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Abstract

In this paper, we consider hydromagnetic convective flow of an electrically conducting visco-elastic
fluid through a rotating porous channel taking hall current into account. The governing equations are framed
using Brinkman model. The exact solutions of the velocity and the temperature distributions are evaluated
analytically using Laplace transform technique and which consist of the both steady and transient states.
Thought is centered on the physical character of the solutions, and the construction of the various kinds of
boundary layers outward appearance on the plates. The ultimate steady state velocity and temperature
distributions are numerically discussed for various values of the flow parameters. The shear stresses and the
Nusselt number are tabulated and discussed.

Key words: Convective flows, heat source, heat transfer, porous medium, rotating channels and
unsteady state flows

Nomenclature

u  dimensionless axial velocity component

v dimensionless transverse velocity component
p  the density of the fluid,

M. themagnetic permeability,

v the coefficient of kinematic viscosity,

k  thepermeability of the medium,

H  theapplied magneticfield,

the normal stress modulus,

non- dimensional time,
the characteristic temperature,
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R

the dimensional heat source parameter,
acceleration due to gravity,

the coefficient of volume expansion,
the strength of the heat source

the specific heat at constant pressure
the velocity vector,

the electric field,

the current density vector,

the cyclotron frequency,

the electron collision time,

the fluid conductivity.

the electron charge and

the electron pressure.

the gradient of the temperature along x direction
the gradient of the temperature along y direction
the Heaviside’s unit step function

the Hartmann number (Magnetic field parameter),
the Ekman number,

hall paramter

the second grade fluid parameter,

the inverse Darcy Parameter,

thePrandtl number,

the Heat source Parameter,

the Pressure gradient Parameter,
theGrashof number,

the Grashof number along x direction
the Grashof number along y direction
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1. Introduction

The hydromagnetic rotating flow of non-Newtonian fluids between parallel plates has important
applications in magnetohydrodynamic (MHD) power generators and pumps, accelerators ... etc. The flow
through porous medium is very important particularly in the fields of agricultural engineering and technology
for irrigation processes, especially in petroleum industry to study petroleum extraction process and transport,
also in chemical engineering and technology for filtration and purification processes. A succession of explorations

made by Raptis et al.%*% 3 into the study of two-dimensional flow through porous medium past an infinite
vertical wall. Many authors*® discussed an oscillatory three-dimensional flow through a porous medium. The
MHD flow through a duct/planar channels has also been studied by various researchers'®®, Ganapathy*’
gave an alternative solution to the previous problem. Mazumder et al.,'® analyzed the Hall effects on combined
free and forced convection hydromagnetic flow through a channel. Singh™® studied MHD effects on oscillatory
flow between two parallel flat plates when the entire system rotates about an axis normal to the planes of the
plates. Hartman and Lazarus® studied also the MHD effects on the flow of Newtonian fluid between two
infinite parallel plates. The Hall current is important and it has a marked effect on the magnitude and direction of
the current density and consequently on the magnetic force. Debnath et al.?! have studied the effects of Hall
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current on unsteady hydro magnetic flow past a porous plate in a rotating fluid system. Rao and Krishna?*?
studied combined effects on the non-torsionally generated unsteady hydro magnetic flow in semi-infinite
expansion of an electrically conducting viscous rotating fluid. Krishna and Suneetha?*2% discussed the Hall
current effects on unsteady flow of Newtonian fluid between two rigid non-conducting rotating plates. Recently,
Hall effects on an unsteady MHD flow of a viscous incompressible electrically conducting fluid in a horizontal
porous channel with variable pressure gradient in a rotating system have discussed by Sanatan Das and

Rabindranath Jana®. The industrial applications include many transport processes where the simultaneous
heat and mass transfer occurs as a result of combined buoyancy effects of thermal diffusion and diffusion of
chemical species. Few attempts in this direction are made by Singh?’, Narahari®, Narahari and Nayan [29],
Narahari and Ishak®, Chaudhary and Jain®!, Das et al.®2, Soundalgekar et al.*®, and Muthucumaraswamy et
al.>* 3 significant concern has been originated in the study of magnetic field and the electrically conducting
fluids flow, while medium is porous. The unsteady free convection fluid flows past porous infinite plate are
investigated by Toki and Tokis®’. The chemical reaction on an electrically conducting fluid through a porous
medium with slip effects have presented by Senapati et al.%®. MHD free convection flow of an incompressible
viscous fluid near an oscillating plate embedded in a porous medium has been presented by Khan et al..
Therefore, many researchers have studied free convection flow past a vertical plate with thermal radiation®42,
Recently, Krishna and Prakash® discussed the hall current effects on Unsteady MHD flow in a Rotating parallel

plate channel bounded by Porous bed on the Lower half. The effects of radiation and hall current on MHD free
convection three dimensional flow in a vertical channel filled with a porous medium has been studied by
Krishna and Basha*. Krishna® discussed the unsteady flow of an incompressible electrically conducting
viscous fluid in a rotating porous media, with a variable pressure gradient and in the presence of hall current. In
this paper, we have considered hall effects on the hydromagnetic convective flow of an electrically conducting
visco-elastic fluid through a rotating porous channel using Brinkman model.

2. Formulation and solution of the problem:

We have considered the unsteady hydromagnetic convective flow of an electrically conducting visco-
elastic fluid through porous medium two parallel non conducting plates under a uniform transverse magnetic
field Ho taking hall current into account. At initial stage, both the plates and the fluid rotate with the same
angular velocity O . At t > 0, the fluid obsessed by a invariable pressure gradient parallel to the plate and in
addition the lower plate performs non-torsional oscillation in its individual plane. We promoted the plates are
cooled or heated by a unvarying temperature gradient in same direction parallel to the plane at the plates. The
physical configuration of the problem is as shown in Figure. 1.

YA A0
|
TO z=1 R
- Figure. 1 Physical configuration
Flow of Visco-elastic fluid of the Problem
P due to Hall current effects
0 T 7=0 x
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We choose a Cartesian co-ordinate system O(X, Y, z) such that the platesareat z =pandz =1.The
boundary layer equation of motion are given by

2
a—u—ZQ £@+va—g+a1 azu +u,J HO—Ku (1)
ot p Ox Oz p 0z°0t Y k

ov 10p 0%V a, 0% v

—+2Qu=—-="% L — o Hy —=—
ot P Gy-ﬂ}@z2 " p 0z°0t Hexo kV @
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—;l—g(l BT ~T,))=0 )
The energy equation is
0 0 Q
u—+v— |(T =T, o T-1,)+——(T -T,

(8'[ ox ayj( ) 1 ZZ( o) D( o) (4)

Since the plates extends to infinity along x and y directions, all the physical quantities except the
pressure depend on z and t alone. When the potency of the magnetic field is very hefty, the generalized Ohm’s
law is tailored to include the Hall current, so that

W, T, B 1
J+B—OJxB_a(E+VxB+ane) 5)
In equation (5) the electron pressure gradient, the ion-slip and thermo-electric effects are ignored and
also the electric field E=0 under these assumptions trim downs to
J,+mJ, =oByv (6)
J,+mJ, =—0Byu )
Where, M = w,7, isthehall parameter.
On solving equations (6) and (2), we obtain

oB
J = 1+r:12 (v+mu) ®@)
oB
J, =—2-(mv-u
y 1+ m2 ( ) (9)
Substituting the equation (8) and (9) in the equations (1) and (2), we obtain,
1 2 2H2
a—u—2.(2v=——@+ 8u+a1 82u +— 2Tl (mv—u)—Ku 10
ot pox &’ poartet p(1+m?) k (10)
2 3 2192
N ooou--1®, aV+O‘1 82 ou,H, (v+mu)—zv 11
pody ¢ p oot p(1+m2) k (11)
Combining equations (10) and (11), let g=u + iv and therefore we obtain
2 3 2 2
6_q+2qu:_£6_p+V6 q+051 82q + GyeHO q—zq (12)
ot poE oz poztet p(l-im) o Kk

Integrating (3) we get,
%=—92+ﬂgfﬁ ~Ty)dz+(EEH )

Where, & = x—iy, & = x+1iy
We use (3) in equation (12) and obtain,
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ol aq .. 0’q a, 9%q oulHZz v 0
|~ +2A02q-v—_— -+ =0t —|q [=-289—(T-T
az[at+ v  paim) i) TR (T (13)

For the completeness of equation (2.13) we assume that
T-T,=(Ax+By)H (t)+6,(z.t)
Where, 6,(z,t) is an arbitrary function of z and t, taking T, + AXx + By + 6,, as the dimensional
temperature of the lower and upper plates, respectively, for t > 0, we obtain the equation.

0 .. o’ a 0° outH: v _
—+202-v— -2 +—=2 0 4+ |g= A+iB)zH(t)+D
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The initial and boundary conditions are

q(z,t)=ae" +be ™ atz=0 (15)
q(z,t)=0 atz=]¥t<0 and ¥z (16)
q(z,t)=0 atz=0V t<0and Vz (17)
3 p—
Q(Z,t)z ﬂgl (91‘(/‘;2 01(1)1) :00 at Z :I (18)
Introducing the non-dimensional variables are,
Loz oqlo. tv o owl? o pglte,-0,m)
Z :—,q :—,t :—2, :—’0 = >
I % I 1% %

Using the non-dimensionalization process, the unsteady governing equations reduces to (dropping
asterisks),

62q 63q M? el -2 aq
—+S - +2IE~+D ——=06GrzH(t)+R
a2 oot (1-im T (t) (19)
2
ng—ae—Pr[ite+(Grlu +Gr2v)H(t)]:0 (20)
Where,
2 _ ot Hl” - .
M ® =——=—— s the Hartmann number (Magnetic field parameter), E = 5 s the Ekman
oV al
a, . . . . 2 |2 . . ,UC .
number, S = —Ilzlsthewsco-elastlc fluid parameter, D =? is the inverse Darcy Parameter, P =—" is
p 1
I 2 3
the Prandtl number, o = Q—is the Heat source Parameter, R =| —— |D isthe Pressure gradient Parameter,
3
1%
1

Gr= Grl + iGr2 is the Grashof number, The corresponding initial and boundary conditions are

q(z,t)=ae" +be ™" atz=0 1)
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q(z,t)=0 atz=1¥1<0, ¥z (22)
0(z,t)=0 atz=0¥r<0, ¥z (23)
I* (6,0, -6
H(Z,t):ﬂg (1:)22 10)1):90at2:1 (24)
Taking Laplace transforms in the equations (19) and (20), we obtain
d?q M* ) 1
1+SS)——| s+ +2IE7+D =GrzH({t)+R -
(1+5) g2 { 1-im ] O+R @)
d’o -
i —(sPr+a)0 —Pr(Gru+Gryv)H(t)=0 (26)
Relavant transformed boundary conditions,
q(z,s)=——+ b. atz=0 @7)
S—lo S+lw
G(Z,S)zo at z=1 (28)
G(Z,S)zo at z=0 (29)
_ I° (6,0, -6,
9(2,5):ﬁg ( 16022 1a)1):00 at z=1 (30)

A\ %
We evaluated the constants involved in the transformed variables and the transformed velocity and

temperature are given by

= a b R Grz
q= —t+t—+ >+ 5 [cosh 4,z +
S—iow S+io S(L+sS)A°  (@+SS)A
a b R Grz cosh 4, R
- —t— + : + _
s—iw s+iw s+sS)A}  (1+SS)A? |sinhA,  s(L+5S)A’sinh A,
+ cr sinh A,z — R __on
(1+S)A2sinh 4, sA+59)A7  (L+5S)A2 GL)
5:—PrZGrcoshﬂzz+ .00 +PrzGr C(.)shAZ_PrzGr . 1 sinhA?z+PrZGr @
;8 sinhA, A;s sinh4, A;s sinhi, A,
2
S+ ——+2iE'+D”
Where, 2 - 1=im and 25 =Prs+a
1+5sS

We are taking inverse Laplace transforms (Bromwich contour integral formula) in the equations (31)
and (32). Therefore we obtained the expressions for the velocity and temperature. The dimensional shear

stresses Ty and Ty are obtained at the lower and upper plates. The rate of heat transfer coefficient (Nusselt
number) on the plates isalso obtained.
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3. Results and Discussions

We have considered hydromagnetic convective flow of an electrically conducting visco-elastic fluid
through a porous medium in a rotating parallel plate channel taking hall current into account. The governing
equations are framed using Brinkman model. The exact solutions of the velocity and the temperature distributions
are evaluated analytically using Laplace transform technique. The analytical solution consists of the both
steady and transient states. The quasi-steady parts of the velocity and temperature representing the ultimate
flow have been computed numerically for different sets of governing parameters namely viz. The Hartmann
parameter M, the inverse Darcy parameter D, the Ekman number E, the hall parameter m, S visco-elastic fluid
parameter, Grashof number Gr, the frequency of oscillation o, Prandtl number Pr and Heat source parameter ¢,
and their profiles are plotted in Figures (1-10) for the oscillating lower plate and for plates are in rest respectively.
For computational purpose we have assumed Gr to be real so that the applied pressure gradient in the
y-direction is zero and Gr is positive or negative according as the plates are heated or cooled along the direction
of the x-axis (non-zero pressure gradient R = 10), also Prandtl number Pr is chosen to be Pr=0.7L,a=1,b=1,z=0.5.
Since the thermal buoyancy balances the vertical pressure gradient in the absence of any other applied force in
the direction of rotation, the flow takes place in planes parallel to the boundary plates. However the flow is three
dimensional and all the perturbed variables have been obtained using boundary layer type equations, which
reduce to two coupled partial differential equations for a complex velocity and the real temperature. Figures (1-
7) correspond to profiles for the velocity components u and v, Figures (8-10) correspond to profiles for
temperature when one of the plates (lower) is oscillating with given amplitude and other is at rest. Tables (1-2)
represent the shear stresses at the stationary and oscillatory plates while table (3) signify the rate of heat

transfer at both the plates.
I : I 1!=I1,1.52,25I ‘
A A A ATRAR A

Figure 1. The velocity profiles for u and v against E
M=1m=1D"=50,S=10=x/4,Gr=2

T T
M=1,15,2,25

T
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Figure 2. The velocity profiles for u and v against M
E=1m=1D"=50,S=1l0=x/4,Gr=2
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From the Figures (1-7) that the velocity plots are parabolic in nature. The magnitudes of the velocity
components u enhance and v diminish throughout the fluid region with increasing Ekman number E or visco-
elastic fluid parameter S or Hall parameter m being the parameters fixed (Fig 1, 4-5). The resultant velocity is also
increases with increasing E, S and m. Both the velocity components u and v experiences retardation with
increasing the intensity of the magnetic field (Hartmann number M). The application of the transverse magnetic
field plays the important role of a resistive type force (Lorentz force) similar to drag force (that acts in the
opposite direction of the fluid motion) which tends to resist the flow thereby decreasing its velocity (Fig 2).
Likewise, same nature is observed for the resultant velocity with increasing Hartmann number M. It is also
noted from the Fig. 3 the magnitude of the velocity component u diminish throughout the fluid region and the
behaviour of the velocity component v remains the same with increasing the inverse Darcy parameter DL, We
observe that lower the permeability of the porous medium lesser the fluid speed in the entire fluid region. The
resultant velocity is also trim downs throughout the fluid reglon

D = 50,100, 1on,m

D" 1—snmmm

Figure 3. The velocity profiles for u and v against D
E l,m 1M 1S l,a) 7r/4Gr 2

02 $=1,152,25

Figure 4. The velocity profiles for u and v against S
E=1m=1D"=50,M =l,wo=n/4,Gr=2

T
m=1234

\/\/\/\/\__\/\__ :: XQ

=
3

03 >

02 m=1234
-0

01F i -004f

Figure 5. The velocity profiles for u and v against m
E=1,M=1,D"=50,S=1Lo=7/4,Gr=2
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Figure 6. The velocity profiles for u and v against Gr
E=1m=1,D"=50,S=lLo=7/4M =1

Figure 7. The velocity profiles for u and v against
E=1m=1D"=50,S=1,M =1,Gr =2

An increase in Grashof number leads to raise both the primary velocity u and the secondary velocity
v as shown in Fig (6). This is because; increase in Grashof number Gr means more heating and less density. The
resultant velocity is also boost up throughout the fluid region. From the figure (7) depicts the magnitude of the
velocity component u oscillates in the entire fluid region where as the velocity component v diminishes with
increasing the frequency of oscillation w. The resultant velocity is also reduces throughout the fluid region «.

(X
0.6|
0

04|

02

00|

Figure 8. The Temperature Figure 9. The Temperature Figure 10. The Temperature
Profiles for with M, S, and D Profiles for with Pr, m, and Profiles for with E, and Gr
E=1m=1Gr=2a=5Pr=07lo=r/4, E=1D"'=250,S=1M=1Gr=20=5  pr=071m=1D"=250,S=1M =1 0=1/4

Itis evident from the Fig (8-9), the fluid temperature increases with an increase in Hartmann number M,
visco-elastic fluid parameter S, the inverse Darcy parameter D%, Prandtl number Pr, Hall parameter m and the
frequency of oscillation . The temperature reduces with increasing Ekman number E, Heat source parameter o
and Grashof number Gr.

The shear stresses (7 & 7y) and Nusselt number (Nu) are calculated computationally at the stationary
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and oscillatory plates and tabulated on the tables (1-3). At the stationary plate, the magnitude of the stresses 7y
and 7, enhances with increasing Ekman number E, hall parameter m and the frequency of oscillation «. The
reversal behavior is observed for increasing Grashof number Gr. The stresses 7y reduce and 7 increase in
magnitude with increasing Hartmann number M or D}, whereas stresses 7y increases and 7y decreases with
increasing visco-elastic fluid parameter S (Table 1). At the oscillatory plate, the magnitude of the stresses 7y and
7y enhances with increasing E, Dand S. The stresses 7 reduce and 7y increase in magnitude with increasing

M or Gr. The reversal behavior is observed for increasing m or o (Table 2).

Table 1: The Shear stress (&) on the stationary plate (upper plate)

E M D* S m a ® Ty Ty
1 2 100 1 1 5 w=rl4 | 2524521 -4.366785
15 2 100 1 1 5 w=rl4 | 2634870 -4.988857
2 2 100 1 1 5 w=nl4 | 2.859665 -5.458785
1 3 100 1 1 5 w=rld | 2422784 -8.457963
1 5 100 1 1 5 w=xl4 | 2.002956 -10.58784
1 2 200 1 1 5 w=rl4 | 2144478 -5.478985
1 2 300 1 1 5 w=rl4 | 1520415 -7.458145
1 2 100 2 1 5 w=rl4 | 2.855658 -3.221632
1 2 100 3 1 5 w=rl4 | 3.554985 -2.744012
1 2 100 1 2 5 w=nl4 | 4.255562 -5.141632
1 2 100 1 3 5 w=nl4 | 6.477478 -6.571456
1 2 100 1 1 10 | w=xn/4 | 1545895 -2.448874
1 2 100 1 1 15 | w=x/4 | 0378985 -1.855695
1 2 100 1 1 5 w=rl3 | 6.665785 -7.145012
1 2 100 1 1 5 w=mxl2 | 8.788785 -9.558015
Table 2: The Shear stress (and ) on the oscillatory plate (Lower plate)
E M D™ S m €} ® Ty Ty
1 2 100 1 1 5 w=ml4 | 0.684748 -0.082898
15 2 100 1 1 5 w=rl4 | 0.817895 -0.095895
2 2 100 1 1 5 w=ml4 | 0.985522 -0.245985
1 3 100 1 1 5 w=ml4 | 0547985 -0.098635
1 5 100 1 1 5 w=rml4 | 0.3669655 -0.154256
1 2 200 1 1 5 w=ml4 | 09456325 -0.088652
1 2 300 1 1 5 w=rl4 | 1255012 -0.097452
1 2 100 2 1 5 w=ml4 | 1547022 -0.214652
1 2 100 3 1 5 w=ml4 | 2544784 -0.874415
1 2 100 1 2 5 w=rl4 | 1.244996 -0.068632
1 2 100 1 3 5 w=rl4 | 1.869985 -0.024522
1 2 100 1 1 10 | w=xn/4 | 0.455859 -0.145636
1 2 100 1 1 15 | w=x/4 | 0211562 -0.524566
1 2 100 1 1 5 w=r/3 | 0.714635 -0.065854
1 2 100 1 1 5 w=n/2 | 0914744 -0.032523
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The magnitudes of the rate heat transfer Nu enhance with increasing Ekman number E, inverse Darcy

parameter D%, hall parameter m, Grashof number Gr, the frequency of oscillation @ and Prandtl number Pr at
either plates. The Nusselt number increases at stationary plate and reduces at oscillatory plate with increasing
second grade fluid parameter S, where as reversal trend observed with increasing the intensity of the magnetic
field M or Heat source parameter ¢¢ (Table 3).

Table 3: The Rate of Heat transfer (Nusselt number) at stationary plate and oscillatory plate

E | M D1 S m Gr 10} a | Pr Stationary | Oscillatory
plate plate
1 2 100 1 1 5 w=rl4 5 1071 1.588655 3452658
15 2 100 1 1 5 w=nl4 5 1071 2.554522 5.647855
2 2 100 1 1 5 w=nl4 5 1071 3.221987 6.958985
1 3 100 1 1 5 w=rl4 5 1071 1.255456 4.899565
1 5 100 1 1 5 w=rl4 51071 0.855141 6.454774
1 2 200 1 1 5 w=rl4 51071 2.85556 2457625
1 2 300 1 1 5 w=rl4 5 1071 3.988652 2.011652
1 2 100 2 1 5 w=rl4 51071 1.885462 2.855488
1 2 100 3 1 5 w=rl4 51071 2.155562 2.255962
1 2 100 1 2 5 w=rl4 51071 5.788874 7.899522
1 2 100 1 3 5 w=rl4 51071 8.966585 11.25562
1 2 100 1 1 10 w=rl4 51071 5.785854 9.855985
1 2 100 1 1 15 w=rl4 51071 8477854 15.444551
1 2 100 1 1 5 w=rl3 51071 1.988985 5.669825
1 2 100 1 1 5 w=nl2 5 1071 2.688905 8.019855
1 2 100 1 1 5 w=rl4 8 | 071 1.255652 8.744895
1 2 100 1 1 5 w=rl4 10 | 0.71 0.007147 13.66323
1 2 100 1 1 5 w=rl4 5 7 2.855696 8.255648

4. Conclusions

We have discussed an initial vale investigation of hydro magnetic convection flow of a viscous

electrically conducting second grade fluid through a porous medium in a rotating parallel plate channel in the
presence of a temperature dependent heat source. The conclusions are made as the following.

1

gk~ N

The resultant velocity is increases with increasing E, S, Gr and m.

The resultant velocity is also reduces throughout the fluid region with increasing M, D™ w.

The fluid temperature increases with an increase in M, S, D, Pr, mand a.

The temperature reduces with increasing E, o¢ and Gr.

The magnitude of the both stresses enhances with increasing E, m and o, also reduces for increasing Gr at
the stationary plate.

The magnitude of the both stresses enhances with increasing E, D and S at the oscillatory plate. The
stresses reduce in magnitude with increasing M, Gr,mor @.

The magnitudes of the rate heat transfer (Nu) enhance with increasing E, D}, m, Gr, @ and Pr at either plates.
Nu increases at stationary plate and reduces at oscillatory plate with increasing S, where as reversal trend
observed with increasing M or .
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