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Abstract

The study of unsteady magnetohydrodynamic heat and mass
transfer in MHD flow of an incompressible, electrically conducting, viscous
fluid past an infinite vertical porous plate along with porous medium of time
dependent permeability under oscillatory suction velocity normal to the plate
has been made. It was considered that the influence of the uniform magnetic
field acts normal to the flow and the permeability of the porous medium
fluctuate with time. The problem is solved, analytically by asymptotic
expansion in order of epsilon for velocity, temperature and concentration
fields. The results obtained are discussed for thermal Grashof number (Grz >
0) corresponding to the cooling of the plate and (Grz < 0) corresponding to
heating of the plate with the help of graphs to observe the effect of various
parameters. A parametric study of all parameters involved was considered,
and a representative set of results showing the effect of heat generation,
reaction parameter, grashof numbers Hartmann number and free stream
oscillatory frequency were illustrated.

Keywords: Mass transfer, MHD flow, vertical plate, suctiorogty, viscous, oscillatory,
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1.0 Introduction

In industries and nature, many transport procesegis in which heat and mass transfer takes place
simultaneously as a result of combined buoyanogcefdf thermal diffusion and diffusion of chemicglecies.
The phenomenon of heat and mass transfer is olisenvebuoyancy induced motions in the atmosphere, in
bodies of water, quasi—solid bodies, such as earthso on. Unsteady oscillatory free convectioev§l play an
important role in chemical engineering, turbo maehy and aerospace technology such flows ariseéalagher
unsteady motion of a boundary or difference in ltzup temperature. Besides unsteadiness may aldaé&
oscillatory free stream velocity and temperatuneghke past decades an intensive research effolidesdevoted
to problems on heat and mass transfer in vieweif tipplication to astrophysics, geophysics andrneging. In
addition, the phenomenon of heat and mass traisfaso encountered in chemical process industtiet as
polymer production and food processing. Many redeas [1-10] have studied the problem on free cotiwe
and mass transfer flow of a viscous fluid throughopis medium. In these studies, the permeabilithefporous
medium is assumed to be constant. However, a par@ierial containing the fluid is a non — homogerseo
medium and the porosity of the medium may not rearly be constant. Recently, Magyatial. [11] have
discussed analytical solutions for unsteady fres/eotion in porous media.
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The magnetic current in porous media considered Raptis et al. [12] and Geindreauet al. [13].
Muthukumaraswamyt al. [14, 15] investigated mass diffusion effects onnlpast a vertical surface. Mass
diffusion and natural convection flow past a flé&tp studied by researchers like Chandrasekétaah [16] and
Pandaet al.[17]. Magnetic effects on such a flow is investagatby Hossairet al. [18] and Israekt al. [19].
Sahooet al. [20] and Chamkhat al. [21] discussed MHD free convection flow past a iceitplate through
porous medium in the presence of foreign mass. _

In the present paper, the suction velocity is meslito be (1 B€€™) and the permeability is taking to

be 1 ___ . We carried out the investigation on the flowngsasymptotic analysis, which gives the
k(@1+0e'*“)
solution in symbolic form and allow critical analy®f the solution.

Nomenclature K : non-dimensional reaction parameter

c¢: non-dimensional concentration C, : concentration at the wall

T : fluid Tw : temperature at the wall

u : fluid axial velocity

C; : skin-friction coefficient Greek symbols

Grc : mass Grashof number 0 : non-dimensional fluid temperature

Grz : thermal Grashof number @ heat generation/absorption coefficient
M : Hartmann number ® : angular velocity

Nu : Nuselt number

Sh: Sherwood number Dimensionless group

Pr : Prandtl number Grt : dimensionless thermal Grashof number
Sc : Schmidt number Grc : dimensionless mass Grashof number
v : fluid transverse velocity g epsilon, g <<1

t:time

Cp : specific heat at constant pressure Subscripts

y ; transverse or horizontal coordinate w : condition on the wall

i : V-1 : complex identity oo : ambient condition

2.0 Mathematical formulation

An unsteady magnetohydrodynamic flow of visconspmpressible, electrically conducting fluid past
an infinite plate in a porous medium of time departdpermeability and suction velocity is considerkd
Cartesian co — ordinate system, x-axis is assumdxt talong the plate in the direction of the flomd ay—axis
normal to it. A uniform magnetic field is introduteormal to the direction of the flow. In the argdy it is
assumed that the magnetic Reynold number is mueh tlean unity so that the induced magnetic field is
neglected in comparison to the applied magnetid.fieurther, all the fluid properties are assunebtée constant
except that of the influence of density variatioithwtemperature. Therefore, the basic flow in thedram is
entirely due to buoyancy force caused by tempegatifference between the wall and the medium.diytiatt =
0, the plate as well as fluid is assumed to baetame temperature and concentration of speciesyidow so
that the Soret and Dofour effect are neglected. [#djent = 0, the temperature of the plate is instantargous
raised (or lowered) td,, and the concentration of the species raised (aered) toc,. Under the stated
assumptions and taking the usual Buossinesqs dpmti@n in to account, the non dimensional govegnin
equations for momentum, energy and concentratien ar

2

la—u—(1+fe“"‘)a—u:Gr 70 + Gr |Z<t:+au2 - 1 ——+M?|u (2.1)
4 ot oy oy k@+ ge')
100 it \00 1 0%
S -+ e )= ———+ (2.2)
401 ( )ay Pr ay? w

2
iai_(1+ gei“’t)aiczia (2:_KC (23)
401 dy S oy

Where the parameters o, Grz, Grc, k, Pr, Sc, M, ¢ and K and were as defined in nomenclature. The
corresponding boundary conditions are
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u=06=1+&£“,c=1+&“asy=0

(2.4)
U—>O,9—>O,C—>035y—>°°
3.0 Method of solution
We seek an asymptotic expansion aledior our dependent variables of the form:
u(y,t) = u(y) + eue™ +o(£?) + .
(3.1)

O(y,t) =6,(y) + g8, +0(&?) +...
c(y,t) =c,(y) + g8,e« +0(e%) + ...

Substituting (3.1) into equations (2.1) — (2.4) aotlects the terms in power of we have the following sets of
equations; corresponding to the energy equatiohave,

2
d ‘920 +Prd‘90 +Prg, =0
dy dy 3.2)
6,(0) =1,6,(y) - Oasy - o
2 H 2
d 021 + Pr%+ Pr(£+¢j01 = —d 60
dy dy 4 dy
6 (y)=€“asy=0 3.3)
6,(y) - oasy - o
Corresponding to the specie equation we have,
d2C°+Sch°—KSc _o
dy2 dy2 Y o (34)
¢ (0) =1co(y) —» Oasy - o
d?c, dc, iw _ _dc,
dy2 +S:W+ S:(T K]Cl— dy (35)
c(y)=e“aty=0,c(y)- Oasy - w
And corresponding to the momentum equation we have,
d'u, du, (1, M ? |u, = =Gr 18, - Grce
dyZ dy ko 0o~ 0 0 (36)
Uy (0) = 0,y (e0) = 0
2 .
d = NS SVE u1=£u1—Grr6’l—Gtccl—iu0
dy® dy (kp 4 Ko
This is simplified as
d’u, du, (1 iw 1 du
—1 +—1—(—+—+ M Zjul =-Grrg,-Gree, ——u, ——2
dy, dy (k, 4 k ©dy 37)
u,(0) =0,u,(0) =0
Now from (3.2), the solution is
_ 1
a,(y)=e™, WheremZE(PH Pr2—4Pr¢) (3.8)
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2 -
From equation (3.3), on substituting (3.8) we ha%e)%+ Pr%+ Pr(%)+¢))91 =me". Letting
y

6,=ae™, = §,=-mge™ andd, =nfae™. Thusa{m2 -mPr+ Pro+ P”wje”'y =me™
4mi
= a, = m :4r,n’3-1:_
Priw  Priw Prow
4

and for complementary solutiofl,_(y) = a,e™ +ae™”, where

1 iw 1 iw
m, =E[Pr+ \/Pr2—4Pr(¢+ Tj]aﬂd m, =E[_ Pr+ \/Pr2—4Pr(¢;+7jJ

Thus, 6,(y) =a,e™™ +a,e™™ +ae™ Using the boundary conditions we have
=0=a=0=a,=€“-a

y_.oo

6(0)=a +a, +a=€“ g()=ae™
= 6(y)=ae™ +ae™ (3.9)

From equations (3.4) and (3.5), we have respegtivel

Co(y)=e™, n=%(Sc+\/Sc2+4KSc), (3.10)

and c(y)=ae™+ae™, , - ;{Sﬂ + \/Sc Z+ 4&[_ K+ I\z/lij o

1

where a, = —% a, =€"™ —a,. Using (3.8) and (3.10) in (3.6), we have
w

Aol , QU _[i+ M ZJUO =-Grre™™ -Gree ™"V

dy?  dy |k
Assuming Uy, = ase‘"'y + aee‘”y and substituting in the above equation we have
_ -Grr -Grc
aS =

L =
e -m- (1 +M?) nz—n—(1+M2J
Ko k

0
2
2 Ko

Combining the complementary and the particulartamis we haveu, (y) =a,e ™ +a.e > +a.e"” +ae”
And applying the boundary conditions, we have

U(O)=as+as+a,+a=0, Uy(w)=a=0 a, =-(a; +3a),

Thus U(y)=ae ™ +ae ™ +ae” (3.12)
From equation (3.7) on substituting equations (3R)1L1) and (3.12) we have
) .
d uzl PCCER M2+ 1Y u, =-Grr(a,e™ +ae™)
dy dy Ko, 4

- - 1 _ _ _ -my -ny -ry
- Grc (a,e™ +a,e™™) - k_(aSe ™ +ae™ +a,e”) ta&Me T +ane " +a,re
0
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- 2 i
Thatis 94 1121 LU (i+ M?+ ﬁ)ul =—(Grra, +a;-mag)e ™ —a,Grce ™
dy dy K, 4

- (Grca s+ i—‘* - aenje‘ny - Greca ,e™™ - a{ki - rJe‘ry

0 0

From whichU,, =a,e ™ +a,e ™ +a,.e " +a.e ™ +ae"”

[alGrr+a5(l—mD -aG
where . _ Ko 8y = LIt
as__m2+m(i+m2+i7w) m2_ _ i+M2+ii0
K, 4 1mMm K, 4
Grca , +a i—n .
> 70 K, a, = -a,Grc _—4ia, (1-rk,)

=~ ; et 1 i e ako

R I I L) +n - - +M2+%

n?-n [ko M ?+ 4] 1+tn (ko 4

Now ulc = a13 e—l’ly + a14e ny ul (y) :a8 e_my + age_m].y + aile_nly + alze_ry + aise_rly + a14el'1y
Then using the boundary conditions, (y) =0at y=0, u, (y)=0asy - oo,

= a,=0, az=—(ag+a,+....+a,)
Hence U (Y)=a;e ™ +ae ™ +a,e”+a,.e"” +a,e " +ae " (3.13)
4.0 Discussion of results

We carried out the analysis using the valties0.2,Pr = 0.71,Sc = 0.6,M = 0.5,0t =n/2, Grr = 1.2,
Grc=1,Ky=K0=0.2,¢ = -0.2, andK =-0.5 for the parameters except where statedwibe. It should

be noted thakK > 0,K = 0 andK < O represent destructive, no and generative adameactions respectively.
Also, ¢ >0, ¢ =0 and¢ < 0 indicates heat absorption, no heat generafisotption and heat generation

respectively. The present study limit the choic®ondSc to 0.71 and 0.6 (a case of plasma) respectivéig. T
figures are presented in two forms — (1) 3-dimemsidigures and (2) corresponding 2-dimensionalriég.

Figure 4.1 show the effect of chemical reactiorapeeters on concentration field. It is observed fba
a generative chemical reaction, there exist osicitia in the field away from the surface. This gerabout the
presence of minimum and maximum concentration ia fleld which however less than the surface
concentration. For destructive chemical reactiba,doundary layer reduces as the reaction parasriateeases.
Also there is reduction in concentration field &aation parameter increases positively. In figur2, 4ve
displayed the concentration field as a functiorfyot), it could be seen that concentration decreasdiseaioe
progresses and decreases faster as we move awaytteoboundary. While concentration is displayedaas
function of ,t) in figure 4.3. Oscillation is observed alofdg-axis with a steep decrease in the field jas

increases.
We displayed in figures 4.4 — 4.7, the temperapnafiles for various values of parameters under

consideration. It could be seen from figure 4.4 theat absorptiong < 0) resulted in decreases in the fluid

body temperature, while heat generatigh¥ O) increases the fluid body temperature which leapresence of

extremes temperature in the body of the fluid gnetttan the surface temperature. In figure 4.5 46d we
shows the temperature profile as a functionypt)(and (,t) respectively. It is observed that the temperature
decreases as y increases, and oscillatory fieldgdland w-axes which is more pronounced at the initial stage
continuous fading as y increases.

Figures 4.7 — 4.15 show the effect of the pararsaie the velocity field. It is observed that maxim
velocity occurs in the body of the fluid close twetsurface. We displayed the effect of reactioramater on
velocity in figure 4.7, it is shown that increasedestructive chemical reactioK & 0) parameter reduces the
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velocity field while increase in generative chenhi@action K < 0) parameter increases the velocity. In figure
4.8, it is discovered that increases ¢n brings about increase in velocity field. Whilefigure 4.9, effect of

Hartmann numbeM on the velocity is displayed, we discovered timaréase in Hartmann numblgr reduces
the velocity field as a result of an opposing fofcerentz force). Figure 4.10 shows increase inmesbility
increases the velocity with sudden rise and fathivelocity field.

We displayed in figures 4.11 and 4.12 the efféechass and thermal Grashof numbers on the velocity.
We discovered that velocity increases as eithersroashermal Grashof number increases. We alsadrtbest
heating of the plateGrz > 0) increases the velocity. Figures 4.13 and 4t that increase in andt increases
the velocity.

In all cases considered here, it could be sedroswllatory suction velocity affects all the thréelds
shortly away from the boundary.

Figure 4.3: Concentration field as functior(y, C()) Figure 4.4: Temperature field as functio(1y, w)
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Figure 4.13:Velocity field as function (y) Figure 4.14:V?elocit§/']field as functiony(t)
4.1 Analysis of dimensionless number on MHD flows

We now move to examining some important fluid paeters that are of importance to this work. Such
parameters include Sherwood number, Nusselt nuaerSkin—friction coefficient. We therefore denated
define respectively, Sherwood number, Nusselt nurabd Skin—friction coefficient as

J,V -d dc q.V -d dT
Sh= 0’ ="740),J =-D—| _, Nu=—« ="940),q =-K—]| _,
(Ca)_Coo)DVw dy C( ) ¢ dy‘y_o - (Tw _Too)KVw dy O) qw dy -
_ Tf _ d _ du
C = puV. = dyu(o), Ly _:udy‘y:o

Now, we revisit the analytical solutions reporteshfi which we obtaiigh, Nu andc; as follows;
Sh=-n+g“(-am-an)
Nu=-m+e“(-am-a,m)

¢, =-am-an-ar +&“(-am-am -a,n-a,n —a,r -a,)

1.9 L0.15
1

A ne
.6 L0.05
.4

2 15 F_'1l 445 0 T a _3#._2 s u
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Figure 4.15: Nusselt number profile against Figure 4.16: Skin friction profile against

heat generation/absorption coefficient heat gaiwer/absorption coefficient
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Figure 4.17: Skin friction profile against Figure 4.18: Skin friction profile against Hartmann number
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Figure 4.19: Skin friction profile against Figure 4.20: Skin friction profile against
mass Grashof number thermal Grashofler

Figure 4.15 shows the Nusselt number as a fundieat generation/absorption coefficiegit. We

discovered that as heat generation coefficienteames, the Nusselt number also increases. We latsw is
figure 16 the effect of generation/absorption de&fht on the skin friction coefficient. It couldebseen that
maximum values of skin friction coefficient occics -1 < ¢ < 0, which is a case of heat generation. While

in figure 17, it is observed that reduction in gaige chemical reaction parameter increases thefgktion
coefficient. Figure 18 shows that as Hartmann nunideincreases, the skin friction coefficient redsice
asymptotically with maximum value only when M=0. Weow in figures 19 and 20 that increase in mass an
thermal Grashof number reduces and increases teagthe skin friction coefficient.
4.2 Concluding remarks

Analytical solution for unsteady hydromagnetic themd mass transfer in MHD flow of an
incompressible, electrically conducting, viscousidl past an infinite vertical porous plate alonghmporous
medium of time dependent permeability under ogoitlasuction velocity normal to the plate has besade.
The various combinations of parameters give mueigi into the behaviour of magnetohydrodynamievflo
Based on the obtained graphical results, the fafigwonclusions were deduced that:

(1) the fluid temperature increases during heat geiloerand decreased during heat absorption.

(2) the concentration of chemical species increasds imitrease in generative chemical reaction
(K < 0), and decrease with increase in destructieenotal reactionK > 0).

) the boundary layer of the velocity, temperature aadcentration reduces as either time or
position of the flow elements increases.

4) the velocity reduces as Hartmann number increases.

(5) the maximum velocity occurs in the body ofdlu

(6) the velocity increases as the plate is he@@ed> 0).

(7) increases in heat generation coefficient iases the Nusselt number

(8) reduction in generative chemical reaction peat@r increases the skin friction coefficient.
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