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VARIABLE SURFACE CONDITIONS

Pappu Das”*, © Rudra Kanta Deka
Department of Mathematics, Gauhati University, Guwahati-781014, Assam, India
*Corresponding Author e-mail: pappudas751 @ gmail.com
Received June 2, 2024; revised July 16, 2024; accepted July 29, 2024

Investigations have been made into how thermal and mass stratification affect the magnetohydrodynamic flow past a plate which is
oscillating vertically in its own axis in which it is embedded in a porous medium with variable heat and mass diffusion. For concentration,
temperature and velocity fields, the non-dimensional governing equations are solved using the Laplace transform method for the unitary
Prandtl and Schmidt numbers, when the plate is oscillating in its own plane harmonically. Numerical computations are carried out and
presented in graphs for different physical parameters like thermal Grashof number, phase angle, mass Grashof number, stratification
parameter and time on concentration, velocity, temperature, plate heat flux, mass flux and skin friction. The findings of this study can be
utilized to enhance comprehension of MHD flow on vertical oscillating plate in combined stratified environments. Significant findings
arising from the mass and thermal stratification are compared to the scenario in which stratification is absent.

Keywords: MHD flow; Oscillating plate; Electrically conducting fluid; Unsteady flow; Thermal stratification; Mass stratification;
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1. INTRODUCTION

When two types of stream with different temperatures come into contact, thermal stratification happens. A colder,
denser layer is covered by a warmer, less dense layer in a process known as thermal stratification of fluid, which occurs
naturally at higher temperatures. It happens mostly as a result of changes in temperature, concentration, or the presence of
various fluids with differing densities. Between cold and hot fluid zones, this natural mechanism produces a temperature
gradient transition zone. Because of its numerous widespread applications in a variety of industrial, engineering, and
environmental applications, the dynamics of thermally stratified fluid has recently caught the attention of researchers
and emerged as an important area for scientific inquiry. Engineering problems like electromagnetic casting, liquid-metal
cooling of nuclear reactors, and plasma confinement are all related to magnetohydrodynamic flow.

MHD flow under thermal and mass stratification effects have been a topic of great interest for the last three decades.
Many authors have been studied MHD flow past vertical plates and cylinders with stratification effects. Some of the
authors are Soundalgekar er. al. [1], Park and Hyun [2], Das et. al. [3]. Natural convection of a viscous stratified
fluid in one dimension was studied by Park and Hyun [2] and Park [4]. Shapiro and Fedorovich [5] studied thermally
stratified fluid flows through vertical plates and cylinders under various surface conditions and by include the stratification
parameter in the energy equation, they have recently improved the classical theory of one-dimensional flow. In contrast
with using the similarity transformation method, Magyari et. al. [6] investigated the unstable free convection flow along
an infinite vertical flat plate embedded in a stably stratified fluid-saturated porous media. [7] and [9] investigated the effects
of thermal and mass stratification in non-Newtonian fluid saturated porous media along a vertical wavy truncated cone
and a vertical wavy surface respectively. [8] came up with an analytical solution of MHD heat and mass diffusion flow by
natural convection past a surface embedded in a porous medium. Analytical solution for unsteady natural convection flow
past an accelerated vertical plate in a thermally stratified fluid was given by [10]. Under MHD conditions, the impact of a
thermally stratified ambient fluid along a moving non-isothermal vertical plate was examined by [11]. [12] studied how a
transverse magnetic field effects the flow of a convectively driven flow immersed in a fluid with stable stratification along
an infinite vertical plate. [13] investigated the radiative flow past an exponentially accelerated vertical plate with variable
temperature and mass diffusion. Under MHD free convection the effects of chemical reaction and and radiation was
studied by [14] when the flow past an exponentially accelerated vertical plate with variable temperature and variable mass
diffusion. Effects of thermal and mass stratification on convectively driven flow past an infinite moving vertical cylinder
was studied by [15]. [16] came up with the closed form solution of thermal and mass stratification effects on unsteady flow
past an accelerated infinite vertical plate with variable temperature and exponential mass diffusion in porous medium. The
effects of thermal and mass stratification on unsteady parabolic flow past an infinite vertical plate with exponential decaying
temperature and variable mass diffusion in porous medium was studied by [17]. [18] conducted research on thermal and
mass stratification effects on MHD nanofluid past an exponentially accelerated vertical plate through a porous medium
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with thermal radiation and heat source. Theoretical study of thermal and mass stratification effects on MHD nanofluid
past an exponentially accelerated vertical plate in a porous medium in presence of heat source, thermal radiation and
chemical reaction were done by [19]. [20] and [21] came up with the solutions of thermal and mass stratification impacts
on unsteady MHD flow with different conditions. [22] looked at the influences of thermal stratification and chemical
reaction on MHD free convective flow along an accelerated vertical plate with variable temperature and exponential mass
diffusion in a porous medium.

In this article, we investigate the impacts of thermal and mass stratification on MHD flow through a plate which is
oscillating vertically in its own axis and is embedded in a porous medium with variable surface conditions. In this case,
the term known as pressure work is included in the thermodynamic energy equation, the consideration of thermal and mass
stratification. For the unit Prandtl and Schmidt numbers the solutions are then obtained. The investigation on velocity,
temperature and concentration profiles are made under the impacts of variables and displayed on graphs. These variables
include the thermal Grashof number Gr, mass Grashof number Gc¢, magnetic parameter M, time ¢, permeability of the
porous medium K and stratification parameters y and £. On other physical phenomena including the rate of heat and mass
transfer and skin friction, the effects of M, Gr, Gc, y, £ and t are also studied.

Thermal Boundary Layer

Vertical L/",,Ff"” Concentration Boundary
plate Layer

Porous medium

Figure 1. Physical Model and Coordinate System

2. MATHEMATICAL ANALYSIS

In our study an incompressible, viscous and electrically conducting fluid along an oscillating vertical plate that is
embedded in a porous medium with variable surface conditions in two dimensional flow is examined. The plate is taken
along the x’-axis, and the y’-axis is taken normal to it. At the beginning, the fluid and the plate have the same temperature
T, and concentration C’, throughout. The plate begins oscillating in its own plane at time ¢’, moving with a velocity
Ur cos w’t’, the concentration level at the plate is raised to C;, and the plate temperature is raised to 7,. In order to ignore
the induced magnetic field, a uniformly strong magnetic field is applied perpendicular to the plate with a modest magnetic
Reynolds number. Following these conditions, the equations for motion, energy and concentration are represented using
the Boussinesq’s approximation as follows:

o 0w oBy v
— 2" T - T . c -c _ e 1
=gyt [eB(T" = T.,) + gBe( )] PR (1)
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Considering the initial and boundary conditions as:

W =0, T'=T,  C' =C, Vy.,f'<0

W =Ugcosw't’, T =T, + (T, -T.,)Ar,
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C'=CL+(C,-CH)AY at y =0, >0

Now, we introduce the following non-dimensional quantities:

277
y/ t/ u/ URk ,
=, =—, =7 Da = > IR, Pr=
y LR n u UR a y2 w W IR r
O—BZV T/ _ TI Cl ’
=200 ge= l’ 0 = - =, AT
pU% D T, - T, C,-C
(Cl, - AT\ '3
GC _ Vgﬂc( v; oo), UR — (VgﬁAT)l/:”, LR — (gﬂz ) ,
Ui v
- vgB(T}, - TY) 'Lg
tr = (gBAT) 2313, Gr= 22w =7 yAT , €

3
UR

The following forms are taken by equations (1), (2) and (3) when the non-dimensional

quantities defined in (5) above are used,
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And the corresponding initial and boundary conditions (4) then reduce to,

u=0, 6=0, C=0 Vy, tr<0

u=coswt, 6=t, C=t aty=0,1r>0

u—0, 8—-0, C—0 asy—ooco,t>0

2.1. Method of Solution

u — 0, T - T, C'"—>C, as y —o00,t'>0

“4)

®)

(6)

(7

®)

)

With respect to the boundary conditions (9), the non-dimensional governing equations (6), (7), and (8) are solved
using the Laplace transform technique for the tractable cases Pr = 1 and Sc = 1. The expression for velocity, temperature

and concentration profiles are obtained with the help of [23] are as follows,

u=Cifi(A —iw) + fi(A,iw)| - G| fi(B,—iw) + fi(B,iw)| - C3[2(A) + £2(B)]

0=1(1+D; - Dz){(l + y_z)erfc( f/') ) yf/;_?z }

(10)
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T B)[fl(A —iw) + fi(A,iw) - fi(B.~iw) - fi(B, lw)]——[sz(A) Af(B)] (1)

C=t(1+E - EZ){( z)erfc( \/_) yf/g}

T B)[fl(A —iw) + fi(A, iw) = fi(B, ~iw) = fi(B, zw)]——[sz(A) ARMB)] (12)

For the sake of succinctness, our study refers to the situation where pressure work is omitted and the environment is

isothermal (y = 0, & = 0) as the classical scenario. The velocity (u*), temperature (6*) and concentration (C*) profiles
for classical case are obtained as,

2
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And f;’s are inverse Laplace transforms and are given by

Vs+A Vs+A
fi(Asiw) = {esilw}andfz(z‘\) {” }

52

Using the formulas given by [19], we separate the complex arguments of the error function that were present in the
preceding expressions into real and imaginary components.

2.2. Skin-Friction
The following provides non-dimensional computation of skin-friction of the plate:

du
T=—-——

& (16)

y=0

Now from equation (10) we get the expression for skin-friction as,

T=C

o (\/A . iw)erf(\/(A " iw)t) N e_iwt(\/A - iw)erf(\/(A _ iw)t) + zf/;_*:tl_
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e (M)erf(\/(B + iw)t) + eii“"(\/B - iw)erf(\/(B - iw)t) + 27
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Skin-friction in classical scenario is obtained as,

= %I i“"(\/N+iw)erf(\/(N+iw)t) "'e_iwt(M)erf(M) .\ 23;\::]_
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2.3. Plate Heat Flux (Nusselt Number)
The non-dimensional form of rate of heat transfer (Nusselt Number) is given by,

N do
U=-——
dy

y=0

Now from equation (11) we get the expression for Nusselt number as,
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For classical case, Nusselt number is derived as,

t
Nu* =2,/—
P

2.4. Sherwood Number
The non-dimensional form of rate of mass transfer (Sherwood Number) is given by,

dc

Sh=-——
dy

y=0

Now from equation (12) we get the expression for Sherwood number as,
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For classical case, Sherwood number is derived as,

Sh* = 2\/Z (24)
T

3. RESULTS AND DISCUSSIONS

The solutions from the preceding section are shown in Figures from 2 to 18 after being numerically computed to
talk about how the temperature, velocity, concentration fields, skin-friction, Nusselt number and Sherwood number are
influenced by different physical parameters. This provides us with better understanding of the problem in case of physical
significance. It has been found that a stratified fluid moves more slowly than an equivalent volume of an unstratified fluid.
For various values of magnetic parameter M, Darcy number Da, thermal Grashof number Gr, mass Grashof number Gc,
Figures 2 to 9 represent the velocity profiles. It has been observed that while increasing the magnetic parameter M, velocity
profile decreases due to a resistive type of force (Lorentz force) occurs which lowers the flow velocity. While velocity
increases as Darcy number Da, thermal Grashof number Gr and mass Grashof number G¢ are increased in both the cases
(y=0,&£=0)and (y # 0, & # 0). The classical velocity increases over time (), but it stabilizes when stratification is
present.

1.4 7
Gr=5,7=1,¢=1 Gr=5,7=1,¢=1 .
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i Gr=15=1,¢=1 | | Gr=151=1,¢=1 s 7
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Figure 2. Effects of Gr on Velocity Profile forr = 1, M =
1,Ge=10,Da =05 w=1=%
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Figure 4. Effects of Gc on Velocity Profile forr = 1, M =
1,Gr=10,Da =0.5, w = %.

Figure 3. Effects of Gr on Velocity Profile fory =1, M =

1,Ge=10,Da =05 w=%

Velocity

e

Ge=5,7=1,¢=1

- = = - Gc=5,1=0,¢=0

Figure 5. Effects of Gc¢ on Velocity Profile fory = 1, M =

1,Gr=10,Da =0.5, w = %.

The effects of Gr and G¢ on temperature profile are seen in Figures (10) and (11). Temperature increases as Gr and
Gc increase and decreases as Gr and Gc¢ decrease simultaneously. The effects of magnetic parameter M on temperature
profile are depicted in the Figures 12 and 13. Temperature increases as M increases and decreases with decreasing the
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Figure 8. Effects of Da on Velocity Profile for = 1, Gr = Figure 9. Effects of Da on Velocity Profile fory = 1, Gr =
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magnetic parameter M. In our study it has been found that temperature is more in classical case as compared to the case
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Figure 10. Effects of Gr and G ¢ on Temperature Profile for Figure 11. Effects of Gr and G ¢ on Temperature Profile for
t=1ly=1L¢é=1,M=1,Da=05,w=7. y=lLy=1Lé=1,M=1,Da=05,w=7.
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Figure 16. Effects of Gr on Skin-Friction Profile for y = 1, Figure 17. Effects of G¢ on Skin-Friction Profile for y = 1,
Gc=10,Da=05w=7. Gr=10,Da=0.5, 0= 7.

of stratification. This happens due to the fluid velocity decreases with increase in magnetic parameter M, therefore heat
will not easily be convected, as a result this in turn increases the temperature of the fluid. Figure (14) and 15 depicted the
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effects of magnetic parameter M on concentration profile. Concentration increases as M increases but in classical case M

has no influence on concentration profile.

In contrast to the stratified scenario, our study indicates that the classical instance exhibits more concentration.
Figures (16) to (18) illustrated the effects of Gr, G¢c and M on skin-friction profile. It has been observed that skin-friction
increases with increase in magnetic parameter M while decreases as Gr and Gc¢ are increased in both the cases (y # 0,
& #0)and (y =0, & =0). From 2 we can conclude that Nusselt number rise in proportion to increase in Gr and G¢
but as M rises, Nusselt number decreases. While increasing the Darcy number, Nusselt number also increases. Sherwood
number increases in direct proportion to Gr and G¢ declines. In proportion to increase in M and Da, Sherwood number

Srows.

SKIN-FRICTION

20 F

25 F

-30

Figure 18. Effects of M on Skin-Friction Profile for y = 1,

Gr=10,Gc=10,Da=0.5,w = %.

Table 1. The impact of different parameters on Sherwood number with# = 1, w =

Table 2. The impact of different parameters on Nusselt number withz = 1, w = 7.

We have studied the impact of thermal and mass stratification on MHD flow past an oscillating vertical plate embedded
in a porous medium with variable surface conditions. The results of our investigation are contrasted with the scenario in
which stratification does not exist. The following are the findings of our investigation:

e Forboth (y =0, ¢ =0) and (y # 0, & # 0), velocity falls as magnetic parameter M increases. In contrast to the

stratified scenario, velocity is higher in the classical instance.

¢ For both the situation of (y = 0, & = 0) and (y # 0, & # 0), velocity grows with increasing Darcy number Da.
Nonetheless, in contrast to the stratified situation, velocity is higher in the classical case.

y | €& | Gr| Gec | M | Da Sh

1| 1]10] 10| 1 | 05| 14732
00| 10| 10| 1 |05 1.1227
1]1] 5 5 1 | 05 | 1.5896
11| 10| 10 | 2 | 0.5 | 1.6458
1110 10| 1 1 1.6593

vy | €| Gr | Gec | M| Da Nu

1 {110 10 | 1T | 0.5 | 1.6544
0[O0 10| 10 | 1 |05]1.1227
11| 5 5 1 |05 ] 1.6011
1 1]10 | 10 | 2 | 05 | 1.6466
1 {1]10 | 10 | 1 1 1.6597

4. CONCLUSION

T
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In the cases of (y =0, ¢ = 0) and (y # 0, & # 0), velocity increases with increase in the thermal (Gr) and mass
Grashof (Gc¢) numbers. But in the classical scenario, velocity is higher than in the stratified case.

Temperature grows as the magnetic parameter (M) increases and while increasing Gr and Gc¢, temperature rises.
Temperature is higher in classical situation than in the combined stratified environment.

Concentration rises with rising in the magnetic parameter M. In contrast to the stratified instance, the classical
situation (y = 0, £ = 0) involves more concentration.

Skin-friction decreases as Gr and Gc increases, but increases as M increases, while skin-friction is more in case of
stratification.

In the presence of stratification, the plate heat flux falls with increasing the magnetic parameter M but it grows while
increasing the values of Gr, Gc and Da. In contrast to the stratified situation, heat flux is reduced in the classical
case.

The mass flux increases as M, Da, Gr and Gc¢ increase in presence of stratification. However, in classical case,
mass flux decreases as compared to the case of stratification.
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BILIUB TEPMIYHOI TA MACOBOI CTPATU®IKAIIL HA HECTAIIIOHAPHUI MII-IIOTIK IIOB3
OCIIMJIIOIOYY BEPTUKAJIBHY IIJIACTUHY, BMOHTOBAHY B IIOPUCTE CEPEJOBUIIIE
31 SMIHHMH YMOBAMMU IIOBEPXHI
IManny /lac, Pynpa Kanra [deka
Dakyavmem mamemamuxu, Yrnieepcumem layxami, I'yeaxami-781014, Accam, Inois

Byio npoBeeHo 10CTi KEHHS TOT0, SIK TEIUIOBA Ta MacoBa CTpaTU(iKallis BIUIMBAE HA MArHiTOT1APOIMHAMIYHHUI MTOTIK MOB3 IUIACTHHY,
SIKA KOJIMBAEThCS BEPTUKAIBHO HABKOJIO CBOET BJIACHOI OCi, B SIKY BOHA 3aHYpEHa B IMOPHUCTE CEPEeIOBHUIINE 3i 3MiHHOIO Au(y3i€o Terna
Ta Macu. J{JIs1 OB KOHIEHTPAILIii, TEMIIEpATypH Ta MIBUAKOCTI 0e3p03MipHi KepiBHI PiBHSHHS PO3B’ A3YIOTHCSI 38 JOIIOMOI0I0 METOLY
nepersopenHs Jlamaca 11 yHiTapHux uucen IIpanaris ta IImigTa, Koau MacTHA FapMOHIIHO KOJUBAETHCS Y BJIACHIN IUIOLIMHI.
YucnoBi 00UMCIIeHHsT TIPOBOISATHCS Ta NPECTaBleHi Y BUNIAAL rpadikiB Iisl pi3HUX (hi3UYHMX MapaMeTpiB, TAKUX sIK TEIJIOBE YUCIIO
I'pacroda, aszosmii kyt, MacoBe uucio ['pacroda, mapamerp crpatudikarii Ta 4ac Ha KOHIEHTpALilo, MBUAKICTh, TEMIIEpaTypy,
TEIUIOBHIA MOTIK [UIACTUHM, HOTIK MAcH Ta TepTs MIKipH. Pe3y1pTaTH 1OTO JOCIIPKEHHSI MOXYTh OYTH BUKOPUCTAHI /ISl IOKPAILCHHSI
po3yMiHHs noToky MI'J] Ha BepTUKaIIbHIN KOMMBAJIBHIH IIACTHHI B KOMOIHOBaHMX CTPAaTH(IKOBAaHMX CepeJOBHINAX. 3HAUHI BICHOBKHY,
1110 BUIUIMBAIOTh 13 MacoBOI Ta TepMiyHOi cTpaTuiKallii, IOPIBHIOIOThCA 31 CLIEHapieM, y KOMY cTpaTU(ikalis BiCyTHS.
Kuarouosi cioBa: MI/] nomik; Konueanvbha nAacmuna; eaeKmponpogiona piouna; HecmabiabHUull NOmiK, mepmiuHa cmpamudpiKxayis,
Macoee po3umapy8ants; nopucme cepedosuuye
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