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A B S T R A C T

Heat transfer is crucial because it has industrial uses. A novel type of nanofluids dubbed
‘‘ternary nanofluid’’ is being utilized to boost the ability of conventional fluids to transmit
heat since it has a greater heat transfer capacity than solo and hybrid nanofluids. This work
investigates the heat transfer capabilities and entropy generation in the cylindrical flow of a
ternary nanofluid in the presence of a magnetic field. Minimizing the entropy generation and
maximizing the heat transfer of a fluid using ternary nanoparticles (CuO–MgO–TiO2) is the
aim of this work. The finite difference method is used by the MATLAB computer program to
solve the problem numerically. The results reveal that the entropy generation minimizes in the
presence of CuO–MgO–TiO2. The heat transfer rate of the fluid increased by 9.9%, 10.8%, and
11.2% on adding TiO2, MgO–TiO2, and CuO–MgO–TiO2 nanoparticles, respectively.

1. Introduction

One of the most significant and essential natural processes at the industrial level is the flow and heat transfer process through a
cylindrical structure. It may be used in many different industrial manufacturing processes, including metal spinning, cancer therapy,
optical fiber coating, and the synthesis of nanowires. The primary question is why we employ cylindrical forms for all of these
processes so frequently. There are numerous facts to consider, but the most essential is to lower the drag force with the surface so
that the fluid may flow quicker in cylindrical form than in other shapes. Researchers are interested in the consequences of flow and
heat transfer through cylinders, for instance, Shaikh et al. [1] investigated the hydrodynamic properties of continuous rectilinear
torsional flow of pseudoplastic fluid between two coaxial cylinders and observed that when the outer cylinder spins while the
inner cylinder remains at rest, fluid lags near the inner cylinder for small radius ratios and velocity appears linear for large radius
ratios. Regarding cooling applications, Laidoudi and Ameur [2] analyzed the convection heat transfer of fluid between concentric
cylinders. Gouran et al. [3] investigated the impact of radiation on the magnetohydrodynamic fluid flow between two circular
cylinders. Abro and Abdon [4] analyzed the dynamics of fractional Oldroyd-B fluid between concentric cylinders. Their results
indicate that smaller values of thermal relaxation time cause oscillation between temperature distribution and Prandtl number
causing thermal fluctuations with inherent structure. Zhang et al. [5] investigated the behavior of viscoelastic fluid flow between
concentric cylinders, and claimed that raising the exponent parameter causes the temperature to rise close to the inner cylinder but
to drop close to the external cylinder, indicating that doing so can improve heat transmission.
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Recent advances in nanotechnology have disclosed a brand-new source of energy by using nanofluids, which are created by the
dispersion of nano-sized particles in conventional fluids. This approach identifies different features of the extraordinary increase
in thermal efficiency of heat exchangers, solar sectors, power manufacturing, and energy storage systems [6–8]. Following Choi
and Eastman [9] initial work, in which nanoparticles dissolved in water-based fluid were used to illustrate the dominant thermal
properties of nanofluid, multiple studies have been done with different versions with broader applicability [10–12]. Nanoparticles
can be metal, metal-oxide, and carbonized. The distinct features of manmade metal-oxide nanoparticles have made them one of
the most widely utilized produced nanomaterials [13]. Due to their numerous industrial, medicinal, and military uses, metal oxide
nanoparticles, such as copper oxide (CuO), magnesium oxide (MgO), and titanium dioxide (TiO2), have drawn more attention [14–
17]. The possible environmental and industrial use of these metal oxide nanoparticles has been studied in light of their widespread
applications. Naveena et al. [18] scrutinized the properties of La-doped and CuO thin films and found that La-dopped CuO thin
films may be utilized as an effective absorber material for a solar cell. Rymar [19] studied the hydrodynamics of TiO2/water
nanofluid in a slinky collector of the heat pump and noticed that the performance efficiency coefficient of TiO2/water was 1.118
and 1.091 during the heating and non-heating seasons, respectively. Kho et al. [20] claimed that TiO2 nanoparticles are capable
of reducing the skin friction coefficients and increasing the thermal conductivity of the fluid. Tuncer et al. [21] used TiO2 and
hybrid composite TiO2–CuO to improve the thermal performance of newly developed shell and helically coiled heat exchangers.
They noticed that adding TiO2 and TiO2–CuO in the base fluid water significantly intensified the overall heat transfer coefficient up
to 8.6% and 12%, respectively. Azmi et al. [22] discussed the mechanical Performance of intumescent coating and claimed that the
thermal performance of coating might be improved with MgO nanoparticles. Aytaç et al. [23] presented an experimental analysis
of the impacts of using MgO–CuO/water nanofluid on the thermal performances of a heat pipe evacuated solar water collector.
Their experimental results indicate that the system’s thermal efficiencies with water ranged from 49.62% to 56.18% whereas using
MgO–CuO/water as the working fluid it ranged from 69.89% to 77.21%. Tlili et al. [24] claimed that CuO–MgO/methanol hybrid
nanofluid may be used as an insulator on comparing its properties to CuO/methanol nanofluid.

An advanced class of nanofluid technology has been introduced as a ternary nanofluid, which is a mixture of three distinct types of
nanoparticles and a base fluid. Ternary nanofluid is capable of transferring more heat compared to nanofluid and hybrid nanofluids.
In general, both nanofluids and hybrid nanofluids have shown great promise as heat transfer fluids, the development of ternary
nanofluids provides additional benefits that can make them even more effective in various industrial and engineering applications.
As a result, research has been done on the thermal and physical features of ternary nanofluids, some of which are given here.
Because of its large heat capacity, water can absorb and hold a lot of heat without experiencing a noticeable temperature change.
The dynamics of a water-based ternary-hybrid nanofluid of different water temperatures on a wedge were studied in [25–28]. It
was discovered that heat transfer is slow at first since few nanoparticles are present. The findings of an investigation by Mousavi
et al. [29] into the significances of temperature, volume concentration of nanoparticles on the thermo-physical characteristics of
the CuO–MgO–TiO2/Water ternary nanofluid demonstrate that the nanoparticle ratio is crucial for the thermal enhancement. The
Al2O3–CuO–TiO2/water ternary nanofluid’s response to temperature and volume fraction was investigated by Sahoo and Kumar
[30]. The 0.1 vol% ternary nanofluid showed increases in viscosity of 17.25% and 55.41% when compared to CuO–Al2O3/water
and TiO2–Al2O3/water. Boroomandpour et al. developed a novel correlation to predict the thermal conductivity of the MWCNTs-
TiO2–ZnO/water-ethylene glycol ternary nanofluid as a function of nanoparticle fraction and temperature based on experimental
results [31]. The stability and thermal conductivity of rGO–Fe3O4–TiO2/ethylene glycol ternary nanofluid were studied by Cakmak
et al. [32], who discovered that the rise in thermal conductivity increased dramatically with temperature and mass concentration.
Experimental research was done on the thermo-economic behavior of the water–based Al2O3–TiO2–Cu ternary nanofluid by Xuan
et al. [33]. According to the findings, the ideal mixture ratio 40(Al2O3):40(TiO2):20(Cu) had the minimum viscosity and maximum
thermal conductivity. Furthermore, the most effective working fluids in the turbulent and laminar flow regimes, respectively, were
ternary nanofluids with 1 vol% and 0.7 vol%.

The minimizing of entropy generation has been accomplished in recent years by using thermodynamics second law to identify
the best engineering systems. The amount of irreversibilities that build up throughout a process is determined by the production
of entropy. Entropy production may therefore be used as a metric to evaluate the effectiveness of engineering equipment [34].
According to Mondal and Mahapatra [35], a low magnetic field is more suitable to minimize the overall entropy generation in
a rectangular cavity. Additionally, It has been claimed that entropy generation is mostly influenced by heat transport and that
entropy generation is decreased by Richardson numbers with lower values (Ri = 0.01). Hanif et al. [36] discussed the heat transfer
and entropy generation in magnetized nanofluid. Manna et al. [37] studied heat transfer and entropy generation in cavities using a
hybrid nanofluid in the presence of a magnetic field. According to their results, the mechanism of heat transport is greatly regulated
by the Lorentz force, and the heating-cooling junction point is where the highest entropy generation is found. Sahoo [38] has
looked at a ternary nanofluid with three different shaped nanoparticles, including aluminum oxide (spherical), carbon nanotubes
(cylindrical), and graphene (platelet), as a novel radiator coolant. A shift in ternary hybrid concentrations between 1% and 3%,
however, results in a 42.45% increase in irreversibility. The effects of magnetic field on entropy generation in Eyring–Powell fluid
in the presence of Au–Ag hybrid nanoparticle is studied by Bhatti et al. [39]. They found that entropy generation increased for
increasing estimates of magnetic parameter, nanoparticles volume fraction. Mallick and Misra [40] investigated entropy production
in electrically regulated transit of a nanofluid in a hydrophobic cylindrical microtube. Based on their investigation, the system’s
total entropy is discovered to be lowered due to nonlinear radiation, suggesting improved system performance. Fares et al. [41]
presented an optimal entropy generation in the magnetized flow of Ag/water nanofluid in a porous cavity, and observed that entropy
development decreases due to the magnetic field.
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Fig. 1. Graphical representation.

Table 1
Thermo-physical properties of water and nanoparticles [20,24].

Materials 𝜌 𝜎 𝐶𝑝 𝑘
kgm−3 Sm−1 J (kgK)−1 W (mK)−1

Water 997.1 0.05 4179 0.613
CuO 6320 6.9×10−2 531.8 76.5
MgO 3580 1.42×10−3 960 48.4
TiO2 4250 2.6×106 686.2 8.9538

The above literature reveals that a number of studies discussed the fluid flow between two concentric cylinders, however, no
research has been made to discuss the behavior of fluid in the presence of ternary nanoparticles. This research attempts to fill this gap
by exploring the effects of CuO–MgO–TiO2 on the thermal performance of a water-based fluid flow between two concentric cylinders.
Moreover, entropy generation minimization is essential because it is a way of thermodynamic optimization of real-world devices and
processes. We may limit the irreversibilities and losses that occur in any practical process by minimizing entropy creation, and so
enhance the usable work output or lower the input energy need. Therefore, the ultimate goal of this study is to analyze heat transfer
and entropy generation in a fluid flow between two concentric cylinders due to ternary nanoparticles. Such a contribution would
be helpful for controlling energy consumption, enhancing thermal efficiency, and optimizing the irreversibilities—all of which are
significant issues facing the industry. This research seeks to determine the responses to the following questions:

• What are the consequences of ternary nanoparticles on the dynamics of fluid flow between concentric cylinders?
• How do ternary nanocomposites behave when a magnetic field is employed normal to the flow direction?
• How to maximize the heat transfer rate and minimize the entropy generation in a thermal system?

2. Problem description

Mainstream flow is generated by an applied pressure gradient
1
𝜌𝑓

𝜕𝑝
𝜕𝑧

= −𝑎0𝐻(𝑡), (1)

where 𝜌𝑓 is the density of the fluid, 𝑎0 is the constant pressure gradient coefficient, and 𝐻 is unit step function defined as:

𝐻(𝑡) =

{

0 𝑡 < 0,
1 𝑡 > 0.

(2)

2.1. Assumptions

The following assumptions and conditions are noted for the mathematical simulation:

• Laminar, two-dimensional, and time-dependent cylindrical flow
• Single phase nanofluid
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Table 2
Thermo-physical properties of nanofluid, hybrid nanofluid, and ternary nanofluid [42,43].
Properties Mathematical expressions

Viscosity 𝜇𝑛𝑓 =
𝜇𝑓

(

1 − 𝜙1
)2.5

, 𝜇ℎ𝑛𝑓 =
𝜇𝑛𝑓

(

1 − 𝜙2
)2.5

, 𝜇𝑡𝑛𝑓 =
𝜇ℎ𝑛𝑓

(

1 − 𝜙3
)2.5

Density 𝜌𝑛𝑓 =
(

1 − 𝜙1
)

𝜌𝑓 + 𝜙1𝜌𝑛1 , 𝜌ℎ𝑛𝑓 =
(

1 − 𝜙2
)

𝜌𝑛𝑓 + 𝜙2𝜌𝑛2 ,

𝜌𝑡𝑛𝑓 =
(

1 − 𝜙3
)

𝜌ℎ𝑛𝑓 + 𝜙3𝜌𝑛3

Heat capacity
(

𝜌𝐶𝑝
)

𝑛𝑓 =
(

1 − 𝜙1
)(

𝜌𝐶𝑝
)

𝑓 + 𝜙1
(

𝜌𝐶𝑝
)

𝑛1
,

(

𝜌𝐶𝑝
)

ℎ𝑛𝑓 =
(

1 − 𝜙2
)(

𝜌𝐶𝑝
)

𝑛𝑓

+𝜙2
(

𝜌𝐶𝑝
)

𝑛2
,
(

𝜌𝐶𝑝
)

𝑡𝑛𝑓 =
(

1 − 𝜙3
)(

𝜌𝐶𝑝
)

ℎ𝑛𝑓 + 𝜙3
(

𝜌𝐶𝑝
)

𝑛3

Electrical conductivity
𝜎𝑛𝑓
𝜎𝑓

=
𝜎𝑛1 + 2𝜎𝑓 + 2𝜙1

(

𝜎𝑛1 − 𝜎𝑓
)

𝜎𝑛1 + 2𝜎𝑓 − 𝜙1
(

𝜎𝑛1 − 𝜎𝑓
) ,

𝜎ℎ𝑛𝑓
𝜎𝑛𝑓

=
𝜎𝑛2 + 2𝜎𝑛𝑓 + 2𝜙2

(

𝜎𝑛2 − 𝜎𝑛𝑓
)

𝜎𝑛2 + 2𝜎𝑛𝑓 − 𝜙2
(

𝜎𝑛2 − 𝜎𝑛𝑓
) ,

𝜎𝑡𝑛𝑓
𝜎ℎ𝑛𝑓

=
𝜎𝑛3 + 2𝜎ℎ𝑛𝑓 + 2𝜙3

(

𝜎𝑛3 − 𝜎ℎ𝑛𝑓
)

𝜎𝑛3 + 2𝜎ℎ𝑛𝑓 − 𝜙3
(

𝜎𝑛3 − 𝜎ℎ𝑛𝑓
)

Thermal conductivity
𝑘𝑛𝑓
𝑘𝑓

=
𝑘𝑛1 + 2𝑘𝑓 + 2𝜙1

(

𝑘𝑛1 − 𝑘𝑓
)

𝑘𝑛1 + 2𝑘𝑓 − 𝜙1
(

𝑘𝑛1 − 𝑘𝑓
) ,

𝑘ℎ𝑛𝑓
𝑘𝑛𝑓

=
𝑘𝑛2 + 2𝑘𝑛𝑓 + 2𝜙2

(

𝑘𝑛2 − 𝑘𝑛𝑓
)

𝑘𝑛2 + 2𝑘𝑛𝑓 − 𝜙2
(

𝑘𝑛2 − 𝑘𝑛𝑓
) ,

𝑘𝑡𝑛𝑓
𝑘ℎ𝑛𝑓

=
𝑘𝑛3 + 2𝑘ℎ𝑛𝑓 + 2𝜙3

(

𝑘𝑛3 − 𝑘ℎ𝑛𝑓
)

𝑘𝑛3 + 2𝑘ℎ𝑛𝑓 − 𝜙3
(

𝑘𝑛3 − 𝑘ℎ𝑛𝑓
)

• CuO, MgO, and TiO2 nanoparticles
• Water as a base fluid
• Two concentric cylinders
• Pressure gradient in 𝑧–direction
• Magnetic field normal to the flow direction
• Heat flux conditions 𝑘𝑡𝑛𝑓

𝜕𝑇
𝜕𝑟

= −𝑞𝑤 at the inner cylinder

The graphical model is presented in Fig. 1. The thermo-physical properties of the CuO, MgO, TiO2, and water are listed in Table 1.
The mathematical expressions for the properties of nanofluid, hybrid nanofluid, and ternary nanofluid are depicted in Table 2.

2.2. Mathematical formulation

The governing equations for the heat transfer and unsteady flow of a ternary nanofluid in the presence of magnetic field are:

𝜌𝑡𝑛𝑓
𝜕𝑤
𝜕𝑡

= −
𝜕𝑝
𝜕𝑧

+ 𝜇𝑡𝑛𝑓

(

𝜕2𝑤
𝜕𝑟2

+ 1
𝑟
𝜕𝑤
𝜕𝑟

)

− 𝜎𝑡𝑛𝑓𝐵
2
0𝑤. (3)

(

𝜌𝐶𝑝
)

𝑡𝑛𝑓

(

𝜕𝑇
𝜕𝑡

+𝑤𝜕𝑇
𝜕𝑧

)

= 𝑘𝑡𝑛𝑓

(

𝜕2𝑇
𝜕𝑟2

+ 1
𝑟
𝜕𝑇
𝜕𝑟

+ 𝜕2𝑇
𝜕𝑧2

)

. (4)

The imposed initial and boundary conditions are

𝑤
(

𝑟, 𝑧, 0
)

= 0, 𝑤
(

𝑟𝑖, 𝑧, 𝑇
)

= 0, 𝑤
(

𝑟𝑒, 𝑧, 𝑇
)

= 0,

𝑇
(

𝑟, 𝑧, 0
)

= 0, 𝑘𝑡𝑛𝑓
𝜕𝑇
𝜕𝑟

(

𝑟𝑖, 𝑧, 𝑇
)

= −𝑞𝑤,
𝜕𝑇
𝜕𝑟

(

𝑟𝑒, 𝑧, 𝑇
)

= 0.
(5)

It is worth mentioning that the fluid is allowed to flow within two concentric cylinders with the velocity 𝑉 = (0, 0, 𝑤(𝑟, 𝑡, 𝑧)).

2.3. Non-dimensional flow model

We introduce a set of non-dimensional parameters which help us in obtaining the non-dimensional form of the considered model:

𝑟∗ = 𝑟
𝑟𝑒
, 𝑧∗ = 𝑧

𝑟𝑒
, 𝑡∗ =

𝑡𝜈𝑓
𝑟2𝑒

𝑤∗ =
𝑤𝑟𝑒
𝜈𝑓

, 𝑇 ∗ =
𝑇 − 𝑇𝑓
𝛥𝑇

, 𝛥𝑇 =
𝑞𝑤𝑟𝑒
𝑘𝑓

. (6)

Using Eq. (6) in Eqs. (3)–(5), we have

𝜁1
𝜕𝑤
𝜕𝑡

= 𝑝0𝐻(𝑡) + 𝜁2

(

𝜕2𝑤
𝜕𝑟2

+ 1
𝑟
𝜕𝑤
𝜕𝑟

)

− 𝜁3𝑀𝑤. (7)

𝜁4

(

𝜕𝑇
𝜕𝑡

+𝑤𝜕𝑇
𝜕𝑧

)

=
𝜁5
𝑃𝑟

(

𝜕2𝑇
𝜕𝑟2

+ 1
𝑟
𝜕𝑇
𝜕𝑟

+ 𝜕2𝑇
𝜕𝑧2

)

. (8)
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Fig. 2. Surface plots: Velocity (left); Temperature (right).

The corresponding initial and boundary conditions are

𝑤
(

𝑟, 𝑧, 0
)

= 0, 𝑤
(

𝑅, 𝑧, 𝑡
)

= 0, 𝑤
(

1, 𝑧, 𝑇
)

= 0,

𝑇
(

𝑟, 𝑧, 0
)

= 0, 𝜁5
𝜕𝑇
𝜕𝑟

(

𝑅, 𝑧, 𝑇
)

= −1, 𝜕𝑇
𝜕𝑟

(

1, 𝑧, 𝑇
)

= 0.
(9)

The non-dimensional parameters 𝑝0,𝑀, 𝑃 𝑟 and the nanofluid constants 𝜁1 − 𝜁5 are listed below

𝑝0 =
𝑎0𝑟3𝑒
𝑣2𝑓

, 𝑀 =
𝜎𝑓𝐵2

0𝑟
2
𝑒

𝜇𝑓
, 𝑃 𝑟 =

(

𝜇𝐶𝑝
)

𝑓

𝑘𝑓
, 𝜁1 =

(

1 − 𝜙3
)
𝜌ℎ𝑛𝑓
𝜌𝑓

+ 𝜙3
𝜌𝑛3
𝜌𝑓

,

𝜁2 =
𝜇ℎ𝑛𝑓

𝜇𝑓
(

1 − 𝜙3
)2.5

, 𝜁3 =
𝜎𝑡𝑛𝑓
𝜎𝑓

, 𝜁4 =
(

1 − 𝜙3
)

(

𝜌𝐶𝑝
)

ℎ𝑛𝑓
(

𝜌𝐶𝑝
)

𝑓

+ 𝜙3

(

𝜌𝐶𝑝
)

𝑛3
(

𝜌𝐶𝑝
)

𝑓

, 𝜁5 =
𝑘𝑡𝑛𝑓
𝑘𝑓

.

(10)

The Nusselt number (𝑁𝑢) is defined as 𝑁𝑢 = 𝑟𝑒𝑞𝑤∕𝑘𝑓
(

𝑇𝑖 − 𝑇𝑓
)

. Using Eq. (6), we have𝑁𝑢 = 1∕𝑇 (𝑅).

3. Entropy analysis

Let 𝜒1 and 𝜒2 be the irreversibility due to heat transfer and fluid friction, respectively, and defined as

𝜒1 =
𝑘𝑡𝑛𝑓
𝑇 2
𝑓

[(

𝜕𝑇
𝜕𝑟

)2

+

(

𝜕𝑇
𝜕𝑧

)2]

,

𝜒2 =
1
𝑇𝑓

[

𝜇ℎ𝑛𝑓

(

𝜕𝑤
𝜕𝑟

)2

+ 𝜎ℎ𝑛𝑓𝐵
2
0𝑤

2

]

.

(11)

Note that the total entropy generation in a system is

𝜒𝑔𝑒𝑛 = 𝜒1 + 𝜒2. (12)

Using Eqs. (6), (11) and (12), we arrived at

𝑆𝑔𝑒𝑛 =
𝜒𝑔𝑒𝑛

𝑆0
= 𝜁5

[(

𝜕𝑇
𝜕𝑟

)2

+

(

𝜕𝑇
𝜕𝑧

)2]

+ 𝐵𝑟
𝛺

[

𝜁2

(

𝜕𝑤
𝜕𝑟

)2

+ 𝜁3𝑀𝑤2

]

, (13)

given that

𝑆0 =
𝑘𝑓𝛥𝑇

𝑇 2
𝑓 𝑟

2
𝑒
, 𝐵𝑟 =

𝜇𝑓 𝜈2𝑓
𝑘𝑓𝛥𝑇 𝑟2𝑒

, 𝛺 =
𝑇𝑓
𝛥𝑇

. (14)

The ratio of entropy creation owing to heat transfer to overall entropy production is known as Bejan number, defined as

𝐵𝑒 =
𝜒1

𝜒1 + 𝜒2
. (15)

The Bejan number has a value between 0 and 1. 𝐵𝑒 = 0 implies that 𝜒1 has been beaten by 𝜒2, but 𝐵𝑒 = 1 shows that 𝜒1 has
conquered 𝜒2. The 𝐵𝑒 value is 0.5 if the entropy created by fluid friction and heat transport contribute equally.
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Fig. 3. Nusselt number against 𝜑 for different fluids.

Fig. 4. Nusselt number against 𝑀 for different fluids.

4. Results and discussion

The non-dimensional partial differential equations Eqs. (7) and (8) as well as the entropy generation Eq. (13) are solved using
an implicit finite difference method [44–46]. The numerical results of the velocity, temperature, Nusselt number, entropy, and
Bejan number are presented graphically in Figs. 2–10. The fixed values assigned to controlling variables are 𝜑 = 0.03,𝑀 = 3, 𝑝0 =
0.5, 𝐵𝑟 = 0.4 and 𝛺 = 0.3. Surface plots for velocity and temperature are plotted in Fig. 2. The heat transfer rates of different
fluids, namely, nanofluid, hybrid nanofluid, and ternary nanofluid have been compared for different values of 𝜑 and 𝑀 in Figs. 3
and 4, respectively. Herein NF, HNF, and TNF refer to TiO2/water, MgO–TiO2/water, and CuO–MgO–TiO2/water, respectively.
Nusselt number and volume concentration for solo, hybrid, and ternary nanoparticles showed a substantial association in Fig. 3.
The higher volume concentration of nanoparticles causes an immediate rise in heat transfer rates. Additionally, the heat transfer
rates of ternary nanofluid are considerably greater compared to nanofluid and hybrid nanofluid. Furthermore, the heat transfer rate
of the fluid increased by 9.9%, 10.8%, and 11.2% on adding TiO2, MgO–TiO2, and CuO–MgO–TiO2 nanocomposites, respectively.
The effects of magnetic parameter 𝑀 on the Nusselt number of three different fluids are illustrated in Fig. 4. The results showed that
the Nusselt number increases when 𝑀 increases for all types of fluid. Due to the considerable enhancement in heat conductivity by
CuO–MgO–TiO2 nanoparticles, ternary nanofluid has the highest heat transfer rates. The frequency of convectional heat transfer is
dependent on thermal conductivity, which is the cause of this behavior.

The changes in fluid velocity due to nanomaterial size 𝜑 are depicted in Fig. 5. The velocity drops as the nanoparticle volume
fraction grows. It is important to mention that the viscosity and density of the ternary nanofluid are affected by the volume fraction,
shape, and size of the nanoparticles. The greater the volume percentage of the nanoparticles, the more they interact with one another
and with the base fluid, causing increased flow resistance and decreased velocity. Fig. 6 illustrates how the magnetic parameter 𝑀
affects the velocity profile of ternary nanofluids. The velocity of nanofluids decreases as the projected value of 𝑀 rises. The Lorentz
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Fig. 5. Impact of nanoparticle volume fraction 𝜑 on velocity.

Fig. 6. Impact of magnetic parameter 𝑀 on velocity.

Fig. 7. Entropy generation of water and ternary nanofluid.
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Fig. 8. Impact of magnetic parameter 𝑀 on entropy generation.

Fig. 9. Impact of magnetic parameter 𝑀 on Bejan number.

force, which operates on the fluid as a result of the interaction of the magnetic field and the electric current in the fluid, causes the
fluid’s velocity to drop as the magnetic parameter rises. In other words, the Lorentz force opposes fluid motion and generates a drag
force, lowering fluid velocity. The 2D contour plots for entropy generation in water and ternary nanofluid are depicted in Fig. 7.
The results indicate that the entropy generation is higher near the inner cylinder. It can also be noticed that the entropy generation
minimizes when ternary nanofluid is used instead of the base fluid water. This indicates that minimization of entropy generation may
be possible using nanoparticles. It is worth mentioning that entropy generation is a measure of the irreversibilities or inefficiencies
of a process. The losses and irreversibilities that occur in a process might be reduced by minimizing entropy formation, increasing
useful work output, or decreasing input energy consumption. Several factors influence entropy generation, therefore, Fig. 8 has been
illustrated to know the impact of a magnetic field on entropy generation of ternary nanofluid. It is evident that when the magnetic
field is applied the entropy generation minimizes which is the ultimate goal of the current study.

The Bejan number is useful for determining the irreversibility distribution. It is a ratio of heat transfer entropy generation to total
entropy generation. The variations in Bejan number due to the applied magnetic field are determined and illustrated in Fig. 9. Bejan
number showed a dual nature against magnetic parameter 𝑀 , it increased in regime close to the external cylinder for higher values
of 𝑀 while dropping down in the middle of the cylinders. The Bejan number reduces in the middle of the cylinder which indicates
that the entropy generation due to heat transfer decreases when the magnetic field is applied and grows eventually. On the other
hand, an increament in the Bejan number colse to the external cylinder is an indication of a reduction in the total entropy generation
due to increasing estimates of the magnetic parameter. The effects of the magnetic field near the inner cylinder are negligible. The
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Fig. 10. Impact of Brinkman number 𝐵𝑟 Bejan number.

consequences of the Brinkman number on the Bejan number are illustrated in Fig. 10. The Brinkman number quantifies the relevance
of viscous heating in comparison to conductive heat transfer. It is evident that the Bejan number decreases when Brinkman number
increases showing that the Brinkman number significantly affects the entropy generation, however, the effects are negligible in the
flow regime close to the inner cylinder. It is also noted that the total entropy generation is defeated by the entropy generation due
to heat transfer when 𝑟 ≤ 0.5 and dominated near the external cylinder.

5. Conclusions

The goal of the current study is to examine the heat transmission together with entropy generation in a ternary fluid flow between
two concentric cylinders. The flow is influenced by pressure gradient and magnetic field. The key findings of the research are:

• With the high concentration of the nanoparticles, the fluid becomes more viscous and results in a reduced velocity.
• The heat transfer rates of ternary nanofluid are increased by 11.2% compared to water.
• Ternary nanofluid attained maximum heat transfer rates compared to nanofluid and hybrid nanofluid.
• The entropy generation was minimized when CuO–MgO–TiO2 nanoparticles were added into the base fluid.
• The magnetic field minimizes the entropy generation in ternary nanofluid.
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