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Abstract

Rotational and Hall current effects on a free convection MHD flow with Radiation and inclined
magnetic field are studied here. Electrically conducting, viscous, and incompressible fluid is taken.
The flow is modelled with the help of partial differential equations. The analytical solutions for
the velocity, concentration, and temperature are solved by the Laplace integral transform method.
The outcomes acquired have been examined with the help of graphs drawn for different parameters
like Hartmann number, Hall current parameter, inclination of magnetic field, angular velocity and
radiation parameter, etc. The variation of the Nusselt number has been shown graphically. It is
observed that Hall current parameter and inclination of magnetic field reduces the resistive effect
of the applied external magnetic field. Such a study assumes importance because both rotation and
Hall current induce secondary flow in the flow-field. The conclusion of the study may be useful in
the field of solar physics, rotating magnetic stars, rotating MHD induction machine energy
generator and many industrial applications.

Keywords: MHD; Hall current; Radiation; Rotation; Free convection; Majic field; Mass
transfer; Nusselt number

MSC 2010 No.: 76W05, 76D05, 80A20

1. Introduction

The unsteady rotational MHD flow with convective heat transfer has considerable role in the fluid
dynamics. With the help of mathematical models many real life problems are analysed and useful
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solutions are obtained. The model under consideration may be useful in the study of MHD
generator, MHD accelerators and pumps, flow meters, planetary and solar plasma fluid dynamics
systems, nuclear reactors using liquid metal coolants, rotating MHD induction machine energy
generators etc. Agrawal et al. (1983) studied combined effect of dissipation and Hall effect on
free convective in a rotating fluid. Hayat et al. (2004) obtained a solution of Hall effects on
unsteady hydromagnetic oscillatory flow of a second-grade fluid. Garg (2012) has worked on
combined effects of thermal radiations and Hall current on moving vertical porous plate in a
rotating system with variable temperature. Kumar et al. (2019) found the chemical reaction effect
on MHD flow past an impulsively started vertical cylinder with variable temperature and mass
diffusion.

Seth et al. (2009) have investigated MHD couette flow in a rotating system in the presence of an
inclined magnetic field. Masthanrao et al. (2013) presented chemical reaction and Hall effects on
MHD convective flow along an infinite vertical porous plate with variable suction and heat
absorption. Ghosh et al. (2009) have studied Hall effect on MHD flow in a rotating system with
heat transfer characteristics. MHD flow over a moving plate in a rotating fluid with magnetic
field, Hall currents and free stream velocity was studied by Takhar et al. (2002). Kumar and
Bansal (2019) studied unsteady flow past on vertical cylinder in the presence of an inclined
magnetic field and chemical reaction. Attia (2003) analyzed the effect of variable properties on
unsteady Hartmann flow with heat transfer considering the Hall effect. Rajput and Kumar (2017)
have investigated Radiation effect on MHD flow past an inclined plate with variable temperature
and mass diffusion. Singh et al. (2019) have studied that analysis of mixed convection in water
boundary layer flows over a moving vertical plate with variable viscosity and Prandtl number.

Effect of porosity on unsteady MHD convection flow past a moving vertical plate with ramped
wall temperature was studied by Rajput and Shareef (2020). Beg et al. (2009) found numerical
study of free convection magnetohydrodynamic heat and mass transfer from a stretching surface
to a saturated porous medium with Soret and Dufour effects. Seth et al. (2010) investigated
unsteady hydromagnetic couette flow within porous plates in a rotating system. Dufour effect on
free convection MHD flow past an impulsively started vertical oscillating plate through porous
media with variable temperature and constant mass diffusion is studied by Rajput and Gupta
(2016). Mythreye et al. (2015) discovered the chemical reaction on unsteady MHD convective
heat and mass transfer past a semi-infinite vertical permeable moving plate with heat absorption.
Hall effects on unsteady MHD Free convection flow over a stretching sheet with variable
viscosity and viscous dissipation are studied by Maripala and Naikoti (2015). Jagdish Prakash et
al. (2014) presented the Radiation and Dufour Effects on unsteady MHD mixed convective flow
in an accelerated vertical wavy plate with varying temperature and mass diffusion.
Sheikholeslami (2017) performed magnetic field influence on nano fluid thermal radiation in a
cavity with tilted elliptic inner cylinder. Jacob et al. (2012) worked on magnetic field and Hall
current effect on MHD free convection flow past a vertical rotating flat plate. Muthuraj et al.
(2016) found the influences of chemical reaction and wall properties on MHD peristaltic transport
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of a dusty fluid with heat and mass transfer. Radiation effects on MHD stagnation-point flow of
a nanofluid over an exponentially stretching sheet have been investigated by Imran et al. (2014).

The current investigation is completed to inspect the Rotational and Hall current effects on a free
convection MHD flow with Radiation and inclined magnetic field. The problem is solved by
using the Laplace integral transform method. Results of problem describing the impacts of
different parameters engaged with the issue are discussed and presented.

2. Mathematical Analysis

The electrically conducting, incompressible, and viscous fluid is chosen, whose magnetic
Reynolds number is minuscule. Thus, the induced magnetic field generated by the motion of fluid
is negligible as compared to the applied external magnetic field. Heat is transferred through free
convection. The z-axis is chosen along the horizontal plane and x-axis is normal to it. Thus the x-
axis lies in the vertical plane. The plate is taken along positive direction of x-axis. The fluid and
the plate revolve as a stiff body about z-axis with a constant angular velocity Q. The fluid is
penetrated by uniform external magnetic field By which is imposed in the direction whose
inclination is a with xz-plane. Initially, it is expected to be that the temperature of fluid and plate
is Tw. Concentration of species in the fluid is chosen as C... At time ¢ >0, the plate begins moving
with a velocity up in its own plane, and temperature of the plate is increased to 7, and species
concentration C,, of the plate vary linearly with respect to time.

So, under above assumptions, the governing equations are as follows:

Momentum equations:

ou 0’u oB;Cos’a :
—-2vQ=v - 2 u+vmCosa) + T-T)+ c-C)), 1
py e p(1+m2Cos2a)( )+ 8B (T -T,)+gp ( ) (1)
and
2 2 2
@+2uQ = ua—‘;— GBOSOS 02{ (v—umCosa). ()
ot 0z- p(l+mCos’x)
Energy equation:
oT 0T oq,
—=k -, 3
P e e ©)
Diffusion equation:
oC o’C
—=D ) 4
ot oz’ @

Equations (1) and (2) are called momentum equations. Equation (3) and (4) are known as the
energy equation and diffusion equation, respectively.
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The following boundary conditions have been considered.

t<0: u=0,v=0,T=T7,C=C,,
2 2
5
£50: u=u,v=0,T=T, +(T,~T. )" c=c + -, )" at z=0, ©)
D D
u—>0,v->0T->T,C—>C, asz—o>w

The value of local radiant for optically thin gray gas is communicated as:

% _ _ag's (T -T*). (6)
0z

The temperature difference in the flow is picked adequately little, so expanding 7* from the Taylor
series about T, as the linear function of temperature (neglecting higher-order terms),

T* =4T’T -3T.. (7)
Put the values of aai from Equation (6) and T* from Equation (7) in Equation (3), we get,
Z

oT o°T
c oL _p o
P = o

16a"c’T(T-T.). (8)

To obtain Equations in dimensionless from, we introduce the following non-dimensional
quantities,

_ * % 23
Z:Z_uO, ﬁ:l’ V:L, 9:—(T TOO), Sczi’ ﬂ:pv,R=—16a0§)Tw’
v u, u, (T,-T,) D ku
[— 2 * — JR— [—
Gr — guﬂ(Tw; Too), Haz — O-BOZU) Gm — gﬁ D(CM; Coo)’ C — (C Coo) , } (9)
U, Pty U, C,-C,)
2
gzﬁ,pr :&’f=tu_0
u; k v
By using (9), the Equations (1), (2), (8) and (4) become:
— 2— 2 2
W _ygy0H  HTCSa g cosa)iG,0+G, T, (10)
ot 0z- (I1+m"Cos )
_ 2— 2 2
W pogg =0 HTCS Gy cosa), (11)
ot 0z- (1+mCos )
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20 _100_Ro )
of Po&z* P
oC 10°C
s o (%)

c

The corresponding boundary conditions (5) become:

[<0:uw=0,v=0, =0, C=0, forevery z
i>0m=1 v=0, 0=t, C=t, at z=0, (14)
=0, v>0, 650, C >0, as z— oo

Dropping bars in the above Equations, we get:

2 2 2
8_u_29v:8_121+Gr 0+G, C_M(uﬂszosa), (15)
ot 0z (1+m"Cos’“@)

2 2 2
D o0y =P ‘2}_ Ha SOS 205 (v—umCosa), (16)
ot 0z (I+m°Cos’)

10’0 R

00 _199 _RH (17)
ot P oz P
ocC 1 o*C
oc_10C 18
ot S oz’ ()

The corresponding boundary conditions are:

t<0u=0,v=0,60=0, C=0, forevery z,
t>0u=1v=0, 0=t C=t, atz=0, (19)
u—>0, v—>0, 6>0, C—>0, asz >0

To solve above system, take 77 =4 +iV. Combining the Equations (15) and (16), we get:

on _ 0’n  Ha’Cos’a

"o Toyoas, 1 mCosa)n+G, 0+G, C-2iQn, (20)
00 _10°0 RO 21
ot P &' P’

oc 1 o°C

EN -

The corresponding boundary conditions become:

Published by Digital Commons @PVAMU,



Applications and Applied Mathematics: An International Journal (AAM), Vol. 17 [], Iss. 1, Art. 10
AAM: Intern. J., Vol. 17, Issue 1 (June 2022) 139

t<0:p=0,60=0,C=0, forall z,
t>0n=160=¢t C=t atz=0, (23)
n—>0, >0, C—>0, as z > .

The dimensionless above equations (20) to (22), with conditions (23), are solved by Laplace —
integral transform method. The solution obtained for #, 6, and C is as follows:

1
2874,

1 [P 1 _ya:
n= RGV[AléAéz{Z_té’}_ZAl4A7Z_E ?!AléASAllZé,]_'_Ee Y Ay

V(4 + P A)) - zAe V(G —Na) + 2td,e VT +2 44,,4,]

(

o

+%Gm[e‘@(2AI +2ad,) +2eV 4, (S, +at)+24,4,(1-8.)]
a

2
z°S,

[2az+[S.e * i+ A7 (az’S, +2at +28, ~2) + AN (4 + 4,5,)],  (24)

_ Gm
2a2\/;

i 2Rt +zP )t o~ VREE 2P, 2P Yre )5
4J‘{ erfo M —=r Nz 2R+ P)+ef[—2\/E 12VRt —zP)}e (25)
C:t(1+ )erfc\/; —t\/\/\/_‘; 4’SC (26)

The expressions for the symbols involved in the above equations are given in the appendix.

2.1. Nusselt number

The dimensionless Nusselt number is calculated by the formula:

Nu = (89)
Oz
The graphical estimation of Nusselt number is shown in Figure 6 for different parameters.

3. Result and Discussions

In the present manuscript, we have studied the Rotational and Hall current effects on a free
convection MHD flow in the presence of Radiation and inclined magnetic field. The logical
aftereffects of primary velocity u and secondary velocity v are shown graphically in Figures 1 to
5 and the graphical variation of Nusselt number are given in Figure 6. It is evident from Figures 1
and 3 that the velocity u in x-axis and velocity v in z-axis increase on increasing either & or m, i.e.,
it reduces the resistive effect of the applied magnetic field. It is also found from Figure 5 that u
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and v increase on increasing the value of R. This implies that the inclination of magnetic field (
« ), radiation (R), and Hall current (m) tend to boost fluid velocity in both the primary and the
secondary flow directions. From Figure 2, it is clear that the primary velocity u and secondary
velocity v decrease on increasing Ha which shows that magnetic field has retarding influence on
the fluid velocity in both the primary and the secondary flow directions. Rotational effect on fluid
flow is appeared in Figure 4. It is detect that on increasing rotation parameter £, primary velocity
u decreases throughout the boundary layer region whereas secondary velocity v increases
permanently near the surface of the plate which infers that rotation tends to speed up of secondary
velocity whereas it speed down of primary velocity in the boundary layer region.

The graph of Nusselt number with respect to time for different parameters is obtained in Figure 6.
It is seen that the value of Nu increases with increase in Prandtl number and radiation parameter
with respect to time.

pE

[ g,

TRE Ha=4,m=1, P, =071,85, =201,

1.0 i \\QE\\\ G.'r. = 100, l:f_, — l'l}ﬂ

[ B R=2 =03 N=3
DR \\\\\ «

R (i

i )\\/\ ______ L
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Figure 2. Primary and secondary velocity profile for different values of H,
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Figure 5. Primary and secondary velocity profile for different values of R
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Figure 6. Nusselt number profile with time

4. Conclusion

A theoretical analysis of Rotational and Hall current effects on a free convection MHD flow with
Radiation and inclined magnetic field is investigated. It is discovered that the magnetic field,
inclination of magnetic field, Hall current, radiation and rotation have significant effects in fluid
flow. Inclination of magnetic field and Hall current tend to boost the fluid velocity in both the
primary and the secondary flow directions. External magnetic field has retarding influence on
both directions of velocities. It has been found from increase the values of radiation parameter,
the velocity in the boundary layer region increases. It is also observed that radiation and rotation
parameters increase the drag at the plate surface.

The value of Nu increases with increase in radiation parameter and Prandtl number with respect
to time.

The results of this study may be applicable in the field related to the solar physics dealing with the
solar cycle, MHD sensors, rotating MHD induction machine, energy generator, the sunspot
development, the structure of rotating magnetic stars, etc.
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2
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MAZim) i, g=1-P, {=a-R, 4y=""", 4 =1+ (1- ) - 4,
1+m’ Y
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A =—1+A4,, —A,,(1-4;), A, ==1++A4,,(4;, —DA,y, A, = -1+ A4); + A, (4;, - 1),

E—— 4
ol Bl P.-1
Ay =—1— Ay, — Ay (1 - Ay,), Ay =—Ay, Ay, = Abs[P.]Abs[z], 4, = ,
at as, at Rt P.(aP.—R)
P Abs[z] [~
_ 8.1 S~ _ b1 B-l Pl z4[S, Abs[z]/P.R
A,=e , Ay =e » A =—1+erf[ ¢1, As=e ’
24t
z—2 af, - Rt
2t a 2t\a +z P —1
— A, =er , Ay = e
17 e’f[ \/— ] 18 f[ \/; ] 19 erf[ 27 ]
z+ 2t aﬁ.:IR z—2t SaSCl z+ 2t SaSﬂl
A20 = e’f[z—tr]’ Az] = e’f[T(]s Azz = erf[Tc]:
2t S" 2. Zt/Sa1+2«/S€
_ g Absz].Abs[P]  [tR. 4 _ o c A.=er c
A,y = 6}7[72\/; P 1, 424 [ By 1 Ays vl Y 1,
P.(aP.—R) as,
2A4bs[z], | ——L—= -2z =
24bs[z]\[P.R \ - —
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4 —e Pl , . . Abs[z].4bs[P] . [iR 7 Abs[z].Abs[P.] | [t(R—aP.)
30 AS]—el’f‘[ 2\/; + R‘]>A32_e’ff[ 2\/; + R(lil)r)],

2\/;t+z]
N

Ay =1+4,+ eNEZAw Ay, =erfc

Nomenclature

a’ absorption constant g acceleration due to gravity

¢t time u  the coefficient of viscosity

B volumetric coefficient of thermal £ volumetric coefficient of concentration
expansion expansion

T temperature of the fluid 7. temperature of the plate at ,, —

C species concentration in the fluid C, species concentration at y, — o

U kinematic viscosity C, specific heat at constant pressure

k thermal conductivity of the fluid D mass diffusion coefficient

T, temperature of the plate at y =0 B, uniform magnetic field

C,, species concentration at the plate, o electrical conductivity
at y=0 Gr thermal Grashof number

p density o angle of inclination of magnetic field

Ha Hartmann number

m  Hall current parameter

R Radiation parameter,

Sc¢  Schmidt number

u,v dimensionless velocity in x & z

direction

Gm mass Grashof number
¢ dimensionless concentration

https://digitalcommons.pvamu.edu/aam/vol17/iss1/10

from horizontal
u,v velocities of the fluid in x & z-
directions
{ dimensionless time
Pr Prandtl number

€ dimensionless temperature

o Stefan Boltzmann constant
Q - angular velocity
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