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THERMAL AND MASS STRATIFICATION EFFECTS ON UNSTEADY
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This study examines how thermal and mass stratification affect unsteady MHD parabolic flow past an infinite vertical
plate through porous medium with variable heat and mass diffusion. Analytical solutions are derived for unitary Prandtl
and Schmidt numbers using Laplace transform technique to simulate the the flow’s physical process. The investigation
takes into account how the flow field is impacted by thermal and mass stratification. Following that, the outcomes of
the stratification case are then comapared with the scenario in which the flow field has no stratification. The finding of
this study can help us comprehend more about the unsteady MHD parabolic flow and provide insightful information for
stratified systems.

Keywords: MHD flow; Vertical plate; Parabolic flow; Electrically conducting fluid;, Unsteady flow; Stratified fluid;
Porous medium
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1. INTRODUCTION

The most evident effect of thermal stratification is felt by anyone who has gone for a summer swim and
felt the chilly water a few feet under the warm surface. The process by which density causes a body of fluid to
develop comparatively stable and distinct layers is known as stratification of fluid which takes place mostly at
higher temperatures. It happens mostly due to change in temperature, concentration, or the presence of various
fluids with differing densities. Many natural systems, including lakes and oceans, exhibit the phenomenon of
thermal stratification. Stratification obstructs the vertical fluid mixing that influences the exchange of nutrients,
carbon, oxygen, and heat.

The study of parabolic flow problem plays an important role because it lessens viscous interactions between
adjacent fluid layers and the pipe wall, which helps to minimize energy losses in flowing fluids. The parabolic
motion has several uses, including solar cookers, solar concentrators, and parabolic trough solar collectors.

Using an infinite vertical plate in mass and heat transfer process is one of the applications for parabolic flow.
Due to their significance in engineering and industrial processes such as the cooling of electronic equipment,
sun collectors, solar cookers, solar concentrators, etc.—these difficulties are being studied in great detail. [1],
[2], [3] and [4] came up with analytical solutions of different problems of thermal stratification or stratified fluid
with various conditions. Numerous authors have been studied MHD flow past vertical plates and cylinders with
stratification effects. [5], [6] and [7] studied MHD flow problems past vertical plate with stratification effects. [8]
investigated the heat and mass diffusion flow along a surface in porous medium. [9] studied the effects of both
thermal and mass stratification past an accelerated infinite vertical plate in porous medium. [10], conducted an
investigation on parabolic flow problem past vertical plate, while [11] and [12] investigted MHD parabolic flow
problems past vertical plates with several conditions.

In this article, we investigate the combined effects of thermal and mass stratification on unsteady MHD
parabolic flow past an infinite vertical plate embedded in a porous medium with variable temperature and mass
diffusion. For the unitary 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 Ge¢, magnetic parameter
M, time t, Darcy number Da and stratification parameters v and £. On other physical phenomena including
the rate of heat and mass transfer and skin friction, the effects of M, Gr, Gc, v, £ and t are also studied. For
classical case when v and £ are absent, the solutions are then obtained and are compared to the original case
that is when stratification is present. The conclusion of this study have numerous applications in engineering
and several industries.
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2. MATHEMATICAL ANALYSIS

In this work, we investigate an unstable MHD parabolic flow in two dimensions across an infinite vertical
plate of a viscous, incompressible, and electrically conducting fluid embedded in a porous medium with variable
temperature and mass diffusion. In order to examine the flow scenario, we utilize a coordinate system where
the z’ axis is selected vertically upward along the plate and the 3’ axis is perpendicular to the plate. The fluid
and plate have the same initial fluid concentration C’_ and starting temperature 77 . The plate is moving with
the velocity Ugt’ % in its own plane at time ¢’ > 0 relative to the gravitational field. Also the plate temperature
and concentration level are raised to T, and C!, respectively at time ¢’ > 0. Due to the infinite length of the
plate, all the flow variables are independent of 2’ and only impacted by 3’ and t#’. The equations for motion,
energy, and concentration are then represented by the Boussinesqs’ approximation as follows:
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Figure 1. Physical model of the problem
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Considering the initial and boundary conditions as:

=0, T =T.,, C'=C vy, t' <0

o =Upt'?, T =T + (T, —TL)At,
C'=C+(Cl,—CHAt at ¢y =0, t' >0 (4)
u — 0, T — T, C'—=C, as y —o0, t'>0
where, v/ = ddj;‘;," + Ci denotes the thermal stratification parameter and ddj;%" denotes the vertical tem-
P

perature convection known as thermal stratification. In addition, & represents the rate of reversible work
P

done on fluid particles by compression, often known as work of compression. The variable (7’) denotes the

thermal stratification parameter in our study as the compression work is relatively minimal. Regarding testing

of computational methods, compression work is kept as an additive to thermal stratification.
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Now, we introduce the following non-dimensional quantities:

Yy’ t u’ UK uCy
— Y 4=t u=% Dpa= pr=
y LR’ t tR7 U UR7 a lj2 ) b T k
oB2v v T — T, c' -
M= Sc=p, O0=g—75 C=G—g AT=T,-T (5)
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When the non-dimensional quantities defined in (5) above are employed, equations (1), (2), and (3) take
on the following forms:

au 0%u 1
00 1 0%
o Pirain —u (7)
oC 1 92°C
o §87y2 —&u (8)

And the corresponding initial and boundary conditions (4) then reduce to,
u=0, 0=0, C=0 Vy, t<0
u=t* 0=t C=t aty=0,1t>0 (9)

u—0, 8—-0, C—0 asy—o00,t>0

1. Method of Solution

Solving the non-dimensional governing equations (6), (7) and (8) with respect to the boundary conditions
(9) for the unitary Prandtl and Schmidt numbers, we obtain the velocity, temperature and concentration profiles
with the help of [13] and [14] as:

u=C1f(A1) — Cy[h(A1) — h(B1)] — Csf(By) (10)
6 — tD, <1 y2>erfc<2\[> - yf/;; + Da[f(A1) = f(B1)] + Dsh(By) — Dsh(Ay) (11)
C =tF, ( Qj)erfc<2?jﬁ> _ y;—ﬁ; Ex[f(A1) — f(B1)] + Esh(B1) — Esh(A;) (12)

For the sake of succinctness, our study refers to the situation where pressure work is omitted and the
environment is isothermal (v = 0, £ = 0) as the classical scenario. The velocity (u*), temperature (6*) and
concentration (C*) profiles for classical case are obtained as,
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And f and h are inverse Laplace transforms and are given by

f(A ):Ll{eyw} and h(A ):Ll{eyw}
1 1

53 52

Using the formulas given by [14], 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 non-dimensional computation of skin-friction of the plate is given by:

du
dy

(16)

y=0

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

VAL) ot
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+W (17)

Skin-friction in classical scenario is obtained as,

e (g e | S5

\/Z(2 +e V) + Lc(m) ] (18)
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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,

do

Nuy=—="

y=0

Now from equation (11) we get the expression for Nusselt number as,

t D
Nu:2D1\/>+2
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For classical case, Nusselt number is derived as,

Nu* =2 E 21
a (1)

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

dc

(22)

y=0

Now from equation (12) we get the expression for Sherwood number as,

E
Sh:2E1\/£+—2
T 2
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P erf(v Bt
Es t\/Eerf(\/Bt) + \/;e_Bt + 2(\@) (23)
For classical case, Sherwood number is obtained as,
t
h* =24/ — 24
s ~ (24)

3. RESULTS AND DISCUSSIONS

The solutions obtained from the previous section’s numerical computations are displayed in Figures from
2 to 25 and discuss the effects of various physical parameters on temperature, velocity, concentration fields,
skin friction, Nusselt number, and Sherwood number, which provides us with better insight of the problem in
terms of physical significance. It has been found that a stratified fluid moves slower in compare to unstratified
fluid because of density varying property a resistive type of force (Lorentz force) occurs which lowers the flow
velocity. The velocity profiles are shown in figures from 2 to 7 for different values of magnetic parameter M,
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Figure 2. Effects of v and £ on Velocity Profile for Figure 3. Effects of Gr and Gc on Velocity Profile for
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Figure 4. Effects of M on Velocity Profile for v = 1, Figure 5. Effects of Da on Velocity Profile for v =1,
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Figure 7. Effects of Gr and Gc on Velocity Profile
against time fory =1, v=1,£=0.8, M =1, Da =
0.5

Figure 6. Effects of v and £ on Velocity Profile against
time for y =1, Gr =5, Ge=5, M =1, Da = 0.5

Darcy number Da, thermal Grashof number Gr, mass Grashof number Ge¢, thermal stratification parameter
v, mass stratification parameter £ and time ¢. As the values of 7 and £, which stand for thermal and mass
stratification, rise, the velocity decreases. It has been observed that when the magnetic parameter M increases,
the velocity profile falls because the flow velocity is lowered due to a resistive type of force known as the Lorentz
force occurs. When thermal Grashof number Gr, mass Grashof number Ge¢, and Darcy number Da increase,
velocity profile and velocity profile against time increase as well in both classical and non-classical cases. The
velocity profile against time increases in classical (7 = 0 and £ = 0) case in compare to the stratified case.
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Figure 9. Effects of v and £ on Temperature Profile

Figure 8. Effects of v and £ on Temperature Profile against time for y = 1.5, Gr = 5, Ge = 5, M = 1,

for Gr =5, Ge=5,t=15, M =1, Da=0.5
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Figure 11. Effects of Gr and Gc on Temperature

Figure 10. Effects of Gr and Gc on Temperature Profile against time for y — 1.5, v — 1, £ = 0.8, M —

Profile for vy =1,£=0.8,t=1.5, M =1, Da = 0.5
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Figure 12. Effects of M on Temperature Profile for Figure 13. Effects of Da on Temperature Profile for
v=1,£=08,Gr=5,Ge=5,t=1.5, Da=0.5 v=1,£=08,Gr=5,Gec=5,t=15, M=1

The temperature and concentration profiles with and without stratification for various values of ~, &, M,
Gr, Ge, Da and t are shown graphically in figures 8 to 19. From figures 8 and 9 it is seen that temperature is
more in classical case as compared to the non-classical case. Likewise figures 14 and 15 depict that concentration
is less in stratified fluid in compare to the unstratified fluid. Figures 12 and 18 depict the effect of magnetic
parameter M on temperature and concentration profile. Temperature and concentration increase as M increases.
From figures 13 and 19 it is seen that as Darcy number (Da) grows, temperature and concentration fall down.
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It is clear from figures 10 and 11 and 16 and 17 that temperature and concentration decrease when the thermal
and mass Grashof numbers (Gr and Gc) increase.
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Figure 15. Effects of v and £ on Concentration Profile

Figure 14. Effects of v and £ on Concentration Profile against time for y = 1.5, Gr = 5, Ge = 5, M = 1, Da =

for Gr=5,Ge=5,t=15, M =1, Da=0.5
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Figure 17. Effects of Gr and Gc on Concentration
Profile against time for y = 1.5,y =1, £ =08, M =
1, Da=0.5

Figure 16. Effects of Gr and Ge¢ on Concentration
Profile for vy =1,£=0.8,t =1.5, M =1, Da = 0.5
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Figure 18. Effects of M on Concentration Profile for Figure 19. Effects of Da on Concentration Profile for
v=1,£(=08,Gr=5 Ge=5,t=15,Da=05 vy=1,¢(=08,Gr=5Ge=5t=15 M=1

The effects of v, &, thermal Grashof (Gr) and mass Grashof (G¢) numbers on skin-friction, Nusselt number
and Sherwood number are presented in the figures 20 to 25. In classical case that is when v = 0 and £ = 0,
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Figure 20. Effects of v and £ on skin-friction for Gr =
5 Ge=5 M =1, Da=0.5

Figure 22. Effects of v and £ on Nusselt number for
Gr=5,Ge=5 M =1, Da=0.5
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Figure 21. Effects of Gr and Gc on skin-friction for
’Y:17§:O.8,M:17 Da:05

Gr=5,Gc=5
Gr=10,Ge=5
Gr=5,Gc=10

Figure 23. Effects of Gr and Gc on Nusselt number
fory=1,6=08 M=1,Da=0.5

skin-friction, Nusselt number and Sherwood number decrease as compared to the stratification case. It has been
observed that while rising in the values of Gr and Ge, skin-friction falls down. In case of Nusselt and Sherwood
numbers, when Gr and Gc increase, both Nusselt and Sherwood numbers increase.

Sherwood Number

Figure 24. Effects of v and £ on Sherwood number

for Gr =5, Ge=5, M =1, Da=0.5

Gr=5,Gc=5
Gr=10,Ge=5
Gr=5,Gc=10
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Figure 25. Effects of Gr and Gc¢ on Sherwood number
fory=1,£=08 M =1, Da=0.5

4. CONCLUSION

We have explored the impact of thermal and mass stratification on unsteady MHD parabolic flow past
an infinite vertical plate embedded in a porous medium with variable heat and mass diffusion. The present
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study’s findings have been juxtaposed with those of the classical scenario in which stratification is absent. The
conclusion of our study that based on the results derived from the previous sections are as follows:

e When « and £ grow, velocity, temperature and concentration drop as both the stratification (thermal
and mass) effect stabilises the fluid and becomes steady state. But in the classical situation, velocity,
temperature and concentration are higher than in the thermally and mass stratified fluid.

e Velocity, temperature and concentration profiles grow as Gr and Gc increase but velocity decreases as M
increases and both temperature and concentration rise as M grows.

e Velocity grows as Darcy number Da increases but temperature and concentration fall down as Da rises.

e Skin-friction, Nusselt number and Sherwood number decrease in isothermal case as compared to the
stratification case.

e With rising the values of Gr and Gc¢, Nusselt number and Sherwood number also increase but skin-friction
falls down.
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BIIJINB TEPMIT‘IH(U)i TA MACOBOI CTPATI/I(I)IKAI_HT HA HECTAHIOHAPHI/Iﬁ
MTII-ITAPABOJITYHUU IIOTIK I1O0B3 HECKIHYEHHY BEPTUKAJIBHY IIJIACTUHY
31 SMIHHOIO TEMITEPATYPOIO TA /IN®Y3I€IO MACHU YEPE3
IIOPUCTE CEPEIOBUIIIE
ITanny /dac, Pyapa Kanra /leka
Daxyavmem mamemamury, Ynieepcumem Iayzami, l'yeaxami-781014, Accam, Indis
Y 1boMy TOCHLIKEHHI TOCTIIKYETHhCS, SK TEII0Ba Ta MacoBa crpatudikaris BIumBae Ha HectarioHapumit MII-
mapaboiTHui MOTIK ITOB3 HECKIHYEHHY BEPTUKAJIbHY IIACTUHY Yepe3 MOPUCTe cepemoBuiie 3i 3MiHHOI0 audy3ieio Tema
Ta Macu. Anasituani pienns orpumani gys ynitapuux umcesn IIpangris ta [IIminra 3 BukopucranusM TexHIKU 1epe-
TBOpeHHs Jlammaca mist MomesmoBaHHs (Bi3UTHOrO TpoIrecy moToky. Jlocmimkenns Gepe 10 yBarm Te, sSIK Ha IOJe Tedil
BIUIMBAE TEIIOBA Ta MacoBa crparudikaris. Ilicas nporo pedyabraTi Bunaaky crparudikarii TOpIBHIOIOTHCS 31 CIleHA-
pieM, y SKOMY IOJIe IOTOKY He Ma€ crparudikarii. Pe3yabraru nporo 1oc/iiKeHHs MOXKYThH JOIIOMOITH HAaM 3PO3yMIiTH
6impire ipo mectamionapuuit MI'/I-mapabosiaanit moTik i HagaTH rIMOOKY iH(GOPMAIio A1 cTPATH(IKOBAHUX CHCTEM.
Kurouosi caoBa: MIJ] nomik; 6epmukasbHra NAGCTMUHG; NAPAOOAIYHUT NOMIK; eALKMPONPO6I0Ha Pidura; Hecmabisbhud

nomik; cmpamugixoeana piduna; nopucme cepedosuuse
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