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The unsteady magnetohydrodynamic flow between two non-conducting infinite
vertical plates in the presence of uniform inclined magnetic field has been
studied. One of the plates is assumed to be in motion with constant velocity,
whereas the other plate is considered to be adiabatic. By using transformation
associated with decay factor, we have deduced a system of ordinary differential
equations. And these equations are solved analytically for the velocity flow,
induced magnetic field, temperature and concentration for various physical
parameters. The results have beendiscussed through graphs.
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1.

INTRODUCTION

MHD flow has seen a wide range of applications in the recent past and has gained considerable
attention due to those in cosmic and geophysical fluid dynamics. The research of MHD flow with
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inclined magnetic field has attracted the attention of many researchers due to its use, for example,
in extrusion of plastics in the manufacturing industries. The phenomenon of heat and mass transfer
has a wide significance in chemical processing, geothermal systems, air conditioning, etc. It is
therefore interesting to investigate the problem of the flow with the heat and mass transfer in
presence of induced magnetic field.

Hazem Ali Attia, etal (2004),[1] considered Hall effect of unsteady Magnetohydrodynamic
Coquette flow with the heat transfer of a Bingham fluid along with injection and suction.
Magnetohydrodynamic mixed convection in a vertical channel was discussed by Umavathi and
Malashetty (2005), [2].The study of an unsteady free convective MHD flow of dissipative fluid
along with a vertical plate and constant heat flux was analyzed numerically by Joaquin Zueco
Jordan(2006), [3]. Singha (2008), [4] determined the influence of heat transfer on unsteady
hydromagnetic flow in a parallel plates of an electrically conducting , incompressible and viscous
fluid. Singha &Deka (2009), [5] investigated on the magnetohydrodynamic two-phase flow with
heat transfer in the presence of uniform inclined magnetic field. Analytical Solution to the problem
of MHD free convective flow of an electrically conducting fluid between heated parallel plates
along with an induced magnetic field was learned by Singha (2009), [6]. Marneni Narahari &
Binay. K.Dutta (2011), [7] enumerated the free convection flow between two vertical plates with
variable temperature atone boundary. Magnetic field effect on free convective oscillatory flow
between two vertical plates with periodic temperature and dissipative heat is concentrated by
Ahmed, et al (2012), [8]. Bishwaram Sharma, etal (2013), [9] investigated the impact of magnetic
field and temperature gradient on separation of a binary fluid mixture in unsteady coquette flow.
Unsteady MHD couette flow bounded between two parallel porous plates with heat transfer and
inclined magnetic field was considered by Joseph, et al (2014), [10]. Kuiry & Surya Bahadur
(2014), [11] presented the steady poiseuille flow between two parallel porous plates in presence of
inclined magnetic field. SreeKala, Kesava Reddy (2014), [12] discussed the MHD couette flow of
incompressible viscous fluid through a porous medium between two parallel plates under the
influence of inclined magnetic field. Paneerselvi and Moheswari (2015), [13] learned the Soret
effect on unsteady convective flow of a dusty viscous fluid between in finite parallel plates
embedded by a porous medium with inclined magnetic field. Effect of mass and heat transfer on
unsteady MHD Poiseuille flow between two parallel porous plates in presences of an inclined
magnetic field is studied by Joseph, et al (2015), [14]. Unsteady MHD poiseuille flow with heat
and mass transfer between two infinite parallel plates through porous medium in an inclined
magnetic field was investigated by Rajput & Gaurav Kumar (2015), [15]. The influence of the
inclined magnetic field and variable thermal conductivity on MHD plane poiseuille flow past non-
uniform platet emperature was considered by Gupta, et al (2015), [16]. Agnes Mburu, Jackson
Kwanza and Thomson Onyango, (2016), [17] discussed the MHD fluid flow between infinite
parallel plates subjected to an inclined magnetic field and pressure gradient. MHD of
incompressible fluid through parallel plates in inclined magnetic field with porous medium with
mass and heat transfer was studied by Rishard Richard Hanvey,etal (2017), [18]. Nyariki, etal
(2017),

[19] analysed the unsteady Hydro magnetic coquette flow in the presence of variable inclined
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magnetic field. Unsteady magnetohydrodynamic flow of viscous, electrically conducting fluid
bounded between two non-conducting vertical plates with inclined magnetic field was studied by
Amarjyoti Goswami, etal (2017), [20]. Idrissa Kanel et al [21] investigated the unsteady fluid flow
between two moving plates in presence of an inclined applied magnetic field with magnetic fields
lines fixed relative to the moving plates.

In this paper we have studied the effect of mass transfer and heat transfer on the unsteady MHD
flow of electrically conducting fluid between two parallel vertical plates with uniform
magneticfield.

2. FORMATIONOFTHEPROBLEM

In the present work, the unsteady flow of an incompressible electrically conducting fluid bounded
by two non-conducting vertical infinite parallel plates at a distance 2h apart is considered.
The coordinate system is chosen such that X — axis is taken in upward direction and Y- axis is
chosen perpendicular to the planes of the plates. The vertical plates of the channel are y = + h and
also, there is no pressure gradient in the flow field. An external magnetic field BO makes an angle 6
with the positive X-axis which induces a magnetic field B(y) and also makes an angle 0 to the free
stream velocity .The left wall y = -h is kept atconstant temperature T, and the right wall y =+h is
sustained at constant temperature T; , such that T1>T0. The magnetic field distributions and
velocity are given by

B= B{,By,Bz }= §B §,t) i —22Bo,0} V= 4 ,t)0,0 } where 1 = cosd and ‘t’ is the
time.
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FigurelSchematicrepresentationoftheproblem

The following assumptions are made to frame the governing equations of the problem:
(i)  The electrically conducting fluid is considered, viscous dissipation and Joule heat are

neglected.
(i)  Polarization effect and Hall effect are negligible.
(i) No pressure gradient.
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(iv) The plates are infinitely long along X and Z directions. Therefore the velocity,

concentration and temperature fields are the functions of y and t only.

3. GOVERNINGEQUATIONS

Equation of Continuity
divV =0 (1)
Where Fis the velocity.

Equation of Momentum

[Z+ (7 V] = 2|2+ (7xB) + 98T~ To) + g(C - Co)] )

Equation of Magnetic Induction
B=Ux (T x 1 \vE
2=Vx (VxB )+ () VB ©)

Where u.is the permeahility of the medium.

Energv Equation
a7 d oT
oG, (5) =5 (+5) 4)

p—density and C,-Specificheat at constant pressure.

Concentration Equation
il (azc' -
=D|=— 5

gy= ( )

o't

D—Mass diffusion coefficient.

Here, Jis the electric current density.
The generalized Ohm’s law1s,

J=-O(E+TEB),
where o-Electrical conductivity, B is the magnetic mduction (6)

(6)

Neglecting the lectric field £, equation (6) raduces to J=E(VEE )

where o—Electrical conductivity, B is the magnetic induction (6) Neglecting the electric field E, equation
(6) reduces to J=B/(VEB ) -

where, p the coefficient of viscosity, k the thermal conductivity, t the time, B co-efficient of thermal
expansion of the fluid and B~ co-efficient of the mass transfer of the fluid.

Using magnetic field distribution and velocity as mentioned above, the equations (1) to (5) are:

oJu — ot azu
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The boundary conditions are:

u=0,B=Bo,T=Ty,C=C1

Y=h,u=uOB=Bo,T=T1»C=C1

oT

y=—hu=—u B=, =0,C=C

0
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(11)

Using the following dimensionless parameters in the governing equations of motion (7)—(10),

w=t%y = =0 p=T=—"C=—7 (12)
B —T0 —C0
u0 h T1-To C1—Co0
B
h 0

Usmgthe fnllmwng dlmenmcmlesspa.rametersm the governing equations of motion (710},

=",y t*="_b="_ Tewal [zl | (12)
uf) h h By T1—-TD C1—Co

Neglect the asterisks, the dimensionless equations are:

du 1% 8% Gr \ s
Bo(H)FE— (-au+ (R_E)T-I_ R.C (13)
H:R: Gm
N 1 #2b
YA ay

u=0 b=1,T=1C=1 at t=
y=1Lu=1,b=1T=1,C=1 at t>0 (17)
y=-1Lu=-1,b 1,T=UIE=O att >0

dy

To solve the equation (13) — (16) by using equation (17), considerthe following variable
transformation,

u=fyetr)h=gyetT=Fy i
C= e () (18)
where‘n’ denotes the decay constant.

Substituting (18)in equations(13),(14),(15)and (16),we have

C ) 1O (B O e ()
flly —R) H R1-22 —nfy Fy —Gm R2Gy =0(19)
a e +
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g//y+(n)RRng)-E)R<%P / = (20)
—22
e m r e m F——|[ ()]
F// ($nP[F % }=0 (21)
G/l § M nScReG(y) =0 22)

The relevant boundary conditions are
f=0, g=1,F=1, G=1att=0
y=1f=et, g=enF =em G=eMatt >
0 (23)
oF
y=—1,f=—en, g=cen, =0,G=0att >

0
y

Theequations(19)—(22) are solved with the boundary conditions equation (23). The velocity
distribution of the field, temperature and species concentration are:

) uf =Ascos 1+ As ¥ Bssin 1%y By +Cre= ALY 4 Coe ALY (24)
(By =AY~ YNre 41V Afusin 1 +y As'— Bse @1V cds 1+y Bi+ A1z(A1s —
A16€? 1y te AlyAg(CgSi\{l_A3y+C46/(; Azy))) (25)
T=  €Os (26)
- .LJL)AE] 27
~ c0s2A5 7
_;in(1+yJ
B1
sin2B1
Where

A1 =Re HRRA1—12 —n) }
Gr,

)

Az:(
Re
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B1 /nS.R,
Bz =Gm &
A3 =nReRmPr

[1
A4 (z ReRuf7z !

Ag = _\m
A Azcose(2As)
%

A+ A
_ Bicose(2B,)
A1+ B2
Bs= (A1 + Az JAs — AZ:B3B:
4= 1
TTia TAE —A&Jd —E
1 2 3 5 3 1
Ag=(A; + Az)A:Ag
Ag = A1+ A3
A10 = \ﬁ1A4C3

A11 =JA1A4C4

A1z = 3 — A2)( A3 — B)
5 1

A= Azsec (245s)
AL+ A2
A14 =(1+ A3)@3 — B})A4AsA13
A15 =A144C1
A16 =JA145C2

1. RESULTSANDDISCUSSION

Equation(24)-(27) are solved numerically for different values of A, where 0 varies as
6=30°,45°,60°,75°. Plotting of all such cases is carried out by using ‘MATLAB’.

From figure 2 it is noted that the velocity profile increases with increase in the angle of inclination
0.
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The velocity profile variations with the thermal Grashof number G, are shown in figure 3. The
magnitude of the velocity degrades the flow with the increase in the Grashof number Gr. Figure 4
depicts the effect of modified Grashof number Gm and it is clearly seen that the velocity enhances
the flow, when the modified Grashof number Gm is incremented.

Figure 5 to figure 7 explains the effect of Prandtl number P,, Hartmann number H, and Schmidt
number Sc on the velocity profile. It is determined that the velocity profile shows progress by
increasing these pertinent parameters.

Figure 8 communicates the effect of magnetic Reynolds number Ry, It has been noticed that the
velocity gradually increases when the magnetic Reynolds number Ry, is increased.

Figure 9 reveals that the effect of decay factor n. The increase in decay factor reduces the velocity
of the flow.

Figurel0 to figure 17 illustrates the effect of induced magnetic field.

Figure10 indicates the increase of angle of inclination 6 of the flow, increases the intensity of the
magnetic field. Figure 11 communicates the impact of thermal Grashof number Gr on the induced
magnetic field. It is observed that, when Gr is increased, the intensity of the magnetic field is also
increased.

Figure 12 depicts the effect of modified Grashof number G, With the increase in modified
Grashof number Gm there appears a sharply increasing change in the intensity of the magnetic
field. Figure 13 indicates the cause of Hartmann number Ha. The induced magnetic field increases
gradually when the Hartmann number H, is increased.

From figures 14, 15 and 16 the effect of Schmidt number Sc, Prandtl number P, magnetic Reynolds
number Rm and Prandtl number Pr, are observed. It illustrates that the intensity of the magnetic
field is more when the parameters Sc Ry and Py, are increased.

Figure 17 communicates that the increase in the decay factor n, degrades the magnetic field
intensity.

In figure 18, it is observed that the progress in the Prandtl number Pr leads to the increasein the

fluid temperature. In figure 19, it is noted that the concentration field increases with the step
forward in the Schmidt

5. CONCLUSION

The problem of the effect of inclined magnetic field on unsteady magnetohydrodynamic vertical
flow between two infinite non conducting vertical plates with heat and mass transfer has been
investigated. From the analysis the following conclusions were made. The velocity upgrades with
increase of angle of inclination 0 of the magnetic field. The velocity for the flow increases with the
increase in G, Py, Hy and Sc, while it retards with increase in thermal Grashof number Gr and the
decay factor n. The induced magnetic field increases with the increase in the angle of inclination 6,
thermal Grashof number Gr, modified Grashof Gm, Hartmann number Ha, Prandtl number Pr,

magnetic Reynolds number Rm and Schmidt Sc and also it reduces with the increase of decay
factor n. The temperature distribution was seen to progress due to rise in the Prandtl number Pr.
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Concentration profile increases with the increment values of Schmidt number Sc

T=30
T=45
T=60 ||
T=75

Figure 2: Velocity Profile for distinct values of 0, [n=1,R,=.2,R.=1.5,Pr=.71, H,=7,G,=2,G,=2 and
Sc=. 3]

Figure 3:Velocity Profile for different values of G, [n=1,A =.5, Rn=.2,Re=1.5,H,=7, G,=2 ,S.=.3
andpr=.71]
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Figured:Graph of velocity Profile for different values of Gp,[n=1,R=.2,A
=.5,Re=1.5,H,=7,Pr=.71,S.=.3andG,=2]
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Figure 5: Velocity Profile for unlike values of P;,[Gn=2,Re=1.5, n=1,Ry, =.2,H,=7,A =.5,
G=2,S,=.3andR,=0.2]
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Figure 6: Velocity graph for various values of Ha,[ Re=1.5, Rm =.2, A =.5, Gm=2,Gr=2,Sc=.3,
n=landPr=.71]
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Figure 7:Velocity Profile for different values of Sc,[Re=1.5, n=1,Ha=7,A =.5,Rm
=0.2,Pr=.71,Gr=2,Sc=.3and Gm=2]
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Figure 8: Velocity Profile for diverse Rm values,[n=1,Re=1.5,Gm=2, Ha=7,,L =.5, Sc=.3, Gr=2

andPr=.71]
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Figure 9:Velocity graph for different values of n,[Rm =.2,Pr=.71,Re=1.5,5¢=.3, A =.5 ,Gm=2,Gr=2
andHa=7]
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Figl0:Magnetic Field graph for different values of T,[Rm=2,5.=.3,Re=1.5,Gn=2,H=7,A
=.5,n=1,Pr=.71andGr=2]
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Figurell:Magnetic Field Profile for distinct values of G,[Pr=.71,H,=7,Re~=1.5,A=.5,R=.2,S;
=.3,Gn=2andn=1]
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Figurel2: Magnetic Field Sketch for distinct values of Gy, [Pr=.71 n=1,R.=1.5,H,=7, A
=5,G6,=2.,.Gn=2,5¢=.3andR=.2]
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Figurel3:Magnetic Field Graph for suitable values of h,[S¢=.3,Pr=.71,Gn=2,n=1,R.=1.5,H=7,A
=.5Rn=.2,Gi=2,S.=.3andR.=1.5]
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Figurel4:MagneticFieldGraphforvariousvaluesofPr,
[Ha=7,n=1,Re=1.5,Rn=.2,G;=2,G=2,S=.3and\=.5].
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Figurel5: Magnetic Field Profile for distinct values of Ry, [n=1,G/=2, Re=1.5,H,=7,Pr=.71,
Gm=2,S=.3and\=.5]
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Figurel6:Graph of Magnetic Field for different values of Sc, [P=.71,H,=7,G,=2,Re=1.5,G=2,1
=.5,n=1 and R,=0.2]
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Figurel7:Magnetic Field Profile for various values of n,[Re=1.5,S¢=.3,Pr=.71,Ha=7,A
=.5,Rn=.2,G;=2,Gn=2 and H,=7].
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Figurel8:A Graph of Temperature Field Profile for suitable values of Pr,[R.=1.5andn=1]
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Figurel9:Sketchof Concentration for various values of Sc,[n=1,Re=1.5]
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