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The aspects of flow in a magnetohydrodynamic (MHD) ternary hybrid nanofluid consisting of suspended (Cu), aluminum oxide
(Al,03), and titanium dioxide (Ti0;) nanoparticles in water (H,O) were numerically investigated in this study. The effects of thermal
stratification and Joule heating are incorporated by passing the nanofluid through a vertically extending cylinder in a porous medium.
By implementing an appropriate transformation, the energy and boundary layer equations are simplified to a nonlinear ODE system.
The resulting system is solved using MATLAB’s fourth-order accurate bvp4c solver. from MATLAB is employed to solve the altered
system. The effects are illustrated graphically the change in velocity and temperature and quantitatively tabulate the changes in friction
factor, and heat transfer rate for important values of the dimensionless physical factors related to the problem. Crucial findings show
that, hybrid nanofluids outperform nanofluids in terms of thermal conductivity. Temperature and velocity of the ternary hybrid nanofluid
are both decreased when the heat stratification factor is present, as compared to the absence of stratification. There is a noticeable
increase in the heat transfer rate when the ternary hybrid nanofluid is compared with the hybrid nanofluid, which in turn surpasses that
of traditional nanofluids. The acquired results are valuable for applications in geothermal energy extraction, chemical processing, and
materials synthesis.
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1. INTRODUCTION

Ternary hybrid nanofluids are a state-of-the-art breakthrough in fluid dynamics and nanotechnology that have broad
engineering applications in engineering and industries. There are three different kinds of nanoparticles mixed in with a
base fluid to make these nanofluids. These fluids possess enhanced thermal and rheological properties. The nanoparticles
can be metallic or non-metallic, and the base fluid can be any common heat transfer fluid or coolant such water, ethylene
glycol, or oil. This article describes a research investigation on a ternary hybrid nanofluid consisting of copper (Cu),
aluminum oxide (A/,03), and titanium dioxide (7i05) nanoparticles. The nanoparticles are uniformly dispersed inside a
fluid medium containing water.

Research has shown that adding copper (Cu) nanoparticles to a nanofluid improves its thermal conductivity, while
adding aluminum oxide (A/>03) and titanium dioxide (7703) nanoparticles improves the efficiency and stability of heat
transmission. In order to improve thermal management and heat dissipation, this nanofluid can be used in a variety of
applications, including cooling systems, electrical devices, and heat exchangers. It is well-known that copper nanoparticles
can kill bacteria, and (770,) nanoparticles can fight bacteria and other microbes by photo catalysis. Nanoparticles of
titanium dioxide (770,) with photocatalytic characteristics can help decompose organic pollutants and purify water.
The ternary hybrid nanofluid comprising Cu, Al;O3 and TiO, could be useful in water treatment processes, removing
contaminants and improving water quality in the process.

An innovative new class of fluids called nanofluids was created by mixing a base fluid with particles as small as a few
nanometers in size. These tiny particles, which might be metallic or non-metallic, are usually less than 100 nanometers. A
novel class of heat transfer fluids including free-floating metallic nanoparticles has been proposed by the idea of nanofluid,
which was initially introduced by Choi and Eastman [1]. Several researchers have investigated a sliding vertical plate in Das
and Jana [2] and a vertical channel in Das et al. [3] in relation to the radiation-induced natural convective flow of nanofluids.
In their respective studies, Reddy et al.[4] and Mahanthesh et al. [5] assessed the consequences of mass and heat transfer
on nanofluid as it traverses a mobile or static vertical plate, while considering the impact of a chemical reactions and a
heat source. In their study, Sandeep and Reddy [6] investigated the flow of a magnetohydrodynamic (MHD) Cu-water
nanofluid over a cone and a wedge, considering the influence of nonlinear thermal radiation. Moreover, the Lattice
Boltzmann approach was utilized in the investigation of the magnetohydrodynamic (MHD) Cu-water nanofluid, given the
influence of Lorentz forces by Sheikholeslami et al., [7]. The investigation conducted by Rashidi et al. [8] proposed a Lie
group solution for the issue of the production or consumption of heat in the context of nanofluid movement over a horizontal
plate undergoing chemical reactions. The HAM is employed in Abolbashari et al. [9] to examine the entropy of a nanofluid
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comprising water as the main fluid and one of four different types of nanoparticles: 7iO,, Al,03,Cu, and CuO. The
nanofluid flows through a stretchy permeable surface. Within the framework of velocity slip and heat leap, an analytical
study was conducted by Turkyilmazoglu [10] to examine the MHD nanofluid flow of different water-soluble nanoparticles
as they flowing over a periodically stretching and shrinking permeable sheet. The impacts of heat radiation, heat diffusion,
and viscous dissipation were investigated numerically in a study of nanofluid boundary layer flow across a moving flat
plate by Motsumi and Makinde [11]. Nath and Deka [12], Kalita et al., [13] and Nath et al. [14] studied how temperature
layering and chemical reactions affect the flow across infinite and accelerated vertical plates, respectively. Cheng [15, 16]
investigated the effects of mass and heat stratification across a wavy surface and a vertical, truncated cone, respectively.
In addition, for infinite vertical cylinders, Paul and Deka [17] have studied the effects of both stratification factors. [18]
Considered the impacts of mass and temperature layering on the unstable flow through an endlessly fast-moving upright
plate in a porous media with exponential mass diffusion and fluctuating temperatures. The unstable parabolic flow across
an infinite upright plate in a porous media with varying mass diffusion and an exponentially decreasing temperature was
studied by [19] in relation to the unite effects of temperature and mass stratification. Using a vertically expanding cylinder
in porous medium, Nath and Deka [20] studied how the flow of water-based hybrid, nano, and ternary hybrid nanofluids
via magnetohydrodynamics (MHD) is impacted by temperature stratification. The study in Paul et al. [18] examines
the impact of temperature stratification on a hybrid nanofluid composed of Cu — Al;03/H,0 in a porous media. The
research conducted by the authors focused on a cylinder that is stretched vertically, and examines the impact of a heat sink
or source. It was observed that the thermal conductivity of hybrid nanofluids exhibited a notable increase in comparison
to that of nanofluids. Thus, the application of hybrid nanofluids demonstrates a substantial impact on improving thermal
improvements. The study conducted by Rana and Kumar [19] inspected the flow of hybrid nano liquid via a rotating
cylinder, considering the influence of quadratic heat radiation on a buoyancy-driven nonlinear flow. To enhance the ternary
hybrid nanofluid’s Cu — Al,O3 — MWCNT /water heat conveyance capabilities consisting of, the researchers in reference
Shanmugapriya et al., [20] examined the impact of nanoparticle morphology. In their study, Shaik et al. [21] looked into
the free convection that happens in a wavy, sinusoidal shell that contains a hybrid nanofluid made of 7i0, — Cu particles
that are suspended in water. The consequences of thermal radiation, internal heat creation, a magnetic field with an angle
on convection is included in the analysis. Examining the responses of the similar formulas that govern the behavior of
a colloidal combination of water, cylindrical grapheme, round nanotubes of carbon, and platelet nanoparticles made of
alumina was done by Cao et al., [22]. In addition, the study examined forced, free, and mixed convection regimes, the study
took into account different degrees of partial slide. Research on the heat transfer properties of ternary hybrid nanofluid
flows in the existence of nonlinear heat radiation and a magnetized dipole was carried out by Nasir et al. [23]. Using a
convectively heated stretching/shrinking cylinder, the effects of suction and heat source on the MHD stagnation point flow
of a ternary hybrid nanofluid (Cu — Fe304 — SiO,/polymer) have been studied by Mahmood et al. [24]. Furthermore,
in the framework of electromagnetic hydrodynamics (EMHD), a ternary hybrid nanofluid consisting of Cu — CNT —Ti
and water was studied by Jakeer et al. [25] to determine the effects of non-linear Darcy-Forchheimer flow. Compared to
nanofluid or hybrid nanofluid alone, the ternary hybrid nanofluid significantly affected the temperature profile. Patil et al.
[26] Look at how a ternary hybrid nanofluid (T HN F') flows with tangent hyperbolic ((T — H)) flow features when it meets a
rough-yawed cylinder. Impulsive forces are used to move the cylinder, and the study is mostly about the mixed convection
process and periodic magnetohydrodynamics. Gorfie et al. [27] addressed the combined effects of Joule heating and
thermal stratification on MHD ternary hybrid nanofluid flow over a vertically stretching cylinder embedded in a porous
medium remain limited, thereby motivating the present investigation. Kumar et al. [28] studied on stretching-cylinder
flows have shown that Joule heating, magnetic fields, and internal heat generation significantly affect the velocity and
temperature distributions of electrically conducting fluids. Motivated by these findings, the present work extends the
analysis to an MHD ternary hybrid nanofluid in a porous medium by incorporating the combined effects of Joule heating
and thermal stratification over a vertically stretching cylinder.

As shown in the literature review, previous research has not attempted to demonstrate the flow of a magnetohy-
drodynamic (MHD) ternary nanofluid via a vertically expanding cylinder in a porous medium, taking into account the
influence of the joule’s impact and temperature stratification effect. Examining the heat transfer characteristics of a ternary
hybrid nanofluid made up of Cu — Al,O3 — TiO particles distributed in water is the core objective of this work. This
study examines the behavior of heat transport around a vertically stretching cylinder while taking into the account of
homogeneous thermal sources and thermal sinks, the joule’s effect, and thermal stratification. By employing suitable
self-similar variables within the bvp4c solver of the MATLAB programmed, the non-linear partial differential equations
(PDEs) that govern the flow are changed into ordinary differential equations (ODEs). As shown by its description and
application in MATLAB by [30], and Hale and Moore [29], the Bvp4c technique is well-known and used to simulate the
problem in this study. For various parameters like 4, 6, Pr, M, Q and Ec the results are presented graphically.

2. METHODOLOGY

In the context of a vertical stretchable cylinder with radius rg, let us contemplate a two-dimensional steady incom-
pressible ternary hybrid nanofluid composed of Cu — Al,O3 — TiO,/H,O. This nanofluid is submerged in a porous
medium. Thermal stratification, a heat source/sink, and joule’s effect exert an influence on the system. As displayed in
Fig. 1, it is postulated that the ternary hybrid nanofluid flows in the axial x-direction, where the » coordinate denotes the
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Figure 1. Physical Model and Coordinate system
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direction perpendicular to the x-axis. Here, “u” stands for the ternary hybrid nanofluid’s velocity component along the
r-axis and ”v” for the x-axis. In the present investigation, a magnetic field of magnitude By is supplied perpendicular to
the ternary hybrid nanofluid’s propagation path. In addition to Joule heating, the thermal buoyancy effect is taken into
account in the flow problem. u = a7, is the velocity responsible for inducing linear stretching in the upright cylinder,
where 'a’ and ’l’ symbolise the cylinder’s characteristic length and velocity, respectively. T,,(x) = To + A (%) , is the
wall’s assumed temperature, and T, (x) = Ty + B (%), is the ternary hybrid nanofluid’s temperature at ambient conditions.
The constants Ty and A, B stand for the beginning temperature and non-negative constants, respectively. According to
the study conducted by Paul et al., [18], the equations that regulate continuity, momentum, and energy in the setting of a
ternary hybrid nanofluid can be formulated as follows.

do(ru) 0(rv)

= 0 1
ox * or (D
n 1 n n
ua_u+va_u _ M f_i(ra_l/l)_'_(PﬂT)th fg(T—Too)—O-th fB%u
dx  or Pihnf T Or \ Or Pihnf Prhnf
_,uthnfll @
Pihnf k
oT oT k 10 oT
U—+v— = &——(r—)+A(T—TM)
Ox or (pcp)inngrdr \ Or | (pcp)inng

Othnf 5 2

+— Db U
(pcp)thnf 0

3)

The boundary conditions are as follows:

u=a-, v =0, T=T,(x) when r = rg

u=0, T — T (x) when r — oo

Here is the similarity transformation utilized in Equations (1)-(3), as described in reference [18]

r? —r? ayv T-T,
0 a f Oo(x)
= E— = _ s 9 = —
1 2ro V vyl v V [ xrof () T, (x) = Tp
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and we have the following non-dimensional quantities:

losB?2 lve lvys G B l
mM=-20 g _f2 1= 5=2 o= Qo ’
apy ak arg Re3 A a(pep)y

_ vrluep)s u

koo e )

In this context, K denotes the porosity parameter, y signifies the curvature parameter, M represents the magnetic
parameter, A signifies the thermal buoyancy parameter, Q signifies the heat source/sink parameter, Pr represents the
Prandtl number, ¢ signifies the thermal stratification parameter, and E ¢ represents the Eckert number.

To satisfy equation (1) for continuity, we introduce the stream function i, which has the form u = }Z—'ﬁ' and v =
10y

Pr

—+ ax- Thus, we provide the non-dimensional representations of the altered equations as follows:
fP=11" = ar2yf” + (L4 2ym "] +a2d6 = (a3M + a1 K) f’ )
F(O+6)—f0 = as[2y0 + (1 +2yn)0"] +as6 + agEcM [ (5)
where,
C k
= ﬂthnf’ = of = (pﬁ)thnf, o= (0Cp)r R O'Ihnf, g = Kilns
ur Pthnf (0B)f (0Cp)inny of kg
X4X6

ay =X|xz, Gy =XX3, a3 =XpX5, Q4= as = Qx4, A = X4X5

Pr’
The symbols pinnf, Pinnfs (B)ihngs (PCp)ihnfs Othngs kinny indicate the ternary hybrid nanofluid’s coefficient of
viscosity, electrical conductivity, thermal expansion, heat capacity, density and thermal conductivity, respectively. Ad-
ditionally, 17, pr, (B) r, (pCp) s, 0y, k r represent the viscosity, electrical conductivity, thermal expansion, heat capacity,
density, and thermal conductivity of the base fluid, respectively.

The dimensionless coefficients a; — ag appearing in Eqs. (4) and (5) are introduced to simplify the transformed
governing equations. These coefficients represent the effective thermo-physical property ratios of the ternary hybrid
nanofluid relative to the base fluid and account for the combined effects of viscosity, density, thermal expansion, electrical
conductivity, heat capacity, thermal conductivity, heat source, and Joule heating.

The transformed boundary conditions are as follows:

f=0 =1 6(m) =1-06 atn =0

' —0 0(n) — 0 asn — o0 (6)
The ternary hybrid nanofluid has the following thermo-physical properties [25] :
P Ky
MU= P51 6223 (1 - 63)%
pimng = (L= ¢3) [(1 = ¢2) {(1 = p1)py + d1ps1} + ¢20s2] + B3ps3
(Pcp)thnf =(1-¢3) [(1 - ¢2) {(1 - ¢1)(Pcp)f + ¢1(pcp)s1} + ¢2(pcp)s2] + ¢3(Pcp)s3
(OBT)inny = (1= ¢3) [(1 = ¢2) {(1 = 1) (pBr) 5 + 1(0Br)s1} + $2(pBr)s2]| + ¢3(pBT)s3

(ks1 +2ky) = 2¢1 (ks — ks1) (ks2 +2kng) = 2¢2(kny — ks2)
kny = kf, kpny = nf
(k.\‘l + 2kf) + ¢l(kf - ksl) (kSZ + anf) + ¢2(knf - ksZ)
(ks3 + 2kpnf) = 2¢3(knny — ks3) (051 +207) = 2¢1(0f — ks1)
kinng = khng, Ong =
(kg3 + 2kpnyg) + ¢3(kpny — ks3) (051 +20¢) + ¢1(op — 041)

(052 +200f) = 2¢2(0nf — 052) (053 +20hn1) = 2¢3(Thny — 053)
(052 + 200f) + $2(0ny — 052) (053 + 200nf) + ¢3(Thny — 053)
where ¢1, ¢ and ¢3 are volume fraction of Cu(Copper), Al, O3 (aluminium oxide) and 77O, (titanium oxide) nanopar-
ticles 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 (Al,03), and titanium dioxide (770,) correspondingly.
Thermo-physical characteristics of Cu, Al,O3 and TiO; nanoparticles in pure water are presented in Table 1.
The skin friction coefficient and local Nusselt number are defined by

Ohnf = }O-nf’o—thnf = [ ]O—hnf

= ! - kthnf
C 2 ”(0 d Nu,R 2 _ _ M a0
FRey (1—¢1)23(1 — ¢2)25(1 ¢3)2_5f (0) an UxRe, X (0)

where, Re, is the local Reynolds Number.
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Table 1. Thermo-physical Properties of water and nanoparticles [2]

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
B x 10° (K1) 21 1.67 0.85 0.9
o (s/m) 55%x107° 59.6x10° | 35x10° | 2.6x10°

3. METHOD OF SOLUTION

The numerical solution of the non-linear higher-order system of ordinary differential equations (ODEs) given by
Equations (4)-(5) and the boundary conditions (6) is performed using the bvp4c solver, which is integrated into the
computational platform MATLAB. Scientists and engineers have relied heavily on this method for resolving fluid flow
issues. Hale and Moore [29] pioneered the bvp4c solver, which was developed by Jacek Kierzenka and Lawrence F.
Shampine of Texas’s Southern Methodist University. The bvp4c solver is an approach for finite-state problems that
generates fourth-order accurate numerical solutions by means of the Lobatto IITA implicit Runge-Kutta formulation. For
initial mesh point guesses and step-size modifications, this technique provides the required accuracy. According to Waini
et al. [30], when compared to the shooting approach and the Keller box method, the bvp4c solver produced satisfactory
results. In this context, it is necessary to decrease the derivatives of higher order with regard to . This can be achieved
by incorporating the subsequent additional variables:

f=y(), f =32, f'=y3), 0=y4), 0 =y(0)

y(1) y(2)
e : >®)
L1y3)| = yQ) -y()yB)-apdy#)+(asM+a1K)y(2)-2a1yy(3)
an y (1+2yn)a;
y(4) y(3)
y(5) Y2)(y#)+6) =y (D y(5)=2asyy(S) —asy(4)
(1+2ym)as

and boundary condition are expressed as

ya(l), ya(2)-1, ya(4)-1+06, yb(2), yb(4)

where ya is the condition at = 0 and yb is the condition at p = oo

4. RESULTS AND DISCUSSION

As a comparison to the results given by Paul et al. [18], Table 2 displays the absolute values of the friction factor
and the local Nusselt number as determined by the present study. We are excluding 7705 nanoparticle volume fractions
with Ec = 0 from this comparison. As this research shows, the bvp4c algorithm may produce reliable numerical results
that match or exceed those of competing approaches. Figs. 2-13 and Tables 2-4 illustrate the results of the computations
performed numerically in the bvp4c solver of MATLAB. Pr = 6.2,0 = 03,K =1,y =0.1,Ec =0.1,6 = 0.3,M =
1.2, =1.2,¢1 =0.05,¢> = 0.15 and ¢3 = 0.2. are the values that are employed in the study.

The thermal stratification parameter, 6 = %, represents the ratio of the ambient temperature gradient to the wall
temperature gradient. For a physically meaningful wall heating problem, the condition 0 < § < 1 must be satisfied so
that the dimensionless wall temperature remains positive, i.e., 8(0) = 1 — 6 > 0. In the present study, all numerical
simulations are performed within this admissible range to ensure the physical validity of the thermal boundary conditions.
As ¢ approaches unity, the temperature difference between the wall and the ambient fluid decreases, resulting in weaker
thermal buoyancy and reduced heat transfer.

Table 2. Comparison of Skin friction Coefficient and local Nusselt Number when ¢3 = 0

0 Pr | 2 v | Pauletal. | Present Study | Pauletal. | Present Study
—CfRe}C/2 —CfRe)lc/2 NuxRe;l/2 NuxRe;l/2
0.1]62]12]0.1 2.9398 2.9795 2.7885 2.7887
01} 2 | 12101 2.8419 2.8760 1.3264 1.3311
0.1 162]24]0.1 2.7219 2.7425 2.8528 2.8516
0162|1202 3.0048 3.0436 2.8283 2.8269
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Fig. 2 illustrates how the nanofluid’s velocity f’(n) is affected by the porosity parameter (K). As the value of the
porosity parameter increases, the velocity drops. As increases, the diameter of the porous medium gradually shrinks,
indicating an inverse relationship between the two variables. This smaller diameter makes the fluid’s passage through
the porous material more difficult. The decrease in fluid velocity was caused by the obstacle introduced by the porosity
parameter (K).

M=0
——M=05
——M=1
——M=15
3 4
n n
Figure 2. Effect of K on Velocity Profile Figure 3. Effect of M on Velocity Profile
i 1
Ec=0.1
06— |7/ Ec=0.2
081 ~_| Ec=0.3
0.15 [~
.6 0.14
= 1.21.211.22
041
021
ot .
0 1 2 3 4
n 4
Figure 4. Effect of & on Velocity Profile Figure 5. Effect of Ec on Velocity Profile

When the amount of M is increased, the fluid velocity drops, as portrayed in Fig. 3. Enhancing the magnetic
parameter (M) causes the momentum barrier layer to become thinner. This structure develops as a consequence of the
ternary hybrid nanofluid’s reduced velocity caused by the Lorentz force generated by the horizontal magnetic field. Fig.
4 shows how the parameters of thermal stratification (§) affect the nanofluid’s velocity f’(n). The flow rate drops as the
heat stratification parameter rises. Reduced potent convection potential between hot wall and surrounding fluid is a result
of an enhancement in the heat stratification parameter. Because of this, the buoyant force is diminished, leading to a slower
flow rate.

Impact of Eckert number (Ec) on velocity profile is displayed in Fig. 5. As Ec rises velocity of the fluid also
rise. Fig. 6 shows the changes in fluid velocity caused by thermal buoyancy parameter 1. We find that when values are
increased, the velocity goes up. A higher increase in A results in a stronger thermal buoyancy force. Because of this, we
can deduce that buoyant forces cause the fluid’s velocity to rise.

The impact of the heat source parameter (Q) is displayed in Fig. 7. It is found that fluid velocity develops in tandem
with a boost in Q. Fig. 8 illustrates how the Prandtl number affects the velocity profile. The velocity profile appears to
slow down as the Prandtl number increases.

The temperature profile demonstrates an enhancement as the Eckert number enhances, as illustrated in Fig. 9. The
physical explanation is that an increase in Ec may cause the fluid’s viscosity to absorb more energy, which it can then
transform into internal energy, therefore raising the temperature. As shown in Fig. 10, the temperature 6(n) rises as the
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Figure 6. Effect of A on Velocity Profile
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Figure 10. Effect of ¢; on Temperature Profile Figure 11. Effect of ¢, on Temperature Profile

solid volume fraction of Cu nanoparticles grow, keeping the volume fractions of Al,O3 and TiO, constant. Moreover,
it is noticeable from Fig. 11 that the temperature shows an upward trend as the volume fraction of increases, whilst the
volume fractions of and stay consistent. Likewise, the temperature profile is shown to increase with an increase of ¢3, as
depicted in Fig. 12. A higher temperature is the result of increased physical dissipation of energy, which may occur when
the volume fraction of nanoparticles increases.
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Figure 12. Effect of ¢3 on Temperature Profile Figure 13. Effect of Pr on Temperature Profile

However, Fig. 13 highlights the consequences of the Prandtl number (Pr) on the temperature profile. Observations
indicate that raising the Prandtl number results in a decline in the thickness of the heat boundary layer, resulting in a fall
off in the temperature gradient. Fig. 14 demonstrates how the temperature profile is affected by a parameter of the heat
source (Q). As Q, the heat source parameter, rises, the fluid temperature rises as well. This property is in accordance with
the fluid’s intrinsic physical properties.

6=0

Figure 14. Effect of O on Temperature Profile Figure 15. Effect of 6 on Temperature Profile

When the temperature stratification parameter (&) goes up, as shown in Fig. 15, the temperature of the stream goes
down. When thermal stratification (§) is present, the temperature difference between the hot wall and the fluid around it
will go down. Because of this, the temperature drops and the thermal barrier layer gets thicker.

For different flow factors, Table 3 show how they change the skin friction and the local Nusselt number. Table 3
showed that the absolute value of the skin friction coefficient increases with increasing thermal stratification parameter
(6), magnetic parameter (M) and porosity parameter (K). In contrast, the local Nusselt number decreases with increasing
values of 6, M, where as increases with K. For increasing A, skin friction decreases while the local Nusselt number
increases. A higher skin friction and Nusselt number are seen for Pr. As the heat source parameter (Q) increases, there
is an observable decrease in the rate of heat transmission. Rising the value of the curvature parameter (y) results in a
increase in the skin friction and the Nusselt number as the value of y increase.

In accordance with Table 4, the ternary hybrid nanofluid has a larger absolute skin friction than the hybrid nanofluid,
as demonstrated by the experimental results. On the other hand, it is also noticeable that hybrid nanofluids exhibit more
skin friction than ordinary nanofluids. Additionally, the ternary hybrid nanofluid has been found to demonstrate a faster
rate of heat transfer than the hybrid nanofluid, which in turn shows a higher heat transfer rate than ordinary nanofluids.
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Table 3. Skin friction Coefficient and Local Nusselt number for different values of 6, M, K, A, Pr,Q,y

1) M |K| A Pr Q y —CfRe)lc/2 NuxRe;l/2
0 5.8976 3.3791
02112156201 |02 5.9937 3.1437
04 6.0895 2.9029
0 5.0625 3.3897
021052156201 |02 5.5047 3.2716
1.5 6.2992 3.0654
0211101562 0.1 |02 4.2386 2.6142
1 5.1882 3.3559
021121562 0.1 |02 6.2814 3.0258
3 5.7207 3.2339
0211215060102 5.8739 0.9577
4 5.9541 2.3516
02112 ]15|62]-011]02 6.0190 3.6293
0 6.0083 3.4083
02112 ]15|62] 0.1 0 5.7202 3.0029
0.1 5.8582 3.0723
Table 4. Comparison of Skin friction Coefficient and Local Nusselt number
0 Cu CM—A1203 CM—A1203 Cu CM—A1203 Cu—A1203
-TiO, -TiO,
Nanofluid Hybrid Ternary Nanofluid Hybrid Ternary
Nanofluid Hybrid Nanofluid Hybrid
Nanofluid Nanofluid
—CfRel* | —CyRel* | —CyReY? | Nu,Re;' | NuyRe;'* | Nu,Rey'?
0 1.9645 3.3981 5.8976 2.3250 3.0662 3.3791
0.2 2.1869 3.5020 5.9937 2.5539 2.8668 3.1437
0.5 2.3329 3.6531 6.1372 2.2778 2.5361 2.7805

5. CONCLUSIONS

An extensive study was conducted on the consequences of heating stratification and the joule’s effect regarding the
movement of a ternary hybrid nanofluid that demonstrates magnetohydrodynamics characteristics through a vertically
stretchable cylinder. This study took into account the existence of a thermal bouncy effect and a heat source within a
porous medium. The study also looks at the flow features and how they affect temperature and velocity profiles, as well as
the Nusselt number and friction factor. Notable findings from this inquiry include the following:

* As the parameters 6, K, M and Pr grow, the velocity profile shows a decreasing trend, while it shows a rising pattern
with higher values of A, Ec and Q.

* With rising values of 6 and Pr the temperature decline, whereas with rising values of Ec, ¢1, ¢2, ¢3 and Q, it rises.
e Parameters 6, M, K, Q,y and Pr cause a increase in absolute skin friction, whereas A cause it to decrease.

e An upward trend is noted in the local Nusselt number as the values of K, Pr and A increase, whereas a downward
trend is observed as §, M and Q increase.

* In comparison to the hybrid nanofluid, the ternary hybrid nanofluid exhibits a higher absolute skin friction. Similarly,
when compared to ordinary nanofluids, hybrid nanofluids exhibit higher skin friction.

* A ternary hybrid nanofluid has a greater heat transfer rate than a hybrid nanofluid, which is also higher than that of
standard nanofluids.

The present numerical investigation provides useful guidance for the design of thermal systems employing ternary
hybrid nanofluids. The results indicate that moderate values of the thermal buoyancy parameter (1) enhance the fluid
velocity, while lower values of the thermal stratification parameter (d) are preferable for maintaining higher heat transfer
rates. Similarly, increasing the volume fractions of Cu, Al,O3 and TiO, nanoparticles improves the thermal performance
of the base fluid, although excessively high nanoparticle concentrations may increase skin friction and pumping power
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requirements. The magnetic parameter (M) and porosity parameter (K) should therefore be selected carefully to achieve
an appropriate balance between flow resistance and heat transfer enhancement. These findings suggest that the Cu —
AlLbO3 — TiO,/H,0 ternary hybrid nanofluid can be effectively utilized in geothermal heat extraction, compact heat
exchangers, solar thermal collectors, electronic cooling systems, and chemical processing equipment where efficient
thermal management is required.
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BIIJINB E®EKTY TZKOVJIEBOI'O HATPIBAHHA TA TEIIJIOBOI'O PO3IINPEHHA HA
MFH-HOTPIﬁHY Ir'IBPUIHY HAHOPIIMHY B IIOPUCTOMY CEPEJOBMUIIII HA/I BEPTUKAJIBHO
PO3TATHYTUM HUWITHIPOM: YU CJIOBE JOCJ/IJIZKEHHA
Cypamxir Iyrra', Hiryn Kanira®, Pynam Illankap Harx?, Pynpa Kanra Jlexa?
lKagﬁeapa mamemamuru, C.N.B. Koneoxc, Boxaxam-785612, Accam, ITnois
2Kagpedpa mamemamuxu, Yrisepcumem Iayxami, Tyeaxami-781014, Accam, Indin
3 Kagpeopa mamemamuxu, Konrednc Mopizaon (Aemonomnuii), Mopizaon-782105, Accam, Indis
VY 1poMy AOCIiIKEHHI YHCETbHO JOCHIIKEHO acleKTH MOTOKY B MarHitorigpoxuHamiunii (MI'[]) motpiiiHiii riGpuaHiil HaHOpPiIWHI,
IO CKJIAIAETHCS 3 CYCIeHN0BaHuX HaHouacTHHOK (Cu), okcuay amominio (AlpO3) Ta giokcuay turtany (TiO3) y Boai (H,0). Bruus
TepMivHOI cTpaTuiKalii Ta JKOyIeBOro HarpiBaHHs BPaXOBYETHCS IUISIXOM IPOITYCKaHHS HAHOPIAWHY Yepe3 BEPTHKAIbHO MPOCTSTalo-
yuics WIHAP Yy opuctoMy cepenonuiii. [Insaxom peanizanii BiANOBIAHOrO EpeTBOPEHHS, PIBHSIHHS €Hepril Ta MOrpaHUYHOrO Iapy
CTPOILYIOTHCS [0 HeNiHilHOT cucTeMu 3BUYaiiHux audepeHuianbHux piBHAHb (31P). OTprmana cucteMa po3B’ A3y€eThes 3a JOIOMOT 010
po3B’sizyBaua bvpdc yerBeproro nopsaky tTouHocti MATLAB. [ po3B’si3aHHsI 3MiHEHOI cucTeMu BUKOpUCTOBYETbcst MATLAB.
EdexTu rpacidHo NpoimocTpoBaHO 3MiHOIO IIBUKOCTI Ta TEMIIEPATypH, a TAKOXK KiJIbKICHO ITPe/ICTaBIeHO B TaOJIMIL 3MiHH KoedilieH-
Ta TepTs Ta MBUAKOCTI TeIIonepeaadi sl BAXKIMBUAX 3HAUeHb 0e3p03MipHUX (hi3nIHMX (DaKkTOpiB, TTOB’ A3aHMX 3 Tpobiemolo. Basxkimsi
pe3y/IbTaTH NOKa3yIOTh, IO riOpHIHI HAHOPIAWHY ITepeBepIIyI0Th HAHOPIAWHU 3 TOUKH 30py TeruonposiaHocTi. Temneparypa Ta mBua-
KiCTh MOTPiAHOI TiOpUAHOT HAHOPIAMHN 3MEHIIYIOThCSI P HAasIBHOCTI KoedillieHTa TeruioBoi cTpaTudikallii HOpiBHSHO 3 BiJCYTHICTIO
crpatudikarii. Criocrepira€tbesi MOMiTHE 30i/IbIICHHS IBUAKOCTI TEIUIONepeAayi Ipy NOPiBHAHHI MOTPiiHOI riOpUAHOT HAHOPIAWHHY 3
riGOpHUIHOI0 HAHOPIIMHOIO, 110, Y CBOIO Yepry, IepeBepllye MOKa3HUKK TPAAULiHHNX HaHOpiguH. OTpUMaHi pe3y/bTaTé € LiHHUMH IJIs

3aCTOCYBaHHs Y BUI0OYTKY Ire0oTepMalbHOI eHeprii, XiMiuHiil 06poOIi Ta cuHTe3i MaTepiasiB.
KurouoBsi caoBa: nompitina 2ibpuona nanopiouna; egpexm Joicoyas; po3msizy8anis 6epmuKaIbHO20 YWUATHOPA, mepMiuna cmpamu-
¢pirauis; nopucme cepedosuue; bvp4c
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