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This research paper investigates the effects of thermal stratification on unsteady parabolic flow past an infinite vertical
plate with chemical reaction. Using the Laplace transform method, analytical solutions are derived to simulate the
physical process of the flow. The study considers the effects of thermal stratification on the flow field, as well as the
effects of chemical reaction on the velocity, and temperature field. The results of the stratification case are then compared
to the case of no stratification of a similar flow field. The results of this research can be used to improve understanding
of the unsteady parabolic flow in thermal stratified environments and provide valuable insight into the effects of chemical
reactions on the temperature field.
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PACS: 47.55.P-, 44.25.+f, 44.05.4e, 47.11.j
NOMENCLATURE K Non-Dimensional Chemical Reaction Parame-
Q Thermal Diffusivity ter

Volumetric Coefficient of Thermal Expansion K1 Chemical Reaction Parameter

B* Volumetric Coefficient of Expansion with Con- Pr Prandtl Number
centration . . . .
S Non-Dimensional Thermal Stratification Pa-
n Similarity Parameter rameter
~y Thermal Stratification Parameter Sc Schimdt Number
v Kinematic Viscosity t Non-Dimensional Time
T Non-Dimensional Skin-Friction T’ Temperature of the fluid
0 Non-Dimensional Temperature t Time
c Non-Dimensional Concentration T, Temperature of the fluid far away from the
c’ Species Concentration in the fluid Plate

C!,  Concentration of the fluid far away from the T, Temperature of the Plate

Plate U Non-Dimensional Velocity

, .
Cuy Concentration of the Plate u Velocity of the fluid in 2’ direction

D Mass Diffusion Coefficient o Velocity of the Plate

Acceleration due t it
g ceeleration que to gravity Y Non-Dimensional Coordinate Normal to the
Gc Mass Grashof Number plate
Gr Thermal Grashof Number y Coordinate Normal to the Plate

1. INTRODUCTION
The study of parabolic flow is significant because it helps to reduce energy losses in flowing fluids by
decreasing viscous interactions between neighboring layers of fluid and the pipe wall. Additionally, parabolic
flow is simpler to model and calculate than unstable flow, which includes the fluid’s random and unpredictable
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Figure 1. Physical Model and coordinate system

motion. One of the uses for parabolic flow is in mass and heat transfer procedures using an infinite vertical plate.
The plate may be subjected to a variety of boundary conditions, including constant or variable temperature,
constant or variable heat flow, constant or variable concentration, etc. The study of these problems has a lot of
attention because they are important in engineering and industrial processes, such as cooling electronic devices,
sun collectors, chemical reactors, combustion chambers, etc.

The first study on the parabolic starting flow past an infinite vertical plate was done by [1]. In addition,
the MHD Parabolic flow for an infinite vertical plate was investigated by [2], while [3] studied the flow around
an accelerating vertical plate. The present research is the first work to look into the combined effects of thermal
stratification and chemical reaction on parabolic flow past an infinite vertical plate. [4, 5] and [6] investigated
unsteady flows in a stably stratified fluid, focusing on infinite plates. Furthermore, buoyancy-driven flows in
a stratified fluid were examined by [7, 8]. [9] came up with an analytical solution to describe how fluid would
flow past an infinite vertical plate that had been affected chemically. In their studies, [10] and [11] examine
the results of applying a chemical reaction to an infinite vertical plate under different situations. The articles
[12] and [13] investigate the impacts of chemical reaction and thermal stratification on MHD flow for vertical
stretching surfaces. In a similar manner, [14] investigated the effects of non-Newtonian fluid flow across a porous
material on both effects. The study conducted by [15] focuses on analysing the collective influence of thermal
stratification and chemical reaction on the flow of a fluid relative to an infinitely vertical plate. Furthermore, [16]
conducted an investigation to examine the impact of thermal stratification on the unsteady flow of fluid past an
accelerated vertical plate, while also considering the presence of a first-order chemical reaction. [17] conducted
an investigation to analyse the impact of thermal stratification with velocity slip, and changing viscosity on the
magnetohydrodynamic (MHD) flow of a nanofluid across a disc.

The work presents the derivation of the special solutions for the situation Sc = 1 and the classical solutions
for the case S = 0, where no stratification is present. In order to compare these solutions to the original solutions,
graphs are utilized to show the variations. Physical parameters that affect the concentration, temperature, and
velocity profiles are discussed and illustrated graphically. These parameters include the S, K, Gr, Gc, and time t.
The conclusions of this study have numerous uses across several industries and chemical plants.

2. MATHEMATICAL ANALYSIS

We examine at the unstable parabolic flow over an infinite vertical plate of a viscous, in-compressible,
stratified fluid with first order chemical reaction effects. To study the flow situation, we employ a coordinate
system in which the 3’ axis is perpendicular to the plate and the z’ axis is chosen vertically upward along
the plate. At first, both the plate’s initial temperature 7" and fluid’s initial concentration C’_ are the same.
At time ¢’ > 0, the plate is moving at the velocity ugt'? in its own plane relative to the gravitational field.
Additionally, at time ¢’ > 0, the concentration level is raised to C!, and the plate temperature is raised to T,.
All flow variables are independent of z’ and only affected by 3’ and t’ 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:
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9w gB(T" = TL)+gB*(C" = CL) + Vay/g (1)
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with the following initial and boundary Conditions:

W =0 T =T ' =c, iy ¥ <0
u' = ugt’ T =T, C'=Cl, at y' =0,t' >0
w =0 T — T, ' — O as y' — oo,t’ >0
dr’, d

where, v = + Ci denotes the thermal stratification parameter and ;;f denotes the vertical temperature
P

dx’

convection known as thermal stratification. In addition, & represents the rate at which particles in a fluid do
P

reversible work due to compression, often known as work of compression. The variable () 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:

1/3 ' ’ ’ ’
_ (U 1/3 o uf?) B /<@>1/3 T =T O -0 _ v
U7u< ) , tt< s ¥=v {3 , eiiTl’u—Téo’ 0770{1;_0&’ Prfa

* /3
98T, —T,) 98" (Cy, — CL) v A% W
Gr="—7"—>> Ge="——"—"7"~ Sc=—, K=K |— S=—n———
R IVER u)? 0 T D ) > uo(T%, — T7)
The non-dimensional forms of the equations (1)-(3) are given by
ou 0%U
— = Grl+GeCH+ — 4
o O 5 )
00 1 0%
oC 1 9%°C
— = —— —KC 6
ot Sc 0y? (6)
Non-dimensional form of initial and boundary Conditions are:
U=0 0=0 C=0 Yy, t <0
U=t =1 =1 aty=0,t>0
U=0 6 —0 C—0 as y — 0o,t >0 (7)

3. METHOD OF SOLUTION
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 [18] and [19] are given by

C = % [e‘Qnmerfc (77\/@ — \/ﬂ) + eQnmerfc (n\/§ + @)] (8)
) ) 1A . . Ge . .
U = [fa(iA) + fa(=iA)] + 25 {f1(i4) — fi(—iA)} + 23Ce—1) [C1{f1(iA) + f1(—iA)}
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+(C2 —iC3) {f2(iA, B +iB1) + fo(—iA, B +iB1)} + (C2 +iC3) { f2(1A, B —iB1)

Ge

+fa(=iA, B—iB1)}] + o [(D1 = 1) {/1(i4) — fi(=iA)} + (D2 +iDs) { (14, B +iB1)

2iA

—f2(—iA, B +iB1)} + (D2 — iD3) { f2(iA, B — iBy) — fo(—iA, B —iB1)}]
—7(;0 [Cl {e‘2nmerfc (77\/§ - \/ﬁ) + eQnmerfc (n\/STc + \/E) }

(Sc—1) | 2
+(C2 —iC3) {f3(K, B+ iB1)} + (C2 +1C3) { f3(K, B — iB1)}]

SGe

s
iA 2iA(Sc—1) [

0 = o IAGA) ~ LA+ 5 LAGA) + A(-iA)) +

SGe

—fa(—iA, B —iB1)}] + m

+fo(—iA, B+iB1)} + (B2 +iE3) { f2(i4, B — iBy) + f2(—iA, B —iBy)}]
SGe {El {67277\/@67‘]0(} (7]\/57 — \/Ft> + eznmerfc (7]\/@ + \/?t)}

iA Ci{f1(A) — fr(=iA)}
+(C2 —iC3) {f2(iA, B +iB1) — fo(—iA, B +iB1)} + (C2 +iC3) { f2(iA, B —iB1)
5 [E1{f1(GA) + fi(—=iA)} + (B2 — iE3) { f2(iA, B+ iB))

(Se—1)2 | 2
+(FB2 —iE3) f3(K,B+iB1) + (E2+ iE3) f3(K, B — iB1)
where,
Y ScK A SGr
W VSGr, Se—1" 'TSe—1 Se—1
—B —B; B2
= —— = — Di=—
2 2(B? 4+ B2)’ Cs 2(B2+ B?)" ' (B2+ B?)’
BB; 1 -1

ST B2+ B2 ' (B2+B?) ? 2(B®+BY)’

Also, f;’s are inverse Laplace’s transforms given by
e~ Yyvstip

S

filip) = L1 { } . faolip, 1 +igo) = Lt {

Q1 +ige) = L1 .
f3(p q1 QQ) {s+q1+zq2

Dy—=———1
> 7 2(B? + B2)

By=—
2B,(B? + B?)

s+ q1 +1ig2

)
}, falip) = L {

(10)

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

imaginary parts using the formulas provided by [18].

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:

C = g [ Ferse (1= VET) A erie (114 VET)
—Q(Kfi% [eiznmerfc (77 N m) + e e fe (77 + \/ﬁ)]
+{faiA) + fa(—iA)}

o méfffm (i) = A=)+ (1 i Kfch?) {f1A4) + fi(=iA)}

SGc {6*2’7@61"]”6 (7] - \/[E) + e2VElep £ (77 + \/E)}

(K2 + A2)
P UA) — a(-id))

) [F1(GA) = Fi(=iA)}

(11)

(13)
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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. = erfe(n) (14)
Ue = %gc {2erfc (n) = e {me/th@TfC (77 - \/TBt) + eQm/TBterfc (n + \/—7315> }

— {e‘Qnmerfc (n\@ - \Uﬁ) + 627"/%6#0 (n\/§ + \/ﬂ)}

+e Bt {6_217\/m67’f0 (n\/§ — \/M)
421V K =B)t oy p (7}\/§ + \/M) H + 2tnGr {e\/;: —nerfc (77)}

—I—% {(3 + 1207 + 4n*) erfe(n) — % (10 + 4n*) e_"z} (15)

5.1. Skin-Friction

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

_dau
dy

y=0

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

t A t(ry +72) (ri—r2) sinAt \/7
= ty/—=cos At + t* \/> —7r9) + + — -
' \E p )t A Y avea 2 Vs

Ge cos At A o f— Sc x4
+ﬁ Cl {\/H + 5 (7“1 7“2) ScK 67“f( Kt) Ee }
cos At Sc
+202 { \/7Tt 7T1f6 }

—l—e_Bt {(CQPl + Cng)(Tg cos Byt + ry4 sin Blt> + (CgPl — CQQ1>(’I“4 cos Byt — r3sin Blt)}
+€_Bt {(CQPQ - CgQQ)('I"E, (¢0)] Blt —Te sin Blt) - (CgPQ + CQQQ)(’I’G (o)) Blt + 75 sin Blt)}

—2e~ B/ Sc{(CaP3 — C3Q3)(r7 cos Byt — g sin Bit) — (C3P5 + C2Q3)(rs cos Byt + 77 sin Blt)}}
A | sin At A Ge —sin At A 2D, sin At
+ oD D) A — (D1 -1 S () p - 22T
S { Vit 2 (rs TQ)} A (D1 ){ Vit 2 (ry TQ)} Vit

—l—eiBt {(Dgpl — D3Q1)(’I“4 cos Byt — rgsin Blt) =+ (D3P1 =+ DQQl)(Tg cos Byt + rysin Blt)}
—l—e_Bt {(D2P2 + D3Q2)(’I“6 cos Byt + r5 sin Blt) — (D3P2 — DQQQ)(T5 cos Byt — rg sin Blt)}]

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

by
t A t(ry +72)  (ri—re) sinAt [t KGce cos At
* =ty =cos At + 1%/ = (r1 — 7o) + + - =+
" \/; I Yy Y Wy Y W S C Iyl R
A e Kt 1 Ge sin At A
—(r1 — - VK Kt) — — Al = —1/ =
+\/2(7"1 ro) — VK erf(VKt) \/H}+ (S+K2+A2>{ N \/2(r1+r2)}
The solution for the Skin-Friction for the classical case is given from the expression (15), which is represented
by

re = o P /5K~ B) erf (K~ B)Y) ~ VB erf(v-B1)} ~ VSeK erf(VEI)]
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where,

B (A B Bs=VB T (ATBE Bi= (k- BE+Bt Pi=( 220

) 1 —=
| B +B Bs — B /B3 + B By — K B
2 32 QQ 32 P3 P4 — K — D)

B K B
Q3 = %), V—B+i(A—By) =P +iQi, /-B+i(A+ B1) =P +iQ>,

VK —B+iB; = Ps+iQs, erf(ViAt) =ri +iry, erf(PiVi+iQuVt) = rs + iry,
erf(PaVt +iQov't) = 15 +irg, erf(PsvVt+iQ3Vt) = r7 +irs

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:

cos At A It . [A t(ry —re)  (ri+m2)
N = — - — - — —sin At — 2= -
u Vrt * 2 (1 =72) t P b=t 2 (ri+72) + V2A 4AV2A

+cosAt\/? n Ge c —sinAt+ é( 1) _QCgsinAt
24 Vo TABe—1) [T e V2T NE=

+€7Bt {(Cgpl + Cng)(T'4 COS Blt — T3 sin Blt) - (Cgpl - CQQl)(Tg COS Blt + 74 sin Blt)}
-1-67315 {(CQPQ — C3Q2)(7’6 cos Bt + r5 sin Blt) + (C3P2 =+ CQQQ)(’/‘5 cos Bit — rg sin Blt)}]

SGe El{cfsﬁit+\/§(r1r2)v5d( 6rf(\/ﬂ)\/%elﬁ}

(Se—1)2

At [S

+2F, {“jft - mfeKt} + e B {(ByPy + E3Q1)(rscosBit + rysin Bit)}
Vs

+(E3P; — E2Q1)(rqcosBit — r3sin Bit) + e Bt {(E2P2 — E3Q2)(rscosBit — 1¢ sin Bit)
7(E3P2 + EQQQ)(T6COSBlt + 75 sin Blt)} - 267315 \% SC{(E2P3 - E3Q3)(T7COSB1t —Ts sin Blt)
—(E3P3 + EgQg)(TgCOSBlt + r7sin Blt)}]

+

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

Nu* = SKGec —sinAt+ é< o b (14 SGe cosAt+ é( )
YT A Jm Vet Ky az)\vm V2T

t . A try —r2)  (ri+re)  cosAt [t
t\/ —sin At — 24/ = (ry +72) + - + —
\/; Vo ()t e T avea T ea Vs

e AVE e+ 2

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

Nu, =

1~
5
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5.3. Sherwood Number
The non-dimensional Sherwood number, which is determined as the rate of mass transfer, is obtained by

dcC

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(\/E)+\/%eKt

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

Sh* = \/Eerf(@)—i—\/%e_lﬁ

6. RESULT AND DISCUSSIONS

We calculated the velocity, temperature, concentration, Skin friction, Nusselt number, and Sherwood
number for various values of the physical parameters S, Gr, Ge¢, Sc, K and time ¢ from the solutions we obtained
in the previous sections. This allowed us to get a better understanding of the physical significance of the
problem. Additionally, we portrayed them graphically in Figures 2- 15.

—8=0.2 7 —— Gr=5, Ge=5

$=05 Gr=5, Ge=10
e §20.9 et / — Gr=10, Gc=5
$=0 / \

Figure 2. Effects of S on Velocity Profile for Gr = Figure 3. Effects of Gr and G¢ on Velocity Profile for
5,Gc=5,t=1.7,5¢=06,K =02 S=04,Sc¢=06,t=17,K=0.2

Sc=0.1 5
——Sc=06 [
—— Sc=1 N\

oo

AXRAARX

wa00

0 0.5 1 1.5 2 25 3 35 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=17K =02 5,Gc=15,8=04,Sc=0.6,t=1.7

The Figure 2 displays the changes in velocity profiles brought upon by thermal stratification (S5). It can
be seen that thermal stratification decrease the velocity. An increase in the thermal stratification parameter(S)
leads to a decrease in the convective potential efficiency between the hot plate and the surrounding fluid. The
reduction in the buoyancy force consequently leads to a decrease in the flow velocity. As seen in Figure 3, a rise
in Ge results in a rise in velocity, but a rise in Gr results in a decline in velocity. The fluid’s velocity for various
values of Sc and K are represented in figures 4 and 5. As Sc and K values grow, the fluid velocity falls.
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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¢=0.6,y=1.6, K =0.2 time for Gr =5,Gc=5,5¢=0.6,y =1.6, K =0.2

—t=0.1

4 t=1.0
t=16

0 0.5 1 1.5 2 0 0.5 1 1.5 2
n n

Figure 8. Velocity Profile at different time for Gr = Figure 9. Temperature Profile at different time for
5,Ge=5,5=04,5=06,K =02 Gr=5,Gc=5,5=04,5c=0.6,K =0.2

The impact of thermal stratification (S) on fluid velocity and temperature are plotted against time in
Figures 6 and 7. When there is no stratification, the velocity increases indefinitely with time; but, when
stratification exists, the velocity progressively approaches a stable state. The present research is more realistic
than earlier ones without stratification because it applies thermal stratification, which lowers velocity and
temperature in comparison to the classical scenario (S = 0). The figures 8 and 9 represent time-varying velocity
and temperature characteristics. We have seen that the velocity rises with time and falls to zero as the distance
from the plate increases.On the other hand, Temperatures decrease with time and eventually attain absolute
zero as one moves away from the plate.

; ——Gr=5, Ge=5

e Gr=5, GE=10
08 e Gr=10, GE=5
06

0.4 A
02 N

-0.2
-0.4
-0.6
-0.8

0 0.5 1 15 2
n

Figure 10. Effects of S on Temperature Profile for Figure 11. Effects of Gr and Gc¢ on Temperature
Gr=5,Gec=5,,5¢c=0.6,t=0.6,K =0.2 Profile for S =0.5,S¢=0.6,t=1.1, K = 0.2

The impact of thermal stratification (S) on the temperature distribution is seen in Fig. 10. The presence
of thermal stratification(S) will result in a decrease in the temperature gradient between the heated plate and
the surrounding fluid. Therefore, the thermal boundary layer experiences an increase in thickness, resulting in
a decrease in temperature. As the value of thermal stratification parameters (S) increases, it has been observed
that the temperature drops. The impacts of Gr, Ge, Sc, and K are displayed in 11, 12, and 13, respectively. The
temperature decreases as the value of Gr, Sc, and K is reduced, while the value of Gc is increased. The results
of thermal stratification (5) on skin friction and Nusselt number are presented in Fig. 14 and 15, respectively.
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They increase in presence of thermal stratification (S) compared to special case with no stratification. Thermal
Stratification (S) contributes to an increase in the oscillation of the Nusselt number.

— Sc=01
e S=0.6
o 86=1.0

25 3

Figure 12. Effects of Sc on Concentration Profile for Figure 13. Effects of K on Temperature Profile for
Gr=5,Gec=5,5=05t=11,K=0.2 Gr=5,Gc=5,§=05,5c=06,t=1.1

Figure 14. Effects of S on Skin friction for Gr = Figure 15. Effects of S on Nusselt Number for Gr =
5, Gec=5,5¢=0.1,K =0.2 5, Gec=5,5¢=0.1,K =0.2

7. CONCLUSION

We looked at the effect of thermal stratification (S) on the parabolic flow through an infinite vertical plate
when a chemical reaction is present. The outcomes of the current investigation have been compared with those
of the classic case, which assumes that there is no stratification. The velocity of the fluid reduces as the values of
S, K, and Gr grows, but it increases as the value of Gc grows. The use of thermal stratification, which reduces
velocity and temperature compared to the classical situation (S = 0), makes this study more applicable than
earlier ones. Temperature drops as K, Sc, and Gc go down; it rises when S, Gr, and time go up. The temperature
is highest at the plate and then drops till it becomes zero farther away. The existence of stratification raises
both the skin friction and the Nusselt number in contrast to a situation with no stratification. Furthermore,
thermal Stratification (S) causes the Nusselt number to oscillate more frequently.
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BIIJINB TEPMIYHOI CTPATI/I(DIKAHIi HA HECTAI_[IOHAPHI/Iﬁ IIAPABOJITYHU
IIOTIK ITOB3 HECKIHYEHHY BEPTUKAJIBHY IIJIACTUHY 3 XIMIYHOIO
PEAKIIIETO
Pynam ITlankap Har, Pyapa Kaura leka, Ximaurmy Kymap
Daxyavmem mamemamury, Yrnieepcumem I'ayzami, 'yeaxami-781014, Accam, Indis
VY mift moC/HiAHUIBKIN CTATTI JOCTIKYEThCS BIUIUB T€PMidHOI cTpaTudikarii Ha HecTarmioHapHuil mapaboaivunil moTik
MI0B3 HECKIHYEHHY BePTUKAJIBHY IIJIACTUHY 3 XIMI9HOIO peakiiieo. BukopucroByioun meton neperBopenns Jlamiaca, oTpu-
MaHI aHAJITUYHI DINIEHHY I MOAE/IIOBAHHSA (DI3MIHOro mporecy noToky. JlociikeHHs pO3IVisia€ BIIUB TEPMIidHOL
crparmdikamii Ha o€ Tewil, a TaKOX BILUIMB XiMITHOI peakIil Ha ToJje MIBMIKOCTI Ta TeMieparypu. Pesysbratn Bu-
magKy crparudikamii ToTiM IOPIBHIOIOTHCS 3 BUMAIKOM BiacyTHOCTI crparudikaril nmomibnoro moss moToky. Pesyasraru
IbOTO TOCJI/IZKEHHST MOXKYTh OyTH BHKODHCTAHI /ISl MOKPAIIEHHS PO3YMIHHS HECTAIIOHAPHOrO IIapabOJIitHOro IIOTOKY
B TEIUIOBUX CTPATHU(IKOBAHUX CEPEIOBUIIX 1 HAJAHHS I[IHHOTO PO3YMIHHS BILUIMBY XIMIYHMX PEaKIiiii Ha TEeMII€PATypPHE

mosre.
Kuro4oBi ciioBa: mepmiuna cmpamu@ikayis; Timivha peakyia; napaborivnut nomik; 6epmuKkaibHa NAUMA
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