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This work aims to investigate numerically the influence of viscous dissipation and heat source on the magnetohydrodynamics squeezing
flow of water-based ternary hybrid nanofluids between two parallel plates in a Darcy porous medium. The nanoparticles Cu, Al O3,
and TiO, are dispersed in a base fluid H,O, resulting in the creation of a ternary hybrid nanofluid Cu — Al,O3 — TiO,/H»O. This
study examines the deformation of the lower plate as the upper one advances towards it. The numerical results are computed using the
3-stage Lobatto IIla method, which is specially implemented by Bvp4c in MATLAB. The effects of various parameters are visually
illustrated through graphs and quantitatively shown in tables. The absolute skin friction of the ternary hybrid nanofluid is seen to be
approximately 5% higher than that of the regular nanofluid at the lower plate and at most 7% higher than that of the nanofluid at the
upper plate. The heat transmission rate of the ternary hybrid nanofluid is higher at the upper plate compared to the lower plate.
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1. INTRODUCTION

Ternary hybrid nanofluids consist of three distinct kinds of nanoparticles dispersed in a base fluid. This paper describes
a study on a ternary hybrid nanofluid consisting of copper (Cu), aluminum oxide (A/,03), and titanium dioxide (7i0;)
nanoparticles, which are uniformly dispersed in a water-based fluid. This ternary hybrid nanofluid possesses distinctive
characteristics that enable it suited for a many different kinds of applications. Introducing copper (Cu) nanoparticles into
the nanofluid has been discovered to enhance thermal conductivity, while the inclusion of aluminum oxide (Al;,03) and
titanium dioxide (7i0;) nanoparticles has been reported to improve heat transfer efficiency and stability. This nanofluid
can be used in a range of applications, including heat exchangers, cooling systems, and electronic devices, to improve
heat dissipation and enhance thermal management. Copper nanoparticles exhibit antibacterial properties, while (7i0>)
nanoparticles demonstrate photocatalytic activity against bacteria and other microorganisms. The utilization of the ternary
hybrid nanofluid, consisting of Cu — Al,O3 — TiO,, has great potential for creating antibacterial coatings on different
surfaces, such as textiles, medical equipment, and food packaging. These coatings efficiently hinder bacterial proliferation
and help maintain hygiene. Titanium dioxide (7i0;) nanoparticles possess photocatalytic characteristics, enabling them
to effectively catalyze the decomposition of organic pollutants and the sterilization of water. The utilization of the Cu —
AlyO3 — TiO,, ternary hybrid nanofluid shows promise for implementation in water treatment processes, aiding in the
removal of contaminants and improving the overall water quality.

Choi and Eastman [1] were the innovators who first introduced the concept of nanofluids. They claimed that by
suspending metallic nanoparticles in conventional heat transfer fluids, a groundbreaking kind of heat transmission fluids
might be created. Raees et al. [2] has conducted an investigation of the unsteady squeezing flow of fluid between parallel
plates that contains both nanoparticles and gyrotactic microorganisms, one of the plates was moving and the other staying
still. Hayat et al. [3] applied the HAM approach to study the magnetohydrodynamic squeezing flow of a nanofluid across a
porous stretched surface with thermophoresis effects and Brownian motion. They have taken the lower wall of the channel
to be permeable and stretched, while the upper impermeable wall moves in the direction of the lower wall at a prescribed
time-dependent velocity. Moreover, Hayat et al. [4] discovered a novel analysis of the magnetohydrodynamic squeezing
flow of couple stress nanomaterial between two parallel surfaces. This analysis incorporates the unique characteristics of
thermophoresis and Brownian motion, which have not been previously described together with a porous lower surface in
the channel. Salehi et al. [5] has conducted research on the magnetohydrodynamic squeezing nanofluid flow of hybrid
nanoparticles composed of FezO4 and MoS, that are sandwiched between two infinite parallel plates. They found that
as the squeezing and Hartman numbers increased, the velocity profile decreased. Acharya [6] performed research to
determine the flow patterns and heat transmission characteristics of hybrid nano liquids in the presence of nonlinear solar
radiation. The investigation focused on several solar thermal devices that had Alumina-copper nano ingredients mixed with
water as the main fluid. Furthermore, Bio-convective nano liquid flow including gyrotactic microorganisms between two
squeezed parallel plates was investigated by Acharya et al. [7] using the classical Runge-Kutta-Fehlberg approach, taking
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into account the effects of a higher-order chemical reaction and second-order slip. Based on their research, they discovered
that the temperature reduces as the squeezing factor and first-order velocity slip parameter increase, but increases as the
second-order slip parameter increases. A micro-polar hybrid nanofluid (GO — Cu/H,0) has been investigated by Ikram
et al. [8] in the presence of hall current and thermal radiations to look at how it moves and transfers heat between two
surfaces in a spinning system. The primary result of their investigation is that increasing the values of the magnetic
parameter leads to an increase in the velocity profile and a decrease in the rotational velocity profile. Also, the fractional
model of Brinkman type fluid that contains hybrid nanoparticles of 7i0; and Ag in a base fluid of water within a confined
micro-channel has been investigated by Tkram et al. [9]. Khashi’ie et al. [10] investigated the Cu — Al,O03/H,0 nanofluid
flow between two parallel plates in which a magnetic field and wall mass suction or injection are supplied to the lower
plate, allowing the bottom plate to be deformed while the upper plate flows in the opposite direction of the lower plate.
The primary finding of their investigation is that an augmentation in the squeezing parameter leads to a degradation
of the heat transfer coefficient by 4.28% (upper) and 5.35% (lower), respectively. Yaseen et al. [11] studied the heat
transfer properties of the MHD squeezing nanofluid (MoS,/H,0O) flow and the hybrid nanofluid (MoS, — SiO,/H,0 —
C,H0,) flow between two parallel plates, as well as their symmetrical characteristics. In their model, the upper plate
is moving downwards towards the lower plate, while the bottom plate is elongating with a constant velocity. A hybrid
nanofluid containing Ethylene glycol-water as the base fluid and nanoparticles of 7i0O, and M oS> in the presence of dust
particles and a magnetic field, flowing over a stretched sheet, was studied by Talebi et al. [12] in terms of its motion
and temperature distribution in a porous medium. By considering the effects of thermal radiation and Hall current,
Rauf et al. [13] investigated the micropolar tri-hybrid nanofluid(Fe304 — Al,O3 — TiO,/H>0) in a rotating structure
between two perpendicular permeable plates. A micro-polar fluid undergoing radiative and magnetohydrodynamic flow
across an Al,O3 and Cu nanoparticle stretched/shrinking sheet in the presence of viscous dissipation and Joule heating
was investigated by Waini et al. [14]. Famakinwa et al. [15] studied how heat radiation and viscous dissipation affect
an unstable, incompressible flow of water-hybrid nanoparticles moving between two surfaces that are lined up and have
different viscosity. They discovered that there was no apparent alteration in fluid velocity when thermal radiation and
viscous dissipation parameters were increased, but that the temperature distribution was reduced. The combined effects of
the suction/injection, electromagnetic force, activation energy, chemical reaction, ionized fluid, inertia force and magnetic
field that influence the squeezing flow of ternary hybrid nanofluids between parallel plates are investigated numerically
by Bilal et al. [16]. Hanif et al. [17] investigated the flow of a hybrid nanofluid based on an aluminum alloy and water
across a stretchy horizontal plate with a thermal resistive effect using the Numerical Crank-Nicolson approach. The MHD
flow, heat, and mass transfer of the Jeffrey hybrid nanofluid on the squeezing channel via a permeable material in the
presence of a chemical reaction and a heat sink/source were studied by Noor and Shafie [18]. Ullah et al. [19] explored the
hydrothermal properties of a hybrid nanofluid (Ag + TiO, + H,0) in three dimensions in presence of magnetic, thermal,
and radiation fluxes between the two vertical plates. Transient free convection of a hybrid nanofluid between two parallel
plates in the presence of a magnetic field, a heat source/sink and thermal radiation was explored analytically by Roy
and Pop [20]. Moreover, the effect of radiative heat flux on the transient state electro-osmotic squeezing propulsion of a
viscous liquid via a porous material between two parallel plates has been investigated by Jayavel et al. [21]. Bhaskar et
al. [22] and Maiti and Mukhopadhyay [23] investigated the MHD squeezed flow of casson hybrid nanofluid and unstable
nanofluid flow between two parallel plates, respectively, under various effects. Madit et al. [24] studied how a chemical
reaction affects the flow of a nanofluid that is squeezed by hydromagnetism between two vertical plates. Khashi’ie et
al. [25] carried out investigations into the simultaneous impact of double stratification and buoyancy forces on the flow
of nanofluid over a surface that is either shrinking or stretching. It was observed that the heat transfer rate increases by
roughly 5.83% to 12.13% when the thermal relaxation parameter is introduced in both shrinking and stretching scenarios.
Similarly, Khashi’ie et al. [26] developed numerical solutions and conducts stability analyses for stagnation point flow
utilizing hybrid nanofluid in the presence of thermal stratification across a permeable stretching/shrinking cylinder. Nath
and Deka [27] studied the effects of thermal and mass stratification on an unsteady MHD nanofluid past a vertical plate
that accelerates exponentially with temperature variation in a porous media. Similarly, Nath and Deka [28] conducted
a numerical study to examine the combined impacts of thermal and mass stratification on the movement of unstable
magnetohydrodynamic nanofluid through an exponentially accelerated vertical plate in a porous media. The unsteady
parabolic flow across an infinite vertical plate with exponentially declining temperature and variable mass diffusion in
a porous media has been investigated by Nath and Deka [29] with respect to the thermal and mass stratification effect.
Nath and Deka [30],[31] performed a numerical investigation on the MHD ternary hybrid nanofluid around a vertically
stretching cylinder in a porous medium with thermal stratification. A numerical study was carried out by Krishna [32]
to examine the effects of heat absorption and generation on steady free convection flow around a perpendicularly wavy
surface. Additionally, Krishna and Vajravelu [33] investigated the chemical reaction, radiation absorption, Hall, and ion
slip impacts in the rotating MHD flow of second-grade fluid via a porous media between two vertical plates. In a parallel
plate channel with different pressure gradient oscillations, Krishna [34] investigated Hall effects on magnetohydrodynamic
rotational flow through a porous media.

Based on the literature review, previous research has not attempted to investigate the squeezing flow of an MHD
ternary hybrid nanofluid between two parallel plates in a porous media in presence of viscous dissipation effect. It is
assumed that the lower plate has a physically permeable and stretchable shape. The primary aim of this study is to
investigate the thermal conductivity characteristics of a ternary hybrid nanofluid composed of Cu — Al,O3 —TiO; particles
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suspended in water. This study examines the heat transfer characteristics between two parallel plates, considering the
influence of thermal radiation as well as heat sources/sinks. The bvp4c solver in MATLAB is used to transform the
non-linear PDEs into ODEs by utilizing the necessary self-similarity variables. The Bvp4c technique employed in this
research work to represent the problem is generally acknowledged, as evidenced by its discussion and implementation
in MATLAB by Hale and Moore [35]. A visual depiction of the outcomes is presented for many parameters, including
0,Ec,8¢q,5S,4,M,Da,R and Q.

..°... o v ...o R
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Nanoparticles .: T T ',;; e o % )
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y=0[_= = I;ower. Plate o

Figure 1. Physical Model and Coordinate System

2. MATHEMATICAL ANALYSIS

Consider a two-dimensional unsteady ternary hybrid nanofluid (Cu — Al,O3 — TiO,/H,0O) squeezing flow between
two infinite parallel plates in a Darcy porous medium, as illustrated in Fig. 1. The upper plate is positioned at a distance
of y = h(t) = ‘,(1—(‘& from the lower plate. At the same time, the higher plate, with a velocity V, = %(tt) =

a

— A /(I_V#)b, is moving towards the lower plate that is being squeezed. It is assumed that the lower and upper plates are

kept at constant temperatures 77 and 75, respectively. Additionally, the influence of viscous dissipation, thermal radiation
and heat source/sink are taken into consideration in this model; however, the buoyancy effect, which is also known as the
gravitational force, is not taken into account. In the meantime, the physical representation for the potential fluid suction

or injection includes the porous lower plate, where the wall mass velocity is represented as v,, = — 1ny -, for suction, Vp >
0, for injection, Vy < 0, and an impermeable plate corresponds to Vy = 0. Furthermore, the lower plate can be stretched
with a linear velocity of u,, = —%, where t < é, and a time-dependent magnetic field is modeled with B(z) = 7 ffn.
In light of these assumptions and with the hybrid nanofluid model that Khashi’ie et al. [10], Famakinwa et al. [15] and

Yaseen et al. [11] have proposed, we extended their model to incorporate the ternary hybrid model. Hence, the governing
conservation equations are as follows:

ou JOu
4+ = =0 1
Ox * ay M
Vv 74 2 *
ov + ué)_V + v@_ _ Hihns 6—‘2/ - O—thnfB(t)zV _ Hihng ﬂ (2)
ot dx dy Pthnf 0Y*  Pthnf Pihnf kp
8T 8T  oT kinng 0T 1 9 nf (Ou\?
L tu—4y— = L_z_— q’.;&( -To) /'lth—f(_u) (3)
ot 0x  dy (ocp)ihng 0y*  (PCp)ihng Oy — (PCp)innf (pcp)inng \ Oy

where V = % - %. The boundary conditions that are associated with the lower and upper plates (Hayat et al. [3] and

Khashi’ie et al. [10]) are as follows :

b Vi
u=2A1 s p=—— T=T at y = 0 (lower plate)
1-at 1-at
dh(t
u=0 V= # T=T, at y = h(t) (upper plate)

Here, u and v represent the velocities in the x and y directions, respectively, while 7 denotes the temperature of the
ternary hybrid nanofluid. In addition, the other symbol signifies the following: p represents density, u represents dynamic
viscosity, C, represents heat capacity, k represents thermal conductivity, B(¢) represents magnetic field strength, indicates
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porosity of the porous medium, represents permeability of the porous medium, A is the stretching/shrinking parameter, Q¢
represents heat absorption/generation coefficient, and b denotes the stretching/shrinking rate of the lower plate.
Taking into consideration the Rosseland approximation [36], the value of (g, ) is defined as

4o* ((9T4 )
3kthnf ay

The term ”o*” represents the Stefan-Boltzmann constant, whereas k5, ¢ refers to the mean absorption coefficient.
By performing basic calculations with the aforementioned term, Eqn. (3) can be reduced as follows:

qr = —

aT  oT  oT 1 160*T3 62T ou\?
—tU—+v—=— km,,f+—2 Q—(T To)+uth—nf(—u)
ot ox  dy (pcp)ihny 3k (pCp)ihng (ocp)inng \ Oy

The similarity transformation (Ref. Hayat et al. [3]) used in Equatlons (1)-(3) are as follows

b
v = f(n) 1=\ T =atyry
bvy T-Ty
= 9 =
V=T T,
and we provide non-dimensional quantities in the following:
oy B2 kob g Vi
M="120 pg=__ %% g Mw g% g
bpy vi(l—at)p* Cp(T - Top) b hb
T —T 40*T3 c
s=hn=Th Qo . R= 2 Pr:(Pp)f
h-Ty 1—at kfk kf

where, M is the magnetic parameter, Da is the Darcy number, Sq is the squeezing parameter, S is the suction/injection
parameter, 0 is the temperature-ratio parameter, Ec is the Eckert number, Q is the heat source/sink parameter, R is the
thermal radiation parameter, Pr is the Prandtl number. Moreover, if 4 = 0, it means the lower plate is not moving, if
A < 0, it means the lower plate is shrinking, and if A > 0, it means the lower plate stretching.

The non-dimensional forms of the transformed equations are given by

[ 444 4 44 S 44 1244 a a 124
araxf+ fF = 1 = SO nf ) = (aam + T2 7= 0 )
4 s
D as+ 2R 07+ £0/ — 2400 + 4,00 + arasEcf™ = 0 (5)
Pr 3 2
where,
Oty C k
LY L ) S o) )Y S 1)
My Pthnf of (PCp)ihny kg

Here, the symbols isnnr, Pthnfs (PCp)ihngs Othnfs kinnr répresent the ternary hybrid nanofluid’s coefficient of vis-
cosity, electrical conductivity, heat capacity, density and thermal conductivity, respectively. Also, pr, pr, (pCp) s, 0, ky
denote the base fluid’s coefficient of viscosity, electrical conductivity, heat capacity, density and thermal conductivity cor-
respondingly. The thermophysical characteristics of the ternary hybrid nanofluid are presented in table 1. Thermo-physical
properties of Cu, Al,O3 and TiO, nanoparticles in pure water are given in table 2.

The transformed boundary conditions are as follows :

f(0) =5, f(0) =2, 6(0) =6
rm ==L =0, o) =1 ©

where ¢, ¢ and ¢3 are volume fraction of Cu(Copper), Al,O3 (aluminium oxide) and 77O, (titanium oxide) nanoparticles
respectively. The suffixes thnf, hnf, nf, f, s1, s2, s3 denote ternary hybrid nanofluid, hybrid nanofluid, nanofluid, base
fluid, solid nanoparticles of copper (Cu), aluminum oxide (A/,03), and titanium dioxide (7i0,) correspondingly.

The skin friction coeflicient and local Nusselt number at lower and upper plates are defined by

Lower: CflRel/2 = 'uthnf f”(O) and Upper: szRel/2 = 'uthnf f”(l)
_ k 4 _ k 4
Lower: Nuleexl/2 = ( thnf ) 6’(0) and Upper: Nuszexl/2 =- (ﬂ + —R) 6’ (1)
kg "3 ks 3

where, Re,, = M is the local Reynolds Number.
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Table 1. The thermo-physical properties of ternary hybrid nanofluid are as follows [31]:

Properties Ternary Hybrid Nanofluid
Dynamic Viscocity "Z’;’f = (1_¢1)2_5(1_;2)25(1_4)3)2_5
Density penny = (1= ¢3) [(1 = ¢2) {(1 = ¢1)ps + d1ps1} + b2ps2] + $3p053
Electrical Conductivity Othnf = (((T(;f;i?: :f.));_zg(gl;"ff:(z ;3)) Ohnf

o (0_52+20—nf)*2¢2((rnf*0—s2) X
O-h”f - (O_S2+2(rnf)+¢2(0—nffo_s2) O—n'f

_ | (os1+20¢)-2¢1 (o —ks1)

Onf = (os1420f)+P1 (0 f—051)

Heat Capacity

(pcp)inng = (1= ¢3) [(1 = ¢2) {(1 = ¢1)(pcp) f + d1(pcp)st

+¢2(pcp)s2] + ¢3 (pcp)s3

bR — (ks‘+2k1n )_2¢; (k n _ks;)
Thermal Conductivity Kennf = [ . k; +2,:h nff) — ¢;( k;ﬁlff— k.;;) J khnf
k _ (k,s‘2+2knf)_2¢2(knf_kx2) ]
hnf = | (k242K p )+ 2 (kny—ks2) nf
kor = [(ksl+2k_f)_2¢l (kf_ksl)]
nf 7| ki +2ky )+ (kp—ksh)
Table 2. Thermo-physical Properties of water and nanoparticles [31]
Physical Properties | H,O(base fluid) Cu (s1) Al,O3 (s2) | TiO, (s3)
p (kg/m®) 997.1 8933 3970 4250
C, (J/kgK) 4179 385 765 686.2
k (W/mK) 0.613 401 40 8.9538
o (s/m) 55%x107° 59.6 x 10° [ 35x10° | 2.6x10°

3. METHOD OF SOLUTION

In order to obtain numerical solutions for a system of higher-order nonlinear ordinary differential equations (ODEs)
provided by Egs. (4) and (5) and the boundary conditions, we use the bvp4c solver, built into the computational platform
MATLAB. Professionals and researchers have widely employed this technique for solving fluid flow problems. The bvp4c
solver, developed by Jacek Kierzenka and Lawrence F. Shampine from Southern Methodist University in Texas, was first
presented by Hale and Moore [35]. The bvp4c solver is an algorithm that employs the Lobato IIIA implicit Runge-Kutta
technique to provide numerical solutions with fourth-order accuracy. It achieves this by making finite modifications. This
method provides the required precision when an estimation is made for the initial mesh points and adjustments to the step
size. The investigation conducted by Waini et al. [37] shown that the bvp4c solver produced satisfactory outcomes when
compared to both the direct shooting approach and Keller box method. The syntax for using the “bvp4c” solver is as
follows: ”’sol = bvpdc (@0deBVP, @OdeBC, solinit, options)”. Here, we must decrease the higher order derivatives in
relation to 7. This can be accomplished by introducing the subsequent new variables:

=y, =32, f"=y0)., f"=y4), 0=y05),
2
¥(1) e
() ¥(4)

A YO _ 1 y@)y()=y(1)y @+ Gy (3)rny(4) (axasM+2)y (3)

dn y(4) ajay
y(5) y(6)

y(6) S ny(6)-y(1)y(6)-asQy(5)-arasEc y(3)}

2 (as+3R)

and boundary condition are expressed as

6" =y(6)

S
o =8, 3@ =4 3 -6 »M-F. y@. nE -1

where yj is the condition at 7 = 0 and y; is the condition at = 1

4. RESULT AND DISCUSSION

The results are computed by using bvpdc in MATLAB and visually displayed in Figs (2)-(13) for the distribution
of skin friction coefficients, velocity, local Nusselt number and temperature on both the upper and bottom plates. The
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Prandtl number is set at a constant value of 6.2, indicating the utilisation of water at a temperature of 25°C. The other
parameters are constrained within the following ranges: 0 < § < 0.3 for the temperature-ratio parameter, 0 < Sqg <
1.7 for the unsteadiness squeezing parameter, —1.2 < § < 1.2 for the suction/injection parameter, 0.5 < A < 2 for
the stretching/shrinking parameter, 0 < Da < 0.1 for the porous medium parameter and 0 < M < 6 for the magnetic
parameter, 0 < Ec < 1 for the Eckert number, 0 < R < 3 for the thermal radiation parameter, —0.2 < Q < 0.2 for the

heat source/sink parameter. The comparison of f”’(0) for the lower plate and /(1) for the upper plate with Hayat et al.
[3] and Khashi’ie et al. [10] for varying values of M, S when A = 1, ¢| = ¢ = ¢3 = 0 is presented in Table 3. It can be

seen that the results of this study are very similar to those of the two prior investigations.

Table 3. Comparison of f’(0) for lower plate and /(1) for upper plate when A = 1,¢; = ¢ = 3 =0

M S Present Hayat et al. [3] | Khashi’ie et al.[10] Present Hayat et al. [3] | Khashi’ie et al.[10]
1(0) 1(0) 1 (0) f7 (1) (1)
1|05 -7.591617 -7.591618 -7.591617 4739016 | 4.739017 4.739016
4 105 | -8.110334 -8.110334 -8.110334 4.820251 4.820251 4.820251
4 | 0.6 | -8.851444 -8.851444 -8.851444 5.391247 | 5.391248 5.391247
4 | 1.0 | -11.948584 | -11.948584 -11.948584 7.593426 | 7.593426 7.593426
1.2
0
2
1t o
0.8}
M
N __06f
£ £
- T o4t
0.2t
o_
02 : ; : : 02 : ; : ;
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8
n n
Figure 2. Effect of Da on (1) Figure 3. Effect of M on f’(n)
1.2

0.8}

0.6}

f(m)

0.4}

0.2}

f(m)

-0.2
0

The parameters were set at fixed values for the computation of the results: 6 =0.1,Sg =1.2,M =2,Da =0.05, S =
04,21=12,Ec=05R=1,0=0.2,¢; = ¢ = ¢3 = 0.01. The Fig. 2 displays the impact of Darcy number (Da) on
velocity profile f’(n) of the ternary hybrid nanofluid. In close proximity to the lower plate, the velocity experiences a
sudden increase as the Darcy number increases. However, there is a distinct transition point at 7 ~ 0.5, beyond which the

0.2

0.4

Figure 4. Effect of Sq on f’(n)

0.2 0.4

n

0.6 0.8

Figure 5. Effect of S on f’(n)
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velocity exhibits contrasting behaviour. The Darcy number (Da) determines the ratio of the permeability of a medium to
its cross-sectional area, while permeability measures the ability of a surface to allow fluid to pass through its membrane.
The rising permeability in the surrounding area of the bottom plate hinders the movement of the fluid. Consequently, a
rise in the Darcy number (Da) results in velocity profiles that are closer to the upper plate due to greater flow resistance.
The impact of the magnetic parameter (M) on the velocity profile is shown in Fig. 3. In close distance to the lower plate,
the velocity of the ternary hybrid nanofluid decreases as the magnetic parameter increases. Similarly to Fig 2, Fig. 3
also exhibits a transition point in the vicinity of 7 ~ 0.5. Following this transition point, the velocity exhibits opposite
behavior. The presence of a powerful magnetic field causes a significant reduction in the movement of liquids. As the
magnetic field strength (M) increases, the Lorentz forces become active and cause a decrease in the flow of the liquid. The
presence of a magnetic field hinders the flow and ultimately slows down the radial velocity. As seen in Fig. 4, the addition
of the unsteadiness squeezing parameter(Sq) improves the velocity distribution f’ () for the ternary hybrid nanofluid.
Due to the movement of the upper plate towards the lower plate, the squeezing effect is initiated from the higher plate. It
has been observed that the velocity of the fluid increases in tandem with the squeezing parameter (Sq) as it rises higher.
Fig. 5 illustrates the effect of the suction/injection parameter(S) on the velocity profile f’(n). As seen in the figure, the
application of injection results in a higher velocity than suction. Suction/injection is frequently employed as a means
to prevent boundary layer separation. In this study, the application of injection results in an observed enhancement in
velocity. Therefore, in this study, the injection is more efficient in delaying the separation of the boundary layer. The Fig.
6 demonstrates the impact of the shrinking/stretching parameter(2) on the velocity profile f’(n) for the ternary hybrid
nanofluid. The velocity profile f’(n) exhibits dual behavior with respect to shrinking/stretching parameter(1). There
is a transition point located close to  ~ 0.3. The velocity f’(7), increases in the surrounding area of the lower plate,
but beyond the transition point, the velocity f”(n), declines. This outcome suggests that the stretching of the lower plate
increases velocity in the surrounding area of the lower plate. However, when the upper plate moves towards the lower
plate, the velocity behaves in the opposite way when the parameter(2) increases.

1.5
1k
0.5}
G
ok
05}
-1 - ; ‘ - 0 - ; ‘ -
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
n n
Figure 6. Effect of 2 on f/(n) Figure 7. Effect of 6 on 6(n)

6(n)

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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Figure 8. Effect of Ec on 0(n) Figure 9. Effect of R on 6(n)
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Figure 10. Effect of Q on 6(n) Figure 11. Effect of Sg on 6(n)

The impact of the temperature-ratio parameter(8) on the temperature profile 8 () is shown in Fig. 7. The temperature-
ratio parameter(6) is found to increase the temperature of the ternary hybrid nanofluid due to obvious and expected reasons.
In Fig 8, it is evident that the temperature of the ternary hybrid nanofluid gets raised by the Eckert number (Ec). The
viscous dissipation, which is the process by which the fluid’s friction causes its kinetic energy to be converted into thermal
energy, becomes more important as the Eckert number(Ec¢) rises. The dissipation of energy causes the nanofluid to heat
up, resulting in an increase in its temperature. The Fig. 9 displays that the temperature 6(7) of the ternary hybrid nanofluid
goes down as the thermal radiation(R) goes up. Thermal radiation causes the temperature of the nanofluid to decrease by
causing a net loss of energy from the fluid. This loss of energy reduces the kinetic energy of the particles inside the fluid,
leading to a lower temperature. Fig. 10 demonstrates the increasing effects of temperature as the heat generation/absorption
parameter (Q) increases. Greater values of a parameter (Q) result in an increase in temperature. The parameter (Q) has
positive values, indicating the production of heat in the system. Higher values of (Q) correspond to greater amounts of
heat being generated. Therefore, as the heat-generation parameter (Q) increases, the temperature also increases. Fig. 11
demonstrates the influence of the squeezing parameter(Sq) on the temperature profile (7). It is easy to see from the graph
that as the squeezing parameter(Sq) goes up, the temperature goes down. This indicates that when the upper plate moves
closer to the lower plates, it limits the spread of heat, resulting in a fall in temperature. Fig. 12 illustrates the fluctuation
of the temperature,f(n) for ternary hybrid nanofluid, in response to changes in the suction/injection parameter(S). An
increase in parameter (S) leads to an observed rise in 6(77). The temperature is observed to be higher for the suction value
as compared to the injection value. Suction refers to the process of extracting the layers that are detached from the border
layer using suction. The fluid layers experience an increase in temperature as they gain momentum through the use of
suction.

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
n n

Figure 12. Effect of S on 6(n) Figure 13. Effect of A on 6(n)
The influence of the stretching/shrinking parameter(1) on the temperature 6(1n) is demonstrated in Fig. 13. This

model says that A = 0 means the lower plate is still, 4 < 0 means it is shrinking, and 4 > 0 means it is stretching. It is
observed that the velocity, 8(n), decreases as the values of (1) increase. The findings suggest that the stretching of the
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lower plate decreases the temperature of the flow. In addition, when the degree of shrinkage of the lower plate increases,

the temperature increases.

Table 4. Skin-friction and nusselt of f”/(0) for upper plate when 1 =1, ¢; = ¢ =0

Ec| Sq | M | Da S A | R| O Re)lc/ch1 Rei(/ch2 Re;I/ZNuxI Re;l/zNux2
0112 2 100504 |12]1] 02] -6.9450 0.1994 -5.9341 -0.9706
0.5 -6.9450 0.1994 -14.8166 -0.1527
05113 2 |005|04 |12]1] 02] -6.5085 | -0.2337 -13.4731 -0.2417
1.5 -5.6312 | -1.1046 -11.0875 -0.1442
05712 1 [005|04 |12]1] 02] -6.8481 0.2282 -14.7150 -0.1391
1.5 -6.8967 0.2137 -14.7659 -0.1460
05112 2 100704 |12]1] 02] -6.379 0.3712 -14.2404 -0.0618
0.1 -5.9207 0.5175 -13.8064 0.0355
05112 2 [005|-01|12]1] 02] -2.3816 | -4.1070 -4.3122 2.5272
0.3 -6.0088 | -0.6491 -11.7957 -0.3055
05712 2 [005|04 | -1]1]02 8.9081 -3.3656 -21.7764 2.7083
-5.4744 | -0.1160 -10.5985 -0.5368
05112 2 100504 |12]3] 02] -6.9450 0.1994 -16.6728 -2.5177
5 -6.9450 0.1994 -18.9055 -4.9088
05112 2 100504 |12]1]-02] -6.9450 0.1994 -13.7537 -1.2429
0 -6.9450 0.1994 -14.2561 -0.7204

Table 4 presents the values of the skin friction coefficients Rel*C £, and Rel*C f,» as well as the Nusselt numbers

Re;l/ N Uy, and Re, 12y Uy, , for various combinations of parameters at the lower and upper plate. The Nusselt numbers
express the rates of heat transmission between the upper and bottom plates. An increase in the Eckert number(Ec) leads
to a rise in the Nusselt number for the upper plate but decreases for the lower plates. The skin friction coefficient is
not influenced by Eckert number(Ec), radiation (R), and heat source (Q) at both plates, as these physical factors are
independent of the velocity profile f’(n). Increasing the squeezing parameter (S¢) enhances the heat transfer rate at the
both plates. However, it reduces the skin friction coefficient at the upper plate and increases it at the lower plate. The
magnetic parameter(M) causes a drop in the skin friction coefficient on both the lower and upper plates. Similarly, it
leads to an decrease in the Nusselt number on the lower plate and upper plate. Observations indicate that a rise in the
Darcy number(Da) leads to an increase in the skin friction coefficient on both the upper and lower plates. Likewise, it
results in a increase in the Nusselt number for the both plates. The suction/injection(S) parameter reduces the skin friction
coefficient on the bottom plate, but raises it on the top plate. However, the rate of heat transmission reduces at the lower
and upper plates. The skin friction coefficient at the upper plate increases as the stretching parameter(1) is increased,
whereas it decreases at the lower plate. in the contrary, the rate of heat transmission increases at the bottom plate while it
decreases at the top plate. Radiation(R), causes a drop in the Nusselt number at both the lower and upper plates, while the
heat source(Q) results in a fall in the Nusselt number at the lower plate and an increase at the upper plate.

Table 5. Comparison of Skin friction Coefficient for lower plate

Cu Cu — Al,O3 | Change in Cu — Al,03 - SiO, | Change in
o1 Nanofluid | ¢; Hybrid Percentage | ¢3 Ternary Hybrid Percentage
Nanofluid Nanofluid
—Re)lC/ZCfl —Re,lc/ch1 —Re)lc/sz1
0.01 6.6009 0.01 6.7705 2.56% 0.01 6.9450 5.21%
0.05 7.3976 7.5841 2.52% 7.7750 5.10%
0.1 8.5447 8.7560 2.47% 8.9715 4.99%

Tables 5 and 6 present an analysis of the percentage difference between the nanofluid with hybrid nanofluid and ternary
hybrid nanofluid in terms of the absolute skin friction at the top and lower plates, respectively. Moreover, we evaluate the
heat transfer rate difference percentage between the nanofluid with hybrid nanofluid and ternary hybrid nanofluid at the
upper and lower plates in Tables 7 and 8, respectively. The absolute skin friction of the ternary hybrid nanofluid is seen to
be approximately 5% higher than that of the nanofluid at the lower plate and at most 7% higher than that of the nanofluid
at the upper plate. Additionally, the rate of heat transmission of the ternary hybrid nanofluid is decreased by 3.61% at the
bottom plate. However, the rate of heat transmission of the ternary hybrid nanofluid is increased by at most 209.11% at
the upper plate. Observations indicate that the heat transmission rate of the ternary hybrid nanofluid is higher at the upper
plate compared to the lower plate.
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Table 6. Comparison of Skin friction Coefficient for upper plate

Cu Cu — AlbO3 | Change in Cu — Al,03 - SiO, | Change in
o1 Nanofluid | ¢, Hybrid Percentage | ¢3 Ternary Hybrid Percentage
Nanofluid Nanofluid
—Re)lc/Zsz —Re}(/Zsz —Re)lC/Zsz
0.01 0.1906 0.01 0.1950 2.31% 0.01 0.1994 4.62%
0.05 0.1896 0.1949 2.79% 0.2004 5.69%
0.1 0.1966 0.2032 3.35% 0.2103 6.96%
Table 7. Comparison of Local Nusselt number for lower plate
Cu Cu— Al,O5 Change in Cu — Aly03 — Si0O, | Change in
o1 Nanofluid 1033 Hybrid Percentage | ¢3 Ternary Hybrid Percentage
Nanofluid Nanofluid
—Rex*Nuy, —Rex P Nuy, —Rex*Nuy,
0.01 15.3716 0.01 15.0910 1.82% 0.01 14.8166 3.61%
0.05 14.3461 14.0945 1.75% 13.8468 3.48%
0.1 13.1438 12.9288 1.63% 12.7149 3.26%
Table 8. Comparison of Local Nusselt number for upper plate
Cu Cu— Aly03 Change in Cu — Al,03 - SiO, | Change in
o1 Nanofluid 0% Hybrid Percentage | ¢3 Ternary Hybrid Percentage
Nanofluid Nanofluid
—Rex*Nuy, —Rex*Nuy, —Rex*Nuy,
0.01 0.0494 0.01 0.1029 108.29% | 0.01 0.1527 209.11%
0.05 0.2767 0.3306 19.47% 0.3798 37.26%
0.1 0.5622 0.6176 9.85% 0.6665 18.55%

ongoing study are summarized below:
1.

5. CONCLUSION

The present study is a comprehensive examination of the impact of viscous dissipation and thermal radiation on the
squeezing flow of a ternary hybrid nanofluid with magnetic field effect between two Parallel Plates, when a heat source/sink
is present inside a porous medium. The analysis also takes into account the flow characteristics and their impact on the
velocity f’(n) and temperature 6(n) profiles, skin friction coefficients, and Nusselt number. The main results of the

The velocity profile f” (1) shows a decrease in pattern when the parameters S and A on the upper plate and Da on the
upper plate are increased. Conversely, it displays an increasing pattern with higher values of Sg and A on the lower
plate, as well as Da on the lower plate.
The temperature 6(n) decreases as the values of R, S¢ and A increase, whereas it increases with the increase of ¢, Q

and Ec.

The absolute skin friction of the ternary hybrid nanofluid is seen to be approximately 5% higher than that of the

regular nanofluid at the lower plate and at most 7% higher than that of the nanofluid at the upper plate.

The ternary hybrid nanofluid demonstrates superior heat transfer efficiency compared to the hybrid nanofluid, while
the hybrid nanofluid displays higher heat transfer efficiency than standard nanofluids at the upper plate.

The heat transmission rate of the ternary hybrid nanofluid is higher at the upper plate compared to the lower plate.
The future potential of ternary hybrid nanofluids, which consist of copper (Cu), aluminum oxide (Al,03), and

titanium dioxide (770>), is significant in multiple scientific and technical fields. Ternary hybrid nanofluids provide the

possibility of greatly enhancing heat transfer efficiency in various applications, such as radiators, heat exchangers and

cooling devices. Improved heat transfer properties might be beneficial for use in geothermal power extraction, solar energy

systems and high-temperature operations.
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YUCEJIBHE JOC/IIZKEHHSA CTUCKAIOUYOI'O IOTOKY IOTPINHOIL FIBPI/IIIHOi HAHOPIIMHUA
(Cu - Al,O3 - TiO,/H,0) MIZK IBOMA ITAPAJIEJIbBHUMU IIJIACTUHAMMU B TIOPUCTOMY
CEPEJIOBUIIII JAPCI 3 B’AA3KOIO IUCUITAIIEIO TA T?KEPEJIOM TEILJIA
Pyoya Bopa, Bigior Bopya
Daxyrvmem mamemamuxu, konedxc CNB, boxaxam-785612, Accam, Inois
s poboTa cripsiMoBaHa Ha YMCesbHE JOCIIIKEHHS BIUIMBY B’ A3KO1 JUCHUIALIi Ta JKepesia Tella Ha MarHiTOTiApOAMHAMIYHHI CTHUCKA-
104HMil MOTIK MOTPIHKUX riOpUIHUX HaHO(IOIIIB HAa BOJHIN OCHOBI MiX JABOMa MapaJieJbHUMH IJIACTUHAMH B MOPUCTOMY CEPEeIOBHILI
Hapci. Hanouactunku Cu, Al;O3 i TiO, mucnepryioTbest B 6a30Biil piguni Hy O, 10 NPU3BOAUTH JO CTBOPEHHS MOTPifHOI riOpuaHOl
HaHopiguau Cu — AlpO3 —TiO,/H,O. Y 1boMy H0CTiIKEHH] BUBUAETHCSI AeOpMallisi HUKHBOI IUTACTUHH, KOJIM BEPXHS IIPOCYBAETHCS
1o Hei. UncesnbHi pe3yIbTaTH 0OUHCITIOIOTHCS 3a gornomoroio 3-etanHoro Merony Jlo6arro Illa, sikmit cneniansHo peanizoBaHo Bvpdc
y MATLAB. BrumB pi3HUX mapaMeTpiB Bi3yaJbHO MPOLITIOCTPOBAHO 32 JOMOMOro rpadikiB i KiJIbKiCHO MOKa3aHo B Tabiuisx. Bea-
JKAETHCS, 1110 aOCOMOTHE MOBEPXHEBE TePTsI MOTPIHHOI riOpUIHOI HAHOPIAWHYU MPUOIU3HO Ha 5% BHIIE, HIX Y 3BUYAHOI HAHODIAUHU
Ha HIKHIA TUIacTHHi, 1 [IoHai0iIbe Ha 7% BHIlE, HiK y HAHOPIAMHU Ha BepxHiil mactuti. [IIBUAKICTD TerUionepesadi MOTPiiHOL

ribpuaHoi HaHOIOI Ay BUILA HA BEPXHIii IUIACTHHI MOPIBHAHO 3 HIKHBOIO.
Kuiro4oBi ci10Ba: mennose 6unpominiosants; 6’ s3xke po3cilo8ants; NApaieNbha NAACIMUHA; 0HCePeNo Menaa; NOMpIiHUL 2i0puoHui
Hanog10i0; nopucme cepedosuuie apci; bvp
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