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An exact solution of the combined study of Hall effects on a vertical plate with a rotating fluid in the presence
of a homogeneous chemical reaction of first order has been analysed. The dimensionless governing coupled
partial differential equations are tackled using the usual Laplace transform technique. The sway of the Hall
parameter, Hartmann number, Grashof number, Prandtl number, Schmidt number, chemical reaction parameter
on the axial velocity and concentration of the fluid has been depicted graphically. When the non-dimensional

2

angular velocity, Q = 172 , the transverse velocity component vanishes, thereby the axial velocity of the fluid
+m.

attains the maximum value. It is noted that with increase in the Hall parameter, thermal Grashof number and mass
Grashof number, the axial velocity of the fluid increases significantly.
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1. Introduction

A magnetohydrodynamic flow refers to the flow of an electrically conducting fluid, such as plasma
or ionised gas in the presence of a magnetic field. The flow of electrically conducting fluids in the presence
of a magnetic field induces a potential in the direction normal to both electric and magnetic fields. This
phenomenon is known as Hall effects. Thus, we can say that Hall effects are resulting phenomena of
magnetohydrodynamics. The effect of the magnetic field on the flow of the fluid can be derived using
Reynolds’s transport theorem and Maxwell’s equations. Pop [1] studied the effect of Hall current on a
hydromagnetic flow, which is short lived. Gupta [2] investigated the hydromagnetic flow past a porous flat
plate taking Hall effects into consideration. Ram [3] studied effects of Hall and ion-slip currents on free
convective heat generating flow in a rotating fluid. Ghosh et al. [4] evaluated Hall effects on an MHD flow
in a rotating system with heat transfer characteristics. Muthucumarswamy and Jeyanthi [5] studied the Hall
effects on an MHD flow past an infinite vertical plate in a rotating fluid of variable temperature.

The effect of Hall current on fluids has received a humongous attention from researchers lately. This
is due to its wide applications, varying from industrial level to the natural phenomena occurring at
cosmological and geophysical level. The rotating flow of an electrically conducting fluid in the presence of a
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magnetic field is encountered in cosmical and geophysical fluid dynamics. It is well known that a number of
astronomical bodies possess fluid interiors and magnetic fields. A star, a celestial body composed of plasma,
is spherical due to the high internal pressure balanced by gravitational force. A large number of stars
observed in the sky are either rotating stars or binary stars. These stars are subjected to the heliosphere in our
solar system. According to Lal et al. [6]. The gravitational, centrifugal and Coriolis forces act on a star.
These forces acting on the plasma of the rotating star, under the magnetic field influence, result in Hall
effects. Considering a radioactive decay reaction in the star, which follows first order reaction kinetics,
would make the mathematical studies of our problem correlate well with the phenomena discussed above.

Hall effects on an unsteady hydromagnetic flow past an accelerated porous plate in a rotating system
was studied by Das et al. [7] Chemical reactions can be codified as either heterogeneous or homogeneous
processes. This depends on whether they occur at an interface or as a single phase volume reaction. In well-
mixed systems, the reaction is heterogeneous, if it takes place at an interface and homogeneous, if it takes
place in a solution. Chambre and Young [8] analysed a first order chemical reaction in the neighbourhood of
a horizontal plate.

In this paper, we study and investigate the combined outcome of Hall effect on an isothermal vertical plate
with a rotating fluid following first order reaction kinetics. We study the effect of the Hall parameter m, Hartmann
number M, rotation parameter (2, thermal Grashof number Gr, mass Grashof number Gc, Prandtl number Pr,
Schmidt number Sc, chemical reaction parameter K on the concentration and axial velocity of the fluid.

2. Mathematical formulation of the problem

An unsteady hydromagnetic flow of fluid past an infinite isothermal vertical plate with uniform mass
diffusion has been presented. The fluid and the plate rotate in unison with a uniform angular velocity Q'
about the z'- axis normal to the plate. Initially, the fluid is assumed to be at rest and surrounds an infinite
vertical plate with temperature 7, and concentration C., . A magnetic field of uniform strength B, is

transversely applied to the plate. The x'-axis is taken along the plate in the vertically upward direction and the

' 2
z' - axis is taken normal to the plate. At time aa_c' = Daa—(; , the plate and the fluid are at the same temperature
v

T, in the stationary condition with the concentration level C,, at all the points. At time ¢ >0, the plate is
exponentially accelerated with a velocity u =u, where the constant u, is the amplitude of the motion, a’ is
the accelerating parameter in its own plane and the plate temperature and concentration are raised to and C,,

and are maintained constantly thereafter. All the physical properties of the fluid are considered to be constant
except the influence of the body force term. Then under the usual Boussinesq’s approximation the unsteady
flow equations are the momentum equation, energy equation, and mass equation, respectively.

Fig.1. Mathematical model of the problem.
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Equation of momentum
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Equation of energy
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Equation of diffusion
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Since there is no large velocity gradient here, the viscous term in Eq.(2.1) vanishes for small and
hence for the outer flow, besides there is no magnetic field along the x-direction gradient, so we have

0
0=-2L_ 5 ¢. (2.5)
ox

By eliminating the pressure term from Eqs (2.1) and (2.5), we obtain
B
——29'v=v2—u+(poo—p)g+—0jy. (2.6)
p

The Boussinesq approximation gives

P =P =P BT —T,) +p, B (C'-CL). (2.7)

On using Eq.(2.7) in Eq.(2.6) and noting that p. is approximately equal to 1, the momentum
equation reduces to

I YR . B(T' ~T.)+gB"(C'~C.) (2.8)
" ot e W)+ g ) - :

The generalized Ohm's law, on taking Hall currents into account and neglecting ion-slip and thermo-
electric effect, is

j-‘r%(ij):G(E+qu). (2.9
0
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Equation (2.9) gives
Jx —myj, =ovB,, (2.10)

Jy + 1y, =—cuB, (2.11)

where m=®,7, is the Hall parameter. Solving Eqs (2.10) and (2.11) for j, and j, , we have

B,
Ji == (v =), (2.12)
I+m
6B,
J, = (u+mv). (2.13)
Yo lem?

On the use of Egs (2.12) and (2.13), the momentum Eqgs (2.8) and (2.2) become

ou  du oulH; * |
—=v—+2Q v-———u+mv)+gB(T-T,)+gB |(C-C, ), (2.14)
o' o’ p(1+m’) ( Jreb | )
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H
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C a—T—kaZ—T (2.16)
p p atv 822 > .
Q—D@—K(c'—c' ) (2.17)
P K ). .

Here the second term on the right side of Eqs (2.14) and (2.15) are due to small Coriolis force. The
boundary conditions are given by

u=0, T=T,, C=C,, v=0 forall z <0, (2.18)

u=uy, T=T, C=C, v=0 at z=0 forall ¢ >0, (2.19)

u—0, T—>T,,C —>C, as z—ow forall ¢'>0.

The dimensionless quantities are introduced as follows.

ul 2 2772
R S Z=z[“—0J 00 (L] L2 OWH
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. (2.20)
=2 KzK{lj.
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Together with Egs (2.1), (2.2), (2.3) and (2.4), boundary conditions Eqgs (2.18), (2.19) using Eqs
(2.20), we have

== U +6Gr + CGc, 2.21
e 5 (2.21)

I+m

8U_62U+2V o M’m ) 2m’
I+m?

2 2 2
a_Vz—aZ—ZU Q+MH; +2MZ, (2.22)
ot oZ I+m I+m
2
@ =L—8 0 , (2.23)
ot Proz?
2

oc = 10C_ , (2.24)
ot Scoz?

with the boundary conditions
U=0, 6=0, C=0, V=0 forall Z, t<0, (2.25)
U=1, 6=1, C=1, V=0 at Z=0 forall >0,
U—0, 650, C—>0, V>0 as Z—>owo forall >0 (2.26)

Now Egs (2.21), (2.22) and the boundary conditions (2.23), (2.24) can be combined to give,
2
a—F=6—F—Fa~|—9Gr~|—CGc 2.27)
o oz?
2 2
where F=U+iV and a=2 Mn12+i Q—Mm2 .
I1+m /+m

In our study the value of Q (rotation parameter) is taken as Q=1—2, as a result of this the
+m

transverse velocity vanishes.
With the boundary conditions,
F=0, 6=0, C=0 forall Z,t<0,
F=1, 6=1, C=1 at Z=0 andforall >0, (2.28)

F—>0, 650, C—>0 a Z—>x forall t>0.
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3. Method of solution

The dimensionless governing Eqs (2.3), (2.4) and (2.25) subject to the initial and boundary
conditions (2.26) are solved by the Laplace transform technique and the solutions are obtained as follows.

0(Z.¢) = erfe(n/Pr), 3.1)
C(Z,t) = é[exp(Zn\/KtSc)erfc(n\/g + \/E) + exp(—an/KtSc)erfc(n\/g - \/E)] , (3.2)

F(Z,t)= é[exp(—ﬁ]\/z)erfc(n - \/E) + exp(2n\/a)erfc(n + \/E)J +
%][exp(—Zn\/Z)erfc(n - \/E) + exp(2n\/z)erfc(n + \/E)J +

T

a +exp(2n y+a )erfc(n+ (y+a)t)}+erfc(n\/ﬁ)+
esz(yt)[exp( 2nﬁ)erfc(n\/7r—\/7)+exp(2n\/}/?)erfc(n\/_r+\/7)}
;[exp(—Zn\/E)erfc(n—\/E)+exp(2n\/z)erfc(n+\/E)}+
2

+i[exp(—2n\/@)erfc(n\/§ - \/E) + exp(ZnM)erfc(n& + \/E)} +

. Ge +%(at)[exp( -2n (a+a)t)erfc(n— (a+0t)t)+
(CZ—SCK) +exp(2n a+a )erfc(n+ (a+(1)t)j|+ (3.3)
(

expzat)[exp( —2ny/Sc(K +a)t )erfc(n\/_c—./ (K +oa)t )
+exp(2n Sc K+a )erfc(n\/_c+1/ K+oc )}

a OL_a—ScK oz
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where 7=

In order to get a physical insight into the problem, the numerical values of F(Z,t),C(Z,t),8(Z,t)

have been computed and represented in a graphical form.
4. Results and discussion

For physical understanding of the problem, the effect of multiple parameters like Gr, Gc, Sc, ¢, K, m,
M upon the flow and concentration profile are computed and presented graphically. For this purpose the time
t is taken as 2 and the value of the Prandtl number Pr as 0.7 and 7. The numerical values of the velocity,
temperature and concentration fields are computed for different physical parameters like the Prandtl number,
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rotation parameter, Hartmann number, Hall parameter, thermal Grashof number, mass Grashof number,
reaction parameter, Schmidt number and time

Fig.2. Axial velocity profile for different Q.

Figure 2 shows the axial velocity profile for various values of the rotation parameter (Q=0.1, 0.7,

4.8, 19.2), Sc=2.01, m=35, Pr=7, K=0.2, Gr=5, Gc=10 and ¢t=2 in the presence of water. It is observed that
2

m .
~, the transverse velocity
I1+m

component vanishes and the axial velocity attains the maximum value (Barali and Borkakati [9])

the axial velocity F' decreases with an increase in Q. Also, when Q=

09| -

0.8 b

M=7.2

M=10

Fig.3. Axial velocity profile for different values of the Hartmann number, M.
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The effect of the Hartman number (M=35, 7.2, 10) on the axial velocity is shown in Fig.3 for the
rotation parameter Q=/0, m=2, t=2, Sc=2.01, Pr=7, K=0.2, Gr=5, Gc=10 in the presence of water. It is
observed that with an increase in the Hartmann number (M) the axial velocity decreases.
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Fig.4. Axial velocity profile for different values of the Hall parameter, m.

Figure 4 shows the axial velocity profile for different values of the Hall parameter (m=10, 5, 2), with
Q=10, M=10, t=2, Sc=2.01, Pr=7, K=0.2, Gr=5, G¢c=10 in the presence of water. It is noted that the axial
velocity increases with increase in Hall parameter m.

n

Fig.5. Concentration profile for different values of the reaction parameter, K.
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Figure 5 shows the effect of different values of the reaction parameter (K=0.2, 2, 5) on the
concentration profile with Sc=0.6 and =2. It is observed that the reaction parameter K plays a crucial role in
the concentration profile as shown above. With an increase in K, the concentration field decreases.
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0.6 > Sc=0.3 B
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Fig.6. Concentration profile for different values of the Schmidt number, Sc.

Figure 6 shows the variation in the concentration profile with different values of the Schmidt number
Sc with the reaction parameter K=(0.2 and time #=2. It is observed that the concentration increases for
decreasing values of the Schmidt number Sc.
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Fig.7. Temperature profile for different values of the Prandtl number, Pr.

The effect of Pr on the temperature profile is shown Fig.7. It is observed that the temperature
increases with decreasing values of the Prandtl number. This shows that the heat transfer is more
predominant in air when compared with water.
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5. Conclusion

A combined study of Hall effects on a vertical plate with a rotating fluid following first order
reaction kinetics has been made. The effects of the thermal Grashof number, mass Grashof number, reaction
parameter, rotation parameter, Hall parameter, Hartmann number on the concentration and axial velocity are

2

presented graphically. When the rotation parameter & = the transverse velocity component vanishes

2 b
I+m
so that the fluid moves axially. It is observed that with an increase in the Hall parameter, the axial velocity of
the rotating fluid increases and the axial velocity decreases with an increase in the rotating parameter and

Hartmann number. Such a study is found useful in cosmological applications.

Nomenclature

By — imposed magnetic field

C —dimensionless concentration

C' —species concentration in the fluid
C, —concentration far away from the plate
c,, — wall concentration

Gc  —mass Grashof’s number
Gr —thermal Grashof’s number
— component of current density j

JZ
K — chemical reaction parameter
k —thermal conductivity
M — Hartman number
m — Hall parameter
Pr — thermal Prandtl number
Sc  — Schmidt number
T —temperature of the fluid near the plate
— temperature of the plate

T, —temperature of the fluid far away from the plate
t —non-dimensional time

|

r —time
(U, V, W) —non-dimensional velocity components
(u, v, w) —components of velocity field F
(x,y,z) — Cartesian co-ordinates
— volumetric coefficient of thermal expansion

— volumetric coefficient of expansion with concentration
— dimensionless temperature

— coefficient of viscosity

— kinematic viscosity

— fluid density

— electrical conductivity

—non-dimensional angular velocity

Da©<E o X

.Q.z — component of angular viscosity
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