results
show that the effect of increasing values of Pdamdinber results in a decreasing velocity. FromF{d), it is
observed that an increase in the Prandtl numbaltséa a decrease of the thermal boundary layiektiess and
in general lower average temperature within thenbauy layer.

Fig. 8(a) depicts the effect of varying thermaliatidn parameteR on the flow velocity. We observe that the
thermal radiation enhances convective flow. From B{b) we observe that the effect of thermal réaliais to
enhance heat transfer as thermal boundary layekrtbss increases with increase in the thermal tiadiaWe
observe that the effect & is to increase the temperature distribution in tthermal boundary layer. This is
because the increase Rfimplies increasing of radiation in the thermal bdary layer, and hence increases the
values of the temperature profiles in the thernaairtaary layer.

The effect of increasing the value of the absorptibthe radiation paramet€y; on the velocity is shown in Fig.
10(a). We observe in this that increasing the valute absorption of the radiation parameter duadrease in
the buoyancy force accelerates the flow rate. Tfeeteof absorption of radiation parameter on theperature
profiles is shown on Fig.10(b). It is seen fromstfigure that the effect of absorption of radiatigto increase
temperature in the boundary layer as the radiatst ts absorbed by the fluid which in turn increathes
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temperature of the fluid very close to the porousndary layer and its effect diminishes far awaynfrthe
boundary layer.

The influence of Schmidt numb&e on the velocity and concentration profiles is f@dtin Figs.11 (a) and 11(b)
respectively. As the Schmidt numb&e increases the concentration decreases. This c#useancentration
buoyancy effects to decrease yielding a reductiothe fluid velocity. The reductions in the velgcind
concentration profiles are accompanied by simutiaegeductions in the velocity and concentrationnotary
layers. These behaviors are clear from Figs. 1drfd)11(b).

The effects of the chemical reaction param&teon the velocity and concentration profiles areveman Figs.
12(a) and 12(b) respectively. The effect of cheinieaction parameter is very important in the coriagion
field. Chemical reaction increases the rate ofrfatéal mass transfer. Reaction reduces the lomatentration,
thus increases its concentration gradient andlits. in Figs. 12(a) — 12(b) we see that the veloahd
concentration profiles decrease with increasingeslbof the chemical reaction paraméter

The effects of suction parametéyv on the velocity field are shown in Fig 13(a). ltciearly seen from this

figure that the velocity profiles decrease monotdlyioaith the increase of suction parameter indicgtihe
usual fact that suction stabilizes the boundargidayowth.

The effect of suction parametefrW on the temperature field is displayed in Fig 13We see that the
temperature profiles decrease with increasing vasfissiction parametefrw. Fig. 13(c) depict the influence of

suction parameteffW on concentration profiles. In Fig. 13(c) we sed tha concentration profiles decrease with

increasing values of the suction parameter.

The effects of Soret and Dufour numbers on the aigidield are shown in Fig. 14(a). It is observitht
decrease in Soret numb@rand an increase in Dufor numteu, the velocity profile is decreasing. The effects
of Soret and Dufour numbers on the temperaturd fied shown in Fig. 14(b). It is noted that negligieffect of
Soret and Dufour numbers on temperature profile dffects of Soret and Dufour numbers on the canaon
field are shown in Fig. 14(c). It is also obsenrtidt with decrease in Soret number and with ineréa®ufour
number the concentration profile is decreasing.

Table 1 and 2 shows the effects of Grashof nuntirermodified Grashof numbeGc, Darcy numbeDa,

magnetic field parameté, suction parametelfw, Prandtl numbePr, radiation parameteR, the absorption of

radiation paramete®;, Schmidt numbe&c and the chemical reaction paramedteon the physical parameters
skin-friction coefficient f'(0), Nusselt number-&'(0) and Sherwood number@ (0) respectively. It can be

seen that skin-friction coefficienf '(0) increases as Grashof numligar, modified Grashof nume®c, Darcy
numberDa increases. while skin-friction coefficiert'(0) decreases as magnetic field paramdtesuction

parameterfW increase. It can be clearly observed that the ohteeat transfer between the wall and the fluid

increases for increasing values of Prandtl numPrer The Nusselt number is observed to be reduced by
increasing values of thermal radiatiBnthe absorption of radiation parame@t —¢/(0) increase as Schmidt
numberSc or chemical reaction parameterincreases.

Finally, the effects of Soret numb&r and Dufour numbebu on skin-friction coefficient, Nusselt number and
Sherwood number are shown in Table 3. The behafitrese parameters is self-evident from the Tabland
hence they will not discuss any further due to thyev
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Table 1. Numerical values of skin-friction coefficient, Naedt number and Sherwood numberBor= 0.71, R=
1.0,Q:=1.0,S=0.6,kr=1.0,Du=0.03, S = 2.0, Re= 10, Fs= 0.09.

Gr Ge Da M i f'(0) -¢(0) ~¢(0)

10 5.0 1.0 1.0 1.0 3.22354 0.907495 0.999413
5.0 5.0 1.0 1.0 1.0 1.38272 0.907495 0.9994y3
7.0 5.0 1.0 1.0 1.0 2.12685 0.907495 0.9994y3
10 2.0 1.0 1.0 1.0 2.12228 0.907495 0.9994}3
10 3.0 1.0 1.0 1.0 2.49203 0.907495 0.9994}3
10 5.0 2.0 1.0 1.0 3.98701 0.907495 0.9994}3
10 5.0 3.0 1.0 1.0 4.29471 0.907495 0.999413
10 5.0 1.0 2.0 1.0 2.62288 0.907495 0.999413
10 5.0 1.0 3.0 1.0 2.09948 0.907495 0.9994}3
10 5.0 1.0 1.0 2.0 2.65463 1.16273 1.11315
10 5.0 1.0 1.0 3.0 1.80371 1.4409¢ 1.22687

Table 2. Numerical values of skin-friction coefficient, N\aedt number and Sherwood number @r= 10, Gc =

50, Da=10,M= 10, fW= 1.0,Du= 0.03, S = 2.0, Re= 10, Fs= 0.09.

Pr R Q S kr f'(0) -d(0) -¢(0)
0.71 1.0 1.0 0.6 1.0 3.22354 0.907495 0.999473
0.5 1.0 1.0 0.6 1.0 3.42444 0.76283 1.13561
1.0 1.0 1.0 0.6 1.0 3.01622 1.08568 0.826511
0.71 2.0 1.0 0.6 1.0 3.45393 0.7432p 1.1538
0.71 3.0 1.0 0.6 1.0 3.5977 0.652467 1.2376
0.71 1.0 2.0 0.6 1.0 3.37938 0.724272 1.18681
0.71 1.0 3.0 0.6 1.0 3.52292 0.553252 1.36195
0.71 1.0 1.0 0.5 1.0 3.29409 0.900332 0.913251
0.71 1.0 1.0 1.0 1.0 3.03908 0.924641 1.30551
0.71 1.0 1.0 0.6 2.0 3.06936 0.921538 1.26965
0.71 1.0 1.0 0.6 3.0 2.94692 0.932312 1.50243

Table 3. Numerical values of skin-friction coefficient, Nagt number and Sherwood number f8r = 10, Gc

=50,Da=10,M=10, fW: 1.0,Du=003, S =20,Re=10,Fs=0.09. Pr=0.71,R=10,Q,= 10, &

= 0.6, kr = 1.0, Re = 10, Fs= 0.09.

o Du f'(0) -¢(0) ~¢(0)

2.0 0.03 3.22354 0.907495 0.999473
0.5 0.03 2.85976 0.94436 1.39099

1.0 0.03 2.9857 0.931751 1.25502

2.0 0.05 3.22774 0.903518 1.00343

2.0 0.1 3.2383 0.893346 1.01358
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