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ABSTRACT

An exact solution of the flow of heat and viscolsd on a porous plate by using perturbation is
obtained for the conjugate problem of an electiycalonducting fluid in the presence of strong
magnetic field by introducing the Hall currents.eTtuid half-space is considered to be porous. ¢arg
time solution and effects of porous medium are wtised. It was shown that Hall Effect setup an
opposing force which reduces the velocity. Tempgeaaind velocity distributions have been obtained
and the effect of various values of nondimensigigisical parameters on streamline patterns and skin
friction coefficient and Nusselt number are preedrand discussed.

KEYWORDS: Stokes problem, Porous medium, Hall affe¢leat transfer, Electrically conducting
fluid.
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INTRODUCTION

Hall effect is commonly used in distributors fomigion timing (and in some types of crank and caafish
position sensors for injection pulse timing, speshsing, etc.) the Hall effect sensor is used alirect
replacement for the mechanical breaker points useghrlier automotive applications in Automotiveniiipn
and fuel injection. Fluid dynamics and heat trangfcess associated with cooling of an accelayafiat
surface has considerable practical importance exgubout by Crane [1], Chakraborty and Gupta §2id Dutta
and Gupta [3].

Newton introduced the concept of “lack of slippessiewhich is important quantity that we call visitps
Navier, in 1827 [4], derived the Navier-Stokes dguabut he did not attach much physical signifimano
viscosity. Stokes gave the correct form to the triive equation that we call a Newtonian fluidokes’ first
problem, also known as Rayleigh’s problem [5], walved by Stokes in 1851 [6]. The unsteady flowbfem
studies the diffusion of vorticity in a half spafiked with a Newtonian, incompressible fluid whighoves
when an infinite plate starts a constant veloctyafiel to itself (in its own plane) from rest pi@n. Stokes
second problem [6] also defines the same geomgtgpe the case that the infinite plate starts taiwhs with

u, cosat -

In recent years the theoretical study of magnetadgghamics (MHD) channel flows has been a subjegteat
interest due to its widespread applications inghéag cooling systems with liquid metals, petroleundustry,
purification of crude oil, polymer technology, cefugal separation of matter from fluid, MHD gengmes,
pumps, accelerators and flow meters [5, 7]. Unfaataly, the results of these investigations catweoapplied
to the flow of ionized gases. In an ionized gasnetike density is low and/or the magnetic fielgasy strong,
the conductivity normal to the magnetic field islueed due to the free spiraling of electrons and &bout the
magnetic lines of force before severing collisioalso, a current is induced in a direction norngaboth the
electric and magnetic fields. The phenomena, wativkn in the literature, are called the Hall Effggt 8, 9].
The study of magnetohydrodynamic flows with Hallrremts has important engineering applications in
problems of magnetohydrodynamic generators and dill Haccelerators as well as in flight
magnetohydrodynamics.
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NOMENCLATURE
A Rivlin-Ericksen tenst Co specific hee
B magnetic field Q, Heat source/Sink parameter
B, applied magnetic fie o nabla/del operat
E electric field current i=-1 complex identity
€ electron charge Greek letters

grad | gradient operat plate acceleration parame

current densit
K constant permeabili

dynamic viscosit
magnetic permeabili

MHD parameter kinematic viscosity

bc$th

y number density of electrons fluid density
p scalar pressu ag electrical conductivit
pe electron pressu T electron collision tim
e
t Time T ions collision timu
i
-[ Cauchy stress tens ¢ porosity paramet
u, main stream velocity/free stream ¢ Hall parameter
u, v velocity components G cyclotron frequency of ions
v velocity vector @ cyclotron frequency of electrons
Q oscillating frequency

v suction/blowing velocity

X,y coordinate axi

The study of magnetohydrodynamic flows with Hallrremts has important engineering applications in
problems of magnetohydrodynamic generators and dill Haccelerators as well as in flight
magnetohydrodynamics. Effects of Hall current aedthtransfer on flow due to a pull of eccentricatioly
disks was investigated by Asghetr al[10]. They reported that when the magnetic Reysialdmber is very
small, the flow pattern with Hall effects is remabky similar to that for non-conducting flow. Of use, the
assumption of very small magnetic Reynolds numb#rbe valid for flow of liquid metals or slightlyonized
gas. Guriaet.al.[11] present an exact solution of the unsteadydmégnetic flow due to non-coaxial rotations
of a porous disk and a fluid at infinity is takibgll currents into account. An analytical solutiminthe problem

is obtained for small and large times after thetdig the Laplace transform method. It is foundt theet small
values of time there is no inertial oscillation Wehfor large time the steady state is reached tirdunertial
oscillations. The frequency of these oscillatioiistfincreases reaches a maximum and then decreases
increase in Hall parameter. Mohammadedzal [12] presents the study of momentum charactesisti a
MHDviscous flow over a stretching sheet. The anedytmethod called Differential Transformation Meth
(DTM) powered by the Pade’ approximation is wasligppto solve the nonlinear equation derived froralM
viscous flow over a stretching sheet, The obtaineslilts approve its efficiencies and capabilitiesite
numerical solutions achieve.

Hall Effect devices when appropriately packagedmmaune to dust, dirt, mud, and water. These chearatics
make Hall Effect devices better for position segdiman alternative means such as optical and
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electromechanical sensing. Hall Effect sensors bewsed in various sensors such as rotating speEeEbdrs
(bicycle wheels, gear-teeth, automotive speedomsiesdectronic ignition systems), fluid flow sensacarrent
sensors, and pressure sensors. Common applicatiensften found where a robust and contactlessisvait
potentiometer is required. These include: ele@nisoft guns, triggers of electropneumatic pairitgahs, go-
cart speed controls, smart phones, and some gbolséloning systems.

The present investigation aims at obtaining théysical solution of coupled heat and mass transtgrations in
the half-space of the Stokes’ problem with a poruai§ space of constant permeabilit ¥ 0) and porosity ¢

>0) and discussed the influence of Hall currentténMHD flow. The infinite plate &g = O starts oscillations

with the velocit)UWe(Bl_I ok , fort > 0. Darcy’s law was used to incorporate the eff@ftpores on the velocity
field [13].

Formulation of the basic equations

Consider the unsteady flow of an incompressibleaus fluid past an accelerating vertical porouseplaet the
x-axis be directed upward along the plate andytais normal to the plate. Let andv be the velocity
components along the andy- axes respectively. Let us assume that the ptasedelerating with a velocity

uwe(ﬁl""’)t in its own plane. The MHD equations governing thestaady flow of an incompressible fluid
together with Brinkman's empirical modificationdércy's law are

DV o=o (2.1)
p@t/+(v DD)\/):—Dp+DTC+J OB (2.2)
O0mB=000B=y,J,00E=0 (2.3)
pcp(%-[+(v [uj)r):auzn(T—Tm)Qo (2.4)

Making reference to Cowling [14], when the strengtlthe magnetic field is very large, the genesdiDhm's
law is modified to include the Hall current so that

3+%e (3 DB):U[E+V DB+leeJ (2.5)
B en,

0

The ion-slip and thermoelectric effects are notuded in (2.5). Further, it is assumegr, = O(1) and ¢z, <<1,

where Gand 7; are the cyclotron frequency and collision time ifams respectively. Under these assumptions
Eq. (2.5) with the help of equations (2.3) and YB&comes [15]
jop=-9B+ig) (2.6)
1+¢#

We have also assumed that the flow is confifys 0) in a porous medium with constant permeabikt{s 0)
and porosityp (¢ > 0) [10]
[p:—%jv 2.7)

In equation (2.2)r_ = uA, (in which Ais the first Rivlin-Ericksen tensorpis defined by
A=L+L" L =0v (2.8)

where,. is the gradient of velocity field and' is the transpose of the gradient of velocity fie@n
substituting equations (2.6) — (2.8), we have

SEDInst© 2013. All rights reserved
This work by SEDInst is licensed under a Creatieen@ions Attribution 3.0 Unported License
974



Advances in Agriculture, Sciences and Engineering &earch: Volume 3 (7) July: 972 - 983, 2013

p@t’ (vunyj o - °¢V+g,8(T 1) (2.9

On disregarding the Joulean heat dissipation, thdary conditions are given by
u=0 T=T_,, forall y,t<0
u=yehid v=—y T=T, +&A y=01t>0 (2.10)
u=0T=T_, asy - o, t>0

We consider the fluid lying in the upper half spptane. Thex — axis is taken along the flow direction ayet
axis perpendicular to it: such that there is siamgbus suction/blowing at the boundgry 0. In fact, it follows
from the continuity equation (2.1) that

N_g (2.11)

which implies V=-v, = const
so that the velocity field takes the form

=(uy.thv,) (2.12)
Let us introduce the non-dimensional variables
2 -
:i,[':tvi‘”,y': yv‘”'H:iT T°° (213)
u, 17} T, T,

where all the physical variables have their ususdmnmngs.
I

With the help of (2.4), (2.9), (2.11), (2.12) ar&d1(3), on dropping primes { the governing equations with the
boundary conditions (2.10) reduce to

2 2
Qu_ou_0u [, M” 1 Gre
ot ay oy’ 1-ig
(2.14)
2
P 99991970 b pg (2.15)
ot ody ay?
u=0, =0, forall y,t<0
u= e(ﬁl-iw)t, =1+ Ee(ﬁl—iw)t Ly = 0,t>0 (2.16)

Uu- 06 0asy - o, t>0

Where the parameters are as defined below:

Grr— ( T)V Pr-— /3_ Q”U A:ﬂ

w

wherePr, Grt,; , S andw are Prandtl number, Grashof number for heat tranBferosity parameter, heat
generation/absorption and Hartmann's number resfedgt

Method of Solution
To solve the problem posed in equations (2.14).17)2 we seek a perturbation series expansioneiirthit of

£ for our dependent variables. This is justifiectsinis small. Thus we write
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U(Y,) =ty () + 857 Uy (y) +o(e*)+ . 3.)
B(y.t)=6, (y)+& " g (y)+0(% )+ ...

The use of perturbation technique therefore haadwantage over Fourier transform methodgg) and y (y)

is zero for; » , that is, the actual solutions are as stated irataou (3.1). So for the problem addressed here,
perturbation approximate solutions do provide adégjanswers.

Substituting equations (2.14) and (2.17) and theression for the stream into equations (3.1), engahe

harmonic and non — harmonic terms and neglectiag-tiefficient of?, we obtain the equations governing the
steady state motion and the equations governingahsient.

d’,  _ dé,
—2+Pr—2-Pr$36,=0
ay? dy B6, (3.2)

6,0)=1, G,(y) -0 asy -

2 2
d'u, +du°—( M +/l]u0:—Grr¢9O

dy* dy |1-ig (3.3)
Uy (y):e(ﬁl_iw)[ aty=0, u,(y) -0 asy- o
and
d%6, _ dé, ,
+Pr—2-PB- B, +iw)8,=0
6,(y)=e4"“" aty=0, 6,(y) ~0 asy -
d?u, duy ( M? _
+—- +A+3 - =-Grré
dy?  dy (1—i(o A 'w)ul 7% (3.5)

These sets of equations are now solved analytiéadlthe velocity and the temperature fields. Tokitgons of
equations (3.2) — (3.5) are

G, (y)=e™, u(y)=a,e™+ae™

(3.6)

g (y)=e™, u(y)=age™ +ae™

where
1 .

n=2prepr-apig) n1=2(Pr+\/Pr2— 4Pr(/3'—ﬁl+lw)):

m:;[“ 1“{)' +1'\fi2¢]]’ ml:;[“\/“{Mlhfizfﬁl_iw]}
with a,=dA 5 g =-a,

_ -Grt _ -Grt
a, = — a,= - ,
nz—n—[/l+ M, ] nlz—nl—[)l+ M, +,81—ia)]
1-ig 1-ig@
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The functions UO(Y) and 50()/) are the mean velocity and the mean temperatures fiespectively; and
ul(y) andg, (y) are, respectively, the velocity oscillatory partahe temperature oscillatory part fields.

Now substituting equations (3.8) into equation Y3.ve obtain the required expressions for velocity,
temperature and magnetic induction;
O(y,t)=e™ + gelfii@ltgny (3.7)

u(yt)= a,e™ + ae™ +gelh 1k (ae™ + a0 ) (3-8)
The graphical representations of equations (3.@)(a8r8) are presented and analyse in section Hiofork.

The parameters of engineering interest for thegmtegroblem are the local skin-friction coeffici(ﬂg} and the
local Nusselt numbe(Nu) which are defined respectively by the followingeessions:

Skin-FrictionWe now study skin-friction from velocity field. i given by

it )

_ du
Ty —;UcTy

C
fpw dy2

y=0

which reduces to
B {OUJ
Ci =|—
0 ),

Therefore from equation (3.8)

¢, =-am-an-&4 "4 (am+an)

Nusselt Numberin non-dimensional form, the rate of heat transfiethe wall is computed from Fourier's law
and is given by

7dy ) 'g,=-K dl
y=0 dy

Nu=

(T, T)

y=0

Therefore from equation (3.7)

Nu=n+a4 n

DISCUSSION OF RESULTS

The solution given in (3.7) and (3.8) are geneadak¢ribing the combined effects of heat generatlsurption,
porosity parameter, MHD parameter, Hall parametegrmal Grashof number and acceleration/deceleratio
and is independent of the form of the steady smiutiFor large times, we must recover the steadg staution.
Indeed when t goes to infinity we have

lim ek {0’ Pr<0O (3.9)

o0, ﬂl >0

to o

thus one can easily obtain from (3.7) and (3.8)
g (y)=e™,
uSS(y) = % e_my + a& e_ny
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wherey (y)and g (y)are the steady state solutions for heat and maassfér. It is found from (3.9) that the
solutions (3.7) and (3.8) are unbounded for aca&tar that is whef is positive(,Bl >0), and remains bounded
or convergent when is negatiyg, <0).

In order to point out the effects of various partereon the flow characteristic, the following cinlesations are
made: To be realistic, the values of Prandtl nunalverchosen to be Pr=0.71 which represents aiPan0.015
for mercury at temperature %5 and one atmospheric pressure. Attention is fetum positive values of the

buoyancy parameters i.e. thermal Grashof nuf@#&r>0(which corresponds to the cooling problem).

The cooling problem is often encountered in engingeapplications; for example in the cooling oéatonic
components and nuclear reactors. The effect ofrthkGrashof number on velocity distribution is simow Fig.

1. It is seen that velocity increases as thermakfof number increases with the highest amplitlmgedo the
plate. Far away from the plate, damping occursthadresences of peaks in the profile indicate retimum

velocity occurs in the body of the fluid close e tsurface. A study of the curves of the Figurédws that the
Grashof number for thermal transfer accelerateseheity of the flow field.

6 - — —Grt=0

u(y) -===Grt= 3.0

4 Grt=5.0
—Grt=8.0

7 9 11 13 15

Grt Fig. 2: Velocity distribution for various values kf

1.6

ﬂlm ]

,.’um:miilllll

/
\Ss;,'/s 7 9 111315 Pef

0.5
07 - beta[1] G 20

Fig. 3: Velocity distribution for various values gf

Fig.4: Velocity distribution for various values gf
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1.3
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-0.7

Fig. 5: Velocity distribution for various values of Fig. 6: Velocity distribution for various values pf
A

Also the effect of MHD parameter (Hartmann numbar)the velocity distribution is shown in Figure\®e
discovered that the maximum amplitude occurs wienHartmann number is minimal. The effect wfon
velocity is seen to stabilise the velocity as theximum velocity only occur at the surface for higkialues of
M.

We show in Figure 3 the velocity distribution foiffdrent values of heat generation and/or absonptive
discovered that increase in heat generation inesede velocity of the flow. Meanwhile for heat atggion, the
velocity decreases as heat absorption increasedie WhFigure 4 we show that velocity increasestlzes
acceleration of the plate increases. Figure 5 ajgul the effect of porosity parameter on the vefoci
distribution. It could be seen that increases irogity reduces the velocity amplitude, thus velpditstribution
decreases as the porosity of the plate increases.

In Figure 6 we show the influence of oscillatioaduency on the velocity profile. It could be selat tvelocity
oscillates alongside whit the plate. Effect of Ritamumber (Pr) on the velocity distribution is plsyed in
Figures 7 and 8. It is observed from both figutes temperature distribution decreases as thedfiraamber
increases. Moreover, we observed that for lowemeslof Prandtl number corresponding to mercury,
temperature distribution is higher which validake tassertion that mercury conduct heat better tihar
species, hence the temperature is highest.

Figures 9 and 10 shows temperature distribution different values of heat generation/absorption and
acceleration respectively. Unlike the case of vigjadistribution, we discovered from Figure 9 tlatrease in
heat generation reduce the temperature of the fid@anwhile for heat absorption, the temperature lance
decreases as heat absorption increases. While gareFil0 we show that temperature increases as the
acceleration of the plate increases with little Amge. In Figure 11, it is shown that Hall paraereincreases

the velocity distribution until a steady state t@med after which little or no difference in thelocity profile is
observed. This is shown in figure 11 by the cluisteof the velocity curves as Hall parameter idisigntly
large.

20
1A
FrlnD
06
0.2 = —
24 8 210121416 1820
F
Fig. 7: Velocity distribution for various values of Fig. 8 Temperature distribution for Prandtl
Prandtl number number against position y
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Fig. 9: Temperature distribution for various values Fig. 10: Temperature distribution for various
of 5 values ofg

__p4o 6 \ 8
1 P \
T T _B:_l \q
—pB=0
0 2 4 6 8 y 10 .-2 - —-—==-p=1
Fig. 11: Velocity distribution for different  Hall Fig. 12: Rate of heat transfer at the wall

Parameter distribution for various values off

Skin — friction and Heat flux.
The non-dimensional skin frictiorC¢ ) and the heat flux in terms of Nusselt numbéu)(are shown in figures

12 — 18 for different values of heat generationdapson, MHD parameter, Hall parameter and ther@ashof
number.

Figure 12 shows the effect of heat source/sinkade of heat transfer at the wall. Comparing theesiin the
figure, we could see that rate of heat transfehatwall increase with heat generation and decregtseheat
sink. In Figure 13, we discovered that for merc(Ry = 0.015), the rate of heat transfer at the vgathinima
compare to other species. In fact, it could be $katrate of heat transfer at the wall increaserasdtl number
increase. It could then be remarked that Nusseithau increase as thermal conductivity reduces.

The effect of Hall parameter on the skin — frictawefficient is as shown in Figure 14. It coulddeen that skin
— friction coefficient increase as Hall parametaréase. Like in the velocity distribution (Figurg), for larger
values of Hall parameter, changesgiras no significant canes in the values of skirictiftm coefficient.

We displayed the effect of Prandtl number on then Skfriction coefficient. It is seen that skin fiction
coefficient increase as thermal conductivity inseaHence Skin — friction coefficient is highest fdercury
(Pr =0.015) and lowest for water (Pr = 7.0). TBk# — friction coefficient reduces as Prandtl ng@mincrease.
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We show the effect of heat source/sink in figure W6like rate of heat transfer at the wall, skirrietion
coefficient reduces with heat generation. Effeétslartmann number and Thermal Grashof number orSkie
— Friction coefficient are shown in Figures 17 d@drespectively. It could be seen from Figure 14t ®kin —
Friction coefficient decrease as Hartmann numberease. Comparing the curves Figure 18, we obsehatd
in the case of heating of the plate (Grt<0), SkiFrietion coefficient decrease as Grt increase\aoel — versa
for cooling of the plate (Grt>0)

10 - — = -Pr=0.015
Pr=0.71

8 - Pr=4.5

" — Pr=7

4 ___—/\

2 -

0 Femmr e
20 2 4 te
Fig. 13:  Distribution of heat transfer rate dia
wall

for different Prandtl number

.40 -

1 2
———Pr=0.015
Pr=0.71
—===Pr=45
—Pr=7

Fig. 15: Skin - Friction distribution at different

values of Prandtl number

Fig. 17: Skin - Friction distribution
at different values Hartmann number

fe— =00 ——¢=1.
0 I====° ©=20 = =-90p=8.0

— 16 - = =32 Y N
o5 O \d os & \q

Fig. 14: Skin — friction distribution for
various values of Hall Parameter

-5 4

-10 -
Fig. 16: Skin - Friction distribution at different
values heat generation/absorption

Fig. 18: Skin - Friction distribution
at different values Grashof number
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Concluding remarks
We have presented an exact solution for the ungteedion of magnetohydrodynamic flow of oscillatiptate
in porous medium in presence of Hall current. Thesent analysis reveals the following conclusions:
e The Hartmann number has a pronounced effect owelweity. With its increase the boundary layer
increases and hence the velocity decreases. Sigfiiants are observed with the porosity parameter.
e Velocity amplitude is decreased with increase inl fharameter and boundary layer thickness is
increased with increase in Hall parameter.
* By increasing the strength of thermal Grashof nurfieéd, the velocity amplitude increaes.
« The amplitude of velocity becomes large in the as#eceleration and becomes smaller in the case of
acceleration.
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