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This work aims to investigate the effect of thermal stratification on fluid flow past an accelerated vertical plate in the
presence of first order chemical reaction. The dimensionless unsteady coupled linear governing equations are solved by
Laplace transform technique for the case when the Prandtl number is unity. The important conclusions made in this
study the effect of thermal stratification is compared with the scenario in which there was no stratification. The results
of numerical computations for different sets of physical parameters, such as velocity, temperature, concentration, skin-
friction, Nusselt number and Sherwood number are displayed graphically. It is shown that the steady state is attained
more quickly when the flow is stratified.
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1. INTRODUCTION

Thermal stratification is a natural phenomenon that may be seen in many natural systems, such as lakes
and seas. The presence of chemical reactions might further complicate the flow’s dynamics. In this paper,
we investigate how flow dynamics and interactions with chemical processes are impacted by thermal stratifica-
tion.The applications of this study are wide. It may be used to build more efficient chemical reactors and heat
exchangers. It may also be used to look at how the performance of cooling systems in electrical equipment is
affected by thermal stratification.

[1] investigated the influence of a chemical reaction on the behavior of an unsteady flow through an
accelerating vertical plate, where the mass transfer was variable and without considering stratification. The
purpose of this research is to determine how fluid flow past an accelerated vertical plate impacts the interaction
between thermal stratification and chemical reaction. [2] and [3] investigated the unsteady flow of a thermally
stratified fluid past a vertically accelerated plate under a variety of conditions. Researchers [4], [5], and [6]
have investigated steady flows in a stable stratified fluid with a focus on infinite vertical plates. [7] and [§]
both investigated buoyancy-driven flows in a stratified fluid. The interaction between thermal stratification and
chemical reaction to change MHD flow for vertical stretching surfaces has been studied by researchers [9] and
[10]. These two phenomena were also investigated by [11], who investigated the impact of non-Newtonian fluid
flow in a porous medium. The unsteady MHD flow past an accelerating vertical plate with a constant heat flux
and ramped plate temperature respectively was researched by [12] and [13].

In this paper, we derived the special solutions for Sc¢ = 1 and classical solutions for the case S = 0 (without
stratification). These solutions are compared with the primary solutions, and graphs are used to demonstrate the
differences. The impacts of physical parameters on velocity, temperature, and concentration profiles, including
the stratification parameter (S), thermal Grashof number (Gr), mass Grashof number (Gc¢), Schimdt number
(Sc) and Chemical Reaction Parameter (K'), are explored and presented in graphs. The results of this research
have a wide range of applications in a variety of industries and chemical factories.

2. MATHEMATICAL ANALYSIS

We consider a fluid that is stratified, viscous, and in-compressible, traveling along an accelerating vertical
plate with first-order chemical reaction present. As can be seen in fig. 1, we use a coordinate system in which
the 4’ axis is perpendicular to the plate and the z’ axis is taken vertically upward along the plate to study the
flow situation. The starting temperature T, and initial fluid concentration C’_ of the plate and fluid are the
same. At time ¢’ > 0, the plate is subjected to an impulsive constant acceleration wug, and the concentration
and temperature of the plate are increased to C), and T , respectively. All flow variables are independent of «’

w?
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Figure 1. Physical Model and coordinate system

and only affected by y’ and #' since the plate has an infinite length. As a result, we are left with a flow that is
only one dimension and has one non-zero vertical velocity component, u’. The Boussinesqs’ approximation is
then used to represent the equations for motion, energy, and concentration as follows:

ou’ . !
90 gB(T" = TL)+ gB™(C" = CL) + Vay,g (1)
or’ 0T’
v ~ g (2)
oc’ o2c’
at/ = DW - chl (3)
with the following initial and boundary Conditions:

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

o = upt! T =T+ (T, — T A c=c aty' =0, >0

u =0 T — T, C'— CL as y — oo, t’ >0

where, « is the thermal diffusivity, 8 is the volumetric coefficient of thermal expansion, 5* is the volumetric
coefficient of expansion with concentration, 7 is the similarity parameter, v is the kinematic viscosity, g is the
acceleration due to gravity, D is the mass diffusion coefficient. Also, v = ddTﬁ + Cip denotes the thermal

stratification parameter and dd%f denotes the vertical temperature convection known as thermal stratification.

In addition, Ci represents the rate of reversible work done on fluid particles by compression, often known
P
as work of compression. The variable (y) will be referred to as the thermal stratification parameter in our
research because the compression work is relatively minimal. For the purpose of testing computational methods,
compression work is kept as an additive to thermal stratification.
and we provide non-dimensional quantities in the following:

2/3 1/3
g tw o T eT -G g8, =T
(ugr)t/3 vi/3 v2/3 T, — T, cl, —C uo
x(V K,p1l/3 2/3
Ge= 990 =C)  p v A VAL Ty k-
4o @ p U ug' " (Ty, = T%)
2\ 1/3
where, A = (%) is the constant.
The non-dimensional forms of the equations (1)-(3) are given by
oU 02U
= Gro+GeC+ — (4)

ot Oy?
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Non-dimensional form of initial and boundary Conditions are:

U=t 0=t Cc=1
U=0 f—0 C—0

3. METHOD OF SOLUTION

(5)
(6)
Yy,t <0
aty=0,t>0
asy — 00,t >0 (7)

The non-dimensional governing equations (4)- (6) with boundary conditions (7) are solved using Laplace’s
transform method for Pr = 1. Hence, the expressions for concentration, velocity and temperature with the help

of [14] and [15] are given by

C = % [6_277@67“]"0 (n\/§ — \/?t) + 62"merfc (n\/ﬁ + \/?t)} (8)
U = U + LA + 5 {A) = f(=i) + groes (O LAGA) + A(-id)

+(Co — iCs) {f2(iA, B +iBy) + fo(—iA, B+ iB1)} + (Ca +iCs) {f2(iA, B — iBy)

Ge

+fo(—iA, B —iB1)}] + %A

(D1 = 1) {f1(2A) = fr(=iA)} + (D2 +iDs3) {f2(iA, B +iDB)

—fo(—iA, B +iB1)} + (Ds — iD3) { f2(iA, B — iBy) — fo(—iA, B — iBy)}]

Ge Cl
(Sc—1) [2
+(C2 —iC3) {f3(K, B +iB1)} + (C2 +iC3) { f3(K, B — iB1)}]

0 = oo LA — Fa(—iA)} 4 (aGA) + i)

2{A(Sc—1) [

{e_Qnmerfc (77\/§ — \/?t) + eQnmerfc (77\/§ + \/th) }

Ci{fi(iA) — fr(—iA)}

+(C2 —iC3) { f2(iA, B+ iB1) — fo(—iA, B +iB1)} + (Ca +iC3) { fa(iA, B —iBy)

SGe

—fa(—iA, B —iBy)}] + 2Se—1)°

S [EL{f1(iA) + f1(—iA)} + (Bz — iE3) { f2(iA, B+ iBy)

+f2(—iA, B +iB1)} + (Ey +iE3) { fo(iA, B — iBy) + fa(—iA, B —iB)}]

SGe E1
~(Sc—1)2 { 2
+(BEy — iE3) f3(K, B +iBy) + (By + iFE3) fs(K, B — iBy)]

where,

K A
Y A—vsar, B2 g _ SGr

77:2\/%a SC*].’

C2 = 2(B? + B2)’ Cs = 2(B? + B2)’ D=5 ¥ B?)’
__ BB E = b B, = -t
2B+ B T (BB AP B
Also, f;’s are inverse Laplace’s transforms given by

-B - B B2

Ds =

Se—1 Se—1’

it {e‘2nmerfc (m/@ - @) + e2VEeKiopfe (77\/§ + m) }

(10)

B

)= — "

' B2+ BY)
B}

Dy=—— bl
>7 2(B?+ BY)

B

T 2B,(B% + B?)

[ . N O i
ip) =L { —— 5, ip,qr+ig) =L ——MM —
f1(ip) S fo(ip, 1 +ig2) statin

@ +ige) = L7 .
f3(p, q1 +iq2) {s+q1+zq2

)
| e

e~ uVETD

=

We separate the complex arguments of the error function contained in the previous expressions into real and

imaginary parts using the formulas provided by [15].
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4. SPECIAL CASE [FOR SC=1]

We came up with answers for the special case where Sc = 1. Hence, the solutions for the special case are
as follows:

o - %[—QWFerfc( @)+62"M€ch<n+m)} (11)
U = %{ Ja(iA) + fa(—=iA)} + mlgaw{fl(zA)+f1( A}
g li4) — A=A} + 55 (a04) ~ fa(iA)}
g(f(fz((jc,@) 6*2"Ferfc( \/ﬂ)+e2”@erfc(n+\/ﬁ)] (12)
o = ;{f4(iA)+f4(—iA)}+m{fl(iA)—fl(—iA)}
i U A) + i)+ 57 (6A) — fi(-id)
_Q(Kg%{e—awwc( m)+62merfc (n+VEL)} (13)

5. CLASSICAL CASE (S=0)

We derived solutions for the classical case of no thermal stratification (S = 0). We want to compare
the results of the fluid with thermal stratification to the case with no stratification. Hence, the corresponding
solutions for the classical case is given by :

0, = =t { (1 + 2772) erfe(n) — \2/777?6_772} (14)
U = ZIC(JS [Qerfc( ) —e B {efznmerfc (77 - \/iBt) + V= Bler fe (77 + JiBt)}

- {6‘2”\/%6#6 (n\/Si = \/ﬂ) 2SR e e (77\/5 + \/E)}
Bt fermVSe Bl fe (1S — /(K = B)t) + VS Blier fe (nv/Se+ /(K — B)E) }]

+77G3Tt {\;{(14—7] e 2 — (6 + 4?) eTfC(U)} +t{(1+27]2) erfe(n) — \2/73?6—772} (15)

5.1. Skin-Friction
The non-dimensional Skin-Friction, which is determined as shear stress on the surface, is obtained by

av
dy =0

The solution for the Skin-Friction is calculated from the solution of Velocity profile U, represented by (9), as

follows:
—+ 7’2 A 7‘1 — 7‘2)
At t\/ (nr) A \[ At — t\/
\/7COS + NV S sin (r1+12) TA

Ge cos At A Sc
iy _ _ K K _ M —Kt
+Sc—1 C’l{ = +\/2(r1 re) — VScK erf(V Kt) “mte }
A
+2C5 {Cf/sﬁt - ige_Kt} + e Bt {(Cgpl + Cng)(Tg cos Bit + ry4 sin Blt)

+(03P1 - Cng)(T4 COS Blt — T3 sin Blt)} + eth {(CQPQ — CgQQ)(Tg, COS Blt — 76 sin Blt)
_(03P2 + CQQQ)(T(; COS Blt + Ts5 sin Blt)} — 26_Btv SC{(CQPS — CgQg)
(r7 cos Bit — rgsin Bit) — (C3P3 + CoQ3)(rs cos Byt + 17 sin Byt) }]
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Ge —sin At A 2D, sin At
+—|(Dy -1 P2 () p— 2
A (D1 ){ Vit 2 (ry Tz)} Vvt

—&—e_Bt {(DgPl — D3Q1)(T4 cos Byt — r3sin Blt) =+ (D3P1 =+ DQQl)(TS cos Bt + ry4 sin Blt)}
+eiBt {(D2P2 -+ D3Q2)(7’6 COS Blt + 75 sin Blt) — (D3P2 — DQQQ)(T‘E, COS Blt —T6 sin Blt)}]

The solution for the Skin-Friction for the special case is given from the expression (12), which is represented

by
(r1+ 7"2) KGe cos At A
[cosAt—i—t“ +K2+A2 = + 5(7’1-7‘2)
ry—T
—VK erf(VKt) — } \/751nAt— ty/ (r1 +72) + 21\/72)
AGce sin At A
T A2 Vm b (r1 +7r2)
The solution for the Skin-Friction for the classical case is given from the expression (15), which is represented

by

Te = % {eth{\/m erf(v/(K — B)t) —v—-B erf(@)} — \/ﬁerf(\/ﬁ)}

t tGr
/= (1——
5.2. Nusselt Number

The non-dimensional Nusselt number, which is determined as the rate of heat transfer, is obtained by

do

Nu= ——
dy y=0

The solution for the Nusselt number is calculated from the solution of Temperature profile 6, represented by

(10), as follows:
\/751nAt—t\/ (r1 4+ r2) TI_TQ)
2v2A

7“1 =+ T2 S
— cos At + t\/ ) - =
\/7 2724 A

. Ge c —sin At L A (ry +72) 2C5 sin At
_ Ge —smat  jAa Ly 2CasmAl
ASc—1) | M Vat g VT2 Vit

+e PH{(CoPy + C5Q1)(ra cos Byt — rgsin Bit) — (Cs Py — C2Q1)
+e Bt {(CQPQ — CgQQ)(TG cos Byt + rssin Blt) + (C3Py + C2Q2)

T3 COS Blt +7ry sin Blt)}
r5 cos Bit — r¢ sin Blt)}]

(
(

SGe cos At A Se s
+m El{\/ﬁ +\/:(7’1—’I”2)—\/567K€Tf(\/[7t)_ Ee }
A
+2F, {03/5725 _ i:e_Kt} + e Bt {(E2P1 + E3Q1)(r3cosBit + rysin B1t)}
T

+(E3P1 — EQQl)(T4COSBlt — T3 sin Blt) + e_Bt {(E2P2 — EgQQ)(TsCOSBlt —Te sin Blt)
—(E5P;y + E3Q2)(rgcosByt + rssin Byt)} — 2¢~ Bty Sc{(E2P; — E3Q3)(r7cosBit — rgsin Bit)
—(E3P3; + E2Q3)(rscosByt + 17 sin Byt)}]

The solution for the Nusselt number for the special case is given from the expression (13), which is repre-
SKGc

sented by
—sinAt+ é( |+ (14 SGc COSAt+ é( )
AR+ 49 | ymr N Kryaz) | m N2

\/ZsinAt—t\/g(rl +7ra) + (rgl\/_fif) - KQSJC:CAQ {\/E erf(VKt) + < }

Nu* =
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(r1 + 7"2)
—cos At +t
ey feonte G-+ G2

The solution for the Nusselt number for the classical case is given from the expression (14), which is
represented by

5.3. Sherwood Number
The non-dimensional Sherwood number, which is determined as the rate of mass transfer, is obtained by

ac
Sh=——
dy y=0
The solution for the Sherwood number is calculated from the solution of Concentration profile C', represented
by (8), as follows:

Sh = chKerf(\/ﬁ)+\/§eKt

The solution for the Sherwood number for the special case is given from the expression (11), which is
represented by

Sh* = \/I?erf(\/ﬂ)—i-\/%e_m

where,

By, — B
SRA-B, Bi= VB (AT B, Bi= (K- BB b=y

B B - B | B B /B—K B)
2+ 32 Q, = 3+ j. by — (8 = D)

B (K-B
Q3 %)7 \/ —B+Z A— Bl Pl-‘riQh \/—B+i(A+B1):P2+iQ2,

VK —B+iB; = P3+1iQs, erf(ViAt) =ry +iry, erf(PiVt+iQiVt) =13 +iry,
erf(PoVt+iQavVt) =15 +irg, erf(P3vt+iQsVt) = rr +irs

6. RESULT AND DISCUSSIONS

In order to better understand the physical significance of the problem, we calculated the velocity, temper-
ature, concentration, Skin friction, Nusselt number, and Sherwood number using the solutions we found in the
previous sections, for different values of the physical parameters S, Gr, Ge, Sc, K and time ¢t. Additionally, we
represented them graphically in Figures 2 to 13.

The effect of thermal stratification (S) on the velocity profiles is seen in Figure 2. It can be seen that there
is a decrease in velocity as a result of thermal stratification. An increase in the values of Gr and Gc leads to
a rise in the value of the velocity, as seen in Figure 3. Figures 4 and 5 depicted the fluid’s velocity at various
values of Sc and K. The fluid velocity decreases as the values of Sc and K increase.

Figures 6 and 7 portray the effect of thermal stratification on fluid velocity and temperature against time.
Without stratification, the velocity and temperature increase over time in an exponential manner; but, when
stratification takes place, they finally stabilize. Due to the application of thermal stratification, which reduces
velocity and temperature in comparison with the standard case (S = 0). Hence, this research with stratification
is more realistic than prior ones without stratification.

The combined effect of thermal stratification and chemical reaction on temperature can be seen in Figure 8.
The temperature seems to decrease when the thermal stratification parameter is increased, yet chemical reactions
enhance the temperature. The effects of Gr, Gc and Sc on the temperature profile are shown in Figures 9 and
10, respectively. For higher Gr, Sc, and lower Gc values, the temperature decreases.

Figure 11 illustrates how the parameters Sc and K influence the concentration of the fluid. The concen-
tration decreases when the Sc and K parameters are increased. Figures 12 and 13 illustrate the skin friction
and Nusselt number variations produced by thermal Stratification. They considerably rise in the presence of
stratification compared to the absence of stratification. Additionally, stratification increases the frequency of
oscillations for both skin friction and the Nusselt number.
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0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2
n n

Figure 2. Effects of S on Velocity Profile for Gr = Figure 3. Effects of Gr and Gc on Velocity Profile for
5,Ge=5,t=1.7,5¢=05K =02 S=04,S¢=05,t=17,K =02

0 0.5 1 1.5 2 25 3 3.5 0 0.5 1 1.5 2
n n

Figure 4. Effects of Sc on Velocity Profile for Gr = Figure 5. Effects of K on Velocity Profile for Gr =
5,Ge=5,5=04,t=17,K =0.2 5,Ge=5,5=04,5¢=05,t=1.7

Figure 6. Effects of S on Velocity Profile against time Figure 7. Effects of S on Temperature Profile against
for Gr =5,Gc=5,5¢=05,y=1,K =0.2 time for Gr =5,Gc=5,5¢=0.5,y=1, K =0.2
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Gr=5, Ge=5

- Gr=10, Ge=5

Figure 8. Effects of S and K on Temperature Profile Figure 9. Effects of Gr and G¢ on Temperature Pro-
for Gr =5,Ge=5,5¢=0.5,t=1.7 file for S =0.4,5¢=0.5,t = ‘1.7, K = 0.2

——8c¢=0.1,K=0.2 ||
Sc=0.1, K=2.0
- 8c=1, K=0.2

Figure 10. Effects of Sc on Temperature Profile for Figure 11. Effects of Sc and K on concentration
Gr=5Gc=55=04,t=17,K=0.2 Profile

7. CONCLUSION

We explored how chemical reactions impact the flow through an accelerated vertical plate in the presence
of thermal stratification. The outcomes of the current study are compared with those of the classical situation

15 T " T T " ; 25

Figure 12. Effects of S on Skin friction for Gr = Figure 13. Effects of S on Nusselt Number for Gr =
5 Ge=5,5=0.5K=0.2 5 Ge=5,5=0.5K=0.2
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in which stratification does not take place. As S,Sc and K grow, the fluid’s velocity decreases, whereas an
increase in Gr,Gc increases it. This research is more practical than earlier ones because it applies thermal
stratification, which lowers velocity and temperature in comparison to the classical scenario (S = 0). The
temperature decreases when K and Ge decreases, and it increases when S, Gr increases. Thermal stratification
increases the recurrence of oscillations in the skin friction and Nusselt number.
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HECTINKHNMN IIOTIK IIOB3 IIPUCKOPEHY BEPTUKAJIBHY IIJIACTUHY 3I
SMIHHOIO TEMIIEPATYPOIO 3A HAABHOCTI TEPMOCTPATI/I(I)IKAI_[IT TA
XIMIYHOI PEAKIIIT
Hiryn Kaunira, Pyapa Kanra deka, Pynam ITTankap Harx
Daxyavmem mamemamury, Ynisepcumem Iayzami, l'yeaxami-781014, Accam, Indis
Ilst pobora crpssmMoBaHa Ha JOCTIKEHHS BIIUBY TepMidIHOI cTpaTudikaril Ha HOTIK PiAUHE IOB3 IPUCKOPEHY BEePTHKAIb-
Hy IUIACTHHY 33 HAIBHOCTI XIMigHOI peakiiii meprioro mopsiiky. Be3po3mipui mecrarionapsi moB’si3ami JiiHIMHI Kepyiodi
PIBHSHHS PO3B’A3yIOTHCS METOIOM II€PeTBOPeHHs Jlammaca i BUmaaKy, kosm 9ucsao lIpanaris nopiBaioe oauawm. Ba-
JKJIUBI BUCHOBKU, 3PO0JI€HI B IIbOMY JOCJIII2KEHHI, BIUIMB TepMidHoi crparudikarii MOPIBHIOOTH 3i ClieHapieM, B SKOMY
crparndikamii He 6y10. Pe3yabraTn unceabHnx 009NCIeHb TS Pi3HUX HAOOPIB (Bi3WUHMX MapaMeTpiB, TAKUX SK MIBUI-
KiCTh, TeMIepaTypa, KOHIIeHTpallis, TepTs, uncio Hyccesnsra Ta uuncto Ilepsyna, Bimobpaskaorscs rpadiano. Ilokazamno,

IO CTAI[iOHAPHMI CTAH JOCATAETHCS MIBU/IIE, KON HOTIK CTPATH()DIKOBAHMIA.

Kiro4oBi ciioBa: mepmiuna cmpamu@ikayis; TIMinna PeaKkyis; menio- ma macoobmit; 6eEPMUKANbHA NAGCMUHG; NPU-
CKOpEHHA
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