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Abstract

This study investigates the free-convective unstedd/dromagnetic flow of
viscous incompressible electrically conducting fiuibetween two infinite vertical
porous plates in the presence of constant heat seuand thermal-diffusion under
slip condition. Solutions for time dependent energyconcentration and
momentumequations are obtained using theperturbationethod. The effect of
various parameters controlling the physical situati is discussed with the aid of line
graphs. During the course of computation, an exasit result wasfoundfromvarious
physical parameters embedded in the problem.
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1.0 Introduction

Analysis of unsteady free convection boundary |diyed flow problem has been subject of considegahterest not only of
fundamental theoretical interest but also of prattimportance as it occurs in many applied proble@pecifically, it is of
great application such as geothermal reservoiesnthl insulation, and enhanced oil recovery, padlexdi catalytic reactors,
cooling of nuclear reactors, metallurgical and pwdy extrusion processes. In a pioneering work, &li&ki[1] investigated
the boundary layer flow induced by a moving plataiquiescent ambient fluid. Thereafter, many asthave investigated
various aspects of the problem. Gbadeghaml. [2] analyzed thermal-diffusion and diffusion-therraffect on mixed
convection boundary layer flow filled with a visdastic fluid in the presence of magnetic field ogestretching vertical
surface.Makinde and Aziz [3] reported that, thaédfltiow over a stretching surface is important jpphlcations such as
extrusion, wire drawing, metal spinning and hotimgl Olanrewajuet al. [4] identified the influence of buoyancy of steady
laminar boundary layer flow over a permeable flatey in a uniform free stream, with the bottom aacef of the plate is
heated by convection from a hot fluid.Jashim Udeial.[5] studied numerically a 2-D steady laminar incoegsible free
convective boundary layer flow from a heated slapermeable) vertical flat plate embedded in madhgch is filled with
nanofluid taking into account the thermal convextand momentum slip boundary conditions. Rajal. [6] studied heat
and mass transfer effects on unsteady free cowvebthundary layer flow past an impulsively startedtical surface with
Newtonian heating.

Heat-source plays significant role in various pbgsphenomena for instant convection in earth’stteavickenziet al. [7]
and application in the field of nuclear energy dind combustion modeling as reported by Farabosciii Federico [8].
Crepeau and Clearksean [9] used similarity soluipproach on natural convection flow with interialat generation.
Chamkha[10]investigated hydromagnetic three-dimmvadi free convection on a vertical stretching stefawith heat
generation or absorption. Singh [11] examined tifece of heat sink on Stokes problem for a poroedival plate using
finite difference method.The excellent work of \éjelu [12]concluded that the heat source/ sink playmportant role in
delaying the velocity and the temperature to rebetsteady state condition. Several interests bhaea built in the study of
flow of heat generating/absorbing fluid becaus¢éhastemperature differences are increased appigctab volumetric heat
generation/absorbing term may exert strong infleeoc the heat transfer and transitively on the fesmeported by Jhah
[13]. He further concluded that an increase in heieik parameterS) decreases both skin frictiom) @nd Nusselt number
(Nu).The effects of magnetic field, viscous dissipat@o heat generation on natural convection flowroin@ompressible,
viscous and electrically conducting fluid along extical flat plate in the presence of conductiors waported by Mamun
[14]. Jha and Ajibade [15] investigated the freevaztive flow of heat generating/absorbing fluidvizeen vertical parallel
porous plates due to periodic heating of the poptates.
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The thermal-diffusion (Soret) and diffusion-therr{@ufour) effects may be significant in the areasgebsciences and
chemical engineering. Various aspects dealing Wi¢hSoret effect on the combined heat and massfénraproblems have
been also studieblakinde and Olanrewaju [16] investigated the urdemixed convection flow past a vertical porous fla
plate moving through a binary mixture in the preseaf Radiative heat transfer and nth-order Arrhgnype of irreversible
chemical reaction by taking into account the diffasthermo (Dufour) and thermo-diffusion (Soretjeets.Stanforckt al.
[17] investigated the influence of a magnetic fieldheat and mass transfer by mixed convection frertical surface in the
presence of Hall, radiation, Soret (thermal- diffu$ and Dufour (diffusion-thermo) effect.Tsai ahidiang[18]performed
theoretical study of the steady stagnation poowfbver a flat stretching surface in the preserspezies concentration and
mass diffusion under Soret and Dufour effects. blectude that for some kinds of mixtures (for exaanpi2-air) with the
light and medium molecular weight, the Soret andfoDu effects play a significant role and should tag&en into
consideration as well. Hayat [19] studied the fsat mass transfer characteristicsin mixed convedimundary layer flow
about a linearly stretching vertical surface inaqgus medium filled with a viscoelastic fluid, bgking into account the
diffusion-thermo (Dufour) and thermal-diffusion (89 effects. R. Tsai and Huang [20] carried ounatically the solutions
for heat and mass transfer from natural convediimn along a vertical surface with variable heatxs embedded in a
porous medium due to thermal-diffusion (Soret) difiision-thermo (Dufour) effects.

In view of the amount of works done &nee convection boundary layer problewish heat/sink or with thermal-diffusion, it
becomes interesting to investigate the effecthesd two important activities amsteady free convectiatue to imposed
magnetic filed normal the plate under slip momenhgundary condition.

2.0 Mathematical Analysis
Consider a free convective flow of a viscous incogspible heat source fluid in a vertical channeldueniform transverse
magnetic filed B, and periodic heating of the poroarmel plates. The channel walls are taken veltigaérallel to the X

-axis separated by a distan¢e . It isassumed thaine plate(y: O) , fluid is injected into the channethwiertain

constant velocityV, and that it is sucked off frdmedther plate(yZ h) at the same rate (See 1). The heat source term
is assumed to be that of Foraboschi and Federjco [8

injection suction

Figure 1: Geometry of the problem
Under these assumptions and usual Boussinesq $xpation, the momentum, energy and mass transfaat®ns in
dimensional form are:
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Nomenclature
Symbol Description Symbo | Description
I
A, B Constants t Dimensional time
Bo Applied magnetic field [ Dimensionless time
C Initial concentration at’ = 0 T, Initial temperature of fluic(t’ = 0)
Cp Specific heat capacity TW Temperature of the plate
C, Fluid concentration on the play¢ =0 (t’ > O) u’,v' | Dimensional velocities
C Dimensionless fluid concentration u,v Dimensionless velocities
D" Dimensional co-efficient of mass-diffusion v, Scale of suction/injection velocity
DC Dimensional co-efficient of thermal-diffusion X',y Cartesian co-ordinates along the plate
and normal to it
Df Thermal-diffusion parameter Greek Symbols
h Distance between the plates yei Co-efficient of thermal expansion
g Acceleration due to gravity o, Fluid electrical conductivity
Gr Grashof number 6 Dimensionless temperature
M Magnetic number ¢ Dimensionless concentration
Nu Nusselt number T Skin friction
p Dimensionless pressure n Frequency oscillation
p' Dimensional pressure )4 Slip condition
Pr Prandtl number Yo Density of the fluid
< Heat source parameter 9 Kinematic viscosity of the fluid
< Schmidt number
The relevant initial and boundary condition for gresent physical situation are:
t'=0:u"=0,T'=T,, C'=C, for Oy <h
I au, U I !
u-A-—=0,T'=T,C' =C, aty =0 (4)
t'>0: oy

u'=0,T'=T,+(T,-T,)ee", C'=C,+(C,-C,)ee" at y=h
the dimensionless quantities introduced in the alemuations are defined as:

1 ' r_ r_ 2 '
X:L)y:l)g:T TO!(DZC CO)MZZUeBO’p:h—p'
h h TW_TO CW_CO IOV ,0\/
_ 2 —
Gr — gﬁ(TW TO)h ,Pr :V’OCP’ . - DC(CW CO), &le!A :VOD (5)
wu k (T,-To) D v

Substituting equation (5) into equation (1) — (4 dimensionless boundary layer equations are
du . ou_ 0p d°u

—+/1—:——p+—2—M2u+Gr6’ (6)
ot oy 0x o0y

2 2
pr| 994+ 99 :a—f—sﬁ+Dfa—? @)
ot oy | oy oy
2
S a—¢+/1%) :6—20 (8)
ot oy | oy

with the initial and boundary conditions
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u=8=¢=0 for O<y<l
u—y@:O,H:O,wzo, aty=0 9)
oy

u=0,0=1+¢e", p=1+¢e€", at y=1

For periodic flow, let the pressure gradient béhefform:

9P _ Ayt (9a)
oX

The solution to the dimensionless boundary layaragégns set in equations (6) to (9) can be obtaimgdepresenting
velocity; temperature and mass transfer as follows:

w(y.r)=u, (y)+eu,( zeue’"
6(y.t)=6,(y)+e6,(y Zs’ee’” 9)
O(y.1) =, () +eo, (y Ze’¢e"‘

Substituting equation (9) |nto equatlon (6) to 48yl equating like powers of , one obtains the haicand non-harmonic
boundary value problem fof =0 and | =1 as:

2
9% _scd% g (10)
dy dy
d’q dg
-AS 0 11
dy? dy /e (11)
2 2
9% > — APr ia -sg,= d ¢26 (12)
dy? dy dy
a6, dzqq
L—APr—t-[s+nPr|6,=-D 13
e r [s nPr| Y. (13)
2
ddyzo —/]dd—;— M?u, = A-Gré6, (14)
d’u, du1
—=|n+M*° |u,=B-Grg (15)
& ey LM

Subject to the boundary conditions

du
=0,60,=0,u,-y—2=0,aty=0
% 0 0 dy

(16)
®=16,=1u,=0, aty=1
du
=0,6,=0,u,-y—==0,aty=0
ATRATRAT (7
@=16=1u =0, aty=1
the values ofg, (y) anayl(y) from (10) and (11) using thenolauy condition (16) and (17) are:
1 sty
=—— (&Y -1 18
@ (y) [eAsC_l]( ) (18)
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ﬂ()/) [e,,&;l_l]( e — x1Y) (19)

Substituting (18) and (19) into equation (12) ai@)(the require solution oﬂo(y) anﬁl(y) subject to boundar
condition (16) and (17) can be presented as:

b (y)=Ae” + Ae™ + 1, g™ (20)

g, (y) =AY + A" + e + f e (21)

Since equation (14) and (15) are coupled vﬁt}(y) Qgéy) using result obtained in equation (20) and (2&g t
solutions of uo(y) and,ll(y) are:

A
U, (y) = Ae™” + Ae™ +he? +he ™ + he’™ - Ve (22)
_ _ _ B
ul(y) =AY + A +he¥ +he™ +he® +he™ - n+M? (23)
The complete solution of velocity, temperature enxabs transfer equations are:
Velocity equation
_ _ A _
u(y) — A59X7y + Aee XY hle“y + hze XY hge/lSCy _ W +{ A7ex9y + Ase T h4e><1y
n+M*
Temperature equation
O(y) = A + A + £/ +{ AgY + A + 1,87 + g7} & (25)
Concentration equation
1
/‘SCY _ XY _ XY
y)= 1)+ ———=l€ ev) e’ (26)
Skin friction
du i} i} _
L= d_ = X% AT — XA +X;he" — X, he ™ + /]SChseﬂsc +{ XgA€" = XyoAge ™
y y:]_
+xh,e" —x,he™ + x.he* - 6h7e'xﬁ} e" (27)
Nusselt number
dé } _ }
Nu, = @ = X,A€° - X, A e + 1cf e’ +{ X ALS — XA +x f et —x,f.e X?} " (28)
y=1

3.0 Results and Discussion

In this paper, we have examined the free-convectnsteady hydromagnetic flow confined through dieakporous channel
plates in the presence of constant heat source ttanal-diffusion under slip condition. The systarh governing
equationsof the physical situation presented ind@g) is solved employing the Perturbation metholdject to the boundary

conditions (9). Theoncentration is coupled to the temperaturedmyposition gradientparameteer antemperature is

coupled to the velocity by the free convection paater Gr as illustrated in equations (7) and (8jpeetively.
The investigation is performed using the basic disienless parameters governed the flow in the ailafio be realisticthe

following choices were made: Prandtl numif&r  is chrgoas .71 which correspond to air. In air the diffgsichemical
species of common interest have Schmidt numbenenrange 0.1 — 1.0 Jha and Ajibade (2011): the worisider three

species of interesH2 NHE anGZO2 respectively. Grashofber is(Gr > O) is considered, which is employed for
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practical applications in nuclear technology ansbah geophysical and naval energy system apmitsitSingh (2010).
However in Figure 2b Grashof numberis taken@s <0 espond to an external heating of the channel piEte.

suction/injection paramete(r/}) , the heat source patem(s) , the diffusion-thermo parametéDf) , the magneti

parameter(M ) , and the slip numt(ey) are choosingrarpit

In Figure 2 it is observed that the fluid velocigduce asM increases for fixed values of the otlaearpeters. This
physically indicates that the hydromagnetic dragedies in the term—M U of the momentum equation(6) eb=ses the
velocity in the cooling channel plates of the foemvection currentGr > (Q . It is also observed from FégRa, b that the
values of the fluid velocity elevated with the risethe values of heat sourés) and diffusion—then(rﬁbf ) This is an

important controlling mechanism in flow and heansfer processes so that the finished product nteetslesire quality
specification.

Figure 3 present the influence of the Grashof nunamethe flow when other parameters are fixeds Iséen form Figure
3athat Gr > (0 significantly increases the velocity of. dihis corresponds to the external cooling of thanmel plates,
which results in thickening the boundary layer amshsequently assist the velocity. In Figure 3bsiobserve that, for

Gr < 0 the velocity of air takes reverse flow to the rtagadirection. The Figure also reveals that whgadtion (/] > O)

takes place aty =0 the fluid velocities of air isteg compared with suctic(vﬂ < O) . In addition increaseSiand Df

with increasing Grashof number enhances the vglaoitase of injection where the contrast is obsglinease of injection
see Figure 3a and 3b.
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Figure 2:Effect of magnetic parameter on velocity field whér= 0.5, Gr =5,t=0.E, y =1, =0.22,7=1
e=1,A=land B=1

T
's = 0.5, D_ = 0.0
1 ¢ £

-------

0.2 T T T T

—Gr =5 ! |
2—c6r = 10 s = 0.5, D, = 0.02 6r = -5
| ! er = - 10

,,,,,,,,,,,,,,,,,,,,,,,,,

—Gr = — 15

N

Velocity (u,t)
-

dJ?.lsatance o(‘.;)
Figure 3: Effect of Grashof number on velocity field wheh=+0.5 M =1 t=0.E ),=1, SX=0.22, n=1
e=1,A=1land B=1

0.4 .6
distance (y)

Journal of the Nigerian Association of Mathematic&hysics Volume 32, (November, 2015), 99 — 112
104



Heat Source and Thermal-Diffusion... Isahand Garba J of NAMP
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Figure 4:Effect of thermal-diffusion parameter oelocity field whend =+0.5 Gr =5 t=0.5 ,y =1 £=0.2Z ,
M=17=1¢=1A=1land B=1

Figure 4 illustrates the disparity in velocity dwea change in thermal-diffusion parameé@f) whéreioparameters are

treated constant. From Figure 4a it is noted tfecebf Df is to increase the velocity of the air whigjection A >0 takes
place aty =0 . A reverse flow is recognised due toisucﬁﬂ <0) as demonstrated in Figure 4b when heat source

parameterS =1 . However, anomalous phenomenon is cbeive to suctior(/] < O) to when the heat source parameter

S = 2 see Figure 4b.
In Figure 5a, b the values of velocity is seemitréase asy increases i{@>0  when values of other pteamre fixed.

Furthermore, increasing de lessen the velocitgiothroughout the channel.

Figure 6a, b explain the effect of increasing tematrce paramete(rs)for different values of thermal-diffusion parameter

With all other parameters constant, the velocitgiofincreases with increase . However, there is freak behavior on the
values of velocity when values f arﬁ)f tends tontlebd the anomalous phenomenon is well pronounEgiire 6b

due suction in comparison with 6a.

Figure 7a, b show the influence of Schmidt num%ﬁt:) n velocity. The velocity is observed to descendhvBchmidt

number and increase with time when other numevighles are treated constant.

Figure 8 depict the effect of frequency oscillat(om) on velocity due suction/injectioé/]) for fixed value$ other

controlling parameters. From Figure 8a it is repdrthat velocity reduces with increase/n far> 0 . Téneerse is the
case for A/ <0 as demonstrated in Figure 8b.
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Figure 5: Effect of slip parameter on velocity field wheh=0.E M =1 Gr=5 t=0.5E £=0.22, =1 =1,
A=land B=1
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velocity fieldlewGr =5,t =05,y =1,%<=0.22 . 7=1¢=1,

Figure 8: Effect of frequency oscillation parameter on vetpdield A =0.5,Gr =5,t=0.5, y=1,5%=0.22,

M=1¢e=1 A=1and B=1

Figure 9 represent the effect of thermal-diffusamntemperature for fixed values of other parametiéns observing that

quantitatively, whenS=0.E andD,

Figure 9a. For the reverse phenomen&w —0.5

Figure 10 illustrates temperature fielddue to angleain heat source parame(a)

the temperdecreases with increase le

increases from 0.02 @ tBere is increase in the temperature value awrsho
from 0.02 to 3.0.

for fixed values@father parameters.

It is observed that the temperature field increéiserighout the flow field with an increase in tieat source parameter. In
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fact, the presence of a heat sink parameter asiséstgelocity field due to thinning of the therntmlundary layer see Figure
10a, b respectively.
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Figure 9: Effect of thermal-diffusion parameter on temperatiield whens =1 t = 0.5 Sc=0.22 /=1 ands =1
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Figure 10: Effect of heat source parameter on temperatuté figenD, =0.02,t =0.5,5=0.22 ,/7=1 ande =1

Figure 11and 12 shows the description profilesskin friction for different values ofS ariE)f for fixedhlues of other
constants. Figure 11a, b reflect that, for smallies ofthermal-diffusion parameted < Df <0.2 the skin frictincreases
and later decreases for higher vaIuesDJff >0.2 . Itter@sting to emphasize that the numerical valuee gkin friction is
lower for injection(/\ >0) whens increases and ascendaoatpvhere values oIDf > 0.5 see Figure 1la.Incase of
suction (/] < O) acting aty =1 the skin friction increases witicrease in heat sourt(s) for small values of
0< D, <0.1while the contrast is the case for higher valuedXf>0.1. Furthermore, in Figure 12a, b the skin friction
is plot against heat source for varying values tadrinal-diffusion paramete(’Df) when other parametees ratain

constant. It is observed from Figure 12a that skiotion tend to increase as the values f incredse O to 0.€ and
subsequently takes the reverse case $o» 0.€ . In additicreasinng suffered the values of skin frictifan

0 < £<0.€and enhances skin friction fd).€ << <1 as illustrated. Figigure 12b it is narrated skin friction decrease
at interval 0 < < 0.€ and rises with higher values D‘f .dtimteresting to mention that skin friction magesfifor

higher values oD, and).€<<<1 respectively.
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Skin-friction againstS aty =1

Figures 13 and 14also delineate influence of thediffusion and heat source on Nusseltnumber (cdtbeat transfer) at

plates y =

holds back asS increases due to injecﬁoh: 0.5)

1 . In Figures 13a and bNusselt number qtigétg increase with big values de . However Nusselimber

and loiloh case of sucti((rﬂ - 0.5)

Nusselt number is plotted against heat sourcégaré 14a, b. From Figure 14a and b as heat s@an@ameter increases the

values of Nusselt number increases. The Figuresralgrated that the effect dff)f

is to decrease thesbltinumber when

injection (/1 = 0.5) takes place ay =1 and qualitatively takest trontrast due to suctic(ry] - 0.5)

)

1

Nusselt number( Nu
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Figure 14: Nusselt number againsg  at=1

4.0 Conclusion
We studied analytically unsteady laminar incompldssfree-convective hydromagnetic boundary laylewf confined
through a vertical porous channel plates in thesgmmee of constant heat source and thermal-diffusiater slip boundary
condition. The governing boundary layer equatiohthe physical situation are solved employing tlest@bation method.
The results of velocity, temperature, skin frictiand Nusselt number under the influence of the nahtparameters of the
flow problem are narrated on line graphs. We cateliiom these result that

i. Velocity decreases with increase M and SCwhile increases a&r increases

i The values of velocity increases wilD., )y, Swhen A > Oand takes reverse action fdr < 0

iii. Temperature increases withfor A >0and decreases fal <O while increase inS assist temperature

whether suction/injection take place
iv. The effect of small or large values of heat soame thermal-diffusion,influences the values skictifon

V. The values of Nusselt number undergo a change apoint due to heat sou@: 0.2) and thermal-
diffusion( D, = 0.6) for both suction and injection.
5.0 Appendices

:M. e = ()" c = D, (%)’ ;= —GD; _
€F-1" 7 er-e"' 7 eN-et 1 () -APre-s
f. = CZDf - f = Csz
i (Xl)Z‘XMPr—[APHS]' ’ (x2)2+x2/1Pr—[/]Pr+s]
_1-f(e-en)  1-f(e-et)  1-f(e*-e)- (e -e)
gt —g X ’ - g% — g ' - e — g%
A = 1- fs(e_xz —exs)— fz(exl _exs). _ S4e-><s _%(1+ st)
4 = ! ’

e —es (1-yx, )& —(1+yx, ) e
Se -S(1-yx,) . Se*-S(l+yx,)
L+yx)e = (L-yx Je™ 7 (1= pxg)ee = (L+yx,)e®

A
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