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1. INTRODUCTION

The study of boundary layer flow over a stretching surface is important as it occurs in industry,
for example materials manufactured by extrusion, glass fiber and paper production, cooling of
metallic plates in a cooling bath etc. In these cases, the final product of desired characteristics
depends on the rate of cooling in the process and the process of stretching. By drawing such
strip in an electrically conducting fluid subject to magnetic field or through porous media, the
rate of cooling can be controlled and final product of desired characteristic might be achieved.
Saleh et al. [8] presented the study of convective heat and mass transfer characteristics of an
incompressible MHD visco-elastic fluid flow immersed in a porous medium over a stretching
sheet with chemical reaction and thermal stratification effects. Changal Raju, et al.
[3]investigated the unsteady magnetohydrodinamics flow of an incompressible viscous
electrically conducting fluid between two horizontal parallel non-conducting plates, where the
lower one is stretching sheet and the upper one is oscillating porous plate, in the presence of a
transverse magnetic field and the effects of Hall current. Vidyasagar et al [11]present a study
for the steady two-dimensional radiative MHD boundary layer flow of an incompressible,
viscous, electrically conducting fluid caused by a non-isothermal linearly stretching sheet
placed at the bottom of fluid saturated porous medium. Singh, et al. [10] investigates the MHD
boundary layer flow with viscous dissipation and chemical reaction over a stretching porous
plate in porous medium. Ghosh et al. [4] investigated the boundary layer flow of a steady
incompressible and visco-elastic fluid with short memory (obeying Walters” B fluid model)
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passing over a hot vertical porous plate in the presence of transverse magnetic field. Barik et
al [ 1] studied the heat and mass transfer effect on the flow over a stretching sheet in the presence
of a heat source and considered the span wise variation of magnetic field strength, heat source
and heat flux and also considered the effect of viscous dissipation. Yohannws et
al[13]investigated the convective heat and mass transfer in nanofluid flowthrough a porous
media due to a stretching sheet subjected to magnetic field, viscous dissipation, chemical reaction
and Soret effects. Singh et al. [9] focused their investigation to developed a mathematical model
and comparative study of combined effects of free convective heat and mass transfer on the
steady two - dimensional, laminar fluid flow past a moving permeable vertical surface in a
porous medium subject to a transverse uniform magnetic field. Bhukta et al. [2]studied the
heat and mass transfer effect in a boundary layer flow through porous medium of an electrically
conducting viscoelastic fluid over a shrinking sheet subject to transverse magnetic field in the
presence of heat source. Rashidi et al. [8] applied the homotopy analysis method is employed
to examine free convective heat and mass transfer in a steady two-dimensional
magnetohydrodynamic fluid flow over a stretching vertical surface in porous medium.
Hunegnaw, D. et al. [5] analyzed MHD boundary layer flow and heat transfer of a fluid with
variable viscosity through a porous medium towards a stretching sheet by taking in to the
effects of viscous dissipation in presence of heat source/sink. Prakash et al [6] developed a
numerical model to study hydromagnetic unsteady laminar boundary layer flow of viscous,
incompressible fluid over a vertical stretching plate embedded in a sparsely packed porous
medium in the presence of non-uniform heat generation/absorption. Yadav et al [12]
investigated radiation effects on the MHD flow over an exponentially moving stretching sheet
placed in a porous medium with variable magnetic field which is applied normal to the sheet.
The aim of the present study is to analyze the effect of magnetic field, inclination of the plate
and source parameter on the unsteady flow heat and mass transfer in non-Darcy porous
medium.

2. FORMULATION OF THE PROBLEM

A semi-infinite plate which is inclined at an angle o from the vertical is embedded in a non-
Darcy porous media with saturated viscous incompressible electrically conducting fluid. The
origin of the system is located at the slit from which the plate is drawn. The x-axis is taken
along the continuous stretching surface and points in the direction of motion. The y—axis is
perpendicular of the plate. The plate is subjected to unsteady stretching. The temperature of the
plate and mass concentration at the plate are also unsteady while the ambient temperature 7,

and ambient concentration C_are taken to be constant and very small in magnitude. The

problem is modeled to analyze the MHD flow, heat and mass transfer through the inclined plate
in the influence of a static magnetic field of strength (0,Bo,0) normal to the plate and a heat
source of strength Qo. For viscous incompressible fluid the equation of continuity is

6_”+@:0 (1)
ox Oy

The equation of motion under usual Boussinesq’s approximation is given by

2 2
a—M+ua—u+va—u:Ua—z—ﬁu—m—&uz+g,B(T—TOO)cosoc+g,B*(C—Cw)cosoz
o ox oy aF K p K

()

The equation of energy
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or or or o°T
pC,| —+u—+v—|=Kk—
ot Ox oy oy
The mass diffusion equation
oC oCc oC o*C
—+u—+v—=D
ot Ox oy oy®

it is assumed that the viscous dissipation is negligible.

+0,(T-7,) (3

(4)

where, u and v are velocity components in the x, y-directions, respectively v = u/p the

kinematic viscosity, u the coefficient of viscosity, p the density of the fluid, o the electrical
conductivity of the fluid, T the fluid temperature , k the thermal conductivity, C, the specific
heat at constant pressure,Qo the heat source strength, Cqthe drag coefficient, K the permeability
of the medium, B the coefficient of volumetric thermal expansion, B the coefficient of
volumetric concentration expansion, D mass diffusivity coefficient.The boundary conditions
associated with the problem are

y:o: u:U R VZO:' T:Tw’C:CW

w

y—o>w: u=0, T=T, Cc=C, (5)
were,
ax bx cx
U =—T =—,C =
W(xst) 1_7/[9 W(X,t) 1_ > w(x’t) _74

a, b, cand y are constants.
3. METHOD OF SOLUTION
To solve the coupled non-linear partial differential equations (2) to (4) introducing

following similarity transformation

T-T
on)= -

c-C

= "= 6
#(n) c ¢ (6)
) ) . . oy oy .
With this transformation if u and v are considered as u = . V= 0 then the equation of
Wy X

continuity is identically satisfied.

Then the expression for u, v, T, C and their derivatives involved in the equation (2) to (4) are
known in the form of £(77), 8(), ¢(r7)and are given below

https://internationalpubls.com 618



Advances in Nonlinear Variational Inequalities
ISSN: 1092-910X
Vol 27 No. 4 (2024)

Oy 0 U,
8‘;6;7 S, £ f Ut ). v=v =21 ()

U ST =v

oy oy 1% 1/

ou a o'u a " ou_ .. 7 | . n
o) S ). S v )
o _, rv. )Y Ny

o =T ) (=T ) Do)

T Tgty), L=t )%= T (1,7 )

X X LX

oC

w© oy e —c P . TC e —c e
©C_Cog. Lol ZE (- i)

where, primes denote the differentiation with respect to 1.

Incorporating above expression in (2) to (4) the reduced equation of motion, energy and
diffusion are ordinary differential equations given by

A f’+gf”j+f’2 — "= "= =Mf'+G.Ocosa+G pcosa—F(f') (7)

A 9+§9’j+(f'9—f9')+/1(A9+f’9):PieuQe (8)
T

A¢+§¢j +(fB-18)+ 24+ f9)= —9” )

. . T —-T
where, 4 = 2 is the unsteadiness parameter, G, = M the local temperature
a U

w

Grashof number, G, =

86" (C = C)* e tocal mass Grashof mumber, Pr =2 the
UM/ K-

~ Cdx Qox

Prandtl number, /' = ﬁ the non-Darcy parameter, O = the heat source

4 w

C
parameter, A = <<land A'= ﬁ <<I since Tw and Cwis infinitesimal

The corresponding boundary conditions are
n=0: f'(n)=1, fl)=0, 6@n)=1,¢n)=1
n—>0o: f(7)=0, On)=0,¢(n)=0 (10)
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3. Numerical Solution

The equations (7) to (9) are non-linear ordinary coupled differential equations. For the
solution these equations Runge-Kutta (4™ order) method was adopted. To implement Runga-
Kutta method, the higher order differential equations (7) and (9) are converted into a set of

first order differential equations by taking as Fj = f (77) , 0,= e(ﬂ)and g, = ¢(77)as
follows

F =% (1
dn

-4 0
dn

0, _49, (13)
dn
dg,

=70 14

& dn (14)

F. N
% = A(F, —1—%F2)+Fl2 —F,F, + AF, + MF, - G.0, cosa — G, #,cosa + FF  (15)
n
do, n
— = AP0+ 0)+Pr(F6, —F,6 )+ APr(4+F)6,~PrO  (16)
n

% = ASc(¢, +§¢1)+Sc(Fl¢o —Fyd )+ ASc(A+F ), (17)
n

Along with the boundary conditions

F\(0)=0, £(0)=1,6,0)=1, ¢,(0)=1

Fi(e)=0, 0,()=0, ¢,(0)=0 (18)
Now the equations from (11) to (17) are seven coupled first order ordinary differential
equations whose solution is to be obtained with Runga-Kutta method. For the proper

implementation of Runga-Kutta method the seven initial conditions namely £ (0) , F(0),

F,(0), 0, (0), 0,(0), 9 (O)and #,(0)are required. But 7,(0),0,(0) and ¢, (0)are not known,

therefore they must be first guessed properly and refined to approximate the boundary
condition. The Newton’s iterative method on a system of non-linear equations for iteratively
refining X, by a correction h

Xy =X +h (19)
where, h is calculated by linear extrapolation of f(x) to zero, that is
df
x )+h—1| =0 20
flx) { i j (20)
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is used to approximate the value of £,(0),6,(0) and ¢ (0). In the present problem, the
equations in matrix form are

X, =X,+H (21)
and
F+KH=0 (22)
where,
F2(77:0)i+1 Fz(ﬂzo)i
Xy = 01(77 = O)m , X, = ‘91(77 =0)i s
¢, (77 = 0)i+1 é, (77 = O)i
dF,
H.., =|d6 | is matrix of stepsize
d¢,
F2 (nmax)i
E = 9] (nmax)[
¢1 (ﬂmax)i

and £ 1s the Jacobian matrix defined as

8(Fl ( max )= Gy (ﬂmax)a ) (nmax ))

K =
= A(F,(7=0).6,(7=0).¢,(7 =0))
£ Mmax OF F max
The component K (1,1) - M _ 1( ]Fz oF 1( 1 K,
dF(n=0) 6.4) OF

For the estimation nine derivatives, the ordinary differential equations (11) to (17) are solved

with four pairs of initial vatues {0((F,),.(6,),.(4),)} , ©((F,), +:.(0,),.(4), )},

0(F,)-0),+3,-0). )1, 0(£)(0)@), +, ) where 5, = ar, = 0.005,
0y =d0, =0.005 5, = d¢, =0.005, with a tolerance of order 107 .

4. RESULT AND DISUSSION

The numerical values of non-dimensional quantities velocity 7’(r7) , temperature 6() and
concentration ¢(77) are computed and corresponding figures are plotted with Matlab for three

sets of various physical parameters involved in the problem. Figure 7.2 shows the effect of
magnetic field on f'(s;) . From the figure it ii observed that with the increase in magnetic
parameter that is magnetic field strength, the flow velocity is retarded significantly as a
consequence of Lorenzian force. The results are in good agreement with the physical
phenomenon of Lorenzian force. In figure 7.3, the effect of modified Grashof number Gm on
the flow profile f'(7;) are plotted and observed that the value of f’(7;) decreases with

increase in Gm. For small value of Gm, the value of f’(7;) near the plate is greater than the
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boundary value at the plate shows the momentum gain that imparted by the stretching of the
plate. But with the increase of Gm the value of f’(7;) decreases significantly and reverse flow

seen for Gm>5. Figure 7.4 depicts the effect of Grashof number Gr on f'(;;) . The value of
/"'(n7) decreases in small magnitude with increase in Gr. Figure 7.5 demonstrates the variation
in 7’(7) with the value Prandtl number. The value of () for Pr=0.72 is significantly high

as compare to when Pr=7.0 and other value greater to it. The effect of non-Darcy parameter on
the flow profile () as shown in figure 7.6 describes that if the value of non-Darcy

parameter is increasing the flow is slowed down as a result of increase in solid-fluid interaction
drag force. From figure 7.7 it is plausible that the inclination in the plate from vertical retarded
fluid velocity in a magnificent way. When a=0 that is plate is vertical then in the vicinity of
the plate a significant effect of stretching plate on the fluid velocity is observed as compare to
that when plate is inclined. Figure 7.8 shows that near to the plate f’(7;) increases with the

increase in unsteadiness parameter while away from the plate there is slight oscillation in
/() with respect to increase in parameter A. Figure 7.9 demonstrates that the effect of heat

source parameter on f’(r7) . The increase in source parameter increases fluid velocity as a

consequence of enhanced momentum advection in the fluid. It is good in agreement with the
results of physical phenomenon. The flow profile  f’(;;) decreases with the increase in

Schmidt number is clear from the figure 7.10. From figure 7.11 it is observed that the fluid
temperature increases with the increase in magnetic number M. As similar to the velocity
profile the temperature also decreases with increase in the modified Grashof number Gm and
Grashof number Gr as seen in the figures 7.12 and 7.13 respectively. Figure 7.14 shows that
with the increase in Prandtl number, the temperature of the fluid increases as a result of higher
momentum diffusivity of the fluid. In contrast to the velocity profile , the temperature of the
fluid increases with the increase in non-Darcy parameter F, but the effects are in less profound
as observed from Figure 7.15. The figure 7.16 shows fluid temperature is higher when the plate
inclination from the vertical increases, means the convection of heat in case of vertical plate is
more due to maximum buoyancy force which is reduced by the factor ( gCcOSc) in case of

inclination is increased. In figure 7.17 it is observed that temperature of the fluid at lower value
of unsteady parameter A is higher compare to at that of higher value. At the same it is clear
from the figure that this parameter affects in a small magnitude. Figure 7.18 describe that with
the increase in heat source strength the temperature of the fluid rises profoundly and a positive
gradient present closer to the plate at high value of Q. it is seen from the figure 7.19 that increase
in Schmidt number contribute in the rise of the fluid temperature. Similar to the temperature
profile the concentration profile also increases with the increase in magnetic field strength as
observed in figure 7.20. Figure 7.21 demonstrate that contrast to the velocity and temperature
profile the concentration profile are enhanced with the increase in modified Grashof number
Gm. The effects of Gr, Pr, F, A and Q on the concentration profile are not so profound as
compare to the velocity and temperature profiles at the same values, are plausible from figure
7.22,7.23,7.24 and 7.26 respectively. Figure 7.25 demonstrates that the concentration of the
fluid remains at higher level when the inclination from the vertical increases that caused by the
term g COSc . The increase in Schmidt number brings down the fluid concentration is observed

in the figure7.28.

5. CONCLUSIONS

. Increase in magnetic parameter that is magnetic field strength, the flow velocity is
retarded significantly and fluid temperature increases which are in good agreement with the
physical phenomenon of Lorezian force.

. The increase in Gm adversely affect on the flow velocity and temperature of the fluid
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. The value of f'(;) for Pr=0.72 is significantly high as compare to when Pr=7.0 and
other value greater to 0.72

J Increase in non-Darcy parameter slowed down the fluid velocity that correlate the
increase in solid-fluid interaction drag force.
. The inclination in the plate from vertical retarded the fluid velocity in a magnificent

way.At the same time fluid temperature increases which is caused by presence of the factor(
gcosa)

J The concentration of the fluid remains at higher level when the inclination from the
vertical increased, caused by the term g coscr.
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6. FIGURES

Figure 7.1 Physical model of the problem

—M=05

——— —
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I B e S e e e e A §

Figure7.2 Variation of fluid flow profile with the Hartmann number
2=0.001, a=n/3,A=0.25,Gr=5, F=0.1, Gm=5, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.3 Variation of fluid flow profile with modified Grashof number

2=0.001, a=n/3,A=0.25,M=0.5,Gr=2,F=0.2, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.4 Variation of fluid flow profile with the Grashof number
2=0.001, a=n/3,A=0.25,M=0.5, F=0.1, Gm=5, Pr=1.5, Q=0.2, Sc=0.2

Pr=0.72
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Figure7.5 Variation of fluid flow profile with the Prandtl number
2=0.001, a=n/3,A=0.25,Gr=5, F=0.1, Gm=5, M=0.5, Q=0.2, Sc=0.2
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Figure7.6 Variation of fluid flow profile with the non Darcy parameter
2=0.001, o=n/3,A=0.25,M=0.5,Gr=2, Gm=5, Pr=1.5, Q=0.2, Sc=0
1.2
— a=n/6
h —a=n/3
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Figure7.7 Variation of fluid flow profile with the angle of inclination of the plate with vertical
2=0.001, A=0.25,M=0.5, Gr=2, Gm=5, Pr=1.5, Q=0.2, Sc=0.2

—A=0.25

Figure7.8 Variation of fluid flow profile with the usteady parameter
2=0.001, 0=n/3,M=0.5, F=0.1,Gr=2, Gm=5, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.9 Variation of fluid flow profile with heat source parameter
2=0.001, o=n/3,A=0.25,Gr=5, F=0.1, Gm=5, M=0.5, Pr=1.5, Sc=0.2
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Figure7.10 Variation of fluid flow profile with Schmidt number at
A=0.25, a. = n/3, »=0.001,Gr=2,Gm=5,F=0.1,M=0.5,Pr=1.5,Q=0.2
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Figure7.11 Variation of temmperature of fluid with the Hartmann number number
2=0.001, a=n/3,A=0.25,Gr=5, F=0.1, Gm=5, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.12 Variation of temperature of fluid with the modified Grashof number
%=0.001, a=n/3,A=0.25,M=0.5,Gr=2,F=0.1 Pr=1.5, Q=0.2, Sc=0.2
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Figure7.13 Variation of temperature of fluid with the Grashof number
2=0.001, a=n/3,A=0.25,M=0.5, F=0.1, Gm=5, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.14 Variation of temperature with the Prandtl number
2=0.001, a=n/3,A=0.25,Gr=5, F=0.1, Gm=5, M=0.5, Q=0.2, Sc=0.2
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Figure7.15 Variation of temperature of fluid with the non Darcy parameter
2=0.001, a=n/3,A=0.25,M=0.5,Gr=2, Gm=5, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.16 Variation of temperature of fluid with the angle of inclination of the plate with vertical
2=0.001, A=0.25,M=0.5, Gr=2, Gm=5, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.17 Variation of temperature of fluid with the usteady parameter
2=0.001, a=n/3,M=0.5, F=0.1,Gr=2, Gm=5, Pr=1.5, Q=0.2, Sc=0.2

https://internationalpubls.com 629



Advances in Nonlinear Variational Inequalities
ISSN: 1092-910X
Vol 27 No. 4 (2024)

Figure7.18 Variation of temperature with heat source parameter
2=0.001, a=n/3,A=0.25,Gr=5, F=0.1, Gm=5, M=0.5, Pr=1.5, Sc=0.2
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Figure7.19 Variation of temperature with heat source parameter
2=0.001, a=r/3,A=0.25,Gr=5, F=0.1, Gm=5, M=0.5, Pr=1.5, Q=0.2
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Figure7.20 Variation of concentration of fluid with the Hartmann number number
2=0.001, 0=n/3,A=0.25,Gr=5, F=0.1, Gm=5, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.21 Variation of concentration of fluid with the modified Grashof number
2=0.001, a=n/3,A=0.25,M=0.5,Gr=2, F=0.1, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.22 Variation of concentration of fluid with the Grashof number
2=0.001, a=n/3,A=0.25,M=0.5, F=0.2, Gm=5, Pr=1.5, Q=0.2, Sc=0.2
1_
0.8
0.6
E ]
= 4
0.4+
0.2
0 ————f———f %
0 0.2 0.4 0.6 0.8 n 1 1.2 1.4 1.6 1.8

Figure7.23 Variation of concentration with the Prandtl number
2=0.001, a=n/3,A=0.25,Gr=5, F=0.1, Gm=5, M=0.5, Q=0.2, Sc=0.2
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Figure7.24 Variation of cocentration of fluid with non-Darcy parameter at
o= /3, 2=0.001, A=0.25, M=0.5, Gr=2, Gm=5, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.25 Variation of cocentration of fluid with Angle of inclination of the plate with vertical
A=0.25 1=0.001, M=0.5, Gr=2, Gm=5, Pr=1.5, Q=0.2, Sc=0.2
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Figure7.26 Variation of cocentration of fluid with unsteadyness parameter at
a=n/3, A=0.001, M=0.5, Gr=2, Gm=5, Pr=1.5, Q=0.2, Sc=0.2

https://internationalpubls.com 632



Advances in Nonlinear Variational Inequalities
ISSN: 1092-910X
Vol 27 No. 4 (2024)

1+

0.8+

0.6

o)

0.4+

0.2

O T T T T T L8

0 0.5 1 n 1.5 2 25 3

Figure7.27 Variation of concentration of fluid with heat source parameter
2=0.001, a=n/3,A=0.25,Gr=5, F=0.1, Gm=5, M=0.5, Pr=1.5, Sc=0.2
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Figure7.28 Variation of concentration of fluid with Schmidt number
%=0.001, a=n/3,A=0.25,Gr=5, F=0.1, Gm=5, M=0.5, Pr=1.5, Q=0.2
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