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Influence of Hall Current and Viscous Dissipation on
MHD Convective Heat and Mass Transfer in a Rotating
Porous Channel with Joule Heating
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Abstract In this paper magneto hydrodynamics free-convective fluid flow in a vertical porous channel rotates with a
uniform angular velocity € about the axis normal to the plates in the presence of Hall current, viscous dissipation and Joule
heating is investigated. The flow is subjected to a strong transverse magnetic field. A constant suction and injection is applied
to the two insulating porous plates. The Boussinesq approximation is neglected due to the large temperature differences
between the plate and the ambient fluid. Suitable transformations are used to convert the governing system into dimensionless
nonlinear partial differential equations that are solved numerically. The effects of magnetic parameter, Grashof number,
Eckert number and other involved parameters on the velocity and temperature functions have been studied parametrically. All
parameters involved in the problem affect the flow and thermal distributions. Numerical values of the local, skin-friction and

the local Nusselt numbers for various parametric conditions have been tabulated.
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1. Introduction

Free convection in channel flow has many important
applications in designing ventilating and heating of buildings,
cooling of electronic components of a nuclear reactor, bed
thermal storage, and heat sink in the turbine blades.
Convective flows driven by temperature difference of the
bounding walls of channels are important in industrial
applications. El-Hakiem [1] studied the unsteady MHD
oscillatory flow on free convection radiation through a
porous medium with a vertical infinite surface that absorbs
the fluid with a constant velocity. Jaiswal and Soundalgekar
[2] analyzed the effects of suction with oscillating
temperature on a flow past an infinite porous plate. Singh
et al. [3] studied the unsteady free convective flow in a
porous medium bounded by an infinite vertical porous plate
in the presence of rotation. Pal and Shivakumara [4] studied
the mixed convection heat transfer from a vertical plate in a
porous medium.

Hydro magnetic convection with heat transfer in a rotating
medium has important applications in MHD generators and
accelerators design, geophysics, and nuclear power reactors.
MHD free convection and mass transfer flows in a rotating
system have diverse applications. The effects of Hall
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currents cannot be neglected as the conducting fluid when it
is an ionized gas, and applied field strength is strong then the
electron cyclotron frequency (where, and denote the electron
charge, the applied magnetic field, and mass of an electron,
resp.) exceeds the collision frequency so that the electron
makes cyclotron orbit between the collisions which will
divert in a direction perpendicular to the magnetic and
electric fields directions. Thus, if an electric field is applied
perpendicular to the magnetic field then whole current will
not pass along the electric field. This phenomena of flow of
the electric current across an electric field with magnetic
field is known as Hall Effect, and accordingly this current is
known as Hall current [5]. The effect of Hall current on
MHD flow and heat transfer in rotating channels have many
engineering applications in flows of laboratory plasmas, in
MHD power generation, in MHD accelerators, and in several
astrophysical and geophysical situations. Thus, Hall current
effect in parallel plate channels has been investigated by
many researchers. Mandal and Mandal [6] and Ghosh [7]
investigated effects of Hall current on MHD Couette flow
between parallel plates in a rotating system, Gupta [8] has
studied the influence of Hall current on steady MHD flow in
a viscous fluid. Jana et al. [9] analyzed the Hall Effect in
steady flow past an infinite porous flat plate. Makinde and
Mhone [10] studied hydro magnetic oscillatory flow through
a channel having porous medium. Zhang and Wang [11]
analyzed the effect of magnetic field in a power-law fluid
over a vertical stretching sheet.

The study of heat and mass transfer due to chemical
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reaction is also very importantsince it occurs in most of the
branches of science and technology. The processes involving
mass transfer effects are important in chemical processing
equipment's which are designed to draw high value products
from cheaper raw materials with the involvement of
chemical reaction. In many industrial processes, the species
undergo some kind of chemical reaction with the ambient
fluid which may affect the flow behavior and the production
quality of final products. Aboeldahab and Elbarbary [12]
examined heat and mass transfer over a vertical plate in the
presence of magnetic field and Hall Effect. Abo-Eldahab and
El Aziz [13] investigated the Hall current and Joule heating
effects on electrically conducting fluid past a semi-infinite
plate with strong magnetic field and heat generation/
absorption. Jaber [14] studied the effect of Hall currents,
radiation and variable viscosity on free convective flow past
a semi-infinite continuously stretching plate, Jaber [15]
studied the effect of Hall currents and variable fluid
properties on MHD flow past a continuously stretching
vertical plate in the presence of radiation. Jaber [16]
examined the effects of viscous dissipation and joule heating
on MHD flow of a fluid with variable properties past a
stretching vertical plate. Viscous dissipation effects plays an
important role in natural convection in various devices which
are subjected to large variations of gravitational force or
which operate at high speeds.

The present work is presented to study the viscous
dissipation, Joule heating and chemical reaction on the
oscillatory heat and mass transfer in a rotating vertical
porous channel. The results are tabulated and presented in
figures.
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Figure 1. Physical configuration of the problem
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2. Mathematical Formulation

Let us consider the steady, two-dimensional, laminar free
convective boundary layer flow of an incompressible,
electrically conducting, non-gray gas near equilibrium in the
optical thin limit, in a porous channel rotates with uniform
angular velocity Q about anaxis normal to the plates, the
channel consists of two infinite permeable vertical plates
separated by a distance d. A uniform strong magnetic field
Byis applied transverse to the flow. The fluid is injecting at
the stationary plate at z = 0 and sucking at the plate z = d with
a constant velocity wo. The plate z = d oscillates in its own
plate with a velocity Uy. Chemical reaction is assumed to be
first order. The magnetic Reynolds number is taken to be
small enough so that the induced magnetic field can be
neglected. The viscous and joule heating are taken into
account. The generalized Ohm's law including Hall current is
given in the form

1=—92

2(E+V><B—i\]><B) @)
1+m eng

Where J s the electric current density vector, V is the
velocity vector, E is the intensity vector of the electric field,
B is the induced magnetic vector, m is the Hall parameter and
e is the charge of an electron, ne is the number density of
electrons. We also assume that E = 0. The equation of
conservation of electric charge is V-J =0, which gives
that J,=constant, this constant is zero since the plate is
electrically non-conducting i. e. J,=0 at the plates. The
current density components J, and J, are given by

B
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Since the plates are infinite all physical quantities depend
only on z and t. The velocity components u, v and w are in
the x-, y-, and z-directions. Under these conditions and
assumptions with the usual boundary layer and Boussnesq
approximations the governing equations are:
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Where m is the Hall parameter, £ and ﬂ* are the into equations (4)-(8) to get

coefficients of thermal and solute expansion,

Here u and v are the velocity component associated with x
and y directions measured along and normal to the vertical
plate, respectively; T is the temperature of the fluid in the
boundary layer; T4 is the temperature far away from the sheet;
g is the acceleration due to gravity; Cp is the specific heat at
constant pressure, Vv is the fluid kinematics viscosity; o
is the density; o is the electrical conductivity; K is the
thermal conductivity; and Q is heat generation and(or)
absorption coefficient, D, is the molecular diffusivity.

The physical problem suggests the following boundary
conditions:

at z=0: u'=v =0 ,

T =Ty+e(Ty—Ty)coswt 9)
C"=Cy+&(Cy—Cqy)cosa t

atz=d: u =Uy(l+&cosm't) ,
V=0,T =Ty, C=C4

It is convenient to convert the governing equations and
boundary conditions to a dimensionless system. This

(10)

accomplished by substituting the following variables
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Table 1. Variation of dimensionless wall-velocity gradients U and V, dimensionless rate of heat transfer 6 and dimensionless rate of mass transfer ¢ with
parameters M, m, Ec, Ha, Scand € for Pr=0.72and Gr=Gm=2,1=1,Q=0.2,Q;,=0.1

M m Ha Ec Sc S u'(0) V'(0) -0'(0) -4'(0)

2 1 1 |01 1] o012 2.12593 0.0560467 0.102459 0.216044
0 | 1 1 |01]| 101 2.37488 0.0669976 -0.349062 0.231091
15 | 1 1 |01]| 101 3.01646 0.0953354 -1.49361 0.26992
2 |15 1 01| 1|01 2.20858 0.0338019 0.0829147 0.215923
2 2 1 01| 1 | 01 2.25424 2.0x10% 0.071644 0.216793
2 1 | 15|01 | 1|01 2.1294 0.564061 0.0670153 0.217069
2 1 |18 |01 1|01 3.62964 2.91193 -1.40954 0.258287
2 1 1 /03| 101 2.15078 0.056862 -0.058634 0.217482
2 1 1 |05| 101 2.22471 0.0597719 -0.329905 0.221872
2 1 1 |01]| 201 2.20765 0.0599779 0.0796564 0.121973
2 1 1 |01]| 4 ]o01 2.26048 0.0629195 0.0620645 0.0975776
2 1 1 |01]| 1102 2.09966 0.0549588 0.108645 0.275262
2 1 1 |01]| 1101 1.7452 0.0404199 0.179471 1.12243
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with the following transformed boundary conditions

at n=0: u=v=0,0=0p=1
n % (16)
at =1 u=v=1,0=¢=0
2
Where SC=—— is the Schmidt number, fzyd is
Dn v
“T)d3w,
the reaction parameter, Gr = 95T d2) 0
Uol)
“(Cy—Cy)d3w,
the Grashof number, Gr = 95 (Co g) 0 is the
Uol)
U2
. 0 .
modified solute Grashof number, EC = ————— is
Cp (To—Ty)

the Eckert number,

Ha = O He Byd is the Hartmann  number,
\/ Y7,

242
oByd
M = 0 is the magnetic number,
M
d2
Qn = QO is the heat generation parameter,
1Cp
v o
Pr =— s the Prandtl number.

a
The numerical values of u'(0), v'(0), 8'(0), ¢'(0)

for Pr=0.72, and several values of the magnetic, Hartmnn,
Eckert and others parameters are tabulated in table 1.

3. Results and Discussion

The governing boundary layer equations (12)-(15) with
boundary conditions (16) are coupled non-linear partial
differential equations, which possess no similarity or closed
form solution. Therefore, a numerical solution of the
problem under consideration using the fourth-order
Runge-Kutta method is needed. Numerical results which
illustrate the effects of all involved physical parameters of
the present problem on the flow and heat and masstransfer
aspects within the boundary layer for Pr = 0.72 and Gr =
0.5are presented in figures.

Figs. 2 and 3 express that the increasing of the Eckert no.
decreases the primary and secondary flow velocities while
fig. 4 shows that the increases the temperature profile
adjacent to the boundary layer of the lower plate. The
increasing in the Grashof no. Gr and modified Grashof no.
Gm tends to increase the primary and secondary flow
velocities and temperature as shown in figs. 5 — 10. The
change in Hall parameter values slightly affect the heat and
mass transfer so no figs. for this variable is presented herein,
on the other hand fig. 11 illustrates that the increasing in Hall
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parameter increases the primary flow velocity while fig 12
shows that the Hall parameter has a strong opposite effect on
secondary flow velocity. The increasing in the Hartmann no.
increases the primary and secondary flow velocity as shown
in figs. 13 and 14, also increases the temperature as shown in
fig. 15. Figs. 16-18 show the effects of the magnetic
parameter M on the velocity and temperature profiles within
the boundary layer. It is noticed that the increasing of the
magnetic field parameter M decreases the velocities and
increases the temperature. In general, application of a
transverse magnetic field normal to the flow direction has a
tendency to induce a flow-resistive force in the x-direction.
This force tends to slow down the motion of the
fluid upwards along the plate. Accordingly, increases
the temperature in the boundary layer. Figures 19 - 21
demonstrate that the increasing in the Schmidt number tends
to increase the temperature and velocities of the fluid. The
increasing in the reaction parameter & has a clear impact in
increasing velocities and mass transfer profiles as shown in
Figures 22 - 24.

Table 1 illustrates the effects Of magnetic field M, Hall
parameter m, Hatmann no. Ha, the Eckert Ec and reaction
parameter & on the shear stresses, rate of heat transfer and
rate of mass transfer at the wall u'(0), v'(0), 6'(0) and ¢'(0) for
Pr=072,Gr=Gm=2,A=1,Q=02and Q,=0.1. Itis
shown that shear stresses u'(0) and v'(0) increased due to the
increasing in the values of the parameters M, Ha, Ec and Sc.
The shear stressv'(0) decreased due to the increasing in the
Hall parameter m while the shear stress u'(0) increased. Also
the shear stresses u'(0) and v'(0) decreased as the reaction
parameter & increased. On the other hand the table illustrates
that the increasing in the magnetic field M, Hall parameter m,
Hatmann no. Ha, the Eckert Ec and Schmidt parameter Sc
increases the wall-temperature gradient, while the increasing
of reaction parameter & decreases the wall-temperature
gradient. The wall-mass gradient decreased due to the
increasing of magnetic field M, Hall parameter m, Hatmann
no. Ha, the Eckert Ec and reaction parameterg, while the
opposite affect is due to the increasing of Schmidt parameter
Sc.

4. Concluding Remarks

In the present research the influence of Hall currentand
Viscous dissipation on MHD free-convective heat and mass
transfer in a rotating porous Channel with Joule Heating for
high temperature differences is investigated. The fluid is
assumed to be electrically conducting flowing in a rotating
channel consists of two isothermal infinite parallel plates
where the distance between the two plates is d. The
governing equations are transformed into non-similar partial
differential equations that solved numerically. Results are
presented graphically for various values of the magnetic field
M, Hall parameter m, Hatmann no. Ha, the Eckert no. Ec,
Schmidt no. Sc, Grashof no. Gr, modified Grashof no. Gm
and reaction parameter &.
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The present study shows that: The local skin friction in the
secondary flow has its absolute maximum value at m = 1
vanishes as m = 0 and approaches zero as m — o

1.

Increasing the magnetic no., Eckert no., Grashof no.,
modified Grashof no., Hartmann no. and Schmidt no.
increase the velocity components u and v, shear stress
components and wall-temperature and wall- mass
gradients.

Increasing in the distance between the two plates
decreases the primary and secondary flow velocities.
Increasing the reaction parameter & decreases both
components of velocity, wall temperature gradient and
wall mass gradient.

4. The shear stress in the secondary flow has its absolute

maximum value at m = 1 vanishes as m = 0 and
approaches zero as m — oo, also increasing of Hall
parameter m tends to increase the primary velocity
component and to decrease the secondary velocity
component.

Both components of the shear stress are decreased
while the wall-temperature and wall- mass gradients
are decreased by increasing the reaction parameter €.
As M, m, Ha and Scnumbers increased, the
wall-temperature gradient increased.

The wall — mass gradient increased as Schmidt no.
increased, while M, m, Ha, Ec and reaction parameter
& have an opposite effect.
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Figure 2. Effect of Ec on the primary flow velocity profilesUwithM =2 m=Ha=Sc=1,£=Q,=0.1,and Gr=Gm =2
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Figure 3. Effect of Ec on the secondary flow velocity profiles V withM =2, m=Ha = Sc=1,£=Q,=0.1,and Gr=Gm =2
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Figure 4. Effect of Ec on the temperature transfer profiles 0 with M =2, m = Ha =Sc=1, {= Q, =0.1,and G r= Gm = 2
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Figure 5. Effect of Gm on the primary flow velocity profiles U with M =2, m = Ha= Ec =Sc=1, {=Q, =0.1,and G r = 2
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Figure 6. Effect of Gm on the secondary flow velocity profiles V withM =2, m=Ha =Ec =Sc=1,£=Q,=0.1,and G r =2
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Figure 8. Effect of Gr on the primary flow velocity profiles U with M =2, m = Ha= Ec =Sc=1, £=Q, =0.1,and G m =2
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Figure 9. Effect of Gr on the secondary flow velocity profiles V with M =2, m = Ha= Ec =Sc=1, { = Q, =0.1,and G m = 2
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Figure 10. Effect of Gr on the temperature transfer profiles 6 with M =2, m = Ha= Ec =Sc=1, £=Q, =0.1,and G m =2
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Figure 11. Effect of m on the primary flow velocity profiles U with M = 2, Ha =Sc=1, {=Qp,=Ec =0.1,and Gr=Gm =2
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Figure 12. Effect of m on the secondary flow velocity profiles V with M = 2, Ha =Sc=1, {=Q, = Ec =0.1,and Gr=Gm =2
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Figure 13. Effect of Ha on the primary flow velocity profiles U with M =2, m = Sc=1, £= Q= Ec=0.1,and G r=Gm =2
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Figure 14. Effect of Ha on the secondary flow velocity profiles V with M =2, m = Sc=1, {£=Q, = Ec =0.1,and Gr=Gm =2
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Figure 15. Effect of Ha on the temperature transfer profiles 6 with M =2, m = Sc=1, {= Q= Ec =0.1, and G r=Gm = 2
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Figure 16. Effect of M on the primary flow velocity profiles U with Ha =m = Sc =1, £=Q, =Ec =0.1,and G r=Gm = 2
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Figure 17. Effect of M on the secondary flow velocity profiles V withHa =m =Sc =1, £=Q,=Ec=0.1,and G r=Gm =2
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Figure 18. Effect of M on the temperature transfer profiles 6 with Ha=m=Sc =1, £=Q, = Ec=0.1,and Gr=Gm =2
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Figure 19. Effect of Sc on the primary flow velocity profiles U withM =2, Ha=m=1,{=Ec=Qh=0.1,and Gr=Gm =2
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Figure 20. Effect of Sc on the secondary flow velocity profiles V withM =2, Ha=m=1,{=Ec=Qh=0.1,and Gr=Gm =2
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Figure 21. Effect of Sc on the mass transfer profiles ¢ withM =2, Ha=m=1,{=Ec=Qh=0.1,and Gr=Gm =2
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Figure 22. Effect of £on the primary flow velocity profiles U withM =2, Ec=Ha=m =1, Ec=Qh=0.1,and Gr=Gm =2
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Figure 23. Effect of &on the secondary flow velocity profiles V withM =2, Ec=Ha=m=1,Ec=Qh=0.1,and Gr=Gm =2
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Figure 24. Effect of &on the mass transfer profiles ¢ with M =2, Ec=Ha=m=1,Ec=Qh=0.1,and Gr=Gm =2
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